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www.rsc.org/

such as molecular storage systems and separation mechanisms. Pores also have been used as

support to contain gas hydrate for the application in gas treatments. Necessarily, exact
understanding on the properties of gas hydrate in confining pores is important. Here, we
investigated the formation of CO2, CH4 and N2 hydrate in non-interlamellar voids in graphene
oxide (GO), and their thermodynamic behaviors. For that, low temperature XRD and P-T
traces were conducted to analyze water structure and confirm hydrate formation, respectively,
in GO after its exposure to gaseous molecules. Confinement and strong interaction of water
with the hydrophilic surface of graphene oxide reduce water activity, which leads to the
inhibited phase behavior of gas hydrates.

Introduction

The inclusion of gas molecules in the hydrogen-bonded water
frameworks of hydrates has created the potential for a variety of
interesting applications in energy storage and transportation,
carbon dioxide sequestration, and molecular separation.
Specifically, hydrate-based CHs storage and transportation
might provide positive advantages in safety during gas storage
processes and lead to much lower capital cost compared to
current liquefied natural gas techniques.!

A distinct competition for occupancy in hydrate cages, between
dissimilar guest molecules, has made it possible to establish
hydrate-based gas separation.? In particular, such a separation
technology using highly preferential selectivity in hydrate cages
may provide for effective separation of troublesome CO2 from
various emission sources (e.g., power plants). This potential is
due to the greater affinity of CO2 to enter hydrate cages,
compared to other gases.® As might be expected, the real
process appears to be quite simple. The COz in gas mixtures is
selectively enriched by enclosure in the solid-hydrate phase and
the captured CO:2 can later readily be recovered by dissociating
the CO2 from the hydrate.

However, despite the inherent merits of using gas hydrates in
commercially viable processes, a few issues remain that should
be properly resolved. These include mitigation of harsh
working conditions (high pressure and low temperature),
control of hydrate formation and dissociation rates, and
achievement of high separation selectivity. Previous research
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on gas hydrates confined in porous media has demonstrated the
increased separation selectivity for COz, faster hydrate growth
than in the bulk state.* Also CH4 hydrate formation in ZIF-8, a
sort of microporous material, increased storage capacity of
CHa4.®> Moreover, the hydrate formation achieved in micro-
porous networks does not require solution stirring. This process
is essential for favorable contact of water with gas in bulk water,
otherwise hydrate films formed at the interface between water
and gas would seriously interfere with hydrate growth.
However, the peculiar and unique gas inclusions occurring in
the confined surrounding have not been closely explored in
spite of the importance of such study for revealing the
mechanism of crystalline hydrate growth and for further
developing various hydrate-based gas storage and separation
processes.

Here, we examined the guest dynamics and phase behavior of
CO2, CHas, and N2 hydrates formed in confined non-
interlamellar voids in graphene oxide (GO). As shown in Fig.
la, a single layer of GO is a 2-dimensional oxidized carbon
sheet, where the surface is covered with ether, hydroxyl and
carboxylic acid functional groups.® The stacking of GO layers
leads to GO particles wherein pore spaces exist as either
interlayer or non-interlamellar voids. The highly functionalized
GO surface interacts strongly with water molecules and can
include water molecules in both kinds of wvoids.” Water
structuring in swollen GO particles is depicted in Fig. 1b.
Previous research on water dynamics in GO has revealed that
the interaction pattern of water with neighboring surfaces and
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Fig. 1 Schematic description of (a) GO sheet, (b) water swollen GO particles, and
(c) GO with gas hydrate in non-interlamellar voids, where blue circles indicate
gas hydrate structure.

voids is strongly affected by the water concentration. Water
mainly exists in interlayer spaces at water concentrations lower
than 25 wt% and doesn’t crystallize.” In the interlayer spaces,
water shows dynamics, such as reduced translational and
rotational motion, that are more restricted than for bulk water
due to its strong interaction with functional groups on surfaces.”
In contrast, at water concentrations higher than ~25 wt%, water
can serve the role of intercalated water, as well as of confined
water in non-interlamellar voids. Within the non-interlamellar
voids, water can readily crystallize and transform to solid water
structures such as hexagonal ice (the most energetically stable
form). At this stage, we note that non-stoichiometric GO can

change slightly, according to the procedure used in its synthesis.

Accordingly, the criterion of 25% water concentration cannot
be applied to all the GO that should be considered for this kind
of research.

Herein, to research the potential use of GO for gas storage and
separation, we examined the physical and chemical
characteristics of gas hydrates formed from non-interlamellar
water as described in Fig. 1c. Moreover, we checked to see
whether the pores in GO influences, to some degree, the
hydrate formation. The structural observation of gas hydrates
growing in GO were conducted using low-temperature XRD.
The phase behavior of CO2 and CH4 hydrates confined within
the unique locations within GO was explored using isochoric
pressure-temperature trace curves.

Experimental section

Graphene oxide was synthesized using a modified Hummers
method.® Graphite powder (1 g, Asbury Carbon) was added to
sulfuric acid (98%, 150 mL), which served as a solvent.
Potassium permanganate (99.0%, 2.5 g), employed as an
oxidizing agent, was gradually added to the graphite solution,
with vigorous stirring for about 10 minutes. After reaction at
308 K for 2 h, the solution was cooled in an ice bath and diluted
with 200 mL of deionized water. Following 4 h of stirring, 100
mL of hydrogen peroxide was added to the reaction solution.
The mixture was then filtered with a glass filter and washed
several times with hydrochloric acid (10 %). After this washing
process, the remaining solvent was evaporated under vacuum at
room temperature for 12 h. The dried GO was crushed using a
blender to achieve particle size smaller than 100 um. The pore
properties of GO was analyzed through argon adsorption using
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Fig. 2 Interlayer distance of GO in relation to the weight percentage of water.
The interlayer was saturated to 35 wt% water.

an ASAP 2020 physisorption analyzer (Micromeritics, USA) at
the Korea Research Institute of Chemical Technology.

To achieve water swelling of the GO, dried GO was placed in
the vacuum oven with distilled water and then the air was
evacuated by vacuum pump. In the oven, the relative humidity
reached 100 % and vaporized water diffused into the GO,
causing it to swell. The exact amount of water added to the GO
plays an important role in determining whether the hydrates
formed, come from confined or bulk spaces. The interlayer
distance within the GO changes depending on the amount of
added water and resulting interlayer spacing reaches maximum
at a water concentration of 35 wt% (Fig. 2). Accordingly, all
the experiments were carried out at this saturated water
concentration, complying with the following procedure for gas
hydrate formation. The swollen GO (1.5 g) was loaded into a
high-pressure reactor with 11 mL internal volume, pressurized
by gas injected at room temperature, and then placed in a
cooling bath at 243 K for 24 h. All the gases were supplied by
Special Gas, Korea with 99.995% purity and were used in all
the experiments without any further treatment. The high
pressure cell was equipped with a four-wire type Pt-100Q probe
for the temperature sensing and pressure transducer (Druck,
PMP5073) with accuracy + 0.2 % in the ranges of 0-25 Mpa.
The temperature was maintained with a circulating bath (Jeio
Tech., RW-2040G) with a stability of £+ 0.05 K. And the
pressure and temperature measured from the apparatus were
calibrated using the thermometer and pressure gauge calibrated
by Korea Research Institute of Standards and Science, by which
the uncertainties of equilibrium temperature (+ 0.1 K) and
pressure (x 0.01 MPa) were achieved. The pressure of the
injected gas was controlled by a syringe pump connected to
both gas cylinder and high pressure cell. For the P-T trace curve
we followed isochoric cooling and heating procedures with a
rate of -1 K/h and 0.1 K/h, respectively. All the temperatures
and pressures during measurement were recorded by a data
acquisition system at every 20 sec. The reactor was equipped
with a mechanical stirrer, as well as with P and T detectors for
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Fig.3 XRD of water-swollen GO after pressurization with various gases. Asterisks
indicate diffraction from hexagonal ice.

continuous stirring and data acquisition. For the XRD
measurements, all the samples exposed to gas were rapidly
quenched using liquid nitrogen. These samples were finely
ground to particles smaller than 200 um and placed in a sample
loader. Powder x-ray diffraction was conducted using a Low-
Temperature XRD (D/MAX, Rigaku) with CuK radiation (A =
1.5406 A) at a generator voltage of 40 kV and generator current
of 300 mA. XRD measurement was performed using 0.05 steps
at 93 K. The X-ray photoelectron spectroscopy analysis was
performed using a Sigma Probe (Thermo VG Scientific). In this
experiment, GO was dispersed in water, dropped onto Si
substrate, and then dried to form a thin film.

Results and discussions

For polyhedral cage formation, the main concern is to secure
the least dimension for guest occupancy in stringently confined
space. Accordingly, it is meaningful to check whether GO
interlayers can provide a space sufficient for the anticipated
guest molecules. We note that the layer thickness and interlayer
spacing of GO are 6 and 10.5 A, respectively. Thus the inner
effective space for intercalating molecules becomes 4.5 A, but
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this is too narrow to encompass a small 52 cage (~8 A). Instead,
it is the GO interlayer that can absorb and intercalate water, in
which CO2 can be dissolved.? At this point, it needs to be
emphasized that the gas hydrate can only form in the non-
interlamellar voids of GO, as shown in Fig. 1c.

The XRD was first used to observe any possible structural
change of water-swelled GO (Fig. 3). The structure analysis
confirmed the formation of gas hydrates when pressurized with
gas molecules of CO2, CH4, and N2. The GO showed a main
peak at 20 near 10 degrees, which corresponds to diffraction
from the layered GO structure and d-spacing identical with the
interlayer distance between GO sheets. The genuine interlayer
distance of 7 A without water, consistently increased with the
amount of water absorbed but ceased swelling, after reaching
11.35 A, at a water content of 35 wt% (Fig. 2). At the present
stage, the key questions that need to be addressed are whether
physical variables such as pressure and temperature, as well as
chemical interactions and molecular details of guest-host
components, really affect water structures in specified spaces.
Fig. 3 shows that the swollen GO pressurized with CO2 and
CHa4 at pressure above 2 MPa, evolved four strong peaks of
(222), (320), (321) and (410) corresponding to sl. In contrast, at
pressure lower than 2 MPa, the hexagonal-ice phase was
observed to predominate.® Here, it is interesting to see that the
swollen GO pressurized with N2 at 10 MPa failed to make any
suitable hydrate structures; instead, hexagonal ice formed. The
reactor containing swollen GO was pressurized by CO2, CH4
and N2 gases, which made the inner pressure reach 2.2 , 4.7 and
15 MPa, respectively, with successive cooling and heating. A
rapid pressure drop was observed for CO2 and CHas during
cooling, which naturally confirms the formation of gas hydrate.
In contrast, a detectable pressure drop was not observed for N2
gas during cooling, even at pressures much higher than the
corresponding equilibrium pressure of pure bulk N2 hydrate.®
The XRD results in Fig. 3 also confirm the nonexistence of N2
hydrate in swollen GO. Interestingly, two notable features were
observed along the heating line of the GO matrix, which have
never before been shown in bulk hydrates. First, the pressure
along the cooling line should generally match that along the
heating line at a specified equilibrium temperature, but for GO-
COg, the two lines mismatched (Fig. 4a). It is interesting to see
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Fig. 4 Pressure and temperature trace curves of (a) CO,, (b) CH,, and (c) N,, in which red and blue arrows indicate confined and bulk hydrate phase, respectively.
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Larson (CO;),%° and Deaton and Frost (CH4) were represented.!

that this pressure gap was not observed in the test using CHasas
can be seen in Fig. 4b. Such abnormal PT behavior of a
hydrophilic CO2 gas could be attributed to much larger amounts
of CO:2 intercalated in the swollen interlayers of GO than of
CHs, N2 and H2 gases.® Second, both GO-CO; and GO-CHs
comprise two different hydrate phases along the
dissociating heating line. The one at higher pressure and
temperature corresponds to bulk hydrate, while the other one
shows more inhibited hydrate. The bulk hydrate phase is
attributed to excess water, but its amount is negligible when
compared with that of the inhibited hydrate phase as can be
clearly observed by a large pressure increase between bulk and
inhibited hydrate phase along the dissociation line. The phase
equilibrium data of the inhibited CO2 and CH4 hydrate phases
in GO are given in Table 1 and plotted in Fig. 5a and 5b,
respectively, confirming their inhibition tendency. Here, we
note that the quadruple point at which ice, hydrate, liquid water
and gas phases coexist did not appear in GO-gas systems in the
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Fig. 6 Pressure and temperature trace curve of CH, in 20 wt% GO solution. Open
squares and triangles represent phase equilibrium points of inhibited phase in
the GO and bulk systems, respectively.
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experimental temperature range because pore confinement
induces water confined in GO to crystallize at temperatures
below 253 K.

At this point it is of considerable interest to determine where
the strong inhibition originated. First, we assumed two
possibilities: a confinement effect in GO and an effect inherent
in the properties of GO. However, it was not clear which one is
most responsible for inducing inhibition. To clarify the
situation, first 20 wt% GO was dissolved (dispersed) in water
for 2 h with strong sonication, thereby separating stacked GO
sheets into pieces of single GO sheets and eventually causing
the confining effect to be lost. Subsequently, we placed the 20-
wt% GO in a reactor equipped with a stirring machine and then
pressurized it with CHs at 8 MPa and 285 K. From the P-T
trace curve shown in Fig. 6, we determine the phase
equilibrium point at 282.9 K and 7.76 MPa, which indicates a
slight inhibition in comparison with pure CHa hydrate in bulk
state (283.9 K), but a strong inhibition appeared in water-
swollen GO (279.9 K). Considering the fact that a stronger
inhibition occurred at the severely confined space, we might
suggest with reasonable validity that the spatially confinement
more strongly influences than surface property on hydrate
structuring. The pores are known to cause water activity
to be lower and hydrate inhibition to be stronger.*? In water-

TABLE 1. Hydrate phase equilibria for CO, and CH,4 hydrate in GO

Page 4 of 6

CO, CH,
T/K(+0.1) P/MPa(+0.01) T/K(+0.1) P/MPa(+0.01)

264.9 0.8 272.05 337

267.2 1.0 273.75 4.01

269.3 1.3 274.95 4.42

270.8 1.6 276.15 5.17

272.1 1.9 277.55 6.03

273.5 2.2 279.65 7.55

273.9 2.6 280.85 8.69

275.6 3.1

276.0 33
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Fig. 7 X-ray photoelectron spectroscopy analysis of GO. Peaks corresponding to
OH, COOH and COC functional groups are indicated.

swollen GO, the water activity is greatly lowered by pores and
by the strong interaction of water with GO surfaces. As shown
by the XPS analysis in Fig. 7, the GO used in the experiments
contained ether and hydroxyl groups attached to the basal plane
of the GO sheet, and carboxylic ones to the edge of the GO
sheet. These functional groups make GO surfaces highly
hydrophilic and cause further strong water adsorption.

On hydrophilic surfaces, water molecules are localized due to
the interaction between surfaces and neighboring water
molecules by hydrogen bonding and steric factors.'® We need to
note again that the functional groups can be partially dissolved
in water, and then make an acidic environment that inhibits the
hydrate phase.

Conclusion

In this paper, we attempted to examine the roles of pores and
surfaces in the formation of gas hydrate and its thermodynamic
behavior. Contrary to CO2 and CHas that formed hydrate
structure in non-interlamellar voids of GO, N2 didn’t shows
hydrate structure in our experimental condition (up to 15 MPa).
Nano-sized small space and highly-functionalized surface of
GO make the phase behaviour of gas hydrate formed in GO to
be strongly inhibited. This result suggests new possibility that
tuning the surface of porous materials for diverse applications
in the fields of inclusion chemistry, including gas storage and
separation, e.g. immobilizing THF molecules on the surface of
porous materials to overcome the thermodynamic disadvantage
of hydrate formation in nanoporous materials.
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