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The kinetics of gas hydrate growth from binary CH4/C2H6 and CH4/C3H8 and
ternary CH4/C2H6/C3H8 gas mixtures were obtained by the gas uptake method in a
semibatch stirred vessel at constant pressure and a temperature of 273.7 K. These
data are of interest for the design of facilities for natural gas storage and trans-
portation in the solid (hydrate) state. During hydrate formation, samples from the
gas phase were taken and analyzed by gas chromatography. It was found that the
molar composition of CH4 in the vapor phase increased as hydrate crystallization
progressed. The observed fractionation effect (enrichment of the hydrate phase
with propane) complicates the natural gas storage process. The fractionation effect
was also confirmed with molecular-level studies where hydrate from the CH4/C2H6/
C3H8 gas mixture was characterized by powder X-ray diffraction (PXRD), NMR,
and Raman spectroscopy. The hydrate phase composition and cage occupancy of
each gas were calculated with the help of information obtained by Raman spec-
troscopy, gas chromatography, and PXRD. The results were consistent with those
obtained by NMR. The composition of the gas phase and the hydrate are found to
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evolve over time, suggesting that kinetic and transport factors contribute in addi-
tion to thermodynamics. � 2008 American Institute of Chemical Engineers AIChE J, 54:
2132–2144, 2008
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Introduction

Clathrate hydrate formation from gas mixtures differs
from the formation from single gases for several reasons.
One of these is thermodynamics: von Stackelberg noted
many years ago that some gas mixtures gave a different
hydrate phase than when each component was used by itself
to form hydrate.1 Another is that there are kinetic and trans-
port limitations, for instance, gas hydrate formers have dif-
ferent solubilities and diffusion constants in water. As well,
a hydrate crystal formed from a single component or a gas
mixture may undergo structural transitions: it is very diffi-
cult to know or measure the structure of the first solid crys-
tals that appear upon nucleation. Subramanian et al.2

reported structure II hydrate formation from a methane
(CH4) and ethane (C2H6) gas mixture at particular mixture
compositions. Uchida et al.3 showed that structure II hydrate
formed first from a CH4/C3H8 system and that this was fol-
lowed by the formation of structure I methane hydrate.
Uchida et al.3 also showed that the hydrate phase was
enriched in propane. This enrichment in one hydrate former
was also observed in hydrate formation from CO2/N2 and
CO2/H2 mixtures.4 It is also noted that the observed fractio-
nation effect was also found when the gas evolved from
hydrate pellets was analyzed.5 The pellets were synthesized
with a methane/ethane/propane mixture. Kini et al.6 moni-
tored the cavity filling through NMR measurements for the
same system using ice rather than water. Schicks et al.7 syn-
thesized mixed hydrates of CH4, C2H6, and C3H8 mixture,
in that study two different hydrate morphologies were
reported each with different cage occupancies. The different
rates at which gas molecules appear to be incorporated into
the hydrate as well as the role of gas phase measurements
was illustrated in more recent studies on hydrate formation
from a CH4/CO2 mixture by Uchida et al.8 and Park et al.9

Svandal et al.10,11 presented phase field simulations on
hydrate formation from a CH4/CO2 mixture and concluded
that the rate is limited by mass transport of the gas to the
water phase. Structure, cage occupancy, and composition of
mixed hydrates formed by the binary mixtures of CH4/C2H6

and CH4/C3H8 are available in the literature.2,3,12,13

Recently, Uchida et al.14 reported spectroscopic observations
on hydrates formed from binary (C2H6/C3H8), ternary (CH4/
C2H6/C3H8), and quaternary (CH4/C2H6/C3H8/isobutene)
mixtures. They reported cage occupancies which were deter-
mined by Raman spectroscopy with support from gas chro-
matography.

Gas hydrate formation is an exothermic crystallization pro-
cess, and is characterized by nucleation followed by crystal
growth and agglomeration.15,16 The kinetics of hydrate
growth is concerned with the rate at which the hydrate phase
grows after the induction time that marks the onset of
hydrate crystallization (nucleation point). The induction time
is easily measured in the laboratory. On the other hand, the
rate of nucleation (number of hydrate crystal nuclei formed

per unit time per unit volume) is an extremely difficult mea-
surement. Most hydrate growth studies involve measuring the
rate of uptake of the hydrate-forming substance coupled
sometimes with determination of the particle size distribu-
tion.17–20 The rate of hydrate crystal growth is defined opera-
tionally. One may use the gas uptake rate or the rate at
which a hydrate interface advances. The question that arises
is how an intrinsic rate can be distinguished from the rele-
vant transport processes. It is not easy to answer this ques-
tion and consequently, kinetic studies focusing on particular
hydrate forming systems and hydrate vessel configurations
continue to appear.

Gas uptake measurements are made by measuring pres-
sure, temperature and, in some cases, composition of the

fluid phases. On the other hand, information such as hydrate
structure, composition, and cage occupancy are obtained
from molecular level studies. It has been observed by Mou-
drakovski et al.21 that quantitative measurement of kinetic

processes in subvolumes (in this case, by following the dis-
appearance of the liquid phase) of a larger sample suggests
that the smaller the size of the volume observed becomes,
the more inhomogeneous the process appears to be. Powder

X-ray diffraction (PXRD) and Raman and Nuclear Magnetic
Resonance (NMR) spectroscopy are the well-known tools
used for solid phase structural analysis at a molecular level,
also for gas hydrates.22–27 Susilo et al.27 have successfully

used these techniques to characterize structure H hydrates of
methane and several large organic molecules. Because of
the different environments provided by each cage, both
Raman and NMR spectra show that some gas/liquid signals
are shifted when a molecule is encaged in a hydrate phase.

Methane hydrate has been studied extensively. The signature
of methane molecules in all three hydrate structures is
shifted to a lower frequency in Raman28 and to lower field
in 13C NMR2,29 compared to the free gaseous state. It is

accepted that analysis by Raman spectroscopy on gas
hydrates is qualitative in nature. However, Raman spectros-
copy sometimes can be used for quantitative determination
of hydrate composition and cage occupancy if all peaks can

be assigned unambiguously and intensities are calibrated for
the specific system under study.2,13,28 13C methane chemical
shifts from NMR are more structure specific and the inten-
sities are quantitative if the correct data acquisition experi-

ment is used, and this makes the technique very useful in
determining the cage occupancies in mixed gas hydrate sys-
tems. Both NMR and Raman gave comparable cage occu-
pancy values for methane in structure I (sI) hydrate30,31 yet

a discrepancy was reported for a mixed hydrate with carbon
dioxide, at least for one sample.31 Gas hydrate crystal for-
mation synthesized from the CH4/C2H6, CH4/C3H8, and
CH4/C2H6/C3H8 gas mixtures is studied in this work. This

information is of interest for the development of technology
for natural gas storage and transportation known as gas-to-
solids technology.32–34 To facilitate the development of
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these processes, data on the kinetics of hydrate growth
coupled with compositional analysis of the gas phase are
needed. The purpose of this study is to provide such infor-

mation and discuss the implications for process design.
Kinetics of hydrate formation for CH4/C2H6, CH4/C3H8, and
CH4/C2H6/C3H8 are studied by coupling gas uptake meas-
urements with compositional analysis using gas chromatog-
raphy. The kinetics of individual gases occupying different
cages for the ternary system is also studied at a molecular
level by in-situ Raman spectroscopy. This study also uses
the three solid-state analytical tools (PXRD, NMR, and
Raman) along with the information obtained by gas chroma-
tography to identify the hydrate composition and cage occu-
pancy of mixed gas hydrate of CH4/C2H6/C3H8. As noted
earlier, Uchida et al.14 have recently reported the structure
of the hydrates formed from the CH4/C3H8 and CH4/C2H6/
C3H8 mixtures. However, they did not confirm the results by
an independent method such as NMR and did not study the
kinetics of hydrate growth.

Experimental Section

Gas uptake measurement

The gas mixtures used in this study were UHP grade and
were supplied by Praxair Technology. The dry molar (%) gas
compositions of the binary gas mixtures were determined by
gas chromatography and are as follows: CH4 (91.0)/C2H6

(9.0), CH4 (90.5)/C3H8 (9.5). The dry molar (%) gas compo-
sition of the ternary gas mixture was: CH4 (90.2)/C2H6 (5.3)/
C3H8 (4.5). The water used was distilled and de-ionized.

The apparatus is the one used by Lee et al.35 and Linga
et al.4 It consists of a crystallizer (CR) immersed in a tem-
perature-controlled bath and equipped with the appropriate
instrumentation to carry out hydrate formation at constant
temperature and pressure using a fixed amount of water and
a continuous supply of gas from a supply vessel (SV). The
kinetics of hydrate formation was studied through gas uptake
measurements following a technique pioneered in Bishnoi’s
laboratory.36,37 The gas uptake method was coupled with gas
phase composition measurements. All experiments were car-
ried at pressures above the equilibrium pressure to ensure a
finite rate of hydrate growth. The deviation of the experimen-
tal pressure or subcooling temperature from the equilibrium
value is frequently called the driving force. The equilibrium
pressures for the gas mixtures at 273.7 K were determined
by following the isothermal pressure search method.38 The
results are shown in Table 1.

Hydrate phase characterization

The gas mixture used to form gas hydrate was UHP grade
supplied by Praxair Technology. The dry molar gas composi-
tion was 88.5% CH4, 6.9% C2H6, and 4.6% C3H8. Hydrates
were synthesized from samples of 5 g of freshly ground ice
particles that were poured by gravity into a 50 ml pressure
vessel. The vessel has several spherical steel balls, which
impart mixing and grinding to the sample when the vessel is
kept on a rolling mill. The loading procedure was performed
in a freezer at approximately 253 K to prevent melting of the
ice. The zero time of the measurement was recorded when
the vessel was pressurized to the desired pressure. Experi-
ments were performed at 253 K or 270 K for 48 h. At the
end of the 48-h period the temperature was increased to a
point above the ice point (274 K) within 5 min in order to
enhance the conversion of the remaining ice into hydrate.27

The system was kept at 274 K for 24 h and then brought
back to 253 K or 270 K until there is no change in pressure
(almost full hydrate conversion was achieved). The starting
pressure in each experiment was 2.8 MPa, and as the experi-
ments were carried out in a batch mode the final pressure in
the vessel was about 2.1 MPa. At the end of the experiment,
the hydrate samples were collected under liquid nitrogen
temperature (approximately 77 K). The recovered hydrate
samples were kept in liquid nitrogen for subsequent analysis.
For one experiment, hydrates were allowed to grow at 270 K
for 48 h and then the temperature was increased to 283 K.
The system was kept at 283 K for 24 h (until the
pressure became constant) and the sample was collected at
liquid nitrogen temperature for further analysis by Raman
spectroscopy.

Crystal structure and lattice constant information were
obtained from powder X-ray diffraction (PXRD). The PXRD
measurements were performed with the h/2h step scan mode
and a counting time of 47.3 s/step and a step width of 0.0418
in the 2h range of 7–508 (40 kV, 40 mA; BRUKER axs
model D8 Advance) using CuKa radiation (k 5 1.5406)
(at163 K to prevent hydrate dissociation). The temperature
deviation of the sample during measurement was within
1.0 K. The crystal information was then correlated to results
from 13C magic angle spinning (MAS) NMR at 173 K and
Raman spectroscopy at liquid nitrogen temperature. A Bruker
DSX 400 MHz NMR spectrometer was used to analyze the
cage occupancies of the individual gases in the mixture, and
hence, the hydrate structure. NMR measurements were per-
formed on powdered hydrate samples; hydrate was packed
in a 7 mm zirconia rotor, which was loaded into a variable

Table 1. Incipient Equilibrium Hydrate Formation Conditions

System Temperature (K)
Incipient Equilibrium

Pressure (MPa)

Gas Phase Composition (Mole Fraction)
(Uncertainty 6 0.001)

Feed Gas At Equilibrium

CH4/C2H6/H2O 273.7 1.43 CH4 5 0.910 CH4 5 0.918
C2H6 5 0.090 C2H6 5 0.082

CH4/C3H8/H2O 273.7 0.52 CH4 5 0.905 CH4 5 0.904
C3H8 5 0.095 C3H8 5 0.096

CH4/C2H6/C3H8/H2O 273.7 0.75 CH4 5 0.902 CH4 5 0.904
C2H6 5 0.053 C2H6 5 0.052
C3H8 50.045 C3H8 5 0.044
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temperature probe. The spectra were recorded with magic
angle spinning at 2.5 kHz spinning rate. A single pulse exci-
tation (908 of 5 ls) and pulse repetition delay of 300 s under
proton decoupling was employed. The cross polarization (CP
MAS NMR) technique was also employed to distinguish the
signals arising from the solid or liquid phase from those of
the hydrate phase.

The synthetic hydrate samples were also analyzed using
Raman spectroscopy. An Acton Raman spectrograph with fiber
optics and equipped with a 1200 grooves/mm grating and a
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 a 103 microscope objective. The
spectrograph was controlled with a computer and the spectra
were recorded with a 1 s integration time over 50 scans. All
spectra were referenced to methane gas at 2918 cm21.

In situ Raman setup

The experimental pressure vessel (cell) used for in situ
Raman measurement was made of 316 SS and has a volume
of 1 cm3. The vessel has a quartz window at the top and can
operate at maximum pressure of 5 MPa. The temperature
was kept constant by circulating cooling liquid through the
channels made in the vessel for temperature control. In these

experiments, the cell was loaded with approximately 0.2 g of
crushed ice at 253 K. Subsequently, cooling liquid (50:50,
w/w methanol-water) was circulated at 268 K (experimental
temperature). The temperature inside the cell was measured
by a thermocouple (60.1 K). The cell was flushed three
times with the gas mixture to remove any air present as im-
purity and then finally pressurized at the experimental pres-
sure of 2.8 MPa. The cell window was then kept under the
microscope of the Raman spectrometer to observe the change
in Raman spectra with respect to time. A spectrum was
recorded every 5 min by accumulating 50 scans (�1 min).

Results and Discussion

Table 1 shows the incipient gas hydrate formation condi-
tions for the three mixtures at 273.7 K. Figure 1 shows gas
uptake curves from three experiments corresponding to the
CH4/C2H6 and CH4/C3H8 binary gas mixtures and the ternary
mixture. The curves conform to the behavior of a gas uptake
curve described by Bishnoi and Natarajan.15 The rate of
hydrate growth (Rf) is defined operationally as the slope of
the gas uptake curve during the first 20 min after the induc-
tion time.4,35 The two methane-containing binary systems ex-
hibit similar growth rates initially possibly due to the fact
that the methane content is the same and large compared to
that of the other gas components. Subsequently, the propane-
containing system exhibited fastest gas consumption but just
prior to 80 min reaction time the ethane system had con-
sumed the same amount of gas. The ternary system exhibited
the least overall consumption as time passed. Considering
that this is a more representative model of natural gas, this
kinetic behavior is not favorable if one is interested in con-
verting large amounts of natural gas into hydrate.

Hydrate formation from the CH4/C2H6 mixture

As seen from Table 1, the minimum pressure to form
hydrate crystals for this gas mixture at 273.7 K is 1.43 MPa.
Gas uptake measurements for this system were taken at
273.7 K and at 2.9 and 3.9 MPa. Table 2 summarizes the
results. As seen, nucleation occurred during the first 5 min
and the induction times did not correlate with the driving
force. Considering that the induction times are all within
3 min of each other, this is not surprising as the induction
time has a random component.16 Furthermore, the calculated

Figure 1. Gas uptake curves for CH4/C2H6 (experiment
1, Table 2), CH4/C3H8 (experiment 4, Table 2),
and CH4/C2H6/C3H8 (experiment 8, Table 2)
with the corresponding induction times.

Table 2. Experimental Conditions Along with Measured Induction Times and Hydrate Formation Rates at 273.7 K

System Exp. No.
Sample
State

Driving
Force* (MPa) Pexp (MPa)

Induction
Time (min)

Moles Consumed at
Nucleation Point
(Induction Time) Rf

† (mol/min)

(CH4/C2H6/H2O) 1 Fresh 2.5 3.9 2.3 0.003 0.0017
2 Fresh 1.5 2.9 4.7 0.006 0.0014
3 Fresh 1.5 2.9 2.7 0.007 0.0016

(CH4/C3H8/H2O) 4 Fresh 2.5 3.0 3.3 0.004 0.0025
5 Fresh 1.5 2.0 3.3 0.002 0.0014
6 Fresh 2.5 3.0 2.0 0.001 0.0011
7 Fresh 1.5 2.0 3.3 0.003 0.0010

(CH4/C2H6/C3H8/H2O) 8 Fresh 1.65 2.4 5.3 0.001 0.0012

*Driving force 5 Pexp 2 Peq.
†Rate of hydrate growth (gas consumption rate for the first 20 min after nucleation).
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rates of growth are all of the same magnitude considering
the uncertainty in the mole calculations.4

Gas phase analysis was conducted for experiments 1 and 2
and the results are shown in Table 3. Interestingly, the CH4

gas content remains practically constant at 3.9 MPa but
increases at 2.9 MPa. As CH4 and/or C2H6 are consumed for
hydrate formation the pressure drops and more gas is sup-
plied from the Supply Vessel (SV) to maintain constant pres-
sure (semi-batch operation). The fate of the two hydrate
forming gases was calculated from kinetic information and
gas chromatographic analysis and is shown in Figures 2
and 3. The description of the procedure to calculate the num-
ber of moles of the individual species is presented else-
where.4 As seen, the composition ratio (CH4/C2H6) at 3.9
MPa increases during the first 25 min to about 9 and then
begins dropping to about 7.8 in 80 min. On the other hand
the composition ratio (CH4/C2H6) drops more rapidly when
hydrates form at 2.9 MPa (lower driving force). It is difficult
to say whether any structural transitions occur over these
times. Methane and ethane form structure I hydrate but a
mixture of the two can form structure II.2 Uchida et al.13

have reported that, based on spectroscopic measurements for
a binary mixture, of CH4/C2H6 with a composition of C2H6

ranging between 2% and 22% both structure I and II coexist.

Hydrate formation from the CH4/C3H8 mixture

As seen in Table 1 the minimum pressure to form hydrate
crystals from this gas mixture at 273.7 K is 0.52 MPa. Gas

uptake measurements for this system were obtained at 273.7 K
and at 2.0 and 3.0 MPa. Table 2 summarizes the results. As
seen, all the induction times are within a 4 min. range. It is
noted that the induction time in experiment 6 was 2 min and
the number of moles consumed at that point is 0.001 which
is much lower than in experiment 4 (0.004). This reaffirms
the fact that prediction of the kinetics of nucleation is diffi-
cult and that induction time prediction is not yet possible.

Gas phase analysis results are given in Table 4. It is evi-
dent from the table that the gas phase in the reactor is
enriched with methane as the experiment proceeds. As seen
from Figures 4 and 5, the composition ratio (CH4/C3H8)
drops more rapidly when hydrates form at 2 MPa (lower
driving force). It is also interesting to note that while the
amount of methane incorporated into hydrate is more at
3 MPa, the amount of propane is practically the same.
Moreover, the amount of propane has reached a plateau
within 60 min at 3 MPa and 100 min at 2 MPa. It appears
that further growth is simply due to methane hydrate
formation.

Hydrate formation from the CH4/C2H6/C3H8 mixture

Gas uptake measurements were conducted at 273.7 K and
2.4 MPa. This pressure is 1.65 MPa above the incipient equi-
librium pressure at 273.7 K (Table 1). The induction time
was 5.3 min and the calculated rate during the first 20 min
was found to be 0.0012 mol/min (Table 2). This rate is

Figure 2. Mole consumption and molar ratio for the
CH4/C2H6/H2O system 3.9 MPa.

Figure 3. Mole consumption and molar ratio for the
CH4/C2H6/H2O system 2.9 MPa.

Table 3. Vapor Phase Composition During Hydrate Formation from CH4/C2H6 Mixture

CH4/C2H6/H2O at 3.9 MPa (Experiment 1, Table 2) CH4/C2H6/H2O at 2.9 MPa (Experiment 2, Table 2)

Sampling Time (min)
CH4 Mole Fraction in

Crystallizer (Uncertainty 6 0.001) Sampling Time (min)
CH4 Mole Fraction in

Crystallizer (Uncertainty 6 0.001)

0.0 0.910 0.0 0.910
3.3 0.910 4.0 0.910
10.0 0.911 22.0 0.916
22.0 0.912 42.0 0.931
32.0 0.914 62.0 0.941
42.0 0.915 137.0 0.956
52.0 0.916 – –
62.0 0.917 – –
72.0 0.918 – –
82.0 0.918 – –
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within the range found for the constituent binary systems.
Gas phase analysis results are given in Table 5 which shows
that the concentration of CH4 in the gas phase was much
higher by the end of the experiment, close to 98% CH4.
Because of the increase in methane content of the gas phase,
the rate of hydrate growth decreases as the equilibrium for-
mation pressure increases, which in-turn decreases the driv-
ing force. Perhaps this is one of the reasons why the rate
decreases continuously after nucleation. Considering that
methane enrichment was also significant in the propane-con-
taining binary system it appears that propane incorporation
into the hydrate is a dominant factor. Figure 6 shows equal
amounts of ethane and propane consumed. It is expected that
experiments done at even lower pressures should be able to
give a gas phase almost free of propane and ethane. How-
ever, the rate of growth does become much smaller.

Hydrate phase characterization

Synthetic hydrate samples were analyzed by PXRD first to
confirm the presence of hydrate and to verify the crystal
structure. A PXRD pattern of the sII hydrate product made

with CH4 (88.5 mol %)/C2H6 (6.9 mol %)/C3H8 (4.6 mol %),
as obtained in our experiment is shown in Figure 7. The pres-

ence of ice is indicated by the asterisk. It was found that the
gas mixture always formed structure II hydrate under the tem-

perature and pressure conditions studied. The pattern was fit-
ted to a standard sII hydrate pattern (space group Fd3m) to

obtain the lattice constants and unit cell volumes. The syn-
thetic mixed hydrate sample analyzed at 163 K and atmos-
pheric pressure has a unit cell constant of 17.23 Å and cell

volume of 5115 Å.3 Diffraction of the sample also was
observed with increasing temperature, the increment being

5 K, in order to see at which temperature all of the hydrate
disappeared. The rate of increase in temperature was approxi-
mately 2.5 K per minute. It was observed that (results not

shown) at this rate all of the hydrate dissociated at around
213 K (62 K). Once the PXRD measurements confirmed that

the solid phase contained hydrate, the hydrate phase composi-
tion was obtained by gas chromatography. Table 6 shows the

gas/hydrate composition at each stage. As shown in Table 6
by the end of the experiment gas phase is almost 99% meth-
ane. This is in agreement with the gas phase composition

from the gas uptake measurements shown in Table 5.

Figure 4. Mole consumption and molar ratio for the
CH4/C3H8/H2O system at 3.0 MPa.

Figure 5. Mole consumption and molar ratio for the
CH4/C3H8/H2O system at 2.0 MPa.

Table 4. Vapor Phase Composition During Hydrate Formation from CH4/C3H8 Mixture

CH4/C3H8/H2O at 3.0 MPa
(Experiment 4, Table 2)

CH4/C3H8/H2O at 2.0 MPa
(Experiment 5, Table 2)

CH4/C3H8/H2O at 2.0 MPa
(Experiment 7, Table 2)

Sampling
Time (min)

CH4 Mole Fraction in
Crystallizer

(Uncertainty 6 0.001)
Sampling
Time (min)

CH4 Mole Fraction in
Crystallizer

(Uncertainty 6 0.001)
Sampling
Time (min)

CH4 Mole Fraction in
Crystallizer

(Uncertainty 6 0.001)

0.0 0.905 0.0 0.905 0.0 0.905
3.7 0.908 3.0 0.906 5.0 0.911
12.0 0.912 12.0 0.910 10.0 0.912
22.0 0.919 22.0 0.943 20.0 0.916
32.0 0.931 32.0 0.948 30.0 0.927
42.0 0.939 42.0 0.957 40.0 0.934
52.0 0.941 52.0 0.968 50.0 0.940
62.0 0.942 62.0 0.978 70.0 0.956
72.0 0.944 72.0 0.984 100.0 0.983
82.0 0.945 82.0 0.987 120.0 0.991
– – 92.0 0.991 – –
– – 132.0 0.994 – –
– – 640.0 0.997 – –
– – 660.0 0.997 – –
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Hydrates synthesized in the rolling cell reactor at 253 and
270 K at an initial pressure of 2.8 MPa were studied with
Raman spectroscopy at liquid nitrogen temperature and
atmospheric pressure, thus marking the signals of individual
gas components in hydrate cages. Guest molecules trapped in
hydrate cages may have hydrate structure-specific and cavity-
specific signatures in terms of the Raman bands being shifted
from gas phase values. Raman spectra for methane and other
natural gases in different hydrate structures and phases have
been studied13,14,18,28 extensively. Figure 8 shows a typical
Raman spectrum of the C��H (2800–3000 cm21) and O��H
regions (3000–3400 cm21) of the gas hydrate. The spectrum
supports the conclusions obtained from XRD analysis that
the hydrate is structure II. Two large peaks at approximately
2904 cm21 and 2914 cm21 indicate CH4 molecules encaged
in large cages and small cages, respectively. Other small
peaks in the region 2850–3000 cm21 are from ethane and
propane in the large cages. These peaks have a relatively
low signal-to-noise ratio due to the presence of the small
amounts of these gases in the resultant hydrate structure.
Two large, broad peaks at approximately 3090 cm21 and

3220 cm21 are due to the internal vibrational modes of water
molecules making up the host lattice of the hydrate struc-
ture.24 Additionally, a minor band for methane was present
at about 3050 cm21 indicative of methane in the hydrate
phase.7 This peak is due to the Raman active CH4 mode (m3),
which occurs at 3026 cm21 in pure methane at 90 K.24

Figure 9 shows the C��H spectral region obtained for
three different experiments at 253 K, 270 K, and 283 K and
the same initial pressure of 2.8 MPa. The Raman band at
2903 cm21 was assigned to the C��H stretching mode of
methane in the large cage of structure II. The peak at 2914
cm21 is for methane in the small cage. It has been observed
that propane and ethane only occupy the large cages of struc-
ture II. The C��H stretching vibrations of propane in the
large cages appears at around 2870, 2878, 2984, 2900, and
2920 cm21 as observed from the measurement on pure pro-
pane hydrate. However, for a methane/ethane/propane sys-
tem, only the first three propane peaks mentioned earlier are
visible as they have stronger signals compared to the last
two and they do not overlap with the strong methane signals
at 2903 and 2914 cm21 as shown in Figure 9. Moreover, at
higher temperature (Figure 9c), propane dominates the
hydrate phase composition over methane and hence the pro-
pane signal at 2920 cm21 becomes more evident as seen on
the right shoulder of the methane peak at 2914 cm21.
Hydrate peaks for ethane were observed at 2885 and

Table 5. Vapor Phase Composition During Hydrate
Formation from CH4/C2H6/C3H8 Mixture

CH4/C2H6/C3H8/H2O at 2.4 MPa (Experiment 8, Table 2)
(Uncertainty 6 0.001)

Sampling
Time (min)

CH4 Mole
Fraction in
Crystallizer

C2H6 Mole
Fraction in
Crystallizer

C3H8 Mole
Fraction in
Crystallizer

0.0 0.903 0.053 0.044
10.0 0.904 0.052 0.044
20.0 0.918 0.047 0.035
30.0 0.930 0.043 0.027
40.0 0.937 0.039 0.024
50.0 0.945 0.035 0.020
60.0 0.949 0.033 0.018
80.0 0.959 0.030 0.011
100.0 0.961 0.027 0.012
120.0 0.966 0.025 0.009
180.0 0.974 0.019 0.007
200.0 0.978 0.018 0.004

Figure 6. Mole consumption for the CH4/C2H6/C3H8/
H2O system at 2.4 MPa.

Figure 7. PXRD pattern of sII hydrate performed at
163 K on hydrate sample synthesized by CH4/
C2H6/C3H8 mixture at 2.8 MPa and 270 K.

Table 6. Phase Composition at Start and End of the
Experiment as Analyzed by Gas Chromatography

Description
Methane
(mol %)

Ethane
(mol %)

Propane
(mol %)

Feed gas composition
(start) 88.5 (60.2) 6.9 (60.2) 4.6 (60.2)

Gas phase composition
(end) 98.8 (60.2) 0.9 (60.2) 0.3 (60.2)

Hydrate phase
composition 69.1 (60.2) 18.2 (60.2) 12.7 (60.2)
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2940.5 cm21. There is no major difference between the spec-
tra obtained at 253 and 270K. The intensity ratio of methane
in the large cage to that of the small cage is similar. On the
basis of this information it can be said that cage occupancy
of hydrates synthesized at 253 K is similar to the cage occu-
pancy of hydrates synthesized at 270 K. However, the spec-
trum at 283 K is different. The intensity ratio of methane in
large to small cages is smaller compared to the experiments
performed at 270 K and 253 K. Also, the peak intensity for
propane occupying the large cages is significantly higher.
This suggests that the cage occupancy of the mixed hydrate
synthesized at 283 K is different from the hydrates synthe-
sized at 253 K and 270 K. The above results indicate that at
higher temperatures propane occupies the large cages prefer-
entially and most of the methane occupies only the small
cages. Similar results were obtained while comparing the
C��C stretching mode as shown in Figure 10.

Figure 10 shows the C��C stretch mode region for pro-
pane and ethane in the hydrate cages. The Raman stretching
mode at 992.5 cm21 is assigned to ethane in large cages,
and the Raman-active stretching mode of propane is
observed at three different positions. The main peak is at
878.5 cm21 with two small ones at 1054 and 1157.5 cm21.
These numbers match well with literature values.7,25 Table 7
shows the peak positions of each gas reported in this work.
Although the C��C bands are weaker compared to those in
the C��H stretch region, they can still be used to comment
on the intensity ratio of propane to ethane peaks. It has been
observed that the peak intensity ratio for ethane to propane
is almost similar for experiments done at 253 K and 270 K.
However, for the experiment carried out at 283 K the peak
intensity ratio of ethane to propane is lower. It has also been
observed from the gas uptake measurements that the mole
fraction of CH4 in the vapor phase increases as hydrate crys-
tallization progresses, especially when the driving force is
smaller.

In situ Raman analysis

Results of a typical time-resolved in-situ Raman experiment
are shown in Figure 11a. The peak observed at 2918 cm21 at
zero time arises purely from methane gas present amongst the
porous ice powder. The Raman peak for methane gas trapped
in the small cages of structure II starts appearing at 2914
cm21 as a shoulder on the gas peak and keeps growing until it
can be seen as a resolved shoulder within 1 h of the start of
hydrate formation. Methane also occupies the large cages of
structure II, and a small peak can be seen at 2903 cm21 as a
shoulder on the peak for methane in small cages. A distinct

Figure 8. Typical Raman spectra for the mixed hydrate
of methane, showing the C––H stretching
region for hydrate guest molecule between
2800 and 3000 cm21.

Also note the broad water band for O––H stretching between
3000 to 3400 cm21. Spectra were obtained at liquid nitrogen
temperature. Hydrate was synthesized at 253 K.

Figure 9. Raman spectra of hydrate measured at liquid
nitrogen temperature showing C––H stretch-
ing regions for the hydrate guests.

(a) Hydrate synthesized at 253 K and 2.8 MPa, (b) hydrate
synthesized at 270 K and 2.8 MPa, and (c) hydrate synthe-
sized at 283 K and 2.8 MPa.

Figure 10. Raman spectra of hydrate measured at liq-
uid nitrogen temperature showing C––C
stretching regions of the hydrate guests.

(a) Hydrate synthesized at 253 K and 2.8 MPa, (b)
hydrate synthesized at 270 K and 2.8 MPa, and (c)
Hydrate synthesized at 283 K and 2.8 MPa.
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shoulder for methane in the large cages of structure II can be
seen at a later time during hydrate formation. Figure 11b
shows the intensity ratio of signals for methane in small cages
to that of free methane in the surrounding gas. The intensity
ratio reported here has been averaged over three different runs
for similar systems. The result suggests that the total amount
of methane in small cages increases linearly with time. Figure
11c shows how the intensity ratio of signals for methane in

the large cages to that of methane in small cages changes
with time. As seen at the start of the experiment, the rate of
growth of the methane population in the large cages of struc-
ture II is faster than the rate at which methane populates the
small cages. It has also been seen that the contribution from
ethane and propane seems to become more dominant when
hydrate is allowed to equilibrate for 24 h. This might suggest
that hydrate is originally formed with a large amount of meth-
ane in the 51264 cavities, which is exchanged over time for
ethane and propane. This explains the observation in Fig-
ure 11c that initially the rate of methane gas going into large
cages is faster compared to methane going into the small
cages. It is also noted for the gas uptake measurements, as
seen in Figures 2–5, that the initial rate of methane incorpora-
tion into the hydrate phase is faster. Hence hydrate samples
taken at different times during a kinetic experiment will ena-
ble us to ‘‘tune’’ the compositions of the resultant hydrate to a
certain extent.

Figure 12 shows the time-resolved C��C stretching mode
of ethane and propane in the hydrate phase. As seen, the pro-
pane peak at 878.5 cm21 and the ethane peak at 992.5 cm21

in the hydrate phase grow with time. Figure 12 also shows
the peak position of ethane and propane in the gas phase. As

Table 7. Reported Raman Wavenumbers for Synthesized CH4/C2H6/C3H8 sII Hydrate

Description Component Wavenumber (cm21)

C��H stretching region Methane (hydrate) �2903 (Large cages in sII)
Methane (hydrate) �2914 (Small cages in sII)
Ethane (hydrate) �2885, 2940.5 (All large cages in sII)
Propane (hydrate) �2870, 2878.5, 2984 (All large cages in sII)
Methane (gas) �2918

C��C stretching region Ethane (hydrate) �992.5 (Large cages in sII)
Propane (hydrate) �878.5, 1054, 1157.5 (All large cages in sII)
Ethane (gas) �994.5
Propane (gas) �871.3

Figure 11. In situ Raman spectra of the C––H region
for CH4/C2H6/C3H8 hydrates obtained at 268
K and 2.8 MPa.

(a) Note the peak for methane in small cages (as a shoulder
on the main peak of methane in the gas phase increasing with
time). (b) Intensity ratio of the peak for methane in small
cages to that of methane in the gas phase. (c) Intensity ratio
of methane in large cages to that of the small cages.

Figure 12. In situ Raman spectra of the C––C region
for CH4/C2H6/C3H8 hydrates obtained at
268 K and 2.8 MPa.

Note the propane peak positions in hydrate phase is at
higher wavenumber compared to the gas phase.
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seen, the C��C stretching mode of propane in the hydrate
phase shifts to higher wavenumber as compared to the that
in the gas phase, whereas the ethane signal from the hydrate
phase shifts to lower wavenumber compared to that of the
free gas phase. This result is consistent with the values
reported in the literature.2,28As seen in Figure 12, a lower
concentration of propane in the gas phase results in a smaller
peak as compared to that for ethane. In the hydrate phase,
the peak for propane is bigger as compared to that for eth-
ane. Comparing the peak intensities of ethane and propane in
the large cages of structure II, it can be said that propane is
the preferred guest for the large cages.

Uchida et al.14 reported that the preferential enclathration
in the 51264 cage is CH4 \ C2H6 \ C3H8. Our work con-
firms this and based on the in situ Raman studies suggests
that kinetics controls the rate of methane occupancy of the
large cages of structure II as compared to the small cages
(Figure 11c).

Quantitative determination of the cage occupancy
by Raman spectroscopy

It is generally accepted that Raman spectroscopy cannot
be used to determine the relative concentration of different
guests in the hydrates quantitatively. The intensity of the sig-
nal generated by a specific ethane vibrational mode is likely
to differ in intensity from that of an equal number of the
same vibrational modes in propane molecules. As well,
because of possible differences in polarizabilities of mole-
cules in different cages, including the effect of different
guests in neighboring cavities, intensities for molecules in
different cages are not directly comparable. However, we
will assume that errors arising in systems with only weakly
polar hydrocarbon guests are going to be small, and we can
estimate the relative amounts of a guest molecule in the dif-
ferent cages of a hydrate by comparing integral peak inten-
sities. Therefore, it is possible to estimate the cage occupan-
cies of mixed hydrates with some additional information and
a few wise assumptions.28

In this study we have used the information obtained by
PXRD and gas chromatography, in addition to peak ratios of
methane in small to large cages, as obtained by Raman spec-
troscopy to quantify the cage occupancy values of different
gases in hydrate cages. The PXRD pattern obtained for the
synthetic hydrate reveals that the hydrate is a pure structure
II phase. Once the structure of the hydrate is determined, the
hydrate sample is decomposed and analyzed by gas chroma-
tography for overall hydrate composition. As shown in Ta-
ble 6, in every 100 moles of gas leaving the decomposing
hydrate, there are 69.10 moles of methane, 18.20 moles of
ethane, and the rest is propane. By peak deconvolution, it is
easier to calculate the peak ratio of methane in the large
cages to that in the small cages of the resultant structure II
hydrate. Figure 13 shows a typical Raman spectrum obtained
from a hydrate sample at liquid nitrogen temperature. From
the fitted curves of Figure 13, the ratio of the integrated
intensities of methane in large cages (curve IV) to methane
in the small cages (curve V) is 0.16. Assuming that the
intensities can be compared directly and knowing that there
are two times as many small as large cages in the structure
II unit cell, the following two equations can be satisfied for

the total amount of methane in the hydrate cages (obtained
by gas chromatography) and the ratio of methane in large to
small cages (obtained by Raman spectroscopy)

2hS�M þ hL�M ¼ 69:10 (1)

hL�M=2hS�M ¼ 0:16 (2)

where hS-M and hL-M are methane occupancies in small and
large cages of resultant sII hydrate. In writing the above equa-
tions, it has been kept in mind that ethane and propane should
not occupy the small cages of structure II. Indeed, the positions
of the Raman stretching modes of the C��H and C��C bonds
study suggest that neither ethane nor propane actually are pres-
ent in the small cages of structure II. Solution of Eqs. 1 and 2
gives 59.57 moles of methane in the small cages (equivalent to
89.3% occupancy) and 9.53 moles in the large cages. It is safe
to assume that the large cages have to be completely filled to
maintain hydrate stability. There are 9.53 moles of methane,
18.20 moles of ethane and 12.70 moles of propane in the large
cages which give cage occupancies of 23.6% (methane),
45.0% (ethane) and 31.4% (propane) in the large cages. Table 8
reports these cage occupancies.

Uchida et al.14 studied the CH4/C2H6/C3H8 ternary mixture
using Raman spectroscopy and gas chromatography. Their
Raman spectroscopy results suggest that CH4 molecules were
not included in the 51264 cages in the resultant mixed hydrate
from mixtures with 90/5/5 and 92/4/4 mol % composition,
although methane was detected in the large cages in the 98/
1/1 mol % mixture. In this work, we used an 88.5% CH4/
6.9% C2H6/4.6% C3H8 mixture. Our results show that meth-
ane does occupy the 51264 hydrate cages along with ethane
and propane. This is confirmed by gas chromatography,
Raman, and NMR spectroscopies. There might be several
factors which are responsible for these differences, like
hydrate formation pressure and hydrate formation time. The
relative magnitude of the ice and hydrate peaks at the XRD
plot of the hydrate sample of Uchida et al.14 show that the

Figure 13. Absolute peak intensity of methane peaks
from typical Raman spectra conducted at
liquid nitrogen temperature on hydrate sam-
ple synthesized at 270 K and 2.8 MPa.
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hydrate content of their sample is small. It is very important
to understand these differences. The above findings further
suggest that that one cannot use an equilibrium model to pre-
dict the product composition during a gas hydrate formation
reaction, as there are kinetic and transport factors that will
affect composition. It should be noted that it is not necessar-
ily trivial to obtain a true equilibrium hydrate as this may
require a number of formation-decomposition-reformation
cycles under near-equilibrium conditions (T, P, composition).

NMR results for quantitative determination of
cage occupancy

Figure 14 shows the 13C magic angle spinning (MAS) NMR
spectrum obtained at 173 K and 0.1 MPa with �2.5 kHz spin-
ning rate. High power proton decoupling was used to give
quantitative spectra, but cross-polarization (CP) was also
employed in this study. Chemical shift values for methane in
both small and large cages of structure II match well with the
literature.2 It can be seen that the intensity of the peak from
methane in small cages (24.36 ppm) is much larger compared
to that from methane in the large cages (at 28.25 ppm). This
indicates that only a small fraction of large cages is filled with
methane. In the same spectrum, propane, which occupies only
the large cages of structure II, exhibits two distinct peaks. One

peak corresponds to methyl carbons (at 17.5 ppm) and the
other to the methylene carbon (at 16.75 ppm). Also, a peak
from ethane in the large cages of structure II hydrate appears
at 6.15 ppm. Table 9 summarizes the 13C NMR shifts.

CP MAS NMR spectra collected for the above system
were identical to the one shown in Figure 14. However, ordi-
narily only high power proton decoupled spectra can give
quantitative values of different gases in the individual
hydrate cages and this only when the delay times in the
experiment are set to appropriately long values. Because
methane partitions between the small and large cavities of
structure II, deconvolution of the band shown in Figure 14
was necessary. This procedure allowed the determination of
the ratio of areas of the small to the large bands, and after
accounting for the fact that, there are two times as many
small as large cages in structure II, the occupancy ratio of
methane in small to large cages (Eq. 3) was determined.
Similarly, the ratio of peak intensities of ethane in large
cages to methane in large cages (Eq. 4) and propane in large
cages to methane in large cages (Eq. 5) can be calculated
from the absolute peak intensity values.

The following ratios of peak intensities were obtained
from the spectra information

hsðCH4Þ
hlðCH4Þ

¼ r1 (3)

hlðC2H6Þ
hlðCH4Þ

¼ r2 (4)

hlðC3H8Þ
hlðCH4Þ

¼ r3 (5)

To determine the absolute occupancy of individual gas in
each cage, the statistical thermodynamics expression for the
chemical potential 2Dlow of water molecules in a structure II
hydrate was invoked.

� Dlow ¼ RT

nH2O

X

i

ti lnð1� hiÞ

� Dlow ¼ RT

nH2O

2 lnð1� hsðCH4ÞÞ
�

þ1 lnð1� hlðCH4Þ � hlðC2H6Þ � hlðC3H8ÞÞ
� ð6Þ

where hS and hL are the fractional occupancy of small and
large cages, respectively. Equation 6 assumes28 (i) that the
free energy of the hydrate is independent of the nature of the
guest, (ii) each cavity can be occupied by only one guest

Table 8. Cage Occupancy Values Obtained by Combination of Results from Raman & Gas Chromatography, Which
Compares Well with Results Obtained with 13C MAS NMR

Description
Hydrate
Structure

Methane
Ethane
hL

Propane
hL

Hydration Number
nhS hL

Raman 1 gas chromatography
(mole balance calculation) sII 0.893 0.236 0.450 0.314 6.10

C13 NMR, high power decoupling
(statistical thermodynamic model) sII 0.888 0.287 0.446 0.264 6.13

Figure 14. 13C MAS NMR spectrum of sII hydrate con-
ducted at 173 K on the hydrate sample, syn-
thesized with CH4/C2H6/C3H8 mixture at 2.8
MPa and 270 K.
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molecule, and the guest molecules cannot diffuse from the
cavity, (iii) there are no guest–guest interactions or host-lat-
tice distortions, (iv) classical statistics are valid, and (v)
quantum effects do not need to be considered. The value for
Dlow used in the calculation is 883.8.18

Therefore, by combining Eqs. 3–6, the occupancy of the
small and large cages by individual gases was determined.
The results are shown in Table 8, as well as the correspond-
ing values calculated by Raman spectroscopy. The column
labeled n in Table 8 corresponds to the hydration number
calculated by the following expression:

n ¼ nH2O

2hsðCH4Þ þ hlðCH4Þ þ hlðC2H6Þ þ hlðC3H8Þ
(7)

The value of the hydration number obtained by NMR
agrees well with the one obtained by Raman and with results
from the literature.18 The results obtained from 13C NMR
indicate that almost 100% of the large cages are filled, which
confirms that the assumption we made for the cage occu-
pancy calculation using Raman spectroscopy is valid. The
cage occupancy values obtained from the Raman results are
in good agreement with the quantitative results, which we
obtained by 13C NMR using high power proton decoupling.

Recommendation for process design

In an industrial process, rapid conversion of all natural gas
into hydrate is desired. Thus, the observed fractionating
effect will necessitate recycling of unconverted gas and, con-
sequently, increase the compression costs and possible com-
plications in the controllability of the process. A possible
remedy is a two-step process that takes advantage of the
fractionation effect in the first stage to recover almost pure
methane which is then fed to the second stage. Thus, a facil-
ity to convert natural gas into hydrate for storage or transport
would consist of two consecutive hydrate formations stages.
Obviously, the second one with almost pure methane as feed
would operate at a higher pressure.

Conclusions

Gas hydrates made from CH4/C2H6, CH4/C3H8, and CH4/
C2H6/C3H8 gas mixtures were formed at 273.7 K in a crys-
tallizer operating with a fixed amount of water and a continu-
ous supply of gas to maintain constant pressure. The methane
concentration in the gas phase was found to increase during
the experiments, especially in the propane-containing mix-
tures. This, unfortunately, raises the equilibrium formation
pressure and thus reduces the driving force, which in turn
reduces the rate of hydrate growth.

13C NMR was used to determine the cage occupancies and
hydration numbers for mixed hydrate from a methane/ethane/
propane gas mixture. It was found that the large cages are

almost fully occupied by a combination of all three gases
and the small cages were about 90% occupied by methane. It
was also shown that Raman spectroscopy could give similar
information to that obtained from NMR spectroscopy, at least
in this particular case, although one must always consider
that Raman results need to be calibrated against a quantita-
tive method such as NMR spectroscopy. However, Raman
spectroscopy is simpler and less resource intensive compared
to the NMR technique, making it more useful for monitoring
gas hydrate formation in an industrial process. Some further
conclusions are that the hydrate and gas composition vary as
the reaction proceeds, giving a small measure of tunability of
the composition. As well, this varying composition is unpre-
dictable by equilibrium modeling software as kinetic and
transport factors do affect the progress of the reaction in
detail. The fractionation effect can be taken into account in
the design of industrial natural gas hydrate storage and trans-
port processes by employing two hydrate formation stages.
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