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ABSTRACT: The equilibrium pressure—temperature relations of the tetra-n-butyl ammonium
bromide (TBAB) semi-clathrate hydrate were measured at pressures up to 80 MPa by the high-
pressure differential scanning calorimetry. As a pressurizing medium, tetrafluoromethane (CF4),
which cannot occupy any hydrate cages in the TBAB semi-clathrate hydrate at the present
experimental pressures, was used. The dissociation temperature of tetragonal TBAB semi-
clathrate hydrate (TBAB-26H>0) increases with the increase in pressure, while the dissociation
enthalpy is (192+3) J-g! and almost constant at pressures up to 80 MPa. The temperature
difference between formation and dissociation at the same pressure, that is, the maximum

allowable degree of supercooling, is (17.7+0.7) K and independent of the pressure.
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1. INTRODUCTION

Gas hydrate or clathrate hydrate is a crystalline solid that consists of the host framework of
hydrogen-bonded water molecules and the guest molecules in the void (cage) of the framework.
There are some hydrate unit-cells formed by the combination of several different-shaped cages,
for example, structure-I (sI) consists of 2 small cages (dodecahedron, 5'?) and 6 middle cages
(tetrakaidecahedron, 5'26%).! The enclathration of guest species stabilizes the hydrate structure.

Among clathrate hydrates, the hydrate formed from tetra-n-butyl ammonium salt aqueous
solutions has been known well as a semi-clathrate hydrate where the quaternary ammonium
cation and anion are incorporated with the water molecules to construct the hydrate framework.>"
6 Tetra-n-butyl ammonium bromide (TBAB) is one of the most famous semi-clathrate hydrate
formers. Aladko et al.® have reported the existence of crystals with various hydration numbers
for pure TBAB hydrate: TBAB-24H,0, TBAB-26H,0, TBAB-32H,0, and TBAB-36H>0. Other
researchers®’!% have reported that there are two TBAB hydrates, that is, the hydration numbers
are 26 and 38. The ideal unit cells of TBAB-26H,O and TBAB-38H,O consist of 10(5'%-
cages)+16(5'26%-cages)+4(5'26-cages) and 6(5'2-cages)+4(5'%6%-cages)+4(5'%6°-cages),
respectively, where 5'26’-cage stands for the pentakaidecahedron. Recently, Rodionova et al.®
demonstrated that the structural variety of the TBAB semi-clathrate hydrate results from the
difference in the way of including bromide anions and arranging tetra-n-butyl ammonium cations.

TBAB semi-clathrate hydrate has a potential as a cold storage material for air

6,8,11,12 9,13-18

conditioning as well as a thermodynamic hydrate promoter of hydrogen storage, gas

18-22

absorption'®*?2, and gas separation'®!>?*?7_ In the case of the TBAB mixed semi-clathrate

hydrates enclathrating hydrogen (H»)'*, krypton (Kr)??, or xenon (Xe)®’, it has been reported that



the structural phase transition occurs at high pressures. Also in the argon+TBAB mixed semi-
clathrate hydrate system, the phase behavior implies the existence of the structural phase
transition, although the authors did not state it.?! The structural phase transition of TBAB semi-
clathrate hydrate implies that the semi-clathrate hydrate structure is relatively soft and easily
disordered. And the difference of the chemical potential between stable and metastable phases is
relatively small. To elucidate why the structural variety of the TBAB semi-clathrate hydrate
occurs and to solve why the large supercooling is required for the nucleation of the TBAB semi-
clathrate hydrate, it is necessary to investigate the thermodynamic stability of TBAB semi-
clathrate hydrate itself in a high-pressure region. In the present study, we investigated the phase
equilibrium relation as well as the nucleation behavior of the TBAB semi-clathrate hydrate at
high pressures up to 80 MPa by high-pressure micro-differential scanning calorimeter

(microDSC).

2. EXPERIMENTAL SECTION

Materials used in the present study are summarized in Table 1. All of them were used without
further purification.

The microDSC (Setaram, uDSC VII evo) with the high-pressure cells (maximum working
pressure, 100 MPa) was used to investigate the thermodynamic stability and dissociation
enthalpy of TBAB semi-clathrate hydrate at pressures up to 80 MPa. These DSC cells were
connected with the pressure control apparatus and purged and pressurized to a given pressure
with gases. The TBAB aqueous solution with the mole fraction xtsas = 0.0356+0.0003 (the mass

fraction wreas = 0.3984+0.002) was prepared with the electric balance (Shimadzu, BL-220H).



The TBAB concentration is slightly smaller or larger than the stoichiometric concentration of the
tetragonal TBAB semi-clathrate hydrate (TBAB-26H>O) reported by ref 8 (wrsas = 0.40) and ref
6 (0.404+0.004) or ref 12 (0.35 to 0.37), respectively.

Approximately 20 mg of the prepared TBAB aqueous solution was loaded into the DSC cell
by microsyringe (Hamilton, 80400). The precise sample mass of the loaded TBAB aqueous
solutions was measured with the electric balance (A&D, BM-22) with the uncertainty of 0.02 mg.
The air dissolved in the solution was purged with CF4 three times. After CF4 was introduced into
both the sample and reference cells of DSC simultaneously to the desired pressure, the furnace
temperature was decreased to 258.2 K at the cooling rate of 0.5 K/min. The temperature was held
at 258.2 K for 10 min and then increased to 295.2 K at the heating rate of 0.1 K/min. When the
dissociation temperature is determined with DSC, the effect of the heating rate may be unable to
be ignored. The heating rate was slower than the cooling rate to minimize its effect. To confirm
the effect, the dissociation temperatures at 0.1 MPa with the heating rate of 0.05 K/min and 0.1
K/min were compared. The obtained results agreed within the uncertainty of the temperature
measurement. The pressure was measured with the pressure gauge (Valcom, VPRT, maximum
uncertainty: 0.4 MPa). The pressure fluctuation caused by the temperature ramping was within
the uncertainty of the pressure gauge.

We calibrate the microDSC with a dedicated Joule heat calibrator (Setaram, EJ3). In addition,
the water was adopted as a reference. The uncertainty of the dissociation enthalpy is less than 2
Jogl.

In the present study, we adopted tetrafluoromethane (CF4) as a pressurizing medium. The CF4
molecule, an sl clathrate hydrate former!, does not occupy 5*2-cages of the sl CF4 hydrate at

pressures below 70 MPa.?® In addition, the vapor-liquid critical temperature of CF4 is 227.6 K.2°



That is, CF4 itself has no phase transition in the present experimental temperature range of (258.2
to 295.2) K. We believe that CF4 is one of the best pressurizing media for the investigation of
pressure effect in the semi-clathrate hydrate systems having vacant 5'%-cages. Only disadvantage
of the CF4 usage would be the solubility of CF4 to the aqueous solution, which slightly affects
the activity of water. To confirm the unoccupancy of CF4 in the TBAB semi-clathrate hydrate,
Raman spectra of the TBAB semi-clathrate hydrates prepared with and without CF4
pressurization were measured. A laser Raman microprobe spectrometer with a multichannel
CCD detector (JASCO, NRS-1000) was used. The Diode Pumped Solid State (DPSS) laser
(Cobolt, Fandango) was irradiated to the samples at atmospheric pressure and 110 K (by using
the temperature control stage (Linkam Scientific Instruments, THMS600)). The backscatter was
taken in with same lens. The wavelength of the DPSS laser was 514.5 nm and the output power
was adjusted to 100 mW. The obtained Raman spectra are shown in Figure 1. Both spectra are
very similar. The spectrum of the TBAB semi-clathrate hydrate, which was pressurized to
approximately 80 MPa with CF4, does not include the peaks derived from the CF4 molecules. In
general, the strong peaks derived from CF4 are detected around 435 cm™!, 631 cm™!, and 909 cm™
lin CF4 fluid phase.*° The peak derived from CF. in 5'2-cages is detected around 917 cm™! at 80

MPa and 918 cm™! at 150 MPa.?®

3. RESULTS AND DISCUSSION

The DSC curves of the TBAB semi-clathrate hydrate dissociation at various pressures are

shown in Figure 2. The onset and peak temperatures in the DSC curves as well as the enthalpy of

dissociation at various pressures are listed in Table 2. The dissociation temperature of the TBAB



semi-clathrate hydrate depends on the pressure, while the enthalpy of tetragonal TBAB semi-
clathrate hydrate dissociation is independent of pressure and (192+3) J-g~! (TBAB-26H,0). The
dissociation temperature and enthalpy at 0.1 MPa obtained in the present study agree well with
the literature.%!° The slope (dp/dT) of the tetragonal TBAB semi-clathrate hydrate dissociation is
positive as shown in Figure 3, where the onset temperature was adopted. The positive slope
(dp/dT) indicates the volume shrinkage in TBAB semi-clathrate hydrate formation, unlike ice
formation and, moreover, the pressure-induced nucleation®! at a constant temperature is possible.
According to the literature’?, the hydrate dissociation temperature of TBAB semi-clathrate
hydrate with wrgas = 0.10 at high pressures up to 20.9 MPa has negative slope (dp/dT). The
eutectic temperature of (TBAB semi-clathrate hydrate + ice + aqueous solution) should be
dropped at high pressures because the melting curve of Ice Th has negative slope. The high-
pressure equilibria with wrgas = 0.10 close to the eutectic concentration wrgag = 0.06 would
exhibit opposite behavior to that of wreas = 0.398+0.002. Further experiments at various TBAB
concentrations are needed.

Interestingly, the very tiny peak occasionally detected at 282 K and 0.1 MPa in Figure 2,
which would be derived from the metastable structure of TBAB semi-clathrate hydrate (probably,
orthorhombic TBAB-38H:0), exhibits different pressure dependence as shown in Figures 2 and
S1. The slope (dp/dT) of the metastable TBAB-38H>O is smaller than that of thermodynamically
stable TBAB-26H>0. With further increasing pressure up to 180+20 MPa where the extrapolated
curves of TBAB-26H>O and TBAB-38H>O intersects (shown in Figure S2 in supporting
information), the TBAB-38H>O should become the thermodynamically stable structure. If the

CF4 molecules partially occupy 5'2-cages, the pressure of the structural phase transition would



descend to a pressure lower than 180+20 MPa like the H.+TBAB," Xe+TBAB,?® and
Kr+TBAB?? mixed semi-clathrate hydrate systems.

The DSC curves of the TBAB semi-clathrate hydrate nucleation at various pressures are shown
in Figure 4. The heat flows in nucleation exceeded the detection limit of the microDSC. We
focused only on the onset temperature of the spontaneous nucleation. There was no significant
difference between the results at the cooling rate of 0.5 K/min and 1.0 K/min. The spontaneous
nucleation temperature also depends on the pressure and increases with the increase in pressure.
The slope (dp/dT) is very similar to that of the TBAB semi-clathrate hydrate dissociation as
shown in Figure 3. These results reveal that the pressure acts as a driving force for the TBAB
semi-clathrate hydrate nucleation. The temperature difference between dissociation and
spontaneous nucleation, corresponding to the maximum allowable degree of supercooling, is

shown in Figure 5. It is (17.7£0.7) K and independent of pressure.

4. CONCLUSIONS

The tetragonal TBAB semi-clathrate hydrate (TBAB-26H:0) prepared from the stoichiometric
TBAB aqueous solution is thermodynamically stable at a pressure up to at least 80 MPa. The
equilibrium dissociation temperature depends on the pressure and the equilibrium curve has a
positive slope (dp/d7T) in the pressure-temperature projection. The temperature of the
spontaneous nucleation of the tetragonal TBAB semi-clathrate hydrate also depends on the
pressure. The pressure-nucleation temperature relation has a similar slope to the pressure-
dissociation temperature relation. In other words, the pressure-induced nucleation®! at a constant

temperature is possible from the thermodynamic viewpoint.



Table 1. Information on the Chemicals Used in the Present Study

chemical name source mole fraction purity

tetrafluoromethane (CF4) Kanto Denka Kogyo >0.99999

tetra-n-butyl ammonium Wako Pure Chemical Industries > 0.98
bromide (TBAB)

water Wako Pure Chemical Industries > 0.9999




Table 2. Experimental Dissociation Temperature (Onset Temperature 7on, Peak Temperature

Tpeax) and Dissociation Enthalpy A¢H of TBAB Semi-clathrate Hydrate at Mole Fraction xtgag =

0.0356+0.0003 (Mass Fraction wrgas = 0.398+0.002) and Pressure p?

»/MPa Ton/ K Tk /K AdH/T g
0.1 285.08 285.54 192
0.1 285.10 285.56 192
10.0 285.80 286.28 191
10.2 285.76 286.21 191
20.0 286.52 286.89 193
20.4 286.47 286.97 188
30.1 287.06 287.60 190
31.5 287.14 287.70 192
39.8 287.67 288.21 187
44.0 287.91 288.52 192
50.7 288.33 288.91 190
59.7 288.86 289.44 192
59.7 288.87 289.48 194
70.1 289.48 290.06 194
72.9 289.60 290.24 195
79.0 289.99 290.56 194

@ Standard uncertainties u are u(p) = 0.4 MPa, u(T) = 0.06 K, and u(H)=2J-g .
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Figure 1. Raman spectra (Intensity /, Raman shift Av) of TBAB semi-clathrate hydrates
prepared under CF4 pressurization at approximately 80 MPa (top) and at 0.1 MPa (bottom). The

spectra were measured at 0.1 MPa and 110 K.
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Figure 2. DSC curves (heat flow ¢, Temperature 7) of the TBAB semi-clathrate hydrate
dissociation pressurized with CF4 at 0.1 MPa, 10.0 MPa, 20.4 MPa, 31.5 MPa, 44.0 MPa, 59.7
MPa, and 72.9 MPa (from the bottom to the top). Each curve was vertically shifted to be easily

recognized.
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Figure 3. Pressure (p) — temperature (7) relations of the dissociation (closed keys) and
spontaneous nucleation (open keys) of TBAB semi-clathrate hydrates (TBAB-:-26H,0)
pressurized with CFs. The onset temperatures of dissociation and nucleation in the DSC curves

were adopted in the plot.
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Figure 4. DSC curves of the TBAB semi-clathrate hydrate nucleation pressurized with CF4 at
0.1 MPa, 10.0 MPa, 20.4 MPa, 31.5 MPa, 44.0 MPa, 59.7 MPa, and 72.9 MPa (from the bottom
to the top). Some of the heat flows in nucleation exceeded the detection limit. Each curve was

vertically shifted to be easily recognized.
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Figure 5. Pressure effect of maximum allowable degree of supercooling (AT) in the TBAB semi-

clathrate hydrate nucleation (TBAB-26H,0) under CF4 pressurization.
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