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Experimental studies on the formation of porous gas hydrates
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ABSTRACT

Gas hydrates grown at gas-ice interfaces were examined by electron microscopy and found to have
a sub-micrometer porous structure. In situ observations of the formation of porous CH,- and CO,-
hydrates from deuterated ice Th powders were made at different pressures and temperatures, using
time-resolved neutron diffraction data from the high-flux D20 diffractometer (ILL, Grenoble) as well
as in-house gas consumption measurements. The CO, experiments conducted at low temperatures are
particularly important for settling the open question of the existence of CO, hydrates on Mars. We
found that at similar excess fugacities, the reaction of CO, was distinctly faster than that of CH,. A
phenomenological model for the kinetics of the gas hydrate formation from powders of spherical ice
particles is developed with emphasis on ice-grain fracturing and sample-consolidation effects due to
the outward growth of gas hydrate. It describes (1) the initial stage of fast crack-filling and hydrate film
spreading over the ice surface and the two subsequent stages which are limited by (2) the clathration
reaction at the ice-hydrate interface and/or by (3) the diffusive gas and water transport through the
hydrate shells surrounding the shrinking ice cores. In the case of CO,-hydrate, the activation energies
of the ice-surface coating in stage 1 are estimated to be 5.5 kJ/mol at low temperatures and 31.5 kJ/mol
above 220 K, indicating that water molecule mobility at the ice surface plays a considerable role in
the clathration reaction. Comparable activation energies of 42.3 and 54.6 kJ/mol are observed in the

high temperature range for the reaction- and diffusion-limited stages 2 and 3, respectively.

INTRODUCTION

Gas clathrate hydrates are non-stoichiometric inclusion
compounds encaging small, usually apolar guest molecules in
a host-framework of hydrogen bonded water molecules. They
exist as a stable solid phase at high gas pressures and/or low
temperatures (van der Waals and Platteeuw 1959). Two main
crystallographic structures of gas hydrates, the von Stackelberg
cubic structures [ and II, are distinguished, both consisting of two
types of cavities, small and large cages, that can be occupied by
guest molecules (Sloan 1998). It is generally assumed that the
encaged gas molecules cannot exchange with the environment
after formation. Rather, the guest molecules have to be built into
the crystal structure during the growth process according to their
chemical activity at the reaction site.

Since the 1950s, many gas hydrate systems have been stud-
ied. Still, some physico-chemical properties of gas hydrates
as well as their formation and decomposition kinetics are
neither well known nor properly understood, though they are
of primary importance for several reasons (Sloan 1998). With
traces of water in gas and oil transport systems hydrate stability
conditions are met leading eventually to complete blockages of
pipelines. Likewise, the kinetics of CH,-hydrate formation and
decomposition is of major significance in geological settings, for
our understanding of the role of methane gas in climate change,
for the possible use of natural gas hydrate deposits as a future
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source of energy, or simply for a more economic transport and
storage of gas. CO, clathrate hydrates could also be a possible
way to sequester CO, into the ocean to reduce global warming
(Warzinski et al. 2000). They may also play a major role in some
terra-forming processes on Mars (Cabrol et al. 1997; Komatsu
et al. 2000; Wilson and Head 2002). In addition, they could
affect the rheological properties of the polar ice layers at the
north and south Martian poles (Brightwell et al. 2003; Durham
1998; Kargel 1998; Kargel and Tanaka 2002; Kreslavsky and
Head 2002; Milkovich et al. 2002). Moreover, the higher the
amount of CO, hydrate in the caps, the longer the period needed
for establishing a steady-state geothermal gradient in their inner
parts, which would affect basal melting (Kargel and Tanaka 2002;
Kreslavsky and Head 2002). Not much is known about the forma-
tion kinetics of CO, hydrates under Martian conditions, and the
present work partly intends to establish a solid physico-chemical
basis for the hypotheses listed above. In this context, the most
relevant formation process is the reaction of ice Ih with CO, gas
to hydrate. A strong dependence of the transformation rates on the
surface area of the gas-ice contact was demonstrated by Barrer
and Edge (1967). Later, Hwang et al. (1990) studied methane-
hydrate growth on ice as a heterogeneous interfacial phenomenon
and measured the clathrate formation rates during ice melting
at different gas pressures. Sloan and Fleyfel (1991) discussed
molecular mechanisms of the hydrate-crystal nucleation on ice
surfaces, emphasizing the role of the quasi-liquid-layer (QLL).
Takeya et al. (2000) made in situ observations of CO,-hydrate
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growth from ice-powder for various thermodynamic conditions
using laboratory X-ray diffraction. They distinguished the initial
ice-surface coverage stage and a subsequent stage, which was
assumed to be controlled by gas and water diffusion through
the hydrate shells surrounding the ice grains. This process was
modeled following Hondoh and Uchida (1992) and Salamatin et
al. (1998) with a single ice particle approximation. The respec-
tive activation energies of the ice-to-hydrate conversion were
estimated as 0.2 and 0.4 eV (19.2 and 38.3 kJ/mol). The first
in situ neutron diffraction experiments on kinetics of clathrate
formation from ice-powders were presented by Henning et al.
(2000). They studied CO,-hydrate growth on D,O ice Ih, us-
ing the high intensity powder diffractometer HIPD at Argonne
National Laboratory at temperatures ranging from 230 to 263 K
and at a gas pressure of approximately 900 psi (6.2 MPa). The
starting material was crushed and sieved ice with unknown but
most likely irregular grain shapes. To interpret their results at a
later stage of the hydrate formation process, the authors applied
a simplified diffusion model for flat hydrate-layer growth, devel-
oped for the hydration of concrete grains (Berliner et al. 1998;
Fujii and Kondo 1974), and obtained an activation energy of 6.5
kcal/mol (27.1 kJ/mol). This work was continued by Wang et al.
(2002), who studied the kinetics of CH,-hydrate formation on
deuterated ice particles. A more sophisticated shrinking ice-core
model (Froment and Bischoff 1990; Levenspiel 1999) reduced to
the diffusion model of Takeya et al. (2000, 2001) was used to fit
the measurements. A higher activation energy of 14.7 kcal/mol
(61.3 kJ/mol) was deduced for methane hydrate growth on ice.
Based on Mizuno and Hanafusa (1987), the authors suggested
that the quasi-liquid layer of water molecules at the ice-hydrate
interface may play a key role in the (diffusive) gas and water
redistribution although a definite proof could not be given.

One of the recent and most intriguing find is that, at least
in cases where the guest species are available as excess free
gas, some gas hydrate crystals grow with a nanometric porous
microstructure. Using cryo field-emission scanning electron mi-
croscopy (FE-SEM), direct observations of such sub-micrometer
porous gas hydrates have now been made (Klapproth 2002; Klap-
proth et al. 2003; Kuhs et al. 2000; Staykova et al. 2002, 2003).
Hwang et al. (1990) reported that the methane hydrates formed
from ice in their experiments were bulky and contained many
voids. Rather interestingly, there is evidence that besides dense
hydrates, some natural gas hydrates from the ocean sea floor also
exhibit nanometric porosity (Suess et al. 2002). Based on experi-
mental studies (Aya et al. 1992; Sugaya and Mori 1996; Uchida
and Kawabata 1995) of CO, and fluorocarbon hydrate growth at
liquid-liquid interfaces, Mori and Mochizuki (1997) and Mori
(1998) proposed a porous microstructure for the hydrate layers
between the two liquid phases and suggested a phenomenological
capillary permeation model of water transport across the films.
Although the general physical concepts of this phenomenon in
different situations may be quite similar, we still do not have
sufficient data to develop a unified theoretical approach to its
modeling (Mori 1998). The study presented here is confined to
the particular thermodynamic conditions of gas hydrate forma-
tion from ice in a single-component gas atmosphere at pressures
well exceeding the dissociation pressure at constant temperatures
below the quadruple point.
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In accordance with numerous experimental observations
(Henning et al. 2000; Kuhs et al. 2000; Staykova et al. 2002,
2003; Stern et al. 1998; Takeya et al. 2000; Uchida et al. 1992,
1994), a thin gas hydrate film rapidly spreads over the ice surface
at the initial stage of the ice-to-hydrate conversion. This stage
of surface coverage was labeled stage I in our previous publica-
tions (Staykova et al. 2002, 2003). Subsequently, the only way to
maintain the clathration reaction is the transport of gas molecules
through the intervening hydrate layer to the ice-hydrate interface
and/or of water molecules from the ice core to the outer hydrate-
gas interface. As mentioned above, diffusion-limited clathrate
growth was assumed for this second stage as described by Takeya
et al. (2000), Henning et al. (2000), and Wang et al. (2002) on
the basis of the shrinking-core models formulated for a single
ice particle, without taking explicit account of a surface cover-
age stage. However, in the case of porous gas hydrates, gas and
water mass transport through the hydrate layer becomes much
easier, and the clathration reaction itself together with the gas and
water transfer over the phase boundaries may be the rate-limiting
step(s) that follows the initial coverage. This process should be
modeled simultaneously with the ice-grain coating (Salamatin
and Kuhs 2002). We have labeled this reaction-limited stage
as stage II. Certainly, we can still expect the onset of a diffu-
sion-limited stage (stage III in our nomenclature) of the hydrate
formation process completely or, at least, partly controlled by
gas and water diffusion through the hydrate phase, especially
when a highly consolidated ice-hydrate structure develops with
thick and dense hydrate shells surrounding ice cores and/or when
the nanometric porosity is predominantly closed. As a result,
the hydrate-phase growth and expansion beyond the initial ice-
grain boundaries into the sample voids and the corresponding
reduction of the specific surface of the hydrate shells exposed
to the ambient gas can be a principal factor which slows down
the hydrate formation rates at the later stages of the clathration
reaction, as predicted by Staykova et al. (2003).

Here, we continue previous studies presented in Salamatin
and Kuhs (2002) and Staykova et al. (2002, 2003) and attempt
to quantitatively describe all the subsequent stages of the forma-
tion process of CH, and CO, gas hydrates as followed by in situ
neutron diffraction and gas consumption experiments, starting
from a well-characterized ice powder of known structure, grain
size, and specific surface area. While neutron experiments give
unique access to the fast initial part of the clathration reaction,
in-house gas consumption experiments are indispensable for the
much slower later stages of hydrate formation. Together with
our kinetic diffraction studies, ex situ FE-SEM observations of
the formation of porous gas hydrates proved to be helpful in
understanding the initial coating phenomenon and the evolu-
tion of ice-powder structure during the clathration reaction
and to construct a phenomenological multi-stage model of gas
hydrate growth from ice powders. In particular, recent SEM
images clearly show that the clathration reaction often starts
in cracks of the ice grains formed during the preparation of the
starting material. Thus, special attention will be paid here to the
crack-filling sub-stage, which precedes or accompanies coverage
of the spherical ice grain surfaces. A model for crack-filling is
presented here for the first time and is applied to fit and interpret
the experimental data.



1230

EXPERIMENTAL METHODS AND SAMPLE PREPARATION

Diffraction instrumentation and gas-consumption technique

Neutron diffraction techniques are well suited to investigate gas hydrate
formation kinetics as the strong penetration of neutrons allows for the use of
thick-walled high-pressure gas equipment for cryogenic devices. We performed
in situ neutron diffraction experiments at various pressures and temperatures with
CH, and CO, gas on the high-intensity 2-axis D20 neutron diffractometer at ILL,
Grenoble. D20 is a medium to high-resolution diffractometer providing a high flux
at the sample position. It has 1536 detection cells in a stationary, curved linear
position sensitive detector (PSD) covering a 26 range of 153.6°. This makes D20
an ideal tool for in situ diffraction studies with acquisition times under one second,
which makes it possible to follow fast changes in the sample. More details about
the instrument can be found at http://www.ill.fr/YellowBook/D20 and in Convert
et al. (1998, 2000).

The beam-time allocation of neutron sources is typically limited to a few days.
Therefore, the reaction kinetics at longer time scales can not usually be investigated
by in situ neutron diffraction. At lower temperatures in particular, the reaction
can take several weeks to several months. Therefore, we have also designed and
employed an in situ technique based on gas consumption during the formation
reaction. Different arrangements are used for pressures above and below 0.1 MPa
shown in Figures 1 and 2 respectively. Using a gas pressure cell made of a high-
strength aluminum alloy with a typical volume of 2 cm? and a low-temperature
bath, the reaction is followed by recording the drop of gas pressure in the system.
The pressure in the system is adjusted manually from time to time in order to
maintain the pressure within typically a few percent fraction of the target pressure.
As the pressure drop depends on the amount of ice in the pressure cell as well as
on the free gas volume of the specific arrangement, calibration is necessary at the
end of each experiment. This is achieved by measuring the ratio of unreacted ice
Th to newly formed gas hydrate by means of X-ray powder diffraction. As labora-
tory X-ray sources lack the penetration power to allow for in situ measurements,
the samples are recovered at liquid nitrogen temperatures and investigated at 80
K in a custom-made Philips MRD diffractometer equipped with an APD helium
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FIGURE 1. Schematic drawing of the set up for gas consumption
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FIGURE 2. Schematic drawing of the set up for gas consumption
measurement (<0.1 MPa)
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closed-cycle cryostat. The measured X-ray pattern is then analyzed using a full
pattern Rietveld refinement technique with GSAS (Larson and von Dreele 1990).
Occasional checks with samples measured previously by in situ neutron diffraction
confirmed the reliability of the recovery method.

Sample preparation

Spherical D,O ice Ih grains with a typical diameter of several tens of um were
prepared (see Fig. 3a) in our laboratory in Gétingen using a spraying technique.
In order to quantify the morphology of the starting material, a representative part
of the sample was investigated by FE-SEM. The pictures obtained were used to
estimate the size distribution of the ice spheres. Measurements on different batches
showed that the size distribution of ice spheres sprayed with the same nozzle is well
reproducible and has a lognormal shape. The mean radius has been determined as 27
wm with a relative standard deviation of 0.8; for the first neutron experiment at 272
K ice spheres with a larger radius of 38.5 um were used. The main characteristics
of the ice samples and gas hydrates are presented in Table 1.

For the neutron diffraction experiments the samples were poured into thin-
walled Al cans and transported in a dry-N, dewar to ILL/Grenoble. The estimated
initial macro-porosity of €, = 30 35% corresponds to a packing density of about 65
70% in the Al cans. Two high-strength auto-frettaged aluminum gas pressure cells
were manufactured in Gotingen and adapted to an ILL sample holder. Temperature
readings were obtained from a calibrated sensor fixed to the pressure cell wall. The
Al cans were inserted into the pressure cell, already attached to the sample holder,
and the Bridgman seal was closed. This filling operation was performed with a
small stream of gas to ensure complete filling of the system. Subsequently, the
pressure cell was inserted into the cryostat and the temperature was equilibrated at
the chosen value. The desired gas pressure was applied within a few seconds while
data collection was initiated. In our experiments, we did not observe an induction
time except for temperatures below 200 K; reactions at higher temperatures began
immediately (within the diffractometer time-resolution of a few seconds) after ap-
plication of gas pressures higher than the decomposition pressure.

FIGURE 3. Field-emission scanning electron images of the starting
ice-Ih material as well as samples quenched at various stages of the
CO,-hydrate formation process: (a) initial ice-Ih material, consisting of
spheres with average diameter of 40—60 um; (b) CO, hydrate formation
on crack surface after 3 h of reaction at 193 K and 0.05 MPa; (¢) view of
a crack and a higher-magnification view into the crack (d) showing the
crack surface coverage under the same conditions after 8 h of reaction;
(e) reaction which started in the crack and spread over the grain surface
(185K, 0.036 MPa, 21 h); (f) surface coverage on a deuterated ice sphere
after 52 min of reaction at 3 MPa and 275 K.
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TaBLE 1. Characteristics of ice samples and gas hydrates

Parameters and denotations Values
Ice samples
Ice density p; kmol/m?* 51
Typical (mean) grain size rp, tm 25-40
Relative standard deviation of grain radii 0.8
Specific surface area S, m*mol 1.5-2.1
Average crack opening angle 3, rad 0.06
Macro-porosity €9 0.33
Coordination number Z, 7
Random density slope of particle distribution C 15.5
Gas hydrates
Water density in hydrate phase py,, kmol/m? 45
Sub-micrometer porosity of CH,- (CO,-) hydrates ¢, 0.15 (0.1)

Diffractometer data collection and processing

To observe changes in the diffraction patterns during gas hydrate formation we
used D20 at its highest intensity setting and a wavelength of A =2.414 A. The reac-
tion of gas (at constant pressure and temperature) with the ice grains was followed
over a period of typically 10 to 20 h. The data presented here were collected with
a time resolution of 30 s or 1 min for the initial fast reaction and with a resolution
of 5 min for the slower later part of the reaction. In this way data of good statisti-
cal precision were obtained, suggesting that even times of several seconds would
deliver useful information. An efficiency correction and a background subtraction
were applied to all data. Subsequently, the measurements were analyzed with the
GSAS Rietveld refinement program (Larson and von Dreele 1990), which gave
quantitative information on the amount of gas hydrate formed as a function of time
with an accuracy of about 0.1%. A two-phase (ice Ih + gas hydrate) Rietveld fit
of the powder diffraction pattern obtained for each time interval was performed.
Refined parameters were the lattice constants for ice Th and gas hydrate, the phase
fractions, and five to six background parameters; the scale factor and absorption
coefficient were fixed. The atomic positions and displacement parameters for D,O
ice Th and CH,- or CO,-hydrate phases were taken from Klapproth (2002) and
were also kept fixed. The weight fraction of the clathrate phase o (mole fraction
of ice converted to the gas hydrate) was extracted from the refinement for each
time interval and was plotted as a function of time.

FE-SEM observations and SSA measurements

We restrict our phenomenological model developed in the theoretical sec-
tion below to previous (Klapproth 2002; Klapproth et al. 2003; Kuhs et al. 2000
Staykova et al. 2002, 2003; Suess et al. 2002) as well as recent ex situ FE-SEM
observations of porous gas hydrates recovered at various stages of the formation
process. From a few hundred electron micrographs we have selected typical ex-
amples of the early stages of the reaction shown in Figure 3. Additionally, measure-
ments of the specific surface area (SSA) of the starting material and partly reacted
samples were made (Kuhs et al. 2004) using a BET adsorption method originally
developed for SSA measurements of snow (Legagneux et al. 2002, 2003) in order to
check the extent to which the nanometric pores are interconnected. Based on these
observations in combination with general physical and mechanical concepts, we
can formulate the following statements: (1) The starting material (ice Ih powder)
consists of spherical grains several tens of micrometers in diameter (Fig. 3a). The
arrangement of the ice grains in the sample is close to a random dense packing with
a packing porosity of about 30-35%. The measured specific ice surface indicates
minimum contact areas between grains. The typical time scales of the heat and
mass transfer processes in the ice-powder samples are small (~5-10 min). The
temperature in the pressure cell is essentially uniform, and all substances and energy
are rapidly redistributed within the open space of the sample volume. (2) The initial
stage of crack-filling and ice-grain surface coverage by a gas hydrate film is clearly
distinguished from the subsequent stage(s) of growth of the hydrate shell into the
shrinking isolated ice cores. Different mechanisms are generally involved in the
coating process, such as preferential and relatively fast filling of cracks in the grains
(Figs. 3b, 3¢, and 3d), formation (nucleation) of hydrate patches on the ice surfaces,
and lateral spreading of the hydrate film (Figs. 3e and 3f). At lower temperatures
crack filling generally precedes surface coverage, while at temperatures above
230 K the surface coverage becomes more rapid and usually overlaps with filling
of the cracks. Subsequently the porous gas hydrate shell grows and covers the ice
surface to a large extent, leading to a consolidated sample in which the original
ice grain structure can still be recognized. The intermediate stage II is thought
to be limited by the clathration reaction (including gas and water redistribution
across the phase boundaries) while stage I1I is assumed to be influenced (or fully
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controlled) by water- and gas-mass transport through the hydrate layers from and
to the inner parts of the original ice grains, respectively. (3) The SSA measurements
show increasing SSA, mainly during the surface coverage stage I until it reaches a
limiting value, which suggests that the porosity is only partly open over a scale of
a few micrometers. Hence, it is likely that only the initial hydrate film spreading
over the ice-grain surface retains a high permeability. The time scale of the coating
process ranges from several hours to several days, depending on thermodynamic
conditions (see also section 4). As the thicker clathrate layers develop further,
the pores (at least partly) lose their interconnectivity inside the hydrate at longer
distances. Therefore, mass transport at the later stages of the clathration reaction
cannot be achieved via the predominantly closed sub-micrometer pores. Rather,
it must occur by bulk diffusion. Stages II and III can be observed in the FE-SEM
only after breaking the consolidated sample to provide some inner surfaces. (4)
All our FE-SEM pictures show that the hydrate crystallites grown from ice are
rather small (from a few to some tens of mircometers). Typically, single crystals of
hydrates have an isotropic, porous structure with a mean pore size on the order of
several hundred nm for CH,-, Ar-, and N,- (macropores in the generally accepted
terminology of porous materials), and several tens of nm for CO,-hydrate (meso-
pores in this terminology), although non-porous gas hydrates are also observed in
our SEM micrographs. There is no obvious dependency of the pore size on either
pressure and temperature or on the time of reaction. From the SEM photographs,
the internal meso- to macro-porosity of the hydrate phase is visually estimated as
10-20%. The diffraction data suggest a good crystallinity of the hydrate crystals,
indicating a coherent “inward” growth of the hydrate shells without any appreciable
deformation. This is also confirmed by the FE-SEM pictures, which show that the
growth process generally does not perturb the initial setting of crystallites. (5) The
density of water in the crystalline hydrate lattice of both types I and IT is noticeably
less than that of ice. Thus, the excess water molecules must be partly “evacuated”
from the ice-hydrate contact area to provide additional space for the newly formed
porous clathrate hydrates. This water (~20-30%) is transported toward the outer
hydrate surface where it reacts with the ambient gas, leading to expansion of the
hydrate layer into the open space between the initial ice grains and to a reduction of
the pore surface area between them (see Figs. 3c—f). However, specific surface area
measurements (see above) indicate that the total area of the gas hydrate interface
does not decrease with time during the initial stage of the reaction. Consequently,
as also confirmed by SEM micrographs, some of the nanometric porosity in the
hydrates remains open. The higher the mean size of the ice grains, the less complete
is the ice-to-hydrate transformation in a given time, presenting further evidence
that thick hydrate layers gradually lose some of their permeability and/or closure
of the open voids between the original ice grains occurs. The final consolidated
stage is clearly born out by the compact nature of the product with irregular shapes
of the ice-hydrate particles and little open pore space visible in the FE-SEM after
breaking the sample.

THEORY

Principal notions

Because a clear molecular picture of the clathrate formation
process is lacking, the primary goal of our study is the develop-
ment of a phenomenological model for the different, partially
overlapping stages of the clathration reaction in order to interpret
the experimental kinetic data. In accordance with recent observa-
tions, ice spheres in the starting material may have cracks (see
Figs. 3¢ and 3d) most probably caused by thermal strains which
arise during ice-powder preparation by means of water droplets
freezing in liquid nitrogen. Therefore, we continued our previ-
ous work (Salamatin and Kuhs 2002; Staykova et al. 2003) and
additionally introduced a description for the crack-filling part
of the initial surface coverage, which appeared in our FE-SEM
micrographs as the prominent first step of the clathration reac-
tion, especially at lower temperatures. Following Staykova et
al. (2003), the geometry of the ice-powder structure is described
in a monosize (or monodisperse) approximation, in terms of the
mean-volume ice grain (core) radius r; and the specific surface
area of ice grains (cores) per mole of water molecules S; (with
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o and Sy indicating initial values). The degree of the reaction (the
mole fraction of ice converted to hydrate phase) o is the principal
characteristic of the hydrate formation process developed in time 7.
Correspondingly, the total crack-void fraction of ice grains in a
sample is designated as €;, and the degree of crack-volume-fill-
ing in ice spheres of an initial radius of r,, is y. Hereinafter, we
consider € to have values of ~0.01-0.03.

Some of the ice grains in the sample may be connected by
bonds. Nevertheless, in accordance with our observations, we
assume that S, is equal to the sum of the spherical grain surfaces
and, by definition,

3! 1 r 1+E £,
Si: 3,....(X:1_8 I:[1—3 l—efT +Xf
P f T (1)

Here p; is the molar density of ice. The hydrate-phase expan-
sion coefficient E is the proportion of the hydrate volume excess
with respect to the consumed ice volume

p.
E: 1
phw(l—sh)

expressed via the mole density of water p,,, in hydrate and meso-
porosity €, of the clathrate phase.

In accordance with Equation 1, the problem of modeling
the gas-hydrate formation (reaction degree o) from monosize-
sphere powders is reduced to a mathematical description of the
principal parameters r; and ) of a reference grain among densely
packed identical neighbors with a given crack-volume fraction.
The monodisperse approximation of the ice-sample structure
was shown by Staykova et al. (2003) to be quite appropriate for
the initial period of hydrate formation (ot < 0.3-0.4) until the
volumetric expansion and geometric interaction of the growing
hydrate shells become principal factors controlling the reaction
rate. In this case, the extension of the theory to polydispersed
powders with an experimentally well-established log-normal
distribution of ice-sphere radii is rather straightforward: ex-
pression 1 for S; should be additionally divided by the factor
1 + o2, where G, is the relative standard deviation of the grain
size. The general model for hydrate formation from polydisperse
powders of randomly packed ice spheres valid for the later part
of the reaction will be presented elsewhere.

-1

Ice-core model

Now, we introduce (after Staykova et al. 2003) the rate of the
ice sphere surface-coating g and the rate of subsequent volume
ice-to-hydrate transformation ®, outside of cracks. The former
quantity can be defined as the fraction of the open (exposed
to the ambient gas) ice surface which becomes covered by the
initial hydrate film (hydrate patches) during a unit time period,
while the latter is the number of ice moles transformed to hy-
drate phase per unit of time on a unit area of ice surface after
coating. We also designate as d, the thickness of the ice layer
converted in the coating process relative to the initial hydrate
film of thickness d, = 8,(1 + E). Parameter &, (and d,) is small
compared to the mean grain size r;,, whereas the rate of the
initial hydrate film formation is assumed to be much higher than
that of the hydrate layer growth on the coated surface (wg >>
Sio®y). Thus, the ice surface area remains practically constant
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(S; = Sp) during stage I.

Consequently, in accordance with Salamatin and Kuhs (2002),
the radius of the shrinking ice core r; in the sample is governed
by the following mass balance equation

d 3 gt
a4 [1_ ’73] =5 [pdw.e” +w, (1-eY] (22)

dr T
or, identically, in monodisperse approximation for S; given by
Equation 1

dti =-8,0;

e-wst _ UJV (l_e-mst)

i

(2b)

The driving force of the hydrate formation is the supersatura-
tion of the gas-ice-hydrate system, In(f/f,), expressed via fugaci-
ties f and f; of the gaseous phase and decomposition pressures
p and p, at a given temperature 7. For each stage, this driving
force determines the clathration kinetics and contributes to the
different steps in the ice-to-hydrate conversion in proportion to
their apparent resistances, namely, ks' for the initial hydrate film
spreading over the ice surface, and kz' and k' for the clathration
reaction and gas/water permeation through the hydrate layer,
respectively.

Hence, we conventionally write

k. k
oJS:kSlni, 0, = —L— lni 3)

Ja kpthky, 14
Depending on the rate-limiting step of the hydrate formation
process, My describes either the rate of the clathration reaction
(wg) in stage II (when kp >> kg) or the rate of gas and water
mass transfer through the hydrate shell (®p) in stage III (when
kp << kg). For comparable values of k; and k), in the latter part
of Equation 3, both steps are important.
The clathration rate constants are assumed to be the Arrhe-
nius-type functions of temperature:

0, [ 11 ]
RI\T. T
where k; and Q, are the clathration rate constant at the reference
temperature 7= and the activation energy of the J-type step; R,
is the gas constant.

Phenomenological Equations 1-4 are considered to be
a theoretical basis for the detailed analysis of the different
stages of hydrate formation and interpretation of the neutron
diffraction data. Actually, each J-th step, explicitly presented
in the model, may be further divided into a sequence of sub-
steps characterized by their own resistances, the sum of which
is k3'. Nevertheless, for a fixed temperature kg and &, can still
be used as tuning parameters, but the permeation rate constant
kp depends on geometrical characteristics of the hydrate layers

growing around shrinking ice cores and must be related to r; to
complete Equations 2 and 3.

k, =k, exp , J=S.R,D, ()

Permeation resistance of the hydrate layer

Here we follow the geometrical description of powder-
particle growth developed by Arzt (1982) for a random dense
packing of monodisperse spheres on the basis of the concept of
Voronoi cells associated with the initial powder structure. The
build-up of the starting material is characterized by the average
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number of contacts per particle (coordination number) Z, and
the relative slope C of the random packing density function.
Experimental estimates for these parameters deduced by Arzt
(1982) are given in Table 1 and are consistent with the observed
porosity of our ice-powder samples.

As shown schematically in Figure 4, the shape of each hydrate
layer formed from a single spherical ice grain is represented as a
truncated sphere of radius ;. The ice core shrinks, and its radius
r;decreases due to inward growth of the hydrate layer. However,
because of the lesser density of water in the porous hydrate phase,
the excess water molecules must be transported to the outward
hydrate surface exposed to the ambient gas, and the hydrate
layer simultaneously expands into the open space between the
original ice grains, eventually filling most of the initial open
space. The existing contact areas between neighboring hydrate
shells (ice-hydrate particles) increases and additional contacts
are formed as r, grows. Correspondingly (see Appendix A for
details), the fraction s of the free hydrate surface area exposed
to the ambient gas, the specific surface area of the macro-voids
S..» and the macro-porosity of the sample ¢, decrease. Finally,
the current sample geometry is related to the ice core radius r;
by means of the hydrate-volume expansion factor E.

The fictitious spherical boundary of radius r in Figure 4
divides the hydrate shell into two sub-layers 1 and 2: from r;
to r and from r to r,, respectively. The permeation (diffusion)
resistance of the spherical sub-layer 1 is known from diffusion
theory (Crank 1975). To estimate the resistance of the truncated
sub-layer 2, we assumed (Staykova et al. 2003) that locally the
mass-transfer process in the layer is similar to diffusion through a
concave spherical layer of the same thickness with the same total
areas of bounding surfaces. Finally, we arrived at the following
relation for the permeation rate constant in Equation 3:

k =piD0 o= \/;RhR
" R[VSR(R-R)+R(R,~R)] )

Here D is the apparent gas/water mass transfer (permeation)
coefficient proportional to that introduced in Salamatin et al.
(1998), and © is the complex geometrical characteristic of the de-
veloping sample structure expressed via normalized parameters

1

FIGURE 4. Schematic diagram of gas hydrate expansion into the
voids between the ice spheres during the growth of hydrate shells around
the shrinking ice cores. In the diffusion model (see text) the permeation
resistance of the convex sub-layer 2 surrounding the inner spherical
hydrate layer 1 is assumed to be similar to that of the concave spherical
layer shown in the insert. See text for further details.
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R =rlry, R;=r/r, and R, = 1,/r;,. The temperature dependence
of the permeation coefficient follows Equation. 4 with &, corre-
sponding to D" at the reference temperature 7" in Equation 5.

If the expansion effect is neglected (E = 0), the hydrate shells
in the sample remain within the initial ice-grain boundaries, R,
and s equal unity, and Equation 5 is reduced to the diffusive
shrinking-core model for a single particle employed by Takeya
et al. (2000) and Wang et al. (2002). Actually, in the case of a
dense packing of the ice-powder, such an approximation might be
valid only in the very beginning of the hydrate formation process
when R, — R; — 0 in Equations 5 and ¢ — < (i.e., kp — o).
Consequently, in accordance with Equations 2 and 3, the kinetics
of the ice-to-hydrate conversion passes, at least initially, through
stages I and II as controlled by the ice surface coverage process
and/or by the clathration reaction—and not by diffusion. Thus,
the simplified models used in Henning et al. (2000), Takeya et
al. (2000), and Wang et al. (2002) are neither applicable for an
interpretation of the initial stage of the clathration reaction, nor
are they valid for the final phase of sample consolidation.

Gas hydrate growth in a crack of an ice grain

The fissures were in SEM images (see Figs. 3c and 3d) of
the starting material (ice samples), although rather narrow, are
open and usually penetrate deep into the powder particles. The
observed process of fast initial hydrate growth in the ice-grain
cracks, schematically shown in Figure 5, is assumed to develop
simultaneously with the hydrate film patches spreading over
the spherical surface of the reference grain as an independent,
relatively short counterpart (sub-stage) of the initial stage I. To
calculate the degree of volume-filling y in a reference ice grain
of initial radius r;,, we write analogues of Equations 2 and 3
for hydrate formation on the crack surface (see Appendix B),
designating all corresponding characteristics by primes. Thus,
for example, the thickness & of the ice layer converted to the
initial hydrate film spreading over the crack sides is introduced
together with the respective rates wgand o of the crack surface
coating and clathration reactions, the latter being related to the
temperature-dependent rate constants ks and ki with activation
energies Qg and Q. Then, as explained in Appendix B, for the
mean crack-opening angle 3 the average height 4 of the crack-
filling (see Fig. 5) normalized by r,, can be explicitly expressed
(at constant mp) vs. time ¢:

Hydrate

Fissure

FIGURE 5. Schematic diagram of the hydrate formation in an ice-
grain fissure and its A-A cross-section. The ice at the cleavage sides
S; is converted to hydrate at constant rate ®g, and the height / linearly
increases with time. See text for further details.
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until complete filling is reached at & = ry, i.e., & = 1.

The area S, of each crack side exposed to the ambient gas
decreases as the hydrate fills the fissure. The volume of hydrate
growing in the crack is calculated in Appendix B by integration
of the incremental mean hydrate layers with respect to /2, which
yields the degree of filling term % in the following form:

X = EJt‘%—g‘garcsin"%— é(1—%2)1/2 +l(1—7§2)3/2 +1 &<,
4 2 2 2 6b)

(6a)

s

andy=1for&>1.

Although this relationship is derived for a crack penetrating
to the center of a reference grain, it has a general structure and
after substitution of Equation 6, can be tuned to any lesser mean
initial relative depth of cracks by appropriate correction of A'
and B' (e.g., by P).

Qualitative analysis of the model

Solutions of the general models 1-6 can be obtained only
numerically, but for fixed pressure and temperature conditions,
during stages I and II, at least in the beginning of the clathration
reaction when kj, >> kg, quantities g and @y given by Equation
3 can be considered as constant values (0, = @), and Equation
2 can be integrated analytically. This yields an analogue of the
asymptotic solution which was derived at k;, — = in Salamatin
and Kuhs (2002).

rire=1-A( —e®) — Bt (7
where
5, B 0,
A="0_2  p-"r
riO ('OS rr()pl

Parameter A is the difference of two small terms and, hence,
its absolute value is expected to be small although the quantity
itself can be either positive or negative.

Neglecting terms of the order of magnitude of O(g} / E?)
and combining the latter Equation 7 with Equations 1 and 6,
one obtains a generalized asymptotic relation for the reaction-
limited kinetics of the hydrate formation process valid for small
values of o

1/3 _ € I oyt
(1a)" =1 SLx(g)- af1-e )-8 ®)

As noted in Staykova et al. (2003), Equation 8 requires that
the graph of (1 — o) vs. time ¢ for the earlier phase of hydrate
formation during stage II and limited by the clathration reaction
for  >> ¢! should be a straight line with slope B and intercept 1
—A—¢,/ (3E). This also gives us an insight into how the model
parameters can be constrained by the kinetic measurements. First,
via Equations 7 and 8, the asymptotic slope B is directly linked
to the bulk ice-to-hydrate transformation rate and, for a given
estimate for the grain-surface-coating rate @, coefficient A (and,
hence, &) is determined, while wg can also be somewhat cor-
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rected so as to follow back in time the preceding adjacent part of
the reaction data. Then, the intercept of curve 8§ directly delivers
the crack void fraction €. Finally, parameters A' and B' (i.e., &;
and o for a given estimate for ®g) in Equations 6 and 8 can be
adjusted to fit the very beginning of the kinetic curve which is
mainly affected by the crack-filling process. Due to the difference
in time scales (0s>> ®;), the two sub-stages of the initial stage I
are well distinguished, especially at low temperatures. The latter
conclusion was demonstrated in Staykova et al. (2003), where a
noticeable mismatch between Equation 7 and experimental data
was observed at the very beginning of the clathration reaction
(see Fig. 8 in this paper).

In the general case, the rate of the hydrate phase growth @y in
Equations 2 and 3 may be significantly influenced or even limited
by gas and water diffusion through the hydrate layer. Substitution
of Equation 5 into the last part of Equation 3 yields

o, =0n|1- ! F——Dp"
4 R 1+ Fo ) r.k, ®)

i0"R

The dimensionless complex F in Equation 9 is the principal
parameter responsible for the onset of stage III controlled (or
influenced) by gas/water mass transfer through hydrate shells
surrounding the shrinking ice cores. As explained above, the
normalized factor ¢ changes from infinitely large values in the
beginning of the clathration reaction to the first order of mag-
nitude in the later phase of the gas hydrate formation. Thus, the
ice-hydrate system can never pass to stage III at large F, and @y
= (g in Equations 3 and 9. For F << 1 stage I becomes extremely
short and ends up, together with stage I, being directly replaced
by the diffusion-limited stage III. The intermediate values of F ~
1 correspond to the onset of stage III simultaneously controlled
by both (reaction and diffusion) steps.

For the hydrate formation process influenced by gas and
water transport through the hydrate layers, the time behavior
of the quantity (1 — a)'” becomes non-linear. Correspondingly,
after some time ¢" in the beginning of the diffusion-limited stage
IIT described (for small o) by the simplified diffusion theory
of Fujii and Kondo (1974), the relative ice-core radius r/r; is
proportional to (z — #')"2. More elaborate models (Salamatin et
al. 1998; Takeya et al. 2000; Wang et al. 2002) predict even
higher non-linearity due to the decrease in the ice-core surface S..
However, they do not take into account the initial stage I, as well
as the sample compaction and the reduction of the macro-pore
surface S, in the course of the ice-to-hydrate transformation, as
described by Equation 5. The latter effects additionally suppress
the gas and water fluxes through the hydrate shells to and from
the ice cores and slow down the reaction. However, as shown
by Staykova et al. (2003), the difference between the reaction-
and diffusion-limited kinetics of hydrate formation becomes
noticeable only at the final phase of the clathration reaction
(for o > 0.5-0.6). Before this, the o-curves can be equally well
approximated by both limiting scenarios. Another peculiarity
of the diffusion-limited conversion of ice powders to clathrate
hydrates confirmed by Equations 1-3 and 5 and discussed in
Staykova et al. (2003) is that the hydrate-growth rate in this case
is inversely proportional to r%, being in contrast to the first two
stages with A and B inversely proportional to r;, in Equations 7
and 8. Thus, the stages controlled by different rate-limiting steps
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(clathration reaction or gas/water transport through the hydrate
shells) can be distinguished from each another. This may also
help to recognize the formation of porous gas hydrates in the
analysis of kinetic data.

As mentioned above, at the beginning of the hydrate forma-
tion process (for oo < 0.3-0.4) the monosize description of the
ice-sample structure can be directly extended to polydispersed
powders with log-normal distribution of ice-sphere radii. The
necessary correction of Equation 1 for S; presumes that the right-
hand side of Equation 2, and coefficients A', B'and A, B in Equa-
tions 6, 7, and 8 should also be divided by the factor 1 + 820.

RESULTS AND DISCUSSION

CO,-hydrate formation

Two series of in situ neutron diffraction experiments were
previously conducted with D,O-ice and a third one with H,O-ice.
Some of these results, in particular for methane, were presented in
Staykova et al. (2003) where it was also shown that the deuterated
and hydrogenated systems were essentially identical. Recently,
a new series of in situ diffraction experiments with D,O-ice as
well as in-house measurements of CO,-gas hydrate formation
have been performed. Here we apply the model developed above
to continue our study of hydrate formation from ice powders
with special emphasis on crack filling during the initial stage I
and CO,-hydrate formation over a broad range of temperatures,
including those related to Martian conditions (see Table 2).

In neutron-diffraction measurements, the gas hydrate growth
reveals itself by an increase of the Bragg intensities originating
from the gas hydrates which starts immediately after the applica-
tion of gas pressure and increases with time while the amount of
ice Ih decreases. The repeatedly reported induction period (Sloan
1998) was observed only at temperatures below 200 K and is not
discussed here. A series of three experiments at 263, 253, and
230 K was performed with deuterated samples (see Fig. 6a). The
reactions lasted between 17 and 26 h (see Table 2), resulting in 13
37% ice-to-hydrate conversion. An experiment performed with
larger ice grains at 272 K (Fig. 6b) reported by Staykova et al.
(2003) with a total reaction degree of about 56% was also used
and is re-analyzed here. Likewise, the methane 230 K data up to
5%-degree transformation obtained previously (Staykova et al.
2003) have been re-examined with the improved model and are
shown in Figure 6¢ along with the 230 K CO, data.

Another series of experiments were performed at 223, 203,
and 193 K using our in-house gas consumption technique (de-
scribed in section 2), also starting with deuterated ice. The reac-

1235

040 - 253 K, 1 MPa 4

035 263 K, 1 MPa
0.30
0.25
0.20
0.15

0.10

Reaction Degree o

230K, 0.3 MPa |
0.05

0.00

I
IS

Reaction Degree o
o
w

0.2 4
0.1 R
00 1 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20
Time [h]
0.16 [ T T T T T T
0.14 | .
0.12 - R
o}
3 CO, at 230 K, 0.3 MPa;
D
) 4
a
5
5 CH, at 230 K, 6 MPa
3 ]
o

Time [h]

FIGURE 6. Plots of the data obtained during the neutron diffraction
experiments, showing the temperature and pressure dependency of the
growth kinetics: (a) comparison of the growth of CO, hydrate from
deuterated ice under different thermodynamic conditions; (b) the most
complete neutron kinetic experiment of CO, hydrate formation from
deuterated ice at 272 K and 2 MPa; (¢) comparison of the hydrate
formation rates of CO, (0.3 MPa) and CH, (6 MPa) at 230 K. The light
gray lines are the model fits.

TaBLE 2. Conditions of experiments and kinetic parameters of gas hydrate formation

Conditions of experiments

Parameters of diffusion (D) and reaction (kg) limited kinetics

lce  ro, Gas T, p (), pa(fa),  Time, ks, ke, 3o/ ks, ke, D, o &
um K bar bar h 1/h kmol/m?h um 1/h kmol/m?h  m?h um
CH, 230 60 (46.2) 5.9(5.8) 1 2 1.2:10° 14 121072 - - 1.6 1.2:102
3(2.9) 1.86(1.82) 26 20 210 3.7 81072 2.6:10° 1410 1-1.8 1.5-1072
D,0O 27 CO, 193 0.5(0.495) 0.22(0.219) 126 0.7 710 23 22107 - - 1.9 1.8-102
203 0.89(0.88) 0.433(0.43) 48 5 23.10* 23 271072 - - 1.9 1.8:1072
223 1.95(1.9) 1.3(1.28) 239 1.8 (0.85-1.5)-10* 23  3.5.1072 3.7-107 1910 14 (1.6-1.9)-102
253 10(9.1) 51(49) 225 20 410+ 33 0.35 1.410° 15107  22-34 1.6-102
263 10(9.3) 7.5(7.1) 17.5 30 810 33 0.49 1.9-10° 2-107"2 3.5-4.2 2.2:1072
38.5 272 20(19.7) 11.4(11.3) 18 5 4107 33 0.85 3.510° 6410 4-56  (1.6-1.8)-1072
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FIGURE 7. CO, hydrate formation reaction at 193 K and 0.5 MPa
performed by the pVT method (see Fig. 2). The light gray line is the
model fit.

tion degree did not exceed 17%. All these experiments covering
the temperature range from 193 to 272 K were used to obtain the
tuned model parameters listed in Table 2; examples are shown
in Figures 6 and 7.

At high temperatures, the reduced (excess) fugacity (f —fy) /
fy clearly influences the rate of CO,-hydrate formation (see Fig.
6a and Table 2). During the first 6-7 hours both reactions at 253
and 263 K run closely together; only at a later stage does the
reaction at 253 K significantly exceed the one at 263 K. This is
due to a counterbalancing of the effects of temperature and excess
fugacity. To reach the same reaction degree of 10%, a time of
about 1 h is needed at 253 K; this is approximately 15 h at 230
K and exceeds 24 h at 193 K (compare Figs. 6a and 7). In all ex-
periments the kinetic curve for the initial stage shows a strongly
non-linear development in time and flattens in later stages while
keeping a smooth overall shape. Our electron microscopic ob-
servations of the porous hydrate layer during stage I show that
the coating process preferentially starts in cracks (see Figs. 3b,
¢, and d) with a subsequent spreading over the spherical grain
surface. This suggests dividing stage I into two sub-stages: stage
Ia (crack-filling) and stage Ib (surface-coating). The formation
and spreading of hydrate patches is much slower than the filling
of the cracks. Even at high temperatures, the ice surface is not
fully covered with a hydrate shell after several hours, although
the cracks in grains are completely filled.

Based on these observations the theoretical model described
in section 3 was used to interpret the gas-consumption and dif-
fraction data. An interactive computer program was developed
to perform all necessary simulations. A least-squares procedure
under user control was used to iteratively fit the model to mea-
surements within the framework of the general strategy described
at the end of section 3. The same approach was successfully
employed previously in Staykova et al. (2003), and all previous
simulations showed that certain parts of the kinetic curves were
selectively sensitive to different groups of tuning parameters.
Experimental constraints on the coating rate constants kg and kgin
Equations 3 and 6 derived from our SEM images in experiments
interrupted at various temperatures were also taken into account,
together with the estimate of the average crack opening angle
B ~ 0.06. The most complete ice-to-hydrate conversion (up to
56%) was observed in the CO,-D,O clathration reaction (see Fig.
6b) at 272 K with a radius of the unreacted ice core shrunk to an
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averaged value of = 29 um. This makes the latter set especially
valuable for model validation (Staykova et al. 2003).

The typical time scale (m5') of stage I (stage Ia + stage Ib)
is proportional (see Eqgs. 3) to the reciprocal value of the ice-
grain coating rate constant k5' which increases from about 1 to
approximately 12 h as the temperature decreases from 272 to
230 K (see Table 2). At 193 K it takes about 45 h. In these terms,
for the thermodynamic driving force In(f/f,;) ~ 1, the reaction at
193 K can be interpreted as pure crack-filling during the first
5-7 h, followed by a transition period and surface-coating until
approximately 150 h. The reaction curves at high temperatures
are smoother, making it difficult to easily discern different sub-
stages. This is in agreement with our SEM observations that at
higher temperatures different stages may develop locally (grain-
wise and even on one grain) with different speed and occur
partly concomitantly when the whole sample is considered. As
expected, the overall rates are much faster and complete surface
coating at 272 K takes only about 6 h.

In all CO, experiments presented here the surface-coating
stage was sufficiently well developed to obtain reliable values
for the coating rate constant ks. Thus, we are able to extract the
activation energy Qs of this process (see Fig. 8a). Obviously, two
different regions can be considered, above and below 220-230
K. For the high temperature region, the value of the activation
energy is 31.5 kJ/mol while it is 5.5 kJ/mol for the lower range.
At low temperatures, the formation reactions should be followed
for several months in order to get a robust result for the reaction
rate constant k and/or permeation coefficient D. Such long-term
experiments have not yet been completed and will be presented
elsewhere. Nevertheless, at higher temperatures the reactions
definitely reach stages II and/or III and allow for a reliable model
interpretation, although, as discussed by Staykova et al. (2003),
the reaction degree is still too low to distinguish between the
controlling steps. The values of the reaction rate constant k and
permeation coefficient D deduced under the assumption that the
hydrate formation is either limited by reaction or diffusion are
given in Table 2. They should be considered as lower estimates
of these parameters if both steps are equally presented in the
clathration process. The activation energy of the diffusion-limited
process obtained for the 223 to 272 K range is 54.6 kJ/mol (Fig.
8b), while for the reaction-limited process an energy of 42.3 kJ/
mol results from our analysis (Fig. 8c). The inferred permeation
coefficient of the gas- and water-mass transfer in CO,-hydrate
formed from deuterated ice-powder is 6.4 x 1072 m%h at 272
K, and is in good agreement with the estimate of about 8 X 107
m?%s (3 x 1072 m?/h) obtained by Takeya et al. (2000) at 269 K
for H,O ice. This provides additional evidence that the isotopic
properties of ice do not significantly affect gas hydrate growth
and that the observed kinetics are similar. Unfortunately, the
mean particle size in ice powders used by Henning et al. (2000)
was not reported and a comparison with their experimental data
cannot be made.

Concerning the initial crack-filling sub-stage, one can deduce
from kg and kg listed in Table 2 that, in general, this process is
more rapid at high temperatures, but the surface coverage, being
several orders of magnitude slower at low temperatures, acceler-
ates to a much higher degree and becomes hardly distinguishable
from the crack-filling coverage (compare kzand k) at the melting
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FIGURE 8. Arrhenius plots of the various stages of the CO, hydrate
formation at temperatures above 223 K with (a) the surface coverage
stage, (b) the diffusion-limited stage, and (c¢) the reaction-limited stage,
as deduced from the best-fit model parameters (see Table 2).

point. This is in good agreement with our SEM observations. As
a consequence, at lower temperatures the crack-filling stage is
much more easily separated from a subsequent surface-coating
sub-stage. From the model fits typically several wm are obtained
for the thickness &) of the ice layer converted to the initial hydrate
film on the crack walls, which compares well with the thickness
d, of the coating layer on the ice grain surface, being entirely
consistent with the observations from electron microscopy.

CH,-hydrate growth from ice-powders

These experiments were reported in detail in Staykova et al.
(2003). The latter paper also presented kinetic data interpreta-
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tion, albeit under the assumption that ice grain surface-coating
was the only process taking place in stage I of the reaction. A
noticeable discrepancy between the observations and model fits
at the very beginning of the kinetic curves (Staykova et al. 2003;
Fig. 8) most likely was due to ignoring the crack-filling phenom-
enon. On the other hand, our SEM studies of methane hydrate
formation suggest that at high temperatures the filling of cracks
in ice grains may additionally overlap with particle necking, as
well as the formation and lateral spreading of hydrate patches
on the spherical ice grain surfaces. Therefore, in light of our
low-temperature SEM observations when crack-filling is clearly
distinguished from the much slower surface coverage, only the
methane kinetic neutron data at 230 K presented in Figure 601
have been reconsidered here. Taking into account a separate
crack-filling stage improved the fit considerably and modified
somewhat the remaining parameter set established in our earlier
work (Staykova et al. 2003). Based on the new theoretical model
we can see that this experiment was rather short and did not ex-
tend beyond stage I. Reaction and diffusion rates (parameters kg
and D) were too low to be reliably determined and are not given
in Table 2. Comparison of these data in Figure 6¢ with those for
CO,-hydrate formation at the same temperature of 230 K allows
us to estimate and compare the ice-grain coating and crack-fill-
ing rates for the CH,- and CO,-clathration reactions. To do this
one should note that in our case (see Table 2) the excess fugac-
ity (f — fy) / 4 for the CH,-hydrate reaction at 230 K was about
12 times that for CO,. Even at this much higher driving force
methane reacts two to three times slower than carbon dioxide.
The actual scales of the crack-filling and coating rates at equal
thermodynamic conditions are characterized by the respective
reaction rate constants kg and ks. At 230 K (see Table 2), they
are approximately one order of magnitude higher for CO, than
for CH,. Thus, the tendency of the clathration reaction on ice
to be much slower for methane than carbon dioxide at 272 K
(Staykova et al. 2003) appears to be even more pronounced at
lower temperatures.
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APPENDIX A. SAMPLE STRUCTURE DESCRIPTION

As suggested by Arzt (1982), in random dense packing with-
out particle rearrangement, the current coordination number Z
can be expressed as a linear function of the relative hydrate shell
radius Ry, = ry/ri:

Z=7Zy+CR,—- 1) (Al)
where the coordination number of the initial ice-powder Z, ~ 7,
and the slope of the random density function C ~ 15.5.

The normalized volume of a reference ice-hydrate particle
schematically depicted in Figure 4 is directly related (Arzt 1982)
to the relative ice-core radius R; = ri/r;

R’ —%(Rh -1) (2R, +1)7%(Rh -1 (3R, +1)=1+E(1- &?)
(A2)

The fraction s of the free hydrate surface area (in units of
41r2) exposed to the ambient gas is (Arzt 1982)

(A3)

The geometrical model A1-A3 fully describes the sample
packing development during the ice to hydrate conversion. The
initial macro-porosity of the ice-powder €, is directly linked to
the packing parameters Z, and C in Equation A1, the quantity
(1 — €,0)7" being equal to the maximum normalized volume of
the reference ice-hydrate particle, i.e., to the value of the left-
hand side of Equation A2 at s = 0 in Equation A3. Accordingly,
the current porosity €,, and the normalized surface area of the
macro-pore space are

€n=€m— E(1 —€,0)(1 R?), S =5RSs.

The area of the spherical cap surface of radius r, cut by one
average contact from the truncated hydrate shell in Figure 4 can
be calculated in two different ways:

2nry(ry — 1) = 4nr 2 (1-5)/1Z

thus yielding the distance r from the ice core center to an
average contact plane

2(1—s)

r=r,|l—
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APPENDIX B. GAS HYDRATE FORMATION IN A CRACK

We assume that on average the initial fissure in a reference
ice grain of radius r, has the form of a cleft penetrating to the
sphere center with the angle 2f3 between its sides S; (see Fig. 5).
Most probably due to numerous physical defects, the process of
gas hydrate formation in the cracks is much faster in comparison
with the growth of hydrate layers around the shrinking ice cores.
Nevertheless, SEM observations show that in general the crack-
filling passes through the two analogous stages of (1) hydrate
film coating the crack surface and (2) reaction-controlled growth
of the hydrate layer on the two crack sides. Thus, per unit time,
additional fraction mje®s: of the crack surface is covered with
the initial hydrate film, formed of an ice layer with thickness &,
and on the coated area exposed to the ambient gas, the ice layer
of w/p-thickness transforms to hydrate. In each case, the newly
formed porous hydrate layer is 1 + E times thicker than the con-
sumed ice. The incremental excess hydrate volume intrudes into
the cleft from both sides and leads to an increase in the average
height & of the crack-filling. The above process is governed by
an equation that copies Equation 2,

dh , e o’ o
pY, = 80 + E—R(l )
and results in Equation 6,.

Simultaneously, the cleavage-side area (initially equal to
1r,*/2) decreases

ds PR
d—hf:—Z,lr0 -h

whereas the hydrate volume v; formed in and around the
crack increases

The sequential integration of the latter equations with respect
to i from O to A yields

2
s, =nr°[1—2arcsinh]—h =i
2 T 7
and
sI+E(m . W21 V2 2
v, =2Br, 7 |:5§—E_,arcsm§—(l—§) +§(1—§) +§:|’E)=h/r0'

The total hydrate volume which completely fills the crack
corresponds to & = 1, and the last relation determines the current
filling degree x = vi/v(§ = 1) given by Equation 6,.



