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Abstract

The effects of sediment surfaces on methane hydrate formation and dissociation were investigated using colloidal
suspensions and new experimental methods developed for a large volume (72 liters), temperature-controlled pressure
vessel. Hydrates were formed by bubbling methane gas through test solutions at temperatures and pressures within
the hydrate stability field. Hydrate formation was visually detected by the accumulation of hydrate-encrusted gas
bubbles. To measure hydrate dissociation conditions, the pressure vessel was warmed while temperature was
monitored within a zone of previously formed hydrate-encrusted gas bubbles. Hydrate dissociation was indicated by a
distinct plateau in the hydrate zone temperature, while temperatures of the gas and liquid phases within the vessel
continued to rise. The ‘dissociation plateau’ appears to be a phenomenon that is unique to the large volume of the
pressure vessel used for the experiments. In experiments where hydrates were formed in pure water, temperature and
corresponding pressure conditions measured during the temperature plateau matched model-predicted values for
hydrate stability in water, thus confirming the validity of this new method for measuring hydrate dissociation
conditions. Formation and dissociation conditions were measured for methane hydrates in colloidal suspensions
containing bentonite. Hydrate formation experiments indicated that the presence of bentonite in water at 200 mg/l
significantly decreased pressures required for hydrate formation relative to formation in pure water alone. On the
other hand, hydrate dissociation conditions measured in bentonite and silica suspensions with solids concentrations of
34 g/l did not differ significantly from that of water. These results are relevant to the origin and stability of natural gas
hydrate deposits known to exist in deep permafrost and marine sediments, where the effects of sediment surfaces are
largely unknown.
8 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Gas hydrates are solid crystalline compounds
that consist of low-molecular weight gases
trapped in a framework of hydrogen-bonded
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water molecules (Clarke et al., 1999). Because
they are stable at low temperatures (6 10‡C)
and high pressures (s 3.5 MPa), methane hy-
drates naturally occur in the sea£oor and perma-
frost sediment at thicknesses possibly exceeding
1 km (Milkov and Sassen, 2000). These deposits
are considered a potential energy resource, con-
taining 2^5 times the amount of methane in con-
ventional gas sources (Kvenvolden, 1999). More
recently, researchers have found evidence for rap-
id and massive hydrate dissociation in the geo-
logic past that may be have been associated with
global climate change (Hesselbo et al., 2000; Katz
et al., 1999). Hydrate-bearing sediments may also
be prone to slumping (Kvenvolden, 1999), there-
fore hydrates may represent a geotechnical hazard
to o¡shore oil-rigs and platforms located in areas
where sediment lies within the hydrate pressure^
temperature (P^T) stability ¢eld.

Hydrate formation and equilibrium conditions
in methane/water and methane/salt water systems
are fairly well characterized (Sloan, 1998). How-
ever, there is a dearth of experimental data on
hydrates formed in the presence of sediments
where the pore structure and surface chemistry
may in£uence equilibrium conditions (Clennell et
al., 1999). A number of experiments on the in£u-
ence of particle surface chemistry on hydrate for-
mation have been reported in the literature.
Blackwell (1998), for example, found that mineral
surfaces that more closely mimic the crystal struc-
ture of water ice were e¡ective hydrate nucleators,
showing the greatest degree of kinetic promotion.
Cha et al. (1988) and Ouar et al. (1992) observed
a signi¢cant shift in the P^T stability curve of
natural gas hydrate in bentonite (34 g/l) suspen-
sions, suggesting the bentonite surfaces exhibited
a thermodynamic e¡ect. Englezos and Hall (1994)
observed that CO2 hydrate stability was unaf-
fected by the presence of 5 g/l bentonite in water.
Clearly, the e¡ects of sediment surface chemistry
are still largely unknown.

We addressed sediment surface e¡ects by inves-
tigating methane hydrate formation and dissocia-
tion in suspensions of colloidal sediment minerals.
These studies were conducted using new tech-
niques in the Sea£oor Process Simulator (SPS),
a large volume high pressure vessel designed for

gas hydrate research under natural ocean condi-
tions (Phelps et al., 2001).

2. Materials and methods

The SPS is a large volume, temperature-con-
trolled high pressure vessel capable of simulating
deep sea£oor pressures and temperatures where
hydrates are stable (Fig. 1; Phelps et al., 2001).
Details regarding the SPS (Fig. 1) can be found in
Phelps et al. (2001). For the experiments reported
here, the vessel pressure was measured using a
series of piezoelectric transducers (Precise Sensors,
model 9112) with a working range of 0^20 MPa
(0^2900 psi). The vessel was cooled to experimen-
tal temperatures (2^7‡C) in an explosion-proof
cold room. Temperatures within the vessel were
measured using Hastelloy-sheathed type K ther-
mocouples (ARI Industries, Inc., Addison, IL)
that were calibrated to an accuracy of M 0.2‡C.
Thermocouples were placed in the gas phase,
water phase, and at the gas^water interface where
hydrates collected upon formation (Fig. 1B).
Temperature and pressure data were collected in
time sequence using a data acquisition system
consisting of National Instruments Fieldpoint
modules connected to a personal computer that
logged data at 10^30-s time intervals using Lab-
View v5.1.

Colloidal suspensions were prepared by premix-
ing the colloids with a small amount of distilled
water. These concentrated suspensions were then
diluted to the experimental concentration using
distilled water. The types of colloids used in the
experiments included bentonite (Avocado, Ward
Hill, MA, product No. 15795) and microcrystal-
line silica powder (Unimin, IMSIL microcrystal-
line silica A-8, Elco, IL), both with a median
grain size of 3^5 Wm.

Measurement of hydrate formation conditions
was as follows. The vessel was ¢lled with 55^57 l
of water/colloid suspension leaving 15^20 l of gas
headspace (Fig. 1B). In some experiments, poly-
carbonate spacer disks were attached to the ves-
sel’s top lid to lower the headspace volume to
about 10 l. The vessel was then pressurized with
99.9% pure methane gas to about 3 MPa and
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Fig. 1. (A) The SPS 70 at Oak Ridge National Laboratory. Photograph of the 41 port SPS and wheeled trunion mount within
an explosion-proof temperature-controlled environmental chamber. (B) Schematic of the SPS indicating the location of sapphire
windows, water phase, gas di¡user, experimental column, thermocouples (TC1^3), pressure transducer (PS1), and gas inlets and
outlets.
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cooled to V5‡C for at least 12 h to allow the
system to equilibrate outside of the bulk hydrate
formation P^T conditions. After equilibration and
with the vessel vent closed, methane gas was in-
jected through a stainless steel porous di¡user at
the bottom of the vessel. Alternatively, methane

gas was injected through a 4.8-cm-diameter, 60-
cm-long glass column containing the colloid/water
suspension (Fig. 1). The glass column was used to
ensure that the more concentrated colloidal sus-
pensions were well homogenized during the gas
injection. Gas was injected at a £ow rate that

Fig. 2. Photograph hydrate-encased CH4 collecting at the gas^water interface in a 4.8-cm-diameter column as seen through the
sapphire windows of the SPS. (A) Hydrates formed at the gas^water interface in distilled water. (B) Hydrates formed in an aque-
ous suspension containing 34 g/l bentonite.
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caused vessel pressure to increase at 0.041^0.048
MPa/min (6^7 psi/min). Prior to methane hydrate
formation, gas bubbles would rise through the
water and burst at the gas^water interface. Even-
tually, gas bubbles became encrusted with a meth-
ane hydrate ¢lm and began to accumulate at the
gas^water interface (Fig. 2) ; the vessel pressure at
this point was taken as the hydrate formation
pressure. The vessel was depressurized to atmo-
spheric conditions and £ushed with nitrogen gas
for a minimum of 2 h between each experiment to
minimize memory e¡ects (Sloan, 1998). No more
than two experiments were performed without
emptying the water from the vessel.

Hydrate dissociation equilibrium conditions
were measured by warming the vessel after a
mass of hydrates was produced following the pro-
cedure described above. After a mass of hydrate
was formed, methane gas was either added or
vented from the vessel headspace to achieve the
target experimental pressure. The vessel vent was
then closed and the vessel was warmed by turning
the cold room refrigeration o¡, causing the gas
and liquid in the vessel to warm at a rate less
than 0.5‡C/h. During this warming, the thermo-
couple in the hydrate zone at the gas^water inter-
face would increase with time, but would eventu-
ally register a near constant value (a plateau)
while the temperature of the vessel headspace con-
tinued to climb. The hydrate zone temperature
plateau was considered an indication of hydrate
dissociation; the temperature at the plateau and
corresponding vessel pressure were taken as the
hydrate stability P^T conditions.

3. Results and discussion

3.1. Formation

Hydrate formation during vessel pressurization
was detected visually through the sapphire win-
dows by the appearance of gas bubbles encrusted
by a hydrate shell, which collected at the gas^
water interface. Fig. 2 shows two views of hydrate
formation in which semi-translucent bubbles can
be seen collecting at the interface within the glass
column. The bubble size for the water and colloid/
water experiments ranged 3^5 mm in diameter,
which was similar to the 2^6-mm bubble size cre-
ated by Brewer et al. (1998) in their in situ ocean
methane injection experiments. As the bulk vol-
ume of hydrate-encrusted gas bubbles increased, it
would build downward into the water column and
periodically the mass would migrate abruptly up-
ward due to its buoyancy. Buoyancy di¡erences
between suspension and water-derived hydrates
have not been quanti¢ed, although suspension-de-
rived hydrates tended to exhibit less upward mi-
gration (data not shown).

Visual detection of hydrate formation was usu-
ally accompanied by a sharp increase in the inter-
face temperature. This temperature jump was due
to the exothermic nature of hydrate formation.
The magnitude of the interface temperature in-
crease ranged from 0.5‡C for a small amount of
hydrates up to 3‡C if a massive amount was
formed (data not shown).

It has been noted that in order to form hy-
drates, a system must be either overpressurized

Table 1
Observed hydrate formation pressures and estimated overpressurization and subcooling in water and bentonite (200 mg/l) suspen-
sions

Description of
experiment

Experimental hydrate
formation pressure

Vessel temperature Estimated hydrate
formation overpressure

Calculated hydrate
formation subcooling

(MPa) (‡C; M 0.2‡C) (MPa) (‡C)

Water only 8.96 4.0 5.37 8.4
Water only 8.61 6.0 4.13 6.2
Bentonite 200 mg/l 4.69 4.5 0.76 2.1
Bentonite 200 mg/l 4.53 4.6 0.69 1.7
Bentonite 200 mg/l 4.41 4.5 0.61 1.5
Bentonite 200 mg/l 4.38 4.5 0.58 1.5
Bentonite averages
(n= 4)

4.50 M 0.14 0.66 M 0.08 1.7 M 0.28
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or subcooled to initiate hydrate formation (Engle-
zos and Hall, 1994; Sloan, 1998; Morgan et al.,
1999; Blackwell, 1998). In our experiments, the
overpressurization necessary for hydrate forma-
tion dramatically decreased with the addition of
colloids (Table 1). The estimated formation over-
pressurization is the di¡erence between actual ves-
sel pressure upon hydrate formation and the mod-
el-calculated (CSMHYD, Sloan, 1998) hydrate
equilibrium pressure for pure water at the mea-
sured vessel temperature. The estimated forma-
tion subcooling is the di¡erence between the ac-
tual vessel temperature and the model-calculated
hydrate equilibrium temperature for pure water at
the measured vessel pressure during hydrate for-
mation. At 4^6‡C, an overpressurization greater
than 4 MPa was required to initiate hydrate nu-
cleation in water (Table 1). The experiments with
bentonite suspensions (200 mg/l) showed an aver-
age overpressurization of 0.66 MPa at tempera-
tures similar to the water experiments. The small
standard deviation between the repetition of these
experiments (0.08 MPa) suggests that this phe-
nomenon is highly reproducible.

Other researchers have noted a lowering of
overpressurization or subcooling from bulk con-
ditions of hydrate formation (Cha et al., 1988;
Morgan et al., 1999; Blackwell, 1998). Our results
suggest that even a relatively low (200 mg/l) con-
centration of suspended particulates has a signi¢-
cant e¡ect on the kinetics of hydrate formation.

3.2. Dissociation

During the warming experiments, the temper-
ature of the hydrates (at the interface) initially
increased at the same rate as the water and head-
space gas until it reached a point at which the
gas^liquid interface temperature diverged from
the gas temperature (Fig. 3; time V10 h) and
plateaued at a near constant value (Fig. 3; time
V12.5 h). The interface/hydrate zone temperature
held steady over time as the temperature of the
gas and liquid continued to rise. The near-con-
stant temperature of the hydrate zone was inter-
preted as an indication of hydrate dissociation
and absorption of the latent heat of hydrate for-
mation. Over time, the interface temperature

would again equilibrate and continue to rise
with the gas phase temperature, presumably
when hydrate dissociation was complete (Fig. 3;
time V20 h).

Hydrate dissociation experiments were con-
ducted in a closed vessel so, as expected, gas
phase pressures measured in the vessel headspace
initially increased with the gas phase temper-
ature at a relatively constant rate (e.g. Fig. 3;
time 6 10 h). Shortly after the hydrate zone tem-
perature started to plateau, vessel pressure rose
more rapidly with time, probably from gas re-
leased during hydrate dissociation (Fig. 3; time
V12.5 h). After the temperature plateau (Fig.
3; time V20 h), the rate of increase of the vessel
pressure markedly slowed, likely due to the end of
hydrate dissociation such that subsequent pres-
sure increase was from gas heating alone. The
overall pressure change during a warming experi-
ment was typically less than 1 MPa (10 bar), with
the pressure change during the temperature pla-
teau on the order of 0.1 MPa (1 bar). Thus, pres-
sure was nearly constant during hydrate dissocia-
tion.

In all dissociation experiments a distinct pla-
teau of the gas^water interface or hydrate temper-
ature was evident, with the plateau duration rang-

Fig. 3. Hydrate zone and gas phase temperatures and vessel
pressure during vessel warming. Note that the interface/hy-
drate zone temperature plateaued for V6 h while the gas
phase temperature increased by 2‡C during this same time
period. The temperature plateau was attributed to the ab-
sorption of latent heat during hydrate dissociation.
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Fig. 4. (A) Comparison of CSMHYD model (Sloan, 1998) predictions with SPS hydrate equilibrium measurements. (B) Semi-log-
arithmic plot of P vs. 1/T (K) using same data as in (A).
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ing from 0.7 h to as long as 9.5 h (Table 2). There
were no distinct trends in the duration of the pla-
teau with any of the experimental parameters.
The plateau duration was likely a¡ected by hy-
drate dissociation kinetics, the mass of hydrates
produced, and the heating rate of the vessel. Be-
cause there was a limited degree of control in the
amount of hydrates formed in our experiments, it
is di⁄cult to interpret the duration of the temper-
ature plateaus listed in Table 2, although there
appears to be a general trend of shorter plateau
intervals at higher dissociation temperatures.

The long duration of the temperature plateaus
seen in our experiments was probably a conse-

quence of the large thermal mass of the vessel
and its contents which allowed for gradual tem-
perature increases and slow heat transfer as the
vessel and its contents warmed. Furthermore, the
relatively high volume of gas headspace in the
vessel (s 10 l) allowed for near-constant pressure
conditions (change of 6 0.1 MPa) even while gas
was released as hydrates dissociated. Thus, it was
possible to achieve quasi-equilibrium between the
hydrate, gas and liquid phases in the SPS during
vessel warming. The endpoints of the temperature
plateau and corresponding pressures were taken
as hydrate^liquid^gas equilibrium conditions.
We considered a plateau as occurring when the

Table 2
Characteristics of hydrate dissociation experiments and measured hydrate equilibrium pressures and temperatures

Experiment/test
solution

Dissociation
temperature

Dissociation
pressure

Duration of hydrate
zone temperature
plateau/hydrate
dissociation

Rate of temperature
increase in hydrate
zone during
dissociation

Rate of temperature
increase in gas phase
during hydrate
dissociation

(C) (MPa) (h) (C/h) (C/h)

Water 10.0 6.97 5.8 0.03 0.24
10.2 7.04

Water 10.1 7.06 2.55 0.06 0.23
10.3 7.08

Water 11.8 8.58 9.5 0.03 0.18
12.0 8.68

Water 12.0 8.68 5.7 0.04 0.23
12.2 8.73

Water 14.2 10.56 1.4 0.21 0.44
14.5 10.61

Water+34 g/l bentonite 8.5 5.7 1.7 0.17 0.42
8.8 5.72

Water+34 g/l bentonite 12.4 8.96 2.0 0.03 0.35
12.5 8.99

Water+34 g/l bentonite 14.1 10.55 1.8 0.07 0.29
14.3 10.58

Water+34 g/l silica 3.6 3.55 1.76 0.01 0.61
3.6 3.56

Water+34 g/l silica 9.2 5.79 3.3 0.00 0.33
9.2 5.83

Water+34 g/l silica 9.6 6.87 1.49 0.15 0.25
9.9 6.89

Water+34 g/l silica 10.6 6.9 6.0 0.04 0.34
10.9 7

Water+34 g/l silica 11.73 8.23 2.38 0.05 0.21
11.85 8.26

Water+34 g/l silica 13.7 9.56 5.0 0.06 0.30
14.0 9.67

Water+34 g/l silica 14.7 10.74 0.74 0.04 0.20
14.8 10.75
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temperature of the hydrates increased at a rate of
9 0.2‡C/h and when the rate of temperature in-
crease of the hydrates di¡ered visibly from that of
the headspace gas. Measuring hydrate P^T equi-
librium conditions during hydrate dissociation is
an accepted technique used by several researchers,
including Cha et al. (1988) and Maekawa et al.
(1995). Wright et al. (1999), conducting warming
experiments in a pressure vessel containing 100^
140 cm3 hydrate-bearing soil samples also found
that the hydrate temperatures deviated from the
vessel temperature for a period of 5^6 h, but the
deviation did not approach a plateau.

Fig. 4A and Table 2 show P^T equilibrium
measurements in distilled water, bentonite, and
silica suspensions. Experiments with pure water
gave equilibrium values consistent with model
predictions for bulk water conditions (CSMHYD;
Sloan, 1998). The bentonite and silica data as
plotted in Fig. 4A did not show a signi¢cant e¡ect
on hydrate stability when compared to the exper-
imental and CSMHYD-calculated equilibrium
conditions for water. The shift in equilibrium
for a 34 g/l bentonite suspension reported by
Cha et al. (1988) and Ouar et al. (1992) was
over 2‡C vs. experiments conducted in pure water.
They were using a natural gas mixture which con-
tained s 10% higher molecular weight hydrocar-
bons. Englezos and Hall (1994) reported that a
5 g/l bentonite suspension had little or no signi¢-
cant e¡ect on CO2 hydrate stability. P^T equilib-
rium conditions for the three test £uids are plot-
ted in Fig. 4B on a semi-logarithmic graph with
ln(P) and 1/T(K) on the y and x-axis, respectively.
The slopes of the ¢tted lines in Fig. 4B corre-
spond to the heats of hydrate formation (vHf)
for each of the test £uids through the Clausius^
Clapeyron equation (Cha et al., 1988). The slopes
of the ¢tted lines (with 95% con¢dence intervals)
in Fig. 4B are 37985 M 582, 39049 M 698, and
37910 M 474 K31 for water, bentonite, and silica
suspensions, respectively. The 95% con¢dence in-
tervals were estimated as twice the standard error
of the regressed slope. Using d(ln(P))/d(1/
T) =3vHf/R where R is the gas constant, mea-
sured vHf values are 66.4 M 4.8, 75.2 M 5.8, and
65.8 M 4.0 kJ/mol for water, bentonite, and silica
suspensions, respectively. vHf values in the ben-

tonite and silica suspensions are comparable to
that of water alone. Di¡erences between the
water, bentonite and silica vHf estimates is not
statistically signi¢cant as their respective 95% con-
¢dence intervals overlap.

The ¢tted line through the silica data in Fig. 4B
is shifted slightly relative to both the bentonite
and water data. The relative shift between the
bentonite and silica P^T curves may be inter-
preted as an increased ordering e¡ect in the silica
suspensions when compared to the bentonite sus-
pensions. The silica powder consists of 98.5%
quartz (analysis provided by supplier) while
X-ray di¡raction analysis of the bentonite showed
a mixed mineral composition including smectite,
illite, opal, quartz and plagioclase. Because water
interacts di¡erently with di¡erent mineral surfa-
ces, our results suggest that there may be interac-
tions between water molecules and the near-pure
crystalline silica particles and the heterogeneous
bentonite, and that the ordering on surfaces may
favor hydrate formation at higher temperatures or
lower pressures. With respect to dissociation, the
e¡ect of sediment surface chemistry appears to be
statistically insigni¢cant. Additional research is
being conducted using puri¢ed water and a simu-
lated natural gas for hydrate formation and
stability studies.

4. Conclusion

We have developed a technique to examine the
e¡ects of particle concentration, type, and surface
chemistry on hydrate formation and equilibrium
conditions. Hydrate formation in water and col-
loidal suspensions were induced by bubbling
methane gas through test solutions, and visually
detected by the accumulation of hydrate-encased
gas bubbles and the gas^water interface. The col-
lected hydrate formation data show a dramatic
impact of suspended particles, lowering the over-
pressure necessary for the onset of hydrate forma-
tion even at a relatively low solid concentration.
Decreasing the required overpressurization could
aid attempts to produce anthropogenic gas hy-
drates such as in ocean CO2 sequestration or de-
salinization applications. To measure hydrate dis-
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sociation conditions, the pressure vessel contain-
ing previously formed hydrates was warmed while
temperature was monitored within the zone of
hydrate-encrusted gas bubbles. Hydrate dissocia-
tion was then indicated by a distinct plateau in
temperature within the hydrate zone, while tem-
peratures of the gas and liquid phases within the
vessel continued to rise. The latter appears to be a
phenomenon that is unique to the large volume of
the pressure vessel used for the experiments. The
data collected suggest that some particle surfaces
even at high concentrations have statistically in-
signi¢cant impacts on methane hydrate stability.
These results are in contrast to previously re-
ported studies where bentonite was shown to sig-
ni¢cantly lower equilibrium pressure for a simu-
lated natural gas which contained s 10% higher
molecular weight hydrocarbons (Cha et al., 1988;
Ouar et al., 1992). Thus, for natural gas hydrate
deposits that consist of nearly pure methane,
stability may be little a¡ected by sediment surface
chemistries, whereas they may signi¢cantly de-
crease the overpressure required for hydrate for-
mation.
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