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Accurate determination of the characteristics of coal mine gas separation products is the
key for gas separation applications based on hydrate technology. Gas hydrates are
synthesized from gases with two types of compositions (CO,-CH,4-Ns). The separation
products were analyzed by in situ Raman spectroscopy. The crystal structure of the
mixed-gas hydrate was determined, and the cage occupancy and hydration index were
calculated based on the various vibrational modes of the molecules according to the “loose
cage-tight cage” model and the Raman band area ratio combined with the van der Waals-
Platteeuw model. The results show that the two mixed-gas hydrate samples both have a
type | structure. Large cages of mixed-gas hydrate are mostly occupied by guest
molecules, with large cage occupancies of 98.57 and 98.52%; however, small cages
are not easy to occupy, with small cage occupancies of 29.93 and 33.87%. The average
cage occupancies of these two hydrates are 81.41 and 82.36%, and the stability of the
crystal structure of the mixed-gas hydrate in the presence of 75% CO, is better than that of
the mixed-gas hydrate in the presence of 70% CO,. The hydration indices of the two
hydrate gas samples are 7.14 and 6.98, which are greater than the theoretical value of
structure |.

Keywords: gas hydrate, Raman spectra, crystal structure, cage occupancy, hydration index

INTRODUCTION

Methane is the main component of coal mine gas in outburst-prone coal seams in China, but there
are still many coal seams that mainly contain carbon dioxide, such as the Yaojie coal field in Gansu,
the Yingcheng coal field in Jilin, and the Helong coal field (Li et al., 2011; Wang et al., 2009; Shu-Gang
et al., 2000). However, due to the complex behaviors of gas mixtures and the lack of separation and
utilization technologies suitable for the high concentrations of carbon dioxide in coal mine gas, the
carbon dioxide extracted from outburst-prone coal seams is directly discharged into the atmosphere.
Studies have shown that (Wu et al., 2009; Wu and Zhang, 2010; Wu et al., 2009) gas hydrates have
three advantages: mild formation conditions (2-6 MPa, 0-10°C), a high gas fraction (specifically,
1 m’ of hydrate contains approximately 160-210 m® of coal mine gas in a standard environment),
and good storage stability and safety (stable storage in the range of —15 to —10°C at atmospheric
pressure). Herein, this project proposes a new method for the separation and storage of high
concentrations of carbon dioxide in coal mine gas (Wu et al., 2009). Water molecules serve as a
crystal host framework that is stabilized by the inclusion of suitably sized guest molecules. There are
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three well-known hydrate structures (Ripmeester et al., 1987;
Sloan and Koh, 2008): cubic structure I, cubic structure II and
hexagonal structure H. The ideal formulas for cell structures are
8M-46H,0, 24M-136H,0, and 6M-34H,0O (where M stands for
molecules). The formula of the hydrate crystal cell structure can
be written more generally as mM-nH,O (where n is the hydration
index). The results showed that gas hydrates are
nonstoichiometric crystalline inclusion compounds; therefore,
the key indicators for high concentrations of carbon dioxide in
coal mine gas hydrate separation products are crystal structure,
cage occupancy and hydration index.

However, the analysis of hydrate characteristics has been
conducted only at the macroscopic scale to date, and some
parameters are determined by temperature and pressure
change rates. It is difficult to observe microscopic details after
hydrate formation (Li et al., 2008; Li et al, 2012). With the
progress in modern analytical methods, Raman spectroscopy
(Raman), nuclear magnetic resonance (NMR) spectroscopy,
X-ray diffraction (XRD), and other precision analytical
methods have been widely used to study gas hydrates (Uchida
etal., 2003; Yoon et al., 2004; Lu et al., 2007), making it is possible
to observe the microscopic characteristics of hydrates and
allowing research to be more detailed and accurate.

In micro laser Raman spectroscopy (MLRM), the incident
light is focused on a sample through a microscope, yielding

various Raman spectral information such as chemical
composition, crystal structure, molecular interactions, and
molecular orientations without interference from the

surrounding material. Micro laser Raman spectroscopy has
been widely used in various fields (Lin-Tao et al,, 2007; Qin
et al, 2007a,b; Burke, 2001; Hong-Rui et al., 2003; Wang and
Yang, 2007; Liu et al,, 2007; Liu et al., 2007). In recent years,
domestic and international scholar have successfully applied it to
study pure CHy, pure H,, pure CO, hydrate and binary systems,
and it has certain advantages for the study of hydrate crystal
microparameters (Susilo et al., 2007; Luzi et al., 2012; Huang et al.,
2020). Liu Chang-ling et al. (Liu et al., 2010) used a laser Raman
spectrometer to calculate the corresponding hydration index and
cage occupancy for an aqueous sodium dodecyl sulfate (SDS)-
methane system, a powder ice-methane system and a sand-
methane system consisting of sand with different particle sizes.
Sum et al. (Sum et al, 1997) studied the methane hydrate
structure and reported that methane gas fills 5'* cages to form
cage structures. Uchida et al. (Uchida et al., 1996) measured the
density of CH,; and CO, guest molecules by the Raman
spectroscopy method. Alondra Torres Trueba et al. (Trueba
et al, 2012) applied laser in situ observations of H,-TBAB
hydrate to study the security of hydrogen storage and
transportation. Yuya Hiraga et al. (Hiraga et al, 2019)
analyzed the cage occupancy of thin homogeneous methane
hydrate (MH) films at 2.9-7.6 MPa and 273-276 K. The MH
films were synthesized on the lower surface of a sapphire window
of a high-pressure cell to eliminate the noise associated with C-H
stretching vibrations of bulk methane gas. Intermediate to small
cage occupancy ratios were determined for the MH films to assess
the reliability of the deconvolution functions used in data
reduction. Hiroyuki Komatsu et al. analyzed methane clathrate
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hydrate dissociation with Raman spectroscopy and a
thermodynamic mass transfer model to determine cage
occupancy (Komatsu et al, 2019). The kinetics of methane
and methane/propane hydrate formation/dissociation were
investigated (Truong-Lam et al, 2020). The results of an in
situ Raman analysis revealed that methane and methane/
propane hydrates showed different spectral features for the
O-H stretching band depending on the gas hydrate structure
type (Truong-Lam et al, 2018). Spectroscopic analysis of a
multivariate hydrate system is relatively limited, and there are
currently no reports on Raman spectroscopic analysis of high
CO, concentrations in mixed-gas hydrates.

Herein, the author simulated a high-pressure and low-
temperature environment with a self-developed cell with a
metal jacket and a sapphire window to synthesize a CO,-CH,-
N, mixed-gas hydrate, analyzed the crystal structure of the
hydrate separation product, and calculated the cage occupancy
and hydration index.

EXPERIMENTAL SECTION

Equipment and Materials

The experimental apparatus consisted of a laser Raman
spectrometer, a gas supply system, a jacketed cooling-type
high-pressure visual cell, a temperature control system, a data
acquisition system and other parts. A high-precision Lab RAM
HR-800 type visible confocal Raman microscope (JY Company,
France) was used to study the gas hydrates and was equipped with
an automatic platform, an open confocal microscope system with
a spatial resolution of <1 pum in the horizontal direction and
<2 um in the vertical direction, a 785 and 532 nm laser, 1800
lines/mm and 600 lines/mm gratings and a 50x telephoto lens. In
addition, to characterize the products of high-CO, mixed-gas
hydrate gas separation, nondestructive and accurate
measurements were made by means of an independently
designed cooled-jacket in situ high-pressure reactor with a
sapphire window to ensure full transparency of the laser and a
visual reactor with an effective volume of 3 ml at a compression of
20 MPa. A photograph of the in situ Raman spectroscopy test
apparatus in which the mixed-gas hydrate separation products
were characterized is shown in Figure 1.

Sample Preparation and /In Situ Raman

Spectroscopic Analysis

Sample Preparation

CO,-CH,4-N, mixed-gas hydrates were synthesized in a high-
pressure cell with a 3 ml capacity and a sapphire window with a
diameter of 1.5cm. The evacuated cell was half-filled with
deionized water, and the reaction kettle was cleaned two to
three times by the same gas sample. The experimental reactor
temperature decreased to 1°C and remained stable, and then the
reaction kettle was filled with gas to a pressure of 5 MPa. The
specific initial conditions are shown in Table 1. When the
experiment lasted 6 min, the sample in the experimental
reactor at the gas-water interface appeared as a white granular
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FIGURE 1 | Apparatus for hydrate measurements using in situ Raman spectroscopy.

Iliee

TABLE 1 | The initial conditions for hydrate synthesis.

Gas Initial pressure P/MPa

1 (70%COx+16%CH4+14%N,) 5
2 (75%C0,+11%CH,+14%N,)

Initial temperature T/°C Vapor-liquid ratio

1 75

FIGURE 2 | Typical photos of the hydrate formation process.

hydrate, as shown in Figure 2A, and the pressure decreased to
4.17 MPa. After refrigeration for 28 min, a white hydrate area
appeared along the reactor wall and the reaction kettle windows;
this hydrate area continued to grow, gradually blurring the
initially transparent experiment kettle windows and reducing
visibility in the kettle, as shown in Figure 2B. As the
hydration reaction continued for 75min, a white snow-like
hydrate nearly filled the whole cell; the hydrate gas pressure
no longer changed, indicating that the hydration reaction had
reached equilibrium and that hydrate formation had ended, as
shown in Figure 2C. Raman in situ analysis was performed after
3-5 days.

In Situ Raman Spectroscopic Analysis

A laser Raman spectrometer was used to analyze a silicon sample,
with an excitation wavelength of 532 nm, a power of 40 mW, a
spectral acquisition range of 1000-3100 cm ™", and an integration
time of 40s. At total of four scans were accumulated. The
experimental data in this article is the average data obtained
through repeated experiments of three measurements.

RESULTS AND DISCUSSION
Analysis of Crystal Structure

Raman spectra of the guest gas provide important information
about the hydrate structure, the mechanism of hydrate
formation/decomposition, the cage occupancy, the hydration
index, the composition of the hydrates and the molecular
dynamics. The hydrate structure can be determined by
comparing Raman data or comprehensively considering other
spectral information. Figures 3A,B show the Raman spectra of
mixed-gas hydrates with CO, concentrations of 70 and 75%,
respectively. The information obtained by the Raman spectra is
shown in Table 2.

According to the hydrate “loose cage-tight cage” model
(Subramanian and Sloan, 2002), in a “loose cage”—CH,
molecules captured in a large cage—the C-H stretching
frequency compared with that of free CH, gas molecules has
an obvious blueshift. In a “tight cage”—CH, molecules in a small
cage—the C-H stretching frequency approaches that of free CH,
gas molecules. The frequencies of CH, molecules in the large cage
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TABLE 2 | The information provided by Raman spectroscopy.

Gas Raman shift/P (cm™) Raman area

1 1272 329.4
1381 512.5
2898 2481
2914 327.0

2 1277 310.3
1383 526.6
2899 389.5
2915 420.3
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FIGURE 3 | (A) Raman spectra of 70% CO, mine mixed-gas hydrates.
(B) Raman spectra of 75% CO, mine mix8lJed-gas hydrates.

were 2898 cm™ and 2899 cm™’, and the frequencies of CHy

molecules in the small cage were 2914 cm™" and 2915 cm™.
To date, the study of CO,-CH, mixed hydrates has been
limited, and in order to confirm that CO, is occupying the
hydrate small cage? The author made the following three
assumptions regarding the hydrate in gas sample 1: 1) the
frequencies of CO, molecules occupying large cages were
1272cm™! and 1381 cm™’; 2) the frequencies of the CO,
molecules occupying large cages and small cages were
1272 cm™" and 1381 cm™, respectively; 3) the frequencies of
the CO, molecules occupying small cages and large cages were
1272 cm™" and 1381 cm ™, respectively. The same assumptions
were also made for the hydrate of sample 2. The author
determined that the ratio of the Raman peak areas of the large
cage and the small cage was approximately 3:1 when the Raman
shifts of 1272em™',1381em™, 1277cm™ and 1383 cm™
attributed to the CO, stretching and bending vibrations

corresponded to CO, molecules captured in large cages. Other
assumptions regarding structure | or Il hydrates were not satisfied;
rather the results indicated that the two CO, and CH, mixed-gas
hydrate samples under a pressure of 5MPa and an initial
temperature of 1°C and were both structure | hydrates.

The Raman shifts of 1272 cm ™" and 1381 cm™" were attributed
to the stretching and bending vibrations of CO, molecules in
large cages, and the frequencies of CH, molecules in large cages
and small cages were 2898 cm ™' and 2914 cm ™, respectively, for
structure 1 hydrates. The Raman shifts of 1277 cm™' and
1383 cm™' were attributed to the stretching and bending
vibrations of CO, molecules in large cages, and the
frequencies of CH, molecules in large cages and small cages
were 2899 cm™' and 2915cm™', respectively, for structure 2
hydrate. As the CO, concentration increased, the CH,
concentration decreased, and the Raman shift of the mixed-
gas hydrates varied.

Calculations of the Age Occupancy and
Hydration Index

The ratio of the Raman spectral band area of the small cage to that
of the large cage can be combined with a statistical
thermodynamics equation to calculate the hydrate cage
occupancy and hydration index (Ripmeester and Ratcliffe,
1988; Uchida et al., 2004; Lu et al., 2005; Hester et al., 2007;
Lu et al., 2007). The number of large cages is three times that the
number of small cages in a structure I hydrate; as a result, the
occupancy of large cages should be greater than the total object
number of molecules in small cages. Correspondingly, the band
areas reflect the guest molecule occupancy of the two cage sizes.
The ratio of the guest gas occupancy in a large cage to that in a
small cage can be calculated by using the following formula.

hok m
s s
where 0; and 05 are the absolute cage occupancies in the large
cage and small cage, respectively, and I; and Ig are the Raman
peak areas for the large cage and small cage, respectively.

The calculation for a multiple-occupancy hydrate cage system
is similar to that of a pure gas hydrate. CH, and CO, mixed-gas
hydrates were synthesized in the two experiments, and the CH,
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FIGURE 4 | Cage occupancy of hydrates.
and CO, relative occupancies, 0sch,/0sc0,, Orcm/OBLco,,  concentration of 75%, the mixed-gas hydrate cage occupancies

OLcn,/Oscr,, and  Opco/0sco,, were calculated by
deconvolution of the Raman spectra. The van der Waals and
Platteeuw hydrate statistical thermodynamic model was used to
determine the CO, and CH, cage occupancies in the large and
small cages, and the method for calculating the cage occupancy is

similar to that for a pure gas hydrate.

RT
A‘uwﬂ = —g [3 ln(l - GL,COZ - 6L,CH4) + ln(l - GS,COZ - GS,CH4)]

2
Ay = Aty ®)

When the gas, water, and hydrate phases are in equilibrium, the
chemical potential difference Apyw z of molecules in the empty
crystal lattice of the structure I hydrate usually takes a value of
1297 j.mol’1 [(Lei et al., 2005)]. This value was calculated with Eqs
2, 3 combined with the occupancies of CO, and CH, in the large
and small cages, GS,CH/HS,COZ: eL,CHA/GL,coz, eL’CH/@s)CH‘P and
0L.co,/0s.co,-

The formula for calculating the hydration index is as follows:

23
n=
36L,COZ + 36L,CH4 + es,coz + OS,CH4

4

The peak areas of the large cage and the small cage can be
determined from the cage occupancy by applying Raman
integration software, as shown in Figure 4. In gas 1, 0 cn/
9L,Coz =0.3 and, GL,CH4/65,CH4 =0.76. In gas 2, HL,CH/@L,COZ =047
and 0 ¢y /0scn, = 0.93. According to Egs. 2-4, for a CO,
concentration of 70%, the mixed-gas hydrate cage occupancies
were GL,COZ = 75.82%, QS,CH4 =29.93%, and GL,CH4 = 22.75%; the
large cage occupancy reached 98.57%, the small cage occupancy
reached 29.93%, and the hydration index was 7.14. For a CO,

were echo2 = 6702%, GS,CH4 = 3387%, and eL,CH4 = 3150%, the
large cage occupancy reached 98.52%, the small cage occupancy
reached 33.87%, and the hydration index was 6.98. In both cases,
the values are greater than the theoretical value for a structure |
hydration index. Large cages of mixed-gas hydrates are mostly
filled by guest molecules, whereas only a few CH, molecules
occupy small cages. When the CO, concentration in the mixed
gas is higher, the CO, occupancy of the large cage is much larger
than the CH,4 occupancy. Analyses showed that the ability of a
guest gas to fill large and small cages is positively related to its
concentration under the given temperature and pressure
conditions.

Analysis of the Average Cage Occupancy
To some degree, the stability of the whole crystal structure
depends on the cage occupancy. When more hydrate crystal
cages were occupied by guest molecules, the hydrate crystal
structure was more stable. The average cage occupancy was
computed by Eq. 5. When the CO, concentration was 70% of
the mixed-gas hydrate, and the average cage occupancy was 0, =
81.41%. When the CO, concentration was 75% of the mixed-gas
hydrate, the average cage occupancy was 0, = 82.36%. It follows
that the stability of the crystal structure with a CO, concentration
of 75% of the mixed-gas hydrate was better than that of the
structure with a CO, concentration of 70%.

36, + 6,

04 1

©)
Marisa (Rydzy et al, B2007) showed that CH, molecules are
known to occupy small as well as large cages of structure I
hydrates, whereas CO,, in general only occupies the large
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cavities in this structure. the guest-to-cavity size ratios for the
methane and carbon dioxide molecules indicate that CO, (0.834)
stabilizes the large cage better than CH, (0.744). it can be
concluded that the more CO, molecules are encaged in the
large cages of the sI hydrate lattice instead of CHy, the more
stable the lattice becomes. In this work, To some degree, When
the CO, concentration was 70% of the mixed-gas hydrate, the
average cage occupancy was 0A = 81.41%. When the CO,
concentration was 75% of the mixed-gas hydrate, the average
cage occupancy was 0A = 82.36%. It follows that the stability of
the crystal structure with a CO, concentration of 75% of the
mixed-gas hydrate was better than that of the structure with a
CO, concentration of 70%. Consequently, the stability of CO,-
CH, hydrates might reach a maximum when all of the large
cavities are filled with CO,.

CONCLUSION

Analysis shows that CO, and CH, formed mixed-gas hydrates
under a pressure of 5 MPa and an initial temperature of 1°C; at
the same time, the mixed-gas hydrates were both structure |
hydrates. As the CO, concentration increased and the CH,
concentration decreased, the Raman shift of mixed-gas hydrate
change slightly.

The occupancies of the large cages of two mixed-gas hydrates
were 98.57 and 98.52%, while the occupancies of the small cages
were 29.93 and 33.87%. The results showed that the large cages of
the mixed-gas hydrates were easily filled by guest molecules, while
the small cages were not, and the stability of the crystal structure
at a CO, concentration of 75% of the mixed-gas hydrate was
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