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Crystal growth of ionic semiclathrate hydrate formed at interface between CO,+N,
gas mixture and tetrabutylammonium bromide aqueous solution
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Abstract—This study reports a visual observation of the formation and growth of ionic semiclathrate hydrate on the
surface of a Tetrabutylammonium bromide (TBAB) aqueous solution and CO,+N, gas mixture. The composition of
CO,+N, gas mixture was 20 : 80. The experimental temperature range was from 280 K to 290 K, under the pressures of
2.3 MPa and 4.7 MPa, at wyp,5=0.10 and wy,3=0.40, where wy,; denotes the mass fraction of TBAB in the aqueous
solution. At wyp,5=0.40, the hydrate crystals were initially observed to grow within the droplet, and followed by lateral
growth at the droplet surface; but at wyp,=0.10, the hydrate crystals grew exclusively in the liquid phase and did not
cover the droplet surface. Two types of different crystals with different sizes were clearly observed.
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INTRODUCTION

In 2014, the Intergovernmental Panel on Climate Change (IPCC)
reported that carbon dioxide (CO,) emissions should be ceased by
2100 in order to prevent a 2K global temperature rise from the
19" century [1]. As one method to reduce carbon dioxide emis-
sion, carbon capture and storage (CCS) technology has garnered
wide attention. CCS technology is mainly applied to flue gas from
thermal power plants and steelworks. The main components of
flue gas are CO, and nitrogen (N,) which mainly have a composi-
tion of CO, : N,=20: 80. Despite its small fraction, CO, gas released
from these sources is still detrimental to the environment, and
therefore should be separated and captured. It is important for the
CCS technology to have a small environmental load and low cost
than existing CO, separation and capture technology. Carbon cap-
ture using clathrate hydrate is one such technology [2].

Clathrate hydrates (hereafter hydrates) are crystalline solids com-
posed of hydrogen-bonded cage-forming water molecules called
the “host” and enclose different molecules called “guests” within
those cages. Hydrates are usually stable at low temperature and high
pressure conditions. It is generally known that hydrates have sev-
eral properties, such as high gas-storage capacity, large heat of for-
mation and decomposition, and guest substance selectivity. These
properties enable hydrates to be applied to various industrial tech-
nologies, for example, transportation and storage of natural gas and
hydrogen [3-6], the ocean and ground sequestration of CO, [7-9]
developing highly efficient heat pump and refrigeration [10], and
gas separation [2].

Hydrate selectivity in enclosing guest molecules differs depend-
ing on the guest species. For flue gas, CO, is preferentially enclosed
in the hydrate cages in comparison to N,. Taking this phenome-
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non as an advantage, various CO, capture methods using hydrates
are proposed by Huen Lee and coworkers [2,11,12]. To improve
the efficiency of their design, in this study, we acknowledge that
the need for a more comprehensive understanding of hydrate
growth behavior and hydrate crystal morphology is important.
Here, hydrate crystal morphology denotes the crystal size and
shape. Within their proposal, a hydrate utilizing CO, capture tech-
nology is composed of several processes including hydrate forma-
tion, hydrates and water transportation, dehydration, and hydrates
decomposition. The hydrate transportation process means trans-
ferring hydrates and its slurry to a subsequent process through
pipelines. Hydrate slurry is reported to show a similar behavior to
Bingham fluid. Therefore, larger crystals and low viscous hydrate
slurry are preferred as they use up as a smaller amount of energy
in this process [13]. The dehydration process means separating
hydrates from its aqueous solution to dissolve hydrates. If crystals
are bigger, the dehydration process achieves higher efficiency [14].
The decomposition process means to dissociate hydrate into water
and guests. Large hydrate crystals have small specific surface areas,
which reduces the overall rate of heat transfer. From the above, it
is important to consider the hydrate morphology for designing
efficient transportation, dehydration and decomposition processes.

One of the methods to alleviate the low temperature and high
pressure formation conditions is adding ionic guest substance to
water, which will cause guests to form ionic semiclathrate hydrates.
Slightly differing from canonical clathrate hydrates, jonic semiclath-
rate hydrates’ structure has anions substituted to be a part of the
cage structures resulting in water molecules and cations incorpo-
rated cage. Tetrabutylammonium bromide (TBAB) is a low cost
and environmentally friendly ionic guest. The TBAB semiclathrate
hydrates have empty cages which are available to enclose small
guest substance, e.g,, H,, CO,, and CH, and have been used for gas
separation [15-17]. Therefore, CO, separation from flue gas using
TBAB semiclathrate hydrate has been successfully demonstrated
[18,19]. The hydrate formation equilibrium temperature of a sys-



Crystal growth of ionic semiclathrate hydrate formed at interface between CO,+N, gas mixture and TBAB aqueous solution =~ 1943

tem including CO,+N, (mass fraction CO,: N,=20:80) and TBAB
(Wrp4p=0.40) system 20 K higher than that of CO,+N, system at
the same pressure, 4.7 MPa [20,21], where wyp, denotes the mass
fraction of TBAB in the aqueous solution.

Oyama et al. [22] observed the crystals of TBAB hydrates in
TBAB aqueous solution at atmospheric pressure. The two differ-
ent geometric shapes of TBAB hydrates crystals were observed at
wrpap=0.357. They inferred that the crystals structure depended
on hydration number; for example, one had a hydrate number of
38 formed an undefined shape composed of thin crystals, while
the other which had a hydration number of 26 formed columnar
shaped crystals. Veluswamy et al. [23] reported the morphology of
hydrogen+TBAB semiclathrate hydrates. They confirmed that the
difference of TBAB concentration affected the crystal morphology.
At Wip=0.15 and wyp,5=0.27, they initially formed equiaxial crys-
tals and needle-like crystals which later developed into columnar
crystals. At wipip=0.31, Wypa=0.36, Wypsp=0.41, the cylinder like
crystals that formed at first were observed to develop into dense
irregular shaped crystals. Koyanagi and Ohmura [24] observed
CO,+TBAB hydrates in TBAB aqueous solution system to under-
stand the hydrate growth in the liquid phase at wyp,5=0.10 and
Wrpap=0.40 at 2.3 or 3.4 MPa. In this case, the hydrate growth be-
havior did not depend on the pressure and TBAB mass fraction.
The morphology of CO,+TBAB hydrate was replaced from the
wedge crystals to polygonal columnar, needle and sword-like crys-
tals. Akiba et al. [25] reported the semiclathrate hydrates formed
of CO,+TBAB aqueous droplet system to understand the hydrate
growth at the gas/liquid interface at wyp,p=0.10 and wyp,5=040, at
23 MPa. The observation of hydrates crystals growing inside a
droplet of TBAB aqueous solution is unique as most hydrates grow
at liquid/gas interface. They observed two types of the crystal mor-
phology. One was step-shaped crystals, the other was polygonal-
shaped crystals. Because in both previous studies [24,25] the nucle-
ation occurred at gas/liquid interface, it is important to observe the
crystal growth at gas/ liquid interface.

To utilize hydrates for CO, capture technology, it is necessary to
observe hydrate crystals at the same composition as flue gas. In
this study, we report visual observations of hydrate growth behav-
ior and crystal morphology at the interface between CO,+N, gas
mixture and TBAB aqueous solution.

EXPERIMENTAL SECTION

A gas mixture of CO, and N, with a composition of CO,: N,=
20:80 (Taiyo Nippon Sanso Co.) was used in this experiment.
TBAB aqueous solution was prepared by dissolving TBAB of solid
reagent (99.0 mass%, Aldrich Chemical Co.) into distilled water
and set for two different concentrations, wyp,;=0.10 and wyp,=0.40.
wrpa=0.40 was the congruent composition [30,31] and at wyp,z=
0.10 the process using hydrates becomes efficient because the hy-
drates can be treated as the hydrate slurry. The crystals have the
possibility to form the different crystals of the hydration number.
For the above reasons, we settled on these two different concentra-
tions.

In this study, we used essentially the same experimental appara-
tus and experimental procedure as Akiba et al. Fig. 1 shows the
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Fig. 1. Schematic diagram of the experimental apparatus.

schematic diagram of the experimental apparatus used in this study:
The test cell is a cylindrical vessel made of stainless steel. The inner
space of the test cell functions to hold the test gas and hydrate
crystals is 25 mm in diameter and 20 mm in axial length. Test cell
temperature is controlled by circulating ethylene glycol aqueous
solution in the jacket covering the test cell. A droplet of TBAB aque-
ous solution was placed on the Teflon stage in the test section. The
air was then replaced with the gas mixture of CO, and N, from the
gas cylinder to the test cell valve by repeating the pressurization and
depressurization of the cell with the gas mixture. The pressure of
inside the test cell, P was measured by a strain gauge pressure sen-
sor with an uncertainty of +0.02 MPa. The droplet temperature on
the Teflon stage, T, was measured by Pt-resistance thermometer
with an uncertainty of +0.2 K inserted just below the Teflon stage.
As a precaution, it was confirmed that the temperature of the droplet
and Teflon stage was equal by measuring the droplet temperature
with the inserting Pt-resistance thermometer into the droplet, then
the thermometer was removed.

Equilibrium temperature, T,; of CO,+N,+TBAB hydrates for
the prescribed pressure (2.3 MPa or 4.7 MPa) and TBAB concen-
tration (Wypsp=0.10 or wyp,s=0.40) were experimentally determined
prior to the observational experiments. CO, and N, gas mixture
were supplied to the test cell up till the prescribed pressure. T was
set to the equilibrium temperature of TBAB simple hydrates. The
system temperature T was increased stepwise by 0.1 K. At each step,
if no remarkable change of hydrates dissociation was observed within
1 h, the system temperature T was increased. The temperature at
which the hydrates were visually observed to have dissociated com-
pletely was determined to be the equilibrium temperature, T,. By
repeating this procedure of visual observation and stepwise tem-
perature increase, the equilibrium temperature of CO,+N,+TBAB
hydrates was determined. The equilibrium temperature measure-
ments were performed for each TBAB concentrations and pres-

Table 1. Equilibrium condition of CO,+N,+TBAB hydrates

Wigap P/MPa T,/K
23 283.7
0.10
4.7 286.3
23 287.6
040
4.7 289.0
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Fig. 2. Equilibrium conditions of TBAB simple hydrates and CO,+
N,+TBAB hydrates. —: TBAB simple hydrates (w;,3=0.40)
[26], - -: TBAB simple hydrates (wy5,5=0.10) [27], [1: CO,+
N,+TBAB hydrates (wyz,5=0.40) (CO,:N,=15:75) [21], O:
CO,+N,+TBAB hydrates (wy3,5=0.10) (CO,: N,=20:80) [28],
X: CO,+N,+TBAB hydrates (wy3,5=0.407) (CO,:N,=20:80)
[29], l: CO,+N,+TBAB hydrates (wyz,5=0.40) (CO,:N,=
20:80) (this study), @: CO,+N,+TBAB hydrates (wy3,5=0.10)
(CO,:N,=20:80) (this study).
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sures. We show the measured equilibrium conditions in Table 1
and phase diagram in Fig. 2.

In the observational experiment of crystal growth and morphol-
ogy, initially, the pressure was set to 2.3 MPa or 4.7 MPa and the
temperature of the Teflon stage was decreased to about 270K to
form CO,+N,+TBAB hydrates, TBAB semiclathrate hydrate and
ice. Then, T was increased to 0.5 K higher than T,,. We applied the
memory effect to shorten induction time for hydrate nucleation.
After visually confirming that the all hydrate crystals were dissoci-

t=0 t=36.4 min

ated, we decreased T to set the prescribed subcooling AT,,. We
defined the subcooling, AT,,, the difference between the system
temperature and the equilibrium temperature of CO,+N,+TBAB
hydrates (AT,;,=T,—T..), as driving force index for crystal growth.
We conducted the experiments above equilibrium temperature of
TBAB simple hydrates and for several different subcooling AT, in
the range from 2 K to 4 K. We monitored and recorded the crystal
growth of the hydrates using a CMOS camera (CMOS300-USB2,
Fortissimo Co.) and a microscope (VZMis450i, Edmund optics).

RESULTS AND DISCUSSION

Sequential images of representative CO,+N,+TBAB hydrate grow-
ing processes at Wrp43=0.40 and wyp45=0.10 are shown in Figs. 3
and 4. We defined the time when the first hydrate crystal was
visually confirmed as t=0. The elapsed time is shown below each
image. The right side images in Figs. 3 and 4 show the hydrate crys-
tals that have just stopped their growth. It was confirmed that the
hydrate crystals did not change after leaving it for 3h. At Wypsp=
0.40, the hydrate crystals were observed initially to grow within
the droplet (liquid phase) (Fig. 3 central image). It was then fol-
lowed by lateral growth at the surface (gas/liquid interface) (Fig. 3
right image). In contrast at wyp=0.10, the hydrate crystals grew
exclusively in the liquid phase and did not cover the CO,+N, gas/
TBAB aqueous solution interface. Note that the curved surface of
the droplet was maintained at wyp=0.10 (Fig. 4 right image),
whereas the droplet surface was covered by polycrystalline layer at
Wrpap=0.40 (Fig. 3 right image). From this observation, it is found
that the hydrate crystals did not cover the gas/liquid interface at
Wrpap=0.10.

The TBAB concentration of CO,+N,+TBAB hydrates may be
very close to that of TBAB aqueous solution as TBAB hydrate was
at congruent composition at wypss=0.40 [30,31]. Therefore at wyp,p
<040, wypsp decreased as the hydrate crystal grew. The reason that
the CO,+N,+TBAB hydrates did not cover the gas/liquid inter-
face could be because of the shortage of TBAB around the gas/lig-
uid interface due to the uptake of TBAB from the aqueous solution
into hydrates.

2 mm B

t =108 min

Fig. 3. Sequential images of CO,+N,+TBAB hydrates at w;;,;=0.40, P=4.7 MPa, AT, ,,=4.0 K.

June, 2016

t=21.6 min
Fig. 4. Sequential images of CO,+N,+TBAB hydrates at wy,;=0.10, P=4.7 MPa, AT,,;,=4.0K.

t=120 min
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Hydrate crystal

t=t,+2s

Fig. 5. Sequential images of falling hydrate crystals from interface
at wyp,=0.10, P=2.3 MPa, AT,,=6.0 K.

t=t,+6s

Sequential images of the hydrate crystals from gas/liquid inter-
face falling into liquid phase are shown in Fig. 5. The nucleation of
CO,+N,+TBAB hydrate was observed at a random point on the
TBAB droplet surface. Hydrates are known to preferentially grow
at the gas/liquid interface at first [32,33]. In contrast, CO,+N,+
TBAB hydrates grew in the liquid phase first. The growth of hy-
drate within the liquid phase would be ascribed to the decrease in
surface tension. Previous studies reported that the surface tension
in CO,+water [34] and CO,+TBAB aqueous solution system [35]
was increased with decreasing CO, partial pressure, and surface
tension in N,+water system did not significantly depend on the
pressure [36]. In this study, CO, partial pressure was 0.46 MPa at
the total pressure of 2.3 MPa, and 0.94 MPa at the total pressure of
4.7 MPa. The surface tension in this study would be higher than
that in the previous study (CO,+TBAB system at 2.3 MPa) [25] as
the CO, partial pressure is lower. However, the addition of TBAB
resulted in the hydrate crystals to be more wettable with liquid
compared to the general water+gas systems. The hydrate crystals

t=t,+0.7h

Small crystals

AT,/ K 2,0 - 4,0
0.5 mm
Large s
crystals
Small
crystals

Fig. 7. Classification of the morphology of CO,+N,+TBAB hydrates
by ATsub'

that initially formed at CO,+N, gas/TBAB aqueous solution inter-
face were wetted and fell into TBAB aqueous solution. Therefore,
it macroscopically appeared that the crystals started to grow from
the liquid phase.

Fig. 6 shows sequential images of CO,+N,+TBAB hydrates
formed at the droplet surface for wyp,5=0.40. We defined the pho-
tographed time of the upper right image as t,. The elapsed time is
shown below each image. Two types of different polygonal-shaped
crystals of the size were clearly observed. These crystals would have
resulted from the difference in crystal structure and hydration num-
ber. Hereafter, we will call the two polygonal-shaped crystals as
large crystals and small crystals. Both large and small crystals were
observed at all AT,,, and pressure conditions in CO,+N,+TBAB
system. We classified these two types of crystals by AT, as shown
in Fig. 7. The pressure dependence of the crystal morphology was
not confirmed. As for the crystal size, the large crystals length of
the shortest side was 0.09 mm-0.13 mm, and the length of the lon-
gest side was less than 0.77 mm. On the other hand, small crystals
had the following sizes; the shortest side was less than 0.02 mm,
and the longest side was 0.07 mm. As mentioned in the introduc-
tion, the step-shaped crystals and polygonal-shaped crystals were
previously observed, which had sizes of 0.14 mmx0.38 mm and

Fig. 6. Sequential images of CO,+N,+TBAB hydrates formed at gas/liquid interface at wy,5=0.40, P=4.77 MPa, AT, ,=2.0 K.
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Fig. 8. Classification of the morphology of N,+TBAB hydrates by
AT,

0.05 mmx0.50 mm, respectively in CO,+TBAB system [25]. Fig. 8
shows that the observation of N,+TBAB hydrate arranged by AT,
Two types of crystals were observed. One was polygonal-shaped
crystals of which the length of the shortest side was 0.17 mm-0.26
mm, and the length of the longest side was 0.56 mm-1.78 mm.
The other was small crystals similar to CO,+N,+TBAB hydrate of
which the length of the shortest side was less than 0.03 mm, and
the length of 0.17 mm-0.68 mm. The small crystals that formed in
CO,+N,+TBAB systems were not observed in CO,+TBAB sys-
tems, but were observed in N,+TBAB system. It is then inferred
that the uptake of N, into hydrates would have resulted in the for-
mations of small crystals in CO,+N,+TBAB systems.

From the observation of results of crystal morphology, as the
ratio of an area that the two types of crystals grew at the gas/liquid
interface varied according to AT, We approximated the curved
surface of the droplet by plane and measured the area occupied by
large crystals in the images and calculated the mean and standard
deviation by measuring the ratio of the area that large crystals oc-
cupied as shown in Fig. 9. Note that this quantitative comparison
is just an approximation because the area does not indicate the
amount. Therefore, the measurement was not completely accurate,
but that was utilized for a brief trend of crystal morphology changes.
The ratio of the area occupied by large crystals was 7+5% at AT, ,=
20K, 76+13% at AT, ;,=3.0K, 92+7% at AT,,;,=4.0 K (mean is taken
from more than nine samples). Therefore, we may argue that in-

Small crystals Large crystals

AT, =4.0K

Large crystals 92 £ 7 %
AT, =2.0K

Large crystals

Small crystals

2mm

Large crystals 7 £5 %

Fig. 9. The rate of area that large crystals occupied at gas/liquid in-
terface.

June, 2016

0.06 r T T T T

y M: Large crystals
= 0.05} @: Small crystals l -
E 0.04t i
@
'E 0.03} ¢ 4
2 n
o
5 002t . .
2 0.01
= . - -
g ==

0 1 L L L L

156 2 25 3 35 4 45

ATgp /K
Fig. 10. Crystal growth rate of large crystals and small crystals which
depend on AT, ;.

crease in the AT, the increase in the ratio of the area that the large
crystals occupied.

Lateral crystal growth rate of large crystals and small crystals is
plotted in Fig. 10. As AT, increased, the lateral growth rate of large
crystals also increased. However, the physical mechanism causing
the difference in morphology cannot yet be clearly understood from
the present experiments, and certainly a focus is necessary of future
hydrate crystal morphology research.

CONCLUSION

Crystal growth behavior and crystal morphology of CO,+N,+
TBAB ionic semiclathrate hydrate formed at the interface between
CO,+N, gas and TBAB aqueous solution were visually observed.
The hydrate crystals were initially observed to grow within the TBAB
aqueous solution. It was then followed by the lateral growth at the
gas/liquid interface only at wyp,s=0.40. CO,+N,+TBAB hydrates
did not cover the gas/liquid interface at wyz,3=0.10 due to the low
TBAB concentration around the gas/liquid interface. It was ob-
served that the hydrate crystals which initially formed at gas/lig-
uid interface were wetted by the TBAB aqueous solution and fell
into the solution.

As for the crystal morphology;, two types of different polygonal-
shaped crystals of the size were observed: large crystals and small
crystals. The growth of large crystals was dominant at increased
AT, The physical mechanism causing the difference in morphol-
ogy may be associated with polymorphism, but cannot yet be
clearly defined from the present experiments. Therefore, under-
standing of the mechanism entrusts future hydrate crystallogra-
phy research.
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