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Online Observation of Structure Information of Mixed-Gas Hydrate
Containing High Concentration of CO2 Based on Raman Spectroscopy
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The research on the micro crystal structure of coal mine gas (CMG) hydrate is especially significant for the
technology of gas hydrate separation. Raman spectroscopy is an effective method for on-line analysis of gas
hydrate microstructure. Using Raman spectroscopy to observe the microstructure of mixed-gas hydrate crystals
formed by three kinds of gas samples under two driving forces, which contain a high concentration of carbon
dioxide. This experiment obtained information about the hydrate crystals, including large and small cage
occupancy, and obtained the hydration number indirectly based on the statistical thermodynamic model of
van der Waals and Platteeuw. The results show that the large cages of hydrate phases are nearly fully occupied
by carbon dioxide and methane molecules together, with the occupancy ratios between 97.70% and 98.70%.
Most of the guest molecules in large cages are carbon dioxide (75.82% ~ 94.00%) and only a few are filled with
methane (4.70% ~ 31.50%). However, the small cage occupancy ratios are generally low, in the range from
18.28% to 66.06%, and the guest molecules are all methane. The cage occupancy, both large and small, which
methane occupied, increased as the methane concentration in the gas sample increased. However, the large
cage occupancy, which methane occupied, is lower than the small cage. In addition, the hydration number of
three kinds of gas samples in different systems is from 6.38 to 7.32. The occupancy of small cavities increased as
the methane concentration in the coal mine gas sample increased, while the hydration number decreased.
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1. Introduction

As a clean energy, coal mine gas (CMG) has been widely
used around the world. However, the utilization of CMG
is still low in some areas because it contains a high concen-
tration of carbon dioxide, but methane concentration is low.
This kind of CMG needs to separate and purify methane
from the CMG mixture before being used. The gas hydrate
separation technology could not only separate and purify
methane from the CMG mixture, but it could also directly
control carbon dioxide discharged into the atmosphere,

preventing the greenhouse effect from intensifying [1-4].

The fundamental structure of gas hydrate is that water
molecules are bonded to each other by hydrogen bonds to
form cage holes in which gas molecules are enveloped to
form envelope compounds. The gas storage capacity is the
key research point of gas hydration separation technology
and an important parameter for measuring the gas storage
capacity of hydrate [5-7]. Gas storage capacity is deter-
mined by the hydration number. The molecular formula
of hydrate is M-nHO, “n” is hydration number [8, 9]. As
a basic research method, micro laser Raman spectroscopy
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can accurately obtain the chemical composition, crystal
structure, cage occupancy, and hydration number of the
sample without interference from surrounding substances
[10-13].

Using Raman spectroscopy, X-ray, and NMR, re-
searchers carried out a lot of research on the crystal struc-
ture and other information about hydrates compounded
in the laboratory and existing in nature. This avoided the
complicated calculation process of some parameters [14—
17]. The hydration number of pure CHy hydrate measured
by Uchida et al. [8] is basic at 6.2. Large cages CHy oc-
cupied is more than small cages. A series of hydration
numbers of CHy hydrate obtained by Liu et al. [16] and
Liu et al. [18] in different systems of synthesis in the labo-
ratory ranges from 6.05 to 6.15, but the sample of natural
gas hydrate recovered from the Shenhu Area in the South
China Sea is closer to the theoretical value (5.99 + 0.04).
Gborigi et al. [9] determined the presence of CO; in both
the liquid and hydrate forms of the composite, and the
hydration number is low (2.15-3.60); this may be attributed
to the high fraction of water-filled pores in the hydrate
composite. Sum et al. [19] measured two vapor composi-
tions of the CHy + CO; system; the large cages are nearly
completely occupied by both CH4 and CO; , whereas only
a small fraction of the small cages are occupied by CHy,
and the hydration number is 7.27-7.45. This test result is
more close to Huai-yan et al. [20]. Subramanian et al. [21]
obtained the hydration number of the CH;+CyHg system
(6.51-7.66), and the large cage occupancy is higher too. For
complex multivariate mixed systems, Prasad and Kiran
[12] demonstrated the existence of mixed hydrates, even
under low-pressure. Prasad et al. [22] also suggest that
it needs to be combined with other techniques to confirm
cage occupancy. To summarize, the hydration number is
influenced not only by growing conditions, but also by the
test method and calculation method.

Using an online testing experiment platform for CMG
hydrate built by the laboratory, we could use Raman spec-
troscopy to make a nondestructive evaluation of the hy-
drate. Meanwhile, we could avoid the trouble that gas
hydrate is easy to decompose under normal pressure. This
paper intends to conduct online testing to obtain the struc-
ture information of a mixed-gas hydrate containing a high
concentration of CO,. The final goal is to get more crys-
tal information and the transformation law, and therefore
accelerate the gas hydrate technique industrialization.
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Fig. 1. In-situ test system of gas hydrate reaction

2. Experimental

2.1. Equipment and reagents

Based on the Confocal Visible Microscope Raman Spectrom-
eter of LabRAM HR800 produced by Horiba Jobin Yovin
of France, we built the online testing experiment platform
for CMG hydrate. It consists of a Raman Spectrometer, an
in-situ reaction kettle, a constant temperature system, a gas
sample charging system, and a data acquisition system.

The in-situ reaction kettle made of stainless steel is
equipped with sapphire windows to ensure the laser passes
through completely and easily observes the reaction pro-
cess, with 3 ml of effective volume, and the maximum test
pressure attains up to 20 MPa, as shown in Fig. 1. Six exper-
iments were conducted in this paper. The main reagents
were the distilled water (lab homemade) and the CMG con-
taining a high concentration of CO, (supplied by Harbin
Liming Gas Co., Ltd.). The gas composition was chosen so
that it represents the industrial composition. The experi-
mental system is shown in Table 1.

2.2. Gas hydrate preparation

Inject distilled water into the reaction kettle and then use
the constant temperature system to adjust the temperature
of the reaction kettle. When the temperature of the reaction
kettle drops to 2 °C, charge the gas sample into the kettle
until it reaches the required pressure, then stew the kettle
and observe the pressure change. After waiting for the
kettle’s inside pressure to remain constant, let it stand for 3
days and then begin the spectrum test.

2.3. Spectrometer parameters

The lateral resolution of the Raman Spectrometer is lower
than 2 ym; and it’s equipped with a 785 nm and a 532
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Table 1. The initial conditions of gas hydrate reaction experiment

Gas sample  volume of the solution/ml  initial temperature/°C  initial pressure/MPa
a1 4.8 (AP=3.0)
5.3 (AP=3.5)
49 (AP=3.0)
G2 15 2 5.4 (AP=35)
5.0 (AP=3.0)
G3 5.5 (AP=3.5)

Note: G1: 80%CO2+6%CH4+14%N2;
G2: 75%C0O2+11%CH4+14%N2;
G3: 70%C0O2+16%CH4+14%N2.

nm laser. Scattering light is collected in backscatter geom-
etry and dispersed off of 1800 and 600 gv/mm gratings.
A 50x telephoto lens and software from Labspec are also
equipped.

2.4. Test condition and method

The Raman shift of the molecule is related to the vibration
and rotation level only and has nothing to do with the fre-
quency of incident light, and the intensity of the spectral is
proportional to the intensity of incident light and sample
concentration. This is why the Raman Spectrometer could
provide qualitative and quantitative analysis of the molecu-
lar structure of gas hydrate as a basic research method. 50x
telephoto lens, 532 nm laser, 400 m confocal hole, 200 ym
slit, and 60s integral time are the experimental conditions.
Before the test, a monocrystalline silicon piece (Raman peak
at 520.7 cm~1) was used to check the Raman spectrometer
first in order to get more accurate Raman spectral informa-
tion. The Raman spectroscopy test focuses on the peak of
CO2 and CH4 hydrate phase, so the collection interval of
the Raman peak is from 500 cm ™! to 1900 cm ! and from
2300 cm ™~ t0 3900 cm ™!

3. Results and Analysis

The change process of the gas and liquid phases in the
reaction kettle was observed during the experimental pro-
cess. Typical images of gas sample 2 (5.4 MPa) during
the experiment process were shown in Figure 2. When
experiments were carried out for 5 min, white hydrate par-
ticles appeared on the gas-liquid interface in the kettle, as
shown in Fig. 2(a), and the experimental pressure at this
time was 5.26 MPa. With the process of reaction, white
glacial hydrate occur area increased, and the liquid phase
dropped off, shown in Fig. 2(b). With further response,
system pressure approached equilibrium, and there was
no liquid phase to be seen inside the kettle. The hydration
reaction was complete, as shown in Fig. 2(c).

3.1. Raman spectra of gas phase

Continuous testing work was carried out on gas samples
of two kinds of driving force in six experimental systems
during the hydration process. The test result is shown in
Fig. 3. Because CO; is a linear molecule, it has four kinds
of modes of vibration: symmetrical stretching vibration v1,
antisymmetric stretching vibration v3, and tow bending
vibrations v2 and v4 [23]. Because Fermi resonance exists in
CO; molecules, this causes a hybrid excited state division
and the Fermi resonance bimodal form. The Fermi reso-
nance bimodal presents two characteristic spectral bands
in the Raman spectra, and the high frequency is at 1386
cm ™1, and the low frequency is at 1282 cm~1 [23, 24]. The
thermal spikes produced by the transition state lie on both
sides of two spectral lines. The spectrum of symmetrical
stretching vibration vl of the C-H bond in the CHy gas
molecule measured in the experiment presented a signal
at 2916 cm™!; the spectrum of stretching vibration of the
N-N bond in the Nj gas molecule presented a signal at
2324 cm 1. The peak area histogram of the gas molecule
is shown in Fig. 4. The Raman spectra of the carbon diox-
ide spectrum peak intensity is the largest, followed by the
methane spectral peak, and the lowest is the nitrogen spec-
tral peak, and the concentration range of three kinds of gas
in the gas sample, from large to small, are carbon dioxide,
methane, nitrogen, so it can be seen that the peak area and
the gas concentration were positively related in the figure.

3.2. Raman spectra of hydrate phase

The basic structural characteristics of cage hydrate are that
the host molecules (water) are connected in space through
hydrogen bonds to form polyhedral pores of different sizes,
and the pores develop into cage hydrate lattices through
vertex or plane connections. There are usually three types
of crystal structure in gas hydrate: structure I, structure II
and structure H. Normally, small guest molecules whose
molecular diameter is 4.2 ~ 6 A such as CHy, COy, et al.,
can only occupy the hydrate cavity of structure I and form
metastable hydrates of structure I. The Raman spectra of
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Fig. 5. Raman spectra of CO,-CHy gas hydrate

the 6 group hydrate phase in two kinds of thermodynamic
conditions is shown in Fig. 5. The Raman spectra reveal the
presence of two Raman shifts at low wave numbers (1279
and 1383 cm™!). The two Raman shifts are the Fermi
resonance bimodal of CO, molecules in the hydrate phase
[24], and it’s the CO, molecules which occupied the large
cavity of structure I [19, 25]. The CH4 molecule has two
Raman shifts too, 2904 cm~1 and 2915 cm 1. According to
the loose cage-tight cage model [26], compared with gas
molecules of CHy, the C-H band adjustable frequency of

C1’1’171

CHy molecules caught in “loose cage” (large cavity) has a
“blue shift”, but the C-H band adjustable frequency of CHy
molecules caught in “tight cage” (small cavity) is close to
the gas phase. So 2901 cm ™! is the CH4 molecule occupied
in the large cavity, and 2915 cm~! is the CH; molecule
occupied in the small cavity.

The result of the hydration reaction experiment showed
that consumption of CO, gas formed hydrate of structure
Iand occupied the large cavity only. Preliminary analysis
shows the molecular dimension of CO; gas is too large to
occupy the small cavity of the structure I in this thermody-
namic condition. CH,; molecules could occupy both large
and small cavities of structure I.

3.3. Hydration number (1)

The molecular formula of gas hydrate in structure I is
8M-46H,0, which can also be written as M-5.75H,0O. There-
fore, the theoretical value of hydration number is 5.75, con-
cluding 46 water molecules, composed of 6 large cavities

and 2 small cavities. Based on the statistical thermody-
namic model of van der Waals and Platteeuw, we can con-
firm cage occupancy and hydration number in the CO;-
CHy system.

GL/GS = IL/3IS —>

T
Apwy = ~ 23 [3In (1—6p,co, —bLch,) +
In (1—65co, — bs,cH,) |

n =23/ (36, co, +30r,cH, + 0sco, + 0s,cH,)

Where 6 and 65 are the fractional occupancy of large and
small cavities respectively, I, and Is are the Raman spectra
intensity of large and small cavities respectively, Ay p is
the chemical potential difference of water in hydrate lattice
and liquid water, used in the calculation was 1297 J/mol.
In order to obtain the changes in cage occupancy and
hydration number during the growth of the CMG hydrate
phase, Raman spectral curves of each growth stage are
integrated to obtain the corresponding peak area data. Ac-
cording to the peak areas corresponding to the Raman dis-
placement of the three CMG samples at different moments
of hydrate growth, the relative occupancy rates of each cage
in the hydrate of the CO,-CHy binary system can be de-
termined (65 ch,/0s,co,, 0L,cH,/0L,co,, OL,cH,/bs,cH, and
01,co,/0s,co,)- Then, the cage occupancy and hydration
number of CMG hydrate in each system were obtained.
The experimental results are shown in Table 2. The
result shows that under the two kinds of driving force,
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Table 2. Hydration numbers and cage occupancies of gas hydrate in different system

DeltaP/MPa  Gassample 0 co,/% 01cH,/% 0sch,/% hydration number (1)
Gl 94.00 4.70 18.28 7.32
3.0 G2 67.02 31.50 33.87 6.98
G3 75.82 22.75 29.93 7.14
Gl 93.37 5.23 22.12 7.23
3.5 G 90.06 8.46 3242 7.01
G3 81.08 17.07 66.06 6.38

the large cavity of gas hydrate is nearly filled with guest
molecules, and the cage occupancy changed little (97.70%~
98.70%); among them, CO;, is the vast majority (75.82% ~
94.00%), and only a little CHy (4.70% ~ 31.50%). The small
cage occupancy is generally low (18.28% ~ 66.06%), and
all of them are CHy. The preliminary analysis shows that
the low concentration of CHy in the CMG sample leads
to a low occupancy rate of CH4 molecules in large and
small cavities. In the calculation results, with the increase
of CH4 concentration in the gas sample, the occupancy of
CHy4 molecules in both large and small cavities increased,
and the occupancy of CHy molecules in large cavities is
lower than that in small cavities. This may be because
CO; and CH, molecules occupy large cavities together in
the CO,-CHy system of this thermodynamic condition, so
there is a competitive relationship between the two kinds
of gas molecules and CO; concentration is higher than CHy
concentration. Some of the CHy molecules could occupy
small cavities smoothly. So this kind of result appeared.
In addition, the hydration number of three kinds of gas
samples in different systems is from 6.38 to 7.32. The occu-
pancy of small cavities increased as the CHy concentration
in the CMG sample increased, while the hydration num-
ber decreased. And with the increase in driving force, the
hydration number of hydrates formed by the three gas
samples showed a decreasing trend. This suggests that
the higher driving force helps to enhance the gas storage
capacity of gas hydrate.

4. Conclusion

Raman spectroscopy is an effective method for on-line
analysis of gas hydrate microstructure. The crystal mi-
crostructure of CMG hydrate at different times of growth
was observed by the Raman spectroscopy online test plat-
form. The cage occupancy was measured and the hydration
number and other structural information were obtained
indirectly.

In the experiments, large cavities were nearly fully filled;
occupancy of large cavities was maintained from 97.70%
to 98.70% and changed little. Most of the gas molecules
occupying large cavities are CO, (75.82% ~ 94.00%). CHy

molecules are only a little (4.70% ~ 31.50%). Occupancy
of small cavities is generally low (18.28%~ 66.06%) and
only occupied by CH, molecules. With the increase in CHy
concentration in the gas sample, the occupancy of CHy
molecules in both large and small cavities increased, and
the occupancy of CH4 molecules in large cavities is lower
than that in small cavities. In addition, the hydration num-
ber of three kinds of gas samples in different systems is
from 6.38 to 7.32. The occupancy of small cavities increased
as the CHy concentration in the CMG sample increased,
while the hydration number decreased. And with the in-
crease in driving force, the hydration number of these three
kinds of gas samples decreased.

Online Raman spectroscopy observation technology can
accurately determine the molecular structure and other in-
formation of gas hydrate and reveal the transformation law
of gas hydrate microstructure. This has certain guiding sig-
nificance for research on the formation and decomposition
mechanisms of gas hydrates and for realizing industrial
applications of the technology of gas hydrate separation.

This study only discussed the Raman spectrum infor-
mation of the mixed-gas hydrate formed by three kinds
of gas samples under two driving forces, which contained
a high concentration of CO; in the preliminary. We still
need further study to obtain more detailed crystal structure
information, transformation law, and influence mechanism
of gas hydrate.
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