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CH4–CO2 replacement in CH4 hydrate with high pressure CO2 was studied with in-
situ laser Raman spectroscopy at 273.2 K and at initial pressures of 3.2, 5.4, and
6.0 MPa. Replacement rates increased with increasing pressures up to 3.6 MPa and did
not change at higher pressures (;6.0 MPa). These results showed that the replacement
rates were dependent on pressure and phase conditions with the driving force being
strongly related to fugacity differences of the two guest components between fluid and
hydrate phases. When CH4 hydrate was contacted with CO2 under flow conditions,
in-situ Raman measurements of the hydrate phase showed differences of cage decompo-
sition rates between the Medium-cage (M-cage) and the Small-cage (S-cage) in the CH4

hydrate with decomposition of the M-cage being faster than that of the S-cage. The van
der Waals–Platteeuw model was applied to the measurements of the transient data and
it is shown that the theory allows estimation of occupancies of each component during
replacement. � 2007 American Institute of Chemical Engineers AIChE J, 53: 2715–2721, 2007
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Introduction

Natural gas hydrate, CH4 hydrate, forms under conditions
of low temperatures and high pressures and exists naturally
below the ocean floor or in the permafrost zones.1 One
method for CH4 recovering that has been proposed is by
replacement with condensed CO2.

2 In this method, CH4 is
recovered from CH4 hydrate by replacement with CO2 and
thus CO2 can possibly be sequestrated under the sea bed.
The advantage of such a process is that the CO2 can be
expected to stabilize the ocean floor during the methane re-
covery because CH4 hydrate and CO2 hydrate form the same
structure (sI) hydrate whose unit cell consists of six medium
cages (M-cage) and two small cages (S-cage).1

Several researchers have examined whether the replace-
ment might occur in CH4 hydrate using pressurized CO2 on

a laboratory scale.2–9 Measurements of hydrate–liquid–vapor

(H-L-V) equilibria in the CH4–CO2–H2O system show that

CO2 hydrate is thermodynamically more stable than CH4

hydrate at temperatures below 283 K, because the equilib-

rium pressures of CO2 hydrate are lower than those of CH4

hydrate.2 The distribution coefficient of CH4 and CO2

between the gas and the hydrate phase measured at 280 K

show that CO2 distributes in the hydrate phase relative to

CH4.
3 Further, Gibbs free energy for the replacement is nega-

tive and thus the process is theoretically spontaneous.4 Hiro-

hama et al. demonstrated that dynamic replacement was fea-

sible and showed that the replacement occurred in the pres-

ence of liquid CO2 at 274 K and 3.6 MPa.5 It has been

suggested that CH4–CO2 replacement occurs under condi-

tions of 275 K and 2.0 MPa6 and 278 K and 3.0 MPa7 in

gaseous–hydrate reactions.
A number of proposals have been made concerning the

replacement mechanism.5,8,9 Hirohama et al. implied that the

driving force for the replacement is the fugacity difference of
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two guest molecules between the fluid and the hydrate
phases.5 In our previous studies, we proposed a film diffusion
model for the replacement considering the driving force as
fugacity differences, which could describe the time evolution
of the replacement.8,9 Analysis of the activation energies
shows that after the surface reaction at the beginning of the
replacement process, the CH4 hydrate decomposition is
dominated by rearrangement of the water molecules in the
hydrate, and CO2 hydrate formation is dominated by diffu-
sion in the hydrate phase.8

In the literature, the range of the experimental conditions,
especially pressure conditions, are still limited to pressures
below 3.6 MPa, corresponding to a depth in the sea of ;360
m. As CH4 hydrate exists mainly below a depth of 500 m,
further investigation of pressure conditions are needed to dis-
cuss possible pressure effects on the replacement mechanism.
Increasing pressure of the fluid phase is expected to increase
the replacement rates, because the individual hydrate growth
can be promoted with pressure.10,11 Hence, a study that
examines replacement rates at different pressures would
allow one to clarify the relationships for fugacity difference
driving force with the goal to develop an overall strategy for
the efficient replacement of CH4 with CO2 for large undersea
hydrate beds. In this work, we studied the macroscopic
replacement of CH4 with CO2 for given fugacity and phase
conditions. Kinetics of the replacement was examined quanti-
tatively by following the time evolution of CH4/CO2 ratios in
the fluid and hydrate phases in batch experiments.

In a previous report, the microscopic mechanism of
replacement in CH4 hydrate was studied with an in-situ
Raman technique.9 Analysis of the Raman spectra for CH4

hydrate showed that replacement could be divided into two
regions indicating the M-cage and the S-cage,12 and that the
replacement rates were different between M-cage and S-cage
of CH4 hydrate with the cage decomposition in the M-
cage proceeding faster than that in the S-cage. Similar trends
have been observed in CH4–CO2 replacement reactions using
the solid state NMR.13 This difference in cage decomposition
rates was probably related to the stability of the cage struc-
tures between M-cage and S-cage and the energetic stability
of guest molecule occupation in the each cage.

From these measurements, we proposed a kinetic model
that included cage decomposition on the microscopic replace-
ment,9 which was based on the stoichiometric analysis of
CO2 occupied in M-cage and CH4 reoccupied in S-cage. We
assumed a ratio of 3 as a stoichiometric constant due to the
theoretical cage number (M-cage:S-cage 5 6:2) in a unit
cell. This constant, however, exhibited a time dependence,
which was close to this assumed value in the initial stages of
the experiment, but deviated from the value as time pro-
gressed. Hence, the microscopic mechanism still has interest-
ing points that need further investigation.

In this work, we also studied the microscopic replacement
of CH4 hydrate with CO2 by conducting in-situ measure-
ments of cage decompositions in the CH4 hydrate using a
laser Raman technique in a flow system. We apply the van
der Waals–Platteeuw theory1,14 to the experimental data
obtained in the former batch experiments and evaluate the
rate differences in the cage decomposition for M-cage and S-
cage in CH4 hydrate under progressively higher CO2 pres-
sures. Through discussion, we examine the possibility of

adapting the theory to the replacement reactions and discuss
the microscopic replacement mechanism from available data.

Materials and Methods

Materials

CH4 (99.9 %) and CO2 (99.5 %) were supplied by Nippon
Sanso without further purification. Distilled/deionized water
(electric conductivity, 5.5 lS/m) was obtained from a water
distillation apparatus (Yamato, WG-221).

Experimental apparatus

Details of the experimental apparatus are described else-
where.8 The experimental apparatus consisted of a high pres-
sure view cell with internal volume of 129.8 cm3 (AKICO),
a feed system, a back pressure regulator, cooling system
(ADVANTEC, LE-600), and a laser Raman spectrometer
(JASCO, NRS2000). The view cell had three diametrically
opposed optical windows, which allowed 908 and 1808
Raman scattering measurements. The apparatus was used for
both batch and flow experiments.

Preparation of CH4 hydrate in high-pressure optical cell

The method of CH4 hydrate preparation for batch and flow
experiments was essentially the same as used in our previous
study.8 CH4 hydrate was formed by mixing water with CH4

gas using magnetic drive screw type agitation inside the cell
at 273.2 K and the pressure above the three-phase equilib-
rium pressure of CH4 hydrate at this condition. Agitation of
;100 rpm was performed for 24 h to promote CH4 hydrate
formation. The obtained average occupancy was 0.93 that
was determined by gravimetric and pressure change methods
in each of the experiments. The formation of CH4 hydrate
was confirmed by the Raman analysis. Table 1 shows the
conditions used in the replacement experiments. The loaded
amount of water was measured gravimetrically and the initial
moles of CH4 in the hydrate phase were calculated with ma-
terial balance using the volume expansion method used in
the previous study.8

Experimental procedures

Batch Experiments (Runs 1, 2, and 3). After preparing
the CH4 hydrate, CH4 in the gas phase was purged by high
pressure CO2 (gaseous or liquid) until CH4 was completely
replaced with CO2 in ;20 min, which was confirmed by the
disappearance of the Raman peak of CH4 in the CO2-rich
phase. The existence of CH4 hydrate was also checked simul-
taneously with the Raman analysis. The replacement reaction
started when the cell was set to the target pressure of 3.26,
5.40, or 6.00 MPa. The reaction was followed at the bound-
ary of gaseous and hydrate phase at 3.26 MPa (Run 1) and
that at the boundary of liquid and hydrate phase at 5.40 and
6.00 MPa (Runs 2 and 3).

In the gaseous–hydrate replacement (Run 1), the composi-
tions of gaseous mixtures were determined by Raman analy-
sis,8 and the density was calculated with the Trebble–Bishnoi
equation of state15 at the experimental conditions of tempera-
ture and pressure. This procedure allowed us to follow the
time evolution of amounts of the gas phase at desired inter-

2716 DOI 10.1002/aic Published on behalf of the AIChE October 2007 Vol. 53, No. 10 AIChE Journal



vals, and as a consequence, it was possible to determine the
amount of CH4/CO2 hydrates by subtracting the amounts of
these components initially introduced into the cell from those
in the gas phase.8 After a given time, hydrate mixtures were
completely decomposed by heating to check the material bal-
ance. The compositions and densities of the obtained gaseous
phase were analyzed using Raman spectroscopy and the
Trebble–Bishnoi EOS, respectively. For those runs, the mate-
rial balances of CH4 and CO2 before and after reaction were
found to be 101% for CH4 and 90% for CO2.

In the liquid–hydrate replacement experiments (Runs 2 and
3), we chose a simple method to quantify the CH4–CO2 hydrate
mixtures. Hydrate mixtures were decomposed by heating, and
the amount of obtained gaseous phase was analyzed using the
Raman spectroscopy with densities being calculated by the
Trebble–Bishnoi EOS. This method was chosen since Raman
spectroscopy could not distinguish between CO2 in the gas and
liquid phase when three phases (vapor–liquid–solid) appeared
during replacement. With the methods used, the material bal-
ances of CH4 and CO2 were found to be in the range of 97 to
107% for CH4 and 97 to 99% for CO2.

Flow Experiments (Run 4). After preparing CH4 hydrate
and successive purgings of CH4 gas in the cell with CO2, the
replacement reaction was followed at a set initial pressure of
3.20 MPa (Run 4). During the reaction, Raman spectra of
CH4 hydrate were acquired at given intervals as CO2 was
flowed through the cell at ;100 ml/min to eliminate the gas-
eous CH4. After 280 h passed, the hydrate mixtures were
completely decomposed to check the replacement rates. The
composition of obtained gas phase measured by the Raman
analysis, corresponding to the composition of hydrate phase,
were 0.69 for CH4 (hCH4

) and 0.31 for CO2 (hCO2
) in hydrate

phase at 280 h, and these values were almost coincident with
the corresponding conditions of Run 1 at 277 h in the batch
experiment (hCH4

: 0.73; hCO2
: 0.27).

Results and Discussion

Quantitative analysis of CH4–CO2 replacement in the
hydrate phase (Runs 1, 2, and 3)

Figures 1a, b show how the composition of each compo-
nent in the hydrate phase on a water-free basis changed with
time at 273.2 K for the given pressures. The data of the pre-
vious study9 conducted at 273.2 K and 3.60 MPa are also
shown in the figures.

In Figures 1a, b, CH4 mole fraction of the hydrate phase
decreased with increasing CO2 mole fraction at the each

pressure. The replacement reaction was promoted with
increasing pressures up to 3.60 MPa, while they hardly
changed above 3.60 MPa, which can be explained as follows.
The replacement reaction at 3.26 MPa probably occurred at
the gas–hydrate interface, while the replacement at higher
pressures probably occurred at the liquid–hydrate interface.
This means that the replacement system was affected by the
fugacity of the fluid phase.

The fugacities of each component in fluid and hydrate
phases during replacement were plotted as shown in Figure 2.
Here, CH4 and CO2 fugacities in the fluid phase (fCH4,f

and
fCO2,f

) were calculated with the Soave–Redlich–Kwong equa-
tion of state (SRK-EOS)16 at the experimental temperature,
pressures, and compositions of fluid phase. CH4 and CO2

fugacities in the hydrate phase (fCH4,h
and fCO2,h

) were deter-
mined from the CSMHYD program1 including the van der
Waals–Platteeuw theory14 and the SRK-EOS for the equilib-
rium fugacity at the given temperature and measured hydrate
composition.

In Figure 2b, the fCO2,f
at 3.26 MPa decreased with time,

while that at 5.40 and 6.00 MPa showed little variation

Table 1. Experimental Conditions for CH4–CO2

Replacement Experiments

Pinitial

(MPa)

Loaded
Water
(mmol)

Initial Moles
of CH4 in the
Hydrate Phase

(mmol) Time (h)
Reaction
Type

Run 1 3.26 1150 197 285 Batch
Run 2 5.40 1790 248 64 Batch
Run 3 6.00 1160 196 260 Batch
Run 4 3.20 1120 190 280 Flow

Temperature for all runs was 273.2 K.

Figure 1. Compositions of the hydrate phase (water-
free) during the replacements in batch experi-
ments as a function of time at 273.2 K and ini-
tial pressures of 3.26 MPa (circles), 5.40 MPa
(squares), 6.00 MPa (triangles), and 3.60 MPa
(diamonds) by Ref. 9: (a) CH4, (b) CO2.
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with time. Considering the effect of fCO2,f
on the replace-

ment rates obtained in Figure 1, it can be seen that replace-
ment rates increased with increasing fCO2,f

. The almost con-
stant replacement rates at 5.40 and 6.00 MPa (Figure 1)
seem to correspond to the fluid fugacity in the liquid–
hydrate reaction (Figure 2b). For examining the relationship
between the driving force of the replacement and the fugac-
ity, the absolute fugacity difference of each component
between the fluid and hydrate phases (DfCH4

, DfCO2
) were

plotted against time (Figure 3). As shown in Figure 3, the
DfCH4

and DfCO2
decreased with time, however, the DfCO2

at
5.40 and 6.00 MPa were smaller than the corresponding
values at 3.26 MPa, while DfCO2

at 5.40 and 6.00 MPa were
larger than those at 3.26 MPa. The larger DfCO2

probably
lead to faster replacement and helped to explain the larger
slope for DfCH4

. Replacement rates seemed to be directly
related to component fugacity differences, especially
for CO2, and, from these results, it is probable that the
replacement rates can be promoted by increasing the CO2

fugacity.

Microscopic mechanism of CH4–CO2 replacement
in the hydrate phase (Run 4)

In this work, we calculated fractional cage occupancies
using the van der Waals–Platteeuw theory (CSMHYD pro-
gram1) through the continuous measurement data of cage
decompositions during replacement. Raman spectra of CH4

hydrate under high pressure CO2 gas atmosphere obtained
before the replacement reaction are shown in Figure 4. Sym-
metric C��H stretching of CH4 in the M-cage and the S-cage
was found at 2905 and 2915 cm21, respectively, showing
good agreement with literature values.17,18 The Raman peak
of the symmetric C��H stretching of CH4 in the gas phase
(2917 cm21) is also shown in Figure 4. When we measured
the Raman spectra of the CH4 hydrate under a CH4 gas
atmosphere, the Raman peak of gaseous phase overlapped
with that of the hydrate phase. In our experiments, CO2 gas
was flowed through the cell during the replacement to mini-
mize the effect of CH4 gas contribution to the CH4 hydrate
Raman spectra.

In the analysis of the Raman spectra for the remaining CH4

hydrate, the obtained peak areas were divided into S-cage

Figure 2. Fugacity of each component of the fluid
phase (white symbol) and hydrate phase
(filled symbol) during the replacements in
batch experiments as a function of time at
273.2 K and initial pressures of 3.26 MPa
(circles), 5.40 MPa (squares), and 6.00 MPa
(triangles): (a) CH4, (b) CO2.

Figure 3. Fugacity differences of CH4 and CO2 between
fluid and hydrate phase in batch reactions as
a function of time at 273.2 K and initial pres-
sures of 3.26 MPa (circles), 5.40 MPa
(squares), and 6.00 MPa (triangles): (a) CH4,
(b) CO2.
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and M-cage by deconvolution assuming Gaussian–Lorentzian
bands. The M-cage/S-cage ratios (M/S cage ratios) were cal-
culated with the area of each assigned peak. The time evolu-
tion of the Raman spectra of CH4 hydrate (raw data) and cal-
culated M/S ratios in CH4 hydrate are shown in Figures 5
and 6, respectively. In Figure 6, the M/S ratio decreased
almost linearly with time, which means that the decomposi-
tion of the M-cage was faster than that of the S-cage during
the replacement, which is in agreement with our previous
findings.9 From the obtained data in this work and the previ-
ous report,9 faster decomposition of M-cage than S-cage in
the CH4 hydrate can be concluded for both liquid and gase-
ous CO2.

To understand the difference in decomposition rates
between the M-cage and the S-cage, the related fractional oc-
cupancy of each cage (yM,CH4

, yS,CH4
) in the CH4 hydrate

was estimated with the van der Waals–Platteeuw model,
since the occupancies of the cavities could not be estimated
from the Raman spectra of CH4 hydrate directly. If the occu-
pancies of the cages were considered as quasi-equilibrium
values, they can be theoretically determined from the experi-
mental conditions (T, P, hCH4

, hCO2
) that were available from

quantitative analyses of the batch experiments.
In the calculation, we chose the temperature to be 273.2 K

and the initial pressure to be 3.26 MPa that matches the gas-
eous–hydrate reaction in Run 1, and which was considerably
close to the conditions of 273.2 K and 3.20 MPa for meas-
urements of M/S cage ratios in Run 4. We calculated the oc-
cupancy of each cage for Run 1 with the van der Waals–
Platteeuw theory as shown in Figure 7.

Figure 4. Raman spectra of CH4 hydrate showing sym-
metric C��H stretching of CH4 in the M-cage
and S-cage at 2905 and 2915 cm21, respec-
tively, and (continuous line) and that in the
gas phase at 2917 cm21 (dashed line).

Figure 5. Time evolution for Raman spectra of CH4

hydrate during replacement (raw data).

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 6. Molar ratio of cage decompositions between
M-cage and S-cage (M/S cage ratios) ob-
tained by the Raman analysis of CH4 hydrate
in the flow experiment (Run 4) as a function
of time at 273.2 K and the initial pressure of
3.20 MPa.

Figure 7. Fractional occupancies of M-cage and S-
cage calculated with the van der Waals–Plat-
teeuw theory using the changes of composi-
tions of the hydrate phase in the batch
experiment (Run 1) as a function of time at
273.2 K: uM,CH4

(squares), uS,CH4
(diamonds),

uM,CO2
(circles), and uS,CO2

(triangles).
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For CH4 hydrate decomposition during replacement, the
occupancy of M-cage in CH4 hydrate (yM,CH4

) decreased
much faster than CH4 occupancy in the S-cage (yS,CH4

) with
time. For CO2 hydrate formation, yM,CO2

also increased much
faster than yS,CO2

for the period studied. These findings show
that the replacement seemed to mainly occur in the M-cage.

On the other hand, both the decreasing rate of CH4 occu-
pancies and the increasing rate of CO2 occupancies were
much larger at the early stages (;10 h) than those at the lat-
ter stages. From available data in the literature and experi-
ments performed in our previous work,8 it seemed that in the
initial stage, the surface area available to the bulk gas
changed greatly as the reaction proceeded. Therefore, the
faster replacement at the early stage can probably be
explained as a rapid surface reaction.

The theoretical M/S cage ratios can be calculated from the
following equation:

M=S cage ratios ¼ NMhM;CH4
=NShM;CH4

(1)

where NM and NS are the number of M-cage (NM 5 6) and
S-cage (NS 5 2) in the unit cell of sI hydrate and y is the
fractional occupancies as before. Comparison between the M/
S cage ratio in the CH4 hydrate calculated theoretically and
that obtained by Raman analysis is shown in Figure 8. The
slopes of the M/S cage ratios determined by the two methods
were close and seemed to confirm agreement between the in-
situ Raman measurements and calculations with Eq. 1.

The phenomenon of faster decomposition of M-cage in the
CH4 hydrate during the replacement can be interpreted as
follows. One of the possible reasons for the rate difference is
the higher stability of CH4 in the S-cage than in the M-cage,
which can be attributed to the smaller strain of the S-cage
for CH4 compared with the M-cage.18 Considering from the
activation energy (DEA) of replacement in our previous
study,8 DEA for CH4 hydrate decomposition was practically
identical to the decomposition enthalpy of CH4 hydrate to

ice and gas. This implies that the decomposition of both M-
and S-cages occurred simultaneously, although there could
be some influence on the decomposition rates due to the dif-
ference in M- and S-cage stability. The other possible reason
could be the reformation of the S-cage occupying some por-
tion of released CH4 during the replacement in the M-cage,
because CO2 molecules hardly occupy the S-cage due to the
balance between molecular diameter and cavity size.1 The ki-
netic model proposed for the microscopic replacement for
the assumption of reformation of the CH4 released from the
S-cage was found to correlate fairly well with the time evo-
lution of CH4 remaining in the hydrate phase.9 This means
that the reformed S-cage might involve some portion of the
released CH4, which induced the apparent reduction of the S-
cage decomposition rate. This phenomenon might be related
to the rates of intrinsic cage formation of M- and S-cages19,20

and the memory effect of the hydrogen bonds21–23 as well.
Moudrakovski et al. suggested that the formation of the S-

cage was faster than that of the M-cage from 129Xe NMR
analysis of the xenon hydrate.19 A similar result was reported
for CH4 hydrate formation by the Raman analysis.20 During
the replacement, this faster formation of the S-cage might
lead to the CH4 reoccupation in the S-cage when the replace-
ment occurs in the M-cage.

On the other hand, Takeya et al.21 suggested that nucleation
rates of CO2 hydrate with melt water from ice were larger
than those for nonfrozen water. They called this phenomenon
the freezing-memory effect on nucleation. Komai et al. sug-
gested that the repetition of the hydrate formation and decom-
position could lead to a decrease in hydrate formation pressure
of the hydrate,6 namely, the iteration of this process makes
hydrate formation easier, suggesting that memory effects of
hydrogen bonds exist. Buchanan et al. examined the water
structure before the CH4 hydrate growth and after hydrate
decomposition using neutron diffraction analysis.22 They sug-
gested that there was no significant difference between the
structure of water before the hydrate formation and that after
the hydrate decomposition. In their analysis, they confirmed
the existence of the memory effect in individual CH4 hydrate.
These reports suggest the contribution of some memory effect
of hydrogen bonds in hydrate formation.

It can be concluded that the guest molecule replacement in
the hydrate phase starts with decomposing the cages in the
CH4 hydrate, which is induced by the diffusion of CO2 mole-
cules into the hydrate phase with a driving force of its fluid
fugacity. Then, the memory effect of the hydrogen bonds
probably helps to restructure the S-cage and leads to the
reoccupation of some portion of CH4 in the S-cages, where
the CO2 molecules have low occupancy,5 and consequently,
the replacement mainly proceeds in M-cages.

Conclusions

We investigated the effects of pressure and fugacity on the
CH4–CO2 replacement in CH4 hydrate using quantitative
analysis with in-situ laser Raman spectroscopy. It was found
that the CH4–CO2 replacement at the boundary of liquid and
hydrate phase (273.2 K and above 3.60 MPa) proceeds faster
than that at the boundary of gaseous and hydrate phase
(273.2 K and 3.26 MPa). For the replacement in the liquid
phase, pressure dependence was hardly observed at condi-

Figure 8. Comparison of the M/S cage ratios measured
by the in-situ Raman technique in Run 4
(circles) with the theoretical value calculated
by the van der Waals–Platteeuw theory (trian-
gles) using the composition of the hydrate
phase quantified in the batch experiment
(Run 1) at 273.2 K.
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tions studied. The fugacity differences between the fluid and
the hydrate phases were found to be effective for describing
the driving force of CH4–CO2 replacement. Raman analysis
of the hydrate phase during the CH4–CO2 replacement
revealed faster decomposition of M-cage than S-cage. Esti-
mation with the van der Waals–Platteeuw theory was applied
to the available data and supported the experimental findings.
From this approach, occupancies of CH4 in each cage could
be estimated during replacement process. In the future, the
estimation of CO2 occupancies, which could not be obtained
directly from the Raman analysis, would be desirable. It
would also be desirable to determine the surface area of the
hydrate under conditions in this work using in-situ techniques
such as the focused beam reflectance method proposed by
Clarke and Bishnoi23 and to elucidate the intrinsic rate con-
stant for the replacement processes.
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