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Estimation of Gas Composition and Cage Occupancies in CHs-C2H¢ Hydrates

by CP-MAS 13C NMR Technique
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CP-MAS 3C NMR measurements were carried out on mixed gas hydrates containing CHs~C,Hs. The changes
in NMR chemical shift values for CHs and C;Hg clearly corresponded to the structural changes in the hydrate
structure. The encaged gas compositions estimated by the integrated '*C NMR signal intensities agreed well
with the dissociated gas compositions measured by gas chromatography. Therefore, the gas composition in
mixed gas hydrates can be directly estimated from the '*C NMR spectra. The cage occupancies of the small and
large cages of the hydrates were estimated from the >*C NMR spectra on the basis of a statistical thermodynamic

model.
decreased with increasing C,Hg concentration.
molecules rather than CH4 molecules.
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The large cages were almost fully occupied with guest molecules, whereas small cage occupancy
Therefore, large cages are highly preferentially occupied by CoHs
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1. Introduction

Natural gas hydrates are expected to provide natural
gas resources in the future. The scientific fundamen-
tals and the technical developments relevant to gas hy-
drates were recently reviewed”. Gas hydrates are
crystalline clathrate compounds which are stable under
low-temperature and high-pressure conditions. The
cages of natural gas hydrates mainly contain methane
(CH4). However, other hydrocarbons such as ethane
(C2Hg), propane (C3Hg), and isobutane (i-CsHi9) may be
encaged together with CH4?. Three crystallographic
structures are known for gas hydrates, structure I (sI),
structure II (sIT), and structure H (sH)"». Both C,Hg
hydrate and CHa4 hydrate have the sI structure, in which
the unit cell consists of 46 H>O molecules (two small
cages with twelve pentagonal faces (5'%), and six large
cages with twelve pentagonal and two hexagonal faces
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(5'%6%)). Mixed gas hydrates containing CHsC>He
with appropriate gas compositions have the sII struc-
ture, in which the unit cell consists of 136 H.O mole-
cules (sixteen small cages with twelve pentagonal faces
(5'?) and eight large cages with twelve pentagonal and
four hexagonal faces (5'26*))*.

The structure of natural gas hydrates is important to
clarify for the estimation of the amount of natural gas,
since the gas capacity in the hydrate crystal depends on
the structure. The X-ray diffraction (XRD) method
has been widely used to determine gas hydrate struc-
tures?-»,  13C NMR spectroscopy is also useful to
determine hydrate structures containing hydro-
carbons?*:9),

The cage occupancy is defined as the ratio of (number
of cages occupied by guest molecules)/(number of total
cages), and is also important to estimate the amount of
natural gas, since it depends on the conditions of the
hydrate formation such as pressure and gas composi-
tion. In general, samples of synthesized gas hydrates
and natural gas hydrates recovered from sea floor con-
tain a certain amount of frozen water>-?. Therefore,
the cage occupancy is difficult to estimate from the
amounts of water and gas obtained by dissociation of
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the sample. Raman spectroscopy has been used to es-
timate the cage occupancy in the case of the CH4~C>Hs
mixed system®®, in which the values for the cage
occupancies were calculated without considering the
effect of the frozen water. However, Raman spectros-
copy cannot easily distinguish the signals of CH4 from
those of other heavier hydrocarbons such as CzHg”.
Therefore, the establishment of techniques other than
Raman spectroscopy is important to estimate the cage
occupancies in natural gas hydrates.

13C NMR (nuclear magnetic resonance) of sII natural
gas hydrate containing hydrocarbons such as CHy,
CoHs, CsHg, and i-C4Hio was found to distinguish the
hydrocarbon molecules in different cages?. Therefore,
the cage occupancies could be estimated from the '*C
NMR data on the basis of the statistical thermodynamic
model®!9,  Additionally, the '3C NMR technique can
be applied to more complex gas systems'". Thus, the
13C NMR technique may be effective for the determina-
tion of crystal structure and for the estimation of cage
occupancies. However, suitable high quality spectra
are difficult to obtain for natural gas hydrate samples
because of the low natural abundance of '*C and the
low concentration of natural gas hydrate in the samples
recovered from the sea floor”. Therefore, the 1*°C
NMR measurement technique must be improved for the
analysis of natural gas hydrate samples. The solid-
state '3*C NMR method using the Cross Polarization and
Magic Angle Spinning (CP-MAS) technique can effec-
tively enhance the signal intensities?®!2-19_ In ad-
dition, such enhancement in signal intensities is possible
at lower temperatures, in contrast to previous '*C NMR
measurements of the hydrate samples which were usu-
ally carried out at 193-253 K9,

In the present study, CP-MAS '3C NMR analyses of
the mixed CH4—C:Hs gas hydrate system were carried
out at 163 K, and the cage occupancies of the guest
molecules in mixed gas hydrates containing CH4 and
C>He were estimated.

2. Experimental

Pure CH4 and C2He hydrates were prepared from ice
particles and the corresponding hydrocarbon gases us-
ing a milling-type high-pressure vessel. Mixed
CH4C:Hg gas hydrates were prepared in the same way
using gas mixtures with the desired compositions.
The preparation method was as follows. Small
(0.5-1.0 mm) ice particles (30 g) were loaded into the
high-pressure vessel (1 X107 m?) with two stainless
steel rods for mixing, and the gas (1.5-1.8 MPa) was in-
troduced into the vessel (gas composition analyzed by
gas chromatography). The ice particles were milled
by the stainless steel rods in the rotating vessel (ca.
50 rpm) in a cold room at 263 K. A decrease in pres-
sure of 0.1-0.3 MPa was observed as a result of hydrate
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formation. The hydrate samples were recovered from
the vessel at liquid N> temperature. A small portion of
the sample was decomposed in a small vessel to ana-
lyze the dissociated gases by gas chromatography.

The '*C NMR spectra of the hydrate samples were
measured by an NMR spectrometer (JEOL model INM-
ALA400, 100 MHz) equipped with a probe for solid sam-
ples JEOL model SH40T6) at 163 K using cooled dry
N2 gas.  Almost no appreciable decreases in the signal
intensities were observed during the measurements at
163 K. The hydrate samples were introduced into a
zirconia sample tube (JEOL; diameter: 6 mm, length:
22 mm) in liquid N2. CP-MAS 3C NMR measure-
ment of hydrocarbon hydrates requires long contact
time for the quantitative analysis®. Therefore, the CP-
MAS 3C NMR measurements were carried out under
the following conditions: contact time 10 ms, pulse
delay time 50 s, number of acquisitions 40-400
(depending on the S/N ratio), and spinning rate
3.0-4.0 kHz at the magic angle. The values of the '*C
chemical shift were determined using adamantane as an
external reference material with the methyl carbon peak
at 298 K set at 29.472 ppm!'Y.  13C single-pulse NMR
measurements were carried out under the following
conditions: '*C pulse length 5.5 us (90°), pulse delay
time 50 s for complete relaxation of the samples, num-
ber of acquisitions 80 and 200 (depending on the S/N
ratio), and spinning rate 3.8 kHz at the magic angle.

3. Results and Discussion

CP-MAS 3C NMR spectra of pure CHs and pure
C>Hg hydrates are shown in Fig. 1 (a) and (e), respec-
tively. The CH4 hydrate was characterized by two
peaks at chemical shifts of —4.14 ppm and —6.52 ppm,
attributed to CH4 molecules in the small and large cages
of sI, respectively. The CoHe hydrate was character-
ized by a single peak at 7.95 ppm, assigned to C2Hs
molecules in the large cage of sI (5'26%), since CoHp is
too large for the small cage (5'?). The present peaks
correspond to those already reported®.

In the mixed gas hydrates containing CHs and C2Hs,
the concentration of C2He in the hydrate phase (deter-
mined by gas chromatography and denoted as yg“C) was
different from that in the initial feed mixed gas (denoted
as xg). For example, the mixed gas with xg=1.1%
yielded a hydrate with ye® =18%. The relationship
between xg and ye®C has been reported elsewhere®®.
Typical CP-MAS 3C NMR spectra of the mixed gas
hydrates are also shown in Fig. 1. The crystal-
lographic structure of the mixed gas hydrate with ys®¢=
18% is sII®.  The spectrum (b) of this sample included
three NMR peaks at 6.50 ppm, —4.04 ppm, and
—7.88 ppm, which were attributed to C2He in 5'26*, CHa4
in 5'%2, and CH. in 5'%6*, respectively, on the basis of the
previous study?. Spectrum (¢) of the sample with
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Fig. 1 CP-MAS 3C NMR Spectra of Pure CH, Hydrate, Pure CoHg

Hydrate, and Mixed CH4~C,Hs Hydrates at 163 K

yESC =38% (xe = 15%) showed three peaks at the same
positions, indicating the sII structure. However, the
peak intensity of CH4 in 5'26* in spectrum (¢) was much
smaller than that in spectrum (b). On the other hand,
spectrum (d) showed the chemical shifts of the sample
with ye®€=63% (xg=30%) were almost the same as
those for pure CH4 and C>Hg hydrates indicating the sI
structure. In the present study, CP-MAS *C NMR
measurements were catried out on eight samples in the
range of 18 < yg%C < 85%. The observed chemical
shifts are shown in Fig. 2. The changes in the chemi-
cal shifts for CHs and C2Hs in the large cages (5'262 for
sI and 5'26* for sI) clearly reflected the crystallograph-
ic changes according to the changes in the gas compo-
sition of the CH4~C>Hs mixture. The observed struc-
tural changes associated with the C2Hs concentration
were consistent with those already reported®>-.

Gas composition can be estimated from the '*C NMR
peak intensities assigned to CHs and C2Hg in the case of
mixed gas hydrates containing CH4~C>Hs, without
requiring the Cross Polarization (CP) technique. The
concentration of C2He determined by '*C NMR (denoted
by ye"MR) can be evaluated by Eq. (1).
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Fig. 2 Changes in '*C Chemical Shifts in CH,~C,H, Hydrates with
Dissociated C,Hs Concentrations Measured by Gas

Chromatography (y°©)
vk = TE 00 0
Im+1Ig

Iy is the sum of the two integrated peak intensities of
CHy, and Ik is the half value of the integrated peak in-
tensities of CoHe.  '3C single-pulse NMR spectra of
two samples (b) (sII, yg©©=18%) and (d) (sI, yg©¢=
63%) are shown in Fig. 3. The C:He concentrations
were calculated as 19% for (b) and 63% for (d) from
the NMR spectra. Thus, CoHg concentrations deter-
mined by the *C single-pulse NMR method agreed
well with those estimated by gas chromatography
(ye%). However, sufficiently high quality spectra
were difficult to obtain by the *C single-pulse method
for samples with low concentrations of guest mole-
cules. As shown in Fig. 1, high quality spectra could
be obtained by the CP-MAS method for such samples.
However, the CP efficiency depends on the type of
molecule observed and measurement conditions.
Therefore, yg"MR evaluated by Eq. (1) from the CP-
MAS *C NMR data would not correspond to the real
concentration if the CP efficiency for CH4 was different
from that for C;Hs. Figure 4 compares the CoHg con-
centrations estimated from CP-MAS 3C NMR spectra
(yeNMR) with those estimated by gas chromatography
(ye9C), and shows a good correlation (slope = 1.0055,
correlation coefficient = 0.9988), implying that the CP
efficiency for CH4 is approximately the same as that for
C>Hg in these hydrate structures. Although we did not
study the difference in CP efficiency between CH4 and
C>Hgs in detail, the results shown in Figs. 3 and 4 indicate
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Fig. 3 '3C Single-pulse NMR Spectra of Mixed CH4—C,Hg

Hydrates at 163 K
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Fig. 4 Relationship between Encaged C,H¢ Concentrations
Estimated by '3C NMR Spectra (ye"™®) and Dissociated
C,H¢ Concentrations Measured by Gas Chromatography
(5:5°)

that the compositions of CH4 and C>Hg in the mixed gas
hydrates can be directly determined from the CP-MAS
3C NMR data. In contrast, studies using Raman spec-
troscopy determined the gas composition of the hydrate
phase by gas chromatography. Consequently, CP-
MAS '3C NMR spectroscopy is much more convenient
for the determination of hydrate structure and gas com-
position in the CH4~C>Hs hydrates compared with
Raman spectroscopy. Therefore, the CoHs concen-
tration evaluated by the CP-MAS '3C NMR data will be
simply expressed as yk in the following discussion.
Figure 1 shows that both C2Hs and CH4 molecules
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Fig. 5 Changes in the Relative Integrated Signal Intensities Ratio
(Im1/Ims) with C,Hg Concentration in the Hydrate Phase (yg)

in the different cages of the mixed gas hydrates can be
distinguished by the '*C NMR technique. Therefore,
Im in Eq. (1) can be divided into two peak intensities
Ims and Imp, which are the intensities of CHa in small
and large cages, respectively. The ratio of Im,L/Im,s
may reflect the structures of the mixed gas hydrates.
For pure CH4 hydrate with the sI structure, Im,L/Ivs
should be 3 if all cages are fully occupied by CHa.
For pure CH4 hydrate with the sII structure, Im../Im,s
should be 0.5. If all small cages are occupied by CHa
and all large cages by CHa or C2Hg, the changes in Im,L/
Ims with ye can be expressed by (Imi/Ims) = 3—4yr for
sI and (Im/Ims) =0.5—1.5ye for sII. The changes in
Iv/Ivs against yg are shown in Fig. S, where the solid
line and the dotted line correspond to full occupancy in
the sI and slII structures, respectively. The Iv./Im,s
values estimated by the CP-MAS '*C NMR technique
for the samples with 20 < yg < 38% decreased with yg
along the dotted line for sII, and the Im1/Iws values for
the samples with 63 < yr < 85% decreased with yg along
the solid line for sI. The Im/Im;s values estimated by
the 3C single-pulse NMR technique for the same sam-
ples were in good agreement. As shown in Fig. 5, the
Iv/Ivs values obtained in the present study were great-
er than those assuming full occupancy for both struc-
tures, similar to the Raman spectroscopic findings re-
ported previously?. Although a previous study
showed almost full occupancy for the samples in this
mixed gas system by Raman spectroscopy®, the present
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results indicate the presence of some vacant sites in the
hydrates.

The present study attempted to estimate the cage
occupancies of mixed gas hydrates from the CP-MAS
3C NMR data using the statistical thermodynamic
model'®.  This model has been already applied to esti-
mation of the cage occupancy by the *C NMR and
Raman techniques¥®. The values of 8s/01 in the
CH4-C>Hg system are given by Eq. (2) for sI and Eq. (3)
for sII, where s and 6. represent the cage occupancies
of the small cage and the large cage, respectively.

O 3lus
O Imy +1IeL

Os _ Ivs
QL 2(1M,L + IE,L ) (3)

Furthermore, Bvs (small cage occupancy by CHa), OmL
(large cage occupancy by CHa), and g (large cage oc-
cupancy by C2Hps) are given by Eq. (4) for sI and Eq.(5)
for sII, respectively®1?.

RT
sI:— Auw® (1) = R[Mn(l —OmL —6eL)

“4)
+21In(1- Ous)]
SIL: — A °(II)—£[81n(1—9 —6k1)
: Uw =136 M,L E.L )

+161In(1—0Ous)]

Auw’(I) and Auw’(IT) are the differences in chemical
potentials between ice and the hypothetical empty hy-
drate lattices of sI and sII, respectively. The values of
Auw’(D) and Auw’(IT) used here were 1297 J/mol for sl
and 937 J/mol for sII, respectively!”. R and T are the
gas constant and temperature for hydrate formation, re-
spectively.

The values for Oums, Om1, and Og in sI were calculated
by Egs. (2) and (4), and those in sII by Egs. (3) and (5).
In both structures, small cage occupancy (8s) corre-
sponds to Oms, because the small cages can encage only
CH4. Large cage occupancy (6r) is the sum of 6mL
and Og1, since the large cages allow inclusion of both
guest molecules. The ratio of Og1/0m, coresponds to
Iey/Ivy. The changes in 8s and 61 with yg are shown
in Fig. 6. For pure CH4 hydrate, the cage occupan-
cies were estimated as 0s=0.94 and 0. =0.97, which
are almost consistent with those reported for artificial
pure CHs hydrate (6s=0.89 and 6.=0.97)%. The
present results show that more than 97% of large cages
in both sI and sII are occupied by CH4 and C:He.
However, 0s decreases with increasing yg (6s =0.82 at
yE=20% and 0s =0.74 at yg =38% in the region of sll,
and s =0.77 at ye =63% and 0s=0.45 at ye =85% in
the region of sI). Accordingly, the higher values of
Im,L/Im,s in Fig. 5 reflects the decrease in 6s with
increase in yg.

The changes in the guest molecule distribution in the
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Fig. 6 Changes in the Occupancies of Small Cages (0s) and Large
Cages (6;) with C,Hg Concentration in the Hydrate Phase
(r)

large cages with increasing C2Hg concentration are
shown in Fig. 7. The gL in the region of sII, 20 < yg =<
38%, increases with increasing ye, whereas the Om,L
decreases in this region. The values of Om,L and Ok
for the sample with ye=38% were 0.05 and 0.94,
respectively, indicating that the large cages of sIl in this
sample were almost completely occupied by CoHe. At
YE=63%, the structure was sI and Om,. was 0.20.
Then, OmL decreases toward zero with increasing C2Hg
concentration. Thus, the large cages in both sI and sIl
were preferentially occupied by C2Hs.  As can be seen
from Fig. 6, 65 rapidly decreased with increasing ye in
the region of sIl. The pure CoHg hydrate has the sl
structure with 8s =0, indicating that sII at the low level
of Os is more unstable than sI. Therefore, excessive
decrease in Os in sII might induce structural change
from sII to sI at higher concentrations of C>He.

4. Conclusions

The present study obtained high quality CP-MAS '3C
NMR spectra of mixed CH4~C2Hg gas hydrates at 163 K
without using '*C-enriched gases. The changes in the
NMR chemical shifts clearly corresponded to the struc-
tural changes in the hydrate structure (sI for pure CHs
hydrate, sII in the range of 20 < yg < 38%, and sI in the
range 63% < yg), and agreed with the findings of other
techniques such as the XRD method and Raman
spectroscopy. The present study also clarified that the
gas compositions estimated by the CP-MAS *C NMR
spectra agreed well with the corresponding dissociated
gases measured by gas chromatography and compo-
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Fig. 7 Changes in the Guest Molecule Distribution in the Large
Cages with C,He Concentration in the Hydrate Phase (yg)

sitions estimated by the '3C single-pulse NMR spectra,
indicating that the gas composition in the mixed gas
hydrates can be directly estimated from the CP-MAS
3C NMR spectra. The occupancies of small cages
and large cages were evaluated from the '*C NMR data
based on the statistical thermodynamic model, which
showed that the occupancies of small cages decreased
with increasing CoHg concentration in both sI and sII
structures, whereas the occupancy of large cages was
unchanged through a wide range of CoHs concen-
trations at almost the full occupancy level.
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