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Abstract

We show how insights into the porous structure of surfactant-promoted
gas hydrate can be obtained from two types of experiments that probe very
different length scales. On the one hand, the observation of an existing
porous hydrate being imbibed with the aqueous surfactant solution gives
information as to the porosity — inferred from the volume increase — and
the average pore size — inferred from the imbibition rate. On the other
hand, direct pore visualization and determination of the fluid and hydrate
contents at the micron scale are obtained by optical microscopy and Raman
microspectroscopy. We observe a porosity in the range of 60-70% and pore
sizes of about 20-30um for a porous methane hydrate formed from a 500
ppmw SDS (sodium dodecyl sulfate) solution under moderate subcooling.
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Introduction

In quiescent conditions and in the absence of additives, the nucleation and
subsequent growth of gas hydrate usually takes place at the interface between
the immiscible host (i.e., water) and guest phases, which is rapidly covered
with a thin and nearly impermeable polycristalline crust (Beltran and Servio,
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2010; Martinez de Banos et al., 2016; Hassanpouryouzband et al., 2020). Due
to the very low transfer rates of water and guest molecules, this crust thickens
very slowly, with rates orders of magnitude below lateral growth rates over
the water-guest interface, and most of the water and guest molecules on both
sides of the interface remains unconverted.

For nearly three decades, the presence of surfactants dissolved in tiny
amounts (below the critical micelle concentration) in the water phase has
been observed to drastically speed up the conversion into gas hydrate of a
quiescent water and guest phases (Kalogerakis et al., 1993; Zhong and Rogers,
2000; Gayet et al., 2005; Watanabe et al., 2005a; Okutani et al., 2008; Karan-
jkar et al., 2012; Wu et al., 2020). A porous and highly permeable hydrate
structure forms, through a process sometimes referred to as capillary-driven.
In this process, the aqueous phase is continuously pumped into the growing
porous hydrate structure and driven to its border, where it is converted into
hydrate. Even though there are exceptions (Karanjkar et al., 2012), anionic
surfactants seem to be more effective than non-ionic surfactants (Daniel-
David et al., 2015). The guest phase has a strong influence as well, with
for instance methane being more prone than CO, to capillary-driven hydrate
growth (Daniel-David et al., 2015; Dicharry et al., 2016; Molokitina et al.,
2019).

This Short Communication reports and exploits two types of experimental
observations that provide new insights into the structure of porous methane
hydrate grown from a surfactant solution. The first type of experiments
monitors the growth of an existing porous hydrate put in contact with the
surfactant solution. The second type of experiments determines the hydrate
and liquid proportions down to the micron scale. In all experiments, the
porous hydrate is formed from methane and pure water containing a low
concentration (500 ppmw) of an anionic surfactant, sodium dodecyl sulfate
(SDS), under the pressure and temperature of 40 bar and 0°C, which corre-
sponds to a subcooling (or distance to the equilibrium temperature) — slightly
above 4°C.

Results

The first type of experiments has already been presented in this Journal
(Daniel-David et al., 2015), but not exploited for the features of interest:
porosity and pore sizes. Some of the observations are depicted in Figure 1
(see also movie M2 in Daniel-David et al. (2015)). In these experiments, a
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Figure 1: A porous hydrate hanging at the tip of a capillary (with external diameter ca.
1.23 mm) is contacted (t=0 s) with a drop of an aqueous surfactant solution sitting on a
substrate. This solution rapidly imbibes the porous structure, which expands axisymmet-
rically and is stabilized within less than 1 minute. From Figure 8 of Daniel-David et al.
(2015).

porous methane hydrate formed (shortly before) from a pendant drop of the
aqueous surfactant solution and hanging at the tip of a capillary is put in
contact with a drop of the surfactant solution sitting on a substrate (two
leftmost images in Figure 1) in a closed vessel. This contact triggers a rapid
imbibition of the drop into the hanging porous hydrate, which then swells and
reaches within a few tens of seconds a novel equilibrium state with a larger
volume. Pressure and temperature do not exhibit any detectable change over
the duration of the experiment. In fact, the gas (methane) phase occupies a
(closed) volume of 17 cm?, about 2 orders of magnitude that of the drop of
liquid water, part of it is transformed into methane hydrate. In addition, the
temperature sensor is located far from the hanging drop, where the methane
hydrate is formed (Daniel-David et al., 2015). Figure 2 (left) shows the
contours of the hanging porous hydrate in its initial state (before contact
with the water drop, lefmost image in Figure 1) and final state (not shown in
Figure 1). Figure 2 (right) shows the external contours of the porous hydrate
plus the underlying aqueous solution ascending into the porous hydrate at
various times (from t=0 to 21 s) following contact.

The difference between the final and initial volumes, ie., the volume of the
added porous hydrate AV, with porosity ¢, has two contributions: the porous
volume @AV filled with the SDS solution, and the volume of the hydrate
skeleton (1 — @)AV. The volume AV is obtained by assuming axisymmetry:

AV =Y " x/A[D;(k)* - Di(k)’J (1)
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Figure 2: Left: Contours of the initial (t=0 s, in red) and final (¢ ~1 minute, in grey)
states of the porous hydrate. Right: Contours of the porous hydrate and the liquid water
ascending from the water drop at the bottom from t=0 to 21 s. The time interval between
two consecutive contours is 2.4 s. The red curve correspond to the initial time (t=0). The
scales on the two axis correspond to pixel numbers along the radial and vertical directions.



where Df(k) and D;(k) are the horizontal diameters (in number of pixels)
of the final (f) and initial (i) porous hydrate at position (or pixel num-
ber) k along the vertical direction z, and v is the voxel volume. We obtain
AV=69.65 mm?3, to be compared with the volume of the water drop, obtained
from its contour (data not shown), V,,=64.9 mm?3. The volume expansion,
about 5 mm?, is due to the fact that water molecules occupy a larger volume
in the hydrate than in liquid water. Equating the number of moles of water
in the liquid drop to that in the added porous hydrate,

Vio/Vw = @AV /vy, + (1 — @) AV /vy, (2)

with v,=18 cm?® the volume of one mole of liquid water and v,=22.6 cm?
the volume occupied by one mole of water in the hydrate (Sloan and Koh,
2008), we obtain a porosity ¢ = 67%.

From the contours at the bottom of the hydrate mass, see Figure 2 (right),
we infer a fairly constant pumping rate in the mm?®.s~! range from about t=5
to close to 20 s; for larger t the water drop has been fully pumped and there
is no liquid water left on the substrate (see Figure 1). It is tempting here to
interpretate the imbibition rate dV/dt, with V (¢) the volume of liquid water
having imbibed the porous medium at time ¢, in terms of a Wahsburn-type
model (Cai et al., 2021).

dV (t)/dt = 0.5¢S[Rodcos(8) /(21 )]/t~ 1/? (3)

where S is the area of the (constant) cross-section in the direction perpen-
dicular to flow, p is the fluid viscosity (~ 1 mPa.s) and 6 the contact angle,
considered here equal to § = 0 (complete wetting of the hydrate by the aque-
ous phase). § is a pore shape factor and 7 the tortuosity, whose ratio is for
the sake of simplicity considered equal to 1. o ~ 50 mN.m™! is the interfa-
cial tension between the aqueous and gas phases (Watanabe et al. (2005b)).
Indeed, the time span is too limited for checking the square root time depen-
dence and, in addition, S varies slightly and is approximated here by wd?/4,
where d ~ 2 mm. Using the cited values for the physical parameters, we
obtain a pore radius R ~ 30 pm.

The corresponding Jurin height h = 20/(ApgR) ~ 30 cm is well below
the height of the porous hydrate (inferior to the cm), which justifies the
neglect of gravity effects in Eq. (3). (Ap ~ 1000 kg.m™3 is the density
difference between the densities of the aqueous phase and methane gas, and
g = 9.81 m.s™2 is the acceleration due to gravity).
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Figure 3: Transmission microscopy image of a porous methane hydrate in a glass capillary
of diameter 200 pym. The conversion lasted about 1 hour, starting on the meniscus and
propagating to the capillary end on the right. Hydrate methane growth as a halo over the
glass capillary wall is apparent near the meniscus. The red square is the region investigated
by microRaman spectroscopy, see Figure 4.

The second experiment consists in optical microscopy observations and
a characterization by microRaman spectroscopy of the porous hydrate (per-
formed at 532 nm incident wavelenght with a grating of 600 lines/mm and
a 50x objective). The spatial resolution is in the um range, one order of
magnitude below that in the first experiment. The optical cell is a thin (in-
ternal diameter: 200 pm) glass capillary initially loaded at its sealed end
with the surfactant solution, and connected with a high pressure pump filled
with methane at 40 bar at its other end, see Atig et al. (2020) for details.
Temperature T is controlled by means of a Linkam CAP500 stage and the
Linksys software. A hydrate is first formed at very low temperature (~ -
20°C) then immediately melted by rapidly raising 7' to (~ 5°C) and then
formed again at 1" equal to 0°C.

The hydrate is continuously generated from the meniscus between the
two phases as a flaky structure, which is rejected from the interface into
the aqueous solution. About 1 hour later, a homogeneous porous structure
replaces the aqueous phase initially present (see Figure 3). The hydrate
growth process is slower than that with a drop, because of the very different
water/gas interfacial area, limited to the water/gas meniscus in the latter
experiment but spanning the whole drop surface in the former. Over this
period of time the meniscus advances very slightly to the left, indicating again
the highly porous nature of the structure formed. A very thin hydrate halo is
observed to grow on the capillary wall on the gas side of the meniscus, riding
over a layer of liquid water. This feature is typical of a gas hydrate growing
on a water-wet substrate from the triple line formed by the substrate, the
aqueous and the guest phases (Beltrdn and Servio, 2010; Touil et al., 2017,
2019; Atig et al., 2020).

A Raman microspectroscopy mapping is then performed over a well-
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Figure 4: Raman microspectroscopy mapping of the porous methane hydrate formed at
0°C and 40 bar from a 500 ppmw SDS solution. The map has been constructed by
considering the methane-to-water Raman band ratio (see text for details). Two types of
regions are observed : in blue the areas rich in methane hydrate and in red the areas with
a large quantity of liquid water. Acquisition time ~ 3 hours.



defined cross-section, see Figure 3. The mapping corresponds to spectra
acquired in a horizontal plane with dimension 70 pym x 50 pum (the longest
distance is along the capillary axis) with a pixel size of 3 um x 3 pm; for each
one of these squares there is one Raman spectrum acquired for wavenumbers
in the interval 2700-3800 cm ™, see Figure 4. The broad bands between 3000-
3600 cm ™! correspond to the water signature, while the narrow band observed
at 2905-2915 cm~! corresponds to the stretching modes of the methane con-
fined in the hydrate structure (Sum et al., 1997; Botimer et al., 2015; Chaza-
llon et al., 2017). The Raman mapping has been constructed by considering
the intensity ratio of the methane narrow band to the water broad band. Two
typical spectra are shown in Figure 4: the blue one with a large methane-to-
water intensity ratio corresponds to a hydrate-rich region, whereas the red
one with a small methane-to-water intensity ratio is typical of a water-rich
region. The water profiles are different in these two typical regions. While
the water profile is typical of a hydrate structure in the hydrate-rich region,
it is typical of liquid water in the water-rich region, dominating the hydrate
water signal (Chazallon et al., 2017).

Clearly, the hydrate formed is porous with a hydrate skeleton and chan-
nels filled with liquid water. A porosity is found in the range of 60-80%,
dependent on the segmentation procedure. The pores or water-rich domains
have sizes in the range of 20-30 pm. These values do not depend on where the
Raman mapping has been carried out, whether close or far from the meniscus
(data not shown).

Recent experiments carried out under similar SDS concentration and sub-
cooling conditions but in cylindrical vessels much larger than ours (Botimer
et al., 2015) revealed a rapid ”consumption” of water, as witnessed by a
rapid drop of the surface of the aqueous (bulk) solution in the vessel and the
formed methane hydrate climbing on the walls. In addition, the uptake of
methane was observed to lag water consumption, which the authors (Botimer
et al., 2015) attributed to water forming an ”intermediate immobile solid-
like state” before enclathrating the methane molecules. Our results show
that this lag might be explained as follows. At first, only a fraction of the
water is converted into the methane hydrate that forms a porous skeleton,
while the other fraction remains liquid and occupies the porosity. The latter
fraction possibly undergoes a slow conversion into hydrate, which could be
addressed in a time-resolved Raman microspectrocopy investigation (left for
future work: priority has been given here to spatial resolution).

Even though the two methods presented above provide access to very dif-
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ferent length scales, consistent features (porosity and pore size) are found for
the structure of the porous hydrate that forms when a surfactant is present
in the aqueous phase. They are very promising tools for characterizing and
understanding how subcooling and the nature and concentration of the sur-
factant as well as other additives (nanoparticules, porous media, thermody-
namic promoters, etc.)(Liu et al., 2018; Zhang et al., 2020, 2021) could be
combined to overcome the mass-transfer bottleneck.
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