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The methane uptake and conversion rate to structure H (sH) hydrates was measured
and compared to crystallization kinetics models. Three large molecule guest substances
(LMGS) were used as sH hydrate formers: neohexane (NH), methylcyclohexane
(MCH), and tert-butyl methyl ether (TBME). The initial crystallization occurred
quickly at the LMGS liquid-ice interface until �20–30% of ice was converted into
hydrate (hydrate growth stage I). Slower hydrate crystal growth was observed after a
hydrate film covered the ice surface at a rate of 3–400 nm2/h (hydrate growth stage
II). The TBME system showed the fastest kinetics at the beginning of the reaction fol-
lowed by NH and MCH system. However the trend changed when the temperature was
increased (‘‘reaction’’ stage III). Surprisingly, the conversion rate achieved with the
TBME system upon melting the ice was the smallest. This was attributed to the strong
interaction of TBME with water molecules that increased the energy barrier for water
molecules to form hydrate cages. The conversion rates were well correlated with the
Avrami equation and the shrinking core model. Finally, NH was found to be the best
LMGS in this study to obtain full conversion within a short reaction time and achiev-
ing high methane gas storage in the hydrate. � 2007 American Institute of Chemical Engi-

neers AIChE J, 53: 2451–2460, 2007
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Introduction

Storing and transporting natural gas via gas hydrates is
one of the applications based on hydrate technology that con-
tinues to receive attention.1–3 The economical evaluation of

such a hydrate-based technology are also promising.4–6 How-
ever more investigation is still required to establish the tech-
nology. In particular, finding the operating conditions which
may offer the fastest hydrate kinetics/conversion rates and
high gas storage capacity with high hydrate stability are im-
portant. Methane is the main component of natural gas and is
considered as a clean energy source. It is a simple molecule
that is small enough to fit all cavities in the hydrate lattices.
Methane with water generally forms cubic structure I (sI)
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hydrate under moderate pressure and low temperature condi-
tions,7 although cubic structure II (sII) methane hydrate was
also reported as a meta-stable material.8 Methane in hexago-
nal structure H (sH) hydrate may also exist at extremely high
pressure9 with two to five methane molecules the suggested
large cage occupancy.10,11 The presence of other molecules
may also alter the hydrate structure and methane occupancy
of the hydrate phase. Kinetics and thermodynamics both gov-
ern how methane molecules occupy the hydrate cages and
stabilize the crystal structure. Because this determines the
methane content and the ultimate storage capacity of
hydrates, a careful consideration of the hydrate formation
conditions and systems are needed for a particular industrial
application.

Recently, significant research efforts have been devoted to
study the possibility of storing methane as sH hydrate. This
is due to the fact that sH hydrate has a lower hydrate forma-
tion pressure than sI and high gas storage potential.12 How-
ever, only few studies have addressed the kinetics out of the
many publications on phase equilibria. Moreover, hydrate
conversion from the feed water/ice used in the experiment is
seldom reported. Our earlier work through gas uptake mea-
surements13 and NMR spectroscopy14 revealed that the
kinetics depends on the chosen large molecule guest sub-
stance (LMGS) and the driving force, which is essentially
the deviation of the formation pressure from the equilibrium
pressure at a given temperature. Unfortunately, in both stud-
ies the hydrate conversions obtained were still far from com-
pletion. Water occlusion is typically encountered once
hydrate starts forming and that significantly impedes the sub-
sequent crystal growth. Forming hydrate from ice may offer
higher hydrate conversion especially with thermal ramping
across the icepoint. Through the NMR study, it was found
that the wetting of LMGS and ice packing density influence
the hydrate conversion rate.

Hence the objective of this study is to follow up on the
previous NMR work, which is to form hydrate in bulk sam-
ples and find out if full hydrate conversion can be achieved
in a reasonable timeframe. Fresh-ground ice powder with
loose ice packing density was used to synthesize hydrates.
Methane uptake during hydrate formation was measured and
the conversion rates were correlated to crystallization kinetics
models. Two different hydrate formation pressures and the
LMGS amounts were chosen to see how they may influence
the kinetics. In addition, a mixture of LMGSs was also stud-
ied to investigate if the kinetics can be improved while main-
taining the gas content in the hydrate phase.

Experimental Apparati and Procedures

Hydrates were synthesized from fresh-ground ice particles
(�1.3 lm) that were poured by gravity into a 50 ml pressure
vessel. Approximately 10 g of ice powder was used with the
LMGS sprayed by a syringe from the top after loading the
ice powder. The expected total moles of methane uptake if
ice was fully converted to hydrate are �82 mmol for sH
hydrate and �97 mmol for sI hydrate when all cages are
fully occupied. The gas amount is less and has to be adjusted
accordingly when the methane occupancies in the hydrate
cages are not full. It was noted that ice particles almost filled
the vessel completely. The LMGS amount was varied to be

200% (excess) and 50% as calculated for the stoichiometric
amount. Additional experiments were also conducted by add-
ing TBME as a polar guest to a hydrophobic guest (NH)
with relative concentrations of 1:6 and 1:3. The list of chem-
icals/LMGSs used in this study is summarized in Table 1.
The loading procedure was performed in a freezer at �253 K
to prevent melting of the ice. The vessel was then immersed
in a constant temperature water bath and connected to a
valve and pressure transducer. The time zero of the measure-
ment was recorded as the vessel was pressurized to the
desired pressure. All measurements were performed at 253 K
for about 20 h. At the end of the 20-h period the temperature
was increased to a point above the icepoint (274 K) within
5 min to enhance the conversion of ice into hydrate. It is
well known that temperature ramping enhances the conver-
sion to hydrate.15 Two starting pressure conditions (P0) were
chosen, �4.3 (low pressure condition) and 8.1 MPa (high
pressure condition) which would give final pressures at the
end of the experiment well below and above the equilibrium
condition for sI methane hydrate at 274 K (Peq 5 �2.9 MPa).
The starting pressures were well above the stability region
of sI hydrate to ensure there was sufficient methane to con-
vert ice into hydrate. This is because the experiment was
conducted in a pressure vessel without replenishment of the
gas supply, so the pressure kept dropping as the hydrate
formed. The experiments were stopped when a significant
pressure drop was no longer observed (almost full hydrate
conversion was achieved). The moles of methane uptake
over time were calculated from the pressure drop profile in
the vessel with respect to the starting pressure, taking the
gas compressibility into account. The equations used are
given elsewhere.13

Results and Discussion

A typical pressure drop profile recorded during hydrate
formation is shown in Figure 1. The pressure dropped rela-
tively fast in the first few hours indicating rapid hydrate for-
mation. Ice surfaces were in contact directly with the LMGS
liquid so that methane diffusion in LMGS and intrinsic
kinetics controlled the initial reaction (reaction stage I). A
noticeable induction time was not observed for any of the
systems investigated. The pressure drop slowed considerably
presumably because a hydrate film covered the ice surface.
Thus the reaction became limited by the diffusion of meth-
ane and LMGS across the hydrate film and the reaction at
the ice-hydrate interface (reaction stage II). The ramping of
temperature above the icepoint increased the pressure before
dropping back down again. The thermal ramping enhanced
the transformation of the unreacted ice core towards com-
plete transformation (reaction stage III) into hydrate. The

Table 1. List of Chemicals Used in This Work

Chemical Certified Purity Supplier

Methane UHP grade Praxair
tert-butyl methyl ether (TBME) 99.9% Sigma Aldrich
Neohexane (NH) 99%1 Sigma Aldrich
Methylcyclohexane (MCH) 99%1 Sigma Aldrich
n-heptane (nC7) 99%1 Omnisolv
Water Distilled
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pressure drop data was then used to calculate the moles of
methane gas in the hydrate phase, as shown in Figure 2.
Rapid methane gas uptake is seen in reaction stage I and
then followed by a slower rate in stage II because of mass
transfer resistance. The melting of un-reacted ice inside the
hydrate shell allows new contact sites that allow further reac-
tion towards completion (stage III).

The conversion rate of ice/water into hydrate can also be
calculated if the hydrate structure formed and cage occu-
pancy values for methane and LMGS in the hydrate phase
are known. Hence it is important to have such information.
A detailed solid phase analysis of hydrates synthesized in
this study is reported elsewhere.16 Table 2 shows a summary
of the cage occupancy values and Table 3 the gas content in

the hydrate phase.16 The solid-state analysis at the end of the
experiment revealed the presence of methane in sH hydrate
for all systems. A mixture of sI and sH hydrate was observed
only in the system with LMGS amounts less than stoichio-
metric. Figure 3 shows the conversion versus time calculated
from the gas uptake showed in Figure 2. The conversion is
calculated based on the mol uptake data divided by the total
mol of methane that would be enclathrated if all ice/water
that is present in the system is fully converted into hydrate.
It is important to note here that the hydrate structure and
cage occupancies were assumed to remain the same through-
out the experiments. This assumption is reasonable when the
system has excess of LMGS because the expected hydrates
formed are sH only. However the calculated conversion val-
ues may be under or over estimated for the mixed sI and sH
hydrates. It is not known how and when the mixed hydrate is
formed, whether simultaneously or subsequently after the
shortage of LMGS.

Methane uptake with 200% LMGS amount synthesized
at low pressure (P0 5 ~4.3 MPa)

Examination of the results in Figures 2 and 3 reveals two
types of hydrate growth behavior. The systems with NH and
MCH have similar hydrate growth trends most likely because
they are both hydrophobic molecules. The observed kinetics
was relatively slow at 253 K but then rapid hydrate growth

Figure 2. Amount of methane uptake during hydrate
formation from ice 1 LMGS (~200%) 1 meth-
ane synthesized low pressure (P0 5 ~4.3
MPa).

The LMGS used are tert-butyl methyl ether (TBME), neo-
hexane (NH), and methylcyclohexane (MCH).

Figure 1. Pressure drop profile during hydrate formation
from ice 1 LMGS (~200%) 1 methane syn-
thesized at low pressure (P0 5 ~4.3 MPa).

The LMGS used are tert-butyl methyl ether (TBME), neo-
hexane (NH), and methylcyclohexane (MCH).

Table 2. Summary of Cage Occupancy Values Obtained
by 13C Solid State NMR16

LMGS Used
Final Pressure,
MPa at 274 K

Hydrate
Structure yS, % yM, % yL, %

No LMGS �6 I 87 – 100
TBME (200%) �2 H 78 76 100

�6 H 97 79 100
NH (200%) �2 H 88 88* 100

�6 H 99 99* 100
MCH (200%) �2 H 90 90* 100

�6 H 100 100* 100
3NH:1TBME

(200%) �2 H 76 76* 100
6NH:1TBME

(200%) �2 H 88 88* 100

*The spectra from NMR do not distinguish the methane in the small and
medium cages because of very close chemical shift and broader peak
than TBME system. Hence the average occupancy from the two cages is
reported.

Table 3. Gas Content in Hydrate Phase Measured by
Decomposition Under Vacuum Condition16

LMGS Used Pressure
Gas/Hydrate

(v/v)
Gas/Water

(v/v)

No LMGS High 173 210
TBME (200%) Low 103 131

High 125 160
NH (200%) Low 130 166

High 139 177
MCH (200%) Low 132 168

High 142 181
3NH:1TBME (200%) Low 109 139
6NH:1TBME (200%) Low 123 157
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followed and almost full hydrate conversion was achieved
immediately after the unreacted ice was melted. A slight
delay was observed from one MCH system as seen in the fig-
ure. However it was not observed in any other experiments.
On the other hand, the hydrate growth for the TBME system
was reasonably fast at 253 K but the effect of temperature
ramping was not so drastic as in the case of the NH and
MCH systems. This is probably due to the strong affinity
between polar guest molecules like TBME with ice particles
as indicated by the solubility and wetting properties of
TBME with water/ice.14,17 The strong interaction of TBME
with water molecules makes it more difficult (higher energy
barrier) for water molecules to reorientate and form hydrate
cages resulting in slower kinetics.

Methane uptake with 50% LMGS synthesized at low
pressure (P0 5 ~4.3 MPa)

Figure 4 shows the pressure drop profiles when the LMGS
amount is less than the stoichiometric (50%). As seen, simi-
lar pressure drop profiles are observed as those with excess
LMGS amounts. Rapid hydrate growth in stage I is seen to
be followed by slower growth at stage II. However the rates
for growth stage II, as indicated by the pressure drop, are
higher for the NH and MCH systems. This is likely caused
by the formation of sI hydrate. Some ice particles may be
exposed directly to methane gas because of the insufficient
amount of LMGS. TBME still exhibited the fastest kinetics
(during stage I and II) followed by the NH and MCH sys-
tems. Upon melting the unreacted ice, the pressure dropped
quickly indicating fast hydrate formation but then it rose
back up and stayed at the equilibrium pressure of sI methane
hydrate at 274 K (�2.9 MPa). This suggests that most of the
hydrates formed were a mixture of sI and sH hydrates. How-
ever methane in sI hydrates was not stable at pressures below
�2.9 MPa. Consequently it decomposed as indicated by an
increase in pressure. The solid state analysis showed that the
solid phase contained mostly sH hydrate with a significant
amount of unreacted ice and a small amount of sI hydrate.

The hydrate yield was determined by dissociating the sam-
ples. It was found to be only �15–25% for the NH and
TBME systems although there was sufficient LMGS to con-
vert up to �50% theoretically. The yield for the MCH sys-
tem was �45% but it consisted of mixed sI and sH hydrates.
The sH hydrate content was �20%. This emphasizes the
need to have excess LMGS to fully convert ice/water into
hydrate. This is especially important in a nonstirred system.

Methane uptake with 200% LMGS synthesized at high
pressure (P0 5 ~8.1 MPa)

At higher pressures, sI methane hydrate is also stable and
hence a competition between sI and sH methane hydrate may
well exist. However the solid-state analysis shows that sH
hydrate is the observed structure when the LMGS is in
excess. The methane uptake rate is shown in Figure 5. The
initial reaction rates (stage I) were faster than those at lower
pressure. But they were not significantly better as the growth
was limited by the existence of a hydrate film. Further
hydrate conversion at growth stage III was also observed
upon melting the unreacted ice. However the rates were
much slower than those synthesized at lower pressures. It
took a week to achieve �90% conversion at higher pressure
whereas only several hours at lower pressure. The solid-state
NMR revealed that the methane occupancy was higher when
the hydrate was synthesized at higher pressure. It is unclear
whether the slower methane uptake rate is the result of
higher occupancy or because of the competition between sI
and sH hydrate formation. sI hydrate may form quickly at
first, then convert to sH hydrate at slower rate.

Methane uptake with 50% LMGS amount synthesized at
high pressure (P0 5 ~8.1 MPa)

Figure 6 shows the methane uptake profile. The growth
rates in stage I were similar to those observed in the previous
systems. The MCH curve crossed over the NH curve after

Figure 3. Hydrate conversion rate of ice 1 LMGS (~200%)
1 methane synthesized at low pressure (P0 5
~4.3 MPa).

The LMGS used are tert-butyl methyl ether (TBME), neohex-
ane (NH), and methylcyclohexane (MCH).

Figure 4. Pressure drop profile during hydrate forma-
tion from ice 1 LMGS (~50%) 1 methane
synthesized at low pressure region (P0 5
~4.3 MPa).

The LMGS used are tert-butyl methyl ether (TBME), neo-
hexane (NH), and methylcyclohexane (MCH).
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�1 h reaction time. This is most likely due to the formation
of sI and sH hydrates mixture which increases the overall
methane uptake. Higher slopes were also observed in growth
stage II for all systems. After melting the unreacted ice core,
slow and irregular methane uptake profiles were seen espe-
cially for NH and MCH systems. Higher overall methane
uptake was also obtained confirming the presence of sI
hydrate.

Methane uptake with no LMGS synthesized
at high pressure (P0 5 ~8.1 MPa)

Hydrate formation kinetic of sI hydrate for the system
with no LMGS and n-heptane as a nonhydrate former is

shown in Figure 7. A noticeable lower methane uptake was
observed in comparison to those from sH hydrates systems
especially the reaction rate in stage I. The slope in growth
stage II for ice-methane system is relatively higher than sH
hydrate systems except with TBME. Rapid hydrate growth is
also observed in stage III. The addition of n-heptane as a
nonhydrate former appears to lower the uptake rates although
the total methane uptake is comparable to that without one
after a longer reaction time. The overall methane uptake for
sI hydrate is higher than for sH hydrate due to higher meth-
ane storage capacity.

Methane uptake with the LMGS mixtures
synthesized at low pressure (P0 5 ~4.3 MPa)

It is clear that the hydrate formation rate for the systems
containing LMGS depends on the temperature where
hydrate formation takes place. At temperatures below the
icepoint where water molecules are relatively immobile
(solid ice), LMGS which has the highest interaction/affin-
ity towards water shows faster kinetics than a hydrophobic
guest. This is clearly seen from the uptake rates of the
TBME system that is superior to other LMGS systems in
both stage I and II. However the strong affinity turns out
to be a disadvantage when the water molecule is free to
move around. Water soluble guest molecules inhibit the
hydrate growth although hydrate seeds are present. There-
fore only hydrophobic LMGSs like NH or MCH show
rapid hydrate growth when the hydrate seeds are available
and water molecules are mobile. The strong interaction
between the water and LMGS also affects the methane oc-
cupancy and hence the gas stored in hydrate, as shown in
Tables 2 and 3. This finding requires further attention and
considerations in choosing the proper LMGS for gas stor-
age and transport application. The kinetics observed during
the hydrate formation and the gas content in the hydrate
phase does not correlate as expected. Faster kinetics does

Figure 5. Amount of methane uptake during hydrate
formation from ice 1 LMGS (~200%) 1 meth-
ane synthesized at high pressure (P0 5 ~8.1
MPa).

The LMGS used are tert-butyl methyl ether (TBME), neo-
hexane (NH), and methylcyclohexane (MCH).

Figure 6. Amount of methane uptake during hydrate
formation from ice 1 LMGS (~50%) 1 meth-
ane synthesized at high pressure (P0 5 ~8.1
MPa).

The LMGS used are tert-butyl methyl ether (TBME), neo-
hexane (NH), and methylcyclohexane (MCH).

Figure 7. Amount of methane uptake during hydrate
formation from ice without any LMGS syn-
thesized at high pressure (P0 5 ~8.1 MPa).

The presence of n-heptane (nC7) as a nonhydrate former
slows down the uptake rates however does not reduce the
overall uptake.
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not necessarily give higher methane occupancy. Moreover,
water soluble LMGS does not always offer the fastest
kinetics especially in a nonstirred system. Hydrophobic
LMGS have slower kinetics at the beginning but eventu-
ally reaches full conversion very rapidly with the tempera-
ture ramping and higher methane occupancy is obtained.

A mixture of TBME with NH at different concentrations
was also studied in order to seek the optimum condition in
terms of kinetics and methane occupancy. The idea was to see
if the slow kinetics at the low temperature region (253 K) of
NH system could be enhanced by the addition of small
amount of TBME while maintaining the fast conversion
rates at 274 K and high gas storage capacity in hydrate.
The methane uptake curve that was obtained is shown in
Figure 8. As seen, the addition of TBME did improve the
conversion at 253 K. It is also seen that higher TBME
concentration shifted the uptake curve closer to TBME
profile. Methane occupancy/content was also reduced at
higher TBME concentration, as seen in Tables 2 and 3. A
similar result was also obtained with TBME and MCH
mixtures. Hence adding TBME into other hydrophobic
guest does not necessarily improve the overall conversion
rate and maintain high methane content in hydrate phase.
Only a small amount of TBME in the mixture (less than
20%) may improve the rate.

The total reaction time could be minimized with the
knowledge of the hydrate growth stages. Approximately 2–3 h
reaction time at a temperature below the icepoint is enough
for stage I. The unnecessary time spent in growth stage II
can be eliminated. Rapid hydrate growth towards full conver-
sion is achievable with thermal ramping (stage III) for
another �5 h. Hence the total reaction time to fully convert
ice into sH hydrates with maximum methane occupancy can
be reached within �8 h.

Correlation of conversion rate with
crystallization models

Methane uptake curves at 253 K are fitted to crystalliza-
tion kinetics models, using the well-known Avrami equa-
tions18–20 for the initial reaction stage I and shrinking core
model (SCM)15,21 for stage II (diffusion through hydrate
film). The equations are given below:

Avrami: a ¼ 1� exp �k1t
nð Þ (1)

SCM: ð1� aÞ1=3 ¼ �ð2k2Þ1=2
r

ðt� t�Þ1=2 þ ð1� a�Þ1=3 (2)

where a is the hydrate conversion ratio at time t, a* is the
hydrate conversion ratio when diffusion though hydrate film
starts at time t*, k is the rate constant with the subscript indi-
cating the growth stage, n is the Avrami exponent and r is
the radius of ice particle (�0.65 lm22).

The hydrate conversion ratio as a function of time is
regressed with both equations to obtain the rate constant k1,
k2, and Avrami exponent n. The conversion values are calcu-
lated from the methane uptake profile divided by the total
moles of methane that would be consumed if the ice particles
are converted into hydrate completely taking into account the
cage occupancy measured from NMR. It is important to note
here that the Avrami equation is only valid at low crystal
yield, up to a certain hydrate conversion ratio a* before the
hydrate film diffusion takes over where the SCM is more
suitable to represent the data. The Avrami exponent n may
explain the hydrate nucleation and growth mechanism.23,24

The n-value increases with dimensionality of the growth,
starting from unity for a free linear growth up to 3 for a
three-dimensional growth. Instantaneous nucleation does not
contribute any additional value to n however sporadic nucle-
ation does. The maximum n-value is 4 when the crystal
growth is in three-dimensions and sporadic nucleation is
expected.25 Mass transfer resistance such as diffusion con-
trolled growth reduces the value of n, typically by half.23

Correlation with the Avrami model

The typical Avrami plots are shown in Figures 9 and 10
for the hydrate systems with excess LMGS amount synthe-
sized at low and high pressure condition. The slopes from
the plot correspond to the Avrami exponent n. The correla-
tions from the Avrami model to the measured conversion
rate are shown in Figures 11 and 12. As seen, the Avrami
model fits quite well the hydrate conversion ratio data during
stage I. The calculated conversion using the Avrami equation
over-estimates the data after a certain hydrate conversion ra-
tio (a*) has been reached (t*). The slope in this region corre-
sponds to hydrate growth that is limited by the diffusion
through hydrate film. Hydrate conversion in this region will
be discussed in the later section with the SCM.

Linear correlations are seen in different regions at 253 K.
The first region is observed on the MCH and/or NH systems
only. The other two regions are present in all systems. A
sharp slope (n [ 0.75) at the beginning in Figure 9 may be
ascribed to the slow diffusion of methane in MCH. The
model slightly over-estimates the data in this region, as seen
for the MCH system in the first 30 min in Figure 11. This is

Figure 8. Amount of methane uptake during hydrate
formation from ice 1 Neohexane (NH) and
tert-butyl methyl ether (TBME) mixture
(~200%) 1 methane, synthesized at low
pressure (P0 5 ~4.3 MPa).

The addition of TBME together with a hydrophobic guest
like NH enhances the methane uptake at temperature below
the icepoint (253 K) however inhibits the formation rate at
temperatures above the icepoint (274 K).
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not seen in the NH or TBME system where methane diffu-
sion is faster. NMR studies also confirmed the slow methane
diffusion in MCH.14 The slope changes to �0.5 after the
LMGS is saturated with methane. Solid lines in Figure 9
show that the slopes for all LMGS systems are parallel to
each other with the n-value at around �0.5. For a system
where there is no resistance (free growth) with linear growth
in one-dimension and instantaneous nucleation, the expected
value of n is one. The observed n-value in this study is half

from the expected n-value, which indicates that the crystal
growth is controlled by methane diffusion in the LMGS
liquid.

Morphology and gas uptake study are employed to justify
that hydrate crystals grow in one dimension (rod-like
growth25) with instantaneous nucleation. Lee et al.26 showed
that hydrate nucleation is spontaneous on a single or multiple
sites until a hydrate film covered the surface in a short time
period. The nuclei always appear all at once at the beginning.
Sporadic nucleation where the nuclei appear at different
times was never reported. Hairy-like or needle-like crystal
morphologies were observed from water droplet and plane
water/gas interface studies at the beginning of hydrate forma-
tion.26–28 The primary arm grew inward to the liquid phase

Figure 9. Avrami plot for ice 1 LMGS (~200%) 1 meth-
ane hydrate systems synthesized at low pres-
sure (P0 5 �4.3 MPa).

Initial steep slope (dashed line) is observed for MCH (methyl-
cyclohexane) system, which may be ascribed to methane dif-
fusion in MCH. The solid lines correspond to surface reaction
at ice-LMGS liquid interface, fitted with Avrami equation
with the regressed parameters given in Table 4. Hydrate for-
mation in this region is controlled by methane diffusion in
LMGS with the Avrami exponent n � 0.5. The slope become
lower as hydrate film forms and covers the ice surface.

Figure 10. Avrami plot for ice 1 LMGS (~200%) 1 meth-
ane hydrate systems synthesized at high
pressure (P0 5 �8.1 MPa).

Initial moderate slopes (dashed line) are observed for neo-
hexane (NH) and methylcyclohexane (MCH) systems,
which may be ascribed to the formation of sI hydrate. The
solid lines correspond to surface reaction at ice-LMGS liq-
uid interface, fitted with Avrami equation with the
regressed parameters given in Table 4. Hydrate formation
in this region is controlled by methane diffusion in LMGS
with the Avrami exponent n � 0.5. TBME (tert-butyl
methyl ether) has lower slopes due to very fast reaction
at high pressure so that hydrate film diffusion limits the
reaction.

Figure 11. Hydrate conversion for ice 1 LMGS (~200%)
1 methane system synthesized at low pres-
sure (P0 5 �4.3 MPa).

The Avrami model correlates well with the experimental
data up to �20% conversion for neohexane (NH) and
methylcyclohexane (MCH) systems and �33% for tert-
butyl methyl ether (TBME) system. The Avrami exponent
n is 0.5.

Figure 12. Hydrate conversion for ice 1 LMGS (200%)
1 methane system synthesized at high
pressure (P0 5 ~8.1 MPa).

The Avrami model correlates well with the experimental
data up to �20% conversion for neohexane (NH) and
methylcyclohexane (MCH) systems and �25% for TBME
system. The Avrami exponent n is 0.5.
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from interface studies and outward to the gas phase from the
droplet study initially. The secondary arm grew at a later
time, generally at higher sub-cooling and a smoother crystal
surface was typically observed after a longer period.

Figure 13 shows the Avrami plots from the gas uptake
data we published earlier.13 Hydrate was grown from a liquid
water phase with mixing, so the resistances are assumed to
be negligible. Instantaneous nucleation was also observed.
The slopes are parallel for each system with the Avrami
exponent n at around �1.2 (except NH system at �1.4). The
n-value is slightly higher than one, most probably due to the
contribution from the secondary arm growth (not completely
linear). Hydrate crystal growth may actually consist of two
stages. The first stage occurs rapidly and dominates the crys-
tal growth front initially. It is the primary crystallization pro-
cess where the radial growth from the center of the nuclei is
observed, forming a needle-like crystal. The secondary
growth stage is the slow crystallization process that may be
indicated by thickening the crystal edges or crystal perfection
forming a plate-like crystal. Since the secondary arm was
reported to appear at a later time, perhaps it is safe to
assume linear crystal growth (n � 1), which is true at the be-
ginning of the reaction. The methane diffusion in LMGS
lowers the Avrami exponent by a factor of two compared to
the systems without mass transfer resistances.

The Avrami plots at higher pressure have a slightly differ-
ent trend, as shown in Figure 10. The sharp slope in the first
region is not seen anymore but a more gradual one is
observed (n \ 0.5). The NH system also shows a similar but
smaller slope. This may suggest the formation of sI hydrate
that is preferable/faster instead of sH hydrate with NH or
MCH. However this does not last long, typically less than
30 min as seen in Figure 12 for NH and MCH systems. Per-

haps some ice powders are exposed to methane gas initially
to form sI hydrate. The slopes in the following two regions
have similar trends as compared to those at low pressures (n
5 �0.5) except for the TBME system. A gentler slope (n \
0.5) for the TBME system is due to rapid hydrate conversion
at high pressure. A hydrate film forms quickly and this low-
ers the observed slope. It is also noted that the system with
TBME does not have the first region because the methane
diffusivity and the reaction rate of sH hydrate is faster than
sI hydrate.

The Avrami plot for non-LMGS systems (sI hydrate) is
also shown in Figure 14 for comparison. It is noted that for
the ice-methane system, no gas diffusion in liquid phase
exists. The initial hydrate formation or surface ‘‘reaction’’
(stage I) should occur really fast because there is no expected
resistance for the ice surface to be in contact with the meth-
ane gas. Thus the expected n-value is one. Surprisingly the
n-value obtained is even less than those with LMGS (n 5
0.4). This suggests the presence of gas film which creates a
concentration gradient around the ice particles. Hence meth-
ane has to diffuse through this film in order to react with ice
and form hydrate. This gas film was also observed from the
NMR study.14 It is unknown whether the gas film is also
present with LMGS. The expected slope would be lower
than those without LMGS if the gas film is also present
because of the additional resistance. However this was not
seen and hence the existence of gas film is unlikely or insig-
nificant. Consequently the observed rates with the presence
of liquid LMGS are not necessarily lower than those without
one although additional liquid layer is present. A lower n-
value for sI hydrate in the initial reaction agrees with the
lower slopes observed in the LMGS systems where the
hydrate is synthesized at high pressure and less than stoichio-
metric LMGS amounts. The presence of n-heptane liquid is
expected to behave in the same way as LMGS. Hence the
expected n-value is �0.5, which is indeed the value obtained.
The slope for hydrate formation during stage II (hydrate film

Figure 13. Avrami plot for water 1 LMGS (~200%) 1
methane systems.

Hydrates were synthesized at 275.35 K and 1 MPa above
the corresponding hydrate equilibrium pressure. The solid
lines correspond to the correlation with the Avrami equa-
tion at the initial hydrate growth. The Avrami exponent n
is �1.2 for most systems except for NH (n � 1.4). The
intercepts correspond to the rate constant. Formation with
TBME was the fastest followed by the water (no LMGS),
NH, and MCH systems. Slower conversion rates are
observed after a certain hydrate conversion is achieved, as
seen by the reduced in slope.

Figure 14. Avrami plot for ice 1 methane systems (no
LMGS).

Hydrates were synthesized at high pressure (P0 5 �8.1 MPa).
The solid lines correspond to the reaction of methane with
ice at the surface, fitted with Avrami equation. The
Avrami exponent n is �0.4 for ice and 0.5 for n-heptane.
The expected lower slope in hydrate film diffusion con-
trolled region (stage II) for n-heptane system is not clearly
seen because of low conversion.
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diffusion controlled) for the methane-ice system is higher
than in stage I with the slope at �0.66. Apparently at this
stage the gas film has disappeared so that a higher slope
results. However it is still below one, which indicates resist-
ance because of hydrate film.

The differences in observed intercepts from all Avrami
plots correspond to different rate constants k1. The higher the
k1 values are, the faster the hydrate conversion. TBME sys-
tems always appear at the top because they have the fastest
kinetics followed by NH and MCH systems. The regressed
k1 and n-values are given in Table 4. The values correspond
to the best fit from the data. However for comparison pur-
poses, the k1 values at n 5 0.5 are also given so that the unit
of k1 is conversion/min1/2. This allows the k1 to be evaluated
with respect to experimental variables, namely the pressure
and LMGS type/amount without affecting the fit much. As
seen in Table 4, it is clear that TBME has the fastest conver-
sion rate among all LMGS investigated. The k1 values

increase with pressure, except for the case with 50% TBME
because of the formation of sI hydrate. A lower LMGS
amount reduces the k1 values slightly. The rate constant k1
for sI hydrate is actually lower than that for sH hydrate.
Hence the presence of LMGS liquid layer on the ice surface
does not necessarily limit the hydrate conversion because of
high solubility of methane in LMGS liquid phase.

Correlation with the shrinking core model

As mentioned in the previous section, the third and last
slope (stage III) corresponds to hydrate film diffusion con-
trolled formation. The presence of the hydrate layer on the
ice surfaces limits the mass transfer so that the subsequent
hydrate growth becomes much slower. A SCM is employed
in this region to fit the data. A typical SCM plot is shown in
Figure 15. As seen, the model fits the data well. A slight
deviation is observed for the first few data points, as also
indicated by Wang et al.15 Perhaps this is due to the transi-
tion from surface ‘‘reaction’’ to hydrate film diffusion con-
trolled ‘‘reaction.’’ The value of a*, t*, and the rate constant
k2 is given in Table 5. Generally the conversion rate starts to
decrease after �20% of ice has been converted into hydrate.
The time required to achieve this depends on the crystal
growth rate for the previous region, which varies between
30 min and 3 h. The growth rate constant k2 at this point
varies between �3 and 400 nm2/h. NH and MCH system
have the lowest k2, between 3 and 10 nm2/h. Hence the sub-
sequent growth after the first �3 h is almost negligible. The
TBME system has the highest a* (�30%) and k2 values
(�400 nm2/h) implying a strong interaction between ice and
TBME. For the system with 50% LMGS, the k2 values are
affected by the formation of sI hydrate. The k2 value for the
methane-ice system is higher than for NH and MCH systems
but lower than for TBME. Thus the k2 values increase for
NH and MCH system but decrease for the TBME system
when sI hydrate coexists with sH hydrate in this region.

Conclusions

sH hydrates were synthesized from fresh-ground ice pow-
der. Three sH hydrate formers were selected in this study:

Table 4. Avrami Parameters, k is Given in
Conversion/Minuten

LMGS System/Amount Pressure k1* n† k1 (n 5 0.5)

Ice 1 methane High 0.0067 0.40 0.0048
Ice 1 methane 1 nC7 High 0.0043 0.51 0.0044
50% TBME Low 0.0649 0.46 0.0601

High 0.0331 0.54 0.0374
200% TBME Low 0.0640 0.52 0.0671

High 0.1358 0.28 0.0757
50% NH Low 0.0272 0.52 0.0281

High 0.0299 0.51 0.0305
200% NH Low 0.0278 0.52 0.0302

High 0.0378 0.47 0.0336
50% MCH Low 0.0158 0.50 0.0155

High 0.0167 0.51 0.0172
200% MCH Low 0.0157 0.50 0.0158

High 0.0205 0.49 0.0196

*The maximum standard error of k1 is 5%
†The maximum standard error of n is 0.1.

Figure 15. Shrinking core model (SCM) plot for ice 1
LMGS (~200%) 1 methane systems.

Hydrate was synthesized at low pressure (P0 5 �4.3 MPa).
The SCM plots are linear and in good agreement with
the experimental data. A slight deviation is seen at the be-
ginning, most probably due to the incomplete transition
from stage I (surface reaction) to stage II (hydrate film
diffusion).

Table 5. Shrinking Core Model Parameters

LMGS System/
Amount Pressure a* [conversion] t*, h k2

†, nm2/h

Ice only High 0.10 7.0 42
200% nC7 High 0.08 7.0 11
50% TBME Low 0.22 0.5 400

High 0.27 0.5 194
200% TBME Low 0.33 0.5 399

High 0.25 0.5 189
50% NH Low 0.23 1.0 41

High 0.17 1.0 7
200% NH Low 0.20 1.0 12

High 0.23 1.0 6
50% MCH Low 0.17 3.0 51

High 0.21 3.0 10
200% MCH Low 0.20 3.0 3

High 0.21 3.0 7

†The maximum standard error of k2 is 3%.
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tert-butyl methyl ether (TBME), neohexane (NH), and meth-
ylcyclohexane (MCH). The number of moles of methane
consumed and hydrate conversion were determined and com-
pared with crystallization kinetics models. The hydrate crystal-
lization ‘‘reaction’’ was allowed to proceed for 20 h at 253 K
before ramping the temperature to 274 K. This hydrate syn-
thesis procedure was found to be the best in obtaining full
hydrate conversion (more than 90% conversion) within a
short time and without mixing. Hydrates were found to
grow in three ‘‘reaction’’ stages. The first stage lasted about
30 min to 3 h until a certain degree of hydrate conversion
was achieved (�20% for NH and MCH, �30% for TBME,
�10% for sI hydrate). The conversion rates in this region
(stage I) were well correlated by the Avrami equation. The
Avrami exponent (n) was found to be �0.5, which suggests
that hydrate nucleated instantaneously and grew in one-
dimension (rod-like) with methane diffusion into the LMGS
liquid controlling the ‘‘reaction’’. The subsequent ‘‘reaction’’
(stage II) was much slower because of the formation of a
hydrate film on the ice surface that impeded the mass trans-
fer. A SCM was able to fit the data well. The TBME system
appeared to have the fastest kinetics followed by NH and
MCH systems in both ‘‘reaction’’ stages. However the trend
changed when the temperature was increased (‘‘reaction’’
stage III). Most likely this is attributed to the strong interac-
tion between TBME and liquid water molecules.

The conversion rates were found to depend on the amount
of LMGS, the temperature and pressure at which the hydrate
was synthesized. An excess amount of LMGS was required
to maintain sH hydrate formation. The conversion rates were
faster when the pressure was below the stability region of sI
hydrate at temperatures above the icepoint. Higher pressures
slowed down the kinetics although higher methane content in
the hydrate phase was also noted. Adding TBME into NH or
MCH may help enhance the conversion rate at 253 K but not
at 274 K. The amount of methane stored in hydrate was also
reduced in the system with TBME depending on the concen-
tration used. Finally, NH was found to the best LMGS in
this study to obtain full conversion within a short reaction
time and achieving high methane gas storage in the hydrate.
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