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a b s t r a c t

In this communication, methane and synthetic gas mixture [CH4 (93.25 mol%) þ C2H6 (4.8 mol%) þ C3H8

(2 mol%)] hydrate dissociation conditions above the ice point of water were measured in a synthetic
porous media of silica gel with different pore radii of 10 and 15 nm in the temperature and pressure
ranges of (273.3e287.0) K and (3.30e6.22), respectively. The predictions of a thermodynamic model
based on the solid solution theory of van der Waals and Platteuw (vdWP) considering the effects of
interfacial tension and capillary forces are then compared with the obtained experimental data. It is
shown that the model results are in good agreement with the corresponding data.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Clathrate hydrates (gas hydrates) are crystalline inclusion
compounds consist of cages formed by hydrogen bounded water
molecules, in which other small (guest) molecules are encaptured.
Guest molecules can be either lowmolecular weight gases or some
volatile liquids, which are encaged and stabilized inside the cages
by van der Waals forces [1,2]. Clathrate hydrates are normally
formed at low temperatures and high pressures, which occur
naturally in arctic regions, permafrost regions and within the upper
hundred meters of subsea sediments [1,2]. During the last two

decades, gas hydrate researches have attracted lots of interest not
only concerning the corresponding drawbacks (pipeline plugging)
in petroleum industry but also for geology, energy conservation,
and environmental issues [3]. Approximate estimations of natural
gas hydrate reserves beneath the seafloor sediment imply that they
are twice as much as global hydrocarbon reserves on the earth
[3e6]. Compared to oil, methane is a cleaner fossil fuel and it
produces less carbon dioxide per unit of produced energy. There-
fore, recovering these immense sources of natural gas hydrates can
meet world's ever increasing demands for cleaner fossil fuels [3e6].
However, it should be noted that methane has 25 times the effect of
carbon dioxide as a greenhouse gas (GHG) [4,5]. Natural gas hydrate
reserves in the ocean are another global warming concern as the
ocean temperature rises slightly and marine environment may face
with the methane hydrate destabilization and decomposition. In
addition, carbon dioxide is a major component responsible of
global climate change and its production has been steadily on the
rise as an outcome of industrialization. All these concepts have
triggered global efforts for carbon dioxide capture and storage as a
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viable option for greenhouse effect reduction [4e6].
Closely associated with methane hydrate recovery, the CO2

sequestration in form of hydrates beneath the sea sediments has
been a topic of intense investigations [7,8]. The fact that ions are
unable to enter the hydrate structure (since the hydrogen bond
network would collapse) is actually being used in desalination of
water bymeans of hydrate. This is accomplished bymeans of a non-
poisonous hydrate former, for instance CO2, that readily forms
hydrate and can easily be replaced after dissociation of the hydrate.
In addition, formation of gas hydrate in porous media has been paid
attention to be applied in gas separation processes especially for
gas refinery streams. Other positive applications of gas hydrates
have been already well-reviewed [3,8].

In order to understand and model gas hydrate formation and
dissociation in natural gas hydrate reservoirs, the thermodynamic
equilibrium conditions have to be determined. Consequently,
measurement of gas hydrate equilibrium conditions in porous
media has become a matter of interest in number of recent studies.
Several researchers suggest that the presence of porous media can
promote gas hydrate formation process [9]. This may be mainly due
to heterogeneous nucleation on the solid surface and high surface
area of confined porous space of sediments or rocks or synthetic
porous media. The first experimental measurement on gas hydrates
in porous media has been undertaken by Handa and Stupin, [10].
They showed that at a specific temperature, the equilibrium pres-
sure of methane and ethane hydrates in pores of silica gel is higher
than those of bulk conditions i.e. in the presence of pure water.
Clennell et al. [11] and Henry et al. [12] proposed a new model for
description of experimental data, which was on the basis of
considering the capillary pressure in the thermodynamic model of
vdWP [13]. At the same time, Clark et al. [14], modified the classical
model of vdWP [13] for porous media by modifying activity of
water accounting for capillary effects. Many other researchers
measured gas hydrate phase equilibria in porous media including
Uchida et al. [15], Wilder et al. [16], Smith et al. [17], Zhang et al.
[18], Zatsepina et al. [19] who have studied CO2 Hydrate stability
and nucleation in the presence of naturel porous media as well as
Seo et al. [20,21] who have experimentally measured the hydrate
phase equilibria for the binary systems of methane, carbon dioxide,
ethane, and propane hydrates in the silica gel pores. Klauda and
Sandler [22], proposed a model that includes the measured pore
size distribution (PSD) of porous material in vdWP [13] model.
Anderson et al. [23] proposed an extended thermodynamic model
based on GibsoneThomson relation. Turner et al. [24] conducted an
experiment in Adriatic sandstone of average pore radius 550 Å and
indicated that the hydrate equilibria in this size of pores were
indistinguishable from bulk hydrate equilibria data. Other related
researches can be found in the works of Li et al. [25], Aladko et al.
[26] and Sun and Duan, [27]. Zanjani et al. [28] studied the effect of
chemically modified porous media on hydrate formation of ternary
CH4 þ C2H6 þ C3H8 gas mixtures utilized for methane separation
and purification. They indicated that the gas uptake in the presence
of the chemically modified porous media was improved compared
to that obtained in the presence of silica-based porous media. Kang
et al. [29] investigated the phase equilibria and formation kinetics
of the natural gas hydrates in porous silica gels using natural gas
composition in the Korean domestic natural gas grid.

In 2013, Sheng et al. [30] introduced a novel fractal theory to
predict hydrate phase equilibria in the porous media considering
shape of pore edge. Dicharry et al. [31] also experimentally
measured the carbon dioxide hydrate formation in the porous sil-
icagel partially saturated with water and surfactants.

Although natural gas hydrates found in the reserves are mainly
dominated by methane hydrate they may also contain some por-
tions of ethane and propane hydrate. Most of previous studies

considering effect of porous media have been performed for pure
methane or pure carbon dioxide and information on other natural
gases components is limited. This study has been performed, due to
lack of experimental data on phase equilibria of gas hydrates
formed by mixtures of natural gas components in the presence of
porous media. Methane hydrate phase equilibrium in the presence
of silica gel pores of nominal pore diameters of 10 and 15 nm has
been investigated in this study for the first time. Later, gas hydrate
dissociation conditions of ternary gas mixture of (CH4 (93.25 mol
%) þ C2H6 (4.8 mol%) þ C3H8 (2%)) have been measured in the same
porous media. Furthermore, the measured data are predicted using
a thermodynamic model.

2. Experimental section

2.1. Materials

Methane, ethane, and propane with a minimum purity of
99.95 mol% were supplied by Air product. The spherical silica gel
with nominal pore diameter of 10 and 15 nm was purchased from
Merck and Sigma Aldrich. Double distillated water was used in all
experiments. The detailed properties of silica gel are reported in
Table 1.

2.2. Apparatus

Fig. 1 depicts the experimental setup used in this work. A high
pressure equilibrium cell was used as porous sample container. This
cell was made of 316 stainless steel with 75 cm3 internal volume.
The reactor temperature was controlled using a thermostatic bath,
Julabo FP 50, with an accuracy of ±0.1 K. A Pt100 platinum tem-
perature probe inserted in the cell interior was also used to mea-
sure the temperature of the system. The maximum uncertainty of
the temperature measurements are ±0.1 K. The pressure of the cell
was measured by a pressure transducer within a precision of
±0.25% of full scale. In order to record system pressure and tem-
perature continually through the experiments, a data acquisition
system is used. The detailed description of apparatus can be find in
the previous work of Hashemi et al. [32].

2.3. Procedure

The experimental procedure includes the preparation of silica
gel sample first before starting each run, silica gel was dried at
423 K for 2 days. Then, the same dried sample was saturated with
water as follows: Knowing weight of dried silica gel, it was placed
under vacuum in a desiccator for two days. Definite amount of
liquid water was added to the evacuated desiccator, providing in-
direct contact with silica gel sample. After 5e6 days, all pores
became saturated based on vapor-solid equilibria. Knowing the
specific pore volume of the silica gel, the pore saturation was
estimated by weighting the sample. Pursuing this procedure,
saturation up to 99% (volume basis) of silica pores was achieved.

Table 1
Properties of silica gel used in this work.

Silica gel sample (10)a (15)b

Mean pore diameter (nm) 10.5 14.6
Mean particle diameter (mm) 63e200 35e70
Maximum pore diameter (nm) 17.3 22.6
Specific pore volume (cm3/g) 0.87 1.13
Specific surface area (m2/g) 359.4 308

a Mean and max pore diameters have been calculated using the proposed model.
b Values are taken from Ref. [20].
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