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Gas hydrates from a (40/60 mol %) CO,/H, mixture, and from a (38.2/59.2/2.6 mol
%) CO,/H,/C3Hg mixture, were synthesized using ice powder. The gas uptake curves
were determined from pressure drop measurements and samples were analyzed using
spectroscopic techniques to identify the structure and determine the cage occupancies.
Powder X-ray diffraction (PXRD) analysis at —110°C was used to determine the crys-
tal structure. From the PXRD measurement it was found that the CO,/H> hydrate is
structure I and shows a self-preservation behavior similar to that of CO, hydrate. The
ternary gas mixture was found to form pure structure Il hydrate at 3.8 MPa. We have
applied attenuated total reflection infrared spectroscopic analysis to measure the CO;
distribution over the large and small cavities. 'H MAS NMR and Raman were used to
follow H, enclathration in the small cages of structure I, as well as structure Il
hydrate. © 2009 American Institute of Chemical Engineers AICKE J, 55: 1584-1594, 2009

Introduction

CO, and H, are known to form gas hydrates but under
considerably different conditions. Carbon dioxide forms
structure I (sI) hydrate at moderate pressures, e.g., in the
range of a few MPa! at 273 K. On the other hand, H, forms
structure II (sII) hydrate at a very high pressure of ~200
MPa.”? It has been reported that at such high pressures a
cluster of up to two H, molecules occupies the small hydrate
cages, whereas the large cages may have clusters of up to
four H, molecules. The difference in hydrate formation pres-
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sure of CO, and H, hydrates has been exploited to preferen-
tially incorporate CO, in the hydrate cages from a CO,/H,
mixture, thus, partitioning the gas components. A 40/60 mol
9% CO,/H, mixture is known as a fuel gas mixture, because
it is the product gas from a gasification/shift reactor pro-
cess plant, and is available at pressures between 2.5 and
5 MPa.*> Previous work in our laboratory has demonstrated
that clathrate hydrate crystal formation can be used as a sep-
aration process for the capture of C0,.%°

Based on hydrate phase equilibrium studies and gas
uptake measurements (kinetic) on hydrate formation from
the 40/60 mol % CO,/H, gas mixture, it was concluded that
H, occupies the hydrate phase.'”!" This observation is in
agreement with the work by Kim and Lee'? in which it was
shown that a 20/80 mol % CO,/H, gas mixture forms struc-
ture I hydrate and H, is included in the hydrate. On
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the other hand Sugahara et al.'>'* reported that H, behaves
like a diluent gas, and, thus, does not take part in hydrate
formation.

Because the hydrate formation pressure for the CO,/H,
mixture (40/60 mol %) is high for the CO,/H, separation
process, the addition of 2.6 mol % C;Hg was evaluated.”'°
This reduces the hydrate formation pressure substantially,
and, hence, the associated compression costs without com-
promising the separation efficiency. Studies on the impact of
additives on hydrate formation from H, or H,/CO, mixtures
have been primarily motivated from the interest in hydrogen
storage. Florusse et al.’® reported that hydrate clusters of H,
could be stabilized and stored at low-pressure in sII binary
clathrates. Clusters of up to two H, molecules occupied
small water cages, whereas large water cages are singly
occupied by tetrahydrofuran (THF). Lee et al.'® suggested
that by tuning the composition of THF and H, in a hydrate
forming mixture, it is possible that H, occupies both cages
i.e., some of the larger and the smaller cages of the resultant
sIT hydrate. Hasimoto et al.'” reports sII hydrate formation
from CO,/H,/THF hydrate, with H, and CO, occupying the
small cages and THF going into the large cages. It must be
noted that, the exact capacity of the hydrate cages for H, is
still controversial.'® Several studies done on THF/H, hydrate
point toward single occupancy of hydrogen in the small
hydrate cages, whereas multiple hydrogen was found to
occupy the large cages.'”* Lokshin et al.'” performed neu-
tron diffraction studies on the simple D, (deuterated H,)
hydrate, however, contrary to the work of Mao et al.>® Lok-
shin et al.'® found only one hydrogen molecule in the small
cavities of resultant sII hydrate. The large cavity occupancy
was found to vary between two and four H, molecules
depending on the synthesis pressure and temperature. A
detailed account of cage occupancy in simple and binary
hydrates of H,, and storage capacity of these hydrates is pre-
sented by Strobel, 2008.%

As mentioned previously, indirect observations through ki-
netic and equilibrium studies on the hydrate formed by a (40/
60) mol % CO,/H, mixture and (38.2/59.2/2.6) mol % CO,/
H,/C3Hg mixture showed that H, participates in hydrate for-
mation. Therefore, the objective of this work is to determine
the structure and cage occupancies of the hydrates formed by
the CO,/H, and the CO,/H,/C3Hg gas mixtures by employing
analytical techniques like powder-XRD, Raman, Infrared and
NMR spectroscopies. This information will aid in the further
development of the clathrate process for simultaneous pre-
combustion capture/hydrogen production.

The determination of the cage occupancies for the mixed
hydrates in this study represents considerable challenges. As
mentioned earlier, the exact capacity of the hydrate cages
for H, is still controversial.'"® Whereas initial work claimed
two H, per small cage:,2’24’25 neutron powder diffraction
results have been interpreted in terms of a single H, per
cage.'”?! This result has influenced the interpretation of
other data, such as gas release measurements, which, of
course can give no direct information on actual cage occu-
pancy, although it can give an average value. Modeling cal-
culations have shown support for both single and double
occupancy of the small cage.26 One reason why it has been
difficult to confirm the occupancy limits of the hydrate cages
is that so far there are no reliable direct methods. Powder
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diffraction is limited by the data/parameter ratio in fitting
any but the simplest models, Raman spectroscopy is not
quantitative, as scattering cross sections for the different cav-
ities remain unknown and there is also ortho-para conver-
sion, making the spectrum time-dependent on the scale of
days to weeks.?” On the NMR side, the calculated chemical
shift scale for H, is very small, and again there are problems
with ortho-para spin conversion.””*® The problem is further
complicated by the fact that hydrogen diffuses rather easily
through the six rings of hydrate cages, less readily through
the five rings, so that the detailed temperature history of a
sample becomes important for all methods of analysis.***

For CO, cage occupancies there are also some difficulties.
Raman spectroscopy does not distinguish CO, in large and
small cages,® and for NMR spectroscopy it is not com-
pletely straightforward either as one must use the anisotropic
chemical shift patterns. Infrared spectroscopy does offer
opportunities, and we explore a new approach, FTIR attenu-
ated total reflection (ATR) spectroscopy in situ at high-pres-
sure to distinguish CO; in large and small cavities. The com-
bined results offer a reasonably complete picture of the guest
distribution and the utility of the hydrate approach to sepa-
rating CO, from H,.

Experimental Section

A (40/60) mol % (CO,/H,), and a (38.2/59.2/2.6) mol %
CO,/H,/CsHg were used. Approximately five grams of fresh-
ground ice particles (d < 63 um) were poured by gravity
into a 50 mL pressure vessel (reactor). Ice was ground at lig-
uid nitrogen temperature, and the particle size was deter-
mined by passing the ground ice through an ASTM 230
sieve at —20°C. The loading procedure was performed in a
freezer at —20°C to prevent melting of the ice. The vessel
was then immersed in a constant temperature water-methanol
(50:50 by mass) bath and connected to a valve and pressure
transducer. Before the start of the experiment the vessel was
evacuated to eliminate the presence of air. The time-zero of
the measurement was recorded as the vessel was pressurized
to the desired pressure of 8.0 MPa (for CO,/H, mixture) at
—20°C and 3.8 MPa for the CO,/H,/C;Hg mixture. All
experiments were performed at —20°C for about 24 h. At
the end of the 24 h period the temperature was increased to
a point above the ice point (1°C) within 5 min to enhance
the conversion of ice into hydrate. It is well known that tem-
perature ramping enhances the conversion to hydrate.”” The
temperature was then brought back to —20°C for further
hydrate formation. The starting pressures were well above
the stability region of sl hydrate to ensure there was suffi-
cient driving force for hydrate formation. As the experiment
was conducted in batch mode, the pressure decreased contin-
uously as hydrate formed. The, final pressure was ~1.0 MPa
lower than the starting pressure. The experiments were
stopped when a significant pressure drop was no longer
observed. The moles of gas uptake over time were calculated
from the pressure drop data by following a method given
elsewhere.'! Hydrate samples were collected under liquid
nitrogen temperature (~—190°C) at the end of the experi-
ment and kept in liquid nitrogen for subsequent analysis.

Crystal structures and lattice constants were obtained from
powder X-ray diffraction (PXRD). The PXRD measurements

DOI 10.1002/aic 1585



were performed by a 0/20 step-scan mode, with a counting
time of 47.3 s/step, and a step width of 0.041° in the 20
range of 5-60°C (40 kV, 40 mA; BRUKER axs model D8
Advance). The PXRD measurements were done using Cu-Ko
radiation (4 = 1.5406 A) at —110°C to prevent hydrate dis-
sociation. The temperature deviation of the sample during
measurement was within +1.0°C.

'"H and '>C NMR measurements were carried out on a
Bruker DSX-400 NMR spectrometer (magnetic field of
9.4 T). The 'H and "*C Larmor frequencies were 400.1 and
100.63 MHz, respectively. A BL7 MAS probe with stretched
spinners was used. Hydrate samples were kept and loaded
into the spinners in liquid nitrogen. All the NMR measure-
ments were performed at spinning speed of 2,500-4,000 Hz
at —110°C maintained by a Bruker BT 3000 temperature
controller. *C data were acquired in Bloch decay mode e
7/2 pulse of 5 us) with high-power composite pulse proton
decoupling. The delay between the scans was set at 80—100s,
which was sufficient for a complete relaxation of all the sig-
nals and the quantitative measurements. 100 and 300 scans
were commonly acquired to obtain sufficient signal-to-noise
ratio. Due to a strong proton background signal, the 'H spec-
tra were acquired as spin-echoes synchronized with the rota-
tion of the sample. Because of this procedure, quantitative
intensity measurement required accurate 7, (spin-spin relaxa-
tion time) measurement for each resonance. Only 16 or 32
scans were required for a good signal-to-noise ratio. For
absolute quantitative measurements a sample of THF hydrate
of known composition was used as a quantitative standard,
and its 'H and '*C spectra were obtained under conditions
identical to those used for the hydrates studied. All of the
acquisition parameters were set to ensure that the measure-
ments were quantitatively accurate. Tetramethylsilane was
used as an external chemical shift reference for both '*C
and 'H.

The hydrate samples were also analyzed using Raman
spectroscopy. An Acton Raman spectrograph with fiber
optics and equipped with a 1,200 grooves/mm grating and
an externally cooled CCD detector was used in this study.
An Ar-ion laser was used as the excitation source emitting at
514.53 nm. The laser was focused on the sample by 10x
microscope objective on a sample area of 2-3 um”. The
spectrograph was controlled with a computer and the spectra
were recorded with a 1s integration time over 100 to 500
scans. In order to determine the composition of the gas
phase and the gas evolved from the decomposition of the
hydrate sample at the end of the experiment, an SRI 8610 C
gas chromatograph (GC) is used.

In order to monitor the mass numbers of effluent gas from
a decomposing hydrate sample at atmospheric pressure, an
MKS Instruments Cirrus quadrupole mass spectrometer with
a heated capillary inlet line was used. Finally, a Fourier
transform infrared spectrometer (FTIR) coupled with an atte-
nuated total reflection (ATR) optical unit, was used for ana-
lyzing hydrate samples. The supercritical fluid analyzer
version of a Specac Golden Gate® diamond ATR unit was
slightly modified to synthesize the hydrate and analyze it
in situ. The stainless steel sample chamber of this ATR cell
is capable of withstanding pressures up to 40 MPa and can
be coupled with a variable temperature unit. The stainless
steel sample cell has a volume of 28 ul.. A water droplet of
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Figure 1. Gas uptake profile during hydrate formation
from ice powder and the CO,/H, mixture syn-
thesized at 8 MPa.

volume less than 28 ul is placed in the cell which flattens
under the gas pressure and then forms a thin hydrate film on
the diamond surface. This hydrate layer was allowed to
grow for two hours before the temperature was lowered to
—50°C from the hydrate formation temperature (—20°C).
This thin film of hydrate was stable at this temperature and
could be analyzed by FTIR. The peaks for CO, in the small
and large cages were obtained with 50 scans in order to get
a good signal-to-noise ratio. Spectra were acquired from 500

to 4,000 cm ™! with a nominal resolution of 1 cm™".

Results and Discussion

Figure 1 shows a typical plot of the gas consumed (left
axis) vs. time during hydrate formation. This is the typical
and well known gas uptake curve and is considered to corre-
late with hydrate crystal growth. The temperature is also
shown on the right axis. As seen, a period of rapid hydrate
growth during the first two hours is followed by a more
gradual decrease in pressure: because of this pressure drop
the driving force diminishes (driving force can be excess
pressure at constant temperature, or subcooling at constant
pressure). Also, a hydrate film will have covered the ice sur-
face,! thus, the reaction became limited by the diffusion of
guest gas molecules across the hydrate film and the reaction
at the ice-hydrate interface. The ramping of temperature
above the ice point increased the pressure before this
dropped back down again. As the temperature increases
above the melting point of ice the rate of hydrate growth
increases considerably. This phenomenon is well known and
is due to the melting of the ice, which in turn induces frac-
turing of the hydrate layer, and this allows better contact
between gas and water or ice.”>>* It is also seen that the
rate of gas consumption becomes constant after some time,
most likely due to a decreased driving force, which can be
brought back to higher values by reducing the temperature
to —20°C, and which results in additional hydrate being
formed. Based on the gas uptake measurement the conver-
sion of the ice to hydrate was found to be approximately
95%. This result was confirmed from the ice peak intensities
shown in the powder-XRD pattern.

Figure 2 shows the X-ray powder diffraction pattern for
hydrate synthesized from the CO,/H, mixture. The hydrate
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Figure 2. The X-ray diffraction pattern of the (40/60
mol%) CO,/H, hydrate.
The X-ray powder diffraction data were collected at —110 °C
and atmospheric pressure. CO,/H, forms sl hydrate at
8.0 MPa, whereas the CO,/H,/C;Hg mixture forms hydrate of
sI & sII at 5.0 MPa (a), and only sII hydrate at 3.8 MPa (b).

The composition of the CO,/H,/C3sHg gas mixture is given in
Table 1.

sample analyzed at —110°C and atmospheric pressure can be
indexed in the regular cubic space group Pm3n, with a unit
cell parameter of 11.89 (£0.01) A and cell volume of 1681
(£10) cubic A. This result matches with the reported values
for the unit cell parameter of pure structure I CO, clathrate
hydrate.*® The presence of ice is indicated by the asterisk on
top of the ice reflections. It was found that this gas mixture
always formed structure I hydrate under the temperature and
pressure conditions used.

The powder-XRD pattern obtained from the hydrate
formed with the ternary CO,/H,/C3Hg (38.2/59.2/2.6 mol %)
mixture is shown as an insert in Figure 2. Figure 2a shows
the powder pattern of the synthesized hydrate at 5.0 MPa,
whereas Figure 2b shows the pattern of the hydrate synthe-
sized at 3.8 MPa. The powder patterns show that the hydrate
formed at 5.0 MPa is a mixture of structure I and structure
II hydrate, whereas that at 3.8 MPa is pure structure II
hydrate. It is noted that hydrates in both cases were synthe-
sized for 20 h at —20°C, followed by 4 h at 1°C, and then
bringing back the temperature to —20°C for another 20 h.
Additional experiments were performed during which
hydrate samples were formed and analyzed after two and ten
hours. These additional experiments confirmed the above
structural findings which are consistent with expectations
from thermodynamics. Thus, when the hydrate is synthesized
at 3.8 MPa, thermodynamically it is possible to form only
structure II hydrate with propane occupying the large cages.
However, when the CO,/H,/C3Hg mixture is used for
hydrate formation at 5 MPa and —20°C, thermodynamically
it is possible to form structure I (with only CO, and H,
occupying the hydrate cages) and structure II (with all the
three gases occupying the hydrate cages) hydrate.

It was found that C3Hg preferentially occupies the large
cage of slI and tends to enhance the stability of the hydrate.
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However, the Langmuir constant for CO, in the large cage
of structure I is greater than it is for that of sII. Thus, CO,
would preferentially occupy the large cage of sl over that of
sl for the same fugacity of CO, in the vapor phase. It is
also more efficient for CO, to occupy the large cages of
structure I, as sl has more large cages than sII for a given
volume, and, hence, there is a greater opportunity for CO, to
become incorporated in the large cages of sl. Therefore, at
5 MPa a hydrate which is a mixture of structure I and struc-
ture II forms. It is important to note that all the hydrates of
CO,/H,/C3Hg analyzed for characterization purpose were
synthesized at 3.8 MPa to ensure that the hydrate is pure
structure II. It would be impossible to characterize the com-
position and cage occupancy of a hydrate mixture without
knowing the amounts of sl and slI.

Figure 3 shows the PXRD pattern of the dissociating
hydrate of CO,/H, (from structure I to ice) as temperature is
increased from —110°C to 5°C in steps of 5°C with a 20
scan time of 2.5 minute. The rate of increase in temperature
was approximately 2.0°C per minute during the diffraction
test. Peak intensities assigned for ice increase with tempera-
ture and the peak intensity assigned to hydrate becomes
smaller. This indicates that dissociating hydrate is trans-
formed into ice. The insert in Figure 3 shows the intensity
ratio of the hydrate peaks (20 from 20 to 32) at any time to
the hydrate peaks at zero time as a function of temperature.
It can be seen from the insert that the hydrate obtained from
the CO,/H, mixture with or without C3Hg starts decompos-
ing at approximately —100°C. In the case of the CO,/H,/
C;Hg hydrate (structure II) the dissociation of hydrate pro-
ceeds in one step up to around —60°C where all the hydrate
has been completely transformed into ice. However, the dis-
sociation of CO,/H, hydrate (structure I) proceeds in stages.
It was also interesting to note that there was almost 40%
hydrate left at —10°C, which only decomposed completely
once the temperature reached the melting point of ice. The
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Figure 3. Temperature-dependent PXRD profile for (40/
60 mol%) CO./H, hydrate from —110°C to 5 °C.
Inset shows intensity ratio of hydrate peak as a function of
temperature during transformation of CO,/H, hydrate

(8 MPa & —20°C,) and CO,/H,/C3;Hg hydrate (3.8 MPa &
—20°C) into ice.
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Figure 4. The mass signatures of CO, and H;0 released

from a dissociating CO./H, (40/60 mol %)

hydrate subjected to a temperature increase.

aforementioned observation matches well with the self-pres-
ervation phenomena reported in the literature for CO,
hydrate.*®

Stepwise dissociation of CO,/H, hydrate is possible if the
hydrate synthesized is actually a mixture of pure CO,
hydrate (structure I) and CO, & H, hydrate (structure I). If
such a hydrate sample stored at liquid nitrogen temperature
were decomposed by gradually heating the hydrate at atmos-
pheric pressure, it is expected that CO,/H, hydrate would
decompose at lower-temperature (being less stable compared
to pure CO, hydrate) compared to pure CO, hydrate. In
order to examine whether the hydrate synthesized from CO,
and H, was a mixture of pure CO, hydrate and hydrate of
CO,/H, a sample was decomposed at atmospheric pressure
by gradually increasing the temperature and allowing the gas
evolved to pass through a mass spectrometer with a heated
capillary inlet line. Figures 4 and 5 show the gas obtained
from the decomposition of the hydrate as a function of time.
The temperature is also shown. As seen in Figure 4, the first
peak of carbon dioxide appears at about —80°C, which coin-
cides with the melting point of dry ice. Dry ice is accumu-
lated in the system when a hydrate reactor pressurized with
the CO,/H, mixture is quenched at liquid nitrogen tempera-
ture to recover the hydrate. As seen in Figure 4, CO, release
stops until the temperature of hydrate sample is increased to
—55°C. At temperatures close to —30°C a peak correspond-
ing to the CO, from the decomposed hydrate is seen. How-
ever, as the temperature increases further, CO, release is not
observed until the temperature reaches close to 0°C, where
another CO, peak is seen. It is likely that due to the self-
preservation effect hydrates are kinetically stable above the
theoretical equilibrium point and a portion of the hydrate
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Figure 5. The mass signature of H, gas released from
a dissociating (40/60 mol%) CO./H, hydrate
subjected to a temperature increase.

Mass number 2 is for hydrogen leaving the hydrate lattice
on decomposition, mass 1 is shown as a reference.

decomposes close to 0°C. Figure 4 also shows that water
vapor can be detected at a temperature as low as —15°C.
Figure 5 shows the pattern of hydrogen escaping from the
hydrate cages. The temperature dependence of species with
mass number 1 is also plotted in Figure 5, which acts as a
reference line for mass 2 (H,). The amount of hydrogen
present in the hydrate cages is at least an order of magnitude
less than CO,, hence; a relatively smaller peak for H, is
seen. However, it is evident that hydrogen release also fol-
lows the decomposition pattern shown by CO, since the ma-
jority of H, from the hydrate phase accompanies CO,, once

—60°C and then again at a temperature closer to the melt-
ing point of ice. These observations indicate that the hydrate
synthesized and analyzed was a CO,/H, hydrate. We note
that this H, release pattern is quite different than those for
sI mixed hydrates (CO,/H,/C3Hg mixture). In the Ilatter
hydrate, the small cavities form continuous layers by face
sharing of the D cages (5'* cages), thus, a continuous diffu-
sion path is available for hydrogen to leave the hydrate.”® In
sl hydrate, the small cavities are surrounded by the T cages
(51262 cages), which contain CO, molecules, thus, blocking
diffusion pathways for H,.?> Moreover, the hydrate exhibits
the self-preservation effect similar to that for CO, hydrate,*®
thus, it is possible to store H, quite effectively in sI hydrate,
although there is far less capacity because of the small num-
ber of D cages. Once the PXRD and mass spectroscopic
measurements confirmed that the solid phase contained ho-
mogeneous hydrate, the hydrate phase composition was
obtained by gas chromatography. Table 1 shows the gas/
hydrate composition at each stage for both systems. This
result is in agreement with the gas uptake measurement

Table 1. Phase Composition at Start and End of the Experiment as Analyzed by Gas Chromatography

Description CO, (mol%) H, (mol%) C5Hg (mol%)
CO,/H, mixture
Feed gas composition (start) 40.1 (£0.1) 59.9 (£0.1) -
Gas phase composition (end) 20.0 (£0.2) 80.0 (£0.2) -
Hydrate phase composition 91.8 (£0.2) 8.2 (£0.2) -
CO,/H,/C3Hg mixture
Feed gas composition (start) 38.2 (£0.2) 59.2 (£0.2) 2.6 (£0.2)
Gas phase composition (end) 23.2 (£0.2) 76.4 (£0.2) 0.4 (£0.2)
Hydrate phase composition 74.2 (£0.2) 11.2 (£0.2) 14.6 (£0.2)
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Figure 6. Raman spectrum for the Fermi diad of CO,
incorporated into hydrate phase from the
CO,/H,/C3Hg gas mixture.

Note the rotational mode of H, occupying the hydrate cages
and several C-C stretching modes of C3;Hg. The figure in the
inset suggests the broadening and redshift of CO, incorpo-
rated in hydrate phase (a) compared to CO, in gas phase (b).

performed on the similar system®'' at a temperature above
the melting point of ice and pressure similar to the one
reported here.

Raman spectra for the rotational and vibrational stretching
regions (vibrons) of hydrogen were recorded to find the sig-
nature of hydrogen in the hydrate cages. The low-frequency
spectra from hydrogen are usually dominated by the rota-
tional excitations of the hydrogen molecules which appear at
300-850 cmfl, The vibron (molecular vibration) region for
hydrogen in the hydrate phase appears at 4,100—4,200 cm™".
Figure 6 shows a typical Raman spectrum from the CO,/H,/
C3Hg sII hydrate synthesized at 3.8 MPa. The spectrum was
obtained by focusing the laser on the solid hydrate phase at
atmospheric pressure and liquid nitrogen temperature. The
signatures of all the three gases in the hydrate phase are
seen. Hydrogen rotational bands in the hydrate phase can
be seen at 355 cm ' and 585 cm '.'® It has to be noted
that hydrogen from the gas phase appears at 359 cm ™' and
590 cm ™' (not shown). This suggests that the peaks associ-
ated with the hydrogen rotational bands are redshifted in the
hydrate phase by almost 5 cm™', and that these frequencies
are not greatly perturbed for hydrogen in the cages. Raman
frequencies for gases trapped in the hydrate phase are gener-
ally shifted (propane is an exception) to lower wave num-
bers, as in the case of CO,, shown as an insert in Figure 6.
The two largest peaks, one at 1,278 cm~ !, and the other
1,382 cm ™" in Figure 6 correspond to the Fermi diad of CO,
in the hydrate cages. Figure 6a shows the Fermi diad posi-
tions of CO, in the hydrate phase, and 6b shows the Fermi
diad positions of CO, in the gas phase. It has been reported
previously that Raman spectra for pure CO, hydrate do not
show peak splittings®® even though CO, occupies both the
small and large cages.37 Peak splitting has been observed
with infrared spectroscopy38 and this is discussed later in
this article. Propane shows several peaks in the C-C stretch-
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ing region and the most prominent one appears at about 878
cm~ ' (Figure 6). Propane only occupies the large cage of
structure II hydrate, and, hence, does not show any peak
splitting for guests in different cages. It is noted that CO,/H,
hydrate, which forms structure I also shows similar Raman
spectra (not shown) in this region. The peak positions for
CO; and H; in structure I and structure II hydrate remain
unchanged (within +1 wave number).

Figure 7 shows Raman spectra in the hydrogen vibron
region of the gas and the hydrate phases. Hydrogen gas at
ambient conditions shows four visible peaks Q(0), O(1),
01(2), and Q(3) which appear at 4,161, 4,155, 4,144, and
4,126 cm™', respectively. The even number in parenthesis
denotes the para- state of hydrogen (total nuclear spin of
zero) whereas the odd number denotes the ortho- state of
hydrogen (total nuclear spin of 1). Under ambient conditions,
the ratio of ortho- to para- hydrogen is 3:1, which results in
a larger ortho- peak at 4,155 cm ! compared to para- peak
at 4,161 cm—"' (H, gas in Figure 7). However, at liquid
nitrogen temperatures at equilibrium the ratio of ortho hydro-
gen to para hydrogen is close to 1:1.%® In the hydrate phase
the H, signature appears as a doublet with maxima at 4,120
cm~ ' and 4,126 cm ' The shift to lower frequency for each
Q band in the hydrate phase is attributed to changes in the
H-H stretching mode when H, is enclathrated.'” Moreover,
the H, vibron bands at 4,120 and 4,126 cm ™! consist of rela-
tively broad peaks typical of enclathrated guests in the
hydrate cavities. The enclathrated hydrogen gives rise to a
strong signal even at atmospheric pressure and ~—190°C,
owing to its higher density of H, in the hydrate phase. It is
clear from Figure 7 that in the presence of help gases like
CO, and C3Hg, H, occupies the small cages of structure I
and II hydrate, respectively, even at moderate pressures (fur-
ther information is provided in the supplementary section).
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Figure 7. Raman spectra of the vibron region for H,
gas and H, incorporated into hydrates of
COZ/HZ and COZ/H2/03H8.
The spectrum of H, gas was recorded at room temperature,
whereas that of H, in the hydrate phase was recorded at lig-
uid nitrogen temperature. It is noted that CO,/H, mixture

forms structure I hydrate where as CO,/H,/C3;Hg mixture
forms structure II hydrate.
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Even though Raman spectroscopy shows the presence of
different gases in hydrate cages it fails to 1) provide the ra-
tio of CO, in large and small cages, and (2) determine
whether H, is present as a single molecule in the small cages
of structure I and structure II or as a cluster of two H, mole-
cules. In this study, infrared spectroscopy was used to iden-
tify CO, in large and small cages in the hydrate structure
and NMR spectroscopy was used to determine the hydrogen
occupancy in the hydrate cages. Generally, it is agreed that
for pure CO, hydrate, CO, molecules occupy essentially all
of the large cages in structure I as well as a fraction (60—
80%) of the small cages.’” However, unlike methane hydrate
where the peaks of methane in the small and large cages are
separated by almost ten wave numbers,”® Raman spectros-
copy does not show a split peak for CO, in large and small
cages. On the other hand, FTIR work by Fleyfel and Dev-
1in*® conducted at lower-temperature indicated two separate
peaks of CO, in large and small cages in sI and sII hydrates
of CO,.

Pure CO, hydrate was synthesized for this study to find
the frequencies for CO, in the small and large cages. Infra-
red active asymmetric stretching of CO, molecules for pure
CO, hydrate in the smaller 512 cages and the larger 51267
cages appears at, 2,347 cm' and 2,337 cm™ b respectively at
—50°C. These two modes compare well with the earlier
results.® A gas mixture of 20% C3;Hg and the remainder
CO, was used to form hydrate such that all the large 5'%6*
cages were occupied by C3;Hg molecules (see Figure 8), and
the smaller 5'2 cages of the resultant structure II hydrate by
CO,. As seen in Figure 8, the peak position of CO, in the
smaller cages of structure IT appears at, 2,346 cm™ ', which
suggests an infrared peak position for CO, occupying the
small cages of structure I, and structure II appears at about
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Figure 8. FTIR spectrum of CO, (peak at 2346 cm™") in
the small cages of CO,/CsHg hydrate (large
cages are fully occupied by propane) insets (a)
the CO, peak in small and large cages of CO,/
H, hydrate (large cages fully occupied by CO,),
and (b) CO;, peak in small and large cages of
CO,/H,/C3Hg hydrate (CO, shares large cages
with C3Hg and small cages with Hy).
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2,346 cm ™' at —50°C. The recorded spectra for binary CO,/
H, hydrate in the 2,250-2,400 cm ™' region is shown in Fig-
ure 8a. The peak with a shoulder shows the presence of CO,
in the hydrate cages (asymmetric stretching of CO, mole-
cule). The spectral traces are deconvolved, which results in
two peaks, one larger peak at 2,337 cm ' indicating the
presence of CO, in the large cages and a relatively smaller
peak at 2,346 cm ' showing the presence of CO, in the
small cages. Looking at the integrated area under each peak,
it is clear that most of the CO, in the hydrate phase is pres-
ent in the larger 51267 cages (peak at 2,337 em™ '), and a
very small amount of CO, is present in the small cages of
the resultant structure I hydrate (peak at 2,346 cm™'). Based
on previous observations on CO, hydrate and the results
obtained by infrared spectroscopy it can be said that almost
100% of the large cages are occupied by CO,, and the small
cages are mainly occupied by H,. Figure 8b shows the asym-
metric stretching of CO, in the ternary mixture of CO,/Hy/
C3Hg hydrate. Again the spectral traces are deconvolved into
two peaks, one larger peak at 2,337 cm™ ' showing the pres-
ence of CO, in the large 5'%6* cages and a smaller but sig-
nificant peak at 2,346 cm L a signature of CO, in the small
512 cages. Looking at the integrated peak intensities for CO,
from both systems (binary and ternary hydrates, Figure 8a
and b, respectively) it can be said that in the ternary hydrate
CO; occupies a higher percentage of small cages as com-
pared to the binary hydrate. With just 2.6% C;Hg in the
CO,/H,/CsHg gas mixture the large cages in the resulting
structure II hydrate are shared by C3Hg and CO,, and a sig-
nificant amount of CO, occupies the smaller 512 cages, along
with H,_ In the binary hydrate CO, occupies all of the large
cages, and a very small amount of CO, actually goes into
the small cages, leaving a large number of small cages
for H,.

13C MAS NMR confirmed that the hydrate prepared from
the CO,/H, mixture is structure I as was found by PXRD.
Only one signal (isotropic shift 124.95 ppm) can be resolved
in the *C MAS spectrum for CO,/H, hydrate. The observed
spectral pattern is characteristic of chemical shift anisotropy
(CSA), as one may expect for pure CO, hydrate in sI,*0
where the spectrum reflects partial averaging of the CSA
tensor for CO, in the anisotropic environment of the sl large
cage at low-temperature.>’***! In this study for the CO,/H,
hydrate sample, '*C MAS spectra show that the total inte-
grated intensity of the CO, signal corresponds to 2.74 =+
0.35 x 10*' CO, molecules per gram of hydrate, which is
very close to complete occupancy of the large cages. This
leaves a large number of small cages that can be filled with
hydrogen in agreement with results obtained by infrared
spectroscopic data for CO,/H, hydrate.

In the case of hydrate prepared from the CO,/H,/C;Hg
mixture at 3.8 MPa, a structure II hydrate is formed which is
reflected in its '’C spectrum (Figure 9). The two closely
spaced and most intense signals at 17.25 and 16.8 ppm are
from the methyl (CH3) and methylene carbon (CH,) groups
of propane in the large cages, respectively. The intensity of
the signals corresponds to 6.92 x 10°° C3Hg molecules per
gram of hydrate, which is less than the number required for
full occupancy of the large cages. The remaining large cages
have to be occupied by CO, in order to form a stable
hydrate, considering that complete filling of the large cages
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Figure 9. '3C CP MAS NMR spectra for CO,/H,/C;Hg.

Upper inset shows the expanded signal of C;Hg in large
cages of resultant SII hydrate. T = 173K, spinning speed of
2,500 Hz.

in sII is a criterion for stability. The signal of CO, appears
as a center band and a set of spinning sidebands (similar to
CO,/H, hydrate) with an isotropic shift of 125.06 ppm. The
spectral pattern is once more indicative of the partially aver-
aged CSA tensor for CO, in the small cages plus a contribu-
tion from the isotropic resonance for CO, in the large
cage.*® The intensity of the CO, signal in this hydrate corre-
sponds to 1.7 x 10*' CO, molecules per gram of hydrate,
which is lower than the total amount of CO, present in the
hydrate cages of CO,/H, hydrate.

Figure 10 shows a "H MAS spectrum of CO,/H, hydrate
in D,O recorded as a spinner-synchronized spin-echo. Three
signals can be seen in the spectrum. The broader line at 6.59
ppm, based on its position and its presence in the spectrum
of pure CO,/D,0O hydrate, can be assigned to the residual
protons in the D,O that was used in the hydrate preparation
to reduce the intensity of the water proton signal. A promi-
nent signal at 4.26, and a shoulder at 4.09 ppm are from H,
molecules trapped in the hydrate cages. The assignment is
based on the chemical shift of the signals, which is close to
the shift of molecular hydrogen. This is also supported by
the slow decrease of the signal intensity with the time.** The
latter likely is due to decomposition of hydrate at 173 K. In
the course of three hours, the combined intensity of the two
signals was reduced by about 30%. Integration of the spec-
trum gives the relative intensities of the H, signals as 3:1.%?
As mentioned previously, at ambient conditions hydrogen
molecules exist in the form of two-spin isomers ortho- and
para- hydrogen, with only the ortho-isomer being observable
by proton NMR. There have been very few studies regarding
ortho- and para- hydrogen in hydrates®* and quantitative
studies have not been carried out on spin conversion
between ortho- and para- states. Since only the ortho-isomers
are being observable by proton NMR, it is possible that the
signals at 4.09 and 4.26 ppm in Figure 10 originate from H,
molecules in singly and doubly occupied small cages as all
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the large cages are filled by CO,. It is not surprising that 'H
MAS spectra shows evidence of doubly occupied (two H;
molecules) small cages. Based on 'H MAS NMR spectra
Kim and Lee'? have also reported double occupancy of H,
in the small cages of CO,/H, hydrate. However, they
observed a single resonance at 4.2 ppm. In our work, two
peaks differing by 0.16 ppm were seen and this is in close
agreement with the calculations of Alavi et al.*> who
reported a difference of 0.1 ppm in the peak position of dou-
bly occupied H, to that of singly occupied H, in the small
cages. Considering that the small cage in structure I hydrate
have a slightly different shape than those in structure II
hydrate, there are possibilities that in CO,/H, hydrate a num-
ber of small cages are occupied by two H, molecules. So
far, there is no convincing evidence of doubly occupied
small cages except that from the NMR assignments.

Figure 11 shows a '"H MAS spectrum of hydrate prepared
from CO,/H,/C3Hg mixture at 3.8 MPa. The two most
intense signals at 0.64 and 1.07 ppm with relative intensity
ratio 3:1 are from CHj3 and CH, groups of propane occupy-
ing the large cage. No signal from residual protons in D,O
was observed in this sample. The difference likely can be
attributed to a difference in dynamic states of the water mol-
ecules in the hydrates with the water in the CO, hydrate
being more mobile and hence giving greater averaging of
dipolar couplings and a sharper 'H resonance. The third sig-
nal in the spectrum at 3.93 ppm can be assigned to molecu-
lar hydrogen in the hydrate cage. Small cages are the most
likely location for this hydrogen since the large cages in this
hydrate are well occupied by C3;Hg and CO, (see 3C data).
Based on the peak position at 3.93 ppm and the broad nature
of the peak we cannot comment on the presence of doubly
occupied small cages in this structure II hydrate. Moreover,
comparing the absolute intensity of the H, peak at 3.93 ppm
with that of the C3;Hg peak in the same hydrate, the
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Figure 10. '"H MAS (T = 173 K, 3,000 Hz) of CO,/H,
hydrate prepared in D,0.

The inset shows the expanded central region of the spec-
trum without spinning sidebands. The peak at 6.59 ppm is
due to the proton impurity in D,O.
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Figure 11. 'TH MAS (T = 173 K, 3,000 Hz) of CO./H./
C3Hg hydrate in D,0.

Expanded signals for propane are shown on the right inset
along with a weak signal from H, on the left inset.

hydrogen is present at about 11-12 mol % of the enclath-
rated propane. This is significantly less than what is found
from gas hydrate decomposition just after hydrate synthesis.
This difference likely is due to H, leaking from the hydrate
cages over a period of time on storage and during the NMR
analysis at 173 K244

Determination of cage occupancy

In most cases NMR can provide accurate quantitative data
on cage occupancies. For example, 3C NMR spectra of
methane hydrate consist of two well-separated signals at
—8.2 ppm (large cage), and —4.3 ppm (small cage), which
can be accurately integrated.*® Previously it was found that
the difference in the isotropic chemical shifts of CO, in
large and small cage of CO, hydrate is very small and 3¢
MAS NMR*#%4! cannot separate the signals. We attempted
to obtain the relative occupancies by acquiring static powder
patterns on a sample of hydrate synthesized with '*C-
enriched CO,/H,/D,0O. However, due to the broadness of the
3C HPDEC (high-power proton decoupling) pattern at
—100°C, the CO, lines in the large and small cages could
not be separated. The static pattern at —40°C was resolved
better, but as mentioned earlier CO,/H, hydrate is not stable
at that temperature, and, hence, the result was discarded. In
the case studied for both binary and ternary hydrate, '*C
MAS spectra do not show peak separation sufficient for dis-

tinguishing CO, in small and large cages of the hydrate. In
the absence of distinct signals for CO, in small and large
cages the use of the statistical thermodynamics®® approach
for absolute occupancy of CO, in small and large cavities
could not be used. Nevertheless, with the help of known
hydrate phase composition from gas chromatography and the
information obtained by NMR; an estimate can be made
about cage occupancy values for each gas in the hydrate
cage. For CO,/H, hydrate which forms structure I, NMR
results suggest that 2.74 £+ 0.35 x 10*! CO, molecules are
present in every gram of hydrate (~0.21 gram of CO, per
gram of hydrate). Assuming that all of the large cages of
hydrate have to be filled for a stable CO,/H, hydrate it can
be said that in binary CO,/H, hydrate 100% of the large
cages (within experimental error) are occupied by CO,. This
result is somewhat similar to the result we obtain by infrared
spectroscopy (Figure 8a) where we see most of the CO, is
present in the large cages. However, Figure 8a also shows a
small peak (at 2,346 cm™Y) for CO, in the small cages.
Given the error of + 0.35 x 10*' CO, molecules in our
NMR results it is possible that some of the small cages of
CO,/H, hydrate are actually occupied by CO,. In order to
see the cage distribution of H, we need to look at the 'H
MAS spectra of CO,/H, hydrate in D,O. As discussed ear-
lier (Figure 10), H, molecules occupy only the small cages,
both with single and double occupancies. We assign the sig-
nal at 4.09 ppm to single and 4.26 ppm to doubly occupied
cages.45 The ratio of hydrogen present in a doubly occupied
cavity shows a peak three times stronger than the peak from
single hydrogen molecule in the hydrate structure. In addi-
tion to the NMR results, we know that hydrate phase compo-
sition from gas chromatography suggests that the binary
hydrate consists of 92 mol% CO, and 8§ mol% H, (Table 1).
Using the information from gas chromatography, as well as
from NMR spectra for the cage occupancy calculation, CO,
occupies 100% of the large cages, whereas 9.3% of the
small cages are occupied by bimolecular H, and 6.2% by
single H, molecules (see supplementary section for details of
calculation).

The hydrate from the CO,/H,/C3;Hg mixture at 3.8 MPa is
structure II. Figure 9 shows the B¢ spectrum of the CO,/H,/
C3Hg hydrate. Two closely spaced signals at 17.25 and
16.8 ppm with the intensity ratio of 2:1 are from CH; and
CH, groups of propane in the large cages. The integral
intensity of the signals corresponds to 6.92 x 10*° C3;Hg/g
(0.05 gram C3;Hg per gram of hydrate), which is about 43%
of the large cages filled for this hydrate. The CO, molecules
occupy the remaining 57% of the large cages. For the same
hydrate, the total intensity of the CO, signal corresponds to
1.7 x 10*' CO,/g (0.124 gram of CO, per gram of hydrate).
Since close to 0.068 grams of CO, is present in the large
cages the rest (0.056 gram of CO,) occupies the small cages,

Table 2. Estimate of Cage Occupancy Values Obtained by Combination of Results from Infrared spectroscopy,
Gas Chromatography and NMR. 6 Represents Doubly Occupied Cages

H, CO, C;3Hg Hydration number
Description Hydrate structure Os 05 Os 0y, 0y, n
COy/H, sl 0.062 0.093 0.000 1.000 0.000 7.09
CO,/H,/C3Hg sIT 0.006 0.000 0.340 0.570 0.430 10.05
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which is equivalent to 34.0 % of the small cage occupancy
(Details of the calculation are given in the supplementary in-
formation). Therefore, the NMR results suggest that the large
cages are occupied with CO, and C5;Hg and CO, also occu-
pies 34% of the small cages. Qualitative information from
Infrared spectroscopy also shows that CO, occupies a signi-
ficant number of small cages in the ternary hydrate (Fig-
ure 8b). For the H, distribution over the hydrate cages,
as mentioned earlier, the amount of H, in the hydrate is
~12 mol % (~0.0003 g) of the total amount of propane
(Figure 11) which is equivalent to 0.3% of the small cage
occupancy. This does not match with the hydrate phase com-
position obtained by gas chromatography as shown in Table
1. It has been reported previously that H, can leak through
the hydrate cages on storage.””** Also, NMR only detects
ortho-hydrogen in the hydrate cages which can result in an
up to two-fold underestimation of the actual amount of H, in
the hydrate cages.”’** Therefore, the cage occupancy of H,
in the small cages is greater than 0.6%. The cage occupancy
values are reported in Table 2 for CO,/H, and CO,/H,/C3Hg
hydrate along with the hydration number. The equation used
to calculate the hydration number is given elsewhere.®

Conclusions

In this work, structural and compositional characterization
was carried out on hydrate samples formed from CO,/H,
and CO,/H,/C5;Hg gas mixtures using PXRD, "H MAS NMR
(with rotor synchronized spin echoes), 13C MAS NMR, mass
spectrometry, FTIR (with attenuated total reflection) and
Raman spectroscopy. The information obtained enabled the
determination of hydrate composition and cage occupancy.
Gas hydrates made from (40/60 mol %) CO,/H, mixtures
form structure I hydrate at 8.0 MPa. It was found that the
large cages are almost fully occupied by carbon dioxide and
the small cages were mainly occupied by hydrogen. Further-
more, NMR results suggest that 9.3% of the small cages are
occupied by bimolecular H, and 6.2% by single H, mole-
cules. It was observed that CO,/H, hydrate shows self-pres-
ervation on hydrate decomposition. In a CO,/H, separation
process via gas hydrate formation an additive like propane
reduces the hydrate formation pressure without compromis-
ing the CO, recovery. It was found that by introducing 2.6%
C3Hg in CO,/H, gas mixtures the ternary mixture forms pure
structure II hydrate at 3.8 MPa. In the resultant hydrate CO,
(57 %) and C3Hg (43 %) share the large cages and a signifi-
cant portion of small cages is occupied by CO, (34 %).
Based on the results obtained from this work it can be said
that hydrogen occupies the small cages of structure I, as
well as structure II hydrate. FTIR was found to be a very
important tool to suggest the occupancy ratio of CO, in the
small and large cages, which otherwise is a very difficult to
obtain parameter by Raman/NMR spectroscopy
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