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ABSTRACT: Semiclathrate hydrates (SCH), containing organic salts, typically tetraalkylammonium based, have vacant cages that
can be occupied by gas molecules, and some exhibit melting temperatures at atmospheric pressure of greater than 300 K. The aim of
this work was to investigate the p, T phase equilibria of the SCH former tetraisopentylammonium fluoride, specifically at a
composition of (i-CsH;;)4NF-38H,0, in the presence of methane. Dissociation temperatures were measured at pressures from
(0.57 to 26.7) MPa. At 26.7 MPa the dissociation temperature of the SCH increased to about 320 K about 15 K higher than the
melting point observed by McMullan and Jeffrey (J. Chem. Phys. 1959, 31, 1231—1234) at atmospheric pressure. We also observed
that at atmospheric pressure the SCH can enclathrate methane up to its melting point, this being over 110 K higher than the
equilibrium dissociation temperature of methane hydrate at the same pressure. At 10 MPa the SCH dissociation temperature was
about 29 K higher than the methane hydrate dissociation temperature. The transport of natural gas over maritime distances greater
than 1000 km is most often achieved by cryogenic liquefaction to produce liquefied natural gas (LNG) for tanker shipment. Natural
gas hydrates have been suggested as an alternative storage method to LNG tanker transportation by Berner (The Marine Transport
of Natural Gas In Hydrate Form. Proceedings of the Second International Offshore and Polar Engineering Conference, San Francisco, CA,
June 14—19, 1992; pp 636—643) and Gudmundsson and Berrehaug (Petrol. Rev. 1996, S0, 232—235). At atmospheric pressure
natural gas hydrates are stable only at low temperature, less than 240 K. Semiclathrate hydrates are a possible methane storage
alternative to natural gas hydrates.

B INTRODUCTION

Hydrate forming tetraalkylammomum salts were discovered
by Fowler et al. in the 1940s." The structures of these hydrates,
as well of those of other peralkylonium salts, were investigated
by X- ray crystallography first by Jeffrey, McMullan, and co-
workers”~” and more recently by other authors.®”'* These
investigations revealed hydrogen bonded cages, similar to gas
clathrate hydrates; however, the charged centers of the cation
and anion replaced water at some lattice sites and the alkyl
chains of the salt occupied larger cages of the structures. These
larger cages were either tetrakaidecahedral (with twelve penta-
gonal faces and two hexagonal faces, in short hand 5'%6%),
pentakaidecahedral (5'%6°), or hexakaidecahedral (5'%6*), and
between these large cages smaller dodecahedral (") cages
filled space. The breaking of the water lattice by the salt ions
lead Davidson'® to introduce the term “semi-clathrate hydrate”
(SCH). The structural studies also revealed that each peralk-
ylonium salt can form several different SCH structures with
differing hydration numbers The reviews of Davidson,"
Dyadin and Udachin,'® and Jeffrey'® list many perkalkylonium
salt hydrate hydration numbers, their unit cell size, and space
group as well as cage structure. Lipkowski et al.'> has shown
that tetraisopentylammonium fluoride, (i-CsH;;)4NF, the
SCH form used in this work, can form SCH structures with
at least three different hydration numbers (27, 32.8, and 38);
the structure that forms is dependent on the ratio of salt to
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water in the solution and the temperature. Lipkowski et al.
produced a T, x phase diagram showing the stable regions for
each hydration number but also noted metastability effects. In
the region of the phase diagram where (i-CsH;,)4NF+27H,0
is the most stable SCH, they noted that “[(i-CsH,,),NF-38
H,O] was observed repeatedly, which was presumably due to
kinetic difficulties in the formation of the hydrate [(i-CsH1;)4-
NF-27H,0]".

The potential for small gas molecules to fill the 5'* cages, as
they do in gas clathrate hydrates,'” was first noted by McMullan
et al.” who observed gas, revealed by chromatography to be air,
bubbling from melting crystals of tetra-n-butylammonium fluor-
ide SCH. Similar observations were made by Jeffrey'® and
Davidson.'> Stupin and Stravitnaya'®'? showed that sulfur
dioxide could be adsorbed on SCHs. Shimada et al.** and Kamata
et al,,>! however, provided the first evidence that SCH could
enclathrate other small molecules, such as methane and nitrogen,
that typically occupy the 5'* cages of natural gas hydrates. In
addition, Shimada et al.”° and Kamata et al.>"** showed that SCH
may be used in gas separation.
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Table 1. Potential Methane Storage Capacities and Structural Details of the SCH and Other Hydrates

hydrate T'/K 7 WCH,jmax /% pCH‘d /kg- m 3 Phya /kg- m 3 cage structure’
i-CsH,,),NE-38H,0¢ 304.4 (305.6' 3 4.6 49 1070 4 x 5'%6% 4 x 5'26® (salt alkyl chains
y
+6x5%2=2
2k 3.1 33 1054
i-CsH,,)4NF-32.8H,0’ 304.6 2 3.4 38 1100 16 x 5'26% 4 x 5'26% (salt alkyl chains
y!
+10x5%z=9
i-CsH,;;).NF-27H,0' 307.8 1 2.0 22F 1101 16 x 4°5°6°7" (salt alkyl chains
yl
+4x 4%t z=4
1n-C4H,),NBr-38H,0' 283.1 3 46 50 1095 4 % 5'26% 4 x 5'%6> (salt alkyl chains
y
+6x5%2=2
2f 3.1 33 1078
(n-C4Hy)5PO - 34.5H,0™ 280.3 35 6.3 65 1030 4 x 5'%6% 4 x 5'%6% 4 x 5'%6" (salt alkyl chains)
+14x5%272=4
THE- 17H,0" 2773 2 7.8 82 1048 8 x 5'26* (THF) + 16 x 5"
CH,-6H,0 193.2° 12.9 121 935" 2 x 5% 6 x 5'%6*
self-preserved CH,-6H,07 267 6.5 60 2 x 5'% 6 x 5'%6*
liquid CH," 111.7 100 422

“ Melting or dissociation temperature of the hydrate or normal boiling temperature for liquid methane. ” Ratio of cages not filled by alkyl chains per salt
molecule, or for THF hydrate the ratio of unoccupied cages per molecule of THF. “ Maximum mass fraction of methane assuming full occupancy of cages
except where noted otherwise. ¢ Mass of methane per unit volume. ° Density of hydrate filled with methane assuming no expansion of the lattice due to
methane inclusion except from CH,- 6HZO Cage structure of the hydrates per unit cell where Z is the number of salt molecules per unit cell. ¢ From Feil
and]effrey and/or McMullan and Jeffrey® unless otherwise noted. " Wang et al.’s'* crystal structure for (i-CsH; ),NBr- 38H,0 indicates that one-third
of the 5'% cages are too distorted for methane to occupy and that these cages may be occupied by water molecules. Calculations on this line assume that
this is the case for this isostructural SCH. ' Data from Lipkowski et al.'* unless otherwise noted. / Cage structure assumed to be 1dent1cal to that for
(n-C4Hy),NE-32.8H,0” as they share the same crystallographic space group and similar unit cell dimensions. *We estimate that the 4*5* is in fact too
distorted to enclathrated methane molecules (see Supporting Information ); however, for this calculation we have assumed that this cage can enclathrate
methane. ' Data from Shlmada et al."® except meltlng temperature from Oyama et al.** " Data from Alekseev et al.” except the melting temperature from
Dyadin and Udachin'® (Figure 18b therein). " Density estimated from pure THF hydrate lattice parameter of Tse>* assuming full occupation of small
cages by methane molecules (lattice expansion neglected). Dissociation temperature from Handa et al.** ° Dissociation temperature from Fallabella and
Vanpee.*? Calculated using CSMGem. 9 Assumed methane hydrate composition and anomalous self-preservation temperature from Stern et al.* Mass
fraction of methane estimated assuming 50 % dissociation given a 1 month transport time (refer Figure 1 of Stern et al.) " Calculated in Refprop.>*

As part of gas storage studies and separation studies, many indicating that the most stable SCH at atmospheric pressure
measurements of the p, T phase stability of SCH at elevated would also form the most stable SCH at elevated pressures.
pressure and temperatures higher than their atmospheric pres- However, this does not appear to be true for larger gas molecules.
sure melting temperature have been recently reported. Measure- Deschamps and Dalmazzone®® compared the atmospheric pres-

ments of methane SCH p, T phase stability have been made with sure (n-C4,Hy),NBr + H,O T, w phase diagram data to their
tetra- n-butylammomum bromide, (n- C4H9) 4NBr, by Li et al.,* measurements under 2 MPa of CO, and (12 and 25) MPa of N,.

Arjmandi et al., 24 Mohammadi and Richon,”® Sun and Sun,?® and The most stable SCH at atmospheric pressure for this system is
Acosta et a1.27 In addition, measurements have been made with (n-C4Ho),NBr+24H,0 (w = 0.4271);*" however, Deschamps
tetra-n-butylammonium chloride by Makino et al.”® For the and Dalmazzone’s data at elevated pressure indicate a tempera-
methane + tetraisopentylammonium bromide system Wang ture maxima somewhere in the range w = (0.25 to 0.35),
et al.'"* present p, T phase measurements that investigated the indicating another SCH structure with a higher hydration
effect of pressure on the melting temperature of the SCH on a number is the most stable at elevated pressure. These results
polymer support (no measurements were tabulated or plotted at suggest that at elevated pressure the size of the gas molecule is a
temperatures above the atmospheric pressure melting tempera- determining factor in the SCH structure that is formed.

ture of the SCH; however, a p, T point at about 315 K and 10.1 Over maritime distances of over 1000 km transport of natural

MPa can be estimated from Figure 3 of their work). No p, T gas is most often achieved by cryogenically hquefylng the gas and
phase stability of SCH forming tetraisopentylammonium salts at shipping it as liquefied natural gas (LNG). Berner> first sug-

elevated pressure and temperatures higher than their atmo- gested that natural gas hydrates (NGHs) might be a suitable
spheric pressure melting temperature have been reported. A alternative to LNG for shipment and considered the technical
table of p, T phase stability measurements listing other gases, challenges of hydrate production and transport. Gudmundsson
SCH forming salts, and authors is included in the Supporting and co-workers®>~* proposed that NGH shipment might be
Information. An important observation from this body of work economically attractive alternative to LNG particularly for
was made by Hashimoto et al,”® who completed four sets of p, T “stranded” natural gas reserves. These stranded reserves are
phase stability measurements on the system H, + (n-C,Ho),NBr + usually considered either too small or too distant from markets
H,O at different mass fractions of the salt. They noted that each to be transported by pipeline or justify the costs of an LNG
p, T curve coincided at atmospheric pressure with the atmo- production plant. Following the discovery of the so-called

spheric pressure T, x phase diagram for (n-C,Hy),NBr + H,O, “hydrate self-preservation effect” by Yakushev and Istomin,*
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Gudmundsson et al.*' demonstrated that natural gas hydrates
could remain practically stable at atmospheric pressure when
refrigerated to 258 K. This is much higher than the dissociation
temperature of methane hydrate at atmospheric pressure of
193.2 K measured by Fallabella and Vanpee.** Stern et al.** also
investigated the hydrate self-preservation eftect and showed that
after 1 month at 267 K 50 % of the methane was still stored in
hydrate. The commercialization of NGH tanker shipment is still
under consideration, particularly by a group of nine Japanese
companies lead by Mitsui.** A methane storage alternative to
NGH may be SCHs. SCH have the advantage that they are in
general stable at higher temperatures. In Table 1 the estimated
methane storage capacities of (i-CsH;;)4NF-(27, 32.8 and
38)H,0, (n-C,Hy)4NBr-38H,0, tetrahydrofuran (THF) hy-
drate, methane hydrate, self-preserved methane hydrate, and
liquid methane are compared. Details of the cage structure and
melting or dissociation temperatures for each hydrate are also
included (for liquid methane the atmospheric boiling tempera-
ture is listed). The storage density of methane (mass of methane
per unit volume) is lower in the hydrates than liquid methane;
however, the hydrates are stable at considerably higher tem-
perature. Assuming a transport time of 1 month at 267 K a
self-preserved methane hydrate would store about 60 kg-m >
from the data of Stern et al*® From X-ray crystallography
Wang et al.'* showed that one-third of 52 cages in
(i-CsH;;)4NBr+38H,0 are likely too distorted to fit methane
molecules; as (i-CsH;;)4NF-38H,0 and (n-C,H,),NBr-38
H,O are isostructural to this SCH, one-third of their 5 cages
are also likely to be too distorted to accommodate methane. This
means that there are only two occupiable 5'* cages per salt
molecule and the maximum storage density of methane is about
33 kg-m_3 (assuming both 52 cages are occupied) for both of
these SCH. Alekseev et al.’s” crystallography data for the tri-n-
butylphosphine oxide SCH (n-C,H,)3PO - 34.5H,0 indicate 3.5
5'? cage molecules of salt. If methane can occupy all these cages, a
methane storage density of 65 kg-m > could be achieved
(however, the distortion of these cages has not been assessed
to determine whether methane can occupy all cages in this
structure). If all the 5' cages of the structure Il THF hydrate are
filled with methane, a storage density of 82 kg- m™> would result,
this is higher than for any of the SCH. To determine the
teasibility of using an SCH as an alternative to NGH, a full
economic analysis would need to be conducted and is beyond the
scope of this work. An economic advantage of the use of an SCH
could be reduced or no refrigeration costs in the transport of the
methane or the production of the storage material.

B EXPERIMENTAL SECTION

Materials. Methane was supplied by Southern Gas Services
from Linde Gas, UK. Ltd, with a mole fraction purity of
0.999 75. The purities and suppliers of other chemicals are listed
in Table S1 of the Supporting Information.

Tetraisopentylammonium bromide [(i-CsH,;),NBr] was
prepared by the Menshutkin reaction following the method of
Lipkowski et al.'* Triisopentylamine and isopentyl bromide were
refluxed in acetonitrile under nitrogen for about 28 h. The
solvent was evaporated by heating under vacuum, and the crystals
were then dissolved in warm ethyl acetate. The (i-CsH,,),NBr
was recrystallized overnight at 275 K. The crystals were then
filtered from the solution and the process of recrystallization
from fresh ethyl acetate was repeated twice. The crystalline mass

was then dried in a vacuum oven at 313 K until a constant mass
was achieved. Further purification was performed by dissolving
the crystals in deionized water and crystallizing the semiclath-
rate hydrate of (i-CsH;,),4NBr, followed by drying to constant
mass in a vacuum oven at 313 K. An aqueous solution of AgF
was freshly prepared from BaF, and Ag,SO,. The AgF solution
was added in excess to (i-CsH;;),NBr solution, and the
precipitated AgBr was filtered off. The (i-CsH;,),NF SCH
was then crystallized from the solution over several days at 275 K.
The SCH was filtered off and dissolved in fresh water and
recrystallized. The purity of the SCH was assessed by 'H
NMR. The (i-CsH,;),NF SCH was dissolved in tetradeuterated
methanol. No amine, acetone, or ethyl acetate peaks were
observed in the spectra. This spectra are presented as Figure
S1 in the Supporting Information.

The mole fraction of (i-CsH,;)4NF in solution for p, T phase
measurements was fixed by crystallizing a SCH of known
hydration number. The hydration number of 38 was desired as
its SCH structure contains the highest number of unoccupied
(5'%) cages per mole of salt (however, as discussed above, Wang
et al."* have observed that one-third of the 5'* cages in the related
(i-CsH;1)4NBr SCH are distorted and some of these cages are
occupied by water molecules). A dilute aqueous solution of
(i-CsH; 1 )4NF was prepared by dissolving SCH crystals in warm
deionized water. The salt mass fraction in the solution was
determined by Karl Fischer (KF) water content titration. The
volumetric Karl Fischer titrator was calibrated with a 1 % mass
fraction water standard. The (i-CsH;;),NF solution concentra-
tion was determined by adding a small amount of the solution to
methanol that had been analyzed for water content by KF
titration. A known mass of the dilute (i-CsH;;),NF solution
was injected by syringe into a sealed septum bottle containing a
known mass of methanol. The mass fraction of water in the
(i-CsH;1)4NF solution was calculated by comparing the water
content of methanol and methanol + (i-CsH;;),NF solution
samples. The mass fraction of (i-CsH;;)4NF in the dilute
solution was calculated as 0.031 & 0.001, corresponding to a
mole fraction of 0.0018 % 0.0001. This composition is well
within the region of (i-CsH;;)4NF-38H,0O formation in the
phase diagram of the (i-CsH,;),NF + water system presented by
Lipkowski et al.'*

The SCH was crystallized from the dilute solution of (i-CsHj; ) 4-
NF over several days at 275 K. The SCH was vacuum filtered and
gently pressed between two sheets of absorbent paper to reduce
the remaining liquid. The hydration number of the SCH was
determined by KF titration. SCH samples of known mass were
dissolved in a septum bottle containing a known mass of
methanol that had been analyzed for water content by KF
titration. Dry nitrogen was flushed through the top of the septum
bottle while the sample was added so that the methanol could not
absorb more water from the air. The water mass fractions both in
the methanol and in the methanol + dissolved (i-CsH;;),NF
SCH sample were used to calculate the hydration number of the
SCH, found to be 38.3 & 0.7 (or a mass fraction, w, of the salt of
0.315 = 0.004). This hydration number compares well with the
structural hydration number for (i-CsH;;)4sNBr SCH of 38.2
measured by Wang et al.'*

Measurements. In this work the isochoric pressure search
method was used to measure the p, T phase equilibria. This
method has been commonly used for measuring gas hydrate p, T
phase equilibrium data'”** and has also been recently used in
SCH gas hydrate p, T phase equilibrium data studies >* 27467
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Figure 1. Apparatus for p, T tetraisopentylammonium fluoride solution +
methane semiclathrate hydrate phase equilibria measurements.

A simplified diagram of the experimental apparatus is shown in
Figure 1. The measurements were conducted using a custom
built 94 mL stainless steel high pressure cell (maximum p = 35
MPa). A magnetic follower and 19.3046 g of the SCH were
loaded inside a small low density polyethylene (LDPE) cutoff
bottle (of diameter about 25 mm and height about 60 mm) and
placed inside the pressure cell (the purpose of this bottle was to
protect the cell from potential corrosion). The pressure cell was
sealed and placed within the temperature controlled bath on top
of a submersible magnetic stirrer (specifications and manufac-
turers of the equipment used in measurements is included in
Table S4 of the Supporting Information). The temperature
inside the cell was monitored with a PRT-100 Q probe (DSIR
thermo RT200 platinum resistance thermometer, uncertainty,
u = 0.01 K, calibrated by Industrial Research Limited’s Measure-
ment Standards Laboratory of New Zealand traceable to ITS-
90), placed inside the pressure cell’s thermowell, and the pressure
was monitored using a piezoelectric quartz pressure transducer
(Paroscientific 9000-6K-101, u, = 0.01 % for p > 1.4 MPa, u =
0.14 kPa for p < 1.4 MPa, NIST traceable calibration performed
by the manufacturer).

The bath was initially set to a temperature of 293.15 K.
Methane was purged into the cell from a cylinder to a pressure
of about 0.5 MPa. The system was then vented down to close to
atmospheric pressure and was vacuum pumped down to 0.013
MPa. This purging process was thrice repeated. As (i-CsH; ), NF
SCHs are still solids at 293.15 K and potentially contain
enclathrated air, a further purging process was repeated at a
temperature higher than the melting temperature. The cell was
filled with methane to about 1 MPa and heated to 313.15 K with
the magnetic stirrer turned on. The bath temperature was
lowered to 273.15 K, and the gas was vented to close to
atmospheric pressure followed by vacuuming to 0.013 MPa.
This process was repeated once more.

The bath temperature was then set to 283.15 K, and the gas
was compressed in to the cell to about 20 MPa with the syringe
pump. After pressurization, valve 5 was closed to limit the volume
of gas outside the temperature controlled bath. Initially, efforts
focused on measuring the storage capacity of methane in the
SCH. The pressure of methane dropped very slowly, and after 4
weeks the pressure stabilized at p = 19.4 MPa. From the cell
volume and pressure the estimated composition was 1.58CH,-
(i-CsH;,),NF-38.3H,0. Wang et alt suggests that one-third of

I
T T T T T

313 314 315 316 317 318 319
T/K

Figure 2. Example of the p, T measurements to determine a tetra-
isopentylammonium fluoride aqueous solution [(i-CsH;;)4NF, w =
0.315] + methane three-phase p, T SCH + L + V value: O, measurements
with solid phase present; X, measurements after solid phase dis-
appearance. Determination of the point T = (318.00 £ 0.02) K and
p = (19.680 + 0.004) MPa.

the 5'* cages in the (i-CsH;;),NBr-38H,0 SCH are too
distorted to fit methane molecules and some of these cages
may be occupied by water molecules, referred to as type B cages
in their work. This means that only two out three 5'* cages,
referred to by Wang et al. as type A cages, per (i-CsH;;),N" ion
can be occupied. This indicates that an occupancy factor of about
80 % was achieved in the type A §'* cages. After this measure-
ment was completed, p, T phase boundary measurements by the
isochoric pressure search method were started. McMullan and
Jeffrey® measured the melting temperature of (i-CsH,,),NF+38
H,O as (304.4 £ 0.2) K (note that McMullan and Jeffrey list a
hydration number of a 2240, which was later determined to be 38
crystallographically by Feil and Jeffrey*). The melting tempera-
tures of (n-C4Ho),NBr-(26 and 38)H,O are listed by Oyama
et al.>® as (285.2 and 283.1) K, respectively. As a first approxima-
tion from these melting points it was estimated the SCH +
aqueous solution + vapor (SCH + L + V) phase boundary for
(i-CsH;1)4NF would be approximately 20 K higher than for
(n-C4Ho),NBr. The p, T phase data of Li et al.**> and Arjmandi
et al.** for (n-C4H,),NBr + water + methane were used to
estimate approximate dissociation conditions and the initial
starting pressure of methane. Isothermal steps were begun
approximately S K below the estimated dissociation conditions.
For each isothermal step the temperature of the bath was held
constant for between (20 and 28) h to allow the pressure to
equilibrate. Initially, the bath temperature was raised in steps
between (1 and 2) K; however, when a steeper rise in pressure
between steps was observed, indicating the start of methane
SCH dissociation, smaller steps of between (0.1 and 0.5) K
were taken. The SCH + L + V phase equilibrium was taken as
the intercept in the p, T plot, as shown in Figure 2, which is an
example of the measurements taken for a single p, TSCH+ L +V
phase equilibrium point.

The highest melting temperature SCH of (i-CsH,;),NF has
a hydration number of 27 with a melting temperature according
to Lipkowski et al.'* of 307.8 K. Although it was noted as more
stable, Lipkowski et al. suggested that the SCH with a hydration
number of 38 was kinetically favored; hence the SCH was re-
formed in the pressure cell by lowering the bath temperature to
between (273 and 283) K and then heating to 309 K. This was
assumed to remove the structures of the SCH that cannot
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Figure 3. Three-phase p, T diagram for SCH + L + V phase
equilibrium points: X, this work, CH, + (i-CsH,;),NF + H,O (w =
0.315); #, Wang et al,'* CH, + (i-CsH;;),NBr + H,O (w = 0.36)
(estimated); O, Li et al,,>* CH, + (n-C4Ho),NBr + H,O (w = 0.385);
A, Arjmandi et al,** CH, + (n-C4Hy),NBr + H,0 (w = 0.3); O, Sun
and Sun,?® CH, + (n-C,Hy)4NBr + H,O (w = 0.2818); <, Makino
et al,*® CH, + (n-C4H,),NCI + H,0O (w = 0.34); ---, CH, + H,0O
calculated using CSMGem.

Table 2. p, TSCH + L +V Equilibria Points for (i-CsH, ;) 4NF +
Water (w = 0.315) + Methane, u(T) = 0.02 K, u(p) = 0.004
MPa

T/K p/MPa
306.89 05756
309.53 2.029
313.90° 7.342°
318.00 19.680
319.68 26.653

“ Estimated uncertainty for this point was u(T) = 0.1 K, u(p) = 0.01 MPa
due to a singular data point before dissociation (see Supporting
Information, Figure S4 and Table S8).

enclathrate methane. From Lipkowski et al.’s crystallography
data the only unoccupied cages that the (i-CsH;,),NF-27H,0
SCH contains are small 8-sided 4*5* cages, which we estimated
cannot fit a methane molecule (see Supporting Information).
The temperature cycling was repeated several times and helped
to increase the rate of methane enclathration, as evidenced
from the pressure drop. After this cycling was completed, the
measurements of the next p, T phase equilibrium measurement
commenced with a different initial pressure of methane.

At the completion of the five phase equilibrium measure-
ments, the SCH was re-formed at a pressure of about 0.5 MPa
following the procedures described above. The bath temperature
was then set to 293 K, and the system was slowly depressurized to
atmospheric pressure. The pressure cell was then opened, and
the bottle end was removed. The bottle contained a solid mass of
slightly yellow SCH, which was stored at room temperature (less
than 298 K) for 2 days. The bottle was then heated by floating it
inside a beaker of water on a heating element. Gas bubbles
evolved from the SCH as it melted. A sample of the evolving gas
taken by syringe and was determined to be methane by gas
chromatography.

B RESULTS AND DISCUSSION

Figure 2 shows an example of a series of equilibrium point
measurements used to determine one CH, + (i-CsH;;)4NF +
H,O (w = 0.315) p, T SCH + L + V phase equilibrium point.
The pressure and temperature of the three-phase equilibria
were determined by extrapolating p, T points before and after
the complete dissociation of the hydrate to the discontinuity in
the p, T curve. The uncertainty in the p and T of each three-
phase SCH + L + V values, considering both the uncertainty
associated with equilibrium point measurements and the extra-
polation, was estimated as u(p) = 0.004 MPa and u(T) = 0.02 K
(except where otherwise noted).

The five (p, T) three-phase (SCH + L + V) values measured
are displayed in Figure 3 and listed in Table 2 (note the
equilibrium point measurements for each three-phase (SCH +
L +V) value is listed and plotted in the Supporting Information).
For comparison, the estimated three-phase (SCH + L + V) value
for CH, + (i-CsH;;)4,NBr + H,O (w = 0.36, equivalent to a
hydration number of 38) from Wang et al.'* is plotted and lies
very close to a curve drawn through our data (this point, at T =
315 Kand p = 10.1 MPa, was estimated from the intersection of
the heating and cooling curves associated with complete dis-
sociation of the SCH in Figure 3 of Wang et al.). Also plotted in
Figure 3 are the three-phase p, T phase equilibrium values for
CH, + (n-C,Hy)4NBr + H,O of Li et al.** (w = 0.385), Arjmandi
etal.** (w=0.3), and Sun and Sun® (w = 0.2818). The slope and
the shape of their curves are similar to our curve; however, our
values are shifted approximately 20 K higher (we do, however,
note that the data of Li et al., Arjmandi et al,, and Sun and Sun
may not have been recorded at the optimal mass fraction of
(n-C4Hy),NBr for stability, which is likely to be at w = 0.320,
corresponding to a hydration number of 38). Additionally the
three-phase p, T phase equilibrium values for CHy + (n-C4Hy),-
NCI + H,0 (w = 0.34) of Makino et al.*® are plotted in Figure 3.
Their values at high pressure align closely with the literature
CH, + (n-C4Hy),NBr + H,O data but are about 2 K higher in
temperature at a pressure of 0.6 MPa, presumably as the melting
temperature of (n-C,Hy),NCl SCH is higher than (n-C,Hy),-
NBr SCH by about 2 K. The p, T slope of Makino et al.’s*® CH,, +
(n-C4Hg)4NClI + H,O data is noticeably greater than both the
CH, + (n-C4Hy)4NBr + H,O and CH,, + (i-CsH,;;)4NF + H,O
data at low pressures (p < 2 MPa).

Extrapolation of our data indicates an atmospheric pressure
melting temperature of about 304.2 K; this is close to the value
measured by McMullan and Jeffrey® of 304.4 K but lower than
Lipkowski et al.’s'> measurement of 305.6 K.

The p, T three-phase boundary for methane hydrate predicted
by CSMGem”' is also plotted in Figure 3.

At 10 MPa the dissociation temperature of CH, + (i-CsH, ;) 4-
NF + H,0 SCH is about 29 K higher than CH,4 + H,O hydrate.
At 0.1 MPa the dissociation temperature of CH,, + (i-CsH, ;) ,NF +
H,0 SCH is about 110 K higher than the CH, + H,O hydrate
equilibrium dissociation temperature or about 40 K higher than
the methane hydrate self-preservation temperature range. This is
a significant stability advantage because it is possible to store the
methane in the SCH at atmospheric pressure and room tem-
perature for at least several days. The tradeoff is the lower storage
capacity offered by the SCH. As a storage material for large scale
shipment, CH, + (i-CsH,;)4NF SCH may not require refrigera-
tion for production and less or no insulation in shipment. To
determine whether it could be a viable alternative to LNG or
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NGH, the methane storage capacity at atmospheric pressure
needs to be accurately determined and a full technical and
economic analysis would need to be conducted.

B ASSOCIATED CONTENT

(5 ) Supporting Information. Figures include proton NMR
spectra of (i-CsH;;),NF in CD3;0D and plots of equilibrium
point measurements for each three-phase (SCH + L + V) value.
Tables include the chemical purities and suppliers, analytical
instrument suppliers, literature three-phase (SCH+ L + V) p, T
measurements and measurement methods, specifications of the
experimental equipment used, and equilibrium point measure-
ments for each three-phase (SCH + L + V) value. Also included is
a size calculation for the 4*s* cage of (i-CsH;,),NF-27H,0.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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