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Hydrate equilibrium data of the CH4 + tetra-n-butyl ammonium bromide (TBAB)+ water have been measured
by using the isothermal pressure search method for four components of TBAB aqueous solutions. The three-
phase equilibrium lines obtained in the present study are shifted to the low-temperature or high-pressure side
from that of the stoichiometric TBAB solution. Moreover, methane uptake into semi-clathrates is confirmed by
a shift in the clathrate regions when methane is present. The experiments are carried out in the pressure range of
(0.5 to11) MPa and in the temperature range of (281.15 to 295.15) K.

Introduction

Clathrate hydrates, or gas hydrates, are a group of icelike,
crystalline inclusion compounds that form through the combina-
tion of water (the host) and suitably sized gas (the guest)
molecules, typically at low temperature and elevated pressure
conditions. These hydrates crystallize in three prominent
structures, structures I, II, and H, depending on the nature and
the size of the guest molecule.1 Tetra-n-butyl ammonium
bromide (TBAB) can also form a semi-clathrate hydrate crystal
with water molecules even at atmospheric pressure and room
temperature. In TBAB semi-clathrate hydrate, Br forms cage
structures with water molecules and the tetra-n-butyl ammonium
cation occupies four cages. Such a hydrate is called a semi-
clathrate hydrate crystal because a part of the cage structure is
broken to enclose the large tetra-n-butyl ammonium molecule.
It is generally agreed that there are two main structures: one is
type I, with a hydration number of 26, and another is type II,
with a hydration number of 38. TBAB hydrate is often used as
a heat transport medium, and it can save 40 % of energy in
comparison with ice production.2-4 Furthermore, TBAB hydrate
has empty dodecahedral cages. Kamata et al. confirmed that
H2S can be incorporated into TBAB semi-clathrate hydrate, most
likely by means of occupation of vacant dodecahedral cavities.5,6

Hence, TBAB semi-clathrate hydrate can be used to separate
or store some gases. Recently, some studies have demonstrated
that hydrogen can be stored in semi-clathrates.7,8 The formation
condition of TBAB hydrate could be very important for
industrial application of cool storage, gas separation, and gas
storage. Phase equilibrium of pure TBAB hydrate has been
determined by Oyama et al.9 However, few experimental data
are available in the literature, except the phase equilibrium data
of H2 in TBAB (w ) 0.405) reported by Shunsuke7 and
Chapoy.8

Experimental Section

The experimental apparatus and procedures used in this work
were described in detail by Sun et al.10,12,13 The equilibrium
cell is a “full view” sapphire variable-volume cell with a
movable piston. The cell consists of a sapphire tube sealed at
the top end with a stainless steel flange. The test contents were
mixed through a stirrer, which was driven by a dc motor located
at the end of the piston and a magnetic coupling mounted outside
the cell. The cell pressure was measured using a TF01 400A
absolute pressure transducer (0 to 40 MPa) with uncertainties
of about 0.06 % of full scale. The cell temperature was measured
using platinum resistance thermometers with an accuracy of 0.1
K. The cell volume was adjusted with the movable piston. The
data from the acquisition system were saved at preset sampling
intervals on a computer.

The fluids used in this work are described in Table 1. The
cell was washed with distilled water and the fluid three times,
respectively. The cell was initially charged with approximately
15 mL of fluid by an injector. Next, the cell was vacuumed
and methane was taken in subsequently. The hydrate equilibrium
was established using the “pressure search” procedure at a fixed
temperature.11,12

After the sample had been charged in the cell, the temperature
was then lowered to form hydrates. The pressure was decreased
by moving the cell piston to decompose the hydrates when a
large amount of hydrates was observed. The temperature and
pressure were considered as the equilibrium conditions when a
small quantity of the hydrate crystals remained for (3 to 4) h.
Once the equilibrium conditions were established, the pressure
in the cell was lowered by 50 kPa to confirm that all of the
hydrate decomposed. A different temperature was subsequently
selected, and the procedure was repeated to obtain another
hydrate equilibrium condition.
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Table 1. Test Fluids Used in This Work

component purity/% supplier

methane 99.99 Fushan Kede Gas Co.
TBAB >99 Changzhou Xinhua Active Material Institute
water distilled
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Results and Discussion

Measured formation conditions for CH4-TBAB semi-clath-
rates are compared with those for simple CH4 in Figure 1. Table
2 presents the hydrate formation data for methane in solutions
of different TBAB concentrations. TBAB mass percent is 5,
9.9, 19.7, and 38.5, respectively. As Figure 1 shows, the addition
of TBAB causes the hydrate equilibrium pressure to be
drastically lowered by (52 to 96) % at a specified temperature
and, equivalently, the hydrate equilibrium temperature to be
raised by about (4 to 17) K at a specified pressure depending
on the concentration of TBAB in water. Methane uptake into
semi-clathrates is confirmed by a shift in the clathrate regions
when TBAB is present. It is clear that the slope in pressures
versus temperatures curve is not a constant and, actually,
gradually decreases with increasing temperature.

TBAB hydrate formation conditions for different methane
pressures are compared with the pure TBAB system in Figure
2. Measurements show that the hydrate equilibrium temperature
curves of the mixture at the same pressure were the same as
those of pure TBAB type I semi-hydrate at atmospheric pressure.
There are at least five different structures in the system TBAB
+ water, with hydration numbers of 24, 26, 32, 36, and 38, but
this has not been confirmed at this time. Type I with a hydration
number of 26 is more stable; the structure of the mixture hydrate
may be also type I in contrast to the equilibrium curves of the

pure TBAB system. The increase of the pressure can enhance
the hydrate equilibrium temperature at the same TBAB mass
fraction.

Conclusions

In the present work, the three- and four-phase hydrate
equilibria of the ternary system of methane+ TBAB + water
are measured by using the isothermal pressure search method.
The experimental temperature range from (281.15 to 295.15)
K and pressure up (0.5 to 11) MPa have been investigated.
Measurements show that the addition of TBAB causes the
hydrate equilibrium pressure to be drastically lowered by (52
to 96) % at a specified temperature and, equivalently, the hydrate
equilibrium temperature to be raised by about (4 to 17) K at a
specified pressure depending on the component of TBAB in
water. Methane uptake into semi-clathrates is confirmed by a
shift in clathrate regions when TBAB is present. The curve of
the temperatures versus TBAB component at different pressures
shows that the structure of CH4-TBAB semi-hydrate may be
type I, but this needs further investigation.
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Figure 1. Hydrate dissociation condition for CH4 (1) + TBAB (2) + water
(3): 9, no TBAB; 1, w ) 0.050;2, w ) 0.099;3, w ) 0.197;4, w )
0.385.

Table 2. Hydrate Dissociation PressureP for CH 4 (1) + TBAB (2)
+ Water (3) as a Function of TemperatureT at TBAB Mass
Fraction w ) (0.050, 0.099, 0.197, and 0.385)

P/MPa
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293.15 10.64 6.08 5.57
294.15 9.22 8.16
295.15 10.23

Figure 2. Hydrate dissociation conditions for methane with TBAB at
various pressures: solid right-pointing triangle, 6.0 MPa; solid left-pointing
triangle, 4.0 MPa;9, 2.0 MPa;1, 1.0 MPa2, 0.5 MPa;O, type I, Oyama
et al.;9 4, type II, Oyama et al.9
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