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Equilibrium Data of Hydrogen, Methane, Nitrogen, Carbon Dioxide, and Natural
Gas in Semi-Clathrate Hydrates of Tetrabutyl Ammonium Bromide

Mosayyeb Arjmandi,* Antonin Chapoy,' and Bahman Tohidi*'

Centre for Gas Hydrate Research, Institute of Petroleum Engineering, Heriot-Watt University, Edinburgh EH14 4AS, U.K., and
Clariant Oil Services, Howe Moss Avenue, Dyce, Aberdeen AB21 0GP, U.K.

Tetrabutyl ammonium bromide (TBAB) forms a semi-clathrate hydrate, which can incorporate small gas molecules
such as methane and nitrogen. It has recently been used for separation of gases. However, there are very limited
experimental data on the phase boundaries of the gas hydrate form in the presence of TBAB. In this work, we
present new experimental data at high-pressure TB&Bs 0.10, TBAB (v = 0.10 and 0.43)+ hydrogen,

TBAB (w = 0.05, 0.10, 0.20, and 0.3&) methane, TBAB\y = 0.10)+ nitrogen, TBAB (v = 0.1 and 0.427)

+ carbon dioxide, and TBABw = 0.05, 0.10, and 0.43) natural gas semi-clathrate hydrate phase boundaries.

In another part of this work, the results of visual observations of the metfrahBAB semi-clathrate hydrate
morphology and the methane gas bubbles released from meth@BAB semi-clathrate hydrates on dissociation

are presented. Finally, the effect of TBAB mass fraction on hydrate promotion and the stability of the new semi-
clathrate hydrate are presented.

Introduction 286.15
A

Gas hydrates are icelike crystalline compounds that are 28415 | .'A"? oo
formed by the combination of water molecules and suitably sized b
“guest” molecules under suitable conditions of pressure and 2s2.15 | B L
temperature. Water molecules form a lattice structure with
cavities that are occupied by gas molecules. The water molecules 2s0.15 |
that form the lattice are strongly hydrogen bonded with each E
other, and the gas molecule interacts with water molecules 27815 | gy 9 1
through van der Waals type dispersion foréeEetrabutyl
ammonium bromide (hereafter TBAB) in water forms a semi- 27615 |
clathrate hydrate, which shares many of the same physical and
structural properties as true clathrate hydrates. The principal 27415 [
difference is that, unlike true clathrates where the guest 4e
molecules are not physically bonded within the water structure, 27215
. . 0 10 20 30 40 50 60 70
in semi-clathrate hydrates, the guest may both form part of the 100 Wrgas
water lattice and occupy cages. The anions are bound to watelrigyre 1. T,w phase diagram of ther (CsHg)aNBr + H,O binary system
molecules through hydrogen bonds and form a watemion in the region of crystallization of semi-clathrate polyhydrdt@se figures

framework (host), the cavities of which are occupied by cations along the lines of compositions are the hydration numb®ts.ipkowski
(guests)’% After discovery of the clathrate nature of quaternary etal.’ A, Oyama et al’;a, Oyama et al’;®, Darbouret et al;0, Darbouret
ammonium saltg, the structures of TBAB semi-clathrate etal®

hydrates have been the subject of the investigation of the
researchers for many year$.8 TBAB can form different
hydrate structures depending on the equilibrium conditfoFtse
phase diagram and some properties of different TBAB hydrate
structures are shown in Figure 1 and Table 1, respectively. As
can be seen in Figure 1 and Table 1, different mass fractions of
TBAB in water form different hydrate crystals, and as the mass . o L
fraction in water increases, the mole ratio of water to TBAB in compared to that of ik In addition, the enthalpy of fusion is

the crystal structure (hydration number) decreases. The Single_comparable to that of water, and it forms a slurry that can be
crystal morphology of thev TBAB + H,0, with w = 0.40, transported directly through a pipeline. Shimada and his co-

semi-clathrate hydrate has been reported to be columnar and t<¥v orkers” usedw TBAB + H;0, w = 0.10, hydrate as a tool
be affected by the degree of subcoolinghe temperature or separation of gases. They reported that small molecules such

as methane and nitrogen were selectively encaged dwing
TBAB + H,0, w = 0.10, hydrate formation, while the larger
gas molecules such as ethane and propane were not incorporated

difference from equilibrium temperature at equilibrium pres-
sure).

In the recent years, the TBAB semi-clathrate hydrates have
been exploited in different technologies by some researchers.
TBAB semi-clathrate hydrate has been introduced as a cold
storage material because of its higher-phase temperature change
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P ?nst}ltvu?: gf Petroleum Engineering. into the TBAB hydrate!” That was attributed to the small size
f Clariant Oil Services. of TBAB hydrate cages. Later, Shimada and co-worers
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Table 1. Some Known Properties of the Tetrabutyl Ammonium Bromide Semi-Clathrate Hydraté2

cell type unit cell
hydrate Te/K plkg-m—3 (space group) paramete®
BusNBr-24H,0 288.55 1123 C2/m a=28.5;b=16.9;c=16.5; =125
BusNBr-26H,0 288.35 1094 P4/mmm a&=23.9;,c=50.8
BuNBr-32H,0 284.85 1082 P4/m a=33.4,c=127
BusNBr-36H,0 282.65 1028 Pmmm a=213;b=12.9;c=12.1
a Tg, melting point;p, density.
Table 2. Mole Fraction Compositionx of the Natural Gas (Supplied and outlet, which allows fluids to be pumped through the
by BOC Ltd.) Used in This Work enclosed network of pores using small-volume piston vessels
component 100 (Figures 2 and 3). The micromodel is mounted in a vessel,
methane 87.32 subjected to a confining (overburden) pressure, and fitted into
ethane 5.67 its housing. The setup is submersed in a temperature-controlled
propane 1.68 bath (GD120 R series, Grant Instrument®5 °C to 100°C),
2-methyl propane 0.23 allowing tests to be carried out under hydrate-forming conditions
n-butane 0.40 . .
2-methyl butane 0.10 (Figure 3). Temperature is measured by a probe mounted under
nitrogen 3.24 the model, and transducers (Druck PDCR960-500 bar pressure
carbon dioxide 1.36 transducers) measure pressure on the model inlet and outlet lines.

) In all experiments, the aqueous (water or TBAB in water
reported that in the TBABB8H,O hydrate crystal two dodeca-  g|ytion) phase is dyed with methy! blue to increase the contrast

hedral cages could encage small molecules. Therefore, forpenyeen water, gas bubbles, and hydrates. Gas hydrates exclude
TBAB-38H,0-2CH, rcl)ydrate, the maximum mass fraction of  methyl blue and appear as white solid particles, while TBAB
methane is about 3 %. semi-clathrate hydrate absorbs it and appears as a blue phase.
The phase boundaries of dou_ble hydrates (when two or more 5 magnifying camera (JVC, KY-F58) is mounted above the
compounds as guests take part in hydrate formathn, the resultmgmodeL and illumination is provided by a cold light source.
hydrate is called double hydrates) of TBAB with different gases pecause the structure is only one pore thickness deep, it is
will not only be useful in designing gas separation and gas possible to observe clearly different phases and their changes
storage and transportation processes but also provide valuablgqsjge the micromodel. Video footage is recorded during all
information about different TBAB hydrate structures. Chapo.y experiments. The pictures presented here are still images
and co-workers showed that TBAB hydrate could be a potential gigitally captured from video recordings or directly from the
hydrogen storage medid.Tohidi et al. patented the use of camera.
quaternary ammonium salts (including TBAB) as a method for 5 Hydrate Kinetic Rig was used in determining hydrate

gas storage, transport, and other energy applications. dissociation points (temperature and pressure where the last

In the first part of this communication, we present the results crystal of hydrates is in equilibrium with water and gas). The
of the visual observations of TBAB methane double hydrate

dissociation, which denotes incorporation of gas molecules in

the TBAB + methane semi-clathrate hydrates. In the second F’istgL l‘;%ssel ':':rﬁgiging i
part, the phase boundaries of the TBAB, TBABhydrogen, a—" 1 (inlet)
TBAB + methane, TBABt nitrogen, TBAB+ carbon dioxide, P +—
and TBAB+ natural gas semi-clathrate hydrates are presented. tansducers— P_H PC/
_ = Digital VCR

Materials and Methods (M 7 %

Tetrabutyl ammonium bromidey = 0.50 in water, was EBald 7 % 7 % 7 =
purchased from Aldrich. Deionized water was used to dilute | Cryostat 019
tetrabutyl ammonium bromide to different desired mass fractions i |
in the experiments. Methane>(99.9 % purity) and carbon Coolant Mic,omode|| probe  |nsulated jacket
dioxide (> 99.9 % purity) were purchased from Air Product o ) i )
Ltd. Hydrogen & 99.9 % purity), nitrogen 99.9 % purity), Figure 3. Schematic illustration of the micromodel experimental setup.

and natural gas were supplied by BOC Ltd. Table 2 shows the
composition of the natural gas used.

The micromodel setup is used to study the morphology of R interface
the hydrates. It consists of an etched glass baseplate topped with Magnetic motor
a sealed glass coverplate (Figure 2). Geometrically designed
networks of pores can be used to construct the glass micromodel
by etching with hydrofluoric acid. The cover plate has an inlet

PRT
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Stirrer blade
I % Inlet / oulet

Figure 4. Schematic illustration of the Hydrate Kinetic Rig experimental
Figure 2. Cross-section of the glass micromodel. setup.
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|
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Figure 5. Methane hydrate formation and dissociation in water dyed with
methyl blue. W, water; H, hydrate; G, gas. First picture: Methane hydrates
in water (6.53 MPa, 274.65 K). Second picture: Methane hydrate
dissociation in water (6.6 MPa, 282.65 K).

rig, designed and constructed in-house, consists of a 2.4 L high-
pressure (40 MPa) vessel (Figure 4). The system temperature
was controlled by circulating coolant from a cryostat (GD120
R series, Grant Instruments) within a jacket surrounding the
cell. The temperature was measured and monitored by means
of a PRT (platinum resistance thermometer) located within the
cell (+ 0.2 K), which was calibrated regularly against a Prema
3040 precision thermometer. The cell pressure was monitored
by a Quartzdyne (model QS30K-B, Quartzdyne Inc., U.S.A.)
pressure transducet=(0.007 MPa). A stirrer (Top Industrie
SA, France, Anchor model 608029800) with a magnetic motor
(Top Industrie SA, France, model 6180300B) was used to agitate
the test fluids. A computer was used to collect data for pressure
and temperature during the experiments. Incipient hyerate
liquid—vapor (H-L—V) and hydrate-liquid (H—L) equilibrium
conditions were determined by an isochoric step-heating tech-
nique following the method of Tohidi et &t.

For hydrate-liquid—vapor (H-L—V) equilibrium, the cell
and its loading lines were vacuumed prior to introduction of
the TBAB solution, and then the gas was introduced into the
cell directly from the commercial cylinder (through preliminary
evacuated transfer lines) to a pressure level corresponding to
the pressure of the first measurement. More gas was introduced
after each measurement up to the highest pressure of the studied
system. For hydrateliquid (H—L) equilibrium, the cell and its
loading lines were vacuumed, and then the TBAB was injected
using a HPLC (high-pressure liquid chromatography) pump
(Hitachi L-6000 Pump) to a pressure level corresponding to the _ o ) o
pressure of the first measurement. More solution was introducedFlgure 6. Sequential still photos of TBAB- methane hydrate dissociation

ft h he hiah fth di t 8 MPa and 291.85 K. W, water; G, methane gas bubbles; and H, TBAB
after each measurement up to the highest pressure of the studieq. yethane hydrate dyed with methyl blue coexistence in the micromodel

system. pores is shown. By dissociation, methane gas bubbles are released from
The cell, once charged with test fluids, was first cooled rapidly the hydrate.

until clathrate formation was observed (from a pressure reduc- associated with hydrate formation in the case of the pure TBAB

tion associated with gas consumption or from a pressure increaseénydrate). The temperature was then raised in steps of (3 to 5)
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Table 4. Measured Hydrogen+ TBAB, (w = 0.10 andw = 0.43)
24 [ 1) [I Hydrate Dissociation Conditions in the Hydrate—Liquid —Gas
20 | A Region
- 1 TIK (£ 0.2 K) PIMPa
16 E
e | o ] TBAB, w=0.10
£ 121 £ 280.15 4.233
a o ] 281.45 9.639
8 A . 282.25 13.638
- & 1 283.35 22532
AT @A 1 TBAB, w = 0.43
P N S S (S 286.05 3.600
286.25 5.226
278.15 280.15  282.15 28415  286.15 288.15 287.10 12.411
TIK 287.90 21.291
Figure 7. TBAB and hydrogent TBAB hydrate phase boundaries. TBAB 288.00 23.070

system: &, w = 0.10 (this work); solid line, best fit to experimental data.

; : Table 5. Measured Methane+ TBAB, w = 0.05, 0.10, 0.20, and
Hydrogen+ TBAB system: O, w = 0.10 (this work);a, w = 0.43 (this ) " S ' iy
work); A, w = 0.43 from Hashimoto et 4f 0.30, Hydrate Dissociation Conditions in the Hydrate-Liquid —Gas

Region
Table 3. Measured TBAB,w = 0.10, Hydrate Dissociation T/K (£ 0.2 K) P/MPa
itions in the Hydrate—Liquid Regi
Conditions in the Hydrate—Liquid Region TBAB, w=0.05
T/K (£ 0.2 K) P/MPa 287.15 4.688
_ 288.65 7.040
Jgogs W= 040 3607 290.15 10.942
27995 9094 291.65 15.858
279.65 13.893 292.65 21.160
579 85 17285 296.75 41.369
279.65 20.926 TBAB, w=0.10
K. with sufficient time bei ven followi hi " 287.15 2.413
» with sufficient time being given following each temperature 28915 4.482
step for the system to reach equilibrium (stable pressure), until 290.65 6.757
the point of complete hydrate dissociation was surpassed. 292.65 11.307
Dissociation conditions were then determined isochorically from ggg-ig éi-ggg
a heating curveR, T diagram). The method of step-heating 508.15 35.853
ensures equilibrium at each step, and only equilibrium data were TBAB. W= 0.20
used in determining dissociation conditions. This procedure 28765 W=D 1421
resulted in reliable and repeatable measureménts. 290.15 3.310
) ] 291.65 5.276
Results and Discussions 293.35 8.028
: . . 294.75 12.034
The micromodel setup was used for visual observation of 295.65 15.434
methane hydrate and methare TBAB, w = 0.10, double _
; . - . . TBAB, w=0.30
hydrate formation and dissociation. Figure 5 illustrates methane 291.05 3.283
gas hydrate formation and dissociation from methane and water 292.65 5.110
only. As presented in Figure 5(a), methane hydrates formed large 294.25 8.103
white solid plugs in the pores. On dissociation, methane gas ggg'gg 13411(2)3

releases and coexists with water and methane hydrates (Figure
5(b)). In the presence of TBAB, the morphology of the hydrates Table 6. Measured Nitrogen+ TBAB, w = 0.10, Hydrate
formed was different than that of pure methane hydrate. A gel- Dissociation Conditions in the Hydrate-Liquid —Gas Region

type hydrate formed which absorbed methyl blue and made the TIK (£ 0.2 K) P/MPa
dyed water colorless. Figure 6 shows the sequential still pictures TBAB. w=0.10
of the methane- TBAB, w = 0.10, double hydrate dissociation. 285.15 ' 4.688
The release of methane gas bubbles from the hydrate can be 288.15 10.945
observed from the pictures. This denotes the inclusion of 289.55 16.993
methane gas in the TBAB hydrate cages. 230'15 19.857
i o ; , 1.45 25.683
The dissociation point data of TBAB double hydrates with 292.65 31.793
different gases were generated in the kinetic rig and compared 292.95 33.503

with the hydrate phase boundaries of the corresponding gases.

The TBAB semi-clathrate hydrate phase boundary at atmo- In the third series of experiments, the dissociation points of
spheric pressure is shown in Figure 1. The methane, nitrogen,methane-TBAB double hydrate were measured at four different
carbon dioxide, and natural gas hydrate phase boundaries werenass fractions of TBABw = 0.05, 0.10, 0.20, and 0.30, in
calculated by an in-house model. The details of the model havewater. The dissociation point data are presented in Table 5.
been explained elsewhele!” In the first series of experiments, Figure 8 illustrates the dissociation points along with the
dissociation conditions for TBABw = 0.10, clathrates at  methane hydrate phase boundary. As presented in Figure 8, the
elevated pressures were determined (Figure 7) and reported irdouble hydrate formed with TBABy = 0.05, is more stable
Table 3. Then, semi-clathrate hydrate phase equilibria were than methane hydrate at low pressures, and as pressure increases,
determined experimentally for hydrogen at two different mass the temperature difference between methane and the double
fractions of TBAB,w = 0.10 and 0.43, in water under pressures hydrate dissociation points decreases. At approximately 21.16
up to 25 MPa (Table 4 and Figure 7). MPa, the phase boundaries coincide, and at higher pressures,
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Figure 10. Carbon dioxidet+ TBAB phase boundary measured in this
work. ®, TBAB, w = 0.10 (this work);a, TBAB, w = 0.427 (this work);
<, TBAB, w = 0.05 from Duc et al’® O, TBAB, w = 0.10 from Duc et
al.'° &, TBAB, w= 0.40 from Duc et al*®*, TBAB, w = 0.65 from Duc

0
283.15 288.15 293.15 298.15
/K

Figure 8. Methane+ TBAB hydrate phase boundary measured in this
work. O, w = 0.05; A, w = 0.10; <, w = 0.20;®, w = 0.30; solid line,
methane hydrate phase boundary predicted by an in-house (HWHYD)

model16.17 o o ]
et al.29 solid line, carbon dioxide hydrate phase boundary predicted by an
40 in-house (HWHYD) modet&17
L ] 12
i e ] [
30 b
- 1 10
L 2
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Figure 9. Nitrogen+ TBAB phase boundary measured in this wosk. TIK

TBAB, w = 0.10;0, TBAB, w = 0.05 from Duc et al*® &, TBAB, w =
0.10 from Duc et al*? solid line, nitrogen hydrate phase boundary predicted
by an in-house (HWHYD) modéf:1”

Figure 11. Natural gast TBAB phase boundary measured in this work.
Natural gas composition is shown in Table 2. Natural gas sys@niBAB,
w = 0.05; a, TBAB, w = 0.10; ¢, TBAB, w = 0.43; solid line, natural

Table 7. Measured Carbon Dioxide-TBAB, w = 0.10 and 0.427, gas hydrate phase boundary predicted by an in-house (HWHYD) rifoidel.
Hydrate Dissociation Conditions in the Hydrate-Liquid —Gas Methane system: *, TBABw = 0.10. Nitrogen systema, TBAB, w =
Region 0.10.
T/IK (£ 0.2K) PIMPa Table 8. Measured Natural Gas+ TBAB, w= 0.05, 0.10, and 0.43,
TBAB, w=0.1 Hydrate Dissociation Conditions in the Hydrate—Liquid —Gas
285.55 1.400 Region
287.35 2.320 T/K (+ 0.2 K) P/MPa
289.25 4.090
TBAB, w= 0.05
TBAB, w=0.427 280.35 0.979
287.25 1.248 282.35 2.068
288.75 1.793 283.55 2.854
290.15 2.896 284.55 3.482
291.15 3.517 286.95 5.419
290.95 9.515
the double hydrate appears tq be less stable than methane TBAB, w = 0.10
hydrate. For double hydrates with TBAR,= 0.10, the same 283.15 1.145
trend is seen, while in general, it is more stable than the other 284.15 1.720
286.97 3.694

two hydrates. It should be noted that the dissociation points of

TBAB, w= 0.05 ¢ = 0.3 %), and TBABw = 0.10 k= 0.6 289.05 5812
%), semi-clathrate hydrates are about (277.15 and 279.15) K, 286.15 TBAB, w=0.43 0.828
respectively (Figure 1). 290.65 4.972

In the fourth series of experiments, the nitrogen hydrate phase 292.45 7.966

boundaries in the presence of TBAB= 0.10, were measured.  of experiments. The dissociation point data are presented in
The dissociation point data are presented in Table 6. Figure 91aple 7. Figure 10 presents the carbon dioxide hydrate phase
presents the nitrogen hydrate phase boundary along with thepoundary along with carbon dioxide and TBAB,= 0.10 and
nitrogen and TBABw = 0.10, double hydrate phase boundary. 427, double hydrate phase boundaries. As presented in Figure
As seen, the double hydrate formed is more stable than thej, the double hydrate formed is more stable than the carbon
nitrogen hydrate, and at lower pressures, the difference betweenyjoxide hydrate.
dissociation temperatures of two hydrates increases. The hydrate phase boundaries and measured dissociation
The carbon dioxide hydrate phase boundaries in the presencepoints of natural gas (the composition is shown in Table 2) with
of TBAB, w=0.10 and 0.427, were measured in the fifth series TBAB, w = 0.05, 0.10, and 0.43, are presented in Figure 11
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and Table 8. For comparison, methaeTBAB, w = 0.10,
and nitrogent- TBAB, w = 0.10, are also shown in Figure 11.
In the range of pressures shown in Figure 11, metham8AB,

w = 0.10, hydrates are more stable than natural-gd$BAB,

w = 0.10, hydrates. The phase boundary of the naturaHgas
TBAB, w = 10, hydrate lies between metha#eTBAB and
nitrogen+TBAB.

(9) Shimada, W.; Ebinuma, T.; Oyama, H. Y.; Takeya, S.; Uchida, T.;
Nagao, J.; Narita, HGrowth mechanism of semi-clathrate hydrate
single crystalsProceedings of the fourth international conference on
gas hydrates. Yokohama, May 193, 2002; pp 557#560.

(10) Tanasawa, |.; Takao, Slathrate hydrate slurry of tetra-butyl
ammonium bromide as a cold storage materRtoceedings of the
fourth international conference on gas hydrates. Yokohama, May 19
23, 2002; pp 963967.

(11) Shimada, W.; Ebinuma, T.; Oyama, H.; Kamata, Y.; Takeya, S.;
Uchida, T.; Nagao, J.; Narita, H. Separation of gas molecule using
tetra-n-butyl ammonium bromide semi-clathrate hydrate crysipts
J. Appl. Phys2003 42, 129-131.

s (12) Kamata, Y.; Oyama, H.; Shimada, W.; Ebinuma, Y.; Takeya, S.;
Uchida, T.; Nagao, J.; Narita, H. Gas separation method using tetra-

Conclusions

In this work, the morphology of tetrabutyl ammonium
bromide + methane double hydrate was studied, and it wa
shovyn that methane gas molecules are |nc|gded in the TBAB n-butyl ammonium bromide semi-clathrate hydragen. J. Appl. Phys
semi-clathrate hydrate. The phase boundaries of TBAB and 2004 43, 362-365.
different gases double hydrates were measured. The resultg13) Chapoy, A.; Anderson, R.; Tohidi, B. Low pressure molecular

how h in neral mi-clathr f TBAB an hydrogen storage in semi-clathrate hydrates of quaternary ammonium
sho .ed.t at.’ general, semi-clathrates o and gases compoundsJ. Am. Chem. So@007, 129, 746-747.
studied in this work are more stable than common hydrates at o . :
low- ditions. but this mav change at high- ressure(14) Tohidi, B.; Yang, J.; Chapoy, A.; Arjmandi, M.; Anderson, R. A
ow p_r_essur_e con | J i y g g9 p method for gas storage a, transport and energy generation. Int. Patent.,
conditions, in particular for semi-clathrates formed with low 2006, W0O2006/131738.
concentrations of TBAB. The effect of TBAB concentration (15) Tohidi, B.; Burgass, R. W.; Danesh, A.; @stergaard, K. K.; Todd, A.
on the stability of the double hydrates was studied, and it was

C. Improving the accuracy of gas hydrate dissociation point measure-
shown that hydrate stability increases with TBAB concentration. ments.Ann. N.Y. Acad. ScP00Q 912 924-931.

(16) Tohidi-Kalorazi, B. Gas hydrate equilibria in the presence of electrolyte
solutions. Ph.D. Thesis, Heriot-Watt University, 1995.
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