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ABSTRACT: In this paper, hydrate phase equilibrium data for the CO2/
CH4 + water system, CO2/CH4 + tetrabutylammonium bromide (TBAB) +
water system, CO2/CH4 + tetrabutylammonium chloride (TBAC) + water
system, and CO2/CH4 + tetrabutylammonium fluoride (TBAF) + water
system were measured at temperatures from 280.2 K to 291.3 K and
pressures from 0.61 MPa to 9.45 MPa with the 2.93·10−3 mole fraction of
tetrabutylammonium halide. The equilibrium hydrate formation conditions
were measured by an isochoric pressure-search method. The mole fractions
of the mixture gas used in this work were 0.33 CO2 and 0.67 CH4. The
experimental data for the CH4 + water system were contrasted with the
published equilibrium data in the literature. Both have a good consistency,
which demonstrates that the experimental method and the apparatus used in
this paper are feasible and reliable. The experiment results show that the
hydrate stable region was enlarged by adding TBAB, TBAC, or TBAF.
Among the three additives, TBAF is the best and the enlarged extent order of three additives is TBAF > TBAC > TBAB. The
three-phase equilibrium pressure of the CO2/CH4 + TBAF + water system is 0.61 MPa at 284.2 K.

■ INTRODUCTION

Gas hydrates, or clathrate hydrates, are ice-like crystalline solids
which form by small molecule gas (the guest) and water (the
host) under appropriate pressure and temperature. Guest
molecules (such as CH4, CO2, C2H6, N2, and H2S) are
encapsulated into hydrate cages which are formed by water
molecules through hydrogen bonds. There are three recognized
hydrate crystal structures: structure I (sI), II (sII), H(sH), which
are closely related to the size, species, and properties of the guest
molecules.1

Besides the above three structure, there is a semiclathrate
hydrate, which was discovered by Fowler et al.2 This hydrate is
formed by water molecules and quaternary ammonium salts
(QASs), such as tetrabutylammonium bromide (TBAB),
chloride (TBAC), and fluoride (TBAF). In these semiclathrate
hydrates, the tetrabutylammonium cations (TBA+) as the guest
molecule is located in the center of tetragonal cages, while the
halide anions (Br−, Cl−, or F−) form a selective framework with
water molecules by H-bond.3

Recently, the semiclathrate hydrates have attracted more and
more attention for broad applications.4−8 One of these
applications is mixed gas separation, especially carbon dioxide
capture.9−12 For the application of semiclatharate, the character
of TBAB hydrates was also studied.13−15 Many researchers16−21

have measured the forming conditions of the semiclathrate
hydrates of tetrabutylammonium halide (bromide, chloride, or
fluoride) with different gases such as CO2, CH4, N2, H2, and so

on. Nevertheless, most of these reports concern the pure gas;
only a few studies22−24 were related to mixed gas.

As well known, raw natural gas or biogas is mainly composed
of CH4 and CO2. On the basis of the theory of hydrate
separation, it is feasible to capture CO2 from q CH4 and CO2 gas
mixture, but it is difficult because there is a narrow region25 (273
K to 283 K and 1 MPa to 6 MPa) between CH4 and CO2 in the
phase diagram of hydrate formation without additives. Adding
TBA(B, C, F) may offer a solution to overcome this difficulty.
Deschamps and Dalmazzone26 had studied CH4/CO2 hydrate
equilibrium with a 0.4 mass fraction of TBAB. The results
showed that high concentrations of TBA salts can enlarge the
hydrate stability zone. However, high concentrations of TBA
salts may be unfavorable for the separation of CO2 from mixture
gases.27

In this study, we measured the hydrate phase equilibrium data
for CO2/CH4 (0.33 and 0.67) with low concentration (2.93·10−3

in mole fraction) tetrabutylammonium halide (bromide,
chloride, or fluoride). These data are essential for biogas or
raw natural gas separation by hydrate crystallization.

■ EXPERIMENTAL SECTION
Materials. Table 1 lists the chemicals used in this work. The

mole fractions of tetrabutylammonium halide solution used in
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this study are all 2.93·10−3 (wTBAB = 0.050, wTBAC = 0.043, wTBAF
= 0.049). The mole fractions of the mixture gas were 0.33 CO2
and 0.67 CH4 with an uncertainty of ± 0.003. The uncertainty in
the mass fraction of TBAB, TBAC, and TBAF is 0.01.
Experimental Apparatus. The schematic of the exper-

imental apparatus employed for the measurements of hydrate
phase equilibrium data is shown in Figure 1 and has been clearly
described in our previous works.16 The key part of the
experimental device is a cylindrical high-pressure stainless steel
reactor, the inner dimensions of which are 60 mm in height and
80 mm in diameter. The effective volume is about 300 cm3.
During the experiments, the fluids and hydrate crystals in the
reactor are agitated by a magnetic stirrer (GBM 76ZYT024) that
has been installed in the crystallizer.

In the experimental preparation, the high-pressure reactor, of
which the maximum working pressure is 20 MPa, was entirely
immersed in a thermostatic water bath (Huber CC2-K20B) to
control the temperature of the equilibrium reactor at a set
temperature. The temperatures of the liquid and gas phase in the
cell are measured by two internal platinum resistance
thermometers (Westzh WZ-PT100) with a ± 0.1 K accuracy.
The pressure inside the vessel is measured by a pressure
transducer (Senex DG-1300) with a ± 0.01 MPa accuracy. All
temperatures and pressures of the reactor are recorded by a data
logger (Agilent 34970A) at 20 s intervals, and saved on a

computer. The concentration of the CO2/CH4 was analyzed by
gas chromatography (GC).

Experimental Method. The hydrate phase equilibrium data
were measured by an isochoric pressure-search method.28,29

First, the equilibrium cell was vacuumed and initially charged
with approximately 200 mL of solutions. Second, a CO2/CH4

mixture gas, analyzed by GC, was injected into the evacuated cell
via a pressure-regulating valve from the gas cylinder until the
internal pressure increased to the desired pressure. After the
system pressure and temperature were stable for 30 min (far
enough from the hydrate formation region), the valve in the line
between the cylinder and cell was closed. Then, the thermostatic
bath and the magnetic stirrer were started. The temperature was
controlled to decrease by 3 K/h until the hydrate was formed.
Hydrate formation in the vessel can be determined by an increase
in temperature and a decrease in pressure. After hydrate
formation, the system was heated with temperature steps of 0.1
K. The equilibrium state at each temperature fluctuation was
achieved in 4 h. Through this method, a P−T curve can be
acquired after each experimental run. In this curve, the
intersection point of the hydrate formation line and the hydrate
dissociation line was confirmed to be the hydrate phase
equilibrium point.

■ RESULTS AND DISCUSSION

To check the reliability of experimental apparatus and method
used in this work, the hydrate phase equilibrium data of the CH4

+ H2O system were measured and compared with the data from
the literature.30 The experimental data measured were listed in
Tables 2 and 3. For a clear comparison, the experimental data and
reference data were both plotted in Figure 2. It was shown in
Figure 2 that the measured data in this method were consistent
with those reported in literature, which demonstrates the
reliability of experimental apparatus and method adopted in
this work.

Table 1. Experimental Material Used in this Work

component purity supplier

CH4 0.9999 (mole fraction) Zhaoqing Gaonengda gas Co.
CO2/CH4 0.33 and 0.67 (mole fraction) Zhaoqing Gaonengda gas Co.
TBAB 0.99 (mass fraction) Tianjin Kemi chemical Co.
TBAC 0.99 (mass fraction) Tianjin Kemi chemical Co.
TBAF 0.97 (mass fraction) Zhejiang xianjiu chemical Co.
water distilled

Figure 1. Schematic diagram of the experimental apparatus used for the measurement of the hydrate equilibrium conditions.
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In our experiments, we first measured the hydrate phase
equilibrium points for the CH4/CO2 mixture gas in water
(Tables 3) and compared these with the phase equilibrium data
of the CH4 + water system and the CO2 + water system in ref 30
and ref 16. In Figure 2, the hydrate phase equilibrium points of
the CO2/CH4 mixture gas in water were located between the
hydrate phase equilibrium curves of the CH4 + water system and
the CO2 + water system.

The data of CO2/CH4 + TBAB + water system were
investigated (Table 4) and compared with the data of the CH4

+ TBAB + water system and the CO2 + TBAB + water system in
literature and CO2/CH4 + water (Figure 3). The concentrations

of TBAB in this work and other previous literature were all 2.93·
10−3 mole fraction. Seen from Figure 3, the hydrate phase
equilibrium points of the CO2/CH4 + TBAB + water system
were located between the curves of the CH4 + TBAB + water
system and the CO2 + TBAB + water system when the
equilibrium pressure of the gas mixture was below 4 MPa; when
the equilibrium pressure of gas mixture exceeded 4 MPa, the
hydrate phase equilibrium points of the CO2/CH4 + TBAB +
water system coincided with the phase equilibrium points of the
CH4 + TBAB + water system. It was also found that the hydrate
stable region was expanded by adding TBAB (2.93·10−3 in mole
fraction).

Similarly, Tables 5 and 6 list the phase equilibrium data of the
CO2 + CH4 + TBAC + water system and the CO2 + CH4 + TBAF

+ water system. Figures 4 and 5 compared the phase equilibrium
conditions of the CO2 + CH4 + TBAC + water system and the
CO2 + CH4 + TBAF + water system with the CO2 + CH4 + water
system. The results showed that the hydrate stable region was
expanded by adding TBAC and TBAF (2.93·10−3 in mole
fraction). A comparison of the results of Figure 3 with those of
Figure 5 shows that the phase equilibrium pressures of the CO2 +
CH4 + TBAF + water system were lowest among the three
tetrabutylammonium halides at the same temperature. Under a
certain pressure, the phase equilibrium temperatures of the CO2

Table 2. Measured Hydrate Formation Condition for CH4 in
Water

T/K p/MPa

276.3 3.58
279.8 5.12
281.4 6.05
283.3 7.39

Table 3. Measured Hydrate Formation Condition for CO2/
CH4 in Water

T/K p/MPa

276.0 2.85
280.0 4.10
283.2 5.82
284.8 7.10
286.6 9.22

Figure 2. Phase equilibrium conditions for CH4 + H2O, CO2/CH4 +
H2O and CO2 + H2O systems. CH4 + H2O system: ■, this work; ○, ref
30. CO2/CH4 + H2O system: ⧫, ref 31 (CO2, y = 0.20); ▲, this work
(CO2, y = 0.33); ●, ref 31(CO2, y = 0.60). CO2 + H2O systems: ▽, ref
16; △, ref 30.

Table 4. Hydrate Equilibrium Data for the CO2+CH4+TBAB
+Water System Measured at 2.93·10−3 Mole Fraction of
TBAB

T/K p/MPa

282.0 0.78
284.6 1.65
286.2 2.60
288.3 4.76
290.2 7.44
291.1 8.94

Figure 3. Phase equilibrium conditions for the CH4 + TBAB + water,
CO2 + TBAB + water, CO2/CH4 + water and CO2/CH4 + TBAB +
water systems. CH4 + TBAB + water system: △, ref 32; ○, ref 33. CO2 +
TBAB + water system: ▽, ref 16; □, ref 19. CO2/CH4 + water system:
▲, this work. CO2/CH4 + TBAB + water system: ■, this work.

Table 5. Hydrate Equilibrium Data for the CO2 + CH4 +
TBAC + Water System Measured at 2.93·10−3 Mole Fraction
of TBAC

T/K p/MPa

280.2 0.90
282.2 1.75
284.6 3.42
286.2 4.94
287.6 6.92
288.3 8.40
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+ CH4 + TBAF + water system were about 5−11 K higher than
those of the CO2 + CH4 + water system.

■ CONCLUSION
This paper presents hydrate phase equilibrium data for the CO2
(0.33) + CH4 (0.67) + water system and the semiclathrate
hydrate formation in four-component systems: the CO2 + CH4 +
TBAB + water system, the CO2 + CH4 + TBAC + water system
and the CO2 + CH4 + TBAF + water system, which were

investigated in temperature range from 280.2 to 291.3 K and
pressure range from 0.61 to 9.45 MPa at the mole fraction of
tetrabutylammonium halide, x = 2.93·10−3. The hydrate
equilibrium data were obtained though an isochoric pressure-
search method. A comparison of the hydrate equilibrium data of
the CO2 + CH4 + tetrabutylammonium halide + water systems
with the CO2 + CH4 + water system displayed that
tetrabutylammonium halide (TBAB, TBAC, and TBAF) can
expand the hydrate stable region. At the temperature of 285 K,
the phase equilibrium pressures of the CO2 + CH4 +
tetrabutylammonium halide (TBAB, TBAC, TBAF) + water
systems were 3.74 MPa, 2.76 MPa and 0.94 MPa, respectively,
compared to 7.30 MPa of the CO2 + CH4 + water system. Among
the three additives, TBAF is the best, and the order of the
enlarged extent of three additives is TBAF > TBAC > TBAB.
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