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Air hydrates can form at high-pressure and low-temperature conditions found in deep ice sheets of Arctic
and Antarctic regions. These hydrates can play a major role in analyzing the data gathered in these
regions. However, there are limited experimental data and thermodynamic modeling on air hydrates. In
this work, we present new experimental data on methane, nitrogen, oxygen, and air hydrates. An
experimental setup based on a quartz crystal microbalance (QCM) has been used in measuring all the
experimental data reported in this work. The QCM method needs much smaller samples, resulting in a
significant reduction in the time required for each experiment. The available data on oxygen hydrates
are used in optimizing the Kihara potential parameters for oxygen hydrates. Using the previously reported
nitrogen Kihara potential parameters and the optimized Kihara potential parameters for oxygen, the
hydrate stability zone of air hydrates (21 mol % oxygen and 79 mol % nitrogen) has been predicted. The
predictions of the thermodynamic model are in good agreement with the independent experimental data
on air hydrates, demonstrating the reliability of experimental and modeling techniques used in this work.

Introduction

Gas hydrates are solid crystalline compounds stabilized
by the inclusion of suitably sized gas molecules inside
cavities, of different sizes, formed by water molecules
through hydrogen bonding. They resemble ice in appear-
ance, but unlike ice, they may form at temperatures well
above the ice point. Gas hydrates have been reviewed in
depth by Sloan.1

Air hydrates are found in Arctic and Antarctic ice sheets,
where air trapped during snowfalls becomes stable hy-
drates at high-depth and low-temperature conditions. The
air and/or air hydrates trapped in ice sheets could provide
valuable information on the atmospheric conditions at the
time of the snowfall (i.e., thousands of years ago). Another
potential application of hydrates is in solving the mysteries
of Lake Vostok in Antarctic.2 Lake Vostok is unique, as it
is the largest lake buried beneath some four kilometers of
ice. Ice core samples taken close to the surface of the lake
have been dated as 420 000 years old, suggesting that the
lake has been sealed beneath the ice cap for between
500 000 and in excess of one million years. The lake is
arguably one of the most unique environments in the world,
particularly as it may contain living organisms isolated
from the rest of the world for over a million years. It is
argued that the role of air hydrates should be taken into
account in solving the mysteries of Lake Vostok. In
addition, reliable experimental data and predictive models
in the hydrate-ice-gas (HIG) and hydrate-liquid water-
gas (HLG) regions are vital in simulating various past and
future climate changes.

Experimental data on nitrogen, oxygen, and air hydrates
are necessary for developing and validating predictive
methods. Kuhs et al.3 have reported three points in the
hydrate-ice-gas (HIG) region for air hydrates. There
seems to be no experimental data for air hydrates in the

hydrate-liquid water-gas (HLG) region. Experimental
data for nitrogen hydrates have been measured by van
Cleeff and Diepen,4,5 Marshal et al.,6 Jhaveri and Robin-
son,7 Miller8 (one point in the HIG region), and Kuhs et
al.3 (four points in the HIG region). Van Cleeff and
Diepen4,5 have reported a good set of experimental data
for oxygen hydrates. Kuhs et al.3 have also presented two
points in the HIG region for oxygen hydrates.

A number of correlations have been presented to calcu-
late the stability zones for nitrogen, oxygen, and air
hydrates. Miller8,9 presented expressions for the decompo-
sition conditions of nitrogen, oxygen, and air hydrates,
which have frequently been cited in the literature. Lipen-
kov and Istomin10 and Kuhs et al.3 have presented an
empirical correlation for nitrogen, oxygen, and air hydrates,
using three different sets of constants.

All previous measurements are based on conventional
experimental techniques, using visual or graphical tech-
niques. Tohidi et al.11 have reported a novel technique for
measuring the hydrate stability zone based on the change
in the resonant frequency of a quartz crystal microbalance
(QCM). The authors reported significant reductions in the
sample size and the time requirement as two major benefits
of their new technique.

In this work, the QCM technique has been used in
generating the experimental data. First, a set of hydrate
dissociation points has been measured on methane and
nitrogen hydrates to examine the reliability of the new
technique and the experimental setup against literature
data. Then the setup has been used in measuring data on
oxygen and air hydrates. The available data on oxygen
hydrates have been used in optimizing the Kihara poten-
tial parameters for oxygen and the extension of the
existing thermodynamic model to this gas. Finally, the
predictions of the thermodynamic model have been com-
pared with the measured experimental data on air hy-
drates, demonstrating the reliability of the thermodynamic
model.
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Experimental Equipment and Technique

A detailed description of the experimental setup and test
procedures is given elsewhere.11 The quartz crystal mi-
crobalance (QCM) was initially developed for the measure-
ment of small changes in mass, hence the term “microbal-
ance”. It is extremely sensitive; a 1 ng mass change will
result in a 1 Hz frequency change. The mass change can
easily be determined from the frequency response by the
Sauerbrey relationship.12 The QCM has since proven to be
a useful sensor in a wide variety of applications.13-15 In
this application the sensitivity of the QCM is utilized to
determine the presence and absence of gas hydrates.

The crystals used in the data presented here were 5 MHz
unpolished. Figure 1 is a diagram of the QCM. In the
measurements presented here an HP 4194A impedance/
gain-phase analyzer was used. The impedance analyzer is
used to measure the resonant frequency of the crystal and
its conductance at resonant frequency. Both of these
electrical parameters can be used in conducting the mea-
surements, as shown in the results. The crystal was
mounted in a 150 cm3 variable volume stainless steel cell
as shown in Figure 2. The cell was surrounded by a water
jacket in order to control the temperature.

The method employed in the tests presented here was
that a drop of water was placed on one surface of the quartz
crystal. The cell temperature was then lowered below 0 °C
in order to freeze the water. The cell was then evacuated
and the test fluids were introduced into the cell. The cell
temperature and pressure were then adjusted to give
conditions favorable for hydrate formation. The formation
of hydrates was obvious through significant reductions in
the resonant frequency and conductance at resonant
frequency of the quartz crystal. The cell temperature was
then raised stepwise, and the pressure and electrical
parameters of the QCM were recorded at each step. The
amount of water used was too small to give any significant
drop in pressure on the formation of gas hydrates. As only
a small amount of hydrates was formed, the time taken to
dissociate them was also short, enabling the temperature
to be stepped up rapidly, at around 15 min per temperature
step (compared to several hours in a conventional cell) for
the results presented in this work.

Four sets of hydrate dissociation data are presented here
for methane, nitrogen, oxygen, and air hydrates with (0.2
K and (34.47 kPa uncertainty in the temperature and

pressure measurements, respectively. Table 1 shows the
purity and supplier of the test gases used.

Thermodynamic Modeling

A general phase equilibrium model based on uniformity
of the fugacity of each component throughout all the
phases16,17 was extended to model the equilibrium condi-
tions of nitrogen and oxygen (hence air) hydrates. A single
equation of state (EoS), namely, the Valderrama18 modi-
fication of the Patel and Teja equation of state (VPT EoS)
with non-density-dependent mixing rules,19 was used to
determine component fugacities in all fluid phases. The
fugacity of ice was rigorously calculated by correcting the
saturation fugacity of water at the same temperature by
an exponential factor (the Poynting correction). The hy-
drate phase was modeled by the solid solution theory of
van der Waals and Platteeuw,20 as developed by Parrish
and Prausnitz.21 For hydrate phases, the Kihara22 potential
parameters with a spherical core were selected to describe
the potential function of all the molecules forming the
hydrate phases. Also, for the heat capacity difference
between the empty hydrate lattice and the pure liquid
water, the equation recommended by Holder et al.23 was
used. Table 2 shows thermodynamic reference properties
for hydrates used in this model.

The structure of nitrogen and oxygen hydrates is the
subject of some debates. Before experimental determination
of hydrate structures, it was assumed that nitrogen and
oxygen formed structure I hydrates. Davidson et al.25

determined that nitrogen and oxygen form structure II gas
hydrates using low-temperature neutron and X-ray dif-
fraction. Structure II of oxygen hydrates also has been
examined by Tse et al.26 with powder neutron diffraction

Figure 1. Schematic illustration of the QCM.

Figure 2. Schematic illustration of the QCM mounted within a
high-pressure cell.

Table 1. Compositions and Suppliers of the Test Gases
Used in This Work

gas purity (%) supplier

methane 99.995 Air Products Ltd.
nitrogen 99.998 BOC Ltd.
oxygen 99.999 BOC Ltd.
air 18-21 mol % oxygen

(zero grade)
Air Products Ltd.

Journal of Chemical and Engineering Data, Vol. 48, No. 3, 2003 613



at very low-temperature conditions. Tohidi-Kalorazi27 and
Hendriks et al.28 noticed that assuming structure I hy-
drates for nitrogen at ambient conditions gives a better
agreement with the experimental nitrogen hydrate dis-
sociation data than assuming structure II hydrates. How-
ever, their model showed that nitrogen changes to structure
II hydrates at very low-temperature conditions.

The optimization of the Kihara potential parameters
showed that nitrogen and oxygen are likely to form
structure I gas hydrates under the conditions investigated
in this work and structure II hydrates at very low tem-
peratures, which is in agreement with that reported by
Tohidi-Kalorazi27 and Hendriks et al.28 Therefore, the
crystal structure of nitrogen and also oxygen is assumed
to be structure I under the temperature conditions inves-
tigated in this work.

There is also some disagreement on the crystal structure
of air hydrates. Miller,8 who proposed the natural occur-
rence of air hydrates in deep Antarctic ice for the first time,
assumed structure I for hydrates. Recently, Hondoh et al.29

have shown that air hydrates have structure II at 255 K
using X-ray diffraction. In this work, the hydrate stability
zones of air hydrates, assuming structures I and II, have
been calculated and compared with the experimental data.
The results showed that structure I hydrates are in good
agreement with the experimental data. Furthermore, the
model predicts structure II for air hydrates at 255 K, as
measured experimentally by Hondoh et al.29

Results and Discussions

Initially, hydrate dissociation conditions for methane and
nitrogen hydrates were measured and compared with the
literature data. Tables 3 and 4 present the experimental
data measured in this work. Figure 3 shows the good
agreement between nitrogen experimental data measured
in this work and those reported in the literature.

Kihara potential parameters and thermodynamic model-
ing have been reported for nitrogen by several authors.1,27

Using our previously reported Kihara potential parameters
and assuming structure I hydrates under normal condi-
tions, the hydrate stability zone of nitrogen hydrates is
calculated and plotted in Figure 3.

For modeling air hydrates, it is necessary to measure
experimental data and optimize the Kihara potential
parameters for oxygen. To examine the reliability of the
literature data, it was decided to measure four dissociation
points on oxygen hydrates. These points are presented in
Table 5.

The experimental data measured in this work, together
with those reported in the literature in the HLG region,
were employed in optimizing the Kihara potential param-
eters for oxygen. It should be noted that the modeling of a
new hydrate forming compound consists of four steps: (1)
modeling the phase behavior of the pure compound by
introducing its physical constants; (2) calculating water-
gas binary interaction parameters by using solubility data
in water; (3) determining binary interaction parameters
with other components; and (4) optimizing the Kihara
potential parameters.

In this work, oxygen has been added to the thermody-
namic model by introducing its physical constants and
acentric factor. The binary interaction parameter between
water and oxygen has been optimized by using oxygen
solubility data,30 but the binary interaction parameter
between oxygen and other components has been set to zero.
Table 6 presents the optimized binary interaction param-
eters for oxygen-water and also nitrogen-water.

The hard core radius, R, of the Kihara potential param-
eter for oxygen was calculated to be 0.2714 Å, from
correlations given by Tee et al.31 This value was considered
acceptable for the hydrate modeling, as the results are not

Table 2. Thermodynamic Reference Properties for
Structure I Hydrates

sI ref

∆µ°w/(J mol-1) 1297 24
∆h°w/(J mol-1)a 1389 24
∆vw/(cm3 mol-1)b 3.0 21
∆C°pw/(J mol-1K-1)c -37.32 23
b/(J mol-1 K-2)c 0.179 23

a In the liquid water region subtract 6009.5 J mol-1 from ∆h°w.
b In the liquid water region add 1.601 cm3 mol-1 to ∆vw. c Values
to be used in ∆Cpw ) ∆C°pw + b(T - T0).

Table 3. Measured Methane Hydrate Dissociation
Conditions in the HLG Region

T/K ( 0.2 P/kPa ( 34.47

278.85 4729.76

Table 4. Measured Nitrogen Hydrate Dissociation
Conditions in the HLG Region

T/K ( 0.2 P/kPa ( 34.47

274.55 19 093.21
277.55 25 379.5
283.05 45 355

Figure 3. Measured and calculated dissociation conditions of
nitrogen in the HLG region: s, calculated; 0, van Cleeff and
Diepen;4,5 ], Marshal et al.;6 /, Jhaveri and Robinson;7 4, this
work.

Table 5. Measured Oxygen Hydrate Dissociation
Conditions in the HLG Region

T/K ( 0.2 P/kPa ( 34.47

273.80 13 558.25
276.55 17 563
279.05 23 284.07
284.55 43 755.86

Table 6. Binary Interaction Parameters for
Oxygen-Water and Nitrogen-Water

oxygen-water nitrogen-water

-0.357a 0.4792a

0.1424b 2.6575b

61.624c 64.46c

a k21 in non-density-dependent mixing rules.19 b l21
0 in non-

density-dependent mixing rules.19 c l21
1 × 104 in non-density-

dependent mixing rules.19
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significantly affected by minor changes in the core ra-
dius.32,33 The other two Kihara potential parameters for
oxygen, the collision diameter, σ, and the depth of the
energy well, ε, were optimized by minimizing the absolute
average deviation between the calculated and measured
hydrate dissociation pressures of oxygen. Table 7 presents
the optimized Kihara potential parameters for oxygen
assuming structure I under the conditions investigated in
this work. It is obvious that the Kihara potential param-
eters should only be used together with the reference
parameters presented in Table 2. Figure 4 presents the
hydrate dissociation data measured in this work, together
with those reported in the literature, as well as the
calculated values using the thermodynamic model de-
scribed above.

Five dissociation points were then measured for hydrates
formed from compressed air. As mentioned in Table 1, the
air used was bottled synthetic from Air Products Ltd. with
a reported composition of 18-21 mol % oxygen. Our
calculations showed that the error due to the above
variation in the concentration of oxygen is within the
experimental error; therefore, no attempt was made to
analyze the bottled air. The effect of other impurities (e.g.,
argon and carbon dioxide, as well as traces of neon, helium,
and hydrogen) in the air was assumed to be negligible.
Table 8 presents the measured hydrate dissociation points
for air hydrates.

Figure 5 shows the experimental and predicted dissocia-
tion conditions for air hydrates in both HIG and HLG
regions. An air composition of 21 mol % oxygen and 79 mol
% nitrogen was assumed in running the thermodynamic
model. As mentioned earlier, our results have shown that

air is likely to form structure I gas hydrates under the test
conditions and structure II at low-temperature conditions.
In this figure, assuming structure I for air hydrates gives
better agreement with the experimental data reported in
the HLG region. However, the thermodynamic model
predicts a change in the stable hydrate structure with a
reduction in the system temperature. The results show that
predictions based on structure II hydrates are in better
agreement with the three experimental data reported in
the HIG region (Figure 5). Clearly, none of the air experi-
mental data have been used in the optimization process.
However, a final proof for the stable hydrate structure at
various temperature conditions requires direct measure-
ments by suitable physical techniques (e.g., NMR, X-ray,
or Raman spectroscopy).

Conclusions

Air clathrate hydrates are stable at low-temperature and
high-pressure conditions of deeper parts of ice sheets. Their
role should be taken into account when conducting various
studies on Arctic and Antarctic ice sheets. With the
objective of measuring experimental data and developing
a thermodynamic model for predicting the stability zone
for air hydrates, a series of tests were conducted on
methane, nitrogen, oxygen, and air hydrates.

A new experimental setup based on a quartz crystal
microbalance (QCM) was used in measuring all the ex-
perimental data reported in this work. The new setup
significantly reduces the quantity of sample, hence time,
requirements for conducting the measurements.

Initially, the reliability of the experimental setup and
techniques was examined and validated by measuring new
experimental data on methane and nitrogen hydrates.
Then, using the QCM setup, new experimental data were
measured on oxygen hydrates and compared with the
literature data. The available data on oxygen were em-
ployed in optimizing the Kihara potential parameters for
this compound.

Finally, the QCM experimental setup was used to
measure experimental data on air hydrates. The predic-
tions of the thermodynamic model were compared with the
independent data generated on air hydrates. Good agree-
ment was achieved, demonstrating the reliability of the
techniques used in this work.
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Table 7. Kihara Potential Parameters for Nitrogen and
Oxygen Assuming Structure I under Normal Conditions

compd R/Å σ* a/Å (ε/k)/K

nitrogenb 0.3350 3.2171 128.39
oxygen 0.2714 3.2701 133.074

a σ* ) σ - 2R. b From ref 27.

Figure 4. Measured and calculated dissociation conditions of
oxygen hydrates in the HLG region: s, calculated; 0, van Cleeff
and Diepen;5 4, this work.

Table 8. Measured Air Hydrate Dissociation Conditions
in the HLG Region

T/K ( 0.2 P/kPa ( 34.47

274.05 17 004.68
276.35 21 126.61
278.65 26 489.25
280.45 32 361.96
283.55 45 113.75

Figure 5. Measured and predicted dissociation conditions of air:
s, prediction; 0, Kuhs et al.;3 4, this work.
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Nomenclature

HIG ) hydrate-ice-gas region
HLG ) hydrate-liquid water-gas region
k21 ) binary interaction parameter for the conventional

random mixing term
l21
0 ) dimensionless constant for the binary interaction

parameter for the asymmetric term
l21
1 ) dimensionless constant for the binary interaction

parameter for the asymmetric term
sI ) structure I
QCM ) quartz crystal microbalance
R ) Kihara hard-core radius, Å
∆Cpw ) heat capacity difference between the empty

hydrate lattice and liquid water, J mol - 1K - 1

∆C°pw ) reference heat capacity difference between the
empty hydrate lattice and liquid water at 273.15 K,
J mol - 1K - 1

∆h°w ) enthalpy difference between the empty hydrate
lattice and ice at the ice point and zero pressure, J
mol - 1

∆vw ) molar volume difference between the empty
hydrate lattice and ice, cm3 mol - 1

∆µ°w ) chemical potential difference between the
empty hydrate lattice and ice at the ice point and zero
pressure, J mol - 1

ε ) Kihara energy parameter, J molecule-1

k ) Boltzmann’s constant, J K- 1 molecule-1

σ ) Kihara collision diameter, Å

Note Added after ASAP Posting. This article was
released ASAP on 3/26/2003. In footnote c of Table 6,
“× 104” was added to l21

1 . The paper was reposted on 4/18/
2003.
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