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our inner fire goes out.

It is then burst into flame
by an encounter with another human being.
We should all be thankful for those people

who rekindle the inner spirit.

— Albert Schweitzer

Dear Nina,
while I could not always build on my experiments,

I could always build on you.
Thank you for your sustained support

and for listening to exciting news from the lab,
which might have not been that exciting to you.

This thesis is dedicated to you and our lovely daughter Lilly!
Yours always, Stefan





Nothing tends so much to the advancement of knowledge
as the application of a new instrument.

The native intellectual powers of men in different times
are not so much the causes of the different success
of their labors, as the peculiar nature of the means

and artificial resources in their possession.

— Sir Humphry Davy

P R E FA C E

The reason I picked the above quote as an opening for this thesis is
that I think it perfectly applies to my work of the last six years. Being
from Sir Humphry Davy, who is generally considered to be the first
to discover gas hydrates, adds further meaning to this quote for me.

When I started my work on this thesis at the Research Center En-
ergy of the Vorarlberg University of Applied Sciences in September
2013, the research center was one year old only. The laboratory was
yet to be equipped with instruments, out of which many had to be
custom-built. The build-up of lab infrastructure, the design, and the
construction of custom-built instruments and experiments was a big
part of my job. It demanded the whole set of skills I have acquired
during high school education, my work in the industry, and my uni-
versity studies. The outcome was not too fancy, yet unique experi-
ments, which enabled me to explore gas hydrates from a different
and new perspective. Today, our laboratory is complete and ready for
years of exciting research. Luckily, it is now not only full of instru-
ments but also full of fresh ideas, unexpected results, and the spirit
of optimism.

Since Dornbirn, the place of my work, is different from Innsbruck, the
home of my academic studies, the project PhD was not always easy
to organize. It meant a lot of traveling between the two places, which
in turn resulted in long and weary days. However, it also provided
me with the opportunity to make experiences in two worlds at once.
While the group in Innsbruck inspired me to learn about the funda-
mental side of my research topic, colleagues in Dornbirn directed my
view to possible applications. This very combination of fundamen-
tal and applied research made the project PhD a very fulfilling and
holistic experience.
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With joy, I look back on six years of learning, teaching, adventures in
the lab, and making friends for life. At the same time, I am looking
forward to continue my research in the hope that one day, my find-
ings can be turned into something useful for mankind.
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A B S T R A C T

Clathrate hydrates, or hydrates for short, are inclusion compounds in
which water molecules form a hydrogen-bonded host lattice that ac-
commodates the guest molecules. While vast amounts of hydrates are
known to exist in seafloor sediments and in the permafrost on Earth,
these occurrences might be dwarfed by the amounts of hydrates oc-
curring in space and on celestial bodies. Since methane is the primary
guest molecule in most of the natural occurrences on Earth, hydrates
are considered a promising source of energy. Moreover, the ability
of one volume of hydrate to store about 170 volumes of gas, make
hydrates a promising functional material for various industrial ap-
plications. While the static properties of hydrates are reasonably well
known, the dynamics of hydrate formation and decomposition are in-
sufficiently understood. For instance, the stochastic period of hydrate
nucleation, the memory effect, and the self-preservation phenomenon
complicate the development of predictive models of hydrate dynam-
ics. Additionally, the influence of meso- and macroscopic defects as
well as the roles of mass and heat transport on different length scales
remain to be clarified.

Due to its non-invasive and non-destructive nature and the high
spatial resolution of approx. 1µm or even less, micro-computed X-
ray attenuation tomography (µCT) seems to be the perfect method for
the study of the evolving structures of forming or decomposing hy-
drates on the meso- and macroscopic length scale. However, for the
naturally occurring hydrates of low atomic number guests the con-
trast between hydrate, ice, and liquid water is typically very weak
because of similar X-ray attenuation coefficients. So far, good con-
trast was only restricted to synchrotron beamline experiments which
utilize the phase information of monochromatic X-rays.

In this thesis it is shown that with the help of a newly developed
sample cell, a contrast between the hydrate and the ice phase suffi-
ciently good for the reliable segmentation of the materials can also
be achieved in conventional tube-based µCT. An accurate pressure
and temperature management, i. e., the added functionality of the cell,
further allows for cross-correlation of structural and thermodynamic
data. The capability of this µCT setup is demonstrated in a series of
studies on the formation and decomposition of hydrates which yield
new insights for the development of a novel route to hydrate synthe-
sis. At last, this thesis points towards possibilities how better models
of hydrate formation and decomposition can be developed with the
aid of µCT and computer simulations.
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Z U S A M M E N FA S S U N G

Clathrathydrate, oder kurz Hydrate, sind Einschlussverbindungen, in
welchen in einem Wirtsgitter aus Wassermolekülen Gastmoleküle ein-
geschlossen sind. Während auf der Erde große Mengen von Hydra-
ten in den Sedimenten des Meeresbodens sowie im Permafrost vor-
kommen, werden diese Vorkommen durch jene im Weltraum und
auf Himmelskörpern höchstwahrscheinlich in den Schatten gestellt.
Da Methan das Gastmolekül in den meisten natürlichen Vorkommen
auf der Erde ist, sind Hydrate eine vielversprechende Energiequelle.
Zudem lassen sich pro Volumen Hydrat in etwa 170 Volumina Gas
speichern – eine Eigenschaft, die Hydrate zu einem vielversprechen-
den Material für verschiedene industrielle Anwendungen macht.

Obwohl die statischen Eigenschaften von Hydraten gut bekannt
sind, ist die Dynamik der Hydratbildung und -zersetzung nur unzu-
reichend verstanden. So erschweren beispielsweise die Hydrat-Nukle-
ation, der Memory Effekt und die Selbsterhaltung die Entwicklung
von prädiktiven Modellen der Hydratdynamik. Zudem sind die Ein-
flüsse meso- und makroskopischer Defekte sowie die Rolle des Massen-
und Wärmetransports auf verschiedenen Längenskalen noch zu klä-
ren.

Aufgrund des nicht-invasiven und zerstörungsfreien Charaketers
und wegen der hohen räumlichen Auflösung von ca. 1µm scheint
die Mikro-Computertomographie (µCT) die perfekte Methode zu sein,
um die sich entwickelnden Strukturen bei der Bildung oder Zerset-
zung von Hydraten auf der meso- und makroskopische Längenskala
zu beobachten. Der erreichbare Kontrast zwischen Hydrat, Eis, und
flüssigem Wasser ist bei Hydraten mit Gästen kleiner Ordnungszahl
aufgrund sehr ähnlicher Röntgenabschwächungskoeffizienten aller-
dings sehr schwach. Guter Kontrast beschränkte sich bisher auf die
Synchrotron-µCT, wo die Phaseninformation von monochromatischen
Röntgenstrahlen mitgenutzt wird.

Diese Arbeit zeigt, dass mit Hilfe einer neu entwickelten Messzel-
le auch mit konventioneller röhrenbasierter µCT eine verlässliche Seg-
mentierung der Phasen Hydrat und Eis möglich ist. Durch das Druck-
und Temperaturmanagement der Messzelle, können ferner Struktur-
informationen mit thermodynamischen korreliert werden. Die Mög-
lichkeiten des µCT-Aufbaus werden in einer Reihe von Studien über
die Bildung und Zersetzung von Hydraten eingesetzt, welche eine
neuartige Methode zur Synthese von Hydraten inspirieren. Abschlie-
ßend zeigt diese Arbeit Möglichkeiten auf, wie mit einer Kombinati-
on von µCT und Computersimulation bessere Modelle der Hydratbil-
dung und -zersetzung entwickelt werden können.
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Part I

C L AT H R AT E H Y D R AT E S

Part I of the manuscript contains all necessary background
information on the object of this dissertation: clathrate hy-
drates. The goal is to provide enough material such that
the manuscript including all publications is self-contained.
Thus, the manuscript is restricted to clathrate hydrates of
the common cubic structures I and II and the hexagonal
structure H. Regarding the guest molecules, the focus is
set on carbon dioxide, methane, and tetrahydrofuran. A
more detailed and comprehensive treatise of the subject
can be found in the standard reference “Clathrate Hydrates
of Natural Gases” by E. D. Sloan and C. A. Koh [1].





1
A N I N T R O D U C T I O N T O C L AT H R AT E H Y D R AT E S

Clathrates are solid, crystalline inclusion compounds in which guest
molecules of at least one type are enclosed in a framework of cages or
distributed in a lattice formed by the host molecules. When the host
framework is formed by hydrogen-bonded water molecules, the inclu-
sion compounds are called clathrate hydrates (cf. Fig. 1). Especially in
case of guest molecules which are gaseous at standard temperature
and pressure (STP), clathrate hydrates are also called gas hydrates.
More than 130 different guest molecules are known to form clath-
rate hydrates—typical and prominent examples of guest molecules
are methane, ethane, propane, and carbon dioxide [1]. Clathrate hy-
drates can be also considered as solid solutions [2]. According to the
International Union of Pure and Applied Physics (IUPAP), these are
mixed crystals, i. e., crystals containing a second constituent fitting
into its lattice [3].

The sum formula for a clathrate hydrate of guest molecule M is
M ·nH2O. Here, the hydration number n denotes the number of wa-
ter molecules per guest molecule. Although this notation is similar to
the one used for the stoichiometric hydrates found in inorganic chem-
istry, e. g. calcium sulfate dihydrate (gypsum CaSO4 · 2 H2O), clath-
rate hydrates have to be distinguished from hydrates. On a macro-
scopic scale, the most important difference is that clathrate hydrates
are generally non-stoichiometric. That is, the hydration number of

Figure 1: Molecular structure of gas hydrate—hydrogen bonded water mol-
ecules (oxygen atoms are colored red, hydrogen atoms in light
grey) form a framework of polyhedra, also called cages or cavities,
which may be occupied by the guest molecules (colored in dark
grey).
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clathrate hydrates can vary significantly depending on formation tem-
perature [4, 5], pressure [4, 6], and the composition of the correspond-
ing fluids [7]. On the microscopic scale, clathrate hydrates are differ-
ent from hydrates because the guest molecules are not an integral
part of the crystal lattice but instead trapped in the cages of the host
framework. Nevertheless, the terms hydrate or clathrate are some-
times interchangeably used as an abbreviation for clathrate hydrate,
particularly when their meaning is clear by context. Since here the
context is clathrate hydrates only, I will make use of these abbrevia-
tions whenever appropriate, too.

Clathrate hydrates have hydration numbers n > 523 , no matter
what the crystal structure or type of guest molecule is. Hence, more
than 85mol% of a clathrate hydrate is hydrogen-bonded water. Be-
sides, as will be discussed below, hydrogen bond lengths and O – O – O
angles in clathrate hydrates are very similar to those found in hexago-
nal ice (Ih). It is therefore hardly surprising that many physical prop-
erties of clathrate hydrates are comparable to those of ice Ih [1, 8].
Notable exceptions to the close resemblance of physical properties of
ice Ih and clathrate hydrates are the thermal conductivity, the ther-
mal expansivity [9], and the H2O diffusion jump time [1, 8]. Besides
that, it seems natural to think of clathrate hydrates as ice-like solids.
Accordingly, as shown in Fig. 2, clathrate hydrates do also have an ice-
like appearance. Because of that and due to their property of being
flammable in case of oxidizable guest molecules, clathrate hydrates
are frequently named “burning ice” in the popular science literature.

Before turning to a more detailed discussion on what clathrate hy-
drates are, a brief historical background of more than 200 years of
clathrate hydrate research is presented.

Figure 2: Macroscopic appearance of clathrate hydrate of carbon dioxide
grown by vapor co-deposition on a graphite crucible (left) and
upon its dissolution in a glass of tap water (right).
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1.1 historical perspective

The history of clathrate hydrates is often divided into three partly
overlapping periods of which all are ongoing with an ever increasing
scientific activity (cf. Fig. 3). Each period is driven by a main inter-
est which has initiated and stimulated it: an academic, engineering,
or energy interest [1, 10]. Regarding the development of the clath-
rate hydrate knowledge base, all three periods are closely connected
and should by no means be considered independent. Nevertheless,
as can be seen in Fig. 4, the three different interests have naturally
resulted in the involvement of a variety of scientific disciplines—the
top three of them reflecting the three periods perfectly. With nowa-
days much more than 1000 publications per year in journals of dis-
parate readership—from chemists to physicists and from petroleum
engineers to environmentalists—it becomes increasingly difficult to
keep up with the progress in all branches. I therefore restrict the out-
line of the historical developments to some important milestones.

the academic interest (1778-present). The first discovery
of clathrate hydrate was made in a laboratory and is generally at-
tributed to Sir Humphry Davy. Davy observed the formation of a
solid from an aqueous solution of chlorine at temperatures below
9 ◦C but above the ice point in 1810 and reported it shortly after-
wards in the Bakerian lecture to the Royal Society [11]. Twelve years
later, Faraday reproduced Davy’s findings and reported the chemical
formula Cl2 · 10 H2O for the solid [12]. Although this historical nar-
rative is popular in the clathrate hydrate community, it is likely that
Davy’s discovery was outdated by 30 years already [1, 10]. When,

Figure 3: Clathrate Hydrate Publication History of the last 120 years. Mark-
ers denote the number of publications per year determined by a
keyword search on Thomson Reuters’s Web of Science. The key-
words were “Clathrate Hydrate*”, “Gas Hydrate*”, and “Methane Hy-
drate*”. The date of search was June 20, 2019. The total number of
records from 1900-present was 18013.
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Figure 4: Clathrate Hydrate Publication Categories. Bar chart of the top 15

scientific disciplines involved in the research of clathrate hydrates.
Bars represent the number of publications published within the
corresponding category in the period 1900–present. The data was
determined by a keyword search on Thomson Reuters’s Web of
Science. The keywords were “Clathrate Hydrate*”, “Gas Hydrate*”,
and “Methane Hydrate*”. The date of search was June 20, 2019. The
total number of records from 1900-present was 18013.

in 1778, Joseph Priestley was studying the solubility of SO2 in wa-
ter at 17 °F (−8.3 ◦C), he probably also examined clathrate hydrates,
as the temperatures also allowed for the formation of ice. Accord-
ing to Makogon [10], there is even some evidence that at least three
more researchers independently found clathrate hydrates in the pe-
riod between Priestley’s and Davy’s discoveries. Despite these early
discoveries, only 44 works were published by a total of 17 authors
in the period from 1778 to 1934 [10]. Most of these works reported
either the discovery of a new clathrate hydrate or they determined
or revised the composition of an already known clathrate hydrate
(see ref. [1, p. 4] for a list of early publications). The determination
of crystal structure in the late 1940s and early 1950s by von Stackel-
berg [13–15], von Stackelberg and Müller, [16, 17], Claussen [18, 19],
and Pauling and March [20], as well as the development of a statis-
tical thermodynamic theory based on hydrate structure by van der
Waals and Platteeuw in 1959 [21] was yet to come. These and many
other developments were made after 1934 in parallel to the starting
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second period of clathrate hydrate research, which was driven by the
engineering interest.

the engineering interest (1934-present). The engineering
interest is a petroleum engineering interest and dates back to the dis-
covery of gas hydrates in natural gas pipelines by Hammerschmidt
in 1934 [22]. Besides methane, natural gas typically comprises ethane,
propane, and heavier hydrocarbons as well as the non-hydrocarbons
nitrogen, carbon dioxide, and hydrogen sulfide [23]. All of these gases
can form clathrate hydrates when in contact with water at hydrate
forming temperature and pressure. Since at Hammerschmidt’s time,
the water content in gas pipelines was not controlled, hydrates could
form and accumulate. These accumulations eventually lead to pipe-
line blockages, which in turn resulted in financial losses and in some
cases even in the loss of human life [1, p. 676]. In consequence, Ham-
merschmidt’s discovery shifted the research focus on understanding
how gas hydrates form and how their formation can be prevented.
Data from gas hydrate formation experiments with pure and mixed
gases, noteworthy those published by Deaton and Frost [24], were
used in the 1940s by Wilcox [25] and Katz [26] for the development of
the early predictive models of gas hydrate formation. Due to the lack
of knowledge about the crystal structure of gas hydrates these mod-
els were purely empirical. At the same time, following the idea of pre-
venting the formation of clathrate hydrates by shifting the hydrate sta-
bility curve to lower temperatures, thermodynamic inhibitors such as
chloride salts, methanol and monoethylene glycol were examined [1,
p. 9]. Both, methanol and monoethylene glycol are also commonly
used today [27]. In summary, the evolving engineering interest in-
creased the momentum in clathrate hydrate research. This is also
reflected in the publication history shown in Fig. 3, particularly af-
ter 1950. Subsequent to Hammerschidt’s discovery, 143 publications
were published until 1965 [10], the year, marking the start of the third
period of clathrate hydrate research.

the energy interest (1965-present). Although some resear-
chers assumed the existence of gas hydrates in permafrost regions be-
fore 1965, it took until then for Makogon to provide the evidence [10].
He presented results of gas hydrate formation and decomposition ex-
periments with natural and artificial drill core samples at a Moscow
conference in April 1965 and was registered in the USSR State Reg-
ister for the scientific discovery of natural gas hydrates in 1969. In
the same year (1969) Russia started to produce natural gas from the
gas hydrate field Messoyakha in the Siberian permafrost [10]. In 1972,
gas hydrates were also found in Alaska and Canada, in sediments
associated with permafrost [1, 28].
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Natural occurrences of gas hydrates in ocean sediments were in-
ferred based on pressure-temperature considerations and bottom sim-
ulating reflectors (BSRs) long before being directly ascertained. BSRs
are marine seismic reflections simulating the seafloor topology at a
depth associated with the gas hydrate stability zone. They mark the
boundary between regions of hydrate-containing sediment to sedi-
ment with free gas and are found around the world in the outer con-
tinental margins. According to Kvenvolden [28], Russian researchers,
namely Yefremova and Zhizhchenko in 1974, were also the first to
directly observe gas hydrates in oceanic sediments. Later, direct ob-
servations and the BSRs were used for ever more exact estimations of
the amount of natural gas stored in the gas hydrates of the permafrost
and the oceanic sediments. Even the most conservative estimates im-
plied vast amounts of organic carbon in gas hydrate reservoirs [1,
28]. The search for new hydrate sites, the evaluation of natural gas
production from hydrates, the analysis of ecological risks associated
with hydrate exploitation or with climate change, all that involved
researchers from many fields and resulted in a dramatic increase of
research activity (see Fig. 3 after 1965). With nowadays more than
250 gas hydrate fields worldwide [10] and an estimated amount of
1500–6000Gt of organic carbon in hydrate form [29], it is clear that
gas hydrates will be an important factor in the energy economy of
the near future.

1.2 structure

The components of clathrate hydrates, namely water and guest mol-
ecules, were known right from the beginning of clathrate hydrate re-
search. Similarly, researchers deduced approximate compositions of
clathrate hydrates very early on, albeit, often the water content was
overestimated due to the experimental difficulty of keeping the hy-
drate stable during the analysis [30]. However, only after the begin-
ning of the 1950s people started to reveal how the water and the guest
molecules are arranged on an atomic level. Cubic crystal structures
termed sI and sII (see subsection 1.2.4 for details) were first identified
by von Stackelberg [13–15, 30], von Stackelberg and Müller [16, 17],
Claussen [18, 19], and Pauling and Marsh [20], following extensive se-
ries of X-ray diffraction experiments. Only later, in 1987, a hexagonal
structure termed sH was determined by Ripmeester et al. [31]. More
exotic hydrate structures were found [32, 33] or proposed based on
theoretical considerations [34]. Here, the discussion of structure is re-
stricted to sI, sII, and sH hydrate, since the majority of the roughly
130 hydrate forming compounds crystallize in those [1]. Moreover, in
the present work the guest molecules form either sI or sII hydrate.

Despite the variety of different crystal structures, their basic build-
ing blocks are very similar. These building blocks are polyhedral cav-
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Figure 5: Simplified structure of a single water molecule. The solid black
bars indicate the axes of possible hydrogen bonds to a neighboring
water molecule, either from a lone electron pair to a hydrogen, or
from a hydrogen to a lone electron pair.

ities, which are formed in a hydrogen bonded network of water mol-
ecules and are stabilized by the guest molecules. Therefore, an expla-
nation of the hydrate crystal structure is closely related to the water
molecule and its ability to bond with neighboring water molecules
via the weak force (compared to covalent and ionic bonds) of the
hydrogen bond.

1.2.1 The Water Network

Although water is a fairly complex molecule (see the standard refer-
ence of Franks [35] for further details on water), for the purpose of
this work it is sufficient to use Bjerrum’s [36] empirical four-point-
charge model for water (cf. Fig. 5), for Bjerrum’s model is remark-
ably successful in qualitatively describing many of the physical prop-
erties of water, ice, and clathrate hydrates [37, p. 11]. With a mean
van der Waals diameter of 2.8Å, water is a tiny molecule comprising
one oxygen atom and two hydrogen atoms (cf. Fig. 5). The hydro-
gen atoms are covalently bound to the oxygen atom with an O – H
bond length of approx. 0.9578Å [38]. For an isolated water molecule,
the H – O – H angle is calculated to be 104.5° [38]. Two, so called lone
electron pairs lie in the plane perpendicular to the plane spanned
by H – O – H. The electronic charge distribution acts like there were
positive point charges δ+ at the position of the hydrogen atoms, and
negative point charges δ− at the position of the lone electron pairs.
Together, this yields an electric quadrupole with poles positioned at
the corner of a tetrahedron.

When two water molecules interact, they tend to align themselves
such that a hydrogen atom of one water molecule points towards
a lone electron pair of a neighboring water molecule or vice versa.
That means that only one hydrogen atom lies in between two oxygen
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atoms.1 An interplay of electrostatic attraction, induced charge dis-
placement, and exchange interaction (Pauli repulsion) results in an
attractive force between the oriented water molecules, which is called
the hydrogen bond [37, p. 12]. Although, the hydrogen bond between
water molecules is weak (∼21 kJ ·mol−1) when compared to the co-
valent H – O bond (∼427 kJ ·mol−1), it is significantly stronger than
van der Waals forces (∼1.3 kJ ·mol−1) [40]. Since the hydrogen bond
is strong enough to withstand thermal fluctuations over a wide range
of the conditions on Earth, water in its liquid form is ubiquitous on
our planet, which ultimately has allowed the development of life.

When more than two water molecules interact, one can ask, what
is the probability g(r) of finding an oxygen atom at a distance of r
from a reference oxygen atom at r = 0. The function g(r) is called
a pair correlation function and can be used to describe the variation
of water density as a function of distance. An analysis of g(r) for
liquid water at 277K shows that there are about 4.4 nearest neighbors.
Contrary, for hexagonal ice only 4 nearest neighbors are found in
approximately the same distance [37, pp. 12-13]. This implies that
liquid water is denser than ice, which is the reason why ice floats on
water [37, pp. 12-13]. This property of the liquid being denser than its
solid is one of the density anomalies of water and only one of many
anomalies known for water (see M. Chaplin’s water repository for an
extensive list [41]).

So far, only oxygen-oxygen distances between hydrogen bonded
nearest neighbors were considered regardless of the orientation of the
water molecules. When more neighbors and molecule orientations
are taken into account, configurations like those depicted in Fig. 6 are
found. In hexagonal ice (abbreviated Ih), the most common form of
solid water (see the standard references of Hobbs [42] and Petrenko
and Whitworth [43] for details on ice Ih and other ice polymorphs),
the tetrahedral structure of the water molecule (cf. Fig. 5) recurs in
the crystal lattice. In accordance with the analysis of the pair correla-
tion function, each water molecule is hydrogen bonded to 4 neighbor-
ing water molecules. The neighbors are arranged at the corners of an
imagined tetrahedron surrounding the water molecule, a motif which
is known as the Walrafen-pentamer [44]. When the tetrahedral struc-
ture is stacked on top of each other, the water molecules form non-
planar puckered hexagonal rings, from which the name hexagonal ice
is derived from. The tetrahedral structure yields an O – O – O angle of
109.5° (i. e., the tetrahedral angle) for all neighboring water molecules
in the crystal lattice. That means, the O – O – O angle for all hydrogen
bonded water molecules is only slightly strained from the H – O – H
angle found for an isolated water molecule (104.5°). This yields min-

1 This is the second rule of Bernal-Fowler [39] which is also known as the second “ice
rule”. The first rule of Bernal-Fowler just states that each oxygen atom is covalently
bonded to two hydrogen atoms.
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Figure 6: Hydrogen bonding in a Walrafen-pentamer (left), a cyclic water
pentamer (middle), and a cyclic water hexamer (right). The red
circles denote the oxygen atoms, light grey circles the hydrogen
atoms. The black lines connecting the oxygen atoms represent the
hydrogen bonds. In the case of the cyclic pentamer and hexamer,
the hydrogen atoms are omitted for reasons of simplicity. The short
black lines pointing out of or into the plane indicate possible di-
rections for further hydrogen bonding.

imal geometrical distortion for the whole system of water molecules
and makes tetrahedrally hydrogen bonded water molecules the most
stable arrangement [1, p. 47].

In general, the hydrogen bonding of a water molecule with another
single water molecule is energetically less favorable than the interac-
tion with an already existing cluster of hydrogen bonded water mole-
cules. This implies that larger aggregates of water molecules are more
probable to be found than the simple water dimer [37, p. 14], which,
however, is still common enough to be detectable in the Earth’s atmo-
sphere [45]. Moreover, closed rings of hydrogen bonded water mole-
cules are more stable than open aggregates of the same cluster size
[1, p. 52]. In computer simulations of water at several temperatures
[46], the most frequently observed closed cluster of water molecules
is the pentamer, followed by the hexamer and larger polymers. Pla-
nar pentamers have an O – O – O angle of 108°, planar hexamers an
angle of 120° (cf. Fig. 6). Hence, the frequency of appearance cor-
relates well with the deviation of the polymer O – O – O angle from
the H – O – H angle of an isolated water molecule (104.5°). Note that
in pentamers and hexamers water molecules can also form tetrahe-
dral structures with neighboring water molecules positioned below
or above the polymer (cf. Fig. 6). This eventually yields the hydrate
cavities, which are the basic building blocks of the clathrate hydrate
crystal structure.

1.2.2 Clathrate Hydrate Cavities

Here, only the five hydrate cavities of the common sI, sII, and sH hy-
drates are considered. Note that many more hydrogen bonded cavity-
like clusters of water molecules are possible in theory. However, in a
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Figure 7: The clathrate hydrate cavities. Red circles denote the oxygen atoms,
black lines represent the hydrogen bonds. Hydrogen atoms are
omitted. Only three out of four hydrogen bonds are shown. Not
shown are the possible hydrogen bonds which point outwards of
the cavities. The grey polygonal faces have no physical meaning
and are only illustrated to ease imagination.

solid clathrate hydrate, the requirement for the cavities to fill space
allows only for the realization of a few cavity-types. For a detailed
discussion of hydrate cavities I refer to Sloan and Koh [1] and Jeffrey
[34].

Hydrate cavities are subsets of space confined by hydrogen bonded
water molecules. They are depicted in Fig. 7 and termed using the
common nomenclature nmi

i introduced by Jeffrey [34]. Each cavity
consists of mi faces of type i with ni edges per face. For example,
the term 51262 denotes a cavity formed by twelve pentamers and two
hexamers. Although all cavities look like polyhedra (i. e., in a strict
sense, a subset of space confined by planes), not all of them are. The
dodecahedron 512, for instance, is the only regular polyhedron. That
is, all faces are planar, all edges have equal length, and all O – O – O
angles are the same. Whereas in reality the 512 cavity can be slightly
distorted, equidistance and equiangularity are not even principally
possible for all other cavities. That means, every other cavity at least
has some non-planar faces, strained O – O – O angles or stretched or
clinched O – O edges.

In all hydrate cavities, three out of four hydrogen bonds of the
water molecules make up the edges of the cavities. The remaining
hydrogen bonds are used for the bonding with neighboring cavities
and point outward the cavity (cf. subsection 1.2.4). Similar to ice, in
all hydrate cavities each water molecule tetrahedrally bonds to four
neighboring water molecules. The resulting bond lengths are very
similar to those in hexagonal ice. Using the crystal structures obtained
from diffraction experiments (sI data by Falenty et al. [47], sII data
by Rawn et al. [48], and sH data by Udachin et al. [49]), an O – O
bond length deviation from 2.76Å of less than 1.5% is measured in
all cavities comprising sI, sII, and sH hydrates. Since there is only
3.5° strain in the O – O – O angles of the pentamers (with respect to
the free water molecule), the fraction of strained angles per cavity
increases with the number of tetramers (14.5° strain) and hexamers
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(15.5° strain). Based on that argument, the cavities can be ordered
512 < 51262 < 51268 < 435663 according to the fraction of strained
angles. Such an order presumably reflect the stability of the cavities,
with the 512 cavity being the most stable, as well as the kinetics of
their formation [1, p. 59].

In general, empty hydrate cavities are not stable in liquid water.
The cavities usually either require a guest molecule to be stabilized,
or a neighborhood of other stable cavities. In solid state, however, a
large number of empty cavities can be stable with only a small frac-
tion of cavities stabilized by the guest molecules. This is the origin of
hydrate non-stochiometry, which is the large variation of the water to
guest ratio found for hydrates with identical crystal structure. An ex-
treme example for this is a completely empty sII hydrate, which was
produced by removing almost all Ne guests by vacuum pumping for
several days [50]. It should be noted, though, that this empty hydrate
lattice is only stable up to 145K.

An overview of important hydrate cavity properties is provided in
Table 1. It lists the cavity mean diameter (i. e., two times the mean dis-
tance of the oxygen centers to the cavity center subtracted by the van
der Waals radius of a water molecule), its sphericity (i. e., the simi-
larity to spherical shape), and a selection of possible guest molecules.
Hydrate cavity diameters range from approx. 5Å to 9Å according
to the number of faces per cavity, with the dodecahedra (12 faces)
being the smallest and the icosahedron (20 faces) being the largest
cavity. The regular dodecahedron (512) and the hexakaidecahedron
(51264) are almost spherical. The irregular dodecahedron (435663) is
slightly oblate. The deviation from a sphere is most pronounced for
the tetrakaidecahedron (51262) and the icosahedron (51268). While
the cavity diameter basically sets a size restrictions to possible guest
molecules, the cavity sphericity determines preferred guest shapes.
Therefore, both size and shape of hydrate cavities are important with
respect to their ability to host a specific guest molecule.

1.2.3 The Guest Molecule

All hydrate cavities of subsection 1.2.2 exhibit a water density smaller
than that of hexagonal ice, which is the most stable phase of water
over a wide range of pressures and temperatures below 273K [42].
Hence, hydrate cavities either require the guest molecule or a neigh-
borhood of stable cavities to be stabilized. In this subsection the focus
is now set on the guest molecule and its interaction with the host
network of water molecules.

Jeffrey and McMullan [51] classified hydrate guest molecules ac-
cording to their chemical nature into the four classes (1) hydropho-
bic compounds, (2) water-soluble acidogenic gases, (3) water-soluble
polar compounds and (4) water-soluble ternary or quaternary alkyl-
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ammonium salts. Hydrophobic compounds are substances which are
gaseous or liquid at STP and which exhibit a low solubility in liq-
uid water. Examples are the noble gases, N2, O2, and CH4. Remark-
ably, for hydrophobic guests, the concentration of the guest gas in
water increases by more than three orders of magnitude when the
hydrate structure is formed [52]. Water-soluble acidogenic gases are
substances for which the formation of hydrate cavities around them
competes with the formation of ions in a hydrolytic reaction. For in-
stance, CO2 and SO2 can form clathrate hydrate as well as carbonic
and sulfurous acid, respectively. In the case of strong acids (and bases)
both the formation of the hydrate and the formation of ions is pos-
sible at the same time yielding ionic clathrate hydrates [53]. An ex-
ample is the clathrate hydrate of perchloric acid (HClO4), in which
the perchlorate ions (ClO4

– ) occupy the hydrate cavities while the
protons (H+) are delocalized on the host network [53, 54]. Tetrahydro-
furan (THF, (CH2)4O) and dioxane ((CH2)4O2) are examples for water-
soluble compounds. Popular examples for water-soluble ternary or

Table 1: An overview of hydrate cavity sizes and possible guest molecules.1

cavity diameter
2

sphericity
3

possible guests
4

512 ∼5.1Å5 high Ar (3.8Å), Kr (4.0Å), N2

(4.1Å), O2 (4.2Å), CH4

(4.36Å), Xe (4.58Å), H2S
(4.58Å), CO2 (5.12Å)

51262 5.86Å low CH4 (4.36Å), Xe (4.58Å),
H2S (4.58Å), CO2

(5.12Å), C2H6 (5.5Å)

51264 6.66Å high Ar (3.8Å), Kr (4.0Å), N2

(4.1Å), O2 (4.2Å), C3H8

(6.28Å), C4H8O (6.3Å)

435664 5.28Å medium CH4 (4.36Å), Xe (4.58Å),
H2S (4.58Å)

51268 8.78Å low Cycloheptane (7.6Å),
2,2-Dimethylbutane
(8.02Å)

1 The data for this table are based on the compilations of Sloan and Koh [1].
2 The cavity diameter is two times the mean distance of the oxygen centers to the
cavity center subtracted by the van der Waals radius of a water molecule (2.8Å).
3 Sphericity is a qualitative measure for the cavities’ deviation from a sphere. The
larger the ratio of largest oxygen distance from cavity center to smallest oxygen
distance from cavity center, the less spherical and more oblate the cage is.
4 The dimensions in parentheses refer to the van der Waals diameter of the guest
molecules.
5 The diameter varies depending on the crystal structure. It is 5.02Å for sII, 5.08Å
for sH, and 5.10Å for sI hydrate.
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quaternary alkylammonium salts are the tetra-n-alkylammonium ha-
lides of bromide (TBAB), fluoride (TBAF), or chloride (TBAC), which
can be used as thermodynamic promoters (cf. section 1.3) to acceler-
ate hydrate growth [55]. The anions of these salts form part of the
host lattice, while the cations are the guest species (see Shimada et
al. [56] for a visualization). This clearly differentiates the hydrates of
class (4) from those of classes (1)-(3), where the host lattice is formed
entirely from water molecules.

According to Rodger [57], the guest can interact with the host lat-
tice, i. e., the cavities, in three possible ways:

1. An attractive guest-host interaction: This interaction is primar-
ily due to van der Waals forces between guest and host lattice
[58]. Although some guests are capable of hydrogen bonding
(e. g., H2S, SO2, small ethers), no hydrogen bond between these
guests and the water molecules of the host lattice are formed (an
exception is hydrogen bonding in case of vacancy or interstitial
point defects) [58]. Note that for class (4) guests the attractive
interaction is between the cationic guest and the anionic host
[51].

2. A repulsive guest-host interaction: The guests create an excluded
volume for the host molecules, which reduces the room in which
they can move. In this regard, the guest molecules are not only
captivated by the host molecules, the host molecules are equally
trapped by the guest molecules [57].

3. A coupling of host lattice vibrations with the translational fre-
quencies of the guest molecule.

Results from molecular dynamics simulations [57, 59] indicate that
the repulsive interaction is most important for the stability of the host
lattice and particularly more important than the guest-host attraction.
Hence, size and shape of the guest molecules are crucial for the sta-
bility of hydrate cavities, and so, determine the hydrate structure and
the occupancy of the host lattice [1, p. 92].

Table 1 provides a non-exhaustive list of possible guest molecules
for every cavity of sI, sII, and sH hydrate. The van der Waals diam-
eters of the guest molecules are given in parentheses, the available
space in the hydrate cavity is expressed by the cavity diameter. Two
empirical rules regarding the relation between guest size and hydrate
cavity size are also reflected in Table 1 [1, p. 74]: (i) Only guests with
size smaller than the cavity diameter fit into a specific cavity. Other-
wise, the cavity gets distorted by the repulsive interaction. (ii) If the
guest is too small, it cannot stabilize the cavity due to the reduced at-
tractive interaction. Typically, only guests with sizes larger than 0.75
times the cavity size are able to stabilize the host lattice. Therefore,
guests in cavities have only little translational degree of freedom [1,
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p. 73]. In contrast, explained by a cancellation of the host’s dipole mo-
ments at the cavity center, rotation of the guest takes place within the
cage [1, p. 73]. Still, small barriers to rotational movements can occur
in the case of oblate cavities (51262, 435654 and 51268), particularly in
combination with an oblate guest with a size approaching the cavity
diameter [1, p. 84].

Although the size rules (i) and (ii) hold for typical hydrates, some
exceptions exist. According to rule (ii), none of the hydrate cavities
can be stabilized by very small guests (with diameter less than 3Å)
such as He, H2, or Ne. However, at very high pressures (well above
100MPa), these tiny guests can form sII hydrate by singly or multi-
ply occupying the 512 and 51264 cavities [60, 61]. Similarly, rule (ii)
can be violated in the case of a neighborhood of stable cavities of dif-
ferent type. For instance, in the sII clathrate hydrate of Ar, both the
small (512) and the large (51264) cavity are occupied by the tiny Ar
atom (3.8Å diameter), although according to rule (ii) Ar is too small
to stabilize the large cavity. It is, though, large enough to stabilize
the small cavity. Hence, since Ar fits in both cages, the additional
occupancy of the large cage yields some extra stability. In addition
to these exceptions, an appropriate guest size is not always enough
to stabilize a hydrate cavity. Primarily the oblate icosahedron (51264)
requires guests whose shape is appropriate as well. Otherwise the
space filling of the cavity is not efficient enough, and the cavity is not
stable [1, p. 85].

Therefore, at this point, the simple guest size rules can only help to
exclude combinations of guest molecules and host cavities. In order
to understand which hydrate crystal structure is likely to be favored
for a specific guest molecule, more knowledge about the unit cell is
needed.

1.2.4 Unit Cell

None of the hydrate cavities described in subsection 1.2.2 is space
filling on its own. Hence, a unit cell cannot be constructed from one
cavity alone. However, the unit cells of the common clathrate hydrate
structures can be constructed by stacking either two (sI and sII) or
three (sH) types of hydrate cavities. These stackings of hydrate cavi-
ties result in a tesselation of space and are illustrated in Fig. 8 for the
unit cells of sI, sII and sH clathrate hydrate. In addition, typical av-
erage values of the lattice parameters are given. Note that in general
the lattice parameters are functions of pressure, temperature, and the
guest molecule [1, p. 75]. Large guest molecules, for instance, tend
to expand the hydrate cavities and thus the crystal lattice. Such an
expansion can have significant effects on thermodynamics and the
hydrate formation conditions [1, pp. 73-74]. Similarly, increasing tem-
peratures also yield an expansion of the crystal lattice. The volumetric
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Figure 8: Clathrate hydrate unit cells of the cubic structures I (sI) and II
(sII) as well as of the hexagonal structure H (sH). The small cav-
ities (i. e., the dodecahedron 512) are colored in dark grey in all
figures. The large cavities (i. e., the tetrakaidecahedron 51262, the
hexakaidecahedron 51264, and the icosahedron 51268) are colored
in light grey. The medium cavity (i. e., the irregular dodecahedron
435663) is colored in red. Dotdashed lines denote the unit cell
boundaries. Views along three crystal directions are presented for
ease of imagination. Lattice parameters and unit cell composition
are provided at the left margin of the figure. The nomenclature
nx(X) · ny(Y) · nz(Z) · nH2O refers to nx cavities of type X, ny
cavities of type Y, nz cavities of type Z and n water molecules.

thermal expansivity is larger than that of hexagonal ice at low tem-
peratures (150K) and approaching that of ice at higher temperatures
(200K) [62].

The unit cells are described in the following. The description is
based on the book of Sloan and Koh [1] and references therein, no-
tably, the reviews of Jeffrey and McMullan [51], Jeffrey [34], and
Davidson [63] (for sI and sII hydrate) as well as the publication by
Udachin et al. [49] (for sH hydrate).

cubic structure i . The unit cell of the sI hydrate (cf. Fig. 8) com-
prises 2 small (512) and 6 large (51262) cavities arranged in a primitive
cubic system (space group Pm3n with 46 water molecules in the unit
cell). The large cavities are stacked in columns, which are oriented
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along all three principle directions of the crystal lattice. In each of
these columns, the large cavities share the hexagonal faces. Columns
of different orientation touch each other by sharing pentagonal faces.
The resulting void spaces between the columns form the 512 cavi-
ties. Alternatively, one can think of a body-centered cubic system of
small cavities, with the cavity at the center of the unit cell rotated by
90°. The large cavities are then formed by vertex-linking (i. e., hydro-
gen bonding between the closest water molecules of two neighboring
small cavities) of the small cavities.

There is a remarkable similarity of the sI hydrate lattice with the
Weaire-Phelan structure [64], which is, up to now, the best-known
solution to the famous Kelvin problem. The Kelvin problem relates
to the quest for a space-filling arrangement of cells of equal volume
which has minimal total surface area [65]. That is, looking for the
most efficient bubble foam. For more than 100 years it was believed
that the bitruncated cubic honeycomb with curved faces and edges
(i. e., Kelvin’s conjecture) is the best possible solution to the problem
until Weaire and Phelan proved computationally that their structure
has 0.3% less surface energy. Differences between the Weaire-Phelan
structure and the sI hydrate are mainly that in the former all cells
have equal volumes (which is not the case in the hydrate structure)
and that in the Weaire-Phelan structure the dodecahedron is a pyri-
tohedron (i. e., an irregular dodecahedron with only tetrahedral sym-
metry) and not a regular dodecahedron as in the hydrate. In conse-
quence, the symmetry of the tetrakaidecahedron of the Weaire-Phelan
structure is reduced as well.

cubic structure ii . The unit cell of the sII hydrate (cf. Fig. 8) is
constructed by 16 small (512) and 8 large (51264) cavities and thus is
significantly larger than the unit cell of the sI hydrate. Typical lattice
constants are 12Å and 17.3Å for the sI and the sII hydrate, respec-
tively. The cavities comprise a total of 136 water molecules and are
arranged in a face-centered cubic system (space group Fd3m) which is
primarily determined by the face-sharing of the regular dodecahedra
(512). Interpenetrating columns of the small (512) cavities are aligned
along the 〈110〉, the 〈011〉, and the 〈101〉 crystallographic directions.
The remaining void spaces constitute the large (51264) cavities which
share all of the hexagonal faces.

hexagonal structure h . The unit cell of the sH hydrate (cf.
Fig. 8 for a visualization of the unit cell rhombus) requires three dif-
ferent types of cavities to form the hexagonal crystal lattice (space
group P6/mmm). Eight large icosahedra (51268) are sitting at the cor-
ners of the unit cell rhombus. Since each of them is shared by eight
neighboring cells, only one icosahedron contributes to the unit cell.
Two medium sized irregular dodecahedra (435663) are positioned at
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the front side of the rhombus. The irregular dodecahedra share all of
their hexagonal faces with the icosahedra and all of their square faces
with neighboring irregular dodecahedra. The pentagonal faces of the
medium cavities are shared with the small regular dodecahedra (512)
which themselves share the remaining pentagonal faces with the large
cavities. Four of the small cavities are at the prism sides of the rhom-
bus, a half of each of them contributing to the unit cell. An additional
small cavity is sitting at the center of the rhombus. In total that yields
a unit cell composition of one large (51268), two medium (435663),
and three small (512) cavities.

Further considerations regarding the question “Which guest forms
which structure?” can be made by the knowledge of the unit cell.
Guests ranging in size from 3.8Å to 6.8Å typically form either sI or
sII hydrate [31]. For guests with a diameter close to 6.8Å the sII hy-
drate lattice is preferred since the guests do not fit into any of the
cavities of a sI hydrate. Though, the small cavity of the sII lattice
remains vacant since it cannot host such large guests as well. For
instance, C3H8 (diameter of 6.28Å) forms sII hydrate with only the
large (51264) cavity occupied [1, p. 76]. Even molecules with a diam-
eter exceeding 6.8Å can crystallize as sII hydrate (e. g., benzene with
a diameter of 7.07Å). However, in such cases usually a help gas is
necessary to stabilize the sII crystal lattice. A help gas is a second
and smaller guest species which enters the small cavities of the struc-
ture yielding additional stability (e. g., H2, Xe, CH4) [1, p. 82]. Guests
which fit in the small and the large cavity tend to form the structure
which they can most effectively stabilize according to the size rules of
subsection 1.2.3. That means, the preferred structure is that for which
the guest to cavity diameter ratio is between 0.75 and 1 for both cavity
types. For instance, CH4 (diameter of 6.8Å) can stabilize both cavities
in the sI hydrate but only the small cavity in the sII lattice. Therefore,
CH4 forms sI hydrate under normal conditions [1, p. 76]. Moreover,
when the guest molecule can stabilize the small cavity of structure sI
or sII it usually also occupies the large cavity, even if that does not
comply with the size rules.

Hydrates of hexagonal structure are the least common in nature.
The sH lattice can only be stabilized if the large and the smaller cav-
ities are occupied by a guest molecule. However, since the cavities
are very different in size, this can only be achieved with a help gas.
Therefore, at normal pressures sH hydrates typically host large guest
molecules (of appropriate shape) with a diameter ranging from 7.1Å
to 9Å in the large cavity and a significantly smaller help gas (e. g., Xe,
CH4) in both smaller cavities [1, p. 87].

As discussed in the previous paragraphs, the ratio of guest to cav-
ity size can be a useful measure for the determination of the crystal
structure, given a specific guest molecule. However, although this ra-
tio also allows to exclude the occupancy of some cages based on space
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restrictions, the determination of the degree of occupancy of allowed
cavities is more intricate.

1.2.5 Cavity Occupancy and Non-Stoichiometry

Theoretical stoichiometric compositions of clathrate hydrates can be
derived from their unit cells (cf. subsection 1.2.4). Table 2 lists theoret-
ical compositions of selected hydrates together with the densities of a
fully occupied and a completely empty hydrate. In a fully occupied sI
hydrate, 6+ 2 moles of guest molecules meet 46 moles of water mol-
ecules. This yields the ideal hydration number (i. e., the molar water
to guest ratio in the crystal lattice) of 534 for the sI hydrate. For both
fully occupied sII and sH hydrates, the ideal hydration number is 523 .
In the sII hydrate, 8+ 16 guest molecules come on 136 water mole-
cules, whereas in the sH hydrate 1 large guest plus 5 small guests are
hosted by the 34 water molecules. Hence, all three hydrate structures,
when fully occupied, can store approximately 170 volumes of gas (at
STP) per volume of hydrate.

So far, only theoretical hydrate compositions were considered. Ex-
perimentally, a variation of composition is reported for many hy-
drates [1, 4, 6], with real hydration numbers being significantly larger

Table 2: An overview of clathrate hydrate stoichiometry with theoretical wa-
ter densities and densities of hydrates of selected guests.

type composition
1 ρH2 O

2 (g/cm3) ρMAX
2,3 (g/cm3)

sI 6X · 2X · 46H2O 0.80 (CH4, 0.92)

6X · 2X · 46H2O (Xe, 1.81)

6X · 2X · 46H2O (CO2, 1.13)

6X · 0X · 46H2O4 (C2H6, 0.97)

sII 8X · 16X · 136H2O 0.79 (Ar, 1.09)

8X · 0X · 136H2O4 (C3H8, 0.90)

8X · 0X · 136H2O4 ((CH2)4O, 0.97)

sH 1X · 3Y · 2Y · 34H2O 0.78 (C7H14, CH4, 1.01)
1 The hydrate composition for a guest molecule X is given according to the notation
used in Fig. 8. For instance, 6X · 2X · 46H2O denotes 6 guest molecules in the large
cavity, 2 guest molecules in the small cavity and 46 water molecules. For sH hydrate
a second guest Y is required to stabilize the medium and the small cavity.
2 The water density is computed by dividing the water mass of the unit cell by its
volume. The unit cell volume is determined by the lattice parameters given in Fig. 8.
3 The maximal density ρMAX is the total mass of guests (according to the given
composition) plus the total mass of water divided by the unit cell volume. ρMAX is
given as a pair (X, ρ(X)) for selected guest molecules X. In case of sH hydrate a triple
(X, Y, ρ(X, Y)) is used for the combination of large (X) and small (Y) guest molecules.
4 Note that the small cavities are not occupied by the guest due to a size restriction.
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than the ideal ones. This variation in composition implies that in real
hydrates a large number of cavities can remain vacant. Hence, clath-
rate hydrates are non-stoichiometric, a property which distinguishes
them from stoichiometric salt hydrates such as calcium chloride dihy-
drate (CaCl2 · 2 H2O) [1, p. 87].

A large deviation from the ideal hydration number is typically
the result of a cavity size restriction. As already discussed in sub-
section 1.2.4, the cavities can only host guests up to a cavity-specific
maximum size. When the guest molecule is too large to fit in the small
cavities of the hydrate structure, they can remain vacant and only the
large cavities get occupied. For instance, both propane (C3H8) and
THF ((CH2)4O) are too big to fit in the small cage of the sII hydrate.
Hence, only the 8 large cavities of the hydrate can host guest mole-
cules (cf. Table 2). In such a case, the optimal hydration number is
17. Similarly, some guest molecules like ethane (C2H6) only fit in the
large cavity of the sI hydrate, yielding a minimal hydration number
of 723 . Note that this large deviation from the ideal hydration number
is not necessarily accompanied by a likewise large variation of hy-
dration numbers. In fact, propane and THF hydrate exhibit only little
variation from the optimal hydration number of 17 [6, 66]. However,
large variations of hydration numbers are suggested for and observed
with guest molecules the size of which approaches the limit of one of
the cavities [7, 67]. For instance, hydration numbers in the range from
5.64 to 8.55 are listed for the hydrate of CO2 [68–70], a guest molecule
which barely fits into the small cavity of the sI lattice (cf. Table 1).

A variation of composition is also found for guest molecules with
a diameter of less than 5Å, i. e., for guest molecules which easily fit
in both the large and the small cavities [1, p. 87]. While fractional
occupancies (i. e., the ratio of occupied cavities to the total number
of cavities) of the large cavities are typically above 95%, those of the
small cavities can vary between 30% and 90%, depending on the
guest molecule size as well as pressure and temperature [1, p. 87]. The
range of cavity occupancies can be explained by differing phase equi-
libria between the hydrate and the other phases present at hydrate
formation [7, 71], or using the statistical theory developed by van der
Waals and Platteeuw [21]. The statistical theory, for instance, relates
the cavity occupancy θ to the partial pressure p of the guest gas which
is to be hosted by a specific cavity via the Langmuir isotherm

θ =
C · p

1+C · p (1)

with Langmuir constant C. Accordingly, the cage occupancy ranges
between 0 (for p = 0) and 1 (for p → ∞). The Langmuir isotherm
has been verified for many guest molecules (e. g., H2S, Xe, SO2) [6].
Though, guests with a diameter close to the cavity size limit seem to
disobey the isotherm [72]. Therefore, a valid and complete model for
the relation between guest size and cavity occupancy has not yet been
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found [1, p. 88]. Note that, although not considered here, a complete
model must also consider hydrates with more than just one guest
species as well as hydrates formed at very high pressures. While the
addition of a second guest species can, even at minor concentrations,
change the crystal structure type [1, pp. 77, 80], very high pressures
can yield multiply occupied cavities [60, 61].

In summary, it is mostly the guest size which determines the crystal
lattice and the cavity occupancy. Therefore, since both crystal lattice
and cavity occupancy have decisive influence on the equilibrium ther-
modynamics, the guest size ultimately also determines the hydrate
phase diagram.

1.3 equilibrium thermodynamics and phase diagrams

In this section, the thermodynamic system of water and one hydrate
forming guest species is considered. A large part of the discussion
is based on the standard reference of Sloan and Koh [1]. Systems of
water with two or more guests are omitted for reasons of simplicity
and since all hydrates investigated within this dissertation are simple
hydrates (i. e., one guest type only).

When water and a hydrate forming guest are in thermodynamic
equilibrium, several distinct phases can co-exist depending on the
conditions. These phases are

• A vapor (V) phase which comprises both the vapor of the guest
(often the guest is gaseous at the conditions considered) as well
as that of water.

• A liquid water (LW) phase in which a small amount of the guest
species is dissolved.

• A liquid guest (LG) phase in which a small amount of the water
is dissolved.

• An ice (I) phase.2

• A hydrate (H) phase.

• A solid guest (G) phase.

Let now C be the number of components in the system (in our case
C = 2) and P be the number of phases. Then, according to Gibbs’
Phase Rule

F = C− P+ 2, (2)

the system has F degrees of freedom. That is, by the determination of
F intensive variables the system is fully specified. The intensive vari-
ables usually are temperature (T ), pressure (P), and the mole fractions

2 Note that here only a hexagonal ice phase is considered. At very low temperatures
or during phase transitions other ice phases may be present as well [73].
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Figure 9: Semi-logarithmic pressure–temperature phase diagrams of clath-
rate hydrates with (a) one quadruple point Q1 and with (b) two
quadruple points Q1 and Q2. In the region shaded in grey the
clathrate hydrate is thermodynamically stable. Note that the grey
region is not bounded from above. Green and red arrows indi-
cate the shift of the LW −H− V line due to the addition of ther-
modynamic promoters and inhibitors, respectively. The 3-phase
coexistence curves are approximated as straight lines in the semi-
logarithmic plots. Symbols I, H, LW , LG, and V denote the phases
ice, hydrate, liquid water, liquid guest, and vapor, respectively.

of the single phases (xG, xH, xI, yW , yG, and y for the G, H, I, LW ,
LG, and the V phase, respectively). The determination of P and T is
generally possible with high accuracy whereas the determination of
molar concentrations is, due to the dissolution of the vapor phase in
the LG and the LW phases, more intricate. In consequence, a majority
of phase equilibrium data is tabulated or graphed with respect to P
and T (see Sloan’s and Koh’s compilation of data and corresponding
phase diagrams [1, pp. 358-523]). Still, phase diagrams with respect
to temperature and concentration can be very instructive for a better
understanding of the phase behavior of a simple binary system of
water and a hydrate forming guest, even in the absence of accurate
quantitative data [74].

Here, both P − T as well as T − x diagrams are used for the quali-
tative description of the phase behavior of a binary system water +

one guest species which is assumed to be gaseous at STP. The most
characteristic feature of the P − T diagrams of binary systems are
the quadruple points (cf. Q1 and Q2 in Fig. 9). Quadruple points
refer to conditions, at which four phases co-exist in thermodynamic
equilibrium. According to Gibbs’ phase rule, such points have F =

C − P + 2 = 2 − 4 + 2 = 0 degrees of freedom. Hence, all intensive
variables, including P and T are fixed when four phases co-exist. Al-
though, in principle there are more quadruple points possible (either
at very low pressure and temperature or at very high pressure [74,
75]), the main focus is on the middle and the upper quadruple point
Q1 andQ2, respectively.Q1 refers to the co-existence of I, H, LW , and
V . Due to the small variation of the ice melting point with pressure,
the quadruple point Q1 is typically in the vicinity of 273K [1, p. 198].
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Table 3: Quadruple points of methane, carbon dioxide, and tetrahydrofuran.

Hydrate Q1
1 Q2

1

CH4 (sI) (272.9K, 2.563MPa) —

CO2 (sI) (273.1K, 1.256MPa) (283.0K, 4.499MPa)

(CH2)4O (sII) (272.06K, 1.1 kPa) (277.45K, 4.9 kPa)2

1 Quadruple points are given as pairs (P, T). CH4 and CO2 data according to Sloan
and Koh [1, pp. 78-79]. (CH2)4O data taken from Makino et al. [76].
2 Technically, this is not the second quadruple point but an invariant point corre-
sponding to the highest temperature at which the hydrate can coexist with a gas
phase [76].

Q2 denotes the equilibrium between the phases LW , H, V , and LG
and is located at temperatures above Q1. Since quadruple points are
so well-defined, they are often listed as reference points of clathrate
hydrate phase diagrams [1, pp. 78, 79, 199]. Exemplary quadruple
points are provided in Table 3 for the hydrates of CH4, CO2, and THF

((CH2)4O).
Figure 9 provides two typical examples of P − T phase diagrams.

The diagram of Fig. 9(a), which describes the phase behavior of a
guest gas with one quadruple point Q1 (e. g., CH4, N2), is considered
first. The co-existence of three different phases is possible on four
curves all starting from Q1. Points on these curves are well-defined
by fixing only one degree of freedom, usually either pressure or tem-
perature. That implies a functional relation like P(T) or T(P) which
is often modeled based on experimental data and further used to de-
rive the enthalpies of formation and dissociation as well as the hydra-
tion number via the Clapeyron equation3 [5, 77]. The 3-phase curves
I−H− V and LW −H− V mark the boundary of the hydrate stabil-
ity region as hydrates cannot exist at points below these curves, i. e.,
at lower pressures or higher temperatures. Six data points on these
curves are provided for both hydrates of CH4 and CO2 in Table 4.

2-phase regions, i. e., regions in which two phases can exist in equi-
librium, are bounded by the 3-phase curves which share the same
phases. For instance, the two phases H and V are in equilibrium in
the shaded region between the I−H− V and the LW −H− V lines.
Note that this region is not bounded from above, meaning that clath-
rate hydrates with only one quadruple point can exist at temperatures
well above 273K provided that the pressure is sufficiently large. Be-
tween the lines I−H−V and I− LW −H lies the I−H region, which
overlaps with the I− V region. As in 2-phase regions there are two

3 The Clapeyron equation
dP
dT

=
∆H

T∆V
relates the slope of the P(T) phase equilibrium

curve at temperature T to the enthalpy of formation/dissociation and the change
of volume ∆V upon the corresponding change of phase from one 2-phase region to
another 2-phase region.
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Table 4: Selected data points on the 3-phase co-existence lines of methane
and carbon dioxide hydrate in vicinity of the melting point of water.

Hydrate I−H− V line1 LW −H− V2

CH4 (sI) (262.4K, 1.79MPa) (274.6K, 3.060MPa)

(266.5K, 2.08MPa) (280.5K, 5.426MPa)

(270.9K, 2.39MPa) (285.7K, 9.584MPa)

CO2 (sI) (256.8K, 0.545MPa) (273.9K, 1.379MPa)

(267.4K, 0.869MPa) (278.9K, 2.420MPa)

(271.8K, 1.048MPa) (282.0K, 3.840MPa)
1 The CH4 data are taken from Deaton and Frost [24], the CO2 data from Larson
[78].
2 The CH4 data are taken from Mohammadi et al. [79], the CO2 data from Robinson
and Mehta [80].

degrees of freedom (F = C− P + 2 = 2− 2+ 2 = 2), the specification
of two intensive state variables is enough to specify the system. For
instance, setting P and T will automatically determine x which, with
the help of the T − x diagram of Fig. 10, will in turn yield whether the
hydrate is in coexistence with either the ice or with the vapor phase.

We now turn the focus to the P − T diagram of Fig. 9(b) which is
representative for hydrates with guests such as CO2 and C3H8. When
the vapor pressure curve of the guest gas lies above the quadruple
point Q1, a second quadruple point Q2 emerges at the intersection
of the LW − H − V curve and the H − V − LG curve, which lies al-
most on top of the vapor pressure curve of the guest gas (i. e., the
V − LG curve of the pure guest gas). Four 3-phase coexisting curves
meet at Q2, one of those, namely the LW −H− V curve, connecting
the quadruple points. Note that in general the equilibrium curves
I− LW −V , I− LW −H, and LW −H− LG leave the quadruple points
in an almost vertical direction, which is typical for phase changes be-
tween incompressible phases.4 As a result and in contrast to clathrate
hydrates with just one quadruple point, the clathrate hydrate stability
region is bounded from above with respect to temperature. Due to the
steepness of the LW −H− LG curve it is usually sufficient to take the
temperature of the quadruple point Q2 as the maximal temperature
for the existence of clathrate hydrate [1, p. 200].

An alternative way to explore the phase behavior of clathrate hy-
drates is a T − x diagram such as that illustrated in Fig. 10. An advan-
tage of the T − x diagram is that opposed to P− T diagrams there are
no overlapping 2-phase regions. On the downside, T −x diagrams are
plotted for just a specific pressure. However, a combination of T − x

diagrams at several different pressures can help to grasp the P− T − x

4 Equilibrium curves are borders between 2-phase regions which differ by only one
phase. Hence, only one phase changes when an equilibrium curve is crossed.
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Figure 10: Exemplary temperature–concentration phase diagram of a CH4-
H2O system at approximately 5MPa pressure. Regions shaded
in grey denote 2-phase regions in which one phase is the clath-
rate hydrate. The dark grey region is the non-stoichiometric pure
hydrate phase. The abbreviations I, H, LW , LG, SG and V refer
to the phases ice, hydrate, liquid water, liquid guest, solid guest,
and vapor, respectively. Dashed lines with bullet markers denote
possible paths upon the quasistatic cooling of two different sys-
tems, which are described in the text. Note that 2-phase regions
are not to scale. Reproduced from Huo et al. [71].

phase equilibrium surface (see the paper of Harmens and Sloan [1]
for T − x diagrams of the propane-water system). Here, the T − x di-
agram is used only as a means to describe possible paths of hydrate
formation at isobaric conditions, as this route is often followed in ex-
periments. The path a− b− c− d along the dashed straight line in
Fig. 10 describes the slow cooling of a water-guest gas system in a
closed isobaric system (e. g., a movable piston in a pressurized cylin-
der). Initially, the system contains liquid water and vapor in equilib-
rium (point a). Since the system is closed (no mass transport to the
surroundings), cooling does not change the fractional concentration
of the components. However, the distance between the path and the
saturated vapor line increases while the distance from the saturated
liquid line decreases. Hence, the fraction of the liquid phase grows ac-
cording to the “lever rule”. When the LW −H phase boundary (point
b) is reached, clathrate hydrate will start to form until all guest gas is
consumed. Since in this scenario the composition is water rich, the hy-
drate is in equilibrium with the remaining liquid water. Further cool-
ing does not affect the phase equilibrium until the I−H phase bound-
ary (point c) is reached, where all remaining water changes into ice.
Eventually, cooling to the end of the path (point d) does not signif-
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icantly alter the phase composition. The second path e − f − g − h

refers to an experiment in an open system at isobaric conditions. In
this experiment, guest gas is continually fed to the system to com-
pensate for the gas uptake (this is necessary to maintain pressure).
The experiment is again started with liquid water and vapor (point
e). Upon cooling from point e to f, the guest concentration rises since
the solubility of the guest gas in water increases with decreasing tem-
perature. When the LW −H phase boundary (point f) is reached, all
liquid water is converted to hydrate since the feed of guest gas en-
sures the full conversion. The formation of hydrate takes place along
the 3-phase curve LW −H−V and results in an increase of guest gas
concentration because of the feed of uptake-compensating guest gas.
Point g marks the end of hydrate formation, where no liquid water
is left and the only two phases present are H and V . Further cooling
mainly contracts the vapor phase which is again compensated by the
feed gas and results in a slight increase of guest gas concentration
until the path ends in point h.

Phase diagram data for simple systems of water + one guest gas
can be obtained from careful laboratory experiments (see Sloan and
Koh [1, pp. 320-337] for a discussion of experiments and apparatuses
used for the measurement of 3-phase equilibria). Hence, the determi-
nation of phase equilibria for the approx. 130 known hydrate forming
guests is feasible experimentally with a limited amount of work. In
contrast, when two or more guest species are allowed, experimen-
tal work alone is insufficient due to the vast number of possible guest
gas compositions. On one side, naturally occurring clathrate hydrates
usually host various guest molecules (e. g., CH4, C2H6, C3H8, CO2).
On the other side, industrial efforts for the utilization of gas hydrates
often involve the addition of a help gas [81, 82], or thermodynamic
promoters [83, 84] and inhibitors [85, 86]. Such additives can signif-
icantly alter the hydrate phase diagram even at very low concentra-
tions [87] (the effect of promoters and inhibitors is illustrated with
green and red arrows, respectively, in the phase diagram of Fig. 9).
Therefore, as clathrate hydrates with more than just one guest gas
are the rule rather than the exception, models for clathrate hydrate
phase equilibria were developed early on. Starting with the gas grav-
ity charts of Katz [26], over the method of distribution coefficients [25,
88], to the sophisticated statistical thermodynamic approach of van
der Waals and Platteeuw [21], these models gained more and more
accuracy. Today, improved versions of the statistical thermodynamic
approach are implemented in computer programs (e. g., CSMGem,
the Colorado School of Mines Gibbs energy minimization program
[1]) which allow the prediction of phase equilibria with high preci-
sion. Finally, these predictions help to assess how the formation of
hydrates in gas pipelines can be prevented, where hydrates occur in
nature and how much clathrate hydrate is actually in place on Earth.
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1.4 clathrate hydrates on earth and in space

When natural occurrences of clathrate hydrates were discovered in
the second half of the 20th century (cf. section 1.1) their relevance to
humans was quickly recognized. On the one hand, clathrate hydrates
can play an important role in the energy supply of the 21st century’s
civilization [89–91], on the other hand they could seriously affect the
planet’s ecosystem and accelerate climate change [92–94]. Since gas
hydrates are also inferred in astrophysical environments [95–97], nat-
ural occurrence of gas hydrates is unlikely to be limited to our own
planet only.

1.4.1 Natural Occurrence on Earth

Apart from the requirement of hydrate-favoring thermodynamic and
geological conditions [98], the natural occurrence of gas hydrates is
primarily linked to the natural occurrence of its main components:
water and a hydrate-forming guest gas. Water is ubiquitous on Earth
in the solid, liquid, and the gas phase. Naturally occurring hydrate-
forming guest gases are primarily the components of natural gas.5

These gaseous components are in decreasing order of natural gas con-
centration the hydrocarbons methane (CH4), ethane (C2H6), propane
(C3H8), and higher molecular weight hydrocarbons, as well as the
nonhydrocarbons nitrogen (N2), carbon dioxide (CO2), hydrogen sul-
fide (H2S), and helium (He) [23]. Hydrates of these guests are often
also termed “natural gas hydrates” relating to both their occurrence
in nature as well as the natural gas guest molecules [28]. Addition-
ally, since recovered natural gas hydrate typically exhibits a guest gas
composition with more than 99% methane [91, 100], the term “meth-
ane hydrate” is common as well. The origin of the methane can be
biogenic or thermogenic. Biogenic methane is a product of the mi-
crobiological degradation of organic matter in the absence of oxygen.
Thermogenic methane is derived from organically derived matter of
fossil origin [89], however, formed by thermal cracking instead of bac-
terial anaerobic degradation (see also Wellsbury and Parkes in ref. [91,
pp. 91-104]). As can be told from carbon isotope analysis, natural gas
hydrates contain predominantly biogenic methane, even in methane
mixtures of biogenic and thermogenic origin. In only a few regions
methane is mainly thermogenic [101].

As already discussed in subsection 1.3, gas hydrates can only be
stable in a guest dependent P − T − x region. Due to the typically
large concentration of CH4 in the guest gas mixture, the P − T di-

5 Natural gas is defined as the gaseous phase of petroleum and comprises all gases
produced in chemical and biochemical processes [28, 99].
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Figure 11: World map of natural occurrences of gas hydrates. Reproduced
from the Gas Hydrate Map of the United States Geological Sur-
vey (https://www.usgs.gov/media/images/map-gas-hydrates,
visited: September 2019).

agram of Fig. 9(a) is also representative of natural gas hydrates.6

Given the presence of water with a sufficiently high molar fraction
x of natural gas (or methane), hydrates can form and remain stable
only in the region left to the I−H− V or LW −H− V curve. That is,
in case of liquid water, pressures larger than approximately 2.6MPa
(i. e., the pressure at the quadruple point Q1) are required.7 In case
of ice or temperatures below 273K, lower pressures are sufficient. Be-
cause of these requirements, natural gas hydrates occur in two re-
gions only: (1) in regions where it is cold enough (e. g., the polar
regions, Siberia, Greenland) and (2) in oceanic sediments8 at depths
where the pressure is high enough. Figure 11 shows a world map
of known and inferred locations of natural gas hydrate reservoirs.
Known locations are based on gas hydrate recovery and drilling expe-
ditions, inferred locations are based on seismic data, more specifically
on BSRs and pressure-temperature considerations. In the cold regions,
gas hydrates are commonly found within the permafrost (on- and
offshore) at depths greater than 150m where the temperatures are
always well below 273K [28, 103]. However, due to the phenomenon
of self-preservation (cf. subsection 1.6.2), metastable gas hydrates can
even be found in shallow permafrost at depths smaller than 150m
[104]. In oceanic sediments hydrates occur at seafloor depths of 300m
and deeper where the seafloor water temperature is close to 273K and
the pressure is larger than 3MPa [28]. More specifically, oceanic gas

6 Note that at a typical natural gas composition the additional guest will shift the
3-phase equilibrium curves but will not alter the number of quadruple points.

7 In the case of salt water the required minimal pressure increases with increasing
water salinity [102].

8 Since the density of methane hydrate is smaller than that of liquid water (cf. Ta-
ble 2), natural gas hydrates require to be trapped in the pore space of the sediments.
Otherwise the gas hydrates would just rise to sea level due to the buoyancy force.

https://www.usgs.gov/media/images/map-gas-hydrates
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hydrates are predominantly found on the outer continental margins,
where enough methane can be formed from organic material in the
continental shelf [90].9 In both, the permafrost and the oceanic sedi-
ments the temperature rises with increasing depth (measured either
from the surface of the permafrost or from the seafloor), due to the
geothermal gradient. This restricts the depths at which hydrates can
exist and results in gas hydrate stability zones (GHSZs), which are ba-
sically layers in the permafrost or in the sediment, respectively, where
hydrates can form and remain stable (see Chong et al. [89] or Fig. 13

for visualizations of the GHSZs). These layers reach several hundred
meters into the sediment or permafrost until the temperature rises
above the I−H− V or LW −H− V phase boundary.

Knowledge of known and inferred locations, measured or estimated
volumes of the GHSZs, the sediment porosity and the gas hydrate con-
centration in the pore space allows the estimation of the amount of
methane stored in natural gas hydrates [105]. Early global estimates
varied widely and decreased by roughly an order of magnitude per
decade from 1970 to 2000 primarily due to an increase of knowledge.
While the equivalent amount of methane gas at STP stored in the
global inventory of gas hydrates was assumed to be 1017–1018m3 in
the 1970s, it decreased to 1016m3 in the 1980s, and to 1014–1015m3

in the 1990s (see Milkov’s and Kvenvolden’s compilations of historic
estimates [105, 106]). At the end of the 20th century the “consen-
sus” value for the estimate of gas hydrate methane was 21× 1015m3
which corresponds to approximately 10 000Gt of organic carbon [105,
106]. At the beginning of the 21st century likelihoods were ascribed
to the estimates [107]. Occurrence estimates of more than 1000Gt or-
ganic carbon are considered to be very likely, followed in likelihood
by estimates between 1000–10 000Gt with medium confidence [107].
The mean estimate over the period 2000–2014 is 3× 1015m3 of gas at
STP [89] which is roughly 1500Gt of organic carbon.

A comparison between several inventories of organic carbon is pro-
vided in the bar chart of Fig. 12. It is based on recent data published
in 2013 by the Intergovernmental Panel on Climate Change (IPCC) and
also reflects the latest estimates of the occurrence of gas hydrates. It
is evident that the amount of organic carbon in hydrate form is vast
and most probably exceeds the combined amount of carbon in the fos-
sil fuels coal, oil, and gas. Clearly, a reservoir of this size constitutes
an enormous unconventional source of energy which is much more
evenly distributed around the globe than the conventional sources
coal, oil, and gas. Therefore, many countries have a significant in-
terest in exploiting these reservoirs to cover their energy demand of
the near future [108]. However, it is not yet clear how much of the
available inventory can be economically exploited, as the fraction of

9 In the continental margins, the plankton activity is highest and a vast amount of
organic matter is washed in from the continent [93].
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Figure 12: Selected global inventories of organic carbon based on data pub-
lished in 2013 by the Intergovernmental Panel on Climate Change
(IPCC) [29]. White bars denote the minimum estimates, grey bars
the maximum estimates. The black box refers to the cumulative
consumption of anthropogenic carbon over the Industrial Period
1750-2011.

economically recoverable gas hydrate will primarily depend on the
yield of the hydrate-bearing sediments as well as the available pro-
duction technology [105, 108]. Still, a gain in knowledge regarding
the distribution of gas hydrates as well as advances in production
technologies will eventually increase the share of the gas hydrate in-
ventory economically recoverable. Therefore, according to A. Johnson
“the question now is not whether industry will exploit hydrates but
how soon” (as cited in ref. [109, p. 1753]).

1.4.2 Inferred Occurrences on Celestial Bodies

Occurrences of water and of some hydrate-forming gases (e. g., CO,
CO2, CH3OH, CH2O, CH4) are known to exist in dense molecular
clouds of the interstellar medium (ISM) [110] as well as on celestial
objects like comets [111], icy moons (e. g., Europa [112]), or on Mars
[113, 114]. In these environments, pressure and temperature condi-
tions vary widely. They can range from extremely cold (approx. 10K)
vacuum conditions in the interstellar medium [110] to temperatures
well above 273K and extreme pressures (100MPa) in the ocean of
Europa [115]. Some polymorphs (i. e., the low- and high-pressure
phases) of water ice and clathrate hydrates can be stable at such condi-
tions [116]. Combined with the availability of hydrate-forming gases,
this points towards natural occurrences of clathrate hydrates on sev-
eral celestial bodies as well as in the ISM. Since the direct evidence of
extraterrestrial hydrates is difficult with the spectroscopic techniques
of spaceship sensors (particularly when the occurrences are subsur-
face) [97], inferred occurrences of gas hydrates are usually substan-
tiated with laboratory experiments, in which the formation and sta-
bility of hydrates at the conditions in the respective environments is
demonstrated.
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While such a laboratory experiment concerning the existence of hy-
drates in the ISM is still under discussion [117, 118], there seems to be
consensus on the possibility of natural occurrence of gas hydrates in
cometary ice [96, 119–121], in the mantles of icy moons (e. g., Europa,
Enceladus, Titan) [75, 97, 116, 122–124] and on the pole caps of Mars
[95, 125, 126].

In the very low pressure environments of the ISM, the gaseous
species (both water and guest gas) are assumed to co-deposit onto
submicron grains of silicate or carbonaceus material where they form
mantles of micro-porous amorphous ice with the guest gas trapped
in the pores [96]. This composite material is known to crystallize as
clathrate hydrate when it is heated above 120K [96, 127–130]. The
deposit-carrying grains are likely to grow and aggregate into icy
comets, which can become warm enough for hydrate crystallization
when they pass the sun on their path to Earth. When such icy comets
hit the Earth 4 billion years ago, they might have delivered not only
water but also the prebiotic organic matter which was needed as the
origin of cellular life [121].

On Mars, clathrate hydrates of primarily CO2 are assumed due to
the very CO2-rich atmosphere (approximately 95% CO2 [113]). CO2

hydrate can be stable and coexist with dry ice and water ice at the
temperature of the Martian ice cap (150K). Moreover, at this temper-
ature, the hydrate forms readily from finely divided ice and gaseous
CO2 [95]. While the Martian polar ice caps are mostly water ice, the
amount of water vapor is very small in the Martian atmosphere [125].
Nevertheless, condensation of CO2 clathrate hydrate from gaseous
water and CO2 is still possible [125]. In general, though, predictions of
CO2 hydrate occurrences on Mars cannot be based on the H2O – CO2

phase diagram alone but have to include geophysical considerations
as well [125]. For instance, according to the phase diagram, CO2 hy-
drate is supposed to be stable over most of the conditions of the
Martian regolith10 [125]. Yet, a hydraulic equilbirum between the re-
golith’s pore gas and the Martian atmosphere can also destabilize the
hydrate [125].

On Europa, a satellite of Jupiter, clathrate hydrates of SO2, CO2,
H2S, and CH4 are inferred due to their stability under conditions of
both the crust and the ocean [97]. The hydrates will primarily form
from gas released at the seafloor and the liquid but presumably salty
sea water [97]. It is, though, unclear, if the concentration of any of
these gases is large enough for hydrate formation [97]. In case hy-
drates do occur, their formation, decomposition and distribution is
assumed to affect many geological processes which could have a sig-
nificant impact on the terrain morphology (e. g., craters due to cryo-

10 The Martian regolith is the loose and unconsolidated layer of rock and dust which
covers the Martian surface and sits atop the Martian crust.
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magmatic activity) [97]. Similarly, such effects can also be the cause
of chaotic terrains seen on Mars [131].

In summary, since hydrates can form along various routes—via an
intermediate amorphous ice deposit, by condensation, from gas in liq-
uid water, or from ice exposed to gas—they are likely to be an integral
part of the Solar system, despite the very different and extreme con-
ditions in extraterrestrial environments. While gas hydrate-carrying
ice comets could have had an influence on life on Earth as a supplier
of prebiotic organic matter, gas hydrates on the moons and the Mars
did not. Terrestrial gas hydrates, however, can clearly have some far-
reaching consequences for humans and our ecosystem.

1.4.3 An Ecological Perspective

An ecological perspective with regard to naturally occurring gas hy-
drates can be divided into the three categories (1) gas hydrates and
climate change, (2) gas hydrates and seafloor destabilization, and (3)
risks associated with the exploitation of gas hydrates. All three cate-
gories are closely connected with each other and cannot actually be
considered in isolation. For instance, climate change might lead to
seafloor destabilization which might in turn lead to climate change.
Gas hydrate exploitation ultimately leads to the combustion of natu-
ral gas which is associated with the emission of CO2 and thus global
warming. Moreover, exploitation can lead to unwanted release of gas
or to seafloor destabilization, which can again affect the climate. De-
spite these interconnections, I use the three categories to help structur-
ing the discussion, which is in big parts based on the comprehensive
review of Ruppel and Kessler [132].

gas hydrates and climate change . Methane, the main com-
ponent of the natural gas stored in the vast global gas hydrate inven-
tories, is a potent greenhouse gas. Its global warming potential per
unit mass (GWP) is 84 or 25 times that of CO2 over a period of 20
or 100 years, respectively [132]. Since natural gas hydrates are stable
only at low temperatures and medium pressures (see section 1.3) any
change in these conditions will alter the amount of gas stored. While
an increase of temperature destabilizes the hydrate and shrinks the
GHSZ in the seafloor sediments and the permafrost, increased pres-
sure expands the GHSZ at the seafloor. Since presumably more than
99% of the global hydrate inventory is distributed offshore [132], the
majority of gas hydrates will experience both an increase in pressure
and temperature, as the result of global warming. That is because an
increased ground temperature (i. e., the Earth’s surface temperature)
propagates slowly to the upper boundary of the GHSZ at the seafloor,
while a rising sea level (as a result of the continuous melting of the
pole caps and the glaciers) increases the hydrostatic pressure at the
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seafloor. However, due to the characteristic of the LW −H− V phase
boundary (p(T) can be approximated by a function T 7→ exp(a+b/T)
with fit parameters a and b [1, p. 193]) the impact of increased temper-
ature overwhelms the effect of pressure.11 As a consequence, there is
concern that global warming destabilizes not only onshore hydrates
[93] but also the large amounts of gas hydrate in the seafloor sed-
iments [94, 107, 109]. The gas released from the seafloor might be
eventually emitted to the atmosphere, where it causes further warm-
ing due to radiative forcing. This mechanism represents a positive
feedback loop termed “clathrate gun” [134], which could result in
the runaway of our climate system [94]. Concerns regarding this posi-
tive feedback mechanism are further substantiated with paleoclimatic
studies, which associate the warming in ancient climatic periods with
the degradation of gas hydrates [132, 134–137]. Together, the large in-
ventory of natural gas hydrates, their response to changes in pressure
and temperature, as well as data from geological periods, paint an
alarming picture. However, in fact, little is known about the interac-
tion between global climate change and gas hydrate dissociation with
certainty [107, 132, 138, 139]. This is mainly due to the following gaps
in knowledge:

(1) The uncertainty associated with the total amount of CH4 bound
in gas hydrates is still large today, but uncertainties regarding the
distribution of gas hydrates subsea or in the permafrost are even
larger [93, 107, 132]. The sensitivity to climatic changes, however, de-
pends strongly on the respective reservoir. This is illustrated in Fig. 13,
which shows exemplarily two different types of reservoirs and the ef-
fect of warming on the GHSZs. In the case of the permafrost reservoir
(Fig. 13(b)) the top of the GHSZ is severly affected by warming but not
affected at all when the reservoir is in the sediments 1000m below
sea level (Fig. 13(a)). Conversely, warming might affect the bottom
of the sediment GHSZ but not the bottom of the permafrost GHSZ.
Due to strong methane sinks associated with the sediment and the
water column, the gas released only a few meters below the cold
ground (Fig. 13(b)) is much more likely to be emitted to the atmo-
sphere than that released well below the sea floor (Fig. 13(a)). Note
that in these two examples a severe and long period of warming (sev-
eral millennia) is assumed. Additionally, the hypothetical geotherms
are not based on real data and used only for the display of two dif-
ferent susceptibilities to warming. A more accurate discussion with
simulated geotherms can be found in Ruppel and Kessler [132] and
Ruppel [92]. Nevertheless, despite its shortcomings, Fig. 13 demon-
strates that for an accurate prediction of the fraction of gas hydrates

11 Note that the predicted increase in pressure until the year 2100 is merely 0.01MPa
for an increase in temperature of 5 ◦C. This relates to an annual sea level rise of
3.4mm per degree of warming. For comparison, between 1880 and 2000 the sea
level rose by approximately 20 cm [133].
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Figure 13: Gas hydrate stability zones in (a) marine sediments 1000m be-
low sea level and in (b) permafrost below the cold ground. The
solid black line denotes the LW −H− V phase boundary which
extends to the I −H − V boundary at temperatures below 0 ◦C.
The shaded region represents conditions at which gas hydrates
are thermodynamically stable. Dashed lines denote geothermal
curves before (black) and after (red) a period of significant warm-
ing. The orange bar marks the gas hydrate stability zone (GHSZ)
which reduces by the red bar upon warming. Note that hydro-
static pressures are estimated using a water/permafrost density
of 1 g · cm−3. The geotherms are drawn schematically only and
not based on real data. Reproduced from Ruppel [92].

which would be affected by a period of warming, reliable data on the
distribution and the types12 of reservoirs is needed.

(2) Another knowledge deficiency relates to numerous CH4 sinks
which can severely mitigate the amount of CH4 once it has been re-
leased from the dissociating gas hydrate. However, the mitigating ef-
fect is only poorly quantified [132]. When CH4 is released from gas
hydrates in the sediments it might first encounter physical barriers
(e. g., low-permeability sediments, structural traps) which hinder it
from reaching the seafloor, where the next barrier, the sulfate reduc-
tion zone (SRZ), is already in place [132]. The SRZ is a strong biochemi-
cal sink in the shallow marine sediment in which a big fraction of the
methane gets oxidized by archae and sulfate-reducing bacteria [132].
The remaining methane gets either directly dissolved in the water col-
umn or travels towards the sea surface in a gas bubble [132]. Bubble
stripping or oxidation in the water column then further reduces the
amount of CH4 that can eventually reach the sea-air interface [132].
When the gas is released from permafrost hydrates, at least physi-
cal barriers act as a methane sink (e. g., the ice or hydrate above the
decomposing region). Depending on the permafrost settings, addi-
tional biological sinks may be present as well [132]. Overall, it is clear
that most of the gas emitted from gas-hydrate reservoirs will never

12 Note that distribution and type also means the characteristics of the GHSZ, such as
porosity, geology, depth, depth-dependent gas concentration, etc.
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reach the atmosphere [132]. Nevertheless, a huge liberation of CH4 to
the world’s oceans will certainly affect the ocean chemistry. Though,
more research is needed to quantify the effects on the marine envi-
ronment [140].

(3) So far, practically all estimates regarding CH4 emissions from
gas hydrate rely on simplified models and assumptions used therein
[132]. Since it is very difficult to determine the origin of a CH4 molecule,
no experimental evidence that any CH4 has been emitted to the atmo-
sphere by dissociating gas hydrate has been provided to date [132].
Similarly, the assignment of paleoclimatic data to specific sources of
CH4 is intricate.13 Particularly, associations based on only carbon iso-
topic fingerprints might wrongly link CH4 emissions to gas hydrates
instead of wetlands [132].

In summary, concerns regarding the interaction of natural gas hy-
drates and the changing climate have to be taken seriously. Although
the current IPCC estimate of the atmospheric CH4 flux from hydrates
(2–9 Tg/yr)14 is small when compared to the total anthropogenic flux
of 272–329 Tg/yr [29], the potential for a significant rise in hydrate-
emitted CH4 flux is there. However, such a rise is not likely to happen
quickly but rather on the timescales of centuries or even millennia
[132]. Still, according to an example of Ruppel, if only 0.1% of the
global hydrate-bound CH4 was released to the atmosphere in an un-
likely catastrophic event, the concentration of CH4 in the atmosphere
would rise by a striking 60% [92].

gas hydrates and seafloor destabilization. The catastr-
ophic event in the example just mentioned requires the sudden de-
composition of a large amount of gas hydrate which cannot be di-
rectly caused by steady and continuous warming. However, there are
scenarios in which such sudden events could occur. These scenarios
all start with massive mass movements, more specifically, with sub-
marine landslides as a result of slope failures.

The relationship between slope failures and gas hydrates is two-
way: gas hydrate dissociation can be both the cause as well as the re-
sult of slope failure. Gas hydrates in the pore space of the sediments
can act like cement stabilizing the seafloor [141]. Upon the dissocia-
tion of the hydrates not only the stabilizing effect disappears but also
significant pore pressure can build up in the sediment [93]. This de-
creases the shear strength of the sediment and can ultimately lead to
a slope failure which might be triggered by minor perturbations (e. g.,
low-magnitude earthquake, offshore drilling) [93].

On the other hand, a removal of a sediment layer lying atop a
gas hydrate reservoir by a landslide reduces the weight on the GHSZ

13 Carbon isotopic signatures can be used to distinguish between thermogenic and
biogenic sources. Hydrogen isotopic signatures are used to discriminate between
CH4 from wetlands and that from the deep ocean.

14 Note that these values are also not based on observational evidence [132].
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and thus destabilizes the underlying gas hydrate by depressurization.
Since pressure effects propagate quickly through the sediments, hy-
drate destabilization happens almost immediately, opposed to tem-
perature effects, which propagate much slower [93]. It should be
noted, though, that the decomposition of gas hydrate is an endother-
mic process. Hence, when a large amount of hydrate decomposes,
heat from the environment is consumed and the remaining hydrate is
cooled. This results in a self-stabilizing mechanism which acts against
a sudden release of all gas hydrate in a reservoir.

Despite that, gas hydrate dissociation and massive slides have been
linked in events of past climatic periods [142–146], the most promi-
nent of these events is the Storegga slide off the coast of Norway [147,
148]. About 8200 years ago, between 2500 km3 and 3500 km3 of sed-
iment were moved with the Storegga slide, subsequently causing a
tsunami of more than 10m height [147, 148]. Although, it is gener-
ally very difficult to pinpoint the cause of such slides, particularly
when they occurred thousands of years ago, there is some evidence
that the destabilization of gas hydrates was part of the cause in a
few cases [142–146]. In general, however, there is consensus that sub-
marine mass movements are more likely attributed to changes in the
sedimentary regime than to gas hydrate dissociation [93]. Yet, such
mass movements appear to be more frequent in periods of rapid cli-
matic change [93]. Hence, regardless which of the events is the cause
or the result, the hazardous effects of seafloor destabilization and gas
hydrate dissociation seem to rather amplify than to attenuate each
other. That is, rapid warming increases the frequency of submarine
slope failures which can result in a comparably (to the warming ef-
fect alone) quick dissociation of hydrates which again accelerates the
warming.

In addition to the global effects of the geohazards hydrate destabi-
lization and slope failure, associated regional effects can occur as well
[93, 138]. For instance, the decomposition of permafrost hydrates can
deteriorate the structural integrity of the ground yielding landslides,
damage to buildings, roads and other infrastructure (e. g., commu-
nication and electricity grids, pipelines).15 Seafloor slides can trigger
tsunamis which have devastating effects for the people and infrastruc-
ture in nearby coastal areas. The vigorous emission of gas from the
seafloor results in a reduction of buoyancy above and might sink both
boats and ships as well as floating platforms [93]. It is speculated, for
example, that hydrate venting and the associated reduction in buoy-
ancy is linked to the inexplicable disappearance of ships and aircraft
in the Bermuda Triangle [150].

15 The destabilisation of permafrost poses a considerable threat to urban infrastruc-
ture, particularly in the Russian permafrost regions with the cities Anadyr, Norilsk,
Salekhard and Yakutsk [149].



38 an introduction to clathrate hydrates

While the aforementioned consequences of geohazards were not
directly related to or caused by human intervention, consequences
associated with the exploitation of gas hydrates are.

geohazards associated with gas hydrate exploitation.
Although natural gas hydrate reserves (i. e., the gas hydrate that is
economically recoverable) presumably represent only a small fraction
of the gas hydrate resources [151], the exploitation of the reserves
has to be done with prudence. This is because of several risks which
are directly or indirectly associated with the exploitation. First and
foremost, any use (i. e., the combustion) of natural gas from hydrate
reserves indirectly produces the greenhouse gas CO2. Therefore, on
the grounds of a zero-emission energy policy, any development of gas
hydrate production should go in hand with the development of corre-
sponding carbon capture and storage (CCS) as well as carbon capture
and utilization (CCU) technologies. Under these conditions, methane
hydrates could become an environmentally friendly intermediate so-
lution to bridge the gap between fossil and zero-emission fuels. In
the light of the unwanted dissociation of gas hydrate upon the warm-
ing of our climate, exploitation could even mitigate the emission of
hydrate gas to the atmosphere [107].

However, since the exploitation of marine gas hydrate reserves
destabilizes the initially hydrate-filled pore space of the sediment, ef-
fects such as slope failure or uncontrolled rapid venting of gas can
occur [140]. Although most of the vented gas might never reach the
atmosphere, a strong rise of the CH4 concentration in the local marine
environment can perturb the ecological system [140].

Besides, some risks are involved with the production engineering
itself. Clogging of the drill pipe, blowouts and casing failures can
seriously affect the production process and, in the worst case, lead
to the uncontrolled discharge of large amounts of gas and drilling
fluid [140]. Therefore, a safe and environmentally friendly gas hy-
drate production technology must be developed for all fields of oper-
ation (deep-sea and permafrost) before any industrial exploitation is
started.

1.5 chlathrate hydrates in technology and industry

Despite the harms (e. g., slope failures and climate warming, pipe-
line plugging) associated with the occurrence of gas hydrates, there
are also a number of interesting industrial applications which might
prove beneficial for the energy sector and other areas. In this section I
will briefly review the most anticipated, but also some niche applica-
tions. For further reading I refer to the reviews by Chatti et al. [152],
Englezos and Lee [153] and Chong et al. [89] as well as the references
therein.
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1.5.1 Flow Assurance

The first industrial efforts related to gas hydrates started immedi-
ately after Hammerschmidt’s [22] discovery of flow line blockages
from hydrate formation in the 1930s, and aimed at the prevention of
such plug formation. Clathrate hydrate plugs can form in pipelines
only when the operating conditions (pressure and temperature) are
above the LW − H − V curve and when the water concentration is
large enough. However, this is often the case, particularly since the de-
velopment of deep-water operations which are typically at high pres-
sures and low temperatures. Conceptually, the plug formation starts
with hydrate nucleation and subsequent growth on water droplets,
which are dispersed in the hydrocarbon rich fluid. These hydrate cov-
ered droplets then agglomerate, jam, and plug the pipeline (see Koh
et al. [154] for a visualization of the conceptual picture) typically at
“flow dead” zones. An alternative route of hydrate plug formation is
speculated to start with wall deposition of hydrate. The detachment
of such deposits from the pipe wall can then jam the flow stream
[155]. Once formed, pipeline plugs separate a high pressure section
upstream from a lower pressure section downstream. Upon a sud-
den detachment, such plugs (see Koh et al. [154] for a photograph of
a massive hydrate plug) become projectiles which are propelled by
the pressure gradient and which can destroy pipeline sections and
endanger personnel safety. To avoid this, five different strategies for
flow-assurance are used:

1. Chemical processes [155]: The injection of chemicals into the
flow stream pursues three different goals. (1) The use of ther-
modynamic hydrate inhibitors (e. g., ethylene glycol, methanol)
renders the formation of hydrates impossible by shifting the
LW − H − V curve above the conditions of operation. (2) The
use of kinetic hydrate inhibitors (e. g., anti freeze proteins) al-
lows hydrate formation, however, reduces both the probability
of hydrate nucleation as well as the growth rate of hydrate crys-
tals. That is, if a nucleus of a hydrate crystal occurs at all, it will
grow too slowly to jam the pipeline. (3) Surfactants (also known
as anti-agglomerates) affect the water-hydrocarbon or hydrate-
hydrocarbon interface such that the hydrate particles remain
dispersed, hence, cannot agglomerate.

2. Hydraulic plug removal by depressurization on both sides of
the plug [152]. Depressurization destabilizes the hydrate which,
however, can result in the conversion into an ice plug which
itself melts only slowly [156]. Moreover, this process is restricted
to gaseous hydrocarbons.

3. Thermal plug prevention or removal. While raising the system
temperature (by direct electrical heating), such that hydrates are
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thermodynamically unfavorable, results in the complete preven-
tion of plugs [155], a local supply of heat at the plug’s location
leads to the removal of the plug by hydrate dissociation [152].
The latter is a delicate task, because of the danger associated
with the plug becoming a projectile.

4. Mechanical plug removal makes use of “pipeline pigs”, which
are vehicles that travel throughout the pipeline with the flow
and mechanically remove the deposits they encounter [152].

5. Flow-management processes generally allow the formation of
hydrates but aim at the flow-assurance of a hydrate slurry in-
stead of a hydrate free fluid [155].

Thermodynamic inhibitors are often used but have to be added at
a significant volume fraction (e. g., one volume of inhibitor for two
volumes of water) which makes their use expensive [155]. Kinetic in-
hibitors and anti-agglomerates work at much lower concentrations (a
few volume percents), which is why they are also called low dosage
hydrate inhibitors (LDHI). Although LDHIs can reduce the cost of hy-
drate inhibition [86], inhibition costs still account for a significant
proportion of the total production costs (chemical costs can cause
up to 50% of the operating revenues) [155], particularly since the
gas and oil production is moving towards ever more extreme envi-
ronments. Therefore, there is a trend towards more cost-effective hy-
drate mitigation and plug prevention measures based on slurry flow-
management, however, more research is needed to understand the
particle-particle interaction in the hydrate slurry [155]. An increase in
knowledge regarding economic and environmentally friendly flow-
assurance strategies will also be beneficial when it comes to the ex-
ploitation of natural gas hydrate reserves.

1.5.2 Natural Gas Hydrate Exploitation

Despite the growth of renewable energy technologies, it is predicted
that by 2040 the share of renewable and nuclear energy sources will
account for only about a quarter of all sources, thus, leaving about
three quarters for coal, oil and natural gas [89]. At the same time, the
constantly growing demand for energy makes environmental aspects
such as the reduction of greenhouse gases more and more urgent.
Since among coal, oil, and gas the latter emits the least amount of
carbon dioxide per unit of energy,16 natural gas is the environmen-
tally cleanest form of fossil energy. The relatively good environmental
compatibility together with large conventional and unconventional re-
serves make natural gas the fastest growing fossil fuel [89]. Natural

16 Emitted carbon per energy [157]: coal 27 kgC/GJ, oil 21 kgC/GJ, gas 15 kgC/GJ
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gas hydrates constitute an unconventional source of gas which over-
whelms all other conventional and unconventional17 sources com-
bined in reservoir size. Although a big proportion of the gas hydrate
reservoir is assumed to be economically too expensive to recover due
to a low hydrate yield (i. e., the amount of gas per volume of hydrate-
containing sediment), accumulations of high yields are known to ex-
ist in several areas.18 Hence, these highly concentrated gas hydrate
reservoirs suitable for economic recovery presumably occur more fre-
quently than previously expected [89].

Whereas the estimated costs for the production of gas from gas
hydrates are currently larger than costs attributed to the production
from other gas sources the difference is not at large. For instance, the
International Energy Agency (IEA) calculates costs of 4.4–8.6US$/GJ
for natural gas hydrates compared to 3.8–8.6US$/GJ for shale gas
[158], the second most costly unconventional gas.19 The minor dif-
ference in production costs might further shrink with the increasing
exploitation of unconventional sources other than gas hydrate or with
the advancement of gas hydrate production technologies.

The following processes or combinations of these are currently be-
ing considered for gas production from natural gas hydrates [89]:

1. Thermal stimulation is used to destabilize the gas hydrate by
moving it outside the hydrate stability region. Heat can be trans-
ferred to the hydrate by the injection of hot water or brine, by
electromagnetic heating or by the in situ combustion of a fuel in
the hydrate sediment. While hot fluid injection is less efficient
than electromagnetic heating due to heat losses in the well bore,
in situ combustion offers the possibility of the direct seques-
tration of the combustion product CO2. However, in terms of
process safety, in situ combustion is high-risk because an uncon-
trolled combustion has the potential to destabilize vast amounts
of hydrate.

2. A similar approach in terms of effect is the destabilization of gas
hydrate by depressurization. A reduction of pressure in the hy-
drate can be achieved by pumping, preferentially at the lower
end of the GHSZ [159]. This method is simple and more effi-
cient than thermal stimulation. Nevertheless, endothermic cool-
ing during hydrate dissociation cools the remaining hydrate as
well as the sediment water. Consequently, ice can form and mit-
igate the production of gas. Therefore, depressurization is often
accompanied by thermal stimulation.

17 Unconventional sources are tight gas, shale gas, and coal bed methane.
18 Concentrated gas hydrate accumulations were found in the Nankai Trough, the Cas-

cadia Margin, the Gulf of Mexico, offshore India, Malaysia and Korea [89].
19 For comparison, the cost for conventional gas is 0.5–5.7US$/GJ [158].
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3. Chemical hydrate inhibition: The injection of chemical inhibitors
into the GHSZ destabilizes hydrates by shifting the LW −H− V

or I−H− V phase boundary. However, as the required concen-
tration of additives is generally high, chemical inhibition might
not be ecologically feasible.

4. CH4 − CO2 swapping: Due to differences in phase equilibria,
hydrate of CH4 can under certain conditions turn into a mixed
CH4 − CO2 hydrate when exposed to liquid or gaseous CO2.
This lends to the idea to swap the CH4 from the hydrate with
CO2 from flue gas or the atmosphere. The exchange process
would lead to a clean fossil fuel, since any use of CH4 is auto-
matically compensated by the sequestration of CO2 on geologi-
cal time scales. Although, the feasibility of CH4 −CO2 swapping
has been proven even in field trials (cf. the Ignik Sikumi field tri-
als reviewed in ref. [89]) there are still big hurdles to overcome.
For instance, minor concentrations of other hydrocarbons (e. g.,
propane) change the phase equilibria and render the exchange
reaction improbable.

Production processes are commonly assessed in the lab, with com-
puter simulations, but also in field trials (see Chong et al. [89] for a
review of field trials in the Messoyakha Gas Field in West Siberia, the
Mount Elbert Well in Alaska, the Malik gas hydrate site in Canada,
the Ignik Sikumi field in Alaska, and the Nankai Through in Japan).
Field tests are of special importance because they offer the unique
chance to study the effects of different geological formations and sed-
iment structures, which are primarily related to the transport of mass
(e. g., water, sand, and gas) and heat [89]. Therefore, it is expected
that more field trials will be done in the next two decades with a
particular focus on longer term production [89]. The knowledge ob-
tained therein is soon going to be transferred to industrial production
sites, which are assumed to start operation in the 2030s [89]. How-
ever, among other issues, the economically feasible transport of the
produced gas from remote production sites to the consumers has to
be assured by then.

1.5.3 Energy Storage and Transportation

Energy storage and transport are closely linked when it comes to so-
lidified natural gas (SNG), i. e., clathrate hydrates, in which energy is
stored in the form of natural gas. This is because energy transport can
simply be understood as the mobile form of energy storage. In case
of a stationary gas storage application, energy density (expressed as
STP volume of gas stored per volume of hydrate) is usually more im-
portant than specific energy (expressed as STP volume of gas per unit
mass of hydrate) because it determines the size of the storage facil-
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ity and because weight is typically not an issue. Conversely, in mobile
applications, specific energy is at least as important as energy density,
since the mass of the stored gas must be moved along with it, thus,
leading to energy penalties. Assuming all hydrate cavities are occu-
pied, the maximal energy density of clathrate hydrates relates to ap-
proximately 170m3(STP)/m3 regardless of the type of guest gas and
hydrate structure, compared to 600m3(STP)/m3 for that of liquefied
natural gas (LNG) at 111K [153]. Accordingly, for the example of meth-
ane hydrate, the maximal specific amount of gas is 0.18m3(STP)/kg

for the hydrate and 1.4m3(STP)/kg for methane rich LNG at 111K.20

Although these numbers point towards an economical superiority of
LNG over SNG at first glance, SNG storage and transportation could
become a viable solution in several fields mainly due to less strin-
gent processing and storage conditions [161]. Additionally, opposed
to compressed or liquefied gas, SNG is non-explosive and very safe
since the endothermic dissociation reaction together with the dissoci-
ation product water acts against an uncontrolled and explosive burn-
off of the hydrate [161].

A SNG process typically involves the steps hydrate formation, hy-
drate storage or transport, and gas recovery [161]. Hydrates are usu-
ally formed from liquid water and gas in stirred reactors under pres-
sure [162], by spray-injection of liquid water into a reactor containing
the gas [163–165], or in bubble columns [166]. Hydrate formation is
then often followed by a dewatering and pelletizing step for trans-
port and storage [161, 167–170]. Gas recovery from hydrate is simple
and can be done at very low cost (e. g., by the utilization of low tem-
perature waste heat) in a highly controlled manner [161].21 Similarly,
dewatering, pelletizing and pellet transport are established engineer-
ing processes whose application to SNG is straightforward [161]. The
challenges regarding the economic feasibility of SNG lie within the hy-
drate formation and storage steps. Fast formation kinetics and moder-
ate storage conditions are required to compete with other gas storage
and transport solutions such as LNG, compressed natural gas (CNG),
piped gas or adsorbed natural gas (ANG) [161]. These two goals are
pursued in two different routes [161]: (1) The high pressure route in
which pure sI or sII hydrates are formed at comparably high pres-
sures (e. g., more than 5.426MPa at a temperature of 280.5K for pure
sI methane hydrate [79]) with the assistance of kinetic promoters (sur-
factants such as sodium dodecyl sulphate)22 to reduce the induction

20 A clathrate hydrate density of 0.92 g · cm−3 (cf. Table 2) and a LNG density [160]
of 0.43 g · cm−3 are used for the conversion between energy density and specific
energy.

21 Since the dissociation of clathrate hydrate is a phase transition characterized by a
well-defined latent heat, the amount of gas release can be controlled by the amount of
heat supplied. Note that regasification is cheap only when a subsequent compression
of the gas is not necessary [170].

22 Surfactants are typically not integrated into the hydrate crystal lattice.
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time for hydrate nucleation [83, 162, 171]. (2) The low pressure route
in which hydrates are formed at more moderate conditions (higher
temperatures and lower pressures) due to the use of thermodynamic
promoters such as THF which shift23 the hydrate phase boundary (see
Fig. 9 for a visualization of the effect of promoters) [83, 171]. Concern-
ing storage, high storage temperatures (ideally ambient temperature)
and a pressure of 1 atm are targeted to minimize storage costs and
storage energy requirements. At these storage conditions, hydrates
formed based on route (1) are far outside their thermodynamic sta-
bility region and therefore supposed to dissociate quickly. However,
at storage temperatures between 240–271K and 1 atm the effect of
self-preservation (cf. subsection 1.6.2) drastically reduces the rate of
dissociation to rates which allow the storage over several weeks with
only a few percent loss of gas [168, 172, 173]. On the other hand, zero
loss of gas can be achieved in case of route (2) because thermody-
namic promoters can shift the hydrate stability region to the storage
temperature-pressure conditions. The disadvantage is, however, that
the use of promoters reduces the storage density, as the promoter
molecules occupy some of the hydrate cages [161].

While a few techno-economic analyses suggest that SNG can be ad-
vantageous over LNG for natural gas transport [174–177], a compre-
hensive analysis incorporating a broad range of use cases does not
point towards any benefit of SNG [170]. However, techno-economic
analysis typically only consider route (1) in their scenarios [161]. Since
compression costs account for a huge portion of the total hydrate for-
mation costs, the low-pressure route (2) is still believed to have the
potential to outperform competing technologies for natural gas stor-
age and transportation, though [161].

Moreover, route (2) allows not only for the storage of natural gas
at moderate conditions but also molecular hydrogen. For instance, a
small amount of THF (0.15mol%) is reported to reduce the formation
pressure from approximately 2000 bar to 120 bar with only a minor
reduction of storage capacity (from 5wt% to 4wt% H2 content) [82].
However, in several other studies (summarized in the review of Stro-
bel et al. [178]), H2 contents of less than 1wt% are reported for vari-
ous THF concentrations and formation pressures lower than 1000 bar.
The theoretical maximum of H2 content in clathrate hydrates (5.6wt%
[179]) is less than the ultimate US Department of Energy target of
6.5wt% for onboard hydrogen storage. Therefore, clathrate hydrates
are unlikely to be of practical importance for onboard hydrogen stor-
age [178, 180]. Despite onboard storage, however, stationary storage
of hydrogen in clathrate hydrate form might prove beneficial due to

23 A shift in equilibrium conditions is often the result of a change in hydrate crystal
structure. Such structural change follows from the additional stability associated
with the occupation of the large hydrate cavities by the promoter molecules.
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the low cost associated with the process steps24 [179] as well as the
minimal requirement of ground area [181].

So far, only the storage of natural gas and H2 was considered. Yet,
from a different perspective, the storage of CO2 in clathrate hydrates
could be of even greater relevance.

1.5.4 Carbon Capture

According to a recent report of the IPCC, the emission of approx-
imately 9Gt/yr anthropogenic carbon25 overwhelms all emissions
from natural sources combined [29]. It is estimated that more than
85% of anthropocentric emissions are due to the combustion of fossil
fuels [29, 183]. Since fossil fuels are believed to last for many decades
to come [89] it is unlikely that the combustion of these fuels will cease
soon. Therefore, ways to either reduce CO2 from the atmosphere or
to mitigate human-caused CO2 emissions become increasingly im-
portant. The atmospheric mixing ratio of the trace gas CO2 (roughly
412 ppm at present [184]) disfavors sequestration. Significantly higher
mixing ratios are found in the gas streams of fossil fuel power plants,
where a large fraction of the anthropogenic emissions originate. For
instance, typical26 flue gas contains 3–15mol% of CO2, the rest being
primarily N2 [183]. An even higher CO2 molar fraction of 15–45mol%
is found in gas mixtures with H2 in fuel gas [183]. Fuel gas is pro-
duced in internal gasification combined cycle (IGCC) power plants by
either coal gasification, or steam reforming (of oil or natural gas) fol-
lowed by a water gas shift reaction.27

Due to the high molar fraction of CO2, flue or fuel gas streams offer
the best opportunity to reduce carbon emissions by carbon capture
and storage (CCS) or utilization (CCU). Optimally, carbon capture (CC)
processing results in two streams of pure gas. One stream is CO2

which is either further utilized in CCU or stored for long periods in
deep geological formations or in the deep ocean in CCS [185]. The
second stream is the environmentally harmless N2 in the case of flue
gas, or in the case of fuel gas, H2, which can be cleanly burnt with
water being the only emission. Thus, since no CO2 is released to the
atmosphere in the optimal case, CC results in a carbon-free generation
of fossil energy.

24 Theses costs comprise the costs for hydrate formation, for storage, and for regasifi-
cation.

25 The number is an average over the period 2000–2009. The emitted carbon originates
primarily from annual emissions of 33Gt of CO2 with only small contributions from
CH4 and other trace gases (e. g., carbon monoxide, black carbon aerosols, organic
compounds). In 2019, the annual emission of CO2 rose to 38Gt/yr [182].

26 Note that flue gas from oxyfuel combustion is omitted in this discussion.
27 The product of coal gasification or steam reforming is a mixture of H2 and CO, often

termed syngas, and shifted to H2 and CO2 in the water gas shift reaction.
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Flue gas and fuel gas differ considerably in their conditions prior
to the CC processing. While flue gas is emitted post-combustion at
temperatures around 200 ◦C and pressures close to 1 atm, fuel gas
is fed into the combustion chamber at significantly higher pressures
(typical range of 2.5–7.0MPa) and temperatures around 400 ◦C [183].
Post-combustion CC is less efficient than pre-combustion CC due to a
lower CO2 mixing ratio and the lower pressure [186]. However, it can
be retrofitted to any conventional power plant [186]. Pre-combustion
CC, although more efficient, requires an IGCC power plant of which
only a few are in operation or planned.28

Several methods such as physical or chemical absorption, adsorp-
tion and membrane separation, as well as cryogenic processes are
investigated for the capture of CO2 in both pre- and post-combustion
gas streams (see the review of D’Alessandro et al. [189] for a compre-
hensive discussion of promising CC processes and materials). Besides,
in the last two decades, hydrate based carbon capture (HBCC) came
into focus as a viable route for CC [186]. The reasons for this are
manifold: (1) Gas hydrates have a high storage capacity of CO2. Max-
imally 9.67mmol of CO2 can be captured per gram of water [190].
This is significantly higher than the capacity of conventional solvents
such as Selexol, Rectisol, and Purisol (less than 1mmol · g−1 [190]),
higher than the capacity of the most popular adsorbent Zeolite 13X
(7.4mmol · g−1 at 298K and 32 bar [189]) and comparable or better
than the capacity of many metal-organic framework (MOF) adsorbents
(see D’Alessandro et al. [189] for a list of CO2 uptake capacities of
MOFs). (2) HBCC can be operated at comparably moderate pressures
and temperatures [186] making it more energy efficient than many ab-
sorption processes [190] which require more demanding conditions.
For example, Rectisol requires temperatures in the range of 200–248K
and pressures of 3.0–8.0MPa in the absorption step, pure CO2 hy-
drate can be formed at similar pressures and temperatures slightly
above 273K [191]. (3) The regeneration of CO2 is cheap and energy-
efficient since it can simply be done using low temperature waste
heat or heat from the environment [183]. Moreover, regeneration can
be done at elevated pressures (75–80% of the CO2 can be regenerated
at 4.48–4.83MPa [192]), which makes the further processing of CO2

cost efficient by saving one compression step. Furthermore, regenera-
tion can be completely omitted, if the CO2 is further processed in the
hydrated form. (4) Since no other substances except water and minor
amounts of promoters are required, HBCC can be considered the most
environmentally friendly process [190]. (5) The HBCC process can be
executed as batch [193] or as flow process allowing the continuous
operation also on a large scale [84].

28 Only 12 plants are in operation or under construction and only 11 projects are
planned [187, pp. 854-855, 860]. For comparison, according to the global coal plant
tracker [188] the number of conventional operating plants is currently around 6700.
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Figure 14: Simplified scheme of a hydrate based carbon capture process. In-
spired by the SIMTECHE CO2 capture process for IGCC plants [194].

A simplified single-stage HBCC process is illustrated in Fig. 14. The
compressed flue or fuel gas mixture is fed into a hydrate formation
reactor together with liquid water. Since the pressure of the fuel gas
is typically sufficiently high for hydrate formation, a separate preced-
ing compression step is necessary only in the case of flue gas. CO2 hy-
drate has a significantly lower formation pressure than the hydrates
of H2 or N2 [186]. Thus, the hydrate phase formed upon cooling in the
reactor contains mostly CO2 and only traces of other gases [186]. This
means that, after hydrate formation, the hydrate phase has captured
the CO2 which is filtered out of the feed gas. The hydrate as well as
the remaining CO2-poor gas are then sent to a separator which splits
the gas phase from the solid hydrate. While the gas phase is ready to
use as “clean” pre-combustion gas or as flue gas, the hydrate is sent
to the regenerator where it is decomposed into CO2 gas and liquid
water. For improved performance the re-circulation of water and a
refrigeration cycle can be used. The latter utilizes the heat of forma-
tion to provide the enthalpy required for dissociation of the hydrate
in the regenerator with a minimum amount of energy needed for the
compression of the refrigerant.

Despite its advantages, the HBCC process is still at the development
stage. While the hydrate processing and regeneration can be done us-
ing established processes, the biggest challenge regarding an indus-
trial deployment lies within the hydrate formation stage. High rates
of formation, high gas capacity in the hydrate (i. e., optimal filling of
hydrate cavities), as well as a high separation factor (optimally only
the CO2 is hydrated) are desired together with formation conditions
which match the feed gas conditions as well as possible [186].

These goals are pursued primarily using small amounts of chem-
ical additives which are classified into thermodynamic and kinetic
promoters (cf. also subsection 1.5.3). Thermodynamic promoters (e. g.,
THF, cyclopentane, propane, and TBAB) lower the LW −H − V equi-
librium pressure but are also incorporated in the hydrate crystal lat-
tice, thus, reduce the gas capacity [186]. Conversely, kinetic promoters
(e. g., sodium dodecyl sulphate, dodecyltrimethylammonium chloride)
enhance the formation kinetics without affecting the gas capacity



48 an introduction to clathrate hydrates

[186]. In addition to promoters, several mechanical approaches or re-
actor types are used to mainly ensure a large water-gas interface area.
Therefore, besides the stirred reactor which is often used in labora-
tories because of its simplicity, bubble reactors [166, 195] and flow
reactors with porous media [196–198] are being tested. Furthermore,
a combination of methods such as HBCC and membrane separation
[199, 200] or HBCC and seawater desalination [201, 202] can further
improve the efficiency of the overall process. In spite of promising
laboratory studies, field tests and pilot plants are needed to evaluate
the potential of HBCC processes. So far, the only pilot plant making
use of HBCC was built and tested within a joint project of SIMTECHE,
Nexant, and the Los Alamos National Laborotary [203]. The project
results are encouraging: a 90% CO2 recovery could be achieved with
a two-stage promoter process at a lower cost than an absorption pro-
cess with the solvent Selexol. For comparison, costs of 6.4US$ and
6.9US$ per avoided ton of carbon are reported for the SIMTECHE
and the Selexol process, respectively [190, 204]. Still, further research
and development is needed to exploit all the benefits of HBCC pro-
cesses also on a large scale and to make HBCC part of a future CC

solution.

1.5.5 Secondary Applications

In terms of industrial relevance, the fields of flow-assurance, hydrate
exploitation, energy storage and transportation, as well as CCS, are
the most important. Besides, a number of additional industrial appli-
cations demonstrate the manifold possibilities of gas hydrates as a
functional material. Here, I briefly provide a selection of such appli-
cations. For further detailed information I refer to the cited literature.

gas hydrates in cold storage and refrigeration. Gas
hydrates can be used as a refrigerant in refrigeration cycles [205].
Compared to conventional refrigeration cycles, evaporation and con-
densation have to be replaced by hydrate formation and dissociation,
respectively. The fluids can be processed as water and gas mixtures
after hydrate dissociation and as hydrate slurry after hydrate for-
mation. Theoretically, coefficients of performance (COPs; defined as
the ratio of heat removed by work required) in the range of 8–9 are
computed for the system fluoromethane (CH3F), fluorocyclopentane
(C5H9F) and water which is cycled between the temperature levels
287K and approx. 305K [205]. In comparison, COPs for conventional
refrigeration cycles are typically below 5.0 [205]. Another advantage
of clathrate hydrates as a cold storage medium with respect to ice
is that the phase change temperature can be easily shifted by chem-
ical additives or by the choice of pressure [206]. Moreover, the heat
transfer rates that can be achieved are better than those of eutectic
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salts [206]. Besides, because the enthalpy of dissociation is larger for
mixtures of ice and CO2 hydrate than for pure ice (a dissociation en-
thalpy of 507 kJ · kg−1 is reported for the ice/CO2 hydrate mixture,
compared to 333 kJ · kg−1 for pure ice), mixtures of ice and CO2 hy-
drates are proposed as a phase change material in secondary refriger-
ant systems [207].

Further details regarding cold storage applications involving clath-
rate hydrates can be found in the review by Wang et al. [206].

gas hydrates in the food and beverage industry. Sev-
eral different applications for gas hydrates with respect to food pro-
cessing and technology are discussed in the review by Claßen et al.
[208]. In addition to the application of gas hydrates for food related
desalination purposes, hydrates can be potentially used for juice con-
centration due to a comparably small demand of process energy. The
idea is simply to separate water from the juice by incorporating it
into a growing hydrate. After the separation of the hydrate a highly
concentrated juice remains. Alternatively, hydrates are proposed as
a mild remedy for food preservation that mitigates the biological ac-
tivity in food by reducing the mobility of water. When used as a
baking agent, the release of gas from the decomposing hydrate can
be harnessed for the loosening of dough. In addition, edible hydrates
(primarily CO2 hydrates) such as frozen desserts or carbonated ice
confectionery are suggested as they have a bubbling and stimulating
effect on their consumption [208].

Besides, CO2 gas hydrates are being considered as possible sources
of CO2 in the beverage industry. Early patents regarding the use of
carbonated ice (i. e., CO2 clathrate hydrate) for the combined cooling
and carbonation of beverages date back to the 1950s [209]. Although,
to date, no real product is on the market, the beverage industry has
continued their efforts with a recent patent from 2015 [210]. In the
light of the European Union’s ban on single use plastics, which will be
enforced by law in 2021, alternative and concentrated sources of CO2

for beverages will gain significance. Therefore, and given a working
process chain, this and similar laws in other regions of the world
could pave the way for carbonated ice.

gas hydrates for desalination. Clathrate hydrate formation
was proposed as a means for the desalination of seawater more than
70 years ago [211]. The idea is simple and explained in great detail in
the review of Babu et al. [191]. Seawater is brought together with a
hydrate forming gas or a gas mixture at conditions which allow the
formation of hydrates. The formed hydrate comprises only water and
guest gas. The salt is not included in the hydrate crystal lattice. Thus,
after skimming the hydrate from the seawater, desalinated water can
be recovered by simply decomposing the hydrate. The second decom-
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position product is the guest gas, which can be reused for hydrate for-
mation. Hydrate desalination is a freeze desalination process. Since it
can be done at higher temperatures than water freezing (again, this
is possible by the choice of pressure and hydrate forming gas) it is
less energy intensive than water freezing. However, challenges are the
separation of the hydrate from the brine, and the rather slow kinetics
of hydrate formation. Moreover, the energy consumption associated
with the low-temperature conditions has been an obstacle to com-
mercial operation to this day. Though, when the hydrate desalination
facility is coupled with a source of free cold energy, such as a LNG

regasification facility, the process has the potential to become compet-
itive and even best in terms of specific energy consumption (i. e., en-
ergy per unit volume of desalinated water) [191]. Besides, when fuel
gas is used for hydrate formation, the process gains the additional
benefit of carbon capture [201, 202].

fire extinction. An innovative idea is the utilization of clath-
rate hydrates of nonflammable gases (e. g., CO2) for fire extinction
[212]. When fighting fires with gas hydrates, two effects can be used.
(1) A cooling effect caused by the heat of dissociation of gas hydrates
which is typically in the range of 300–500 kJ · kg−1 and thus compara-
ble or larger than the heat of fusion of ice (333 kJ · kg−1). Note that for
both ice and hydrate the heat of vaporization of water (2257 kJ · kg−1
at 100 ◦C [213]) further adds to the cooling effect. The sum of both
latent heats reduces the amount of water vaporized upon delivery
to the fire and thus increases the fraction of fire fighting material
eventually reaching the base of the fire. (2) The second effect is the
displacement of fresh oxygen by the release of the nonflammable gas.
The combination of both effects results in an effective fire fighting
material which mitigates the problem of delivering water to the base
of a fire, particularly in massive wildfires [214].

In summary, gas hydrates are relevant not only as a resource or as
a threat to the climate, but also as an interesting functional material
with many possible applications. Based on hydrate properties such
as gas capacity, heat of formation/dissociation, and stability condi-
tions, many of these applications appear to be promising also from
an economic point of view. However, often commercial use can only
be realized if the material can be formed or dissociated quickly and
in large quantities. At the same time, ways for the efficient storage of
clathrate hydrates at almost-ambient conditions are desired. In order
to fulfill these desires, essential questions regarding the formation
and decomposition of hydrates have to be answered first.
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1.6 challenges in clathrate hydrate research

Most static properties (e. g., thermochemical and physical properties)
of gas hydrates are well investigated and widely understood. This
particularly includes the crystal structures and equilibrium thermo-
dynamics at conditions relevant on Earth and to the gas processing
industry. Regarding the static properties, only a few challenges in ex-
treme and in unusual or complex environments such as at very high
pressures (larger than 100MPa) or in hydrate-sediment mixtures, re-
spectively, remain [215]. The real challenges regarding gas hydrates
are related to the dynamic phenomena of hydrate growth and de-
composition [52, 215]. Hydrate growth and decomposition are influ-
enced by a multitude of processes (e. g., local thermodynamic fluctua-
tions, phase transition kinetics, mass- and heat transfer, macroscopic
defects) spanning a broad range of the spatial and time domain—
from tiny hydrate nuclei involving only a few thousand molecules
to macroscopic bulk hydrate in a laboratory reactor, from picosec-
onds of random localized ordering during nucleation to several hour
long induction times. This makes it very difficult to develop a com-
plete picture of hydrate formation and decomposition based on the
constrained results of experiments and simulations. However, since
formation and decomposition are the key steps in any technological
utilization of gas hydrates as well as in the risk assessment of natu-
ral gas hydrate reservoirs [216], improving the knowledge about the
dynamic phenomena is at the center of contemporary gas hydrate
research and also at the center of the present dissertation.

Here I provide a short overview of the current knowledge about hy-
drate formation (nucleation, growth, and the memory effect) as well
as about hydrate decomposition and self-preservation. Since it is an
integral part of my own work, the phenomenon of self-preservation
is described in more detail. Due to a shortage of literature regarding
the dynamics of sH hydrate [1, p. 113], the discussion is limited to
sI and sII clathrate hydrates. Moreover, only systems comprising gas
and water are considered. For details regarding systems including
additives such as promoters and inhibitors I refer to the review by
Khurana et al. [217].

1.6.1 Hydrate Formation

Clathrate hydrates can form from several different combinations of
water and guest phases by bringing them into contact at hydrate
forming conditions (i. e., sufficiently high pressure or sufficiently low
temperature). For instance, formation can occur from pure ice and va-
por [218], from amorphous solid water and vapor [96, 127–130], from
liquid water and liquid guest [219], from vapor only [4, 6, 220, 221],
as well as from liquid water and vapor [162]. Specifically the forma-
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tion from liquid water and vapor is in the focus of the hydrate for-
mation literature, since the majority of naturally occurring hydrates
form from this combination of phases. Accordingly, the following dis-
cussion is also centered around the formation of hydrate from an
aqueous solution and vapor.

In general, the formation of hydrate from water and guest gas is
an exothermic first-order phase transition. The enthalpy change ∆Hf
associated with the formation of hydrate (i. e., the heat of formation)
is practically independent of the guest-host interaction and primarily
determined by the hydrogen bonds in the crystal structure as well
as by the cavity occupation [1, p. 80]. For example, at the quadruple
point Q1 values for ∆Hf of 52.9 kJ ·mol−1 [77] and 63.6 kJ ·mol−1
[5] are reported for the formation of hydrates of CH4 and CO2 from
an aqueous solution and vapor, respectively.29 In combination with
the reported hydration numbers this relates to 433 kJ · kg−1 (CH4,
n = 5.89) and 390 kJ · kg−1 (CO2, n = 6.6) [5, 77]. For comparison,
the latent heat of fusion of ice is only 333.6 kJ · kg−1 [42]. The for-
mation of hydrates from liquid water and guest gas is similar to the
crystallization of ice. Both processes involve the two important steps
nucleation and crystal growth [217]. The effect of these two steps on
the gas consumption of a hydrate formation reactor containing liquid
water and guest gas is best explained in a gedankenexperiment. Con-
sider the said reactor is brought to hydrate forming conditions (i. e.,
sufficiently low temperature and sufficiently high pressure), where
every uptake of gas in the reactor is compensated by a supply of new
feed gas. Measuring the supply of feed gas as a function of time will
then result in the characteristic curve of Fig. 15(a). After cooling and
pressurizing the reactor to hydrate forming conditions, a comparably
small amount of gas is consumed and dissolved in liquid water until
the dissolution of gas comes to an end because of saturation. This mo-
ment marks the start of a super-saturation period in which hydrate
growth is thermodynamically possible but not yet observed. After
some time, the first hydrate nucleus of critical radius will form and
grow to a size large enough to be experimentally detectable. The pro-
cess of forming a hydrate nucleus of critical size is called nucleation.
The time evolving between the attainment of super saturation and the
first experimental detection of hydrate growth is the induction time
[217]. The end of the induction time also marks the start of a period
of vigorous crystal growth accompanied by a strong increase in gas
consumption. Once a large fraction of water is consumed by the grow-
ing hydrate, the gas consumption slows down due to mass- and heat
transfer limitations. When all water is transformed to hydrate, gas
consumption comes to a full stop and the experiment is terminated.

29 Note that the heat of formation is offset by the enthalpy of fusion or vaporization
of water when the hydrate forms from ice and vapor or water vapor and vapor,
respectively.
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Figure 15: Principles of gas hydrate formation. (a) Gas consumption in a hy-
drate reactor during the formation of gas hydrate at isobaric and
isothermal conditions. (b) Probability density function of hydrate
induction times for high (narrow, orange curve) and low (broad,
black curve) driving force. Figures (a) and (b) are inspired by Khu-
rana et al. [217] and Sloan and Koh [1, p. 139], respectively.

Note that the time axis in Fig. 15(a) is not necessarily to scale and can
be stretched and squeezed in some regions. For instance, induction
times can be as long as millennia in the case of hydrate formation
from air inclusions in ice cores [217, 222], while crystal growth usu-
ally takes place in a much shorter period.

In the following paragraphs, the individual steps of hydrate forma-
tion are considered. The majority of the discussion is based on the
book of Sloan and Koh [1, pp. 113-176] as well as on the reviews of
Khurana [217], Sun and Kang [223], and Yin et al. [224].

1.6.1.1 Hydrate Nucleation

From a thermodynamic point of view, crystallization of hydrate can
only happen if water is supersaturated. In case of an aqueous solu-
tion, supersaturation means that more gas is dissolved in water than
can be normally dissolved at the corresponding conditions. The su-
persaturation region can be divided into a metastable (with respect
to phase change) and a labile zone (see Fig. 16(a) for a visualization of
the zones). The metastable zone starts with the binodal or saturation
curve (e. g., the LW −H− V in Fig. 9) and extends into the hydrate
stability region to the spinodal curve which marks the end of the
metastable and the beginning of the labile zone. At guest concentra-
tions below the saturation curve (i. e., the stable region with respect
to phase change), crystallization of hydrate is impossible. In the meta-
stable zone, for concentrations slightly above the saturation curve, hy-
drate crystallization is improbable, but growth of a hydrate seed crys-
tal or of a nucleus of critical size might occur. An alternative view is
that in the metastable zone the thermodynamic non-equilibrium state
(e. g., the aqueous solution) can persist for very long periods (i. e., the
definition of metastability). In the labile zone, at significantly higher
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Figure 16: Principles of nucleation. (a) Zones of crystallization. Labile, meta-
stable, and stable refers to the stability of the parent phase (e. g.,
the aqueous liquid). (b) Free energy change ∆G as a function of
cluster radius. ∆GV denotes the free energy gain due to phase
transformation, ∆GS the free energy cost related to the formation
of a cluster-environment interface. σ is the surface tension of the
interface and ∆gV the free energy change per unit volume. Repro-
duced and modified from Sloan and Koh [1, pp. 123,126].

concentrations, spontaneous crystallization similar to the precipita-
tion of salt occurs. That is, due to the disappearance of the nucle-
ation barrier at the spinodal curve, in the labile zone every single
fluctuation (e. g., in density) in the liquid leads to the formation and
growth of hydrate. While the binodal curve is well established for a
large number of guest molecules, the spinodal curve is completely
unknown [1, p. 124]. Nevertheless, since in all real world cases the
labile zone can only be reached by crossing the metastable zone, crys-
tallization is almost certainly going to occur in the metastable zone.
Hence, a hydrate nucleus (i. e., the seed crystal for growth) has to be
formed before any crystal growth can occur.

Hydrate nucleation (i. e., the formation of a hydrate nucleus) is the
agglomeration of water and guest molecules into hydrate-like clusters
by local thermodynamic fluctuations [217]. Below a certain critical
size (values in the range of 10–30Å are reported [217]) these clusters
are instable and decompose again. Above the critical size, the clusters
can exist independently for prolonged time and grow to macroscopic
hydrate crystals. A more transient view is that above the critical size
the rate of molecules attaching to the cluster exceeds the rate of de-
taching molecules, which eventually results in cluster growth.

Nucleation is a localized microscopic process involving only a small
number of molecules [1, p. 116]. Moreover, the formation or dissolu-
tion of hydrate-like clusters happens on very short timescales (pico- to
nanoseconds). Therefore, it is extremely difficult to directly examine
nucleation experimentally. In consequence, conceptual pictures and
hypotheses of hydrate nucleation are typically obtained from com-
puter simulations. Besides, due to the similarities between ice and
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hydrate, the knowledge base of ice nucleation can also be helpful in
the modeling of hydrate nucleation [1, p. 117].

An early and easy to grasp conceptual picture of hydrate nucleation
is provided by classical nucleation theory (CNT). CNT was originally
derived for vapor condensation in the 1920s and, because of its sim-
ple analytical form, later applied to the nucleation of supersaturated
solutions and also hydrates [217]. In CNT, a free energy concept is
used to derive a critical cluster radius (cf. Fig. 16). The total Gibbs
free energy change ∆G = ∆GS + ∆GV is modeled as the sum of a
change in surface energy ∆GS and a change in volume energy ∆GV.
The change in volume energy ∆GV (i. e., the free energy change be-
cause of phase transformation) has a negative sign30 and grows with
increasing cluster volume. Conversely, the formation of a cluster sur-
face increases the free energy, but grows with surface area only. While
the surface energy term dominates the total free energy for small clus-
ters, the volume energy term takes over once a critical radius rcrit. is
surpassed. Since dG > 0 for small clusters, further growth is unfa-
vorable but possible because of thermodynamic fluctuations. For a
cluster size exceeding the critical radius, dG < 0, and thus further
growth becomes spontaneous. The critical radius rcrit. and the energy
barrier ∆Gcrit. can be simply derived by setting d

dr(∆G) = 0. How-
ever, substantial errors are reported for the CNT-based estimation of
free energy and critical radius [217, 225]. Moreover, CNT provides no
microscopic pathway of the process of nucleation [217].

Microscopic conceptual mechanisms are mainly inspired by or the
result of computer simulations. The existing models are briefly men-
tioned for completeness. For a comprehensive and detailed discus-
sion of such nucleation pathways I refer to the review of Khurana et
al. [217] and references therein. The Labile Cluster Hypothesis (LCH)
assumes that upon the dissolution of guest molecules, labile clus-
ters (similar to the hydrate cavities) form around the guest molecules.
These clusters agglomerate by sharing faces and once a critical size is
attained, crystal growth begins. The Nucleation at Interface Hypothe-
sis (NIH) is a variation of the LCH in which the formation and agglom-
eration of labile clusters is assumed to take place at a vapor-liquid
interface. In the Local Structuring Mechanism (LSM) a local ordering
of the guest molecules by thermal fluctuations induces a local order-
ing on the host molecules. If the local ordering in a region of critical
size is similar to a hydrate structure, a proper hydrate framework is
formed and growth begins. The Blob Formation Mechanism (BFM) is
a multi-step nucleation process which starts with the formation of a
blob, i. e., a long-lived aggregate of guests separated by water mole-
cules which are not yet locked in polyhedral cavities. In the second
step, the blob transforms into an amorphous clathrate, a structure

30 Since at supersaturation conditions the hydrate is the thermodynamically more sta-
ble phase, ∆GV has to be negative.
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which is similar to the blob in terms of the position of the guest
molecules, however, has most of the water organized in polyhedral
cavities.31 In the last step, ripening of the amorphous clathrate even-
tually yields clathrate hydrate nanocrystals. In addition to the BFM,
a multipathway mechanism in which crystalline and amorphous nu-
clei are formed in parallel is proposed. While there is some evidence
that the LCH is incorrect, the BFM and the multipathway mechanism
are supported by several experimental findings [217]. However, more
conclusive evidence is needed to substantiate theses conjectured nu-
cleation mechanisms [217].

So far, all discussed nucleation models were concerned with homo-
geneous nucleation (HON). HON is the formation of a hydrate nucleus
in the bulk parent phase and solely caused by thermal fluctuations.
Although in real systems nucleation from the bulk parent phase is
possible, heterogeneous nucleation (HEN) is significantly more likely
to occur. In contrast to HON, in HEN the nuclei form in contact with
impurities (e. g., foreign particles) and surfaces. This contact lowers
the interfacial energy term ∆GS and thus reduces the energy barrier
∆Gcrit. as well as the critical radius (see Kashchiev and Firoozabadi
[226] for a discussion of surface effects). Soluble impurities (e. g., salts)
can additionally affect ∆GV by changing the thermodynamics of the
system. Therefore, as HEN occurs more readily than HON, HEN typi-
cally also determines the location of hydrate nucleation as well as the
induction times [217].

1.6.1.2 Induction Time and Location of Nucleation

Since HEN is much more likely than HON, nucleation typically occurs
at an interface. Particularly the LW − V interface is a sweet spot for
hydrate nucleation, because in addition to the reduction of the free
energy barrier, guest concentrations are very high at the interface [1,
p. 130]. Alternatively, nucleation preferentially occurs at liquid-solid
and liquid-liquid interfaces [1, p. 149].

The rates of hydrate nucleation, and thus the induction times are
stochastic. That means, numerous repetitions of a hydrate formation
experiment at identical conditions yield a distribution of different
induction times as illustrated in Fig. 15(b). Moreover, since HEN is in-
fluenced by the reactor design and by contacting surface areas, this
distribution also depends on the apparatus itself—even on the way
how it is cleaned before the experiment [1, p. 149]. Further, the dis-
tribution of induction times can also depend on the type of experi-
ment [1, pp. 140-141]. For instance, hydrates nucleate with less scat-
ter in induction times in experiments in which an aqueous solution
is cooled at a constant rate than in experiments done at constant tem-

31 Note that the amorphous clathrate lacks the crystalline order of the crystalline phase.
That is, the orientations and the positions of the polyhedral cavities are not in accor-
dance with the unit cells depicted in Fig. 8.
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perature. However, regardless of apparatus and type of experiment,
the shape and center of the induction time distribution curve can be
influenced by the degree of supersaturation [1, p. 142], i. e., the driv-
ing force for nucleation. With increasing driving force or supersatura-
tion, the shape of the distribution curve becomes narrower and induc-
tion times shorter. Hence, hydrate nucleation happens more readily,
the scatter in induction times gets smaller and nucleation more pre-
dictable [1, p. 139].

Several different driving forces for nucleation are used in litera-
ture to measure the displacement from equilibrium conditions. For
instance, subcooling (i. e., Teq. − Texp.) was used as a driving force by
Arjmandi et al. [227] and Vysniauskas and Bishnoi [228], a shifted
ratio of fugacities feq./fexp. − 1 by Natarajan et al. [229]. All of these
driving forces can be derived from

∆g = (vL − vH)(Peq. − Pexp.) + RTexp.
∑

xi ln
(
fi,eq./fi,exp.

)
, (3)

which is the most general case of the driving force for nucleation [1,
pp. 143-145]. Here, vL and vH denote the specific volume of the aque-
ous solution and the hydrate, respectively. P and T are pressure and
temperature, and R is the gas constant. xi and fi are the mole frac-
tion and the fugacity of each component i in the gas phase. Subscripts
exp. and eq. refer to the experimental conditions and the conditions
on the binodal curve, respectively. Nevertheless, despite the general-
ity of Eq. 3, it does not include the thermodynamic history of the
system. Yet, the water history can have some surprising influences on
hydrate nucleation.

1.6.1.3 Memory Effect and Water History

Numerous empirical reports [228, 230, 231] about a dependence of
induction times on the thermodynamic history of the water-guest
system point towards a “hidden” (i. e., a macroscopically inaccessi-
ble) parameter in hydrate nucleation. When hydrates are (re-)formed
from an aqueous solution of molten hydrate, nucleation occurs more
readily than when a solution with no prior hydrate history is used.
That is, induction times are statistically significantly shorter when
hydrates are regrown from their own melt. A similar reduction of in-
duction times was also observed in the nucleation of hydrate from
an ice-melt compared to the nucleation of hydrate from previously
unfrozen water [231, 232]. Moreover, the addition of a small amount
of dissociated hydrate can be used to transfer the effect of reduced
induction times to a system without prior hydrate history [233].

However, regardless of the hydrate history, the general consensus
is that the difference in the distribution of induction times disappears
when the melt is heated above a critical temperature (i. e., 28 ◦C [1,
p. 149]) or when the time between melting and second crystallization
is longer than several hours [217].



58 an introduction to clathrate hydrates

The surprising history dependence of induction times has shaped
the idea of a memory effect. Primarily two hypotheses have been de-
veloped in attempts to explain the memory effect [217]. (1) When hy-
drates decompose (or ice melts) only a small amount (roughly 15% [1,
p. 51]) of the hydrogen bonds are actually broken. This, together with
some support from empirical observations, has led to the hypothesis
that after the dissociation of hydrate crystals, residual, hydrate-like
structures remain in the melt for a long time [217]. These residual
structures would then promote hydrate nucleation in a subsequent
formation event. (2) The gas released upon the dissociation of a hy-
drate results in a high concentration of gas in the melt. If diffusion
after melting is slow, this high gas concentration can persist for pro-
longed time yielding a large degree of local supersaturation. How-
ever, the use of gas concentration as the cause for the memory effect
is not transferable to the memory effect observed in case of an ice-
melt [231, 232]. Therefore, and because of only little experimental
support, hypothesis (2) has to be considered with caution [217]. Con-
versely, despite a few contradictory experimental results, evidence for
hypothesis (1) is much stronger [217].

Still, due to the variety of results (including some reports showing
no memory effect at all [234–236]), the intrinsic stochasticity of the
effect, and the apparatus dependence, more work is needed to con-
clusively prove the cause for the memory effect [217]. Moreover, since
both residual hydrate structure or large concentrations of dissolved
guest molecules are also likely to be influential on crystal growth, the
focus must not be set on nucleation alone, but include the hydrate
growth as well.

1.6.1.4 Hydrate Growth

After the induction time, when a hydrate nucleus of critical size has
already formed, spontaneous and fast growth of the nucleus sets in.
During the period of growth, water and guest molecules are trans-
ported to the growing crystal surface where some of them get inte-
grated into the crystal structure ultimately. Although the exact molec-
ular pathway of the growth process is uncertain, a model is conceptu-
alized that involves the steps (i) transport of water and gas (individu-
ally or in the form of a labile cluster) to the crystal surface, (ii) adsorp-
tion at the crystal surface, (iii) diffusion along the crystal surface and
along surface steps, and (iv) immobilization after the adsorption at a
surface kink (see Sloan and Koh [1, pp. 150-151] for a more detailed
description and a visualization of the process). During all these steps,
the adsorbed cluster might reorient itself or partially disintegrate.

The combined time needed for all the individual process steps de-
termines the crystal growth kinetics. In other words, it determines
the maximal rate at which the phase transition to hydrate can occur.
However, the picture uses the hidden assumption that the supply of
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water and gas molecules as well as the transfer of the heat of for-
mation happens infinitely fast. In reality, though, limitations in mass-
and heat transfer can significantly reduce the rates at which hydrate
crystals grow [1, p. 150].

Hence, models of hydrate growth have to consider (1) phase tran-
sition kinetics, (2) mass transport of gas and water to the hydrate
growth site, as well as (3) heat transport from the growth site to the
environment. Yet, the isolation of one of these three factors is difficult
in experiments. Thus, the effects of (1)-(3) are usually investigated by
either choosing experimental conditions in which one of the three fac-
tors is assumed to dominate the growth, or by using a model in which
the factors are integrated in a combined way. For instance, when heat
transfer is neglected (e. g., at a hydrate-aqueous solution interface), a
first approach to model mass transfer combined with phase transition
kinetics is the simple 1D rate equation

dm

dt
= K ·A · (c− ceq.), (4)

inspired by the boundary layer theory [1, pp. 152-155]. Equation 4

relates the mass growth rate dm/dt, the crystal surface area A, and
the driving force for growth c− ceq. (i. e., the concentration difference
between the bulk fluid and the crystal surface32) with a rate constant
K. The rate constant itself can be composed of the diffusion rate con-
stant kd as well as the reaction (or phase transition) rate constant kr
via

1

K
=
1

kd
+
1

kr
. (5)

Therefore, K ≈ kd when the growth is diffusion limited (kr � kd),
and K ≈ kr when the growth is limited by low rates of phase transi-
tion (kd � kr).

An example where heat transfer is assumed to dominate hydrate
growth is the film growth at a water-vapor interface [219, 240–242].
When film thickening is neglected, the growth rate in film growth di-
rectly relates to the propagation velocity of the film front. In an 1D
model, the heat equation together with the condition of a constant
three-phase equilibrium temperature at the film front x can then be
used to derive the propagation velocity v = dx

dt by simply equating
the heat produced by the phase transition (∆hH) with the heat re-
moved from the film front by conduction. In simplified notation this
can be expressed as

v∆hH ρH = −

[
λ
dT

dx

]x+ε

x−ε

, (6)

32 Note that in similar formulations the driving force might be expressed by a differ-
ence in fugacities [237, 238] or by a difference in bulk mole fractions of the trans-
ported components [239].
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where ρH denotes the density of the hydrate, and
[
λdTdx

]x+ε
x−ε

the heat
conducted to the left and the right of the propagating film front [219,
242].

Besides the two simple 1D models from above, many more sophisti-
cated models have been developed in the last 35 years (see the review
of Yin et al. [224] for a list of 27 models). While some of the mod-
els focus solely on reaction kinetics [228], heat transfer [242], or mass
transfer [243], others combine either mass transfer and reaction kinet-
ics [244] or heat transfer and reaction kinetics [245]. All of these mod-
els are usually tailored to a specific hydrate growth scenario such as
for instance the hydrate film growth at a liquid-vapor interface [246],
the hydrate growth from ice powder [47], or the hydrate growth at a
liquid-liquid interface [219]. What most of these models have in com-
mon is the utilization of one or more fit parameters which are em-
pirically determined [224]. As an example, the rate constant of Eq. 4

can be derived from experiments, when the crystal surface area A,
the concentration difference as well as the growth rate are measured.
This might then be used to predict the growth rate in a similar ex-
periment with a slightly different concentration difference and larger
or smaller hydrate crystal surface area (even when the subdivision
of K in kd and kr is not known). While the extraction of such a fit
parameter from experiments can help model the hydrate growth in
the apparatus used for the extraction, the model is typically not easily
transferable to other apparatuses of the same kind. That is primarily
because heat- and mass transfer are never the same in different appa-
ratuses (not even when two apparatus differ only by a scale factor).

Hence, the variety of hydrate-forming gases, the list of popular
thermodynamic and kinetic promoters and inhibitors, the diversity of
possible growth scenarios (e. g., growth at liquid-vapor, liquid-liquid,
or solid-vapor interfaces, growth in porous media, or in flowing flu-
ids), and the many possible reactor designs yield a huge number of
unique systems which are very difficult to describe using a simple
and unified model [224]. Moreover, due to the large space of possible
parameters, the experimental effort to develop such a model is exten-
sive. Besides, such a unified model might become too comprehensive
to be used for the prediction of hydrate growth in laboratories and
in the industry. For the moment it seems more practical to adapt one
of the existing models (cf. the compilation of Yin et al. [224]) with
semi-empirical parameters fitted to the specific case [224].

Nevertheless, one general guideline can be deduced. In most cases,
the intrinsic growth kinetics seems to be less important than heat and
mass transfer [1, pp. 169,176]. Therefore, the contact area between the
growing hydrate crystal and the water and the guest gas phases, as
well as the cooling of the hydrate growth site, are usually more impor-
tant for the hydrate growth than the displacement from equilibrium
conditions. The same guideline also holds for hydrate decomposition.
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1.6.2 Hydrate Decomposition and the Self-Preservation Phenomenon

Hydrate decomposes when it is placed outside its stability region (cf.
the grey shaded region in Fig. 9). This can be done by depressuriz-
ing (P < Peq.) or by superheating (T > Teq.) the hydrate with respect
to equilibrium pressure Peq. and temperature Teq.. Alternatively, Peq.

and Teq. can be shifted by the addition of chemical inhibitors to values
above and below P and T (i. e., the hydrate conditions), respectively.
Besides, the hydrate can be decomposed via the dissolution in an un-
dersaturated liquid environment (e. g., by the exposure to sea water
after a submarine landslide). In the case of dissolution, the hydrate
decomposition product is liquid water and dissolved guest gas. In all
other cases, gas hydrate dissociates into an aqueous solution (water
and dissolved guest gas) and a guest phase (either liquid or gaseous)
at temperatures above 0 ◦C, and into ice and vapor at temperatures
below 0 ◦C.33

Hydrate decomposition or dissociation is an endothermic first or-
der phase transition in which the heat of dissociation ∆Hd has to be
supplied to break the hydrogen bonds of the hydrate lattice and to
overcome the van der Waals forces between the guest and host mol-
ecules [216]. Because enthalpy is a thermodynamic state variable the
heat of dissociation ∆Hd is equal to the negative heat of formation
−∆Hf given the phases involved in both phase transitions are identi-
cal (see subsection 1.6.1 for typical values of ∆Hf).

Because no nucleation step is involved, hydrate decomposition is
considered to be less complicated than hydrate formation [216]. Nev-
ertheless, since decomposition generates both heat and fluid phases,
the dissociation process is a formidable multiphase-multicomponent
problem in which again mass and heat transfer as well as intrinsic ki-
netics are coupled [216]. While for temperatures above 0 ◦C the model-
ing of hydrate dissociation has progressed to powerful software pack-
ages able to simulate the gas production from reservoirs [216], mod-
eling at temperatures below 0 ◦C is more delicate due to the kinetic
anomaly of self-preservation. In the following, the dissociation dy-
namics in absence of hydrate self-preservation is summarized. Subse-
quently, the phenomenon of self-preservation is reviewed. The major-
ity of the discussion regarding the dissociation dynamics is excerpted
from the review of Yin et al. [216]. The discourse on self-preservation
is inspired by the papers of Rehder et al. [170], Veluswamy et al. [161],
the article of Istomin et al. [248], and the review of Wen et al. [249].

33 Note that a metastable intermediate liquid water phase can also occur at temper-
atures below 0 ◦C [247]. Moreover, an intermediate cubic ice phase has also been
reported [73]. Also note that the decomposition into a solid guest phase is theoreti-
cally possible but omitted here because of practical irrelevance.
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1.6.2.1 Dissociation Dynamics

Similar to hydrate formation, due to the requirement of fine spa-
tial and time resolution, the molecular processes involved in hydrate
decomposition are extremely challenging to investigate experimen-
tally. Therefore, the molecular picture of hydrate dissociation is ei-
ther based on theoretical considerations or molecular dynamics (MD)
simulations.

the microscopic perspective . An early model, initially pro-
posed by Kim et al. [250], assumes the decomposition of a hydrate
particle to occur in two quasi-chemical reactions taking place only
at the solid-fluid interface [251]. The first step is the break-up of the
hydrate host lattice. This causes the guest molecules in the broken cav-
ities to desorb from the surface, which is the second step of the loop.
This picture is supported by an MD study [252], which further notes
that the diffusion of the host molecules is responsible for the fracture
of the hydrate cavities. By contrast, Windmeier and Oellrich [251]
have proposed the above sequence in reversed order and derived an
order of magnitude estimate on the maximum rates of gas hydrate de-
composition by merely theoretical considerations [253]. In their view,
the removal of guest molecules comes first and causes the collapse of
the emptied hydrate cavities at the solid-fluid interface. According to
the authors, this sequence leads to a local and layer-wise decomposi-
tion of hydrate cavities. This agrees well with the simulation results
of Alavi et al. [254] and Bagherzadeh et al. [255], who reported a se-
ries of decomposition events characterized by an almost simultaneous
decomposition of rows of hydrate cavities. In their simulations, this
row-wise decomposition leads to high local concentrations of guest
gas molecules which eventually aggregate into nano-bubbles in the
liquid water near the decomposing surface. Further, a MD study of
Sarupria and Debenedetti [256] has shown that the rate at which hy-
drates dissociate depends more on the fractional occupancy of the
individual hydrate cavity types than on the overall hydration num-
ber. Besides, the rate of dissociation of a single hydrate cavity is also
affected by the occupancy of its neighboring cavities.

In addition to the microscopic sequence of decomposition, some
MD studies also show the importance of mass and heat transport even
on a microscopic scale. For instance, diffusion of methane into the liq-
uid phase was found to be limiting the dissolution rate of hydrate
nanocrystals in liquid water [257]. Several simulations [258–260] con-
firm the formation of guest gas nano-bubbles upon hydrate decompo-
sition in liquid water. Yagasaki et al. [259] highlight the effect of bub-
ble formation on the guest gas concentration in liquid water, which
itself has a controlling influence on the dissolution rate of the hy-
drate. They conclude that the controlled suppression or enhancement
of bubble formation might be useful for the treatment of gas hydrate



1.6 challenges in clathrate hydrate research 63

in industry. Moreover, as Alavi et al. noted [254], the migration of
such nano-bubbles away from the solid-liquid interface may not fol-
low Fick’s law of diffusion. Thus, this way of guest gas transport has
to be clearly distinguished from the model of Kim et al. [250], who
assumed that the hydrate particle is completely embedded in a bub-
ble of gas generated by decomposition. With regard to the previous
section it is worth to mention that nano-bubbles can act as nucleation
sites for hydrate growth. It is thus speculated that the reduced induc-
tion times observed in the regrowth of hydrate from their own melt
(i. e., the memory effect) are related to the formation of nano-bubbles
upon hydrate decomposition [260]. In addition to observations re-
garding the mass transfer on a microscopic scale, Alavi et al. [254]
report large temperature gradients between the hydrate and solution
phase, which can cause substantial heat transfer effects not described
in detail.

In general, since MD simulations are typically done at extremely
high driving forces to limit the simulation time and effort, MD re-
sults have to be regarded with caution unless experimentally vali-
dated [216]. While the existence of nano-bubbles can be inferred from
much larger gas bubbles (visible to the naked eye) in a solution after
methane hydrate decomposition [83], it is much more difficult to find
evidence for any of the two-stage decay mechanisms. Nevertheless,
theoretical models and MD simulations provide the foundation of any
macroscopic model of hydrate dissociation. Furthermore, they help to
select model assumptions which are appropriate and consistent with
nature. For instance, according to the results of Bagherzadeh et al.
[255], the assumption of an isothermal hydrate and liquid phase con-
dition is as problematic as the extraction of an “activation energy”
from temperature dependent rate constants. The authors suggest to
rather set the temperature of the decomposing surface to the hydrate
phase boundary temperature at the system pressure and to model
the neighboring phase temperatures according to the resulting heat
transfer. Moreover, the authors generally question the physical mean-
ingfulness of any macroscopically derived intrinsic kinetic parameter.
Regardless the physical justification, some macroscopically derived
semi-empirical models prove to be very powerful in predicting the
dissociation rates of hydrates [216].

the macroscopic perspective . In their review, Yin et al. [216]
present 14 independent models of hydrate dissociation developed
since the 1980s. The authors classify the models according to the solu-
tion method (analytical, numerical, and theoretical) as well as accord-
ing to the dissociation mechanisms considered.

Concerning the method, each one has its own benefits. Regardless
of the complexity, all of the 14 models rely on assumptions on the
physical processes and corresponding boundary conditions which are
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eventually packed in sets of ordinary and partial differential equa-
tions. When these equations are sufficiently simple, or made suffi-
ciently simple by, e. g., linearization, closed form solutions (i.e., ana-
lyitcal solutions) can be found (see for instance the models of Kim et
al. [250], Selim and Sloan [261, 262] and Makogon [263]). Although
with this type of solution the influence of different parameters can
be easily extracted or compared with experiments, it is restricted to
simple systems. More complex systems are solved numerically, using
discretized versions of the model equations together with the ever in-
creasing power of modern computers (e. g., the models of Jamaluddin
[264] and more recently Gamwo and Liu [265]). The downside of nu-
merical solutions, however, is that the influence of different parame-
ters is no longer immediately apparent from the solution. Theoretical
solutions are derived using merely heat and mass transfer as well as
thermodynamic and kinetic theory without any semi-empirical cor-
relation. Only the model of Windmeier et al. [251] fits this defini-
tion. Since it allows the verification of microscopic processes as well
as the derivation of order of magnitude rate constants [253] Wind-
meier’s theoretical model constitutes a bridge between microscopic
and macroscopic models of hydrate dissociation [216].

Concerning dissociation mechanisms, intrinsic decomposition ki-
netics as well as heat and mass transfer in pure hydrate systems but
also in porous media are considered. At an early stage, hydrate de-
composition kinetics is presumably primarily controlled by the in-
trinsic decomposition kinetics [266] which depends on an intrinsic
rate constant as well as on temperature, pressure, and interfacial
area [250]. At a later point in time, however, the intrinsic decom-
position kinetics is coupled with heat and mass transfer, since heat
and the decomposition products water and gas are generated during
dissociation. Therefore, all mechanisms are equally important and
have to be included in the modeling of hydrate decomposition [216].
Still, in some reports specific rate limiting factors have been iden-
tified or are used for the development of dissociation models. For
instance, Kim et al. [250] assume intrinsic kinetics to be the dominat-
ing factor of hydrate dissociation in a semi-batch stirred-tank reactor
with a water-hydrate particle system. The authors argue that due to
the large-capacity constant temperature bath and due to the stirring,
mass and heat transfer effects can be neglected. This simplification
allows identification of the intrinsic kinetics with the overall decom-
position kinetics and has led to the early Kim-Bishnoi model [250] of
hydrate dissociation, which constitutes the foundation of almost all
kinetic models of hydrate dissociation and is still used in reservoir
simulators as well as computational fluid dynamics (CFD) software
[216].

The Selim-Sloan model [262] describes hydrate dissociation by ther-
mal stimulation as a simplified one-dimensional moving-boundary
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ablation problem. Heat transfer is assumed as the rate limiting factor
and mass transfer is completely neglected. All water and gas are as-
sumed to be immediately and completely removed from the surface
which is fixed at the three-phase equilibrium temperature during dis-
sociation.34 Despite the simplifications, the model was used to predict
experimental results within 10% accuracy [267]. In addition, based on
extensive experimental and modeling work at the Colorado School of
Mines, Sloan and Koh [1, p. 178] have concluded that heat transfer is
the rate limiting factor for hydrate dissociation in many scenarios. Un-
derstanding heat transfer then enables prediction of the dissociation
times of hydrates with high accuracy and without any adjustable pa-
rameter. Similarly, heat transfer has been repeatedly reported to play
the dominant role in hydrate dissociation in porous media [268–270].

Conversely, mass transfer can be rate limiting in porous media if
either the permeability is small or the flow-path is long [216, 266].
Also, since the heat flux is high due to convection in liquid water
at seafloor conditions, hydrate decomposition can be limited by the
water solubility of the guest gas, if not transported away fast enough
[271].

Additionally, it has to be stressed that the identification of rate lim-
iting factors for a specific system is not necessarily valid for all condi-
tions. For instance, results obtained with the Jamaluddin-Bishnoi model
[264], which is the first model to couple intrinsic kinetics (based
on the Kim-Bishnoi model) and heat transfer (based on Selim-Sloan
model), show that a transition between a heat transfer controlled
regime to a regime where both intrinsic kinetics and heat transfer are
equally important, is possible by merely changing the system pres-
sure. Therefore, despite reports of rate limiting dissociation mecha-
nisms in certain systems, other mechanisms must not be neglected a
priori to the modeling of hydrate dissociation.

summary. Numerous models of hydrate dissociation have been
developed in the last 35 years (see again Yin et al. for a comprehen-
sive discussion [216]) and have proven to be sufficiently accurate in
predicting hydrate dissociation in specific situations and apparatuses
[216]. Today, pipeline flow assurance and hydrate reservoir exploita-
tion demand dissociation models which are able to take into account
all different dissociation triggers (thermal stimulation, depressuriza-
tion, chemical inhibition) as well as the complexity of different en-
vironments (e. g., porous media in sediments or flowing media in
pipelines). This need requires models which couple all three dissoci-
ation mechanisms with multi-phase flow, a modeling task, which is
typically solved numerically using a number of matured computer
codes (see Yin et al. [216] for a discussion of reservoir simulation

34 Note that based on the MD simulations of Bagherzadeh et al. [255] this temperature
boundary condition is considered to be physically most meaningful.
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tools). Yet, all these tools are only as good as the underlying physi-
cal model including the assumptions and simplifications used for its
derivation. Especially since the microscopic picture of hydrate disso-
ciation has not been fully established yet, several questions regarding
the correspondence between model and reality still have to be clari-
fied.

When hydrate decomposition takes place at positive Celsius tem-
peratures, these questions regard the transferability of models de-
veloped in simple systems (e. g., stirred reactors) to systems such
as porous media. For instance, it remains questionable whether the
intrinsic hydrate kinetics model of Kim et al. [250] is applicable to
porous media [216]. In addition, the use of effective media models
(e. g., Darcy’s Law) could possibly represent too great a simplifica-
tion of flow behavior in porous media and thus falsify the effect of
the dissociation mechanism mass transfer [216]. Besides, a thorough
explanation of hydrate dissociation kinetics including the transport
of heat and mass on a microscopic scale has yet to be established and
bridged to heat and mass transport on the macroscopic scale [216].

When hydrate decomposition occurs at negative Celsius tempera-
tures, the most outstanding challenge with respect to hydrate dissoci-
ation is to explain the kinetic anomaly of self-preservation.

1.6.2.2 Self-Preservation

Gas hydrates of some guests have been found to exhibit extremely
low dissociation rates outside their stability region in a temperature
interval below the melting point of ice, although at lower and higher
temperatures the dissociation rates are significantly larger. In the west-
ern literature, this was first observed in calorimetric studies with nat-
ural and synthetic CH4 hydrate performed by Davidson et al. [272]
in 1986. The authors report a drop in both dissociation rates and heat
absorption in the temperature interval 240–273K and explain their ob-
servation with a gas-impermeable coating of ice arising upon incipi-
ent hydrate decomposition. In the same year, Handa et al. [273] made
similar observations for Kr hydrate in the temperature interval 220–
273K. Likewise they argue that an ice layer is generated upon initial
decomposition at the surface of the hydrate. This layer prevents fur-
ther dissociation until the ice begins to melt. In the eastern world, re-
tarded decomposition of gas hydrates was reported even before 1986,
however, it was not attributed to an impermeable coating of ice [248].
Eventually, in 1992, Yakushev and Istomin [274] coined the term self-
preservation, reflecting the idea that gas hydrates protect themselves
from further dissociation by sacrificing part of their outer shell to
form an ice coating impermeable for the guest gas. In a comprehen-
sive series of decomposition experiments, Stern et al. [275] measured
dissociation rates of methane hydrate in temperature ramping and
rapid depressurization experiments. While the authors did not ob-
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Figure 17: Self-preservation dissociation dynamics. (a) Gas release rates of
dissociating bulk methane hydrate after rapid depressurization to
1 atm at temperature inside (solid orange line) and outside (solid
black line) the regime of self-preservation. (b) Rates of dissocia-
tion (solid black line) of bulk methane hydrate after rapid depres-
surization to 1 atm as a function of dissociation temperature. The
grey region marks temperatures of methane hydrate stability at
1 atm. The orange region is the self-preservation regime, i. e., the
temperature interval in which dissociation rates are significantly
reduced with respect to the rates extrapolated (dashed black line)
from rates at lower temperatures (solid black line). Note the two
minima in the dissociation rates at 251K and 268K. Reproduced
and adapted from Stern et al. [275].

serve the effect of self-preservation in their temperature ramping ex-
periments,35 a marked decrease in dissociation rates was observed in
the rapid depressurization experiments between 242K and 271K (cf.
Fig. 17(a)). In addition, the authors have revealed two distinct min-
ima in the dissociation rates at 251K and 268K (see Fig. 17(b) for a
reproduction of the plot). However, Stern et al. [275] express skepti-
cism about the theory that the shielding effect of an ice layer formed
during dissociation constitutes the principle mechanism of preservat-
ion. This skepticism might be the reason why Stern et al. [275] have
termed the mechanism behind their observations “anomalous pre-
servation” instead of “self-preservation”. Although both terms are
common and often used interchangeably, I will stick to the term “self-
preservation” here.

Today it seems established that the decomposition product ice plays
a crucial role in hydrate decomposition at subzero (Celsius) tempera-
tures and particularly in hydrate self-preservation. However, a full un-
derstanding of the mechanisms of self-preservation has not yet been
achieved [170]. Still, since its discovery, the effect of self-preservation
has been reported and reproduced in numerous studies [276–282].

35 The absence of self-preservation in temperature ramping experiments is presumably
due to an unsuitable ramp profile. Roughly 98% of their sample had decomposed
well before reaching 220K, which is 20K below the onset of self-preservation accord-
ing to Davidson et al. [272].
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The difficulty is to develop a hypothesis for self-preservation which
encompasses all observations and influencing factors.

observations and influencing factors . Since the effect of
self-preservation is only found in some gas hydrates, the phenomenon
depends on the type of guest molecule. Takeya and Ripmeester [283]
have analyzed the dissociation behavior of hydrates of 14 different
guest molecules (e. g., H2S, Xe, C3H8, CO2, Kr, Ar). In total, 8 of these
hydrates show self-preservation phenomena. Since, with the excep-
tion of CH3F hydrate, self-preserved hydrates feature higher equi-
librium pressures at 273K than the non-preserved hydrates, the au-
thors conclude that the interaction of guest molecules with H2O mol-
ecules in general, and with H2O molecules in ice in particular, plays
a crucial role in the phenomenon, i. e., a weak interaction promotes
self-preservation. Moreover, the authors suggest that the interaction
of C2H6 with the H2O molecules in ice can also be used to explain
an earlier observation by Stern et al. [276], who show that mixed
CH4 + C2H6 hydrates exhibit no effect of self-preservation although
CH4 hydrate does and even though the equilibrium pressure of the
mixed hydrate is significantly lower than that of pure CH4 hydrate.

Although a majority of studies focus on self-preservation in the sI
hydrates of CH4 [280, 282, 284–286] and CO2 [131, 278, 287, 288], the
effect is not restricted to sI hydrates. For instance, self-preservation
has also been reported for the sII hydrates of O2, N2, Ar, and Kr
[283] as well as for natural gas (90% CH4, 6% C2H6, and 4% C2H6)
[173]. Zhang and Rogers [173] even make the case that the sII hy-
drate of natural gas can exhibit an extraordinarily strong degree of
self-preservation, which they termed “ultra-stability”.36 Ultra-stable
hydrates can be maintained at 270K and 1 atm for more than 10

days with only 0.04% of the original gas content released. Zhang and
Rogers [173] attribute ultra-stability to a minimal amount of fractures
and voids which they achieve with the surfactant sodium dodecyl
sulphate. This renders the hydrate to be highly pressure resistant.

Self-preservation is typically observed when the hydrate is exposed
to its own guest gas at sub-stability pressures. Takeya et al. [288] have
investigated the effect of different gaseous environments (CO2, N2,
Xe, and N2 +CO2 mixtures at atmospheric pressures and less) on the
self-preservation of CO2 hydrates. While effects of self-preservation
were observed for CO2, N2 and N2 + CO2 mixtures, small mixing ra-
tios of Xe hinder self-preservation. The authors speculate this to be
the result of a sequence of formation and decomposition of Xe hy-
drate at the surface of the CO2 hydrate which in turn disturbs the
formation of a gas tight ice layer. Similarly, Stoporev et al. [279, 285]

36 Note that the guest gas mixture of Zhang and Rogers [173] differs from that of Stern
et al. [276] by only a small amount of C3H8. While the mixture of Stern et al. yields
hydrates exhibiting no effect of self-preservation, the hydrate of Zhang and Rogers
is ultra-stable.
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report self-preservation of methane hydrate particles in suspensions
to be dependent on the suspension fluid. While the methane hydrate
is self-preserved at −20 ◦C in suspensions of crude oil, no effect of
self-preservation is observed in suspensions of toluene and decane.
They conclude that the effect of self-preservation can be influenced by
the choice of particle-adsorbing medium. Moreover, Sato et al. [284]
show that the decomposition behavior of methane hydrate is greatly
affected by the presence of electrolyte crystals (e. g., NaCl, KCl). The
decomposition rates are significantly suppressed below the eutectic
temperature of the electrolyte-water system but increase quickly at
higher temperatures. The authors explain their observation by a mo-
bile water phase encouraging the formation of an ice shield at sub-
eutectic temperatures. At super-eutectic temperatures, the stable liq-
uid water phase is assumed to weaken the ice layer.

Typically, self-preservation is investigated at atmospheric pressure
and observed in the temperature interval between approximately 240K
and the melting point of ice (cf. Fig. 17(b)). In a comprehensive study
on CO2 hydrates, Falenty et al. [278] confirm the 240–273K window
for self-preservation over a broad range of pressures but also re-
port the effect of self-preservation at temperatures between 200K

and 240K, however, for a higher and rather narrow pressure range.
Circone et al. [289] have determined the effect of elevated pressures
(1MPa and 2MPa vs. 0.1MPa) on the dissociation rates of methane
hydrates subsequent to rapid depressurization at 250–288K. In all
experiments, dissociation rates decrease with increasing pressure.37

Moreover, samples depressurized to 1MPa exhibit the same anoma-
lous preservation behavior as previously reported for samples de-
pressurized to 0.1MPa [275] (cf. Fig. 17(b)), however, at even lower
dissociation rates. Decreasing dissociation rates with increasing pres-
sure after depressurization have also been reported for self-preserved
methane hydrates by Giavarini and Maccioni [290] at 269–272K and
0.1–0.3MPa.

Besides, they show that dissociation rates are greatly affected by
the sample’s gas concentration. The larger the ice fraction of the sam-
ple, the lower the dissociation rate and thus the larger the degree
of self-preservation observed. This is in accordance with discoveries
of researchers in the late 1980s (summarized by Istomin et al. [248])
who found that the stability of self-preserved methane hydrate sam-
ples at 0.1MPa and in the range of 255–271K strongly depends on
their structure [248]. Hydrate samples which are embedded in an
ice matrix are most stable, followed by non-porous monolithic sam-
ples. Conversely, massive porous samples and acicular and filamen-
tary samples dissociate comparably quickly.

Similarly, as evidenced by several studies [172, 278, 291], at identi-
cal conditions large hydrate particles with low residual porosity show

37 Note that this is expected because of the lower driving force for dissociation.
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a higher degree of self-preservation (expressed as relative amount of
hydrate preserved at the end of experiments) than fine particles with
large porosity [170]. This is simply explained using the assumption of
a uniform ice layer covering the particle surface. Since the thickness
of such an ice layer is independent of the particle size, the relative
amount of preserved hydrate (i. e., the remaining hydrate under the
ice layer) increases with decreasing surface to volume ratio [170, 172,
291]. However, according to the results of Takeya et al. [291] a mini-
mal particle size exceeding 250µm is necessary for the formation of
a protective ice layer. This is in agreement with an ice layer thick-
ness in the range 100–400µm which was reported by Mimachi et al.
[172] for self-preserved hydrate particles with size between 0.5mm
and 30mm. In oil suspensions, however, the particle size restriction
for self-preservation seems to be less stringent. In a recent report by
Stoporev et al. [292], methane hydrate particles smaller than 42µm
were clearly self-preserved in oil suspension. Moreover, in the work
of Stern et al. [275] an ice layer thickness of only 4µm is calculated,
but questioned as being responsible for self-preservation.

ice shielding hypothesis . The original suggestion of David-
son et al. [272] that a layer of ice forming at the surface of the decom-
posing hydrate protects the hydrate from further decomposition has
become very popular and is often referred to as the “ice-shielding”
hypothesis [277, 278]. Primarily because self-preservation is exclu-
sively reported at subzero (Celsius) temperatures, the decomposition
product ice is generally accepted as the most plausible cause of self-
preservation [89, 161, 170, 280]. However, a more sophisticated theory
is needed to explain the variety of features described in the last para-
graphs.

One hypothesis is based on the discovery of Kuhs et al. [73] that the
onset temperature of self-preservation coincides with the annealing of
stacking faults which are detected in the ice formed upon decomposi-
tion. The authors argue that the stacking faulty ice presents no appre-
ciable diffusion barrier to the guest gas, while the annealed ice does.
Later, Takeya and Ripmeester [293] link the morphologies of the ice
forming upon decomposition to the chemical nature of the vapor dur-
ing growth as well as to pressure and temperature and also tempera-
ture program. For instance, the authors suggest that plate-like ice Ih
crystals are more effective diffusion barriers than ice crystals of other
morphologies [293]. Falenty and Kuhs [278] finally employ a complex
interplay of ice microstructure (formed upon decompositon) and its
annealing with time to explain the richness of self-preservation phe-
nomena. The idea is illustrated in simplified form in Fig. 18.

Another hypothesis concerns the formation of the ice layer from a
metastable (supercooled) phase of liquid water which can exist at
0.1MPa in the temperature range 233–273K [294, 295]. In several
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Figure 18: Two step mechanism of hydrate self-preservation. (a) After desta-
bilization, a short period of heavy gas release sets in. (b) Shortly
after, a layer of ice with a microstructure depending on the type of
guest gas, temperature, and pressure forms at the hydrate surface.
Depending on the microstructure of the ice, this layer reduces the
release of gas until it anneals to (c) a gas tight diffusion barrier.
Inspired by Falenty and Kuhs [278].

studies, Melnikov et al. [247, 287, 296] demonstrate the formation
of supercooled liquid water on droplets of decomposing hydrates at
253–273K. They argue that in a metastable region bounded by the
I−H−V and the LW −H−V curve extended to temperatures below
273K (see Istomin et al. [297] for a discussion of gas hydrate metasta-
bility), the hydrate-ice (solid-solid) transformation is unlikely to occur
because of a high energy barrier. Instead, a thin film of metastable liq-
uid water can form which, upon freezing, generates a uniform and
gas-impermeable layer of ice. Conversely, in regions where the inter-
mediate metastable liquid water phase cannot exist, the water pro-
duced during hydrate decomposition immediately crystallizes to ice,
or alternatively, the hydrate directly transforms to ice (and gas) [247].

Additional models and hypotheses have been published, however,
have not received much attention. For instance, MD simulations of
Bai et al. [298] suggest the coupling of mass and heat transfer resis-
tances as the origin of self-preservation. In another MD simulation,
Subbotin et al. [299] observe a non-monotonic temperature depen-
dence of the hydrate/ice surface tension, which, according to the au-
thors, might point towards the involvement of a solid-solid interfa-
cial phenomenon in self-preservation. In a merely theoretical consid-
eration, Vlasov [300] could model dissociation rates of self-preserved
methane hydrates by assuming only diffusion of gas across a growing
layer of ice.

criticism to ice shielding . Despite the popularity of the ice
shielding hypothesis, a few arguments questioning the effect of an ice
layer as the primary mechanism for self-preservation can be found in
the literature [275, 276, 301]. For instance, Stern et al. [275, 301] find
it hard to conceptualize how a layer of ice with only a few microme-
ter thickness can sustain a pressure of up to 2.5MPa at temperatures
267–270K in the premelting zone of ice. Moreover, hydrates which
are not anomalously preserved are also reported to contain small
amounts of residual gas (less than 3% of the total amount), which,
however, is ultimately released in the premelting zone. This is used



72 an introduction to clathrate hydrates

as an argument that in the premelting zone the strength of ice be-
comes insufficient to stabilize the hydrate even in case of very thick
ice layers (which were assumed for the non-preserved hydrate). Thus,
the authors conclude that a mechanical sealing effect is unlikely to
be the primary cause for self-preservation. The authors could, how-
ever, imagine that the low solubility of methane in ice is sufficient to
maintain a high fugacity of methane in a boundary layer between ice
and hydrate, provided that no free gas is present in this layer. A sim-
ilar argument is also used by Kuhs et al. [73] who propose that the
hydrate stability is controlled by the chemical activity of guest gas at
the hydrate/ice interface rather than by pressure. Using this explana-
tion, only a tiny amount of a continuous ice coating can be enough
to shield the unstable hydrate from decomposition [170]. However,
evidence for this speculation has not yet been reported.

Another observation difficult to explain using the ice shielding hy-
pothesis is the anomalous and complex temperature dependence of
self-preservation in methane hydrate (cf. Fig. 17(b)) [275, 276, 289]. It
is further unclear, why the marked dissociation curve of Fig. 17(b) is
predominantly observed in rapid depressurization experiments with
methane hydrate but absent or not as pronounced for self-preserved
hydrates of other guests [170]. Moreover, one of the biggest remaining
concerns regarding the ice shielding hypothesis is that of both sI and
sII hydrates only a few exhibit self-preservation while others show no
or very limited self-preservation [170, 276, 283]. Although, a complex
interplay between ice microstructure and ice annealing was proposed
for an explanation [278], such an interplay is not well examined and
further proof is required.

In addition, an often overlooked irreversible character of self-pre-
servation is equally difficult to align with the ice-shielding theory:
Stern et al. [275] report that self-preserved hydrate remains in this
state upon cooling from 270K to 190K (which is outside the self-
preservation temperature region), however, loses the self-preservation
upon rewarming. Conversely, in another study Stern et al. [276] re-
port that dissociation rates of self-preserved hydrate samples are re-
versibly restored when samples are cycled within the self-preservation
region. Since in their scanning electron microscopy (SEM) images no
evidence for an ice shield could be found, the authors conclude that
the mechanism of self-preservation appears to be related to changes
in texture or morphology within the hydrate itself, but not to the
development of an ice-shield.

conclusion and relevance . Overall, though the understand-
ing of the self-preservation phenomenon has increased since its dis-
covery, the exact mechanisms behind it are not yet established [161,
170]. Besides a fundamental interest in the phenomenon, there is also
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a significant interest with respect to the practical applications of hy-
drate self-preservation.

In absence of thermodynamic promoters, or when the use of mixed
hydrates with sub-atmospheric stability pressures are not an option
(i. e., route (2) in subsection 1.5.3), storage and transportation of gas
in hydrates must rely on self-preservation in order to become eco-
nomically feasible [89, 161, 170, 206, 249]. Although the utilization of
promoters or mixed hydrates can avoid losses of gas during storage,
the utilization of self-preserved hydrates might result in lower oper-
ating costs when losses are acceptably low. For instance, in a long-
term storage experiment, Mimachi et al. [168] have demonstrated
that more than 70% of natural gas hydrate remains after 3 months
of storage at 253K and 1 atm. Due to the window of pronounced
self-preservation observed at super-atmospheric pressures [278], Reh-
der et al. [170] propose the storage of hydrates at elevated pressures,
though this requires pressurized vessels. Besides, a potential pathway
for hydrate storage might be a carefully designed multi-step depres-
surization program which yields hydrates with an extra high degree
of self-preservation (i. e., extra low rates of dissociation) [170].

On the downside, self-preservation can potentially hinder the ther-
mal stimulation or depressurization recovery of naturally occurring
hydrates from permafrost and from subsea sediments [89]. Although
the phenomenon is exclusively observed at subzero (Celsius) temper-
atures, it might also effect hydrate reservoirs at positive temperatures,
since the decomposition front temperature may drop below 0 ◦C due
to the endothermic nature [216]. Moreover, self-preservation can com-
plicate the removal of hydrate plugs in natural gas pipelines [216].

In summary, despite the large body of work already published on
self-preservation and despite the opinion that a sound and well un-
derstood physical basis of the process has been established already
[170], many details of the process remain unclear [170]. Therefore,
with regard to the potential applications and in light of open ques-
tions concerning the ice-shielding hypothesis, further research effort
is needed to (1) understand and clarify the mechanisms behind self-
preservation as well as to (2) optimize the effect for its utilization in
gas hydrate related technologies.

1.7 research objectives

As highlighted in the previous section, many of the remaining un-
knowns in gas hydrate research concern the dynamics of their for-
mation and decomposition. As most of the potential applications of
gas hydrates require enhanced kinetics of formation and dissociation
[217], a fundamental understanding of kinetics and the mechanisms
behind it is essential [216].
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Regarding hydrate dissociation, finding a meaningful relation be-
tween dissociation kinetics and thermodynamic state variables is chal-
lenging not only because of the phenomenon of self-preservation but
also because mass and heat transfer effects superimpose intrinsic dis-
sociation kinetics [216]. Particularly, since pores and macroscopic de-
fects like tubes and cracks have been reported in numerous samples
of both synthetic and natural occurring hydrate [168, 169, 302–308],
the effects of mass and heat transfer are hard to evaluate in real-
world systems. It is assumed that the structure of the hydrate on
micro-, meso-, and the macroscopic scale constitutes an important
factor in the phenomenon of self-preservation [73, 248, 278]. How-
ever, although macroscopic defects can significantly alter the overall
surface of the decomposing hydrate or might even act as nucleation
sites for decomposition [168, 169, 307], they are often disregarded in
discussions of hydrate dissociation. Moreover, to my knowledge, no
serious attempts have been made yet to study the influence of pores
and macroscopic defects on the dissociation dynamics of hydrates.

Concerning hydrate formation, the difficulty in developing a com-
prehensive and reliable model lies mainly in the complex coupling
of the stochastic nucleation process with hydrate growth, which itself
again depends on intrinsic kinetics as well as heat and mass trans-
fer (cf. subsection 1.6.1). This difficulty in modeling, however, is also
related to the most popular pathways for hydrate formation used in
experiments, namely, the formation from supersaturated aqueous so-
lutions [162, 171, 309] or the formation from hexagonal ice [131, 218,
275, 310]. In both cases, a hydrate layer forms at either the I− V or
the LW − V interface after a period of nucleation and severely affects
the transport of gas and water to the hydrate growth site as well as
the removal of heat [1, pp. 160-165]. While this is not per se problem-
atic for hydrate growth experiments, it still complicates the model-
ing by making the extraction of intrinsic growth kinetics as difficult
as the provision of controlled temperature conditions at the growth
site. Conversely, this difficulty might be circumvented by gas phase
deposition techniques in which both water vapor and guest gas are
deposited on a cooled substrate from the same side either sequen-
tially or as a mixture. Since this results in the elimination of mass
and heat transfer limitations by design (given sufficiently high rates
of heat transfer at the deposition site), deposition techniques seem to
be promising for the study of hydrate growth kinetics. However, the
majority of deposition techniques employs vacuum conditions and
often involves an intermediate phase of amorphous solid water (ASW)
[96, 127–130, 221]. In fact, to my knowledge, only Cady [4, 6, 220]
utilized vapor deposition for the synthesis of gas hydrates at super-
atmospheric pressures, though, focused on the determination of hy-
drate composition only and was restricted to rather low pressures.
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To summarize, as the kinetics of hydrate formation and dissocia-
tion are not completely understood, there is a critical need for novel
experimental work on multiple pathways and length and time scales
[216]. This particularly includes the determination of influences on
the micron scale as well as the alleviation of the problem of superim-
posing mechanisms in laboratory experiments.

Therefore, this thesis aims at (1) developing a better understanding
of the influences of macroscopic defects on gas hydrate decomposi-
tion, and (2) expanding the possibilities of hydrate formation by a
vapor deposition technique which is not only suitable for an isolated
study of hydrate growth but further allows the synthesis of well de-
fined samples for subsequent dissociation studies.

As the pursuit of these goals requires the non-destructive obser-
vation of growing and decomposing hydrates in a temperature and
pressure controlled environment on the micron scale, I use a combi-
nation of micro-computed tomography (µCT) and in situ thermody-
namic monitoring as the primary method for my research. This is
described in the next chapter.





Part II

M E T H O D S

Part II of the manuscript gives an overview of the method
of X-ray microcomputer tomography (µCT), which is the
main method of this dissertation. After an introduction
on the fundamentals of attenuation-based computed to-
mography, its applications and its use in the field of gas
hydrates are reviewed. At the end of this part, the current
version of the custom-built µCT setup, which constitutes
the methodological center of my research, is described
in detail. Secondary methods, which are used in the in-
dividual publications of this cumulative dissertation, are
described in detail in the respective publications and are
not considered again here.





2
X - R AY M I C R O - C O M P U T E D T O M O G R A P H Y (µC T )

X-ray micro-computed tomography (µCT) or X-ray microtomography
is an imaging technique which allows the non-invasive and non-de-
structive1 characterization of a sample’s internal and external meso-
and macrostructure in three dimensions at a spatial resolution on the
order of a micron and below [311]. As an extension to conventional
projection radiography, µCT utilizes the penetrating property of X-ray
radiation through materials together with the matter-dependence of
X-ray-matter interaction to derive information about the distribution
of material in space or in a sample from X-ray intensities (or shifts
in phase) measured at a detector. The working principles of µCT con-
form with the medical imaging technique of computerized axial to-
mography (CT). In CT, the surplus of information with respect to con-
ventional projection radiography results from the computer assisted
reconstruction of volume information from a set of radiographs (i. e.,
the images created by projection radiography) obtained from projec-
tions along different directions [311].

As regards a better classification of the method, it should be men-
tioned that µCT cannot compete with microscopic methods such as
scanning electron microscopy (SEM) when it comes to achieving the
highest possible resolution of a surface. Besides, µCT cannot be used
to learn about the type and strength of chemical interactions, which is
an advantage of spectroscopic techniques such as Raman or infrared
spectroscopy. However, both microscopy and spectroscopy are lim-
ited to regions close to the sample surface.2 Alternative 3D imaging
techniques such as ultrasonic imaging or nuclear magnetic resonance
imaging (NMR) typically have a significantly lower spatial resolution.
In consequence, µCT is a relevant complementary tool, and, due to
its non-destructive character, particularly useful for the study of dy-
namic processes on the meso- and macroscopic scale.

Before focusing on the basics of µCT physics (X-ray generation, its
interaction with matter, and its detection), an overview of µCT vari-
ants and their advantages and disadvantages is given below. For a
comprehensive discussion of µCT, I refer to the textbooks of Stock
[312], Baruchel et al. [313], and Buzug [314].

1 This holds for all materials which are not irreversibly affected by X-ray radiation.
This is the case for most practical applications.

2 Note that micromachining tools (e. g., focused ion beam) can be used to overcome
this limitation by skimming the surface iteratively, though, result in the destruction
of the sample.
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Figure 19: Main components of a tube-based micro-computed tomography
(µCT) system with cone beam geometry and a flat panel detector.

2.1 overview

Figure 19 depicts the main components of µCT as well as CT using
the example of a tube-based µCT system with cone beam geometry
and a flat panel detector. An X-ray source (e. g., an X-ray tube) emits
X-rays at an initial intensity. The X-rays pass through an object of
interest (i. e., the sample) where they get attenuated and scattered be-
fore hitting a detector. At the detector, the remaining intensity of the
X-rays is converted to a radiograph. During a scan (i. e., a µCT mea-
surement), the sample is rotated with respect to the detector-X-ray
source pair, yielding a large number (typically more than thousand)
of projections.3 The set of projections is eventually used as the input
of a reconstruction algorithm, which in principle yields a 3D map of
X-ray-matter interaction in the discretized sample.4

While the main purpose of CT and µCT is to visualize internal struc-
tures, µCT serves a second purpose: microscopy. With conventional
(medical) CT, microscopy is not possible. There, the spatial resolution
is currently limited to about 0.1mm [315], which is due to several
restrictions [311]. For instance, the size of the object (i. e., the human
body) as well as the size of the CT system pose restraints on the X-ray
beam geometry and thus on the magnification that can be achieved.5

Moreover, since CT scans have to be completed as quickly as possible
(the object must not move during a scan), high X-ray intensities are
required for a sufficient signal at the detector. Because of heat transfer

3 Note that in most axial computed tomography setups, namely those used in
medicine, the sample (i. e., a human body) remains stationary while the detector-
X-ray source pair rotates around it.

4 The sample volume is subdivided into voxels, tiny three-dimensional analogs of
pixels.

5 The geometrical magnification factor is defined as the ratio of focus-detector distance
to focus-object distance. The focus is at the position of the X-ray emission.
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limitations at the X-ray source,6 this requirement translates to a large
focal spot size (i. e., the area from which the X-ray beam is emitted)
and thus to significant penumbral blurring, which limits higher res-
olutions. Conversely, in µCT (or nanoCT), spatial resolutions of 1µm
and better7 are possible [311, 316–319]. Hence, the resolution limit
of optical microscopes is approached [320], though, in three instead
of just two spatial dimensions. However, due to limitations in image
size and pixel resolution, high spatial resolution always comes at the
cost of specimen size. Spatial resolutions of the order of 1µm can be
attained either in tube-based or synchrotron radiation-based systems
[321].

Synchrotron radiation-based systems (see Kinney and Nichols [322]
and Flannery et al. [323] for a visualization, and Bonse and Busch
[324] for a review article) typically use a narrow band of X-ray ra-
diation which is obtained from broad-band synchrotron radiation by
a monochromator. The monochromatic X-ray beam is collimated be-
fore it passes through a sample mounted on a rotary table. The trans-
mitted X-ray beam, which is attenuated upon its path through the
sample, then hits a scintillator where it gets converted to visible light.
A system of optical lenses is eventually used to magnify the image
on the scintillator before it is captured with a camera. The captured
images exhibit an intensity distribution proportional to the intensity
distribution of the transmitted beams of X-rays. Hence, the subse-
quent reconstruction yields a 3D map of X-ray absorption in the mag-
nified sample. Here, the magnification factor is solely determined by
the optical system of lenses. In other embodiments of synchrotron
radiation-based µCT, X-ray phase shift information can be acquired
via systems of micro-fabricated gratings and interferometers placed
in the path of the intense and highly monochromatic X-ray beam
[325–328]. Particularly, when the contrast due to X-ray absorption is
small, phase information can enhance the contrast between regions
of different material significantly (see section 2.2.2 for further detail)
[327].

Tube-based µCT systems (see Figure 19 for an example) comprise
detectors with a resolution of several megapixels as well as micro-
or nano-focus X-ray sources with spot sizes approaching or going be-
low 1µm [311, 321]. The X-ray sources are typically transmission type
tubes [329], in which an accelerated beam of electrons is focused elec-
tromagnetically to a small spot on a target material (e. g., tungsten,
molybdenum). There, a small part of the electron energy (less than
1%) is converted to X-rays and emitted in a cone pointing in forward
direction (i. e., the direction of the electron beam’s velocity vector).
The cone shape of the X-ray beam together with the small focus size

6 In medical CT, the X-ray source typically is a rotating target hit by an electron beam
[314].

7 In case of spatial resolutions which are substantially below one micron, the term
nanoCT is used instead of µCT [316, 317].
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results in large factors of geometrical magnification8 with only little
penumbral blurring at the detector. For instance, a focal spot size of
0.5µm yields a penumbra of 50µm on the detector when the geomet-
ric magnification factor is 100. Hence, under these conditions and a
exemplary pixel edge length of 100µm the sample can be resolved on
the order of 1µm.

In comparison to tube-based µCT system, synchrotron radiation-
based systems have several advantages [311, 321]. The reconstruction
of parallel projections of mono-energetic X-rays is mathematically
simpler and less prone to artefacts (e. g., beam hardening [330]) than
the reconstruction of central-projections of broad-band X-rays. There-
fore, the monochromatic and collimated parallel X-ray beam used in
synchrotron radiation-based systems is advantageous. Additionally,
in synchrotron radiation-based systems, the photon flux is several or-
ders of magnitude higher than in tube-based systems. This allows
significantly shorter exposure times and, when combined with fast
readout electronics, µCT in almost real-time (see for example Berg et
al. [331]). Besides, the combination of high flux with the partial co-
herence of the X-rays allows the study of X-ray phase shifts resulting
from X-ray refraction. In summary, the combination of these advan-
tages make synchrotron radiation-based µCT the benchmark system
when it comes to both spatial and density resolution as well as record-
ing times. However, the advantages of synchrotron radiation-based
µCT can usually only be exploited for rather small sample measure-
ments in the range of 5–10mm and below [311].

Despite the advantages of the synchrotron radiation-based systems,
modern tube-based systems have become competitive in many ar-
eas (see Kastner et al. for a direct comparison [332]). This is not
only due to the main advantages of tube-based µCT systems, namely,
the unrestricted accessibility of a laboratory device, the general user-
friendliness and the comparatively low costs. Moreover, this is due
to the development of stable micro- and nano-focus tubes as well
as efficient large area detectors with high pixel density [321]. These
developments result in tube-based systems with similar absorption
contrast and spatial resolution as synchrotron radiation setups [321,
332]. Specifically in cases of larger samples comprising strongly atten-
uating materials, tube-based µCT can even outperform synchrotron
radiation-based µCT in terms of spatial resolution [321]. Besides, the
cone beam geometry allows one to balance spatial resolution and
field of view or sample size. That means, a focus-object distance can
be chosen that brings the whole object into the field of view while
keeping the spatial resolution as high as possible, i. e., as high as
the sample size permits. Overall, and despite some disadvantages
in terms of signal-to-noise ratio or edge sharpness [332], tube-based

8 Magnification factors of 100 or even more are realistic for objects with diameters of
10mm or less [321].
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µCT systems have become attractive alternatives to synchrotron sys-
tems, especially when accessibility and long measurement times are
required. With future developments in tube and image acquisition
technology, laboratory scale µCT is likely to catch up further with syn-
chrotron radiation-based instruments [311]. Likewise, once grating-
based X-ray dark-field imaging leaves the development stage, phase-
sensitive tomography will also be available in laboratory µCT systems
[333, 334].

A tube-based µCT laboratory setup is also used in this dissertation
(cf. section 2.5 for a detailed description of the setup). Therefore, and
without loss of generality, the following discussion of the physical
fundamentals relates to the instrument used in this/my work.

2.2 fundamentals

With reference to tube-based µCT systems, the tube-based generation
of X-rays, the physics of X-ray absorption, as well as the detection
of X-ray intensity at a flat panel detector are considered. For further
details on the physical fundamentals of tube-based and synchrotron
radiation-based µCT systems, I refer to the books of Buzug [314] and
Stock [312] as well as to the lecture collection edited by Baruchel [313],
which also form the basis for much of the following discussion.

2.2.1 X-ray Generation

No matter whether X-rays are generated in a synchrotron or in an X-
ray tube, the origin of X-rays is always a beam of charged particles. In
X-ray tubes, these particles are electrons. Figure 20 shows a scheme of
a microfocus transmission tube, also known as X-ray shadow micro-
scope [329]. The whole tube is evacuated to the high vacuum regime
(10−5–10−9mbar). A tungsten filament (i. e., the cathode) is heated
by voltage UF to approximately 2400K resulting in the emission of
thermal electrons. Thermal electrons which can overcome the poten-
tial difference UW between the cathode and the Wehnelt cylinder are
accelerated in the electric field produced by the potential difference
between anode and cathode (i. e., the tube voltage Uacc.). The current
of the electron beam (i. e., the number of electrons emitted per second)
can be controlled with the Wehnelt cylinder voltage. At the anode,
an electron9 with charge e exhibits a kinetic energy of Ekin = eUacc..
Typically, kinetic energies in the range 20–500 keV are applied.10 The
electron beam passes the anode through a pinhole. Behind the an-
ode, the electron beam is focused onto the target by a deflector unit

9 An electron carries the elementary charge of e = 1.602× 10−19 C.
10 The range accessible in the system used in this dissertation (i. e., the phoenix nan-

otom m µCT scanner, distributed by Baker Hughes, a GE Company [335]) is 25–
180 keV
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Figure 20: Schematic drawing of a micro-focus X-ray tube. An electron gun
comprising a heated filament, a Wehnelt cylinder, and an anode
(with pinhole) emits a beam of electrons which is focused on the
target using a deflection unit and a magnetic lense. When the
electrons hit the target, a small part of their kinetic energy is con-
verted to X-ray photons, which are transmitted through the tar-
get in the direction of the electron beam. Adapted from the system
documentation of the phoenix nanotom m µCT scanner, which is now
distributed by Baker Hughes, a GE Company [335].

and a system of magnetic lenses. Due to the high vacuum, the mean
free path length of the electrons is greater than the tube dimensions.
Therefore, the electrons retain their kinetic energy as they travel from
the anode to the target.

When the electrons hit the target, two processes may occur: (1)
An electron gets deflected in the electric field of the target atoms.
Each of these deflection events is accompanied by an acceleration of
charge which can be of both positive (e. g., centripetal acceleration)
or negative sign (i. e., deceleration). When charged particles are ac-
celerated (or decelerated) they emit electromagnetic radiation called
bremsstrahlung. The energy balance of an electron which gets de-
flected reads

E
(1)
kin = E

(2)
kin + hν. (7)

That is, the deflection of an electron with energy E(1)kin results in the
emission of a photon with energy11 hν which reduces the electron’s
energy to E(2)kin . Since electron deflection occurs a multitude of times,
hν can take any value in between zero and E(1)kin . Thus, bremsstrahl-
ung results in a continuous spectrum of electromagnetic radiation.
(2) In contrast, the second process generates a discrete line spectrum
which is superimposed on the continuous spectrum of bremsstrahl-
ung. Electrons with sufficient energy can knock electrons off the elec-
tron shell of the target atoms. This leads to vacancies in the atomic
orbitals, which are refilled with electrons from higher energy orbitals.
For reasons of energy conservation, such a transition has to be com-
pensated by the emission of a photon. Since the shell electron orbitals

11 hν refers to the product of Planck’s constant h = 6.626× 10−34 J · s and the fre-
quency ν attributed to the photon.



2.2 fundamentals 85

Figure 21: X-ray emission spectrum of a tungsten target as measured at a
distance of 1m from the source. The spectrum is simulated for
a tube voltage of 140 kV using the software SpekCalc [336]. The
simulated medium between source and detector is air at STP.

are at discrete energy levels, the photon energy has to be discrete as
well. The energy levels of the orbitals are specific to the target ma-
terial atoms. Hence, the discrete line spectrum is also specific to the
target material. For instance, Fig. 21 shows the X-ray emission spec-
trum of a tungsten target. The two pairs of peaks are the well known
Kα (transitions from the L to the K orbital) and Kβ (transition from
the M to the K orbital) lines of tungsten.

Only a small fraction of the photons created also leave the target.
Approximately 99% of the incident electron energy is converted into
heat which warms up the target. This can lead to significant heat
transfer problems, especially in the case of micro- and nano-focus
tubes. Due to the tiny spot sizes of approximately 1µm used in these
tubes, the energy density on the target is large and the withdrawal
of heat challenging. To meet this challenge, in the nano-focus tube of
GE’s phoenix nanotom m µCT [335], diamond is used as the target sub-
strate material because of its excellent heat conductivity [321]. Pho-
tons, which eventually leave the target (and substrate) are directed to
the sample where they interact with the sample matter.

2.2.2 X-ray/Matter Interaction

Despite the high penetration capacity of X-rays, the radiation inten-
sity of an X-ray beam is reduced along its path through matter. This
is shown in Fig. 22, where the intensity of an X-ray beam is plotted
along its path through both homogeneous and heterogeneous mate-
rial. A homogeneous material of thickness x reduces the intensity I0
of an incident X-ray beam to the intensity

I(x) = I0 e
−µx, (8)
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Figure 22: Reduction of X-ray intensity along a path through homogeneous
(left) and heterogeneous matter (right). The number of arrows at
the top of the image denotes the intensity of the X-ray beam. The
grey scale refers to the strength of interaction with X-rays. Light
grey denotes weakly and dark grey strongly absorbing material.

which is the absorption law of Lambert-Beer.12 In case of a heteroge-
neous material, the intensity along a straight line L from point ~x0 to
point ~x gets reduced to

I(~x) = I0 exp
(
−

∫
L

µds

)
, (9)

where I0 := I(~x0). This follows directly from Eq. 8, by identifying
dI = −I(x)µ(x)dx and integration along the line L. The strength of
attenuation is determined by the linear attenuation coefficient

µ = µS +α, (10)

which is the sum of the scattering coefficient µS and the absorption co-
efficient α. The linear attenuation coefficient µ is often also expressed
as

µ =

(
µ

ρ

)
ρ, (11)

the product of the mass attenuation coefficient (µ/ρ) and the material
density ρ. This relationship reflects both the strength of the interac-
tion between X-rays and the elements of the material (expressed by
(µ/ρ)) as well as the probability of interaction (expressed by ρ).13 The
mass attenuation coefficient (µ/ρ) is characteristic of an element or
compound and therefore often tabulated or graphed instead of µ. For
instance, the National Institute for Standards and Technology (NIST)
lists (µ/ρ) for elements ranging from hydrogen to uranium as well as

12 Note that for simplicity a monochromatic X-ray source is assumed in the whole
derivation. In case of polychromatic light, an integral over all wavelengths has to be
added.

13 The probability of interaction is proportional to the number of atoms per unit volume
which again is proportional to ρ.
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Figure 23: X-ray linear attenuation coefficients (top) and differences between
linear attenuation coefficients of selected substances (bottom) as
a function of photon energy. The double headed arrow denotes
the range of operation of GE’s phoenix nanotom m µCT system
(25–180 keV) [335]. The thick grey line is proportional to E−3 and
displays the trend of the photoelectric effect. The data is derived
from mass attenuation coefficients (µ/ρ) published by the NIST

[337] using equations 11 and 12.

for substances and compounds of dosimetric interest [337]. Another
advantage of the mass attenuation coefficients over the linear attenua-
tion coefficients is that the mass attenuation coefficient of compounds
of all kinds can be calculated in good approximation using the simple
mixing rule

(
µ

ρ

)
=

∑
i

ωi

(
µ

ρ

)

i

, (12)

where ωi and (µ/ρ)i refer the the mass fraction and the mass atten-
uation coefficient of the individual component i, respectively [338–
340].

Both, µS and α depend on the photon energy (or wavelength) of
the incident radiation. The relation between the linear attenuation co-
efficient µ and the photon energy hν is shown in Fig. 23 exemplarily
for aluminum, water, ice, and the hydrates of Ar, CO2, and CH4. The
physical origins of this relation are now briefly described.

rayleigh scattering . Rayleigh scattering is the only contribu-
tion to the scattering coefficient µS. It describes the attenuation of elec-
tromagnetic radiation due to the elastic scattering of photons from po-
larizable scatterers (e. g., atoms, molecules). In elastic scattering, the
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scattered photon has the same energy as the incident photon. How-
ever, the direction of the photon’s momentum can be altered, which
results in an apparent reduction of intensity in the forward direction.
Elastic scattering requires the wavelength of the radiation to be sig-
nificantly larger than the size of the scatterer. In medical and material
science applications the wavelength of X-rays is typically below 1Å
(that relates to photon energies larger than 12 keV). Therefore, the
wavelength of the X-rays typically is below the size of atoms. In con-
sequence, µS contributes only weakly to the attenuation coefficient in
most practical applications.

photoelectric effect. An incident X-ray photon can knock an
electron off the electron shell if its energy hν is larger than the binding
energy Eion. The electron knocked off then carries the kinetic energy
hν− Eion and leaves behind an ionized atom/molecule. The recombi-
nation of the ionized atom/molecule to the neutral state is accompa-
nied by the emission of an X-ray characteristic of the material. More-
over, the momentum of that photon is unlikely to be aligned with
the momentum of the incident X-ray photon. While all other matter-
X-ray interaction processes exhibit a smooth relation between X-ray
attenuation and the photon energy, material characteristic jumps in
X-ray attenuation are found in the photoelectric effect. These jumps
are caused by the discrete ionization energies of the atoms/molecules
of the material and are called absorption edges (see Fig. 23 for a visu-
alization of absorption edges). In between the absorption edges, the
photoelectric mass attenuation coefficient (τ/ρ) relates to the atomic
number Z and the photon energy E as in the following proportional-
ity:

τ

ρ
∝ Z

3

E3
. (13)

In general, the photoelectric effect is the dominant effect for X-ray
photon energies up to several hundred keV and particularly impor-
tant for atoms of high atomic number (because of the Z3 scaling).
For low atomic number elements or compounds such as water, ice,
and hydrates, the photoeffect dominates at least up to approximately
80 keV . This can be seen in Fig. 23, where the relation between mass
attenuation and photon energy clearly follows Eq. 13 for energies in
the range of 1–80 keV .

compton scattering . Compton scattering is the inelastic scat-
tering of a photon with a nearly free electron of the scatter material.
Compton scattering leads to an energy gain for the electron and an en-
ergy loss for the photon. Moreover, due to momentum conservation,
the incident photon gets deflected from its path. In Fig. 23, Comp-
ton scattering dominates the mass attenuation coefficient at photon
energies larger than approximately 80 keV .
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pair production. Pair production is a high energy phenomenon
which can only occur when the photon carries an energy larger than
the sum of the rest mass energy of an electron and a positron (i. e.,
E > 2 · 511 keV = 1.022MeV). When such a photon is near an atom
(the atom is needed for the conservation of momentum), it can spon-
taneously transform into an electron-positron pair. The positron gets
later annihilated upon the interaction with an electron which results
in the emission of a pair of gamma-ray photons. Due to the high pho-
ton energies required, pair production usually plays no role in the
attenuation of X-rays in medical or material science applications.

All three processes, the photoelectric effect, Compton scattering
and pair production, contribute to the absorption coefficient α. How-
ever, for the purposes of this dissertation, the photoelectric effect
and Compton scattering are the most important processes. This is
because the range of operation (25–180 keV) of the µCT system cov-
ers the transition zone between the photoelectric and the Compton
scattering dominant regions of mass attenuation (see Fig. 23). The
bottom curves in Fig. 23 show that the difference between the mass
attenuation coefficients of the investigated materials decreases with
increasing photon energy. Thus, photon energies as low as possible
are optimal for a good contrast between different materials. Contrary,
since the mass attenuation coefficients decrease with increasing pho-
ton energies, low-energy photons are absorbed much more easily
than high-energy photons. In consequence, for a low-energy X-ray
emission spectrum, the X-ray intensity at the detector as well as the
signal to noise ratio (SNR) might be too low. Ultimately, the choice of
the tube voltage (and thus the choice of the X-ray emission spectrum)
is always a trade off between contrast and signal strength.

Yet, there are physical constraints, which can make the search for
a trade off an almost hopeless endeavor. For instance, in cases where
materials of significantly different mass attenuation coefficients are
present in the object of interest (e. g., a light-hydrocarbon hydrate
sample surrounded by the metal walls of a high-pressure hydrate
reactor), the contrast in the weakly absorbing material phase will
always be low, no matter the choice of tube voltage. Firstly, a high
tube voltage is required to penetrate the strongly absorbing material
phase. Secondly, all low-energy photons of the X-ray emission spec-
trum get almost completely absorbed in the strongly absorbing metal.
This means that on the X-ray’s path through the sample, the center
of gravity of the X-ray spectrum is shifted into the high-energy re-
gion in which, however, the contrast for weakly absorbing material is
virtually non-existent.

In conclusion, it is precisely this limitation that makes the microto-
mographic examination of gas hydrates at elevated pressures a chal-
lenging experimental task: obtaining good contrast between the weak-
ly absorbing hydrate and water phases in a sample holder able to
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Figure 24: (a) The components of a flat panel detector. A scintillation crystal
(e. g., cesium iodide) converts X-ray photons to visible photons.
These are converted to an electrical charge in a matrix of pho-
todiodes (e. g., amorphous silicon diodes). The electric charge is
collected in the diodes until it is eventually read out as an elec-
trical current. The readout electronics consists of a matrix of thin
film transistors (TFTs) as well as data and supply lines. (b) The
conversion chain from X-ray photons to electrical current. Note
that in modern detectors, such as GE’s DXR500L, the scintillator
crystal is grown in needle-shaped structures that serve as light-
guides for the visible-light photons. By that, only radiation along
the connecting line between detector and X-ray source can be de-
tected, and scattered radiation is suppressed. Adapted from the sys-
tem documentation of the phoenix nanotom m µCT scanner [335] and
from the book of Buzug [314, pp. 26-32].

resist pressures of several MPa (see also subsection 2.4.5). However,
while small differences in mass attenuation between materials limit
the differences in X-ray intensity at the detector, the increasing dy-
namic range of modern X-ray detectors (e. g., a dynamic range of up
to 10 000:1 is possible with the detector of GE’s phoenix nanotom m
µCT system [321, 335]) can mitigate the problem of poor contrast by
being able to distinguish between ever smaller intensity differences.

2.2.3 X-ray Detection

X-ray photons are detected indirectly making use of the interaction of
X-rays with matter. Early detectors, for instance, utilized the ionizing
property of X-rays in Geiger-Müller-type counters [314]. There, the
X-rays ionize a gas (e. g., Ar, Xe) which is filled in chambers enclosed
by electrodes. An electric field between the electrodes accelerates the
charged particles (i. e., the electrons and ions produced by the ioniz-
ing radiation) until they hit the electrodes. At the electrodes, the im-
pinging flux of charge generates a current proportional to the X-ray’s
intensity. Today, primarily scintillating crystals (e. g., cesium iodide,
bismuth germanate) are the means for the indirect detection of X-rays
(cf. Fig. 24). Instead of ionization, the conversion of X-ray photons to
visible-light photons is used as the working principle. Visible-light
photons can be detected in matrices of photodiodes (e. g., amorphous
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silicon diodes) over a large area with high spatial resolution. In ad-
dition, the use of scintillation crystals allows a large ratio of X-ray
sensitive to total detector area, which is also associated with better
spatial resolution. Due to these advantages, scintillating crystals are
the norm in digital flat panel detectors as used in modern µCT systems
and also in GE’s phoenix nanotom m [321, 335]. Figure 24 shows the
main components of a digital flat panel detector together with an il-
lustration of the working principle. Since a digital flat panel detector
is basically just a large area charge-coupled device (CCD) sensor for
X-ray light, the working principle is very similar. X-rays, impinging a
specific detector pixel area, are converted into a charge which gets col-
lected over a pre-determined exposure time. Once the exposure time
is over, the collected charge is read out pixel by pixel. In ordinary
operation, this charge is directly proportional to the X-ray intensity
integrated over the pixel area and the exposure time. The result of
the readout process is a discretized map of the time-integrated X-ray
intensity distribution over the detector area. This map is eventually
stored in a typically multi-megapixel digital grey scale image and can
be directly used as input in the volume reconstruction algorithm.

2.3 volume reconstruction

Volume reconstruction refers to the mathematical inverse problem of
computing the spatial distribution of the mass attenuation coefficient
in a sample using a series of projections. Both process steps, the (for-
ward) projection as well as the volume reconstruction, are visualized
in Fig. 25 using the example of a fan beam geometry. Note that the
same figure also applies to configurations with cone beam geometry.
To this end, the fan beam must be simply interpreted as a section
along the axis of a cone beam.

Suppose the object of interest is oriented at an angle of Θ with
respect to the plane spanned by the connecting line between X-ray
source and detector center and the object’s rotation axis (cf. Fig. 25).
At this orientation, consider a set {L~x,Θ} of straight lines (i. e., beam
paths) from the X-ray source to a point ~x on the detector. In this
setting, the scanning of the object relates to the measurement of the
values of a large number (typically many millions for 3D volume
reconstruction) of projection integrals

p~x,Θ :=

∫
L~x,Θ

µds. (14)

The projection integral values are associated with the intensity dis-
tribution at the detector via p~x,Θ = − ln I(~x)I0 (see Eq. 9, the law of
Lambert-Beer for heterogeneous media) and are therefore easily mea-
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Figure 25: (a) Projections P0 and Pπ/2 of an object of interest along the two
object angles 0 and π/2, respectively. The solid black lines de-
note the X-ray intensity profile at the detector. The solid orange
lines refer to the discretized intensity profile as measured by a
line/row of pixels. The color distribution in the object of inter-
est refers to regions of different mass attenuation coefficient µ
(the darker the color the stronger the X-ray attenuation). Note in
the intensity profiles at the detector that both the object’s mate-
rial as well as the path length of X-rays through the object have
an effect on the measured intensity. (b) Reconstruction of the ob-
ject using the measured (discretized) X-ray intensity profiles, i. e.,
the projections. The result of the 2D reconstruction is a (likewise)
discrete image in which the grey scale value of each pixel corre-
sponds to an area-average of the mass attenuation coefficient µ at
the respective pixel’s position. Similarly, in 3D reconstruction, the
value of each voxel (i. e., the 3D analog of a pixel) corresponds to
the volume-average of µ at the voxel’s position.

sured.14 When flat panel detectors are used, the set PΘ := {p~x,Θ| ~x on
detector} of projection integrals can be measured at once. The com-
plete set {p~x,Θ} of projection integrals can be obtained by simply ro-
tating the sample (usually in equiangular increments). This allows the
acquisition of the required number of projection integrals in a shorter
amount of time and is an advantage of large area flat panel detectors.

Once a sufficient number of projection integral values (e. g., sev-
eral billion values for a multi-megapixel detector and approximately
1000 equiangular increments) is known from well distributed beam
paths, the spatial distribution of the mass attenuation coefficient can
be reconstructed. That is, a non-negative function µ(~x) over a domain
Ω containing the object of interest is sought, which complies with
the set {p~x,Θ} of projection integrals. In his classic publication, Radon
[341] provides an analytical solution to this problem, which, under
some usually fulfilled restrictions, is unique. However, Radon’s solu-
tion requires the knowledge of all possible projection integrals. Due
to the limited spatial resolution of digital detectors only mean values

14 Note that I0 can be obtained by background measurements, i. e., measurements with
no object placed between X-ray source and detector.
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of p~x,Θ can be measured over the area of a detector pixel. Addition-
ally, in any real world measurement the number of measured projec-
tion integral values is finite. Therefore, an exact analytical reconstruc-
tion of µ(~x) is not possible. Instead, the domain Ω is discretized into
cubes of equal volume (these are called voxels) and µ(~x) is approxi-
mated by a function which is piece-wise constant over the volume of
a voxel (see Fig. 25(b) for an example). Several algorithms are avail-
able for the computation of the discretized solution [314, 342]. These
involve discrete versions of analytical reconstruction methods such
as the very popular [343] method of filtered back projection (e. g.,
the algorithm of Feldkamp et al. [344] for cone beam geometry) and
the direct Fourier inversion [345] (based on the Fourier slice theo-
rem). Besides, algebraic reconstruction methods have been developed
[346, 347], however, rarely employed [343]. Since many properties of
the reconstruction algorithms (e. g., speed, robustness, parallelizabil-
ity, artefacts [348]) are of commercial value, numerous proprietary
implementations and versions of the algorithms are available. These
are usually particularly suited to a certain CT/µCT configuration and
optimized for speed and performance.

In general, the mathematics needed for the derivation of µ (or ap-
proximations to µ) from {p~x,Θ} are substantial and beyond the scope
of this work. Moreover, since no special emphasis was placed on im-
age reconstruction within this dissertation, I refrain from any further
treatment of the reconstruction mathematics. For a good introduction
into the applied mathematics of several 2D and 3D reconstruction
algorithms I refer to the book of Buzug [314]. A more in-depth math-
ematical treatment of the topic is found in Natterer and Wübbeling
[342].

Regardless of the algorithm, the result after volume reconstruction
is always a digital 2D or 3D image.15 Despite the qualitative value
of these image data for visual inspection, the digital nature of the
data also offers numerous possibilities for quantitative analysis. To
this end, the grey scale values of the image data have to be assigned
to a discrete set of material phases, a process called image segmenta-
tion (see Iassonov et al. [349] for a review). After segmentation, every
voxel of the image data has a value in {1, 2, . . . ,m}, where m denotes
the total number of material phases. Image data prepared in this way
eventually form the basis for determining quantities such as phase
fractions, pore size distributions, particle orientations etc. [350]. These
possibilities open up a variety of interesting applications of µCT that
go beyond the simple imaging of the internal structure of samples.

15 A 3D image is either a stack of 2D images or a 3D structured mesh filled with grey
scale values.
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2.4 applications of µct

The result of a µCT measurement is a spatial map of the linear atten-
uation coefficient within an object, regardless of whether the object
consists of different phases or whether there is an internal structure,
substructure, or variations in density. The benefit of the method lies,
therefore, in the non-destructive and non-invasive determination of
the spatial distribution of material. Naturally, this is interesting for
numerous disciplines including medicine, biology, the physical sci-
ences, and the engineering sciences. Consequently, the technique of
µCT and its application are the subject of a large number of stud-
ies, which have been published in journals of various disciplines and
branches [312]. Thus, the provision of a complete overview of appli-
cations of µCT is disproportionate and impractical. Hence, I restrict
myself to a few exemplary applications of µCT in the physical and
engineering sciences related to this thesis which I have classified at
my own discretion. For a more comprehensive overview of µCT appli-
cations in the context of the physical sciences, I refer to the books of
Stock [312] and Baruchel et al. [313] as well as to the review articles
of Stock [351], Baruchel et al. [352], and Salvo et al. [353].

2.4.1 Metrology and the Characterization of Microstructure

Here, metrology – the science of measurement – refers to the direct
measurement of quantities related to an object’s external and inter-
nal shape (e. g., length, area, volume). Metrology by µCT is often
employed for man-made engineering products. For instance, it can
be used to determine the dimensional accuracy of machine parts,
for quality assurance or damage analysis [354, 355]. Clearly, non-
destructive metrology by µCT is also perfectly suited for reverse en-
gineering and can therefore also be used (or abused) for product
cloning [356]. In the context of this thesis, metrology by µCT simply
allows the easy and precise determination of the volume of the pres-
sure vessel of the sample cell (cf. subsection 2.5.3).16

The characterization of microstructure, on the other hand, requires
the description of the morphology of features such as pores, inclu-
sions, and fibers. These features are abundant in man-made and nat-
ural objects. They are found in cellular objects like foam [357], wood
[358], or bone [359], fibrous objects like glass wool [360] or manu-
factured fiber-reinforced composites [361], along with porous objects
like sandstone [362] or packed particle beds [363]. In these objects,
the description of microstructure is often done using statistical mea-

16 Note that the exact determination of volume does not directly follow from the spec-
ifications (diameter and lenght) of the pressure vessel’s parts. This is because the
glassy carbon crucible, which is used as the pressure vessel wall, can significantly
deviate from the designed shape and size due to the manufacturing process (pyroly-
sis of thermosetting carbonizable resins).
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sures such as n-point (or pair-) correlation functions [350, 364], pore
or particle size distributions [365, 366], as well as using volume av-
eraged [367] properties like volume fractions [368], specific surface
area [369, 370] or the overall porosity [370, 371]. Using images ob-
tained from µCT, even more sophisticated measures as for example
the angular orientation of fibres [372], the anisotropy of foam cells
[373, 374], or the coordination number of grain distributions [371],
have been determined. After segmentation of the µCT image data into
phases, microstructural quantities are straightforward to derive by ei-
ther simple voxel counting, Monte Carlo integration (see for instance
Torquato’s [350] book for some algorithms) or by using algorithms of
image processing toolkits (e. g., the insight toolkit ITK [375]). Since
most of these quantities are, though, very difficult to obtain by means
other than tomography, the application of µCT for the characterization
of microstructure is the perfect use case.

2.4.2 Evolution of Structure

Since µCT is a non-invasive and non-destructive method, objects can
be observed over any length of time without the observation itself af-
fecting the object.17 This is particularly useful for the investigation of
structures that develop over time, provided that the structural change
during a µCT scan is negligible (i. e., the structural change during a
scan is within the spatial resolution of the scan). The requirement
of negligible motion is met, for instance, if the motion is very slow
with respect to the scan duration or when the motion occurs only in
between two successive µCT scans but not during the measurement it-
self. The latter situation, which has also been termed “stop-and-go to-
mography” [376], very often occurs when the effects of process steps
in (pause-able) natural or man-made processes are to be investigated
(e. g., in material processing such as sintering [377], in the controlled
evolution of gas hydrates in sedimentary matrices [378]). In the case
the movement is not negligible, motion artefacts can alter the recon-
struction result beyond recognition (see Stock [312, p. 86] for an ex-
ample).

Since the time distance between two successive µCT scans is at least
the scan duration (typically of the order of 1h in tube based systems
and down to approximately 10 s in synchrotron based systems [331])
a series of µCT scans for the capture of evolving structure is often
referred to as time lapse imaging [379, 380]. In medical applications
the term 4D tomography (the fourth dimension being time) is used
when physiological processes (e. g., breathing, beating of the heart)
are captured using CT [381] or µCT [382]. Examples of applications of

17 Note that this only applies to objects that are not damaged by X-rays. Moreover,
any absorption of X-rays in matter results in the generation of heat which, if not
withdrawn, raises the object temperature.
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time lapse µCT in the physical sciences are the examination of dam-
age evolution in samples under mechanical loading [383, 384] as well
as the observation of fracture and crack propagation [385–387]. Fur-
ther, time lapse µCT has been employed to investigate the evolution
of pores [388] and the formation of cast microstructure [389] in so-
lidifying Al alloy casting. Besides, the growth of vapor deposited SiC
during the chemical vapor infiltration CVI of Nicalon-fiber composites
[390, 391] as well as the evolution of snow packs by a sublimation-
resublimation vapor transport mechanism [392–395] were studied by
time lapse µCT.

Just like in many of the above studies, the process of interest (e. g.,
crack propagation, solidification) has to be initiated in between or dur-
ing a µCT scan. Thus, controlled sample environments are required.

2.4.3 µCT under Controlled Sample Environments

Due to their typically large size (the smallest systems are desktop
systems like Bruker’s SKYSCAN 1272 [396]), µCT systems are mostly
operated under ambient conditions (room temperature and 1 atm).
Therefore, controlled sample environments are needed whenever a
deviation from ambient conditions is required. This can be because
either the sample is not stable at room temperature and 1 atm (e. g.,
snow, gas hydrates), or because a change of conditions is deliberately
used to initiate a change or a process in the sample.18 To this end, a
number of object stages are commercially available, particularly for
tube-based µCT systems. The British company Deben [397], for exam-
ple, provides tensile- and compression stages with additional cooling
options for a variety of different µCT system suppliers, including GE
with their phoenix product line. Alternatively, compression and ten-
sile testing cells, load cells, as well as cooling and heating stages are
available from Bruker for their SKYSCAN series of µCT systems [396].

However, since the commercially available object stages cover only
small temperature ranges (e. g., between approximately 250K and
360–430K [396, 397]), custom-built stages and sample cells are used
for more extreme environments or to meet more stringent size re-
quirements. Additionally, due to the lack of standardized equipment,
custom-built cells are also often used in µCT experiments at synchro-
tron beamlines.

For instance, a CVI reaction chamber made from graphite and capa-
ble to withstand the infiltration at 1250Kwas used in the study of SiC
growth on Nicalon-fiber composites [390, 391]. The fracture propaga-
tion experiments of Landis et al. [383, 384] were done using a small
1.5 kN load frame, held together by a plexiglass tube, which was cho-
sen for reasons of X-ray transparency. Polycarbonate tubes with cop-
per caps were used as a sample holder in the snow experiments of

18 The latter is the case in many studies with evolving structures.
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Hammonds et al. [394]. The copper caps were cooled and heated by
thermoelectric elements, whereas the whole µCT system was placed in
a cold room kept at 263K. In an in operando study of a Li-ion battery
during thermal runaway [398], a sophisticated sample environment
was used which allowed the heating of the battery, the determination
of the battery’s temperature field as well as the power supply of the
battery while maintaining safety precautions at all times. A list of
high pressure cells for the µCT investigation of subsurface processes
is provided in the review of Iglauer and Lebedev [399]. Subsurface
processes are for example the geo-storage of CO2, the geo-mechanics
of sediments, the formation and decomposition of gas hydrates, as
well as the recovery of oil. For reasons of X-ray transparency, high
pressure cells cannot be manufactured from stainless steel. Besides
being transparent to X-rays, alternative materials also have to be able
to withstand pressures of several MPa. To this end, the materials
aluminum (particularly the alloy duraluminum [400–403]), titanium,
and carbon fiber and polyether ether ketone (PEEK) have been used in
tube-like pressure vessels with diameters of the order of 10mm [399].
For pressures exceeding the MPa range, Wang et al. [404] propose an
X-ray transparent Drickamer anvil cell which they used for the in situ
synchrotron µCT of deforming sphere packings at pressures of up to
8GPa.

Before addressing the applications of µCT in the field of gas hy-
drates, I want to mention another application, which offers a spe-
cial added value besides the pure imaging and the measurement and
characterization of structure and microstructure. This application is
referred to as tomography based numerical simulation (TBNS).

2.4.4 Tomography Based Numerical Simulation

Especially in engineering applications, the physical properties of ma-
terials are often described by means of continuum (classical) theo-
ries. In continuum theories the material is assumed as a homoge-
neous piece of matter with homogeneous physical properties (i. e.,
heat conductivity, permeability, permittivity) throughout. In this pic-
ture, the material properties do not change when the material is cut
into two parts. Though, if the cutting process is repeated again and
again, one will eventually notice that the properties of the material
begin to deviate from the continuum properties. For homogeneous
materials the deviation from the continuum properties will only oc-
cur on the atomic scale. Thus, the continuum properties can be used
to describe practically all real-world objects made from that particu-
lar material. For heterogeneous materials which comprise multiple
phases/domains arranged in structures on an intermediate, meso-
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or microscopic scale,19 the continuum assumption can still be use-
ful, although the deviation from the continuum properties occurs on
a much coarser scale. Since the constituents of such a heterogeneous
material are either homogeneous or heterogeneous materials them-
selves, it seems obvious to ask how the continuum properties of the
heterogeneous material result from those of its constituents and their
arrangement. This question is motivated by the abundance of syn-
thetic and natural materials which are heterogeneous and pursued
using two different approaches.

One approach is the analytical modeling of the heterogeneous ma-
terial properties using effective media theories (EMTs) [350, 405]. In
the EMTs, either mixing laws (e. g., Maxwell-Garnett, Bruggemann
[405]) as well as homogenized or averaged equations [350, 367] are ap-
plied to derive the continuum properties of a composite system from
the continuum properties of the constituents and their arrangement
in space. EMTs usually hold only under rather stringent assumptions
regarding the constituents shape and arrangement. Commonly, com-
posites with spherical or ellipsoidal inclusions/pores are considered
in preferably dilute arrangements below the percolation threshold
[405, 406].

Although EMTs are, due to their analytical character, very useful
for theoretical considerations as well as for the derivation of bounds
[350, 405], real-world heterogeneous materials often deviate from the-
oretical model systems like for instance packings of impenetrable or
interpenetrable spheres (see for instance the modeling of effective con-
ductivity, diffusivity, and elastic moduli of randomly packed overlap-
ping and hollow spheres [407]). In such cases, another approach to the
modeling of heterogeneous materials is the direct numerical simula-
tion of (classical) physical equations (e. g., Maxwell equations, heat
equation, Navier-Stokes equations) on a representative elementary
volume (REV) of the material. The REV of a heterogeneous material is
a subset of the material (usually a cube which is virtually cut out of
the material) which is just large enough for the continuum theory to
hold but still small enough to be numerically treatable. Moreover, the
REV is representative of the whole material and as such contains all
necessary information about the spatial distribution of the enclosed
material phases.20 The description of the REV of real-world heteroge-
neous materials requires the preliminary determination of the mate-
rial’s microstructure, which is, as discussed above, conveniently done
via µCT. The process of the direct numerical simulation of physical
model equations on REVs of heterogeneous materials obtained by µCT

is referred to as tomography based numerical simulation (TBNS). As
can be seen in the process diagram in Fig. 26, TBNS takes full ad-

19 Note that this means scales, which allow to model the individual phases/domains
with continuum theories.

20 Clearly, this holds only for the required/possible spatial resolution, which is often
limited by the measurement or the size of computer memory.
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Figure 26: Flow chart of tomography based numerical simulation (TBNS).
The process starts at the upper right corner with the CT/µCT scan
which results in a stack of radiographs. The radiographs are used
by the volume reconstruction process to compute the 3D image
of the specimen/sample. Image processing algorithms are then
employed to segment the 3D image data into a discrete number
of phases. Once the image data is segmented, a computational
mesh (a tessellation of the material phases into regular volume
elements such as tetrahedra or hexahedra) is generated. The com-
putational mesh eventually provides the foundation for computer
simulations the results of which are discretized solutions of phys-
ical equations. Alternatively, the simulations can be done directly
on the segmented image data. This shortcut is indicated by the
arrow bypassing the process step of meshing.

vantage of the three-dimensional digital nature of µCT, which is the
special added value of the imaging technique. The process steps scan-
ning, volume reconstruction, and image segmentation yield a digital
image which is already discretized and as such ready for numerical
simulations. Simulations directly on the image data have been done
in numerous studies. For instance, the electrical conductivity and the
diffusivity of coralline implants have been extracted from simulations
using a voxel based resistor network model [408]. In the same study, a
finite element method (FEM) has been applied to determine the elastic
properties of the heterogeneous material. In another resistor network
simulation, the electrical conductivity of Fontainebleau sandstone has
been determined and shows excellent agreement with experimental
data [409]. An alternative approach for the determination of the elec-
trical conductivity via simulations directly on the image data is the
use of a random walk technique [410]. The direct image-based simu-
lation of fluid flow has been done with Lattice-Boltzmann methods
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[408, 410–412] as well as finite difference schemes [410]. Besides, the
radiative transport in two-phase heterogeneous materials (e. g., reticu-
late porous ceramics) has been simulated by Monte Carlo ray tracing
[413, 414]. To this end, the image data are directly used and interpo-
lated with linear shape functions.

Although, as just shown in the examples above, simulations are
possible directly on the image data (i. e., a structured rectangular grid
defined by the voxels), this approach can be disadvantageous in many
cases. This is because in high-resolution scans the number of voxels
can easily exceed one billion, which means a significant computa-
tional effort. As a remedy, an additional meshing step (cf. Fig. 26)
before the simulation can be inserted to reduce the degrees of free-
dom of the simulation. Petrasch et al. [415], for instance, have used
an unstructured tetrahedral mesh to solve the three-dimensional in-
compressible continuity and the Navier-Stokes equations in the pore
space of reticulate porous ceramics. They have not only been able to
significantly reduce the number of degrees of freedom, but also to
resolve the solid-liquid interface much better than would have been
possible with the structured image data. Using a similar approach,
Akolkar and Petrasch [416] have advanced the method of TBNS by ap-
plying morphological operations on the image data of porous media
to numerically study the influence of microstructure on fluid flow.

Despite the advantages of the method and although it would be
well suited to investigate heat and mass transport in gas hydrates on
the meso- and macroscopic scale, TBNS has only been used in connec-
tion with gas hydrates rarely. For example, Gupta et al. [417] have
visualized the dissociation process of a cylindrical macroscopic CH4

hydrate sample with time-lapse µCT and have matched their results
with a numerical simulation based on µCT scans. The good agreement
between the simulation result and the measured values lets them val-
idate their simulation approach as well as their model assumptions.
Fukumoto et al. [418] have simulated the formation of methane hy-
drate in the pore space of sand sediment using a TBNS-like approach.
To this end, the authors have extracted the shape of sand grains from
µCT scans and have used these shapes to populate the computer gen-
erated sand sediment. The distribution of gas hydrate in the computer
generated sediment has then been estimated via simulations includ-
ing the classical nucleation theory as well as the phase field model.
Dong et al. [419] have used the image data obtained from µCT scans
of naturally occurring rock to generate a realistic computer model of
the rock’s pore space. After having simulated different distributions
of hydrate in the pore space, the authors have determined the electri-
cal conductivity of the simulated hydrate-bearing rock and have ana-
lyzed relations between distribution patterns and electric properties.
In an extensive work, See et al. [376] have simulated the propagation
of elastic body waves in gas hydrate-bearing sediment. Using in situ
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synchrotron-tomography, the authors resolve the structure of an arti-
ficially created sediment down to a spatial resolution of 380nmwhile
maintaining good contrast between the Xe hydrate and the sediment
matrix. Besides the outstanding quality of the µCT scans, this work
provides a good discussion and demonstration of the process TBNS

applied to a heterogeneous composite comprising gas hydrates.
Apart from the few TBNS studies on gas hydrates, the number of

studies in which µCT was used primarily as an imaging technique is
much larger.

2.4.5 µCT and Clathrate Hydrates

In the last 25 years, the number of studies using µCT in hydrate re-
search has steadily increased (see Ma et al. [420] for a chart of the
publication history). While only a few studies deal with gas hydrates
in the bulk, the majority of studies concerns hydrates in the pore
space of sediments. Reason for this are that on the one hand there is
great research interest in natural gas hydrates in marine sediments (cf.
subsection 1.4.1) and on the other hand, sedimentary rock particles,
pores, and gas hydrates in the pore space can be readily distinguished.
That is, µCT is ideally suited as a method because for a wide range
of conventional natural as well as synthetic rock materials (e. g., sand-
stone, limestone, sand packs, glass beads) the majority of the pore
and particle volume can be resolved by µCT [399].21 Additionally, the
contrast between the relatively strongly absorbing phase of the sedi-
mentary rock and the weakly absorbing phase of the gas hydrate is
typically very good. Conversely, the contrast between the gas hydrate,
the liquid water, and the ice phases is typically very poor. For both
bulk phase hydrate and hydrates in sediment this modest contrast
between the weakly absorbing phases poses a challenge with respect
to the applicability of µCT.

challenge of contrast in the µct imaging of gas hy-
drates . The visibility and detectability of an object depends on
both the spatial resolution of the imaging technique as well as on the
contrast between the object and its surroundings. When the spatial
resolution is of the order of the size of the object, the object’s shape
cannot be resolved anymore. Yet, it might still be possible to detect
an object the size of which is even below the spatial resolution, pro-
vided the contrast is high.22 Conversely, when the contrast is low it
can be hard to detect an object that is significantly larger than the

21 Note that in some cases pores can be significantly smaller than 1µm, especially in
natural rock materials (e. g., shale, tight rock) [399]. If such pores have to be taken
into account (e. g., for multiscale modeling [421]), µCT must be supplemented by
additional microscopic methods.

22 Since the X-ray intensity gets integrated over the area of a pixel, subpixel signals can
be detected if they deviate significantly from the background.
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Figure 27: X-ray projection of a sample comprising two voxels only. The
white and the grey shaded voxel denote regions of weak and
strong X-ray attenuation, respectively. The graph on the right
shows the intensity distribution at the detector.

spatial resolution. Several different measures of contrast (see Panetta
et al. [422] for a compilation) have been developed for a number of
situations. All of them are related to a certain ratio of difference and
average luminance. For instance, the Weber contrast

C =
Lobj. − Lsurr.

Lsurr.
, (15)

is used to describe the contrast between an object and its surround-
ing [312, 422, 423]. Here, Lobj. and Lsurr. denote the luminance values
of the object and the surrounding, respectively. While in the recon-
structed image the luminance values correspond to grey scale values,
they correspond to X-ray intensities at the detector of a µCT scanner.
Therefore, the contrast exhibited in the reconstructed images origi-
nates from the difference and average of X-ray intensities.

Instead of a rigorous discussion of image contrast in µCT (see for
instance Buzug [314] and Grodzins [424]), I prefer to provide a sim-
plistic example sufficient for the discussion. Consider the sample
of Fig. 27, which is composed of two voxels only. The impinging
(monochromatic) radiation with intensity I0 gets attenuated accord-
ing to the law of Lambert-Beer (cf. Eq. 8) and results in two different
intensities I1 = I0e

−µ1∆x and I2 = I0e
−µ2∆x at the detector. When

interpreting the voxels with linear attenuation coefficients µ1 and µ2
as the surrounding and the object, respectively, the Weber contrast
C = exp (−(µ2 − µ1)∆x)− 1 = exp (−(∆µ)∆x)− 1 follows from Eq. 15.
Hence, for a good Weber contrast (in this case values of C close to −1),
the product ∆µ∆x has to be large. This implies either large voxels or a
large difference in the coefficients of linear attenuation. As the latter is
determined by the material pairing, the former results in a reduction
of spatial resolution.

In this simplistic example, the contrast is not affected by the choice
of the X-ray intensity I0. In real measurements, however, the X-ray in-
tensity I0 is determined by the requirement that the total absorption
of X-rays through the sample is only moderate [424].23 Given a spe-
cific sample with a certain diameter, this requirement poses a lower
bound for the photon energies practicable.

23 This is because the SNR approaches zero if too few photons reach the detector.
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The challenges regarding contrast in the µCT measurement of gas
hydrates now arise when we combine the above considerations with
the linear attenuation coefficients of gas hydrates, liquid water, and
ice. As can be seen in Fig. 23, for water-gas hydrate systems, ∆µ gen-
erally decreases strongly with the photon energy. Particularly the hy-
drates of guests with low molecular weight (e. g., CO2, CH4, C3H8)
exhibit only small differences in linear attenuation with respect to
water and ice. This is because the elemental compositions as well as
the densities are very similar and differ by only a small percentage (cf.
the mixing formula Eq. 12 for the mass attenuation coefficient). How-
ever, in order to be able to penetrate samples of macroscopic size, the
range of operation of photon energies is typically well above 25 keV .
In this range of operation and for the exemplary pairs of CO2 and
CH4 hydrate with liquid water or ice (cf. Fig. 23), ∆µ is smaller than
10−1 cm−1 and approximately one order of magnitude smaller than
µ of the respective phases. Therefore, obtaining good contrast and
high spatial resolution with gas hydrate samples of reasonable size
(several millimeters in diameter) is challenging.

Nevertheless, a few strategies can be used to overcome the prob-
lem of poor contrast. A very simple approach is to focus the studies
on gas hydrates with guests of high atomic number or large molecu-
lar weight (e. g., Ar [425], Xe [376, 378, 400, 402, 426], Kr [425]). For
these, ∆µ becomes large enough to discriminate between the hydrate
and ice or liquid water even at higher photon energies.24 In studies
at temperatures above 273K the contrast between the liquid and the
solid phases can be readily enhanced by dissolving strongly absorb-
ing contrast agents (e. g., BaCl2 [427], KI [428]) in the liquid water.
An alternative strategy is to use synchrotron-based µCT. Due to the
extremely high flux of photons in the case of synchrotron-based µCT

systems (see Stock [312, p. 12] for a compilation of spectra of synchro-
tron radiation sources in the United States), the SNR is significantly
larger than with tube-based µCT systems. This alleviates the problem
of poor contrast while maintaining reasonable scanning times (e. g.,
10min [378]).25

Moreover, the use of monochromatic X-ray light allows the use of
phase contrast µCT. Since the refractive index decrement, which is re-
sposible for the phase shift, is typically several orders of magnitude
larger than the absorption index, which is responsible for the attenu-
ation, phase contrast µCT can drastically increase the otherwise weak
contrast [313, pp. 29-42].

24 Note, however, that at the same time the contrast between the gas and the liquid
phase can be deteriorated [378].

25 Since the brilliance is many orders of magnitude larger at synchrotron-based than
tube-based µCT systems, at tube-based systems the same total number of photons
(i. e., a similar SNR) would mean a scanning time which is several orders of magni-
tude longer and thus unrealistic.
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selection of µct studies on gas hydrate . Despite the dis-
advantage of a modest X-ray attenuation contrast between the gas hy-
drate, the ice, and the liquid water phase, both bulk and sedimented
gas hydrates have been investigated by µCT using a variety of differ-
ent apparatuses: tube-based and synchrotron-based. In the following,
a selection of these investigations is discussed. For a more compre-
hensive list of applications of µCT in the field of gas hydrates, I refer
to the very recent review of Ma et al. [420].

As already discussed in the introduction of this section (cf. section
2.4.5), a majority of the µCT studies on gas hydrates is concerned with
hydrates in the pore space of sediments. Since the linear attenuation
coefficient of the sediment phase is usually much larger than that
of the gas hydrate or water phase, the problem of obtaining good
contrast between the gas hydrate and ice or water is even more se-
vere than in the case of bulk hydrate. Moreover, when the gas hy-
drates are examined at high pressure, the contrast is usually further
weakened because the walls of the required pressure vessel filter out
the low-energy photons of the X-ray spectrum. Therefore, when sedi-
mented hydrate of a low-contrast guest gas (e. g., CH4, C3H8, CO2)
is investigated without contrast enhancing media, the contrast be-
tween the gas hydrate and ice or water is only weak in attenuation
based µCT [401, 429–432], even in the case of the high photon flux at
synchrotron beamlines.26 Conversely, since the contrast between the
pore space and the rock/sand of artificial and natural sediments is
typically strong, the sediment structure can be well determined at
high spatial resolution (down to several micrometers in tube-based
[401, 432, 433] and down to sub-micrometers in synchrotron-based
µCT measurements [378, 426]). This, for instance, allows the accurate
determination of the structural deformation of an artificial hydrate-
bearing sediment during the decomposition of the hydrate [431]. Be-
sides, the permeability to flow of natural methane hydrate sediments
could be derived from the µCT measurement of the sediment’s pore
network [432]. Additionally, the microstructure of recovered natural
methane hydrate host sediments has been characterized [434] on the
basis of synchrotron-based µCT. Despite the rather weak contrast be-
tween the gas hydrate and the fluid phases in studies with tube-based
µCT [401, 429, 430, 433], in combination with the accurate information
on the spatial distribution of the rock/sand, the contrast is still suffi-
cient to infer the distribution of the gas hydrate in the pore space of
the sediments. However, the information is limited to the volumetric
distribution of the gas hydrate. Statements about the fluid-sediment
and fluid-gas hydrate interfaces can only be derived with difficulty.

Apart from the high-resolution µCT scans, also low-resolution CT

was used to examine sedimented gas hydrate samples by simply con-

26 To overcome the problem of weak contrast Chaouachi et al. [378] and Yang et al.
[426], used Xe gas as a substitute for CH4 in their synchrotron-based µCT studies.
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verting medical CT scanners [403, 435–438]. Particularly in the case of
natural gas hydrate sediments, a rather low spatial resolution (sev-
eral hundred microns) is often taken into account [435, 436, 439].
For these typically large samples, high spatial resolutions are only
possible if the sample is cut in pieces. To avoid an alteration of the
sample by cutting, low spatial resolutions are acceptable. For exam-
ple, while controlling the pressure and temperature of a custom-built
core holder, Mikami et al. [439] have observed the dissociation of
approximately 115 cm3 of a Mallik 2L-38 hydrate core sample using
time-lapse CT. Albeit they do not resolve the pore space, the CT im-
ages still allow them to infer the incomplete filling of the sediment’s
pore space with gas hydrate. In an extensive study with a total of 65
hydrate cores from the Hydrate Ridge, Abegg et al. [435] investigate
the gas hydrate fabric, the hydrate distribution, as well as the vol-
ume concentration. The authors report a clear difference between the
fabrics of gas hydrates from shallow and deeper sub-seafloor depths,
which they explain based on different abilities of displacing sediment
particles during hydrate crystallization.

While for natural samples of sedimented gas hydrate, the use of
contrast enhancing media or high-contrast guest molecules is not an
option,27 their utilization can alleviate the problem of weak contrast
in artificial samples of sedimented gas hydrates. For instance, to en-
hance the contrast in a series of synchrotron-based µCT measurements
of gas hydrates in artificial sedimentary matrices, the high-contrast
guest molecule Xe was used as a substitute for CH4 [376, 378, 426].
Following this approach, Chaouachi et al. [378] have determined both
the structure of the sediment and that of the growing Xe hydrate with
a spatial resolution of down to 380nm. At the same time, the excep-
tionally good contrast between the hydrate, the sediment, and the
fluid phase allows them to identify films of liquid water between the
surface of the sediment grains and the growing Xe hydrate crystals
of only several micron thickness. In a follow-up study by Yang et al.
[426], the decomposition of Xe hydrate has been examined in an ar-
tificial sedimentary matrix composed of frost particles and natural
quartz sand. The authors report inhomogeneous rates of decomposi-
tion which they explain with a diffusion-limitation in the transport of
guest gas through the liquid water phase. In line with their argument,
Yang et al. are even able to detect concentration gradients of Xe gas
dissolved in the liquid water. In a synchrotron-based µCT study on
the growth of CH4 hydrate in the pore space of a packing of glass
beads, Kerkar et al. [427] have utilized the contrast enhancing prop-
erties of BaCl2 dissolved in liquid water at a concentration of 5wt%.
For the first time the process of pore-filling by hydrate formation
from dissolved CH4 was observed in a system similar to the marine

27 An exchange of the fluid phase in the pore space of the sediment is possible, however,
carries the risk of damaging the sediment.
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sediment. Due to the usage of CH4, higher pressures are required
for hydrate formation than in the Xe hydrate study of Chaouachi et
al. [378]. Consequently, thicker (in terms of X-ray absorption) walls
of the pressure vessel are necessary which in turn are an obstacle to
reach good contrast—even in combination with the contrast enhanc-
ing medium. Nevertheless, the contrast and the resolution of 7.5µm
is sufficient for the authors to identify an aqueous layer which sepa-
rates the glass beads from the growing hydrate crystals at all times. In
addition to the synchrotron studies, high-contrast guests or contrast
enhancing media were also used in tube-based studies. To demon-
strate the applicability of their subsampling system for the µCT analy-
sis of recovered pressurized hydrate cores, Jin et al. [402] have imaged
Xe hydrate in artificial sediments of sand. Although the contrast be-
tween the water and the sand is lacking, it is strong for all other pairs
of phases. Moreover, the voxel edge length of 5.75µm is remarkably
good when compared to similar tube-based µCT studies with samples
in pressure vessels [430, 440]. The contrast agent KI (0.5mol · l−1) has
been employed to enhance the fluid phase-gas hydrate contrast, in
µCT observations of CO2 hydrate growth patterns in the pore space
of a partially water-saturated artifical sediment [428]. The artificial
sediment consisted of a chain of 9 glass beads with a diameter of
3mm. This rather coarse sediment matrix has allowed the authors to
focus on the growth patterns at the grain surface and at the grain-
to-grain contact points, where the nucleation and subsequent growth
of the hydrates mainly occurrs. Besides a weak cementation effect, a
volume expansion of 200% upon the water-to-hydrate phase transi-
tion takes place, which points towards a highly porous nature of the
hydrates.

Concerning the µCT imaging of bulk hydrates, only a few reports
are available in the literature. For instance, using time-lapse CT, Gupta
et al. [441] have studied the formation of bulk CH4 hydrate from a
large (approx. 1200 cm3) heterogeneous sample of granular ice and
gaseous CH4. The time-resolved distribution of sample density, deter-
mined at a resolution of 250µm by CT, has facilitated the modeling
of the thermal conductivity of the composite material (gas, hydrate,
ice, water). The modeling results are in good agreement with the tem-
perature evolution in the mixed sample during hydrate formation.
They conclude that sample heterogeneity needs to be considered in
the measurement of the thermal conductivity of composite hydrate
systems. In a similar work and using the same experimental setup,
Gupta et al. [417] have extended their CT observations to study and
model also the dissociation of pure methane hydrate. To overcome the
problem of poor contrast, Jin et al. [400] used Xe as guest gas in their
µCT study of hydrate film growth at a gas-ice interface. While the con-
trast between the ice and gaseous Xe is practically non-existent (prob-
ably also due to the walls of the high pressure vessel), the formation
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of a Xe hydrate film can easily be traced. With proceeding growth
of the hydrate, a lens-shaped grain of hydrate forms as a result of
anisotropic growth. That is, the hydrate preferentially propagates by
comsuming the ice rather than the gas, a behavior explained through
gas-transport to ice. The utilization of the high-contrast guests Kr
and Ar has allowed Ohno et al. [425] to study the dissociation of
gas hydrate at a spatial resolution of 6.3µm. While the Ar hydrate
dissociates from the outside to the inside following the shrinking-
hydrate core model [280, 281], the Kr hydrate sample dissociates ho-
mogeneously throughout the entire sample. To explain the different
dissociation modes, the authors hypothesize that differences in the
water-gas interaction are the cause, which they do not specify further.

A notable strategy to overcome the contrast challenge is presented
in the studies of Takeya et al. The authors employ two different types
of synchrotron phase contrast µCT to image both bulk [307, 442–444]
and sedimented [445] gas hydrates with unprecedented density res-
olution. For instance, a density resolution of 0.001 g · cm−3 can be
achieved with X-ray interferometer (phase contrast) imaging (XII), an
interferometric technique, which utilizes a splitter and an analyzer
crystal (both stationary) placed before and after (with respect to the
beam direction) the sample, respectively [445]. With such high reso-
lution, the detection of even small crystallographic differences, e. g.,
temperature induced changes of density/lattice constant, structural
changes because of phase transitions, is possible. This has only re-
cently been shown by Yoneyama et al. [446] who measured the ther-
mal distribution in heated water nondestructively. However, XII has
a limited dynamic range and is not able to image the interfaces be-
tween phases when their density difference is too large (e. g., gas in-
clusions in ice/gas hydrate) [307]. In contrast, a larger dynamic range
of densities can be detected by diffraction enhanced (phase contrast)
imaging (DEI), however, at the cost of a reduced density resolution of
approximately 0.01 g · cm−3 [307, 444]. In DEI, only one analyzer crys-
tal (placed after the sample) in scanning mode is used for the creation
of a phase map.

To demonstrate the applicability of XII, inclusions of air hydrate in
drilling cores of hexagonal ice have been imaged at a spatial resolu-
tion of 40µm [442]. Moreover, the density of the air hydrate could
be estimated with a precision of 0.1mg · cm−3. Using the same tech-
nique, Takeya et al. [443] have imaged the density distribution in
THF clathrate hydrates. They report small variations of density (up
to 30mg · cm−3) in the hydrate crystals and assume this to be caused
by variations in hydrate cage occupancy. Nevertheless, the authors
also indicate that due to the limited dynamic density range, air bub-
bles between the hydrate grains would remain unnoticed and could
therefore also be the cause of the apparent reduction in density. In
order to investigate the dissociation of an anomalously preserved me-
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thane hydrate pellet with a diameter of approximately 25mm, a com-
bination of XII and DEI was employed. As inferred from the results
of the XII, the sample is self-preserved at 253K and exhibits an en-
capsulating layer of ice with an average thickness of approximately
100µm. Conversely, when a CH4 hydrate pellet is immersed in a bath
of methyl acetate at 198K, the hydrate starts to decompose within a
few minutes. The decomposition is accompanied by the formation of
gas bubbles at the methyl acetate-hydrate interface, which appear as
bright spots in the results of the DEI. In another study of Takeya et
al. [444], the performance of DEI has been tested at cryogenic temper-
ature (approximately 200K) with CO2 hydrate and with air hydrate
inclusions in hexagonal ice cores [444]. Their results show that (unlike
XII) DEI can be used to visualize inclusions of air hydrate as well as air
bubbles in ice at the same time. In addition to dry ice, CO2 hydrate
and hexagonal ice, two unknown crystal phases, possibly mixtures
of solid and gaseous phases, could be well distinguished. Despite the
limited dynamic range, Takeya et al. [445] have also been able to apply
XII to investigate the growth of THF hydrates as well as the freezing
of water in the pores space of a bead packing. However, to be able to
visualize all phases, the beads need a density similar to that of wa-
ter, ice, or hydrate. Therefore, the authors have chosen polyethylene
(∼ 0.95 g · cm−3) as bead material instead of silica (∼ 2.6 g · cm−3) or
glass (> 2.2 g · cm−3). Besides being able to clearly discriminate be-
tween all materials, a morphology change between the initial hydrate
and the hydrate regrown form its own melt could be observed, which
might be related to the memory effect.

Although in synchrotron based µCT studies of gas hydrates it is
possible to achieve both high spatial and high density resolution (by
using high-contrast guests [376, 378, 426] or by utilizing the X-ray
phase contrast [307, 442–445]), the access to synchrotron beamlines
is limited. Besides, synchrotron studies typically have to be carried
out within a strict time schedule. Such tight schedules require the
precise planning of the experiments and allow little flexibility in the
procedure. Yet, frequently we learn during the experiment and want
to change the schedule based on the novel findings on-the-fly. While
this is difficult at beamlines, the requirement for flexibility is typi-
cally easy to fulfill in tube-based (or lab-based) µCT systems. How-
ever, the contrast between the gas hydrate and the liquid and solid
water phases is usually poor in studies with tube-based µCT systems.
To alleviate this problem, I rely on a custom-built sample cell, which
is designed to yield the best possible contrast by being almost com-
pletely transparent to X-rays.
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Figure 28: Photograph of the custom-built sample cell in the phoenix nan-
otom m µCT system. The upper layer of insulation has been re-
moved from the cell for the photograph. During operation, the
entire cell is insulated in the same way as the lower insulating
layer in the photo is. The cell sits on the rotation table and is
rotated by it using friction. The stabilizer supports the cell via a
PTFE fixed bearing and provides centering at the same time. The
sensor adapter at the top of the cell allows to attach sensors and
fittings (cf. subsection 2.5.3).

2.5 µct setup used in the dissertation

The setup used in this dissertation comprises (1) GE’s commercially
available phoenix nanotom m µCT system together with the (2) propri-
etary software package phoenix datos|x as well as (3) the custom-built
sample cell mounted on the manipulator of the µCT system. The com-
bination of the µCT system and the cell is shown in the photograph
in Fig. 28. Note that the cell displayed is the final and most mature
version of a number of different versions that have been developed
and successively improved in the course of this thesis. Also note that
minor modifications of the cell have been used in the individual publi-
cations of this thesis (cf. chapter 3). However, for reasons of simplicity,
these are not shown here but described in detail in the publications
themselves. Likewise, the settings (e. g., tube voltage and current, ex-
posure time, number of projections) used for the individual µCT scans
in this thesis are also listed there. In the following, detailed specifica-
tions of the setup components (1)-(3) are provided.
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Table 5: Specifications of GE’s phoenix nanotom m.1

property / feature value / type

X-ray tube proprietary open high-power
nanofocus X-ray tube (transmis-
sion type)

tube voltage / max. power 25–180 kV / 15W

wavelength 7–50 pm

target tungsten target vapor deposited
on diamond window

geometrical magnification 1.5–300

min. voxel size 0.3µm

manipulator granite based 5-axes manipu-
lator with vibration insulation,
precision rotation table on air
bearings

max. sample diameter / height 240mm / 250mm

max. sample weight 3 kg

system dimension 1980mm× 1600mm× 925mm
system weight 1900 kg

1 The specifications are taken from the system documentation of the phoenix nan-
otom m µCT scanner [335] as well as from Brunke et al. [321].

2.5.1 The Phoenix Nanotom M µCT System

The phoenix nanotom m µCT system is developed and built by the
Germany based phoenix|x-ray Systems and Services GmbH, which
was part of GE Sensing and Inspection Technologies. It was first intro-
duced to the market in 2010 as the successor of the nanotom system
and is now distributed by Baker Hughes, a GE company [321, 335]. A
good overview of the device is provided in the articles by Weinekoet-
ter [318] and Brunke et al. [321]. Specifications and key data of the
device are listed in Table 5, those of the detector in Table 6.

2.5.2 Volume Reconstruction, Image Inspection, and Post-processing

Volume reconstruction is done with the proprietary software package
phoenix datos|x which is the standard software of the phoenix nano-
tom m µCT scanner [335]. The phoenix datos|x software utilizes a pro-
prietary implementation of Feldkamp’s back-projection cone-beam al-
gorithm [344] and allows the automatic correction of several artefacts
such as beam hardening, ring artefacts, and tube drift compensation
[321]. The optional velo|CT module makes use of 5 graphic cards
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Table 6: Specifications of GE’s DXR500L flat panel detector.1

property / feature value / type

diode matrix material amorphous silicon

scintillating crystal CsI

active area 307mm× 240mm
image format 3072× 2400
pixel pitch 100µm

A/D conversion 14 bit

minimum exposure time 375ms

dynamic range 10000 : 1

1 The detector specifications are taken from the system documentation of the
phoenix nanotom m µCT scanner [335] as well as from Brunke et al. [321].

(Nvidia Tesla series) and is employed for the parallelized and ac-
celerated reconstruction. Together, this allows the quality-optimized
reconstruction of full rotation scans with 1500 angular projections
(each projection corresponds to a 3072× 2400 image with 14 bit color
depth) in less than 5min.

Volume reconstruction typically yields raw 3D image data with a
grey scale resolution of 16 bit and a voxel edge length of several mi-
crometer. As this image data set is typically many gigabits in size, the
smooth visualization requires high end software and a workstation of
sufficient memory. I use the commercial software VG Studio MAX 2.2
(Volume Graphics GmbH, Germany) for the visual inspection of the
raw image data as well as for publication-ready renderings of the re-
sults. Moreover, simple post-processing tasks such as noise reduction
via Gaussian or median filtering are also done in VG Studio MAX 2.2.
The simple segmentation of image data into discrete material phases
(see the review of Iassonov et al. [349] for a discussion of 14 different
segmentation methods) and a number of quantitative analyses (e. g.,
porosity and inclusion analysis, foam and powder analysis) are possi-
ble in VG Studio MAX 2.2, but are limited in their functionality and
adaptability. Therefore, every segmentation and quantitative analysis
is done using an external and self-developed tool optimized for mem-
ory usage and performance. To this end, the 3D image data are first
compressed to an 8 bit grey scale resolution (to reduce the file size)
and then exported to a stack of 2D images from VG Studio MAX 2.2.
The in-house segmentation and 3D image analysis tools have been
developed by myself and are basically a collection of image process-
ing algorithms which are implemented in the language C++ making
heavy use of the visualization toolkit libraries [447] and the Qt frame-
work. Whenever the contrast between the phases is good enough, a
simple and global binary threshold filter is used for the segmentation
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of the image data. Mostly, however, the contrast is rather poor and a
more sophisticated and local segmentation approach is needed. For
that, the graph-based random walk segmentation algorithm of Grady
[448] is employed. In Grady’s algorithm, every voxel is classified into
a phase based on its own and neighboring grey scale values. Since the
random walk segmentation preserves the connectedness of regions
even in the presence of unwanted image noise, it has proven to be
particularly useful for the segmentation of the gas hydrate samples
(cf. Arzbacher et al. [449, 450]).

Image segmentation is usually followed by one or more quantita-
tive analyses. While the determination of volume fractions and poros-
ity is performed by default (either by voxel counting or by Monte
Carlo integration), more sophisticated analyses (e. g., 2-point corre-
lation, connectivity analysis [350]) are done only when required. A
detailed discussion of these non-default analyses is provided within
the publications (e. g., Arzbacher et al. [451]).

2.5.3 The Sample Cell

The sample cell is basically a temperature controlled and pressure
monitored miniature pressure vessel with maximal transparency to X-
rays. It is designed for the non-destructive long-term investigation of
gas hydrates at stability conditions (i. e., low temperatures and high
pressures) and allows the detection of structural changes on the mi-
crometer scale. Due to the high X-ray transparency of the cell walls,
it is possible to discriminate between the weakly absorbing phases
gas hydrates and ice using conventional attenuation based µCT. Sec-
ondary purposes of the cell are to detect minor amounts of gas release
(in consequence of gas hydrate decomposition or growth) as well as
to perform calorimetry, yet, with limited accuracy.

The design of the cell as well as its placement in the phoenix nan-
otom m µCT system is shown in Fig. 29. The pressure vessel of the cell
is formed by a steel cap and a glassy carbon crucible (SIGRADUR
G, HTW Germany). The choice of glassy carbon as wall material is
crucial for the application and the design of the sample cell. This is
because glassy carbon is highly transparent to X-rays, impermeable
to gases and liquids, chemically stable, extremely resistant against
thermal shocks, sufficiently heat conductive for cooling, and strong
enough to withstand high pressures in a wide range of temperatures.
On the downside, however, glassy carbon cannot be machined. Thus,
all connections have to be designed as either positive-fit or adhesive
connections. For instance, a two-component epoxy adhesive is used
for fitting together the glassy carbon crucible and the steel cap. On
the contrary, a positive-fit connection joins the glassy carbon crucible
with the aluminum base of the sample cell. The very brittle character
of the glassy carbon further restricts the design. That is, the usage
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Figure 29: Sketch of (a) the phoenix nanotom m µCT setup containing (b) the
custom-built sample cell. The cell is mounted on the manipulator
of the nanotom but otherwise completely independent from the
µCT system. In normal operation, the cell is cooled thermoelectri-
cally. The hot side of the thermoelements (i. e., a Peltier stack) is
water-cooled externally. For enhanced cooling requirements, two
independent jets of cold gaseous nitrogen can be blown to the alu-
minum base of the cell. The orange area indicates the volume in
which the samples are typically placed for measurements. Note
that the inside of the glassy carbon crucible can be equipped with
additional parts when the experiments require it.

of metal gaskets for sealing is problematic since the glassy carbon
surface tends to crack. To overcome this problem, an O-ring (PTFE)
between the glassy carbon crucible and the steel cap is used for seal-
ing of the pressure vessel. The attachment of the remaining parts of
the cell (e. g., sensors and gas supply lines) to the pressure vessel
is easily done via the steel cap, which is connected to a fitting and
sensor adapter via a threaded joint and another O-Ring (FKM).

Cooling of the pressure vessel takes place via the aluminum base
from below. The standard cooling of the aluminum base is done
thermoelectrically by a stack of Peltier elements (QC-31-1.0-3.9MS
and QC-17-1.4-3.7MS, Quick-Ohm Germany) which themselves are
cooled via a flow of cold water. This allows temperatures of down to
250K to be achieved with very high temperature stability of ±0.02K.
Lower temperatures require additional cooling power which is pro-
vided by two independent jets of cold gaseous nitrogen. To this end,
liquid nitrogen is vaporized at a controlled rate in two separate de-
wars and blown onto the aluminum base via a symmetric system of
nozzles (not shown in Figs. 28 and 29). Although this comes at the
the cost of a decreased temperature stability (approx. ±0.5K), tem-
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peratures well below 200K are possible for an unlimited amount of
time.28

The direct measurement of sample temperature would require the
insertion of a metallic temperature sensor into the pressure vessel.
Since the metallic sensor is absorbing significantly more than every-
thing else in the pressure vessel, the sensor would result in (metal)
streak artefacts [312], i. e., a serious reduction of µCT image quality.
Therefore, the determination of temperature in the cell is done in-
directly via a calibrated thermocouple (K-type, d = 1mm, placed
inside the aluminum base) and series of computer simulations and
calibration experiments (cf. the electronic supporting information in
Arzbacher et al. [449] for a detailed discussion). Because of the in-
direct measurement, the accuracy of sample temperature is reduced,
however, estimated to be better than 1K in every experimental setting
employed [449].

The measurement of cell pressure is straightforward and done via
pressure transducers attached to the fitting and sensor adapter. For
hydrate synthesis, a transducer with a range of 0–10MPa and an
accuracy of 8 kPa (PXM459-100BGI, OMEGA Germany) is used. Hy-
drate decomposition is measured with an accuracy of 0.6 kPa using
a sensor with a range of 0–700 kPa (PXM459-007BGI, OMEGA Ger-
many). Due to the small volume of the pressure vessel (approximately
1.9mL), an accuracy of 0.6 kPa relates to an accuracy of 1µg with re-
spect to the mass of gas released. The disadvantage of such a small
cell volume is, though, the relatively large pressure drop associated
with leakage across the reactor gaskets. While this makes the determi-
nation of gas uptake in hydrate formation experiments challenging,
leakage can be neglected in dissociation experiments done at signifi-
cantly lower pressures and over shorter periods. For a detailed discus-
sion of cell pressure, gas mass, and leakage I refer to my most recent
publications [449, 452] and the accompanying electronic supporting
information.

The cell is independent of the µCT system in terms of supply and
data acquisition. The gas is supplied directly from the gas cylinder,
whereby the gas pressure is adjusted manually via a manometer. The
electrical power as well as monitoring and controlling of the cell is
provided by a commercial data acquisition system (NI cRIO-9022, Na-
tional Instruments USA). To summarize, key specifications of the cell
are listed in Table 7.

28 The unlimited supply of cold gaseous nitrogen is guaranteed by two independent
dewars which can be used alternately.
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Table 7: Specifications of the custom-built sample cell.

property / feature value / type

pressure vessel material glassy carbon and stainless steel

volume of pressure vessel 1.9mL

cell diameter with / without in-
sulation

50mm / 20mm

temperature range tested 173–373K

max. pressure tested 10MPa

min. voxel edge length in µCT

scans 1

5µm

1 The maximum spatial resolution is constrained by the minimal voxel edge length
determined by the maximum geometrical magnification factor. The maximum mag-
nification factor itself is determined by the diameter of the cell and the X-ray focus-
detector distance.

Up to now, the research objectives as well as the primary method of
this dissertation have been discussed extensively. Against this back-
ground, I shall now recapitulate briefly the main goal of this disserta-
tion, before presenting the results. In section 1.7 I have outlined that
some open questions concerning the formation and decomposition
of gas hydrates are related to the structure and its change on mul-
tiple scales. While the micro- and macroscale are well investigated,
the knowledge of structural changes on the micrometer scale suffers
from a lack of data. As discussed in this chapter, µCT is a power-
ful non-destructive tool particularly suited for the investigation of
multi-phase structures in the range from a micrometer to several mil-
limeters. In combination with the custom-built sample cell (cf. sub-
section 2.5.3), µCT therefore seems to be the perfect methodological
match to address the questions and research objectives of this thesis.





Part III

P U B L I C AT I O N S

The first two parts of this manuscript serve to explain the
background and the main method. The purpose of these
two parts is thus primarily to provide the reader with
enough information to be able to classify the results pre-
sented below. Since these results are the product of many
years of work in a cumulative dissertation, they address a
variety of questions, but are nevertheless related through
the method used. The results are the subject of two patent
applications (one European and one International) and
have been published in four different peer-reviewed ar-
ticles. As such, they are fully described in every aspect
(results, method, discussion). Therefore, I do not seek to
repeat the content of my publications here. Instead, after
explaining the connection between the individual publi-
cations, the highlights as well as my contribution in the
works are presented.





3
P U B L I C AT I O N S

After a comprehensive introduction to both the topic and the method,
this chapter eventually presents the results obtained in this disserta-
tion. All results including detailed descriptions of methods and pro-
cedures have been published in peer-reviewed articles. All of these
articles as well as the electronic supporting information published
along are made available in Appendix A here. Therefore, instead of
repeating the content of my articles, I instead focus on summarizing
the works as well as clarifying how these contribute to the state of
knowledge in gas hydrate research.

Since the present dissertation covers a total of more than six years
of work, the resulting publications exhibit a certain degree of scatter
with respect to the topics and questions addressed in them. That is, at
first sight it might appear unclear how my publications go together.
To counteract, the following section aims at making the hidden con-
nections visible.

3.1 connecting the dots

The organizational framework of this dissertation is closely connected
with the history of the Research Center Energy at the Vorarlberg Uni-
versity of Applied Science, the place where most of my research was
conducted. The research center was founded only one year before I
was employed within the framework of the COIN TomoFuMa project
No. 839 070, funded by the Austrian research promotion agency FFG.
The aim of the TomoFuMa project was the development and investiga-
tion of microstructured and functional materials using µCT and TBNS.
Although one of the proposed microstructured materials were clath-
rate hydrates, initially their investigation was out of reach due to the
lack of infrastructure. That is, at the time I started, the lab was literally
empty—the µCT system as well as the gas processing and cryogenic
equipment was still to be selected and purchased. The only thing
that was available right from the start was a high performance work-
station which could be utilized to perform the computer simulations
required for TBNS. In view of the rapid progress of the TomoFuMa
project, it therefore seemed obvious to start with a problem, the chal-
lenge of which is primarily simulation, but not the experimental part.
As the latter would have been the case with clathrate hydrates (see the
challenges related to the µCT imaging of gas hydrates in section 2.4.5),
soft magnetic composites (SMCs) were chosen as the first functional
material to be studied. The choice of SMCs came with several advan-
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tages: (1) Since the structure of SMCs could easily be approximated by
computer generated packings of spheres and ellipsoids, the modeling
part of TBNS could be tested even before the µCT infrastructure was
available. (2) A large set of different SMC samples, the magnetic prop-
erties of which have already been determined, was provided by our
collaborator Dr. Bernd Weidenfeller from the Technical University of
Clausthal. This allowed the matching of model and experiment at a
minimum of experimental work. Because of these advantages, only a
few months after the µCT infrastructure was installed, all SMC samples
were imaged, all simulations were completed and the first publication
of this dissertation entitled “Tomography based numerical simulation
of the demagnetizing field in soft magnetic composites” [451] could
be written.

Subsequently, I intended to use the now well functioning µCT in-
frastructure as well as the developed processes (e. g., the image pro-
cessing and the simulation packages) to apply TBNS to sedimented
and pure gas hydrates. However, I completely underestimated the
complexity of the physical chemistry of gas hydrate as well as the
challenges related to their investigation by µCT. Soon I had to realize
that the TBNS of mass and heat transport in sedimented and pure gas
hydrates required experimental possibilities, knowledge and experi-
ence which I did not have at that time. However, I also recognized
that there was still room for improvement with regard to the exist-
ing experimental possibilities of gas hydrate research by tube-based
µCT. Therefore, and also since the advancement of the experimental
infrastructure was the initial step to TBNS, I first focused on the de-
velopment of a cell which could be used for the time-lapse µCT study
of forming and decomposing gas hydrates. The result of this effort
was a predecessor of the cell described in subsection 2.5.3. In a first
application of the newly developed cell, ice and THF hydrate samples
were observed over a total of 8 days. The results of this observation
then have led to my second publication entitled “Micro-Tomographic
Investigation of Ice and Clathrate Formation and Decomposition un-
der Thermodynamic Monitoring” [450]. With the new experimental
possibilities at hand, I then turned the focus of my research from the
THF hydrate, which is particularly easy to handle due to its formation
from an aqueous solution and due to its stability at STP conditions, to
the more relevant hydrates of CO2 and CH4. However, since the study
of both CO2 and CH4 hydrate require significantly higher pressures,
the sample cell had to be adapted to its final version, as described
in subsection 2.5.3. The major advancement with respect to the previ-
ous version was the introduction of the new cell wall material. Glassy
carbon is not only impermeable and gas-insoluble but also signifi-
cantly more transparent to X-rays when compared with PEEK used
previously. The advantage of glassy carbon as cell wall material is ap-
parent in “Macroscopic defects upon decomposition of CO2 clathrate
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hydrate crystals” [449], my first study employing the new cell. Be-
cause of the remarkably good quality of the µCT scans, I was able to
track the decomposition front of decomposing CO2 hydrate and corre-
late this information with the pressure signal recorded by the sensor
in the cell. Before and during the writing process of the publication,
many measurements were done which did not make it into the final
version of the manuscript. In some of these measurements, I noticed
the growth of hydrate in places where the only possible supply of
water was via the vapor phase. This eventually inspired me to have
a closer look at the formation of gas hydrates from water vapor and
the pressurized guest gas. This rarely investigated route of formation
was subject of my last and most recent work “Co-Deposition of Gas
Hydrates by Pressurized Thermal Evaporation” [452], published in
the context of this dissertation. Since there is hope that this route of
formation might also prove beneficial for hydrate-based applications
(e. g., gas separation, CCS), I applied for two patents (one European
[453] and one International [454]) describing the process as well as
related apparatuses. For reasons of priority the European patent had
to be published before the publication of the research paper. Never-
theless, both the patent and the publication appeared in parallel at
about the same time. The international patent application is identical
with the European application and was submitted one year after it in
order to gain additional time for the exploitation.

In the following, I will present the above mentioned publications
in a slightly different order. To this end, the historically first publi-
cation is presented at the end. This is because the first publication
presents an exception in terms of the topic investigated, i. e., SMCs
instead of gas hydrates. Additionally, it demonstrates the process of
TBNS, the application of which for the study of mass- and heat trans-
port in gas hydrates is a goal going beyond that of this dissertation.
Moreover, because it serves as a methodological outlook to my future
research on gas hydrates, it seems reasonable to have the first pub-
lication at the end. All other publications keep their historical order
since they focus on gas hydrates and build on each other in terms
of the methodological development. Besides, as the topics of these
studies can be abstracted to building infrastructure, studying hydrate
decomposition, and studying hydrate formation, they also build on
each other in terms of research direction.



3.2 s . arzbacher , j. petrasch , a . ostermann, and t. loer-
ting . “micro- tomographic investigation of ice and

clathrate formation and decomposition under ther-
modynamic monitoring .” in : materials 9 .8 (2016). doi :
10 .3390/ma9080668 .

To investigate structural changes in ice and gas hydrate samples, a
combination of µCT imaging, temperature control, and pressure mon-
itoring is proposed. The monitoring of the thermodynamic state vari-
ables is carried out with a custom-built cell, able to accurately control
the temperature, to precisely determine the pressure and to provide
information regarding the heat flow from and to the sample. Together,
this allows not only to study ice, THF hydrate, and 1,3-dioxolane hy-
drate in calorimetric temperature cycling experiments. It also enables
to simultaneously determine changes of both thermodynamic state
and structure of ice and THF hydrate stored at temperatures 30K
and 3K below the melting point for 196h. The precise volume and
surface data obtained in conjunction with pressure and temperature
provide insight into the sublimation-vapor transport-resublimation
mechanism that is likely to determine the observed morphological
changes in the samples. While the highlights of this work are summa-
rized below, further details can be found in the publication attached
in Appendix A.1. The graphical abstract is shown in Fig. 30.

Figure 30: Graphical abstract. The microstructure of transforming ice and
THF hydrate samples is monitored together with pressure, tem-
perature and heat flow.

3.2.1 Author Contribution

Both the conception and the design of the experiments were jointly
done by Thomas Loerting, Jörg Petrasch and myself. The setup and
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the execution of the experiments was done exclusively by myself.
That means I made all the drawings, manufactured all the parts,
selected and procured all the sensors and wired them. I also pro-
grammed the controller and the data logger for the cell. Besides, I
prepared all samples and did all of the calorimetry experiments and
µCT scans. The processing of pressure, temperature, and power sup-
ply data was also done by myself. I further did all the image post-
processing (i. e., image segmentation, volume and surface area deter-
mination) using a tool which I programmed. The theoretical founda-
tions (e. g., how to solve the extremely large linear system of equa-
tions) of that program were developed with the help of Alexander
Ostermann. All authors contributed equally to the manuscript in both
the writing as well as in the discussion and analysis of the data. Fig-
ures and plots were done entirely by myself. The funding for this
work was granted to Jörg Petrasch.

3.2.2 Summary and Highlights

• High quality time-lapse µCT with a voxel edge length of 5µm
and clear contrast between the solid and the gas phase is com-
bined with a cell able to determine pressure, temperature and
heat flux.

• The setup is unique with respect to its ability to combine high-
resolution imaging with pressure, temperature, and heat flux
information. It is particularly sensitive to pressure variations
and able to even tell the heat deposited in the sample cell by
the X-ray radiation.

• Temperature cycling experiments done in the cell with ice and
hydrate samples yield combinations of pressure, temperature,
and heat flux data unique to the substance investigated and thus
help to characterize the formation and decomposition processes
of clathrate hydrates.

• The volume as well as the (mesoscopic) surface area of ice and
THF hydrate are tracked over a period of 196hwith an estimated
accuracy of 2%.

• Strong indications for micropores in both the ice and the THF

hydrate samples are found. These are derived from the known
densities of the samples as well as from the volumetric contrac-
tion of the samples during melting, which is accurately mea-
sured with µCT.

• Massive but very slow morphological changes of both the sam-
ple surface and bulk are observed with ice and THF hydrate at
temperatures 30K and 3K below the melting point. While these
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transformations are known under the term snow-metamorphism
in the case of ice particle packings, they have not been imaged
for THF hydrate before. Yet, the effect is even more pronounced
than in ice. The cause of the transformations is presumably a
sublimation-vapor transport-resublimation process which takes
place on large time scales and is easily overlooked in experi-
ments spanning a shorter time.

• The µCT observations of the morphological changes point to-
wards a gas hydrate restructuring mechanism that occurs via
the vapor phase and which is likely to influence the effect of
self-preservation.

• Long term observation of THF hydrate samples exposed to a N2

atmosphere strongly indicate the uptake of N2 in the THF hy-
drate at ambient pressure and temperatures ranging from 230K

to 271K.



3.3 s . arzbacher , n. rahmatian, a . ostermann, b . mass-
ani , t. loerting , and j. petrasch . “macroscopic de-
fects upon decomposition of co2 clathrate hydrate

crystals .” in : physical chemistry chemical physics

21 (2019), pp. 9694–9708 . doi : 10 .1039/ c8cp07871h .

Using an improved version of the setup developed in the previous
publication, this work addresses the sparsely recognized influence
of macroscopic defects on the decomposition behavior of clathrate
hydrates at temperatures below the melting point. Time-lapse mi-
crocomputed tomography in combination with temperature control
and accurate pressure monitoring was used to yield cross-correlated
mesostructural information of CO2 hydrates at different states of de-
composition. In particular, the planar barriers to hydrate decomposi-
tion, a homogeneous three-dimensional network of pores, and cracks
acting as nucleation sites for decomposition add new perspectives to
the complex picture of hydrate decomposition. Furthermore, the re-
sults point towards a local trigger of the decomposition process, some-
thing which has not been considered so far. Again, the highlights of
this work are summarized below. The publication itself is attached
in Appendix A.2 together with the electronic supporting information.
The graphical abstract is shown in Fig. 31.

Figure 31: Graphical abstract. Cracks and unprecedented decomposition
barriers observed in time-lapse microcomputed tomography mea-
surements challenge existing models of gas hydrate decomposi-
tion.

3.3.1 Author Contribution

The redesign of the sample cell, its manufacturing as well as its in-
stallation were done by myself. The sample preparation was done
by Bernhard Massani, who also did the powder diffraction measure-
ments used for crystal structure analysis. Besides that, I designed,
planned and executed all experiments. Further, I processed all image
data as well as the data obtained with the sample cell. Additionally, I
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wrote the majority of the manuscript and created all figures and plots.
Contributions to the text came from Thomas Loerting and Nima Rah-
matian who both also helped with the analysis and interpretation of
the data. Alexander Ostermann helped with fruitful discussions and
made corrections to the text. Jörg Petrasch contributed the funding
for this work.

3.3.2 Summary and Highlights

• To my knowledge, this is the first µCT study on gas hydrates, in
which glassy carbon is used as the material for the walls of the
pressure vessel. This has allowed us to advance the sample cell
to be employed at temperature as low as 173K and pressures as
high as 10MPa, while even improving the contrast.

• Due to the choice of glassy carbon, I have obtained µCT results
which are outstanding in terms of spatial and density resolu-
tion when compared with other tube-based µCT work on gas
hydrates. At a voxel edge length of 6µm, it is possible to dis-
criminate between the gas, ice, and gas hydrate without using
contrast enhancing media or high-atomic guests. Therefore, for
the µCT imaging of gas hydrates glassy carbon is superior to the
cell wall materials aluminum, titanium, or composite plastics
used in the past (cf. subsection 2.4.3). I propose its application
in studies similar to this one, but also for pressure vessels used
in synchrotron-based µCT.

• The good contrast between intact and decomposed hydrate en-
ables the tracking of the propagating decomposition front in
a “stop-and-go” µCT study of bulk CO2 hydrate, which, to my
knowledge, has been done for the first time.

• In contrast to pure imaging studies, I cross-correlate the vol-
umes of intact and decomposed hydrate with the pressure data
of the cell. This cross-correlation allows to validate the image
segmentation process as well as the associated assignment of
phases.

• The decomposition of CO2 hydrate samples is always accom-
panied by the formation of pores below the resolution limit of
our measurements (approximately 10µm). However, with time,
the pores grow and become detectable. Moreover, all samples
expand by at least 3% during their decomposition.

• The observations suggest that hydrate decomposition is often
preceded by the formation of cracks which seem to act as nucle-
ation sites for the decomposition process.
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• Opposed to the shrinking-hydrate core model [280, 281] and
opposed to the observations of Ohno et al. [425] we do not ob-
serve either the homogeneous dissociation of the sample or the
formation of a shrinking-hydrate core. Instead, hydrate decom-
position seems to spread out from certain sites. In analogy to
the initial process step in hydrate formation, these sites can be
termed nucleation sites for decomposition. While some of these
nucleation sites can be found at the exposed surface of the hy-
drate samples, many of the sites are found inside the sample,
where they are often associated with the occurrence of cracks.

• On several occasions, the propagating decomposition fronts ap-
pear to get blocked by planar barriers which subdivide the hy-
drate sample into regions resistant and unresistant to decompo-
sition. Since these barriers prevent further hydrate decomposi-
tion and since they are observed under conditions where self-
preservation has been reported before, the barriers are likely to
be important ingredients in the explanation of self-preservation.

• A remarkable difference in the gas release curves between self-
preserved and non-preserved CO2 hydrate samples is observed
upon the rapid depressurization of the sample cell. Self-pre-
served samples exhibit a rapid release of gas immediately af-
ter depressurization followed by a virtual stop. Non-preserved
samples exhibit an identical behavior at the beginning, which
is, however, followed by a second phase of rapid gas release.
Hence, decomposition seems to follow the same mechanisms
at the beginning. Yet, at a later stage, an additional accelerat-
ing mechanism sets on in the non-preserved sample. This is
not in line with the popular ice-shielding hypothesis (cf. subsec-
tion 1.6.2) where the ice-shield represents a decelerating mecha-
nism for the self-preserved sample. However, since this observa-
tion is not always reproducible and seems to depend on the hy-
dration number of the sample investigated, further experiments
are required.



3.4 s . arzbacher , n. rahmatian, a . ostermann, t. m . gass-
er , t. loerting , and j. petrasch . “co-deposition of

gas hydrates by pressurized thermal evaporation.”
in : physical chemistry chemical physics 22 (2020),
pp. 4266–4275 . doi : 10 .1039/c9cp04735b .

This publication advances a sparsely regarded route for gas hydrate
synthesis based on vapor deposition circumventing many of the short-
comings of existing methods. The technique can be applied to all gas-
eous guest molecules, no matter whether they are soluble or insolu-
ble in water. Moreover, there are no restrictions in terms of synthesis
pressure and temperature, as long as the conditions are within the
region at which the gas hydrate is stable. To demonstrate its useful-
ness, the vapor deposition method is applied to form the hydrates of
CO2 and CH4. Besides, I demonstrate how this synthesis route can
help with the solution of unresolved problems in clathrate hydrate
research, such as the growth and decomposition kinetics and the
self-preservation phenomenon. Particularly the deposition and subse-
quent decomposition of thin deposits of self-preserved hydrates with
well-defined properties (mass, composition, surface area) provides
new insights into hydrate self-preservation already. The approach en-
ables hydrate synthesis without mass transport limitation even at sub-
zero Celsius and allows to grow large macroscopic single crystals as
well as hydrate with an extraordinary degree of self-preservation in
a simple and inexpensive lab experiment. The highlights of this work
are summarized below, further details can be found in the publication
in Appendix A.3 together with the electronic supporting information.
The graphical abstract is shown in Fig. 32.

Figure 32: Graphical abstract. A new synthesis route featuring vapor depo-
sition at super-atmospheric pressure is proposed for the study of
hydrate formation and decomposition.
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3.4.1 Author Contribution

The retrofitting of the µCT sample cell (called reactor R-CT in the
publication) was done by myself. The design, manufacture and in-
stallation of the R-Vis reactor was carried out jointly by myself and
Nima Rahmatian. The controller for reactor R-Vis was programmed
by Nima Rahmatian with minor contributions from myself. While the
synthesis and decomposition experiments in the reactor R-Vis were
divided equally between Nima Rahmatian and me, I performed all ex-
periments in the reactor R-CT. The powder diffraction profiles were
recorded by Tobias M. Gasser and processed and analyzed by myself.
The processing of the image data as well as the evaluation and anal-
ysis of the pressure and temperature data collected in the reactors
R-CT and R-Vis were done by myself. I further wrote the majority of
the manuscript and created the figures and plots. Nima Rahmatian
and Thomas Loerting contributed to the text and helped with the
analysis and interpretation of the data. Alexander Ostermann and To-
bias M. Gasser made minor contributions to the text and helped to
polish the final version of the manuscript. Jörg Petrasch was granted
the funding for this work.

3.4.2 Summary and Highlights

• The rediscovery of a seemingly forgotten technique for the syn-
thesis of gas hydrates and its advancement to be applied to
a broader range of guest gases and formation pressures is re-
ported. Although Cady [4, 6, 220] used a similar approach for
the synthesis of gas hydrates, he was restricted to hydrates with
low formation pressures (e. g., Cl2, Br2, Xe).

• The proposed method comprises the evaporation of liquid wa-
ter, its controlled transport to a hydrate growth site via a care-
fully designed temperature field, as well as the deposition of
the water vapor and the guest gas at the cooled growth site.

• This route of synthesis avoids the limitation of mass transfer to
the hydrate growth site, which typically occurs when hydrate is
grown from the condensed phase. Opposed to other deposition
techniques which require vacuum conditions [96, 127–130, 221],
arbitrary pressures inside the gas hydrate stability region can
be employed.

• With the proposed technique only a small percentage of the
reactor volume can be utilized for hydrate production. Since
a much larger volumetric fraction of the synthesis reactor can
be converted to gas hydrate, when the hydrate is grown from
liquid water, hydrate synthesis by vapor deposition seems in-
appropriate for industrial applications on first sight. However,
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as the yield of hydrate scales well with the surface area of the
deposition site and since the hydrate can be deposited at a very
low formation pressure (given the temperature of the deposi-
tion site is cold enough), co-deposition by pressurized thermal
evaporation might prove beneficial for industrial applications
(e. g., gas separation, CCS).

• The co-deposition technique is perfectly suited to form layers
of gas hydrate at carefully controlled rates of deposition (i. e.,
the mass transport to the growth site) and a well determined
heat transfer. While the former can be adjusted by the rate of
evaporation as well as by the design of the reactor temperature
field, the latter is provided by the negligible resistance to heat
flux between the cooling facility and the hydrate growth site.

• The benefits of the synthesis technique are demonstrated by
slowly depositing hydrates of CO2 and CH4 at super-atmospher-
ic pressures for the first time. Both, µCT imaging as well as vi-
sual inspection are used to observe the formation process of the
hydrate. The deposition process seems to start with an inter-
mediate liquid water phase in which hydrate crystals nucleate.
These hydrate crystals then act as seed crystals for the subse-
quent deposition process.

• Moreover, the benefits are utilized in unprecedented decom-
position experiments in which the dissociation curves of thin
CO2 hydrate deposits of reproducible composition are investi-
gated at well-controlled initial conditions (pressure, tempera-
ture, sample mass and surface area). The dissociation curves
of samples prepared at the same conditions are identical and
highly reproducible upon rapid hydrate depressurization. How-
ever, the curves differ between hydrate samples prepared at
1MPa and 2MPa. While samples prepared at 2MPa seem to
be self-preserved already, those prepared at 1MPa exhibit disso-
ciation rates even 7 times smaller. Although the physical chem-
istry behind this remarkable degree of self-preservation remains
unclear, the phenomenon could be reproduced numerous times.

• The greatest advantage of the process at the moment is the abil-
ity to produce samples with reproducible and defined proper-
ties. That is, by choosing the deposition conditions a specific
amount of hydrate with well-determined dimensions and a cer-
tain decomposition behavior can be synthesized. This enables
to study specific aspects of the hydrate formation and decom-
position process in carefully planned experiments.



3.5 s . arzbacher and n. rahmatian. “process and appa-
ratus for producing gas hydrate .” ep18214858 . 2018 .
and pct/ep2019/086318 . 2019 .

Two patent applications [453, 454] were filed based on the process de-
scribed in “Co-Deposition of Gas Hydrates by Pressurized Thermal
Evaporation” [452]. In both cases, the assignee is the Vorarlberg Uni-
versity of Applied Sciences. The inventors are Nima Rahmatian and
me. The patent cooperation treaty (PCT) application has passed the
examination stage with all 15 claims being accepted and will be pub-
lished on Patentscope on June 20, 2020. It substitutes the European
patent application, which will expire. Our claims regarding the pro-
cess are in accordance with the process description in the publication,
though, expressed in the terms of process engineering. The additional
aspect of the patent application compared to the scientific publica-
tion are apparatuses proposed for the implementation of the process
in different settings. For organizational reasons, the patent applica-
tions are written in German (German title: “Verfahren und Vorrich-
tung zur Herstellung von Gashydrat”). Since both applications are
practically identical in content, only the PCT application is attached
in Apendix A.4. The process as well as an apparatus in the simplest
possible embodiment are illustrated in Fig. 33.

Figure 33: Graphical abstract. A new synthesis route featuring vapor depo-
sition at super-atmospheric pressure is proposed together with
corresponding apparatuses for the production of gas hydrates.

3.5.1 Author Contribution

The idea for the process was developed primarily by me with mi-
nor contributions from co-inventor Nima Rahmatian. In an agreement
with the assignee of the patent, I and Nima Rahmatian are granted
a share of 80% and 20% of the patent, respectively. The text of the
patent applications as well as all figures and sketches were created
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by me and later edited by our patent attorney to qualify the legal jar-
gon. Moreover, I developed and wrote the rebuttal to the examination
report of the European patent office which was also used in the PCT

application.

3.5.2 Summary and Highlights

• The highlights of the process are according to those described
in section 3.4.

• In total, six different embodiments of apparatuses for the syn-
thesis by co-deposition at super-atmospheric pressure are pre-
sented. In two embodiments, the water vapor is transported ver-
tically. The remaining four embodiments feature vapor trans-
port in a radial direction. Otherwise, the main differences be-
tween the apparatuses are how the water and gas are fed into
the reactor as well as how the gas hydrate is recovered.

• One embodiment of the invention describes a gas hydrate bat-
tery, in which gas can be stored in the form of gas hydrate on
concentric rings. The rings can act as both water evaporation
as well as hydrate deposition sites. Loading and unloading of
the gas hydrate battery is carried out by simply reverting the
temperature field between the rings. While the gas can enter
and leave the battery, the majority of the water is only cycled
between the evaporation and the deposition sites.



3.6 s . arzbacher , p. amann, b . weidenfeller , t. loerting ,
a . ostermann, and j. petrasch . “tomography based

numerical simulation of the demagnetizing field

in soft magnetic composites .” in : journal of applied

physics 117 .16 (2015). doi : 10 .1063/ 1 .4917490 .

In this work the method of TBNS was applied for the first time to
simulate magnetic phenomena in soft magnetic composites (SMCs).
SMCs are materials in which ferromagnetic particles are embedded in
a matrix of a nonmagnetic and electrically insulating binder. While
the insulating binder reduces eddy current losses due to the preven-
tion of long range current paths, the random distribution of particles
results in isotropic ferromagnetic behavior. Both, isotropic behavior
and reduced eddy current losses make SMCs an interesting material
for a variety of industrial applications. However, besides the generally
lower magnetic permeability attributed to a reduced volume fraction
of the ferromagnetic material with respect to laminated steel, the de-
magnetizing field (which is the magnetic analogy to the depolarizing
field in induced electric dipoles) further adds to this reduction. To de-
termine the influence of the SMCs’ microstructure on the demagnetiz-
ing field, cutouts of samples of known magnetic properties are used
in a TBNS process. That is, the sample’s microstructure is determined
by µCT and approximated by a computational grid on which the 3D
magnetostatic Maxwell equations are solved numerically. The result-
ing magnetic field information is then mapped to a volume averaged
demagnetizing factor which is compared with that experimentally
determined. This allows not only to validate the results of the simu-
lations but also enables to determine material properties, which are
difficult to measure in experiments (e. g., the magnetic permeability
of a powder particle). To this end, we use the approach of parameter
matching, i. e., simulation parameters are optimized so that the differ-
ence between simulation result and experimental outcome becomes
minimal.

Within the context of this dissertation, the present work demon-
strates the potential of the method of TBNS as well as its readiness
to address questions in the research field of gas hydrates. As shown
in our previous papers, the microstrucure of gas hydrates as well as
its evolution in time can be determined via µCT together with data
about the thermodynamic state. Since these data represent both in-
put for the method of TBNS as well as experimental reality, they seem
perfectly suited for the approach of parameter matching. This might
eventually allow one to extract otherwise inaccessible information re-
garding the formation and decomposition of gas hydrates. For in-
stance, a physical model of hydrate formation/decomposition can be
simulated and tested against the moving formation/decomposition
front observed in µCT experiments similar to the ones presented here.
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Figure 34: Graphical abstract. The magneto-static properties of soft mag-
netic composites are modeled by numerically solving the
Maxwell equations on tomography-based representative volumes
of the composites.

While the highlights of this work are summarized below, further
details can be found in the publication in Appendix A.5, which is
reproduced from [451], with the permission of AIP Publishing. The
abstract is shown in Fig. 34.

3.6.1 Author Contribution

While the idea of applying TBNS to SMCs came from Peter Amann
and Jörg Petrasch, the specific planning for this work came from me.
I made contact to Bernd Weidenfeller and organized the SMC samples,
which were previously experimentally examined by Anhalt, Weiden-
feller and Mattei [455]. The µCT measurements were conducted by
Peter Amann and me. The post-processing of the image data as well
as the generation of the computational grids were done entirely by
myself. I further did all numerical simulations, the post-processing of
the simulation results as well as the characterization of the sample’s
microstructure using self-written code. I prepared all plots and fig-
ures and wrote the draft of the manuscript. The draft was edited and
polished by Jörg Petrasch with contributions from Thomas Loerting
and Alexander Ostermann. Jörg Petrasch raised the project funding
through which this work could be financed.

3.6.2 Summary and Highlights

• To the best of my knowledge, TBNS is applied for the first time
to magnetic phenomena.

• Besides the numerical simulation of the demagnetizing field in
real SMCs (i. e., TBNS), artificial SMCs are investigated for com-
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parison. The artifical SMCs are created by random packings of
overlapping spheres and spheroids.

• The microstructures of the SMCs are resolved with voxel edge
lengths of down to 1.4µm at a remarkably good contrast be-
tween the ferromagnetic and nonmagnetic material phases.

• Several hundred simulations of the magnetostatic Maxwell equa-
tions with computational grids containing more than 107 tetra-
hedra yield highly-resolved data of the magnetic field inside
both artifical and real SMCs.

• While the simulation results of the artificial samples agree well
with similar results from the literature, for real SMCs they devi-
ate significantly from the experimental results. This is probably
the result of incorrect model parameters: In the absence of bet-
ter data, we use the magnetic permeability of the bulk magnetic
phase for the modeling of the ferromagnetic particles. We show
that in order to reproduce the simulation results, the particle
permeability has to be orders of magnitudes smaller than that
of the bulk. This finding agrees well with a few rare experimen-
tal studies who attribute it to a reduced magnetic domain wall
mobility.

• The simulation results confirm the strong influence of the sam-
ple microstructure at small filler fractions (i. e., the volumetric
ratio of magnetic and nonmagnetic material). At larger filler
fractions the sample shape determines the magnetic behavior.

• Our results exhibit a transition between microstructure- and
sample shape-controlled behavior which coincides with the ge-
ometrical percolation threshold.

• A relation between the derivative of a directional 2-point corre-
lation function and the demagnetizing factor is established for
microstructures at fixed filler fractions.





4
C O N C L U S I O N A N D F U T U R E D I R E C T I O N S

At the end of this manuscript and before pointing out possible future
directions of my work, I would like to briefly summarize and recall
the main points of this dissertation.

In the first chapter, I introduce gas hydrates as a research object
with many facets. As binary inclusion compounds of water and gas
molecules, gas hydrates are fascinating for researchers due to the un-
expectedly high complexity of their physical chemistry. The relevance
of the topic, however, is mainly generated by numerous applications
in the industry and especially in the energy sector. To serve both the
research as well as the application interest, I review the structure of
gas hydrates, their equilibrium thermodynamics, their occurrences on
Earth and in space, and discuss the most prominent examples of po-
tential applications. By funneling the attention on the open questions
of gas hydrate research, which relate to the dynamics and processes
of gas hydrate formation and decomposition, I motivate the research
objectives of this thesis. To recall, these have been the development of
a better understanding of the influence of macroscopic defects on hy-
drate decomposition as well as to expand the possibilities of hydrate
research by a synthesis method which allows the controlled forma-
tion of hydrate samples with well determined and reproducible prop-
erties. Since both objectives require the non-destructive observation
of hydrate formation and decomposition, the imaging technique µCT

has been chosen as the primary method and the topic of the second
chapter.

Besides a review of general applications of µCT, I present the work-
ing principles of the technique which is mainly to explain and pin-
point the experimental challenges related to the application of µCT for
the study of gas hydrates. By reviewing µCT studies on gas hydrates, I
have shown that where these challenges have been overcome, the tech-
nique provides valuable 3D information of the external and internal
meso- and microstructure of gas hydrates at spatial resolutions down
to a few hundred nanometers. However, also in connection with the
experimental challenges, a potential for improvement has been iden-
tified, especially in the case of tube-based µCT systems. This potential
for improvement relates primarily to the X-ray shielding property of
the sample cell which is necessary to establish the thermodynamic
conditions required for gas hydrate stability. It is addressed at the
end of the second chapter by proposing a cell, which utilizes glassy
carbon as an X-ray transparent, impermeable, and pressure-resistant
material for the cell wall. The novel utilization of glassy carbon as a
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cell wall material improves the experimental possibilities of µCT stud-
ies on gas hydrates by enhancing the contrast between the gas hydrate
and water or ice. As such, it represents my first contribution to the
research field of gas hydrates.

All other contributions of my work are contained in the articles
published over the course of this dissertation. These contributions
are highlighted in the summaries of the third chapter. Besides ad-
vancing the experimental possibilities with a cell able to measure
pressure, temperature, and heat supply while maintaining good con-
trast between the phases at a spatial resolution of 5µm, my work
provides insights into slow morphological changes of ice and THF

hydrate samples. These take place over long periods and are thus
mostly overlooked in the typically much shorter experiments. Such
morphological changes are likely caused by a gas phase mechanism,
i. e., a sublimation-vapor transport-deposition process, which is also
responsible for snow metamorphism, however, only rarely consid-
ered in relation with gas hydrates. In another work, the advantages
of my cell are utilized to reliably track macroscopic defects such as
cracks and pores as well as the decomposition front of self-preserved
gas hydrate by cross-correlating structural and pressure data for the
first time. This yields insights into the decomposition process and, as
the results point towards a local triggering of hydrate decomposition,
challenges existing theories of hydrate decomposition. Moreover, in-
spired by the sublimation-vapor transport-deposition process, a new
route to hydrate synthesis is proposed. The deposition technique of-
fers numerous opportunities particularly useful for the study of gas
hydrate formation and decomposition. This is demonstrated in a se-
ries of formation-decomposition experiments, in which CO2 hydrate
samples with two distinct degrees of self-preservation are selectively
formed. I foreshadow an additional possibility of the technique of µCT

for the investigation of gas hydrates by demonstrating the process of
TBNS applied to another microstructured material: soft magnetic com-
posites (SMCs). Since the methods shown in the study on SMCs can
be also applied on gas hydrates, the TBNS of the mass and heat trans-
port in gas hydrates seems to be in reach now. The only ingredients
missing at the moment are a carefully chosen physical model and
somebody willing to take the effort.

Since both the influence of macroscopic defects on hydrate decom-
position are addressed and since a method for the controlled forma-
tion of hydrate with reproducible properties has been developed, my
research objectives could be fulfilled, albeit the physical chemistry
of many of my observations require further work. Nevertheless, it is
precisely this demand for future work that nourishes the spirit of op-
timism mentioned in the preface of this manuscript. The numerous
open questions as well as the many methodological possibilities now
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available to me set the future direction of my own work and hopefully
also inspire the work of others.

While my final goal for the µCT setup is its utilization for the
TBNS of the mass- and heat transport in gas hydrates, minor im-
provements of the design could even increase the possibilities. For
instance, the improvement of the insulation layer (e. g., by a double
walled evacuated glassy carbon crucible) will reduce the diameter
and thus decrease the the voxel edge length to approximately 2µm.
Moreover, small adaptions in the cooling configuration will allow a
uniform temperature field as well as the determination of heat fluxes
with a significantly improved precision. Additionally, a coupling of
the cell with flow meters and external instruments for gas analy-
sis will provide further data on the decomposition process. How-
ever, even if none of these adaptions and improvements are made,
the setup is already useful to study phenomena such as the mem-
ory effect or self-preservation. Concerning the memory effect, for-
mation and decomposition cycles of gas hydrates are likely to yield
valuable information on morphological changes between hydrates re-
formed after a short or long waiting period after decomposition (cf.
the visual observations of Servio and Englezos [246]). Moreover, it
might be even possible to pinpoint regions of hydrate nucleation in
freshly formed and reformed hydrate as well as persistent hydrate
crystallites. Concerning self-preservation, I propose a series of vapor
deposition-decomposition experiments similar to those done in the
reactor R-Vis (cf. Arzbacher et al. [452]). Although the tracking of the
decomposition front will be challenging in thin layers of hydrate, it
will be interesting to examine whether the two distinct degrees of
self-preservation observed already in the reactor R-Vis, correlate with
the decomposition barriers encountered in ref. [449].

Besides the possibilities related to the µCT setup, the co-deposition
of gas hydrates at super-atmospheric pressures offers several addi-
tional interesting options. First and foremost, as the direct growth
from the vapor phase is completely different from the widely studied
growth from aqueous solutions, the process itself needs to be investi-
gated. Such efforts will also help to determine, whether this route of
synthesis can be of any use for industrial applications such as gas sep-
aration or CCS. Secondly, due to the possibility to synthesize hydrates
with reproducible properties over a wide range of temperatures and
pressures, and since in principle there are no limitations regarding
heat and mass transfer, carefully designed deposition and decompo-
sition experiments are likely to yield data which will aid development
of better kinetic models.
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Clearly, there is a lot of work ahead of us. However, for me person-
ally this is the best possible outcome for any PhD project. It allows me
to write research proposals with substance and increases the chance
of getting them funded. For this reason, it allows me to start a career
in science, a goal I have worked hard for in the last six years. Yet, all of
this work would not have been possible without the help of so many.
Therefore, I would like to end by saying “Thank You” to everybody
who helped me making this project real.

Thank You.
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Abstract: Clathrate hydrates are inclusion compounds in which guest molecules are trapped in a host
lattice formed by water molecules. They are considered an interesting option for future energy supply
and storage technologies. In the current paper, time lapse 3D micro computed tomographic (µCT)
imaging with ice and tetrahydrofuran (THF) clathrate hydrate particles is carried out in conjunction
with an accurate temperature control and pressure monitoring. µCT imaging reveals similar behavior
of the ice and the THF clathrate hydrate at low temperatures while at higher temperatures (3 K below
the melting point), significant differences can be observed. Strong indications for micropores are
found in the ice as well as the THF clathrate hydrate. They are stable in the ice while unstable in the
clathrate hydrate at temperatures slightly below the melting point. Significant transformations in
surface and bulk structure can be observed within the full temperature range investigated in both the
ice and the THF clathrate hydrate. Additionally, our results point towards an uptake of molecular
nitrogen in the THF clathrate hydrate at ambient pressures and temperatures from 230 K to 271 K.

Keywords: micro-computed X-ray tomography (µCT); clathrate hydrates; ice

1. Introduction

Ice has been ubiquitous in colder climates worldwide and, since the advent of refrigeration,
even in warmer regions [1,2]. In the universe, water is found mainly in the form of amorphous
solid water (ASW) [3]. The versatility of the hydrogen bond becomes apparent when inspecting
icy moons or the ice giants, which host a number of high-pressure ice polymorphs [4–8]. Apart
from ices made of pure H2O, ice-like solids containing guest molecules are also seen in astrophysical
environments, e.g., in cometary ice upon warming [9,10], in the mantle of icy moons [11–13] or
on the Mars pole caps [14–16]. These ice-like solids are clathrate hydrates (CHs), sometimes also
called gas hydrates or clathrates in short. Clathrates are inclusion compounds where a host lattice
formed by water molecules provides space for guest molecules in cavities formed by tetra-, penta-,
and hexagonal faces forming polyhedrons (“cages”) [17]. These do not only occur naturally in
space, but also in vast amounts on Earth, in particular in the permafrost and ocean floors. Over
130 different types of guest molecules are currently known, the most prominent of them are natural
gas compounds, particularly methane [18–20]. Although estimates of the amount of methane stored
in naturally occurring clathrates vary widely, even the most conservative estimates indicate that
methane clathrates are a significant natural resource [21]. Many consider the exploitation of methane
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clathrates in sea sediments or permafrost regions a viable route to covering the world’s energy needs
in the near future [22–24]. Due to their ability to store hydrogen and methane at high volumetric and
gravimetric energy densities, clathrates additionally constitute an interesting means for energy storage
and transportation technologies [25–27]. Self-preservation, where some clathrates are preserved
at moderate conditions, far away from their thermodynamic stability zone, further adds to their
appeal [28–32]. The cause for self-preservation is still under investigation. A popular explanation is
the formation of an ice crust that prevents further release of gas [33–36]. Promising experiments show
the feasibility of an industry scale storage technology making use of this phenomenon [25,37].

In both ice and clathrate research activities, three-dimensional structural information is often
obtained from diffraction measurements. Spectroscopic data derived from infrared or Raman
measurements provide additional information and can help to recognize local interactions between
guest and host molecules [38]. On a coarser level, micro-computed X-ray tomography (µCT) is often
applied for the imaging of ice and clathrate particles. Although the resolution is far below the detailed
two-dimensional information collected in cryo Scanning Electron Microscopy (cryoSEM) the additional
spatial dimension and the non-destructive character of µCT makes it a relevant complementary
tool. The good X-ray contrast between air and ice/snow has led to high quality results [39–42].
This non-destructive method allows for the observation of snow samples for long periods of time
and has helped to learn about massive morphological changes induced in snow by temperature
gradients [39–42]. Similar effects might occur in clathrate samples stored in a gaseous environment
but have, to the authors knowledge, not yet been addressed in the literature.

While the X-ray contrast between clathrates and air, gas, or sediment particles is good [43,44], the
contrast between clathrates and water/ice is usually poor [45,46]. Only in cases of guests with
high atomic numbers (e.g., argon, krypton, and xenon) reasonable contrast is achieved [47–50].
While contrast enhancing media such as BaCl2 improve contrast between water-guest solutions
and solid clathrate or ice particles they do not improve the contrast between ice and clathrate [51–53].
Diffraction-enhanced X-ray Imaging (DEI) overcomes this problem by using phase-shift information.
It was widely used by Takeya et al. who achieved density resolutions of 0.01 g/cm3 and hence could
resolve weakly absorbing clathrates and ice with a spatial resolution of 40 µm [54–59].

While not offering comparable density resolution, the setup presented here achieves significantly
higher spatial resolution, which may be particularly relevant for phenomena involving a gas phase
such as the temporal evolution of snow crystals or the decomposition of clathrates in air. It
combines 4D-tomography (three spatial and one time dimension) as used in the µCT studies of
snow metamorphism [39–42] with in situ temperature control and accurate pressure monitoring. This
allows the investigation of a single clathrate sample over a long period of time in a series of µCT scans
while it is subjected to tightly controlled temperature variations. At the same time, cooling power and
pressure data allow the determination of phase changes and gas release. The voxel edge length of
the reconstructed scans is 5 µm. This, together with the good contrast between ice/clathrate and the
gaseous nitrogen, following 3D random walk segmentation [60], yields reliable volume and surface
area data. Two basic types of pressure and temperature monitored experiments were carried out:
(1) calorimetry-like experiments using gaseous nitrogen, water ice, THF clathrate, and 1,3-dioxolane
(DXL) clathrate; and (2) tomographic observation of the decomposition of ice and THF clathrate
samples, observed over a period of more than a week.

The present study demonstrates the capabilities of a novel combination of µCT and in
situ thermodynamic monitoring for observing the micrometer scale transformations during slow
decomposition of ice and clathrates. Since water ice and THF clathrate are widely studied and easy to
handle, they are used as primary model substances. The current study concentrates on observing the
evolution of the solid-gas interface. It does not aim at showing liquid–solid or solid–solid contrast.
However, liquid–solid or solid–solid phase contrast may also be observed, if contrast enhancers,
such as BaCl2 and KI [51–53], or high atomic number guest molecules, such as argon, krypton, and
xenon [47–50], are used.
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2. Results

2.1. Formation and Decay of Ice, THF and 1,3-Dioxolane Clathrate

The performance of a custom-built pressure monitored cooling stage is assessed in four
experiments using nitrogen, water-ice, THF clathrate, and 1,3-dioxolane clathrate, respectively.
All experiments consist of the same three steps: (1) A sample is loaded at room temperature under
a dry nitrogen flow and brought to the base temperature of 238 K; (2) A waiting period of half an
hour is introduced to let the temperature field relax towards steady state before data recording is
started; (3) The sample temperature is controlled to follow a trapezoidal temperature profile with
base temperature 238 K, peak temperature 288 K, and a heating/cooling rate of 1 K/min (see red
lines with diamond markers in Figure 1a–d). During the whole experiment the cell is tightly sealed.
The assumption of a closed system is justified by the short duration of the experiments in relation to
the leakage rate (see Section 4.4.2). Gas pressure inside the cell and supply voltage for thermoelectric
cooling (TEC) is monitored while the sample temperature changes. Both pressure and supply voltage
are shown in Figure 1a–d in two different fashions: on the left, the normalized temperature and supply
voltage as a function of time; and on the right, the signals in phase space.

The first experiment (see Figure 1a) is done using dry technical nitrogen (purity ě 99.999%) for
an estimate of the thermal gas expansion/contraction during the experiment and to test the thermal
expansion model derived in Section 4.4.1. The second experiment (see Figure 1b) is used to investigate
the influence of phase change. There ice is made by loading 250 ˘ 2.5 mg of deionized water and
cooling it to the base temperature before data recording starts. Thirdly, in Figure 1c, the results of an
otherwise identical experiment using 250 ˘ 2.5 mg of THF clathrate (mole-fraction 1:16.65) are shown.
Lastly, 250 ˘ 2.5 mg of 1,3-dioxolane (DXL) clathrate with a mixing ration of mole fraction 1:16.65 are
subjected to the same procedure (see Figure 1d). In both clathrate runs the clathrates were formed in
the initial cooling phase which was not recorded.

2.1.1. Thermal Expansion of Pure Nitrogen

All samples have a melting point which is well above the base temperature of 238 K. Thus, in the
initial phase of the ramp the samples remain solid. The samples densities change due to thermal
expansion (α« 50ˆ 10´6 K´1 in the case of ice [61], and 30% higher in the case of THF clathrate [62,63]),
however, this effect is far smaller than the thermal expansion of the nitrogen atmosphere in the cell,
which dominates pressure changes at temperatures below the melting points. The temperature
field inside the cell is quasi-steady but non-uniform. Therefore, a simple model based on the ideal
gas law at known temperature profile is derived in Section 4.4.1. It allows the prediction of the
temperature-pressure relation in the experiment. This is best observed in the case of pure nitrogen (see
Figure 1a). The model pressure (dashed blue) slightly deviates from the measured pressure (solid blue)
during heating due to the dynamics of the temperature field. The pressure changes and the supply
voltage behavior (solid with dot marker, black) in the initial phase of the experiments are identical
in all four cases (Figure 1a–d, note that different scaling factors are used). Note that during heating
the supply voltage is always less negative than during cooling since heat transfer from the relatively
warm surroundings through the imperfect insulation is positive.

2.1.2. Melting of Ice/Clathrate

The reported melting points for ice, THF clathrate (1:17 mole fraction), and DXL clathrate
(1:17 mole fraction) are 273.15 K, 277.3 K, and 270.5 K, respectively [64,65]. Once the melting points are
reached, one can observe smooth melting curves, which seem to be characteristic to the substances
used. In order to interpret the pressure signal one needs to consider density pairs of the solid and
liquid substances at the melting point. These are (ρ1 = 1.000 g/cm3/ρs = 0.916 g/cm3) for ice [65],
(ρ1 = 0.99 g/cm3/ρs = 0.966 g/cm3) for the THF clathrate, and (ρ1 = 0.99 g/cm3/ρs = 0.971 g/cm3) for
the DXL clathrate [66]. Clathrate densities were calculated assuming a large cage occupancy factor
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of 16.65/17.0 in an sII-clathrate structure with unit cell volume (17.3 Å)3 [18]. With the substances
used, melting occurs at reported melting points (within experimental error) in all cases considered.
It is accompanied by an increase in density, i.e., volume contraction.

Materials 2016, 9, 668 4 of 23 

 

melting occurs at reported melting points (within experimental error) in all cases considered. It is 
accompanied by an increase in density, i.e. volume contraction. 

 
Figure 1. Pressure , temperature Θ , and supply voltage  obtained from four similar 
experiments done with four different samples. The samples were loaded under a dry nitrogen flow 
at 298 K and cooled to 238 K. The nitrogen flow ensured a dry and well defined atmosphere inside 
the cell. During the initial cooling phase (not shown) the cell was opened several times to compensate 
for thermal contraction of the gas and to ensure a constant initial pressure. After a waiting period of 30 min 
at 238 K the experiments were started and the data was recorded: the temperature was controlled and 
guided along a trapezoidal temperature profile with a bottom temperature of 238 K, a top temperature 
of 288 K, and a slope of 1 K/min. This was done with: (a) an empty cell solely filled with gaseous 
nitrogen; (b) an ice sample with mass 250 mg; (c) a THF clathrate sample (mole fraction 1:16.65) with 
mass 250 mg; and (d) a DXL clathrate sample (mole fraction 1:16.65) with mass 250 mg. Horizontal 
dashed black lines indicate the theoretical melting points of the substances used. 

Figure 1. Pressure pabs, temperature Θ , and supply voltage US obtained from four similar experiments
done with four different samples. The samples were loaded under a dry nitrogen flow at 298 K and
cooled to 238 K. The nitrogen flow ensured a dry and well defined atmosphere inside the cell. During
the initial cooling phase (not shown) the cell was opened several times to compensate for thermal
contraction of the gas and to ensure a constant initial pressure. After a waiting period of 30 min at
238 K the experiments were started and the data was recorded: the temperature was controlled and
guided along a trapezoidal temperature profile with a bottom temperature of 238 K, a top temperature
of 288 K, and a slope of 1 K/min. This was done with: (a) an empty cell solely filled with gaseous
nitrogen; (b) an ice sample with mass 250 mg; (c) a THF clathrate sample (mole fraction 1:16.65) with
mass 250 mg; and (d) a DXL clathrate sample (mole fraction 1:16.65) with mass 250 mg. Horizontal
dashed black lines indicate the theoretical melting points of the substances used.
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In the case of ice a slow melting can be observed at temperatures slightly above 273 K (see
Figure 1b): the samples uptake of heat during melting helps the TEC to keep the sample below ambient
temperature. Thus, the supply voltage is reduced (less negative) and shows a small but broad peak.
Additionally, the pressure drops because liquid water has a higher density. This relates to a theoretical
pressure difference of 15 mbar (cell volume 1.7 cm3) and is also reflected in the data. After all of the ice
has become liquid, the pressure starts to rise again due to the thermal expansion of the gas.

In the case of the THF clathrate, at a temperature of 277 K, a sudden increase of pressure indicates
the decomposition of the THF clathrate (see Figure 1c) since the released gaseous THF adds to the
total pressure. The measured increase of 20 mbar in total pressure is much smaller than the vapor
pressure of the water–THF solution (52 mbar at 277 K [67]) subtracted by the effect of volumetric
contraction during melting (6 mbar). Note that during the decomposition the power supply signal
shows a very small and broad peak, which is smaller than in the case of water. This reflects the
difference in heat of fusion of water and THF clathrate which is 262 kJ/kg for the THF clathrate and
333.5 kJ/kg for water [64,65,68]. Furthermore, this peak in supply voltage ends at about 282 K although
the pronounced increase in pressure seems to stop at a lower temperature. This indicates that a small
fraction of the THF was released as gas very quickly, while the rest of it slowly dissolved in water after
the melting of the clathrate.

In the case of the DXL clathrate, decomposition starts at approximately 271 K (see Figure 1d) and
shows the same characteristics as the THF clathrate. The pressure increase of 10 mbar caused by a
release of gaseous DXL is less pronounced than in the case of the THF clathrate. This difference can
be explained by the generally lower partial pressure of DXL compared to THF. Still, the increase is
lower than the vapor pressure of the DXL/water solution (17 mbar at 273 K [67]) subtracted by the
result of volumetric contraction during melting (5 mbar). Note that the heat of fusion of DXL clathrate
(261 kJ/kg) is almost similar to that of THF clathrate [64,68]. Also note that THF and DXL guests are
capable of H-bonding to water. Such guests are known to stabilize defects in the clathrate structure
which in turn leads to fast transport of guest molecules in the clathrate hydrate [38,69]. This might
support the sudden initial release of guest gas in both THF and DXL clathrates, before they start
to melt.

2.1.3. Thermal Expansion after Melting

After melting, thermal expansion of the gaseous atmospheres and the liquid solutions are
observed. Gas expansion dominates the pressure-temperature relation. With the exception of
the pure nitrogen experiment at least two components constitute the gas atmosphere after melting
(nitrogen–water, nitrogen–water–THF, and nitrogen–water–DXL, respectively). Although the thermal
expansion model derived in Section 4.4.1 remains valid, gas composition and mass changes during
heating. Thus, in order to predict the p pTq relation the change in mass and gas composition should
be known. However, since in all cases more than 90% of the gas composition is formed by nitrogen
and since the specific gas constant for nitrogen is more than twice those of THF and DXL (nitrogen
297 J/kg K, THF 115 J/kg K, and DXL 112 J/kg K) the change of slope of the p pTq-curve will be below
5%. This implies that the change of slope seen in the case of decomposing THF and DXL clathrate
is primarily caused by an ongoing evaporation of the guest gases from the solution and not by the
change in composition. Therefore, the change of slope is mainly governed by the vapor pressure
pv of the guest/water solution. It is smallest for water (pv ă 17 mbar for T ă 288 K, see Figure 1b),
medium for aqueous DXL (pv ă 44 mbar for T ă 288 K [67], see Figure 1d), and largest for aqueous
THF (pv ă 92 mbar for T ă 288 K [67], see Figure 1c). An increase in pressure attributed to evaporation
of gas can even be observed once the top temperature of the ramp has been reached.

The peak pressures of the individual experiments yield an estimate of the amount of gas released
during the heating phase. To this end, the volumetric changes of the solid samples during melting
are extrapolated from the respective melting point to the peak temperature via application of model
Equation (5). It is assumed that the contraction of the sample happens immediately at the melting
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point and provides additional space for the nitrogen atmosphere. The volumetric contraction at the
melting points has already been mentioned above. Pressures of special interest are given in Table 1.

Table 1. Pressure values as extracted from Figure 1a–d.

Pressure (mbar) Ice THF CH DXL CH

at ramp bottom 969 969 977
at ramp top 1064 1137 1126

at melting point (solid samples) 1041 1049 1045
extrapolated from melting point (liquid samples) to ramp top 1052 1063 1072

left for guest gas 12 74 54
vapor pressure over solution at ramp top 17 92 44

The results for ice and THF clathrate are consistent. In both cases the full vapor pressure of the
solution is not reached. This is attributed to the temperature gradient in the cell that will lead to
thermodiffusion, which raises the concentration of guest molecules over the liquid/gas interface and
hence reduces the vapor pressure. In contrast, in the case of the DXL clathrate the peak pressure found
is slightly above the vapor pressure of the DXL water solution at 288 K.

2.1.4. Thermal Contraction before Crystallization

It is assumed that when the peak temperature is reached, the guest gas concentration is saturated
in all cases considered. With decreasing temperatures, the pressure reduces because of thermal
contraction and a reduction of THF, DXL, and water vapor pressure. The fact that the slope of the
p pTq-curve during cooling is slightly less steep than during thermal expansion after fusion may be
explained by the fact that although the state changes are very slow, perfect equilibrium is not attained
along the ramps.

2.1.5. Crystallization

Following the temperature profile down to the base temperature, characteristic crystallization
peaks can be observed. The water sample crystallizes at 266.5 K. A rapid change in density and
the release of heat is seen in the inset of Figure 1b. Although the supply voltage for cooling is
increased rapidly the heat cannot be removed fast enough by the TEC and hence the temperature rises.
The pressure increase of 15 mbar caused by the crystallization is equal to the pressure decrease during
melting. Two peaks of formation are found in the experiment with the THF clathrate (see inset of
Figure 1c). The first one occurs 8 K below the melting point and can be attributed to the formation of
THF clathrate. The shape of this peak is different from the peak seen in the case of pure ice. No increase
in temperature can be observed. Immediately after the peak of the clathrate formation, an additional
pronounced decrease of pressure indicates an ongoing but minor formation of the clathrate with THF
from the atmosphere. This is followed by a small peak at approximately 265 K, showing the same
characteristics as already seen with the ice peak in Figure 1b. Unlike in the case of THF clathrate the
first peak of formation of DXL clathrate appears at 264 K (see inset Figure 1d). It displays the shape of
an ice peak and is followed by a tiny peak at 261 K.

2.1.6. Thermal Contraction after Crystallization

Reducing the temperature further again results in a contraction of the atmosphere and the solid
samples. The latter is too small to be measured with the setup used. Remarkably, a hysteresis-like
behavior can be seen in both the pressure as well as the supply voltage signal. The behavior of the
supply voltage signal has been explained above and stems from an imperfect insulation. The hysteresis
in pressure needs a more sophisticated consideration and is presumably attributed to thermal and
chemical non-equilibrium.
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2.2. Pressure Monitored µCT Imaging of Ice and THF Clathrate

Ice and THF clathrate samples were investigated using a series of µCT scans over 196 h
each and a prescribed temperature profile in order to investigate structural and surface changes.
Simultaneously, continuous pressure monitoring allows the determination of phase changes. Figure 2
exemplarily shows results of the ice sample at two different points in time to illustrate the spatial
resolution achieved.
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Figure 2. 3D snapshots of ice samples obtained from µCT scans in a long-term experiment over a
period of 196 h. The course of the experiment is described in the text. (a) Initial state of the ice after
loading the sample and performing scan S1; (b) Final state of the ice before melting (scan S9). Although
big parts of the sample sintered together the initial structure is still visible.

2.2.1. Ice Sample

As a reference, ice particles are investigated. Figure 3 shows the temperature and pressure profile,
corrected for pressure fluctuations caused by room temperature fluctuations (see Section 4.4.2). The ice
sample was prepared as described in Section 4.1 and loaded at a temperature of 233 K together with
a small amount of liquid nitrogen, which lowered the temperature of the cell to 225 K. After two
minutes of waiting under a gaseous nitrogen flow the sample cell was tightly closed and heated to the
start temperature of 243 K. The sample was kept at this temperature for 98 h before it was raised by
1 K/min to 270 K where it was kept for 94 h. During the overall time span of 192 h a series of nine
scans, denoted by S1–S9, were carried out in 24 h intervals. After scan S9, the sample was heated
above its melting point to 288 K and a last scan of the completely molten sample was conducted (S10).
The melting of the ice is also visible in the pressure signal (see inset in Figure 3) which shows the same
shape as already seen in the results of Section 2.1. Note the small bumps in the pressure signal during
scan times, which are caused by X-ray radiation induced heating of approximately 0.5 K. Also note the
rather large pressure decrease caused by the high permeability of the silicone O-ring (see Section 4.4.2).
An ideal experiment with a lossless cell is modeled by the pressure signal pabs,lossless in which Equation
(6) is integrated over time and subtracted from pabs. The time constants used are αlow “ 0.0013 h´1 for
T ď 250 K and αhigh “ 0.0020 h´1 for T ą 250 K (see Section 4.4.2). During the heating phase (after
97 h of runtime), the pressure follows the temperature ramp as predicted by the model of thermal
expansion derived in Section 4.4.1. The smooth pressure signal indicates absence of phase changes up
to a runtime of 190 h.

Several tomographic cross-sectional reconstructions taken from selected scans are shown in
Figure 4. Since the configuration of ice particles (see Figure 2) resembles a snow pack, the results are
comparable with results from recent snow studies utilizing µCT [40–42]. Each depicted µCT slice has
been taken at the identical position in space. The upper row shows significant ice crystal growth at the
surfaces of the ice particles at a temperature 30 K below the melting temperature. This is similar to
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ref. [41], in which the temperature gradient is similar to the gradient of 0.1 K/mm found here. In this
setting water vapor sublimates from tips at the surface, diffuses along the temperature gradient, and
recrystallizes. Eventually this effect becomes a transport mechanism from warmer to colder ice surface
sites which can also be observed in the tomograms (image bottom is the cold side). It is remarkable
that under moderate conditions in snow packs this effect, also called dry snow metamorphism, results
in a total replacement of 60% of the snow mass within 12 h [39].
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supply voltage US obtained during a long-term experiment with an ice sample. The pressure has
been corrected and normalized to a hypothetically constant cabin temperature (see Section 4.4.2).
The markers S1–S10 indicate a series of consecutive µCT scans. The continuous decrease in pressure is
due to diffusion of gas across the silicone O-ring. pabs,lossless shows the pressure in a lossless cell, which
is obtained by subtracting an integrated pressure loss rate

.
ploss from pabs. Small bumps in pressure,

which correspond to an increase in cell temperature are seen in each scan. This increase in temperature
of approximately 0.5 K is caused by energy deposited by the X-rays. The inset at the far right shows a
zoom into the pressure signal at the melting point of ice.
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Figure 4. Tomographic images obtained from CT scans (numbered S1, S3, S5, S6, S9, and S10) of the ice
sample at different points in time. Each slice represents the exact same position in space. In S1–S5 the
sample temperature is 243 K, while in S6–S9 it is 270 K. S10 shows the meniscus of the molten sample.
The bright points in slice S10 stem from tiny metallic particles that produced metal artifacts which had
to be corrected manually.
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At much higher temperatures (270 K), but still in the stability region, the ice surface becomes very
mobile and tends to sinter with neighboring surfaces (see lower row, S6 and S9) which reduces surface
energy [70]. At temperatures close to melting, premelted ice will exist in layers of a few nanometers in
thickness [71]. Dry snow metamorphosis continues, but water vapor now evaporates from the liquid
layer and recondenses elsewhere. Almost no creep is visible [72,73]. The ice particle packing keeps its
configuration until it melts, which might be related to the low self-weight of the configuration.

The last slice (S10) shows the meniscus of the molten ice sample together with artifacts caused by
tiny metallic particles. The artifacts are manually corrected before quantitative data analysis. Note the
slightly curved bottom of the cell made of porous graphite, which is visible in all tomograms.

2.2.2. THF Clathrate Sample

The experiment described in Section 2.2.1 was repeated with a THF clathrate sample. The loading
procedure was identical to the ice run. Immediately after loading the sample it was heated to 247 K
where it was kept for 96 hours. It was then heated to 274 K at a rate of 1 K/min. At this point the
temperature was reduced immediately to 273 K again since the sample was found to be much more
stable at 273 K and was stored there for 17 h. After one scan at 273 K the temperature was raised to
274 K again and four additional µCT scans of the solid clathrate were carried out within a period of
78 h. After scan S10 the temperature was raised to 288 K by 1 K/min which caused the sample to
melt. A final scan (S11) was done of the liquefied sample. The temperature and pressure data of the
experiment are shown in Figure 5. In comparison to the identical experiment with ice the biggest
difference becomes visible in the pressure signal. The effects seen there cannot be explained by leakage
alone. Almost no difference between pabs and pabs,lossless (computed using identical parameters as
described in Section 2.2.1) can be observed in the first half of the experiment. This indicates an uptake
of nitrogen rather than leakage and will be discussed in detail in Section 2.3.
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the growth of small crystals on top of the surface while the bulk remains unchanged. It is not possible 

Figure 5. Sample and cabin temperature
´

ΘSample, ΘCabin

¯
as well as cell pressure pabs and TEC
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pressure in a lossless cell, which is obtained by subtracting an integrated pressure loss rate
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pabs . The markers S1–S11 indicate a series of consecutive µCT scans. Markers P1 and P2 label points
of irregular pressure behavior: at P1, the cell pressure crosses the atmospheric pressure patm, which
cannot be explained by leakage. The increase in pressure at P2 is five times the increase in pressure
caused by thermal expansion due to a temperature increase of 1 K. The inset at the far right shows a
zoom into the pressure signal during the decomposition of the clathrate.

Figure 6 shows slices of reconstructed µCT scans obtained from the scans S1, S3, S5, S6, S10, and
S11. The effects already seen with the ice samples recur. At low temperatures (S1–S5) one observes the
growth of small crystals on top of the surface while the bulk remains unchanged. It is not possible to
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tell whether the crystals are ice or clathrate. However, considering their shape and growth rates they
seem to be the result of the same phenomenon discussed above.

Materials 2016, 9, 668 10 of 23 

 

to tell whether the crystals are ice or clathrate. However, considering their shape and growth rates 
they seem to be the result of the same phenomenon discussed above. 

Unlike ice the THF clathrate becomes extremely mobile at a temperature 3 K below its melting 
point. Creep seems to be the dominant effect, which contrasts literature indicating clathrates to be 
more creep resistant than ice [18]. Furthermore, the clathrates self-weight is negligible. This suggests 
the significant settling of THF clathrate to be due to mass transport by sublimation and 
recondensation faster than in ice. Additionally, the approximately three orders of magnitude greater 
concentration of defects in the THF clathrate than in ice (a result of occasional H-bonding by THF) 
might also enhance the mobility of the clathrate [38,69]. 

Note the gas bubble in the last slice. This is remarkable, since no gas space at the bottom is visible 
in the slices of scan S10. Since THF is liquid at these conditions, the bubble is unlikely to be filled with 
gaseous THF. However, if one assumes nitrogen stored in the clathrate (either in micropores or in 
empty cages of the sII-structure) it could form bubbles during decomposition, especially in our case, 
where the sample is heated from below. 

 
Figure 6. Tomographic images obtained from CT scans (numbered S1, S3, S5, S6, S10, and S11) of the 
THF clathrate sample at different points in time. Each slice represents the exact same position in space. 
In S1–S5 the sample temperature is 247 K, in S6 it is 273 K, and in S10 it is 274 K. S11 shows the 
meniscus of the molten sample together with gas bubbles, which can be found all over the liquefied 
sample. The bright point in slice S11 stems from a tiny metallic particle. 

The tomographic data obtained from both experiments in Section 2.2 are analyzed further to 
determine volumes and surface areas. They are extracted from the scans after segmentation into gas 
and solid using the random walk algorithm mentioned in Section 4.5. The error of the quantitative 
analysis after correcting for metal particles is estimated to be less than 2%. Figure 7a shows the 
evolution of ice/clathrate volume, while Figure 7b shows the surface area. At temperatures 30 K 
below their melting point, the volume of ice/clathrate remains constant while its surface area grows. 
This can be related to the growth of small crystals seen in the tomograms of Figures 4 and 6. Slightly 
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Figure 6. Tomographic images obtained from CT scans (numbered S1, S3, S5, S6, S10, and S11) of
the THF clathrate sample at different points in time. Each slice represents the exact same position in
space. In S1–S5 the sample temperature is 247 K, in S6 it is 273 K, and in S10 it is 274 K. S11 shows the
meniscus of the molten sample together with gas bubbles, which can be found all over the liquefied
sample. The bright point in slice S11 stems from a tiny metallic particle.

Unlike ice the THF clathrate becomes extremely mobile at a temperature 3 K below its melting
point. Creep seems to be the dominant effect, which contrasts literature indicating clathrates to be
more creep resistant than ice [18]. Furthermore, the clathrates self-weight is negligible. This suggests
the significant settling of THF clathrate to be due to mass transport by sublimation and recondensation
faster than in ice. Additionally, the approximately three orders of magnitude greater concentration of
defects in the THF clathrate than in ice (a result of occasional H-bonding by THF) might also enhance
the mobility of the clathrate [38,69].

Note the gas bubble in the last slice. This is remarkable, since no gas space at the bottom is visible
in the slices of scan S10. Since THF is liquid at these conditions, the bubble is unlikely to be filled with
gaseous THF. However, if one assumes nitrogen stored in the clathrate (either in micropores or in
empty cages of the sII-structure) it could form bubbles during decomposition, especially in our case,
where the sample is heated from below.

The tomographic data obtained from both experiments in Section 2.2 are analyzed further to
determine volumes and surface areas. They are extracted from the scans after segmentation into gas
and solid using the random walk algorithm mentioned in Section 4.5. The error of the quantitative
analysis after correcting for metal particles is estimated to be less than 2%. Figure 7a shows the
evolution of ice/clathrate volume, while Figure 7b shows the surface area. At temperatures 30 K below
their melting point, the volume of ice/clathrate remains constant while its surface area grows. This can
be related to the growth of small crystals seen in the tomograms of Figures 4 and 6. Slightly below their
melting points both samples begin to become mobile. In the case of ice, this mobility seems to have
almost no effect on the volume. Apart from that, although significant transformations in the surface of
the ice are observed, even the surface area remains stable after the temperature was changed. That is,

A.1 µct investigation of ice and clathrate 153



Materials 2016, 9, 668 11 of 23

the basic configuration of ice particles remains unchanged. In contrast, the volume and surface area of
the THF clathrate decrease over time. In the last step both samples eventually become liquid. The drop
in volume with the ice sample is 12% and thus 3% larger than we would expect from contraction
during melting. With the THF clathrate sample a drop of 10% can be found, hence 6.5% larger than
expected. We hypothesize this overestimation of volume is caused by sub micrometer-sized pores in
both, the ice and the THF clathrate. These are smaller than the detection limit of the µCT setup used.
While these pores are rather stable in the case of the ice, they tend to be filled over time in the case of
the THF clathrate. This explains the decay in volume of the THF clathrate at a constant temperature of
274 K.
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2.3. Nitrogen Uptake in THF Clathrate

The pressure-controlled cooling stage was tested with several different ice samples as well as
THF clathrate. Whenever ice samples were investigated the pressure signal showed reproducible
behavior. With THF clathrates the pressure signal of identical experiments strongly deviated from
each other. These variations are attributed to the preparation process as well as the samples history.
The following observations were made: (1) The longer the clathrate samples are stored in the freezer at
253 K, the higher the pressure after full decomposition of the clathrate; (2) The larger the surface area
of the sample, the faster the pressure decreases in the cell; (3) The higher the cell temperature, the less
pressure decrease—an unconventional reverse temperature dependence of leak rates within the range
of operation; (4) Massive decreases in pressure at a temperature of 243 K do not stop at atmospheric
pressure but produce negative gauge pressures far too high to be caused by thermal relaxation.
Note that this can also not be explained by leakage, which actually prevents negative pressures.

These observations can be explained if one considers an uptake of nitrogen in the THF clathrate
structure. To our knowledge, this has not been observed at ambient pressure conditions in the
temperature range from 230 to 273 K. However, it is known that this effect occurs at approximately
5 MPa and 268 K and has been used in a molecular sieving approach to separate gaseous hydrogen
and nitrogen [74]. All observations mentioned above except for observation (2) are recorded in this
study. Observation (1) is illustrated in Figure 8, which shows the pressure signal of a thermal cycling
experiment with THF clathrates (cf. Section 2.1, now using a heating rate of 5 K/min, base temperature
243 K and a peak temperature of 283 K). This time, instead of freshly forming the clathrates in the
sample cell, they were either stored in the freezer for one week (subscript “g” in the pressure signal)
or in liquid nitrogen for four days (subscript “l” in the pressure signal), before loading them into the
sample cell. In the first case contact to liquid nitrogen was limited to a few seconds during the loading
process. Note the high pressure pabs,g in the first cycle after the THF clathrate decayed. The difference
in pressure pabs,g from loading to the first peak is approximately 190 mbar. This is approximately
40 mbar more than the difference observed in the THF clathrate experiment of Section 2.1 where the
total temperature difference was even smaller. Additionally, the pressure does not drop to its initial
value but remains 40 mbar above it. This is also different from what we observed in Section 2.1 where
the initial pressure was restored. After the first cycle was finished the cell was opened for one second
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to release the excess gas. Subsequently two additional cycles were conducted which did not show
that unexpected behavior but the results known from Section 2.1. We hypothesize that the additional
pressure in the first cycle was caused by nitrogen which was taken up by the clathrate during the
storage time in the freezer. After decomposition, the additional nitrogen remains in the atmosphere
since another uptake happens on much longer timescales than the formation of the THF clathrate.
After the cell was opened, the extra nitrogen was released. The THF clathrate formed subsequently is
not different from those of the experiment in Section 2.1. Remarkably, the above observations cannot
be made in the case of the liquid nitrogen storage conditions, since pabs,l is entirely reversible in all
three cycles.
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Figure 8. Thermal cycling of THF clathrate samples subjected to a trapezoidal temperature profile
with base temperature 243 K, peak temperature 283 K, and a heating/cooling rate of 5 K/min: (1) The
sample whose pressure signal has subscript “g” was stored in a freezer for one week before being
loaded into the sample cell. Contact with liquid nitrogen was limited to a few seconds during the
loading process. After one hour, the pressure inside the cell was relieved by quickly opening and
closing it; (2) The pressure signal with subscript “l” stems from a sample which was stored in liquid
nitrogen for four days after being freshly formed.

Observations (3) and (4) are illustrated in Figure 5. The pressure decrease after the start of the
experiment is much larger than in the case of the ice experiment. At the point labeled P1 the pressure
eventually crosses the line of atmospheric pressure after 30 h at constant temperature. The sample cell
had to be opened under a dry nitrogen flow for pressure relief since the pressure sensor used is not
suitable for negative gauge pressures. This had to be repeated after 49 h and 73 h and is reflected in the
kinks in the pressure signal at these times. After 96 h the sample cell was heated from 247 K to 274 K.
Following the model derived in Section 4.4.1 this corresponds to an increase of 55 mbar. However,
a difference in pressure of 125 mbar is observed.

At the point labeled P2, the pressure increased by 11 mbar, although the temperature was raised
by only 1 K. This is five times the value predicted by the thermal expansion model. Right after scan S7,
no significant changes in pressure are observed for almost 72 h. Leakage is even less than in the case
of the ice sample. This can also be interpreted by a very slow release of nitrogen from the clathrate
structure. During decomposition of the clathrate the pressure rises by 270 mbar while following the
temperature ramp from 274 to 288 K. In the same experiment done with a freshly formed clathrate (see
Section 2.1) a pressure difference of 100 mbar is seen for the same change of temperature. The pressure
loss model derived in Section 4.4.2 is used to correct the pressure signal to a lossless cell. One can then
sum up the remaining losses found at the temperature of 247 K and reinterpret them as a nitrogen
uptake of 200 mbar. Adding these uptakes to the pressure right before the slope of the heat ramp
(96 h) results in a total ramp bottom pressure of 1170 mbar. Applying the thermal expansion model
to this (in two steps to include the volume contraction during melting) yields a ramp peak pressure
of 1266 mbar. This is only 56 mbar below the peak pressure. This difference can be attributed to
the vapor pressure of the water–THF solution and is in good agreement with the results obtained in
the THF clathrate experiment of Section 2.1. Furthermore, unlike in the ice experiments, large gas
bubbles are found in the molten clathrate sample (see Figure 6(S11)). No voids are found in the lower
region in the last scan before melting, which could help to explain this. Thus it is assumed that the
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bubbles are formed during the decomposition of the clathrate by escaping nitrogen gas. Altogether,
the effect is rather small: a 200 mbar uptake relates to 0.34 mL of gaseous nitrogen under standard
conditions. Assuming that every empty dodecahedral cage takes up one single nitrogen molecule the
total gas volume in a 250 mg sample would be 28 mL. That implies that only 1% of the empty cages
are occupied, presumably in a thin layer at the surface. The depth of that layer had to be 5 µm for a
surface area of 563 mm2 obtained from the first scan. However, in the case of micropores, the actual
surface area would be much bigger and the penetration depth smaller.

We furthermore assume that this uptake did also take place in the experiments of Section 2.1
in both the THF as well as the DXL clathrate. It would explain the comparably large hysteresis in
the pressure signal as well as the disproportionally high peak pressure in the DXL clathrate cycle.
The latter would imply that the effect of nitrogen uptake is more pronounced in the DXL clathrate case.

3. Discussion

In this section, the most important results are discussed, and opportunities offered by the setup
used in this study are suggested. In the first set of experiments we demonstrate that pressure and
voltage signals provide critical information about the state of the sample and phase-change events.
In similar experiments with differential scanning calorimeters (DSCs) or differential thermal analyzers
(DTAs), one is usually unaware about pressures changes. However, in the case of forming and
decomposing clathrates, an accurate pressure signal helps to understand the mechanisms involved
in the formation and decomposition process. The full strength of the pressure-monitored cooling
stage does not lie in the pressure signal alone. It is the provision of the complimentary quantities
pressure, temperature, and power supply, which gives insight in interesting phenomena. In DSC
studies of clathrate formation processes more than one peak of formation is often found [75]. It is
difficult to relate, based on heat fluxes alone, these peaks to the formation of ice existing in islands,
to homogeneous or heterogeneous nucleation, and to the formation of clathrates. The characteristic
shapes in the pressure signal, found in our experiments, might help and can additionally provide
estimates for density changes during the phase transformations.

Although it is not straightforward to interpret the pressure signal in a multicomponent gas system
at non-uniform temperatures a simplified model shows good agreement with the experimental data.
The application of this model helps to estimate the amount of gas evaporated in the decomposition of
the clathrates. With the ice and the THF clathrate the peak pressure found is less than one would expect
from the summation of thermal gas expansion and vapor pressure of the water–THF solutions. This is
attributed to the effect of thermodiffusion caused by the temperature gradient in the gas volume of
the cell. Conversely, in the case of DXL clathrate the peak pressure is larger than that. An explanation
for this could be additional nitrogen stored in the clathrate in either pores or unoccupied cages. After
decomposition this nitrogen volume would add to the total pressure. Another interesting observation
is that the release of guest gas to the atmosphere does not happen immediately after melting starts.
Although it is assumed that, very soon after melting starts, enough liquid is available to attain full
vapor pressure, less pressure was observed in both cases.

The complementary information obtained with the cooling stage is extended by structural
information gained from µCT imaging. By that it becomes possible to investigate ice and clathrate
samples over a long period in a highly controlled fashion. The results show massive transformations
of surface and bulk at temperatures 30 K and 3 K below the melting point. They happen on large time
scales and are likely to be overlooked in short-term experiments. Results known from snow research
are useful to explain not only the observations made with the ice sample, but are also applicable
to the THF clathrate study. In porous media formed by snow/ice significant mass transport takes
place by sublimation, temperature gradient induced diffusion, and recrystallization/recondensation.
At temperatures 30 K below the melting point this process seems to be the cause of crystal growth
at the ice/clathrate particles. In the case of THF clathrate particles it is yet unclear whether the
crystals are formed by ice or clathrate. To our understanding, this process of metamorphism is
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dramatically increased with the THF clathrate at a temperature 3 K below its melting point. While
the ice particle configuration is stable at the same thermal setting the configuration of THF clathrate
particles collapses. Temperature gradients and higher vapor pressures at tips are the driving force for
this effect. Furthermore, heat consumed or generated during sublimation and recrystallization adds to
the formation of temperature gradients. To our knowledge this is not widely considered in the growth
and decomposition phenomena of clathrates. Self-preservation is most prominently explained with the
formation of a protecting ice layer. We propose to consider a contribution of the effect described above
to the formation of such a layer since the sublimation pressure of water rises quickly from 27.7 Pa at
240 K [76].

In the attempt to explain massive deviations in the pressure signal between the ice and the THF
clathrate experiments we find strong indications for an uptake of nitrogen in the THF clathrate at
ambient pressures and temperatures from 230 K to 271 K. Since the total amount of nitrogen uptake is
about one percent of the possible maximum we assume uptake to the surface, but no diffusion into
the bulk. This correlates with the observation of increasing uptake rates with increasing surface areas.
Still, the effect is rather small and quite difficult to be seen in experiments involving flow meters to
determine gas release/uptake rates.

The setup presented will be useful for the investigation of many interesting phenomena. It should
be straightforward to upgrade the cell with a pressure control and a valve leading to a gas analysis
device. Our own plans are mainly formation and decomposition studies with different clathrates
including methane, where the phenomenon of self-preservation is still not completely understood.
Results from snow research suggest that temperature gradients may have tremendous influence both
in formation and decomposition. These gradients are not only governed by the vicinity but by the
clathrate structure itself. The method proposed in this work is perfectly suitable to study this influence.
Besides that, the method could also be promising to investigate the memory effect via thoroughly
designed sample cell geometries [18].

4. Materials and Methods

Sample preparation, the commercially available µCT and the custom built measurement cell for
thermodynamic live monitoring are described.

4.1. Sample Preparation

Anhydrous grade tetrahydrofuran and 1,3-dioxolane, both obtained from Sigma-Aldirch (St. Louis,
MO, USA), are mixed with deionized water on a Mettler-Toledo XA204DR analytical balance
(Mettler-Toledo, Columbus, OH, USA). The mole fraction is 1:16.65 (THF/DXL:H2O) in both cases.
This ensures a slight excess of guest molecules during the formation of clathrates: in both cases the
stoichiometric mole fraction is 1:17. Twenty-five milliliters of each solution are stored in a refrigerator
at 281 K in liquid form. The overall storage time was four weeks, it started with the experiments of
Section 2.1. In those experiments the THF/DXL solutions were filled directly into the sample cell using
a µL-pipette. The solid ice and clathrate particles for the experiments of Section 2.2 were obtained
by freshly forming the ice/clathrates from the water/solution in a freezer at 253 K whenever needed.
Chips from the frozen solution were crushed and filled into the sample cell containing some liquid
nitrogen. The sample temperature was kept below 200 K in the whole filling procedure by working
under liquid nitrogen.

4.2. Experimental Setup

4.2.1. µCT Setup

A commercially available GE nanotom-m is used to obtain high-resolution micro tomographic
scans of the samples [77]. Table 2 specifies the scan parameters. X-ray images from full sample
rotation scans are then used to reconstruct the 3D-structure of the samples using a GPU-unit
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and the manufacturer’s reconstruction software datosx2 (GE Sensing & Inspection Technologies,
Wunstorf, Germany).

Table 2. CT settings used in all experiments.

Parameter Value

tube voltage (kV) 70
focal spot size (µm) 2.5

magnification factor (-) 20
voxel edge length (µm) 5.0

no. of images per scan (-) 1500
exposure time per image (ms) 1000

no. of averaged images per increment (-) 3

4.2.2. Pressure-Monitored Cooling Stage

Figure 9 shows a sketch of the custom-made pressure-monitored cooling stage and a picture
of the stage in front of the X-ray tube. The samples are placed in a graphite vessel with an inner
diameter of 9 mm. Graphite is used for its unique combination of low X-ray absorption and high
thermal conductivity. Since the microporous structure of graphite is not gas tight it is packed in a
shell made of PEEK. The PEEK shell is connected to a pressure sensor (OMEGA PXM459-350HGI,
OMEGA Engineering, Deckenpfronn, Germany) on the top side via an O-ring made of NBR. At the
lower end the PEEK shell is linked to an aluminum heat sink. Here a silicone O-ring is used since the
range of operation of NBR does not allow temperatures lower than ´35 ˝C. The aluminum heat sink is
cooled using a stack of two Peltier elements. Both have been purchased from Quick-Ohm, Wuppertal,
Germany. The lower element (type QC-31-1.0-3.9MS) is more powerful than the upper one (type
QC-17-1.4-3.7MS) since it needs to withdraw the electrical power of the upper one in addition to the
heat from inside the sample cell. The current through the bottom element is set to be twice the current
through the top one at all times. The upper current is set via a PID loop that controls the temperature
returned from the thermocouple T0 (K-type; d “ 1 mm). The hot side of the Peltier stack is cooled with
water, which in turn is cooled in a chiller (LAIRD MRC300, Laird, London, UK) outside of the µCT
cabin. The TEC is powered by a controllable VOLTCRAFT VSP2410 laboratory power supply (Conrad
Electronic AG, Wollerau, Switzerland). All sensors as well as the power pack are connected to a NI
cRIO-9022 DAQ (National Instruments, Austin, TX, USA) running a LabView program to collect the
data. An additional thermocouple T1 (K-type; d “ 1 mm) measures the temperature at the hot side of
the Peltier stack. Furthermore, one thermocouple (K-type; d “ 1 mm) and a barometric pressure sensor
(OMEGA PX419-26HBI, OMEGA Engineering, Deckenpfronn, Germany) are placed inside the µCT
cabin to measure the ambient temperature and the atmospheric pressure. For clarity, “stage” always
means the sum of parts illustrated in Figure 9a, while “cell” means just the volume between the base
of the graphite vessel to the tip of the pressure sensor.

4.3. Temperature Management

Many of the considerations in this paper rely on an accurate knowledge of cell temperature.
Almost all temperature sensors involve metals. Metals produce “metal streak artifacts” in scans where
the majority of the region of interest consists of materials with little X-ray absorption, such as ice.
This has to be avoided to maintain scan quality. Instead we measure the temperature below the graphite
vessel containing the sample. The sample temperature is then deduced from the temperature read out
of the K-type thermocouple T0. In order to do so we first determined the errors of all thermocouples
using the well-defined melting points of n-decane (Tm = 243.5 K), n-dodecane (Tm = 263.6 K), and water
(Tm = 273.15 K) together with the boiling point of liquid nitrogen (Tb = 77 K) [78]. A quadratic
fit through these four data points was then used to relate the thermocouple read out to the actual
temperature. Since the errors of the thermocouples showed a strong non-linear behavior at low
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temperatures, the standard deviation for the error of the quadratic fit function to the melting points
is σ = 0.6 K. To compensate for dynamic effects, e.g., for the experiments described in Section 2.1,
reference runs were done using the error-corrected thermocouples. The only differences between
reference run and actual experiment are a surrogate pressure sensor, a different sample substance,
and an additional K-type thermocouple immersed in the sample. In order to maintain a comparable
thermal situation we chose a very thin thermocouple (d = 75 µm) for that to minimize heat flux.
A glycerin–water mixture (250 mL, weight fraction 2:1) is used as a reference substance. This mixture
has a freezing point of 226.7 K and lower vapor pressure than water. The specific heat of the mixture is
approximately 60% of the specific heat of water [79]. The effect of varying thermal mass inside the cell
can be neglected due to the small ratio of the sample and the overall thermal mass of the cooling stage.
Figure 10c shows the results of this reference run. There are no differences in sample temperature
during heating and cooling. The temperature of the sample is always above the temperature of the
Peltier element due to the temperature gradient from the bottom to the top. This effect increases with
decreasing Peltier temperature. In all experimental results discussed in this paper this difference was
added to the measured temperature. This means the temperatures given in this text always relate to
the sample mean temperature and are uncertain to 1 K at most.
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Temperature variations in the region of interest, i.e., the graphite cup, are investigated 
numerically. The steady state heat conduction equation is solved using the open source 3D solver 
ELMER [80]. Convection inside the cell can be neglected due to stable temperature stratification and 
the small Grasshof number of the problem. A temperature boundary condition = 240 K at the cold 
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third of the cell is less than 1 K. 

Figure 9. The experimental setup used in this study: (a) sketch of the pressure-monitored cooling stage.
The dash-dotted line indicates the beam axis of the µCT; and (b) photograph of the setup as it is used
in this work. The shiny grey part in the lower center is the radiation shield of the insulation layer of the
cooling stage. The yellow part in the background is the X-ray tube of the µCT.

Temperature variations in the region of interest, i.e., the graphite cup, are investigated numerically.
The steady state heat conduction equation is solved using the open source 3D solver ELMER [80].
Convection inside the cell can be neglected due to stable temperature stratification and the small
Grasshof number of the problem. A temperature boundary condition T “ 240 K at the cold
side of the Peltier stack as well as a heat transfer boundary condition to the ambient (ambient
temperature Ta “ 298 K, heat transfer coefficient (h = 25 W/m2K) is applied. Figure 10a,b shows
the temperature field inside the cell from simulation. The simulated temperature variation in the lower
third of the cell is less than 1 K.

A.1 µct investigation of ice and clathrate 159



Materials 2016, 9, 668 17 of 23

Materials 2016, 9, 668 17 of 23 

 

 
(a) (b) (c) 

Figure 10. Thermal analysis of the pressure-monitored cooling stage obtained from a numerical 
solution of the 3D heat equation: (a) Temperature field inside the cooling stage as well as in the 
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4.4. Pressure Management 

The pressure sensor is used to detect the pressure effects of phase transitions and gas release. 
The pressure signal is also influenced by the temperature dependent behavior of the dry nitrogen 
taking up the rest of the cell. In addition, the low temperatures at the bottom side of the cell require 
using a high permeability silicone O-ring. This causes considerable leakage. Hence we require: (1) a 
model for thermal expansion of the nitrogen gas; and (2) quantitative information of leakage during 
the experiments. 
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The temperature field ( ) illustrated in Figure 10 is considered. Since the gas inside the cell is 
motionless, the pressure must be constant throughout the cell. Hydrostatic pressure variations are 
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Figure 10. Thermal analysis of the pressure-monitored cooling stage obtained from a numerical solution
of the 3D heat equation: (a) Temperature field inside the cooling stage as well as in the insulation layer
and the tip of the pressure senor. White stars indicate the sample particles; (b) Temperature field inside
the cell in the absence of a sample. Note the small temperature gradient of approximately 0.1 K/mm in
the lower part where the particles are usually placed for the µCT investigation; (c) Sample temperature
ΘS and Peltier element temperature ΘP in a thermal cycling experiment. The lower graph shows the
difference ΘS ´ ΘP as a function of ΘP . No hysteresis effects can be observed.

4.4. Pressure Management

The pressure sensor is used to detect the pressure effects of phase transitions and gas release.
The pressure signal is also influenced by the temperature dependent behavior of the dry nitrogen
taking up the rest of the cell. In addition, the low temperatures at the bottom side of the cell require
using a high permeability silicone O-ring. This causes considerable leakage. Hence we require: (1) a
model for thermal expansion of the nitrogen gas; and (2) quantitative information of leakage during
the experiments.

4.4.1. Thermal Expansion and Contraction in Non-Uniform Temperature Fields

When applying a state equation, e.g., the ideal gas law, to the measurement cell, the non-uniform
temperature field must be accounted for.

The temperature field T pxq illustrated in Figure 10 is considered. Since the gas inside the cell is
motionless, the pressure must be constant throughout the cell. Hydrostatic pressure variations are
neglected. Locally, the ideal gas law states the pressure

p pxq “ p “ ZρRT pxq, (1)

where ρ is the gas density, R is the mass specific gas constant, and Z is the compressibility factor of
a non-ideal gas. Assuming an absolutely tight cell, mass conservation and integration over the cell
volume V yields

m “
ż

V

ρ dV “
ż

V

p
ZRT

dV “ p
ZR

ż

V

1
T pxq dV (2)

for the total gas mass m. Reformulation of Equation (2) leads to

p “ Z m R ¨
¨
˝
ż

V

1
T pxq dV

˛
‚

´1

. (3)
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The pressure can then be calculated for any known inhomogeneous temperature field given mass
m either by numerical or analytical integration. The temperature field in Figure 10b is approximated
by a one-dimensional temperature field, neglecting radial gradients

T pzq “
#

T0 for 0 ă z ď h0,
T0 ` z´h0

h1´h0
¨ pT1 ´ T0q for h0 ă z ď h1.

(4)

It considers two regions: (1) the region inside the graphite cup (0 ă z ď h0) where a uniform
temperature field is assumed; and (2) the region from h0 to the tip of the pressure sensor with a linear
temperature variation. Integration yields

p “ Z m R ¨
ˆ

A0h0

T0
` A1 ph1 ´ h0q ¨ lnT1 ´ lnT0

T1 ´ T0

˙´1
, (5)

where A0 and A1 refer to the cross sectional areas of the two regions. Equation (5) is used as a model
for thermal expansion and contraction in this study. A0, A1, h1, and the total volume of the cell
are determined using the tomographic reconstruction of the empty cell. The value h0 “ 3 mm was
extracted from a fit to the data obtained in the empty cell experiment of Section 2.1 and used in every
other occasion although with loaded samples some of the lower volume is occupied by the sample
instead of nitrogen.

4.4.2. Pressure Loss due to Leakage

In order to consider pressure losses, pressure fluctuations introduced into the system by changes
in ambient temperature have to be subtracted. Equation (5) can be used to extract the current total gas
mass m, which changes over time due to leakage, evaporation and condensation. This mass is then
again inserted in Equation (5), where T0 is still the bottom temperature but T1 is a fixed mean ambient
temperature. By that the pressure has been corrected to a constant ambient temperature T1. A result
of this procedure is depicted in Figure 11a. After the pressure signal is corrected by fluctuations in
ambient temperature, the linear ansatz

.
ploss “ ´α prel (6)

is used to model pressure loss rate as a function of gauge pressure prel. The rate of change of prel is

.
prel “

.
ploss ´

.
patm, (7)

it depends on leakage as well as atmospheric pressure patm. Inserting Equation (6) in Equation (7) yields

.
prel `

.
patm “ ´α prel. (8)

Both gauge pressure and atmospheric pressures are measured during the experiments and thus
also their rates of change are known. The sum of

.
prel and

.
patm are obtained from a series of independent

pressure experiments using an empty cell at two different temperatures. Numerical differentiation of
the pressure signal was done after filtering the data with a Savitzky–Golay filter and a subsequent
cubic spline interpolation [81]. The measured loss rates strongly depend on the age of the O-rings.
While new O-rings show almost no loss, rings that were in heavy use show significant loss. The worst
results are displayed in Figure 11b as a function of prel and provide an upper bound on the amount of
leakage. A linear fit to that data yields the time constants α243 “ 0.00412˘ 0.00001 h´1 (cell bottom
temperature 243 K) as well as α283 “ 0.00731˘ 0.00001 h´1 (cell bottom temperature 283 K). From
this we get the pressure loss rate as a function of the gauge pressure. Note that the loss rate at higher
temperatures is slightly larger than at lower temperatures. This was found in all pressure tests and
is probably related to the generally higher gas permeability of silicone at higher temperatures [82].
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Nevertheless, since the sealing force will also be reduced at lower temperatures this effect will be small
if present at all [83].Materials 2016, 9, 668 19 of 23 
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Figure 11. Long-term pressure decay analysis: (a) the influence of temperature fluctuations of the 
ambient temperature (blue line with dot markers) becomes visible in the pressure signal (square 
markers). A correction (discussed in the text) of this effect is possible (dashed black line); and (b) the 
sum of gauge and atmospheric pressure change rate, obtained from pressure tests using an empty cell 
at different temperatures are shown. The linear fit functions to the data directly yield the loss rate. 

4.5. Image Reconstruction and Post Processing 

Image stacks obtained from µCT are reconstructed using GE’s phoenix datosx2 reconstruction 
software (GE Sensing & Inspection Technologies, Wunstorf, Germany). In a first step a smaller region 
of interest, containing solely the interior of the graphite sample cell, is extracted from the 3D raw 
data. A Gaussian filter with the smallest possible kernel size of three voxels is then applied to reduce 
the noise level while maintaining all details. Image stacks (8-bit, jpg) are then written and analyzed 
in an in-house post processing toolbox. Random walk segmentation as presented by Grady [52] is 
applied in 3D situations which requires efficient memory management and solution methods for very 
large linear systems with approximately 300 × 106 degrees of freedom. Figure 12 shows the result of 
the random walk segmentation on a single CT slice obtained from a THF clathrate sample of the 
experiment described in Section 2.2.2. 

Sample volumes are calculated based on the segmented data by voxel counting. The surface area 
A is computed using the derivative of the 2-point probability function, S2, at its origin [84,85]: = −4 ⋅ dd . (9)

The 2-point probability function is computed for distances of 0 and 0.9 voxel side lengths using 
Monte Carlo integration with 10 million sampling points each. The derivative is approximated by the 
difference quotient of these two points. 
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(b)

Figure 12. Segmentation of noisy CT images using the random walk segmentation filter described by 
Grady [52]: (a) Original CT slice taken from scan S5 of the THF clathrate experiment of Section 2.2.2. 
The bright phase is the THF clathrate, the dark phase is gaseous nitrogen; (b) The same slice after 
segmentation. 

Figure 11. Long-term pressure decay analysis: (a) the influence of temperature fluctuations of the
ambient temperature (blue line with dot markers) becomes visible in the pressure signal (square
markers). A correction (discussed in the text) of this effect is possible (dashed black line); and (b) the
sum of gauge and atmospheric pressure change rate, obtained from pressure tests using an empty cell
at different temperatures are shown. The linear fit functions to the data directly yield the loss rate.

4.5. Image Reconstruction and Post Processing

Image stacks obtained from µCT are reconstructed using GE’s phoenix datosx2 reconstruction
software (GE Sensing & Inspection Technologies, Wunstorf, Germany). In a first step a smaller region
of interest, containing solely the interior of the graphite sample cell, is extracted from the 3D raw
data. A Gaussian filter with the smallest possible kernel size of three voxels is then applied to reduce
the noise level while maintaining all details. Image stacks (8-bit, jpg) are then written and analyzed
in an in-house post processing toolbox. Random walk segmentation as presented by Grady [52] is
applied in 3D situations which requires efficient memory management and solution methods for very
large linear systems with approximately 300 ˆ 106 degrees of freedom. Figure 12 shows the result
of the random walk segmentation on a single CT slice obtained from a THF clathrate sample of the
experiment described in Section 2.2.2.
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after segmentation.
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Sample volumes are calculated based on the segmented data by voxel counting. The surface area
A is computed using the derivative of the 2-point probability function, S2, at its origin [84,85]:

A “ ´4 ¨ dS2

dr

ˇ̌
ˇ̌
r“0

. (9)

The 2-point probability function is computed for distances of 0 and 0.9 voxel side lengths using
Monte Carlo integration with 10 million sampling points each. The derivative is approximated by the
difference quotient of these two points.
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Macroscopic defects upon decomposition of CO2

clathrate hydrate crystals†

Stefan Arzbacher, *ab Nima Rahmatian, a Alexander Ostermann, c

Bernhard Massani,d Thomas Loerting b and Jörg Petrascha

Micrometer- and submicrometer-sized pores and macroscopic defects like cracks and tubular channels

can be found in a variety of clathrate hydrates (hydrates for short) during formation and decomposition.

Their origin, their evolution in time, and their effect on hydrate decomposition kinetics are unclear. We

used time-lapse micro computed tomography (mCT) in combination with temperature control and pressure

monitoring to study the formation and evolution of pores and macroscopic defects in decomposing CO2

hydrates at subzero (Celsius) temperature. Our results suggest that the decomposition of hydrates is always

accompanied by the formation of pores and an increase of the apparent hydrate volume by more than 3%.

Hydrate decomposition often starts with the formation of cracks inside the hydrate and not necessarily at

the free surface of the hydrate, which frequently remains intact for a long period and seems to be self-

preserved in some regions. Decomposition spreads out from these cracks in a uniform fashion yielding a

variety of macroscopic features. In some cases, the propagating decomposition front seems to get blocked

by planar barriers inside the hydrate yielding regions with high resistance against decomposition. This,

together with a generally heterogeneous distribution of decomposition resistant regions, challenges the

shrinking core model of hydrate decomposition as well as the popular ice-rind theory used to explain the

effect of self-preservation.

1 Introduction

Clathrate hydrates, or hydrates for short, are crystalline, ice-like
solids comprising water and small-sized guest molecules, most
prominently light hydrocarbons or carbon dioxide.1–3 Their
structure is determined by a hydrogen-bonded network of water
molecules that form polyhedra (or cavities) which are stabilized
by the guest molecules. In the case of CO2 as the guest molecule,
six large polyhedra (truncated hexagonal trapezohedra) and two
small polyhedra (pentagonal dodecahedra) form a unit cell of
the cubic structure termed sI.4

Hydrates are generally non-stoichiometric compounds, meaning
that not all polyhedra have to be occupied by a guest molecule.
However, in the ideal stoichiometric case all cavities of a CO2

hydrate are occupied by exactly one guest molecule. That gives a
ratio of 8 guest molecules per 46 water molecules or CO2�5.75H2O.
Combined with a theoretical stoichiometric density1 of 1.13 g cm�3

this yields 7.7 kilomoles of CO2 per cubic meter of hydrate. Thus, at
standard temperature and pressure (STP) conditions 174 volumes
of gaseous CO2 are stored in one volume of CO2 hydrate. For
comparison, dry ice accumulates approximately 796 volumes of
gas (STP) per volume of solid.

This high density of CO2 combined with stability at moder-
ate pressures and medium temperatures (e.g. 1.2 MPa at 273 K)1

makes CO2 hydrate an interesting material for several industrial
applications. The food industry has tried to produce carbonated
ice (i.e., CO2 hydrate) as a means for home production of soft
drinks since the 1950s.5 Although a real product is still hard to
find, their efforts have continued also in recent years.6 Hatakeyama
et al.7 showed that CO2 hydrate can be effectively used for fire
fighting. The large heat of hydrate dissociation (B60 kJ mol�1)8

cools down the flame while the released non-flammable gas reduces
the supply of oxygen. Another application making use of the large
enthalpy of hydrate dissociation is in refrigeration systems where a
CO2 hydrate slurry is the two-phase refrigerant with minimal
impact on the environment.9,10 The largest field of possible

a Illwerke vkw Endowed Professorship for Energy Efficiency, Research Center Energy,

Vorarlberg University of Applied Sciences, Hochschulstraße 1, Dornbirn 6850,

Austria. E-mail: stefan.arzbacher@fhv.at; Tel: +43 5572 792 3803
b Institute of Physical Chemistry, University of Innsbruck, Innrain 52c,

Innsbruck 6020, Austria
c Department of Mathematics, University of Innsbruck, Technikerstraße 13,

Innsbruck 6020, Austria
d Institute for Condensed Matter and Complex Systems, University of Edinburgh,

EH9 3JZ, Edinburgh, UK

† Electronic supplementary information (ESI) available: Section 1: Tomographic
setup. Section 2: Temperature calibration. Section 3: Temperature field. Section 4:
Leakage. Section 5: Mass calibration. Section 6: Image processing. Section 7: 3D
illustrations of CT results and pressure–temperature data of a verification
experiment. See DOI: 10.1039/c8cp07871h

Received 29th December 2018,
Accepted 11th April 2019

DOI: 10.1039/c8cp07871h

rsc.li/pccp

PCCP

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
A

pr
il 

20
19

. D
ow

nl
oa

de
d 

on
 4

/2
6/

20
19

 1
2:

16
:1

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal

168 appendix publications



Phys. Chem. Chem. Phys. This journal is© the Owner Societies 2019

future application is the sequestration of CO2 from pre- and
post-combustion gas in hydrate form combined with subsequent
long term storage in deep geological formations or the deep
ocean. Although this carbon capture technology is currently too
energy intensive for industrial use, this may change due to the
development of hybrid technologies or new additives, which can
significantly reduce the hydrate formation pressures.11–15

Besides artificially formed CO2 hydrate, there are also natural
occurrences. On Earth, they have been found at the sea floor in
hydrothermal fields where CO2 rich gas bubbles are emitted
from volcanic sources.16 Though direct evidence is still missing,
extraterrestrial occurrences of CO2 hydrate on icy moons (e.g.
Europa,17 and the satellites of Saturn18,19), comets,20,21 and on
Mars22 are assumed mainly based on the existence of both CO2

and water together with temperature conditions which prevent
the hydrate from dissociation.

Although phase equilibrium data are well established over a
wide range of temperatures,1 the processes involved in nucleation,
formation, and decomposition of hydrates remain unclear even
with a large amount of experimental work using a variety of
techniques.23 For instance, hydrate gas release and dissociation
rates are determined using both macroscopic pVT-work24–30 and
time-resolved diffraction measurements.31–36 In the case of
neutron diffraction in situ experiments were done even at elevated
pressures,37,38 revealing phase fractions of hydrate and ice and
identifying metastable intermediate phases like cubic ice (ice Ic).
Micro-computed X-ray tomography (mCT) can be used to capture the
three-dimensional structure of hydrate samples.39,40 Phase-shift
information is added in diffraction-enhanced X-ray imaging (DEI)
to overcome the common problem of poor contrast between hydrate
and ice/water in conventional attenuation-based mCT.41,42 Optical
microscopy and visual observations of hydrates are used to inves-
tigate changes of the surface texture during decomposition.27,28,43

More detailed information on the surface microstructure on the
micrometer and submicrometer scale is collected using cryo
scanning electron microscopy (SEM).25,26,29,37,38,43 The local
interaction between guest and host molecules is usually examined
using Raman or infrared spectrometry.44,45

Focusing on decomposition, the difficulty until today is mainly
finding a meaningful relation between dissociation kinetics and
thermodynamic state variables. Clathrate hydrates of guests which
are gaseous at STP conditions decompose into gas and ice (T o
273.2 K) or gas and water (T 4 273.2 K) when they are placed
outside their stability region by either superheating (T 4 Teq.) or
under-pressurizing ( p o peq.). The assumption that the stronger the
driving force (i.e., the chemical potential difference associated with
superheating or under-pressurizing), the higher the dissociation
rate does not hold in general. In fact, some hydrates (CH4, CO2, Kr,
Ar, O2, N2 and others33) show very small rates of dissociation outside
the stability field, but both at lower and higher temperatures,
rates are significantly larger. Davidson et al.46 first observed this
phenomenon in calorimetry experiments with natural gas and
methane hydrates at 240 o T o 273 K while Handa et al.47

reported the same for Kr hydrates at 225 o T o 273 K shortly
after. They argued that the ice produced in the initial period
of decomposition protects the remaining hydrate from further

dissociation by forming an impenetrable coating. This effect
was later termed ‘‘self-preservation’’ by Yakushev and Istomin48

and since then has been observed many times by numerous
researchers.24,25,29–31,38,49–51

The abrupt change in dissociation rates at the onset tempera-
ture of the self-preservation effect, as well as two distinct minima
within the self-preservation regime,24,52,53 made the development
of a working hypothesis for hydrate decomposition difficult. Today
it seems established that ice as a hydrate decomposition product is
a crucial factor in hydrate decomposition and self-preservation in
particular. This is also the foundation of two popular hypotheses:
(1) Kuhs et al.37 found that the ice formed during decomposition is
generally defective and stacking-faulty up to T E 240 K. They
concluded that below 240 K the ice cannot act as an efficient
diffusion barrier, while above 240 K annealing turns it into a rather
dense and impermeable shield of hexagonal ice (ice Ih). Later,
Falenty and Kuhs38 suggested that the annealing of defective ice
combined with a variety of microstructures found on freshly
formed ice might lead to various decomposition paths including
one with a very pronounced effect of preservation. (2) In several
studies Melnikov et al.27,28,54 showed that liquid water formation
during hydrate dissociation is possible in the temperature range
from 253 K to 273 K. Furthermore they showed that due to a high
energy barrier, the solid–solid transformation of hydrate to ice is
unlikely in a metastable region bounded by the three phase
equilibrium curves of ice–hydrate–gas and water–hydrate–gas
extended to temperatures below 273.2 K. Since supercooled liquid
water can exist in the temperature range from 233 K to 273 K at
0.1 MPa, they proposed a relation between supercooled liquid
water formation and the effect of self-preservation and suggested
that freezing of a layer of supercooled water generates the gas-
impermeable ice shell.

Additionally, pores and macroscopic defects like cracks and
tubes on the micrometer and submicrometer scale have been
found in several studies on natural and synthetic hydrates
during both formation and decomposition.37,42,55–61 Although
pores seem to be characteristic of hydrates, to our knowledge, no
serious attempts have been made so far to study the influence
of pores on the decomposition behavior. The same is true for
cracks, which seem to act as nucleation sites for hydrate
decomposition.42,60,61

We use time-resolved attenuation-based mCT to study the
formation and evolution of pores and macroscopic defects in
decomposing CO2 hydrates at different conditions inside and
outside the self-preservation regime (from 240 K to 273 K). The
samples were produced using vapor co-deposition of water and
CO2.62 The three-dimensional images are combined with
pT-data collected from our in situ setup described in ref. 63.
The pressure data are used to correlate the volume of decomposed
hydrate with the amount of gas released. Although submicrometer-
sized pores are too small to be detected directly with the resolution
used (a voxel edge length of 6 mm), we can still infer their existence.
This is because the formation of pores in decomposing hydrate is
accompanied by a significant change in apparent density when
compared to hexagonal ice. The unique setup used herein
offers a combination of non-destructive long-term observation,
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accurate mass balance due to a closed system, and highly
controlled sample history. It is applied to understand the role
of pores, cracks and other macroscopic defects in the decom-
position process of hydrates and self-preservation in particular.

2 Experimental

Sample preparation, the tomographic setup, and the experimental
procedures used are briefly described in this section. Details on
mCT settings, temperature and mass calibration, leakage, the
non-uniform temperature field, and segmentation error are
discussed in the ESI† provided with this document.

2.1 Sample preparation

Samples are prepared using a vapor co-deposition technique as
described in ref. 62, 64 and 65. Water vapor is deposited as
amorphous solid water (ASW) together with CO2 on a copper
sample holder cooled to 77 K in a vacuum system. The co-deposition
is done for 12 h at partial pressures p(H2O) = 0.20 mbar and p(CO2) =
0.02 mbar. The base pressure of the high vacuum chamber is
10�4 mbar. Subsequent warming of the deposit to 140 K in the
vacuum causes the ASW to sinter and to efficiently capture CO2 in
the pore space of the ASW. Additionally, it causes the desorption of
CO2 adsorbed on external surfaces. This hydrate precursor material
is then cooled back to 77 K, recovered after venting with dry nitrogen
and stored in liquid nitrogen until needed in the experiments.

Samples of the hydrate precursor material are characterized
by powder X-ray diffraction (PXRD). To this end, the samples
are powdered under liquid nitrogen and transferred to the
sample holder using a cryospoon. The sample holder is made
from nickel-plated copper, precooled to about 80 K and allows
for the powder to remain in a horizontal position for the whole
measurement. The sample holder is part of the low temperature
chamber TTK450 from Anton Paar GmbH. PXRD measurements
are done on a Siemens D5000 instrument equipped with a Cu
Ka1 X-ray source (wavelength 1.5406 Å) operated at 40 kV and
40 mA in y/2y scanning mode in the 2y range from 101 to 551
(step width 0.021). Installation of a Göbel mirror for parallel
beam optics allows for measurement of undistorted Bragg peaks
even for small amounts of powdered sample. For measurement,
the chamber is evacuated to below 1 mbar, where the valve to
the pump system is closed for the measurement itself (‘‘static
vacuum’’). The temperature is regulated by controlling resistive
heaters at the sample holder as well as the liquid nitrogen flow
through the TTK450 chamber using a needle valve and a
temperature controller (LakeShore, model CI330). As shown in
Fig. 1, the precursor material transforms to CO2 hydrate and
hexagonal ice during the loading procedure as the temperature
reaches 200 K.

2.2 Tomographic setup

A lab-scale GE nanotom-m mCT system is used to perform full
rotation scans of the samples. All scans are done using a tube
voltage of 70 kV and a geometrical magnification factor of 16.7
resulting in a voxel edge length of 6 mm.

The manipulator of the mCT is equipped with a slightly
improved version of the custom-built cryo stage designed for
our recent study.63 The stage (cf. Fig. 2) is cooled by a stack of
thermoelectric Peltier elements (QC-31-1.0-3.9MS and QC-17-
1.4-3.7MS, Quick-Ohm Germany) as well as a flow of cold
gaseous nitrogen (N2(g)). N2(g) is produced from liquid nitro-
gen within the closed X-ray cabin using two independent
custom-built evaporators ensuring a controlled flow of N2(g).

The pressure vessel of the cryo stage consists of a glassy
carbon crucible (SIGRADUR G, HTW Germany) and a steel cap
fitted together using a two-component epoxy adhesive. It is referred
to as the cell for the rest of this manuscript. Glassy carbon is chosen
as the cell wall material since it is highly transparent to X-rays,
impermeable to gases and liquids, extremely resistant to thermal
shocks, and strong enough to withstand high pressures in a wide
range of temperatures. An aluminum base, in good thermal contact
with the glassy carbon crucible, is cooled using both N2(g) flow and
thermoelectric cooling. The latter is primarily used to avoid
temperature fluctuation. The sample temperature is measured
with an accuracy of 1 K by a calibrated thermocouple (K-type,
d = 1 mm) positioned in the center of the aluminum base.
A pressure transducer (PXM459, OMEGA Germany) with an
accuracy of 6 mbar is connected to the steel cap of the cell.
Due to the small cell volume (1.90 mL) even minor amounts of
gas release can be registered with an accuracy of 1 mg. The
experiment is monitored, controlled, and logged at a frequency
of 1 Hz using a commercial data acquisition system (NI cRIO-
9022, National Instruments USA). The setup has been tested to
10 MPa and can be used to cool samples down to 180 K.

Fig. 1 Powder X-ray diffraction (PXRD) patterns obtained from the sample
precursor material at three different temperatures upon heating. At 140 K
the halo of amorphous solid water (ASW) is visible together with a few
Bragg peaks of hexagonal ice and crystalline CO2 (dry ice). Bragg peaks of
sI hydrate start to become visible at 160 K. They become more intense at
200 K where no Bragg peaks of crystalline CO2 can be found anymore. The
PXRD pattern at 200 K corresponds to the starting material of our
experiments.
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The temperature gradient in the setup and the sample, a
unique feature of our setup, is a direct consequence of space
limitations in the mCT cabin and our requirements of (1) the
highest possible magnification in the mCT, (2) maximal pressure
resolution, and (3) accessibility of a wide range of temperatures
and pressures.

2.3 Image processing

Radiograms collected during the mCT measurements are used
by GE’s phoenix datos|x reconstruction software (GE Sensing &
Inspection Technologies, Germany) to compute the three-
dimensional raster image of the sample with a voxel edge length
of 6 mm. The image data is filtered with a three dimensional
median filter with a kernel size of 7 voxels in order to enhance the
signal to noise ratio. The random walk segmentation algorithm
of Grady66 is applied subsequently to segment the image data
into gas, hydrate, and decomposed hydrate/ice phases. In this
segmentation algorithm each voxel of the image data is classified
based on its gray scale value and that of the neighboring voxels. It
is particularly useful in preserving the connectedness of regions
even in the presence of unwanted image noise. The process is
shown in Fig. S6 (ESI†) together with further details about the
individual steps and a brief discussion on segmentation error.

2.4 Procedure

Three different pathways, namely a temperature stepping one
(cf. Fig. 3) and two isothermal (cf. Fig. 4) ones, are used in our
experiments. The idea consists of the following loop: stable
state - structure capture via mCT - destabilization - decom-
position and pressure rise - stabilization at the vapor–ice–hydrate
(V–I–H) equilibrium pressure - stable state. In the case of the
temperature stepping pathway the hydrate is destabilized by over-
heating with respect to the stability temperatures. In experiments
following the isothermal pathway, the destabilization is triggered
by rapid depressurization from the stability pressures.

In all pathways, loading is done by transferring the sample
from the liquid nitrogen dewar directly into the precooled (203 K)
cell. The cell is tightly closed immediately after the transfer.

This is accompanied by a very sharp increase of pressure due to
the evaporation of liquid nitrogen. In order to release the
evaporated nitrogen the cell is opened once or twice after
loading. Within less than one minute no further evaporation
is observed and the experiment is started with the cell containing
mainly N2(g). After loading, the sample is outside the stability
region at point (a) so the decomposition starts with a release of
gas, resulting in an increase of pressure in the closed cell. The
pressure continues to rise until it reaches the V–I–H equilibrium
pressure of 0.43 bar1 at point (b). There, the first mCT scan is done
15 min after the pressure stabilizes.

In the temperature stepping experiment (cf. Fig. 3) the
temperature is repeatedly raised by 10 K at a rate of 2 K min�1

following the path (b–h). Every step in temperature causes
further decomposition, release of gas, and pressure increase.
At every step, a mCT scan is done once the new equilibrium
pressure is reached after some time. Eventually, the sample is

Fig. 2 Schematic of the tomographic setup (left) together with a cross sectional view of the cryo stage (right).

Fig. 3 pT-pathway of the temperature stepping procedure. After loading
the sample at point (a) the equilibrium pressure is achieved at point (b).
Starting from there the temperature is raised in steps of 10 K (b–h) leading
to new equilibrium pressures. Eventually the sample is heated across the
melting point (h–x). The phase diagram of the two-component system
H2O–CO2 is based on data and theoretical predictions from ref. 1.
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brought to full decomposition by heating (1 K min�1) across the
melting point of ice.

Two different isothermal experiments are depicted as path-
ways (a-b-c-d-c-e-c-x) and (a-b-u-v-u-w-u-x) in Fig. 4. After an
initial scan at point (b) the temperature is rapidly raised by
10 K min�1 to either 228 K at point (c) or 253 K at point (u).
Again, the new equilibrium pressure is reached and a mCT scan
is started. After the scan is completed, the cell is rapidly
depressurized to point (d) or (v) at constant temperature by
opening and closing. This destabilizes the hydrate and decom-
position continues. When point (c) or (u) is attained once more,
the current state of the hydrate structure is captured with
another scan. The rapid depressurization procedure is repeated
several times provided that the amount of remaining hydrate is
enough to restore point (c) or (u) after one more depressurization.
Note that the term ‘‘isothermal’’ here refers to parts (c-d-c-e-c)
and (u-v-u-w-u) of the pathway, where the cell is kept at constant
temperature for a long time. The isentropic cooling of the cell gas
due to rapid depressurization is neglected in this description.
Similar to temperature stepping, the isothermal experiments are
terminated by heating the sample across the melting point of ice.
The sum of partial pressures of CO2 and H2O immediately after
rapid depressurization (points (d), (e), (v), and (w)) is below
1 atm (see Fig. 4). The difference to 1 atm refers to the partial
pressure of the undetermined amount of N2(g) gas in the system.
With every opening event this difference decreases due to
escaping N2(g).

In both temperature stepping and isothermal experiments
the total amount of water in the system is obtained based on
the reconstructed volume from the last scan at point (x).

In all procedures, N2(g) as an additional component in the
gas composition allows the investigation of CO2 hydrates at
sub-atmospheric pressures without the use of a vacuum pump,
which would have made the loading procedure severely more
complicated. Besides, the self-preservation phenomenon in
CO2 hydrate occurs at a variety of atmospheric conditions,
including mixtures of CO2 and N2.36 Moreover, the formation
pressure of N2 hydrate (e.g. 16 MPa at 273 K)1 is considerably
larger than the maximal N2(g) partial pressure in our experi-
ments (0.1 MPa). Additionally, the statistical thermodynamic
modeling predictions of CSMGem1 point towards a neglectable
amount of N2 in the sI hydrate phase at the conditions
investigated. Therefore, we assume that no N2 is taken up in
the CO2 hydrates of our experiments. Thus, the amount of
nitrogen in the cell gas remains constant over the course of the
experiment, provided that the cell is not opened. The absolute
pressure and CO2 concentration, reflected as the CO2 partial
pressure, influence the decomposition at the hydrate–gas interface.
Here, it is supposed that pressure effects at the hydrate–gas interface
are subordinate to concentration effects. As a consequence,
we assume that the initial amount of nitrogen gas shifts the
vapor–ice–hydrate (V–I–H) equilibrium pressures of the two
component system CO2–H2O by a constant pressure offset.

2.5 Determination of the mass, composition, and
temperature

The combination of accurate volume and pressure data enables
us to determine the sample mass and sample composition. The
mass of water m(H2O) in the sample is determined from the
volume of liquid water VLiquid measured at 283 K at the end of
the experiment and a liquid water density of 0.9997 g cm�3. The
gas mass mCO2

(t) released from the hydrate from the beginning
of the experiment until time t is derived from the pressure
signal using a fitted model equation for the mass–pressure
relation (cf. ESI†). Gas leakage and dissolution of CO2 in water
are neglected in the computation of mCO2

. While the accuracy of
m(H2O) is 1%, larger uncertainties are associated with the
computation of mCO2

due to the unknown amount of N2(g) in
the cell. To account for that, we use the subscripts min and max
to refer to an initial N2(g) partial pressure of 1 atm and 0 atm,
respectively. For instance, mmin,CO2

and mmax,CO2
denote the

lower and upper bounds of mCO2
depending on the initial

amount of N2(g) in the cell. Both mmin,CO2
and mmax,CO2

are
accurate to within 1.5%. The largest pressure value observed
immediately after the full decomposition of the hydrate at time
t* (i.e., when all CO2 is in the gas phase) yields mmin(CO2) :=
mmin,CO2

(t*) and mmax(CO2) := mmax,CO2
(t*), the lower and upper

bounds of the total mass of CO2 in the sample. Since the
maximal pressure is usually found at temperatures slightly
below 273 K the effect of dissolved CO2 on mmin(CO2) and
mmax(CO2) is neglected. The knowledge of the water and guest
gas mass allows the determination of the sample composition,
i.e., the determination of n in CO2�nH2O. However, in cases of
n 4 5.75, this number cannot be used to differentiate between
excess water in ice form and that in empty hydrate cages. From
the powder X-ray diffraction (PXRD) patterns of Fig. 1 it is clear

Fig. 4 pT-pathway of the isothermal procedures. After loading the sample
at point (a) the equilibrium pressure is achieved at point (b). Subsequently
the temperature is rapidly raised to the isothermal set point temperature
accompanied by new equilibrium pressures (point (c) or (u)). Rapid depressur-
ization to points (d), (e), (v) and (w) results in further gas release until equilibrium
pressures are restored. Eventually, the samples are heated across the
melting point towards point (x). The phase diagram of the two-component
system H2O–CO2 is based on data and theoretical predictions from ref. 1.
Note that pressures at points (d), (e), (v) and (w) are not to scale. An
explanation for differing pressures after rapid depressurization is given in
the text. Points (d), (e), (v), and (w) are shifted in temperature for reasons of
readability only.
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though that a small amount of ice is present in our samples.
While the cell pressure and the sample volume can be measured
directly, direct determination of the sample temperature is possible
only in the lowest region of the sample (temperature of Tlow,
cf. ESI†). Further above the bottom of the cell, temperatures
are higher due to the temperature gradient along the cell axis
(cf. ESI†). The temperature gradient reduces linearly from about
2.5 K mm�1 at Tlow = 203 K to approximately 0.5 K mm�1 at
Tlow = 273 K. The highest temperature that the sample is
exposed to is denoted as Thigh. Since in our setup Thigh cannot
be determined directly, we use the settled experimental pressure
to obtain a range Thigh,min o Thigh o Thigh,max of possible values
(cf. ESI†). For simplicity all temperatures in the text refer to Tlow

if not specified differently.

3 Results and discussion

For clarity reasons, the results are presented in four subsections.
First, a correlation between hydrate gas release and mesostructural
change is established. Second, mesostructural changes between
isothermal experiments at 228 K and 253 K are compared. Third,
the evolution of macroscopic defects and pores is tracked. Fourth,
close-up views of the initial phase of decomposition expressed
by gas release rates are presented. Important key data of all
experiments are summarized in Table 1.

3.1 Temperature stepping

Two ice particles are added to a hydrate sample in a temperature
stepping experiment in order to serve as a well determined
reference for the ice phase. The mass of the ice particles is
19 mg and the total amount of water in the cell is 109 mg. Fig. 5
shows Tlow, the gauge pressure, and the released CO2 mass
mmin,CO2

over the course of the experiment. mCT scans done at
eight different temperatures are labeled with Roman numerals
and tagged as blue dots on the temperature signal. The dotted
line shows the theoretical value of the V–I–H equilibrium
pressure corresponding to Tlow. Differences between measured
and equilibrium pressures are caused by the non-uniform
temperature field (cf. ESI†) and the initial amount of N2(g)
introduced during the loading procedure.

During the initial period of the experiment every increase in
the sample temperature results in a period of significant gas
release until the pressure settles at a new V–I–H equilibrium.
This is observed until scan VI is done at 253 K after 10 h
experiment time. In the period between 10 h and 24 h experiment
time, the full halt of gas release leads to a small decrease of
pressure caused by leakage. Remarkably, after scan VIII at 263 K,
the pressure remains constant for more than 6 h. This implies
that the leak of gas is now compensated by the gas release from

the hydrate. The sample melting is shown in the inset of Fig. 5.
Here, the gauge pressure is depicted as a function of temperature
during heating at a rate of 1 K min�1. The jump in pressure at
271 K is caused by the complete decomposition of the hydrate.
This abrupt release of all remaining gas slightly below the melting
point of pure ice has also been found by other researchers.24–26

Subsequently, a decrease in pressure caused by the contraction of
the sample due to melting and the dissolution of CO2 in water is
visible from 273 K to 279 K. The relative mass of hydrate which is
preserved until melting is only 3.5%. The preservation of such
small amounts of hydrate for a very long time is observed in many
of our own experiments and has also been reported in previous
studies.24,25,29,34,38,53

Fig. 6 shows tomograms of the sample at four different scan
times at identical coordinates. The assignment of the different
materials (hydrate, ice, or gas) to shades of gray is deduced
empirically. Because of their respective theoretical densities
and elemental compositions, among these materials, the
hydrate should attenuate X-rays the strongest, followed by the
ice, and finally, the gas. In general, the stronger the attenuation
of X-rays, the brighter the gray scale values in our tomograms.
Thus, dark shades of gray are assigned to gas, which attenuates
the X-rays only weakly. The ice particles, produced by freezing
water droplets in liquid nitrogen, are easily identifiable by their
spherical shape and stability over time. The remaining shades
of gray can be hydrate and decomposed hydrate only. Since the
decomposed hydrate lacks CO2, it attenuates X-rays less than

Table 1 Key data of all experiments as derived from the pressure signal and the mCT scans

Experiment m(H2O) (mg) mmin(CO2) (mg) mmax(CO2) (mg) CO2�nH2O (�) VSample,initial (mm3) VSample,end (mm3) VLiquid (mm3)

Temp. stepping 90.0 23.4 27.3 8.0 o n o 9.4 120.1 127.1 90.0
Isothermal 228 K 155.7 47.2 — n o 8.0 205.9 213.2 155.7
Isothermal 253 K 134.6 45.9 — n o 7.2 209.8 216.2 134.6

Fig. 5 Gauge pressure, temperature Tlow, and mmin,CO2
(mass of the released

CO2) as a function of time. Blue dots denote the start of a mCT scan labeled
with Roman numerals. The inset shows the gauge pressure as a function of
temperature during melting of the hydrate at a heating rate of 1 K min�1.
The dotted line shows the theoretical V–I–H equilibrium pressure at the
corresponding temperature as predicted by the software CSMGem.1
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the intact hydrate does. In addition, regions of decomposed
hydrate grow during the decomposition while regions of hydrate
shrink. Histograms of regions r1, r2, and r3 (cf. Fig. 6, scan III)
corresponding to decomposed hydrate, ice, and hydrate, respectively,
and a line profile across all phases (cf. Fig. 6, line A-B-C-D, scan III)
are shown in Fig. 7. Two important findings are apparent: (1) phases
of ice, hydrate, decomposed hydrate, and gas are distinguishable by
different gray scale values. Particularly, hydrate and decomposed
hydrate show almost no overlap in their gray scale histograms.
(2) The decomposed hydrate phase is slightly darker than the ice
phase. Since both phases contain water molecules only, this implies
that the apparent density of the decomposed hydrate is smaller than
that of ice, i.e., the decomposed hydrate is porous. This rather good
contrast helps with the segmentation of the raster image data, which
in turn yields accurate volume information. While the accuracy
and reliability of the volume information usually have to be
estimated based on the image data alone, here we can make
use of the independent pressure signal to verify our phase
assignment. Fig. 8 displays the volume of decomposed hydrate
as a function of mmin,CO2

. The linear correlation between
volume and mass is evident. The small offset of 0.6 mm3 in
the fitting function V(m) = 0.6 + 5.1�m to the experimental data

corresponds to the initial volume of hydrate, which decom-
poses during the loading procedure. All data points deviate
from the linear fit by less than 4 mm3 (i.e., about 3% of the sample
volume). This good correlation is found in all experiments of this
work (cf. ESI†) and implies that our assignment of phases in the
tomographic data is correct. Moreover, it justifies a more detailed
local inspection of the sample based on the image data alone. This
is done to examine the effect of the inhomogeneous temperature
field on the hydrate stability. The volume containing the sample is
subdivided into bottom, middle, and top regions. Each region has
a height of 3 mm. The hydrate volume for each region is displayed
as a function of time in the upper part of Fig. 9 together with the
total hydrate volume. The top region of the hydrate decomposes
within the first 5 h. During the same period, approximately 50% of
the hydrate in the middle region decomposes while the bottom
region shows no decomposition at all. Between 5 h and 10 h the
hydrate in both the middle and the bottom regions decomposes
almost completely. Only approximately 5 mm3 of hydrate remains
in each of the two regions until the temperature is increased to
263 K. After 5 h at 263 K the rest of the hydrate of the middle
region decomposes as well. The 5 mm3 of hydrate in the bottom
region remains until the sample melts. The extraordinary stability
of the bottom region during the first 7 h of the experiment can be
explained using the non-uniform temperature field and its effects
on the sample upon heating (cf. ESI,† Fig. S3). Table 2 provides the
pair Tlow and Thigh,min as well as their difference DT. A comparison

Fig. 6 Tomograms of the sample configuration at four different times in a temperature stepping experiment. Roman numerals refer to the mCT scan
number as in Fig. 5. In descending order of brightness the different regions are: clathrate hydrate (CH, white), ice (gray), decomposed hydrate (CH dec.,
dark gray), and gas (black). The squares in black (r1), blue (r2), and red (r3) in the tomogram of scan III denote regions used for the computation of
histograms. They are depicted in Fig. 7 together with a line profile along the path from A to D. The wedge-shaped bright area at the bottom of the images
is the cell base.

Fig. 7 Histograms and line profile of gray scale values obtained from the
tomogram of scan III shown in Fig. 6. The line profile starts in the
decomposed hydrate region (point A), intersects with the hydrate region
first (point B), the ice region afterwards (point C), and eventually ends in the
hydrate region (point D).

Fig. 8 Relation between mCT image data and released gas mass mmin,CO2

(derived from the pressure signal). Markers denote the volume of the
decomposed hydrate at the individual scan times (labeled by Roman
numerals; cf. Fig. 5) as a function of the mass of released hydrate gas.
The fitting function to the experimental data is V(m) = 0.6 + 5.1�m.
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between the conditions at the start and end of each heating step
(values in two successive lines in Table 2) shows that Tlow after
heating is smaller than Thigh,min at the beginning of heating until
Tlow is roughly 253 K. That implies that for Tlow o 253 K the
coldest region of the sample (i.e., the bottom region) can never
leave the hydrate stability region. The negative value for DT at
Tlow = 263 K implies that the settled pressure (corresponding to
Thigh,min) is below the V–I–H equilibrium pressure corresponding
to Tlow. Since any temperature the sample is exposed to is above or
equal to Tlow this means either that there is no hydrate left or that
the absence or low rate of gas release prevented the attainment of
the equilibrium pressure.

The lower part of Fig. 9 tracks the sum of the hydrate and
decomposed hydrate volumes over the experimental time rela-
tive to its value at the beginning of the experiment. A compar-
ison between the total volume at the end and the beginning of
the experiment yields a volumetric expansion of approximately
5% during hydrate decomposition. It is shown that the bottom
region of the hydrate gains significantly more volume than the
middle and top regions. The middle region is even losing some
of its initial volume, although no displacement of the sample is
observed. This can be explained by mass transport of water via
the sublimation–diffusion–resublimation mechanism known
from snow metamorphosis.67–70 Distinct indications for this
are the needle like ice crystals growing in the interstices between

the hydrate and the ice particles over the course of the experi-
ment (cf. Fig. 6, scan VIII).

Eventually, during melting, the sum of the hydrate and
decomposed hydrate volumes drops by 29% from solid to
liquid. That is significantly larger than the volume reduction
of pure ice during melting (9%). Similarly, a comparison of the
volume of liquid water with the initial volume of the hydrate
sample yields a volume reduction of 25%.

3.2 Isothermal experiments

Two isothermal experiments, as described in Section 2.4 and
Fig. 4, are carried out at Tlow = 228 K and Tlow = 253 K. The
important key features of the experiments are listed in Table 1.
An estimation of mmax(CO2) is omitted here due to the unknown
amount of guest gas escaping the cell at rapid depressurization
events. The pT-conditions during the experiments are displayed
in Fig. 10 together with the starting times of the mCT scans. Four
successive rapid depressurization events are triggered in the
228 K experiment while only one event is initiated at 253 K due
to the small amount of hydrate left after the first opening. Due
to very low dissociation rates in the 253 K experiment, mCT scans
are possible even during decomposition (i.e., volume and phase
changes over a 60 min long scan are negligible). A comparison
between the pressure signals of the two isothermal experiments
after the rapid depressurization procedure shows a distinct
difference in the dissociation behaviour. While at 228 K the
pressure settles within about 1 h after rapid depressurization it
takes about 18 h to reach equilibrium at 253 K. This reduced
rate of gas release at 253 K (with respect to 228 K) indicates that
at 253 K the hydrate is self-preserved.

Fig. 9 Change of hydrate volume over the experiment time in absolute
numbers (top) and change of total particle volume (i.e., decomposed plus
preserved hydrate volume) relative to the initial condition after loading
(bottom). Data are shown for the entire volume investigated (black solid
line) as well as separated into the bottom, middle, and top thirds (markers).
Note the relative growth of approximately 5% in the total particle volume.
The temperature program is indicated by Tlow labels.

Table 2 Comparison of the lowest and highest sample temperature
during the temperature stepping experiment

Tlow (K) Thigh,min (K) DT = Thigh,min � Tlow (K)

203 220.5 17.5
213 229.5 16.5
223 237.8 14.8
233 245.7 12.7
243 252.3 9.3
253 257.6 4.6
263 256.2 �6.8

Fig. 10 Gauge pressure and temperature Tlow as a function of time for the
isothermal experiment at 253 K (top) and at 228 K (bottom). Blue dots
denote the start of a mCT scan labeled with Roman numerals. The insets
show the gauge pressure as a function of temperature during melting of
the hydrate at a heating rate of 2 K min�1.
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Table 3 lists upper and lower bounds for the warmest sample
temperature Thigh at the beginning and at the end of the isother-
mal phase of the experiment. It is assumed that initially the N2(g)
partial pressure is 1 atm. With every cell opening event the N2(g)
partial pressure is reduced. Hence, at the beginning of the experi-
ment Thigh E Thigh,min while at the end Thigh E Thigh,max (cf. ESI†).
A comparison between the sample temperature conditions (i.e.,
Tlow and Thigh) of the two isothermal experiments shows that for
the 228 K experiment the temperature in the cell is nowhere
above 253 K. Additionally, the temperature data indicate that the
isothermal experiment at 253 K is done completely inside the
self-preservation region (240 K o T o 273 K) while at 228 K
the majority of the sample lies outside that region.

The insets of Fig. 10 show the gauge pressure as a function
of temperature during the final temperature ramp (2 K min�1)
which leads to the complete decomposition of the hydrate
samples. The characteristic pressure signal upon melting, already
seen in Fig. 5, recurs. In both isothermal experiments the remaining
gas is released shortly before melting of the ice starts. Notably, a
flattening of the pressure curve is observed from about 240 K to
271 K in the 228 K isothermal experiment. Since a large amount of
CO2 is released only upon melting this flattening is probably caused
by the onset of self-preservation during heating.

In the 253 K isothermal experiment (cf. Fig. 11, top) the top
region of the sample decomposes almost completely before the
cell is opened for pressure relief. A significant fraction of
hydrate, totalling 20 mm3 or 10% of the initial sample volume,
outlasts the rapid depressurization procedure in the middle
and bottom regions. In contrast to the temperature stepping
experiment, the hydrate volume in the middle and bottom
regions here changes in an almost identical fashion after the
cell opening event. This implies that rates of dissociation are
similarly low in both regions. The first 17 h of decomposition
are accompanied by a steady expansion of the sample region.
The degree of expansion correlates with the ratio of decomposed
to remaining hydrate. That means in relative numbers the top
region grows more than the middle region, which grows more
than the bottom region. Furthermore, the growth in the top
region is observed mainly after 3 h when only a minute amount
of hydrate is left. This implies that the expansion takes place
primarily after decomposition. Subsequent to the period of
expansion, the measured volumes stabilize and start to even
shrink slightly. This can be explained using the growth of pores.
Once pore sizes become big enough (415 mm), void space
becomes clearly distinguishable from solid phases, which results
in a reduction of the measured solid volume.

In the isothermal experiment at 228 K (cf. Fig. 11, bottom) a
similar behaviour is found in terms of expansion. The top

region decomposes completely before the first scan is done
and expands by 20% until the time of the second scan. The
middle and bottom regions show almost no expansion during
the first 9 h. Only at the end of the experiment does a total
volumetric expansion of 3.6% become apparent. A reduction of
the sample volume at advanced experimental time, as observed
in the 253 K case, is missing here due to the much shorter
duration of the experiment. Both the middle and the bottom
regions contain an almost identical initial amount of approxi-
mately 85 mm3 hydrate. Contrary to the result of the isothermal
experiment at 253 K, here the hydrate decomposes significantly
faster in the middle region than in the bottom region. This
behaviour reflects higher rates of dissociation attributed to the
higher temperatures in the middle region.

3.3 Macroscopic defects and pore formation

In this section the focus is set on the macroscopic defects observed
in the tomograms obtained from the mCT scans. No differences
between the results obtained from the temperature stepping and
the two isothermal experiments are found. Instead, a few common
features, presented in Fig. 12–15, are observed in all three
experiments. More views of mCT scans are provided in the ESI.†

Cracks. Hydrate decomposition is found to be accompanied
by the formation of cracks. The formation of a particularly large
crack is observed in the 228 K experiment and shown in Fig. 12.

Table 3 Highest sample temperature during the isothermal experiments

Experiment Scan no. Thigh,min (K) Thigh,max (K)

Isothermal 253 K II 262 265
Isothermal 253 K VI–VIII 251 256
Isothermal 228 K II 240 247
Isothermal 228 K VI 225 236

Fig. 11 Change of hydrate volume over the experiment time in absolute
numbers (top half of graphs) and change of total particle volume (i.e.,
decomposed plus preserved hydrate volume) relative to the initial condition
after loading (bottom half of graphs) obtained from the isothermal experi-
ments at 228 K and 253 K. Data are shown for the entire volume investigated
(black solid line) as well as separated into the bottom, middle, and top thirds
(markers).
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The crack forms during the temperature increase from 203 K to
228 K. No signs of decomposition are visible in the vicinity of
the crack at the time of scan II. At later times (scan IV and later)
smaller cracks become visible mainly because of hydrate
decomposition along crack surfaces. Surprisingly, only minor
signs of decomposition are found at the exposed free surface of the
sample. To support our observations, three-dimensional renderings
of the same sample are presented in Fig. 13. The regions colored in
red correspond to already decomposed hydrate while intact hydrate
is colored gray. The large crack seen in Fig. 12 and many small
cracks on the surface of the hydrate particle are visible in the
rendering of scan II of Fig. 13. Likewise, decomposition along
the surface of small cracks is also evident in the isothermal
experiment at 253 K (cf. scans II and IV of Fig. 15). In general, it
seems that decomposition often starts at the surface of cracks or
in the vicinity of cracks.

Similar observations were made by Takey et al.42,60 and
Mimachi et al.61 in nondestructive studies of natural gas and
methane hydrate pellets using phase contrast X-ray imaging.
The authors speculated that differences in the thermal expansion
between hexagonal ice (ice Ih) and hydrate (at 200 K the coefficient
of linear expansion is a = 56 � 10�6 K�1 and c = 57 � 10�6 K�1 for
hexagonal ice and 77 � 10�6 K�1 for sI hydrate)71 form thermal

cracks upon cooling or heating of the hydrate. Note that the
difference between the coefficients of thermal expansion of
sI hydrate and ice Ih remains roughly the same at higher
temperatures.72 The cracks are assumed to act as nucleation
sites for hydrate decomposition. It is suggested that nucleation
and the accompanying induction times at the crack are the rate-
determining processes for hydrate decomposition after the
initial step of dissociation at the free surface of the hydrate.60

In the present study, in most cases no sign of decomposition
can be found in the vicinity of the crack at the time of crack
appearance. Many cracks seem to form during the initial heating
period from 203 K to the set point temperature. Additionally,
in the samples used here roughly 20 wt% to 40 wt% of the water
is presumably ice. Hence, differences in thermal expansion
between ice and hydrate seem to be a plausible cause for the
formation of cracks in this study as well. Nevertheless, mechanical
stress caused by hydrate gas release or by a change in volume upon
the hydrate–ice phase transformation can be an additional factor.

Decomposition barriers. A completely different decomposition
feature is illustrated in Fig. 14. Here, decomposition starts at the
upper right corner of the hydrate particle and along a crack in the
center. During the course of the experiment the decomposed
region extends to the left side of the particle. However, a planar

Fig. 12 Typical degradation pattern as observed in horizontal tomograms obtained during the isothermal experiment at 228 K. Roman numerals refer to
the scan numbers as labeled in Fig. 10. Hydrate is the bright, decomposed hydrate the dark gray, and gas the black phase. The circular region at the left
side of the slices is the glassy carbon crucible. Note the appearance of a large crack in the tomogram of scan II and the subsequent advent of
decomposition, which seems to start from the big crack initially and from smaller cracks at later times.

Fig. 13 3D illustration of decomposing hydrate at four different stages of decomposition. The views are obtained from tomograms collected during the
isothermal experiment at 228 K. Roman numerals refer to the scan numbers as labeled in Fig. 10. Regions of bright color represent hydrate and red
regions correspond to already decomposed hydrate.
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barrier seems to hinder further propagation of the decomposed
region towards the upper left corner. As a result a big portion
(B6 mm3) of the hydrate particle remains intact until the very end
of the experiment while the other portion decomposes completely.
The pressure data support that this region, resistant to decom-
position, is hydrate. Additionally, homogeneous gray scale values
in the hydrate particle (cf. scan I of Fig. 14) point towards a
homogeneous phase. An accumulation of ice in that region
would result in a marked contrast to the hydrate phase. The
planar character of the decomposition barrier seen in Fig. 14 is
better assessed in the three-dimensional renderings of Fig. 13
(cf. upper right corner of scan II) or in the renderings provided
with the ESI† (cf. Fig. S8–S10). More of these planar barriers to
decomposition are found across the particles in both isothermal
experiments (see for instance scan IV of Fig. 13). The surface area
of the barrier planes is on the order of 1 mm2. Although the
sample preparation method produces polycrystalline hydrate,
the planes seem to be too big to be grain boundaries or
crystallographic planes. The barrier planes are also unlikely
to be cracks. Otherwise, and corresponding to the results above,
we would expect decomposition to start from these planes and
not to stop there. It is unlikely but conceivable that the barrier
planes are thin layers of dense ice with a thickness below the
detectability limit of our mCT (roughly 10 mm). This layer,
together with a similarly thin layer of dense ice at the free

surface of the decomposition resistant region, could form a gas
tight ice shield around the remaining hydrate. In the popular
self-preservation hypothesis, such an ice shield is assumed to
protect the encapsulated hydrate from decomposition. However,
it is unclear why such a thin layer of ice is either absent or
dysfunctional at the free surface of the decomposing region.

Decomposition resistant regions. Fig. 15 shows a feature
found in all three experiments: of all hydrate regions outlasting
the whole experiment many of them are found at the outer exposed
surface of the hydrate particle while most of the inner part of the
hydrate particle decomposes completely. In the temperature step-
ping experiment a small fraction of the hydrate (o5 wt%) outlasts
the experiment even at unstable conditions until the sample is
melted. Similarly small parts of hydrate have been found to persist
until premelting or melting in various other studies.24,25,29,34,38,53

This is usually not attributed to the self-preservation phenomenon.
Instead it is explained by gas or hydrate becoming trapped within
ice grain interiors or along ice grain boundaries in a thick layer of
product ice which formed during decomposition from the surface to
the core of the hydrate particle.24,25,53 This implies the remaining
gas or hydrate is dispersed homogeneously across the ice. We
cannot confirm this explanation, since in many of our experiments
the preserved hydrate seems to be concentrated in connected
regions at the free surface of the particle. Again, it is unknown
whether these regions are coated with a layer of dense ice with a

Fig. 15 Horizontal tomograms, showing the process of pore formation taking place during the decomposition of a hydrate particle. The tomograms are
obtained from the isothermal experiment at 253 K and labeled with Roman numerals according to the labeling in Fig. 10. Note how the particle expands
as it decomposes (from left to right). The double headed arrow is provided as a visual aid for comparison.

Fig. 14 Distinctive degradation pattern as observed in vertical tomograms obtained during the isothermal experiment at 228 K. Roman numerals refer to
the scan numbers marked in Fig. 10. Note how decomposition starts from the right side of the particle and stops at a plane which acts as a barrier for
further decomposition. The blocking effect of that plane persists over the whole course of the experiment.
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thickness below roughly 10 mm. Then the question remains why
only some exposed regions of hydrate outlast the temperature–
pressure program while everywhere else the hydrate decom-
poses completely.

Pores. The structural evolution of a decomposing hydrate
sample over a period of 50 h is shown in Fig. 15. With time,
pores start to become visible at the resolution of our measurements.
Particularly, the tomogram of scan VIII shows a network of pores
with sizes of several tens of micrometers. This growth of pores is
observed at temperatures above 250 K and reflects the tendency
to minimize the surface energy. It is unclear whether the mass
transport involved with pore growth is due to ice creep or snow
metamorphism (i.e., transport over sublimation, diffusion, and
resublimation of water).67–70 Nevertheless, the effect of snow
metamorphism is visible at the exposed surface of the sample,
where ice crystals grow from water vapor.

On the basis of Fig. 15 alone, we conclude that the macroscopic
pores grow either from a network of pores already present in the
hydrate samples or from pores produced during the decom-
position process. In either case, the pore size of the initial pore
network is well below the resolution limit of our mCT. However,
porosities for our hydrate samples derived from the initial
hydrate volume, hydrate composition and liquid water volume
range from 4% to 24%. This implies that the hydrate samples
are already porous after synthesis. Our data are in good agree-
ment with the results of Kuhs et al.,55 who reported porosities
ranging from 10% to 20% and pores with size ranging from
20 nm to 100 nm in CO2 hydrates produced by subjecting ice
powder to pressurized gas. Even higher porosities of 44% were
found by Circone et al.26 in CO2 hydrates produced from ice
powder using a more complex temperature–pressure program.
In general, the results from various studies show that hydrates
of both natural and synthetic origin exhibit guest gas specific
porosities, which are further correlated to the crystal structure,
formation environment, and progress of decomposition.56–59,73–75

Here, the pores at the initial stage of the experiments are presumably
a direct consequence of the sample preparation process involving
ASW, which is known to be microporous.64,65,76

An increase of the apparent volume by more than 3% is found
during hydrate decomposition in all of our mCT measurements
and also observed in Fig. 15, where the diagonal of a hydrate
particle grows by approximately 3% during decomposition.
Melting at the end of the experiments leads to volume reductions
between the solid and the liquid in the range of 27% to 38%. This
is significantly larger than the volume reduction of dense ice
during melting (9%). Additionally, during the phase transition
from sI hydrate to ice, the water density increases from
0.79 g cm�3 (assuming a lattice constant of 12.0 Å) to 0.92 g cm�3.
The growth of the apparent volume and the increase in the density of
water together result in the occurrence of voids in the sample, which
in turn leads to the large reduction of the apparent volume during
melting. Since our results show only homogeneous regions of
decomposed hydrate, no significant accumulation of void space or
mass takes place during decomposition. Therefore, a homogeneous
network of pores must have formed during decomposition. This
agrees well with the SEM results of Stern et al.25 who reported an

aerated appearance of ice as a hydrate dissociation product.
Similarly, microstructures resembling Swiss cheese were found
in decomposed natural gas75 and CO2

38 hydrates. Moreover,
Takeya et al.31,49 reported extraordinarily large diffusivities of
guest gas across the ice produced from hydrate decomposition
and inferred diffusion across pores and along grain boundaries
as a cause.

In this work, microporous regions of decomposed hydrate,
once formed, grow during decomposition and spread out into
the hydrate volume. The propagation front of decomposing
regions differs widely and is found to be smooth in some and
highly irregular in other cases. These characteristics of the
propagation front are likely determined by the microstructure
before decomposition.

The thickness of porous ice as a decomposition product is of
minor importance with respect to its ability to form an efficient
diffusion barrier, especially if the pore network is permeable.
On the other hand, it is conceivable that water vapor generated
by decomposing hydrates can under certain conditions plug
such a network of pores by deposition at the pore walls. No
matter whether the pore network is connected or not, due to the
small pore size, plugging could eventually yield a highly pressure
resistant structure that can explain how a rather thin layer of ice
can withstand the pressures developing in self-preserved hydrates
far outside their stability region.

3.4 Rapid depressurization events

The high sampling rate of the pT-data acquisition combined
with the high accuracy of the pressure signal is used for a
detailed analysis of the rapid depressurization events. Fig. 16
shows the mass of the gas released and its rate as a function of
time immediately after the cell is closed. In the isothermal
experiment at 253 K the gas release seems to follow a two-step
process. The first step is characterized by a vigorous release of

Fig. 16 Released guest gas mass (top) and mass release rate (bottom) as a
function of time right after opening events (i.e., rapid depressurization) as
observed in the isothermal experiments at 228 K and 253 K. Note the
retarded 2nd jump in the gas release rate only observed in the case of the
isothermal experiment at 228 K. Data are recorded at a frequency of 1 Hz.
Markers are plotted every 50 s.
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gas at a release rate of 170 mg h�1. Within one minute after
rapid depressurization the gas release rate drops to below
20 mg h�1 and decreases steadily henceforth. This low rate of
gas release marks the second step of the process. Both steps
were also reported by Handa47 and verified in various studies
later on.31,33,49,77

Similarly high gas release rates of more than 100 mg h�1 and
a subsequent drop of rates are also observed every time after
rapid depressurization in the 228 K isothermal experiment.
However, at 228 K a third step, characterized by a pronounced
period of gas release, is observed at later times. With an
increasing number of rapid depressurization events this third
step happens at later times and with decreasing strength.

Since this behavior is unexpected, this part of the experiment
is repeated several times using additional samples. The focus is
set on rapid depressurization events at 228 K and 253 K only. mCT
scans are used to determine volume and phase information. The
two-step process of gas release observed at 253 K recurs in all of
six additional rapid depressurization events performed with three
samples. Remarkably, the third step of gas release is confirmed
in only one out of 14 additional rapid depressurization events
accomplished using four different samples at 228 K. Agreement
is found in the case of a sample with a molar ratio CO2�nH2O of
n = 13.3. In the remaining 13 events the hydrate is of even lower
quality (n 4 13.7). Notably, all of these 13 events show some
degree of self-preservation (even at 228 K), expressed by remark-
ably low gas release rates. This is most pronounced in the case of
maximal molar water content (n = 30) and is shown in Fig. S11 of
the ESI.†

It is remarkable that the initial two steps of hydrate decom-
position are the same for the self-preserved (228 K) and the
non-preserved (253 K) hydrate. Nevertheless, it is unclear what
causes this second phase (i.e., the third step) of strong gas
release. A possible explanation is the sudden occurrence of new
decomposition sites. These could be produced by the formation
of new cracks or the bursting of existing decomposition barriers.
For now, our results are not able to confirm or exclude any of
these suggestions.

4 Conclusions

Establishing a predictive model for the decomposition of
clathrate hydrates is a worthwhile but difficult task. It is worthwhile
because such a model will eventually help with the estimation of the
applicability of hydrate technologies. It is difficult because such a
model has to combine thermodynamics, decomposition kinetics,
heat and mass transport mechanisms as well as micro- and
macroscopic features of the bulk and surface. Similarly, the isolation
of a single parameter of decomposition is very challenging in
experiments. Thus, until today there is no comprehensive model
which can be used to explain the decomposition behavior of
hydrates in its entirety.

In this work, we studied the influence of micro- and macro-
scopic features on the decomposition behavior of clathrate
hydrates. Particularly, the role of cracks and pores is addressed

using mCT in combination with accurate temperature control
and pressure monitoring. The good contrast between hydrate
and decomposed hydrate is used to segment the tomographic
data set into regions of different phases. The assignment of
these phases is very accurate, as verified using released gas mass
data obtained from the pressure signal. This cross-correlation,
which is shown for the first time, allows for a detailed study of
the structural information obtained from mCT. So far, the
experimental setup used is not capable of resolving either thin
layers (o10 mm) of ice or small density differences between
supercooled liquid water and ice. Hence, the direct examination
of popular self-preservation hypotheses, such as a thin diffusion
limiting ice-shield37,38 or liquid water as an intermediate
decomposition product,27,28,54 is difficult. Nevertheless, the
observations made here add new perspectives to the understanding
of decomposition and self-preservation of CO2 hydrates. Besides a
homogeneous network of pores, additional features like cracks
and decomposition barriers form in our samples during hydrate
decomposition.

Since the apparent particle volume does not reduce during
hydrate decomposition, the formation of porous ice must be a
consequence of the increase in water density from hydrate
(0.79 g cm�3) to ice (0.92 g cm�3). Depending on the pore size
distribution and the pore connectivity, a network of pores can
offer many possible pathways for the gas to escape. In the extreme
cases, this can range from a gas-tight layer of closed pores to a
permeable network of open pores.

Although the formation of cracks during hydrate decomposition
has been observed earlier,42,60,61 their role in the decomposition
process of hydrates is rarely discussed. Since our results show that
cracks form very often and always act as a precursor for hydrate
decomposition, their role seems to be important for macroscopic
samples like ours. It is furthermore conceivable that cracks, or
actually, the absence of cracks, are an important ingredient
regarding the phenomenon of self-preservation. That is because
any formation of cracks will result in new decomposition sites
resulting in the release of gas. While mechanical stress induced
by hydrate decomposition can cause the formation of cracks,
our observations also support the notion that the formation of
cracks is related to differences between the thermal expansion
of ice and hydrate. Local changes in temperature at interfaces
between hydrate and ice, caused by either endothermic cooling
upon decomposition or external heat, can lead to small cracks
and the formation of new decomposition sites. The gas released
from these sites can in turn result in mechanical stress and the
enlargement of the cracks. This process can be used to explain
the second phase of strong gas release observed in our rapid
depressurization experiments at 228 K.

Decomposition barriers, a complex and irregular decomposition
front, and seemingly resistant regions to decomposition at the
exposed sample surface are found at temperatures inside and
outside the self-preservation regime. These results do not match
the shrinking-core model of hydrate decomposition in which
decomposition is assumed to start from the exposed hydrate
surface, proceeding inward.31,49 Similarly, our results do not
support the theory of an ice-shield protecting the hydrate from
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further decomposition, as is often assumed to explain the phenom-
enon of self-preservation. However, our observations that some
connected regions of the hydrate (in contact with the free surface)
decompose while similar regions remain intact point towards a
local cause of the decomposition process. Since a non-uniform
distribution of the hydration number is a natural consequence of
the gas-phase deposition process used to make such samples,
we infer that the local distribution of guest molecules and ice,
i.e., the hydration number, plays an important role in the
decomposition process.

Altogether our results show a variety of phenomena associated
with hydrate decomposition in macroscopically-sized samples.
Further analysis is needed to study the role of sample preparation
as well as the influence of parameters like temperature, pressure,
particle size, and ice content on the cracks and barriers on both
micro- and macroscopic scales. Nevertheless, it is established that
pores, cracks, and decomposition barriers are important factors in
hydrate decomposition and the self-preservation phenomenon.
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Details on microcomputed tomography (µCT) set-
tings, temperature and mass calibration, leakage, the
non-uniform temperature field, and segmentation error
are discussed in this document. Furthermore, additional
results are presented to complement the findings in the
main manuscript.

1 Tomographic Setup
All computed tomography scans were done using the
commercially available microcomputed tomography sys-
tem phoenix nanotom-m 180, built by GE Sensing &
Inspection Technologies, Wunstorf, Germany.1 Table S1
summarizes the parameters used in all full rotation
scans.

Table S1 µCT scan parameters used for this work

Parameter Value
Tube Voltage 70 kV
Tube Current 350 µA
Magnification 16.67
Voxel Edge Length 6 µm
Timing 750 ms
Scan Duration 60 min
Average 3
No. of Images 1200

2 Temperature Calibration
The sample temperature Tlow, used in the main
manuscript, refers to the temperature at the bottom of
the cell. It is derived from the read-out temperature
Tread of the thermocouple (K-type, d = 1mm) positioned
in the center of the aluminum base using a calibration
curve. The calibration curve is obtained from a thin
(d = 75µm), pre-calibrated, K-type thermocouple which
is brought into good thermal contact with the bottom
surface of the cell to measure Tlow in calibration exper-
iments. In the calibration runs the cell is cooled to the
set point temperatures Tread ∈ {203K,213K, . . . ,293K}.
One quick test scan (full rotation within 30 min) is done
at each temperature while Tlow is monitored. This pro-
cedure yields both an offset between Tread and Tlow as
well as small fluctuations in Tlow due to asymmetric cool-

ing. Particularly, for Tread < 243K, where cooling with
cold gaseous nitrogen (N2(g)) is necessary, deviations
from cylindrical symmetry become visible. The result
of the calibration measurement is shown in Figure S1. A
quadratic function is eventually used to map Tread to Tlow

with an accuracy better than 1 K over the whole range
of temperatures investigated. For Tread > 243K the accu-
racy is even better than 0.2 K.
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∆
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Tread / K

Fig. S1 Difference of read-out and cell bottom tempera-
ture (∆T = Tread−Tlow) as a function of read-out temperature.
Points with markers represent the difference as obtained from
the calibration experiment. Error bars are derived from vari-
ations of ∆T during the calibration experiment. They are sig-
nificantly larger for Tread < 243K due to fluctuations caused
by cooling with cold gaseous nitrogen. A quadratic function
(dashed line) is used to map Tread to Tlow.

3 Temperature Field
The unique design of our setup includes a non-uniform
temperature field in the cell as well as the sample.
Both, numerical simulations and experiments are used
to determine the temperature distribution inside the cell
as a function of cell bottom temperature Tlow. The
open source 3D solver ELMER2 is used to solve the
steady state heat conduction equation. Due to the small
Grasshof number of the problem, convection inside the
cell is neglected. In all simulations convective heat
transfer to the environment is used (heat transfer co-
efficient h = 25Wm−2 K−1, ambient temperature 298 K)
while a fixed temperature boundary condition at the cell
bottom is applied. Simulations are done for cell bottom
temperatures Tlow ∈ {173K,183K, . . . ,293K}. In exper-
iments done for the determination of the temperature

1

Electronic Supplementary Material (ESI) for Physical Chemistry Chemical Physics.
This journal is © the Owner Societies 2019

A.2 macrosc . defects upon decomposition of co2 hydrate 183



field the pre-calibrated thin thermocouple (d = 75µm)
is positioned 3 mm above the bottom of the cell. It is
then used to determine the temperature gradient close
to the cell bottom. For that purpose the cell bottom tem-
perature Tlow is set to 13 different temperatures in the
range from 184 K to 293 K and compared to the tempera-
ture of the thin thermocouple once stabilized. Figure S2
shows the results of the simulations and the temperature
gradient measurements. Simulation results show that
the temperature gradient is almost uniform and aligned
along the cylindrical cell axis. Temperature gradient
strengths are significant, particularly at low tempera-
tures. The gradient strengths obtained from simulations
underestimate the actual values because of the idealistic
boundary conditions. At the same time, the measured
values overestimate the gradient strength because the
metallic thermocouple constitutes a heat bridge to the
warm environment. Hence, a realistic estimation of the
temperature gradient is found between the measured
and simulated values.
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Fig. S2 Magnitude of temperature gradient inside the cell as
a function of cell bottom temperature Tlow (left) obtained from
measurements and computer simulations. The result of a sim-
ulation (right) shows axial layers of uniform temperature and
almost identical thickness indicating an almost uniform tem-
perature gradient aligned along the cell axis.

The presence of a sample in the cell can have a sig-
nificant impact on the temperature field. Thus, experi-
ments and simulations with an empty cell provide only
a rough estimate of the variation of temperature across
the sample. While, at equilibrium conditions, the sam-
ple temperature at the coldest position (i.e., at the bot-
tom of the cell) can be reliably determined using Tlow,
determination of the temperature at the warmest posi-
tion (Thigh) needs additional information. In our work,
the vapor-ice-hydrate (V-I-H) equilibrium curve is used
as an additional source of information. In closed sys-
tem experiments, where hydrate is initially at sub-stable
pressure, a settling of pressure implies either that there
is no hydrate left or that the thermodynamic conditions
reached the stability region. In the second case the set-
tled experimental pressure has to be equal to the ther-
modynamic equilibrium pressure pequ. at the tempera-

ture Thigh. Here, the software CSMGem3 is used to com-
pute the thermodynamic equilibrium temperature (i.e.,
Thigh) as a function of the settled experimental pressure
interpreted as pequ..

When the non-uniform temperature field changes over
time, e.g. in case of heating, additional effects have to be
considered. Figure S3(a) shows one possible pathway of
a sample during the raise of the cell bottom temperature
from Tlow,1 to Tlow,2. Since Thigh,1 > Tlow,2 the inequality
pequ.(Thigh,1) > pequ.(Tlow,2) holds. This implies that, no
matter the exact pathway, the cold region of the sample
remains in the hydrate stability region during the course
of heating. Thus, in this case only the warmer regions of
the sample decompose. In Fig. S3(b) a similar situation
is shown for Tlow,2 > Thigh,1. Here, also the cold region of
the sample can decompose upon heating.
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Fig. S3 Schematic of temperature change in a closed system
at non-uniform temperature. Tlow and Thigh refer to the sample
temperature at the coldest and warmest position in the cell, re-
spectively. Subscripts 1 and 2 denote the start and the end of
a heating process. Pressures pequ.,1 and pequ.,1 correspond to
V-I-H equilibrium pressures at temperatures Thigh,1 and Thigh,2,
respectively.

4 Leakage

Several pressure tests were done with N2 and CO2 gas
in the absence of sample material. A leak rate of less
than 1.6 mbarbar−1 h−1 is observed in five independent
tests for CO2. In two pressure tests done with N2 the
leak rate is less than 0.3 mbarbar−1 h−1. This means that
at a cell gauge pressure of 5 bar the reduction in pressure
because of leakage is less than 1.5 mbar per hour for N2
and less than 8 mbar per hour for CO2. This is compa-
rable to the accuracy of the pressure sensor (<6 mbar).
Furthermore, even in the case of the roughly 50h long
isothermal experiment at 253 K the relative error in gas
mass because of leakage is estimated to be less than 3 %.
The difference in leak rate between CO2 and N2 can be
explained with the generally higher permeation coeffi-
cient of CO2 across the O-ring material (FKM, Viton).4

Note that small variations from the leak rates given here
are possible in experiments since every new compression
of the O-ring might change the overall permeation. Alto-
gether, in our study the cell is treated as a closed system
and gas loss due to leakage is neglected.
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5 Mass Calibration

In our setup gas mass released by the hydrate is mea-
sured using the pressure signal only. A model, mapping
pressure to released gas mass is derived here. Similar to
our previous derivation5 we start off with the modified
ideal gas law

p f (Θ) = ZmR, (S1)

where
f (Θ) =

∫

V

1
Θ(x)

dV (S2)

is a function of the temperature field Θ(x) in the cell. p
is the absolute pressure of the cell gas with mass m, R
is the specific gas constant, and Z is the compressibil-
ity factor, assumed to be constant for the temperatures
and pressures considered. The combination of Eq. S1
and Dalton’s law for the two-component gas N2 and CO2
yields

p f (Θ) = (pN2 + pCO2) f (Θ)

= pN2 f (Θ)+ pCO2 f (Θ)

= (ZmR)N2 +(ZmR)CO2,

(S3)

where p is the total (absolute) pressure accessible in our
measurements. Quantities with subscript CO2 and N2
refer to the two individual components of the gas. Note
that water is neglected as a third component due to its
comparably small partial pressure.

In experiments where the cell remains closed and
leakage is neglected the time dependence of the total
pressure is described by

p(t) f (Θ(t)) = (ZmR)N2 +(Zm(t)R)CO2. (S4)

Rearranging yields the guest mass as a function of time:

mCO2(t) =
p(t) f (Θ(t))− (ZmR)N2

ZCO2RCO2
. (S5)

Since p(t) is precisely measured mCO2(t) can be evalu-
ated given the knowledge of f (Θ) and the initial mass of
nitrogen (mN2), which can be easily derived from the ini-
tial conditions of the experiment (mCO2(t = 0) = 0). Note
that this derivation is only valid in the quasi-stationary
case where Θ̇(t)≈ 0. In every other case deviations from
this model caused by thermodynamic non-equilibrium
have to be considered. Hence, gas mass data obtained
from this model equation during periods of heating or
cooling are not reliable.

The only task left now is the determination of f (Θ)

or g(Θ) := f (Θ)−1. This task is equivalent to the deter-
mination of thermal gas expansion or contraction. For-
tunately, this is feasible using careful calibration exper-
iments with a cell filled with gas only. Figure S4 shows

the results of such experiments done using air, CO2, and
Ar (Ar is used for a set of independent experiments not
part of this work). In seven out of eight runs Tlow is
raised by 1 Kmin−1 from 210 K to 283 K. In one ex-
periment (labelled “no ramp”) equilibrated temperature
fields are used in order to estimate the effect of a tran-
sient temperature field. There, long waiting periods at
nine different temperature conditions allow the temper-
ature field to relax. No significant deviation between re-
sults obtained from the transient and the steady temper-
ature field experiment is observed. However, the ambi-
ent temperature Tamb in the µCT cabin differed between
the experiments and affected the thermal expansion.
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Fig. S4 Thermally induced gas expansion obtained from tem-
perature ramping experiments (ramp rate of 1 K/min with re-
spect to Tlow) with air, CO2, and Ar. In addition, the gas ex-
pansion of air in equilibrated temperature fields (box markers)
is provided for nine different temperature conditions. Gas ex-
pansion is generally expressed as the ratio of absolute pres-
sure p to absolute pressure pinit at the beginning of the exper-
iment. 〈Tamb.〉 denotes the mean ambient temperature over
the course of the temperature ramping experiment.

An assumption in the derivation of the thermal ex-
pansion model is that g(Θ) can be approximated using
a function g̃(Tlow,Tamb) with the two temperatures Tlow

and Tamb as arguments. We set

g(Θ)≈ g̃(Tlow,Tamb) =

[
a+b

(
Tlow

Tamb

)
+ c
(

Tlow

Tamb

)2
]
· Tamb

(a+b+ c)V

(S6)

with fit parameters a, b, c, and the cell volume V . Note
that, without loss of generality, the parameter a can
be fixed at any value different from zero. In a uni-
form temperature field with Tlow = Tamb the condition
g̃(Tamb,Tamb) = g(Tamb) = f (Tamb)

−1 = Tamb/V holds au-
tomatically. Hence, the fitting model complies with the
ideal gas law, regardless of the choice of parameters. Af-
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ter fixing a := 1.0 the fit parameters b and c are deter-
mined using the relation p(t) f (Θ(t)) = const., i.e.,

p
pinit

=
g̃(Tlow,Tamb)

g̃(Tlow,init,Tamb,init)
(S7)

for each of the seven measured pressure ratio curves
shown in Fig. S4. This leads to the sets {bi}7

i=1 and
{ci}7

i=1 of fit parameters with corresponding standard
deviations {σb,i}7

i=1 and {σc,i}7
i=1. A weighted arithmetic

mean (e.g. b = 1
M ∑biσ−1

b,i with M = ∑σ−1
b,i , etc.) is com-

puted for each parameter set and used in the final model
function for thermal expansion. This eventually yields
the model parameters b =−0.2187 and c = 0.5220.

Figure S5 shows the relative error of the model for
thermal expansion derived above. The error is less than
1.5 % over the full temperature range investigated and
independent of the choice of gas. This relative error
translates directly to the relative error in the determi-
nation of released gas mass.
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Fig. S5 Relative error of the thermal gas expansion model.
The model is used to predict the thermally induced gas expan-
sion based on cell bottom temperature Tlow and cell ambient
temperature Tamb only. Modelled absolute pressures pmodel
are compared with measured pressures pexp obtained from
the temperature ramping experiments (ramp rate 1 K/min with
respect to Tlow) with air, CO2, and Ar.

6 Image Processing
Reconstruction of the radiograms with GE’s phoenix
datos|x reconstruction software (GE Sensing & Inspec-
tion Technologies, Germany) yields raw three dimen-
sional raster image data with a gray scale resolution of
16 bit and a voxel edge length of 6 µm (cf. Fig. S6(a)).
The raw images contain a noticeable level of noise which
would complicate image segmentation. The application
of a simple three dimensional median filter with a ker-
nel size of 7 voxel reduces the noise level but preserves
small features and edges (cf. Fig. S6(b)). After filtering,
the raster image data is compressed to 8 bit gray scale
values and scaled to 12 µm voxel edge length using the
software VG Studio MAX 2.2 (Volume Graphics GmbH,

Germany). This reduces the file size of the image stack
for subsequent segmentation, done with our own three-
dimensional implementation5 of the random walk algo-
rithm of Grady.6 Figure S6(c) shows the phases air, hy-
drate, and decomposed hydrate in a slice across the seg-
mented sample. Note that all visual inspection of the im-
age data is done using the 16 bit (6 µm voxel edge length)
data set. Segmented images (12 µm voxel edge length)
are solely used for the determination of phase volumes.
For that purpose a reduction of resolution from 6 µm to
12 µm voxel edge length is found to be insignificant.

2 mm

(a)

(b)

(c)

Fig. S6 Image processing procedure illustrated for one tomo-
gram. (a) Original tomogram. (b) Tomogram after denoising
using a median filter with a kernel size of 7 pixels. (c) Image
after phase segmentation into hydrate (white), decomposed
hydrate (gray), and gas (black).

After segmentation, voxel counting is used for the de-
termination of the volumes of individual phases. An es-
timation of segmentation error (i.e., the difference be-
tween the volumes determined by voxel counting and
the actual volumes of the phases) is difficult when based
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on image data alone. The availability of additional vol-
ume related information in form of the released gas mass
data alleviates this problem. Figure S7 shows the rela-
tion of the volume of decomposed hydrate (determined
by voxel counting) and the released gas mass for the
three experiments described in the main manuscript. In
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Fig. S7 Relation between volume of decomposed hydrate
and released gas mass as obtained from the experiments de-
scribed in the main manuscripts.

all three cases the data points obtained from the experi-
ment can be approximated using V (m) =V0+v ·m. Phys-
ically, V0 refers to the volume of hydrate which is already
decomposed before the experiment is started, meaning
before gas release can be detected. Table S2 lists values
of V0 and v and corresponding uncertainties. All data
points deviate from their linear fit curves by less than
4 mm3.

Table S2 Parameters of the fitting function V (m) = V0 + v ·m
and corresponding uncertainties

Experiment V0 (mm3) v (mm3 mg−1)
Temp. Stepping 0.6±1.9 5.1±0.11
Isothermal 228 K 15.8±2.7 4.0±0.11
Isothermal 253 K 6.0±3.5 4.5±0.09

7 Additional Results
Figures S8–S10 show three-dimensional illustrations of
decomposing hydrates measured in the experiments de-
scribed in the main manuscript. Pressure and tem-
perature data of an isothermal experiment showing
an intense degree of self-preservation are depicted in
Fig. S11.

5
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IScan IIScan IVScan

VScan VIScan VIIScan IXScan

IIIScan

Fig. S8 3D illustration of decomposing hydrate at eight different stages of decomposition. The views are obtained from tomo-
grams collected during the temperature stepping experiment. Roman numerals refer to the scan numbers as labeled in Fig. 5 of
the main manuscript. The views are given in top-bottom pairs. The top view always shows both hydrate (gray) and decomposed
hydrate (red). The bottom view shows hydrate only. The ice particles which were part of this experiment are removed from the
views in post processing.
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IScan IIScan

IVScan VScan VIScan

IIIScan

Fig. S9 3D illustration of decomposing hydrate at six different stages of decomposition. The views are obtained from tomograms
collected during the isothermal experiment at 228 K. Roman numerals refer to the scan numbers as labeled in Fig. 10 of the main
manuscript. The views are given in top-bottom pairs. The top view always shows both hydrate (gray) and decomposed hydrate
(red). The bottom view shows hydrate only.
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IScan IIScan IVScan

VScan VIScan VIIScan VIIIScan

IIIScan

Fig. S10 3D illustration of decomposing hydrate at eight different stages of decomposition. The views are obtained from
tomograms collected during the isothermal experiment at 253 K. Roman numerals refer to the scan numbers as labeled in
Fig. 10 of the main manuscript. The views are given in top-bottom pairs. The top view always shows both hydrate (gray) and
decomposed hydrate (red). The bottom view shows hydrate only.
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Fig. S11 Pressure and temperature as a function of time obtained from an isothermal experiment at 228 K with a CO2 ·30H2O
hydrate sample. The rate of hydrate dissociation is very small after the first depressurization at 1 h experiment time. After the
second depressurization event hydrate dissociation seems to stop almost completely. The pressure release at the end of the
experiment shows that approximately 50 % of the hydrate remained outside the stability region at 228 K for roughly 2 h showing
almost no release of gas at all. The jump in pressure at 3.7 h experiment time (corresponding to Tlow = 283K) implies that
approximately 5 % of the hydrate outlasted even the onset of melting. This is probably due to the temperature depression caused
by the melting of the large amount of ice contained in the sample.
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Co-deposition of gas hydrates by pressurized
thermal evaporation†

Stefan Arzbacher, *ab Nima Rahmatian, ac Alexander Ostermann, d

Tobias M. Gasser, b Thomas Loerting b and Jörg Petraschc

Gas hydrates are usually synthesized by bringing together a pressurized gas and liquid or solid water.

In both cases, the transport of gas or water to the hydrate growth site is hindered once an initial film of

hydrate has grown at the water–gas interface. A seemingly forgotten gas-phase technique overcomes

this problem by slowly depositing water vapor on a cold surface in the presence of the pressurized

guest gas. Despite being used for the synthesis of low-formation-pressure hydrates, it has not yet been

tested for hydrates of CO2 and CH4. Moreover, the potential of the technique for the study of hydrate

decomposition has not been recognized yet. We employ two advanced implementations of the

condensation technique to form hydrates of CO2 and CH4 and demonstrate the applicability of the

process for the study of hydrate decomposition and the phenomenon of self-preservation. Our results

show that CO2 and CH4 hydrate samples deposited on graphite at 261–265 K are almost pure hydrates

with an ice fraction of less than 8%. Rapid depressurization experiments with thin deposits (approx.

330 mm thickness) of CO2 hydrate on an aluminum surface at 265 K yield identical dissociation curves

when the deposition is done at identical pressure. However, hydrates deposited at 1 MPa almost completely

withstand decomposition after rapid depressurization to 0.1 MPa, while samples deposited at 2 MPa decom-

pose 7 times faster. Therefore, this synthesis technique is not only applicable for the study of hydrate

decomposition but can also be used for the controlled deposition of a super-preserved hydrate.

1 Introduction

Gas hydrates (hydrates for short) are non-stoichiometric crystal-
line inclusion compounds of water and gas molecules. The
water molecules form hydrogen-bonded polyhedra around
the gas molecules yielding different crystal structures, the most
common of which are the cubic structure I (sI), the cubic
structure II (sII), and the hexagonal structure H (sH).1

Hydrates of natural gas are abundant in seafloor sediments
and permafrost and thus, they constitute one of Earth’s largest
reservoirs of organic carbon.2 In addition to the potential use
of hydrates in the transportation and storage of energy,3,4

hydrates can be utilized for carbon capture and storage,4 for
firefighting,5 as a carbon source in the food industry6 or in
refrigeration processes.7

After more than two centuries of hydrate research, many
of the open questions are connected with time-dependent
phenomena, such as hydrate nucleation and the kinetics of
hydrate formation and decomposition.1 One of these open
questions concerns the intriguing anomaly of self-preservation,
i.e., the ability of hydrates of some guests (CH4, CO2, Kr, Ar, and
others)8 to withstand decomposition at conditions outside their
thermodynamic stability region for prolonged periods. The
phenomenon is often observed at 1 atm in the temperature
range 240–273 K and characterized by a strongly reduced rate of
hydrate dissociation when compared to both lower or higher
temperatures.9–18 A popular explanation for the reduction
in dissociation rates is the formation of a layer of ice in the
initial period of decomposition which covers the remaining
hydrate.9,10 It is assumed that such a layer of ice, particularly if
defect-free,15,19 can form an efficient diffusion barrier to the
guest gas and thus prevent further decomposition. However,
the complex relationship between the rate and the temperature
of dissociation observed in rapid depressurization experiments
cannot be fully explained by this argument.12 Similarly, a thin ice
cover cannot readily explain the dependence of self-preservation
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on the type of guest gas,8 as well as the difference in dissociation
behavior between temperature ramping and rapid depressuriza-
tion experiments.12 Moreover, macroscopic defects like pores and
cracks20 complicate the development of a comprehensive model
of hydrate decomposition including the effect of self-preservation.
Furthermore, the roles of mass and heat transport as well as
hydrate composition have not been clarified yet, and more
experiments are needed. Conclusive experiments are best done
on samples with identical properties (e.g., composition,
morphology, porosity). Since natural hydrate samples vary widely
in their properties, hydrates produced in the laboratory under
highly reproducible conditions offer the best route to experi-
mental investigation of self-preservation.

Typically, hydrates are synthesized by bringing liquid water
or ice into direct contact with a guest gas at pressures and
temperatures inside the thermodynamic stability region of the
respective hydrate. When starting with liquid water, hydrates
are commonly formed in reactors containing a gas column
placed on top of a water column.21 Alternatively, water is spray-
injected into a reactor containing the gas,22–24 or the gas is
bubbled into a water column within a reactor.25 When starting
with ice, usually small ice particles with a high surface area are
pressurized with the gas.26 In either case, the hydrate starts to
grow at the interface forming a layer (cf. Fig. 1), which slows
down the transport to the hydrate growth site as the layer
thickness increases.1 Assuming that mass transfer is the rate
limiting process, this initial hydrate layer drastically reduces
the growth rate.

When starting with the guest gas and water vapor, the hydrate
can be formed via aqueous solution nanodroplets27 or by
deposition on a cold substrate (cf. Fig. 1). A popular non-
equilibrium approach is the sequential- or co-deposition of
water vapor and the gas as porous amorphous solid water in a
vacuum chamber at T o 150 K. The gas is trapped in micro-
pores and crystallizes into a hydrate upon heating.28–32 In a
slightly different method, a hydrate of CO2 is grown epitaxially
in a vacuum chamber using a molecular beam consisting of
water vapor and the gas.33 Another route involves the separate
humidification of a gas and a cooling chamber where the
humid gas is crystallized as the hydrate.34 These processes
either require a vacuum, which restricts the synthesis pressure,
or a flowing mixture of gas and water in a system of pipes,
which has a potential risk of clogging. Both disadvantages are
circumvented by Cady’s35–37 ingenious but seemingly forgotten
slow condensation technique. To determine the composition
of several hydrates, Cady evaporated liquid water of known
mass in the presence of the pressurized guest gas and slowly

condensed the vapor as a hydrate on a cold surface. Although
Ceccotti38 previously used a similar process, Cady’s approach
offered less complexity and better control of hydrate nucleation.

A huge advantage of gas phase techniques is immediately
evident: in contrast to the widely used methods involving
transport in the condensed phase, mass transfer to the growth
site here is not the limiting factor. That is, the rate of growth
will not slow down substantially even if some hydrate has
already formed.

Despite the advantages of Cady’s slow condensation technique,
to our knowledge, it is very rarely used. Due to his use of thin-
walled glass reactors, Cady was restricted to the synthesis of
hydrates with low formation pressures (e.g., Cl2, Br, Xe). Thus,
slow condensation has not yet been tested for the synthesis of
the two most prominent hydrates: those of CO2 and CH4. Since
this technique allows, in principle, the formation of hydrates at
any p–T condition inside the hydrate stability region and since
it also scales well with the condenser surface area, it might
prove beneficial for industrial applications. Moreover, we believe
that the deposition of thin hydrate layers on a cooled surface
at arbitrary pressures enables highly controlled formation and
decomposition experiments.

Therefore, we report two advanced versions of the slow
condensation technique to demonstrate that the process is
suitable to synthesize hydrates of CO2 and CH4 as well as to
show that Cady’s method can be an important element in
the study of hydrate decomposition and self-preservation in
particular. One of the implementations allows us to capture
changes in the morphology of the growing crystals by time-
lapse micro-computed tomography (mCT). The other implemen-
tation is designed for the study of hydrate decomposition.
Specifically, we investigate how the deposition synthesis con-
ditions affect the degree of hydrate self-preservation. Pressure
data from rapid depressurization experiments as well as powder
X-ray diffraction (PXRD) profiles are used post-synthesis to
quantify the bulk water to gas molar ratio and the crystallo-
graphic hydration number (mole fraction of water to gas in
hydrate structure).

Due to the resemblance to the physical vapor deposition (PVD)
technique of vacuum deposition by thermal vaporization,39 we
henceforth refer to the process as co-deposition by pressurized
thermal evaporation (PTE).

2 Experimental

Two different custom-built reactors are used for the synthesis
of hydrate via co-deposition by PTE. In both reactors the water
vapor is provided by a heated reservoir of liquid water within
the reactor and naturally transported to the cooled growth site
via advection and diffusion. During synthesis, the temperature
at the hydrate growth site is kept below the hydrate equilibrium
temperature at the reactor pressure. Therefore, hydrates are
stable. The liquid water temperature is kept above the equilibrium
temperature, making hydrates thermodynamically unfavorable.
Deionized water, CH4 with purity more than 99.5% (Air Liquide),

Fig. 1 Schematic of hydrate layer formation at (a) the water–gas interface,
(b) the ice–gas interface, or (c) by deposition from the gas phase.
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and CO2 with purity more than 99.7% (Air Liquide) are used for
sample synthesis.

2.1 Reactor R-CT

The reactor termed R-CT (cf. Fig. 2) is used for the in situ
observation of the hydrate growth process with time-lapse
micro-computed tomography (mCT). It resists pressures up to
10 MPa and can be used at temperatures as low as 180 K. For
comparison, the largest pressure Cady36 used in his experi-
ments is 0.42 MPa. The materials (glassy carbon and graphite)
used in the reactor R-CT are transparent to X-rays and suffi-
ciently heat conductive for cooling. The reactor’s cylindrical
shape avoids Feldkamp artifacts40 in the mCT scans. The
hydrate growth site (cf. Fig. 2) is the wall of a graphite crucible
(isostatically pressed; average grain size 10 mm, porosity 10%)
placed in a gas-tight vessel made of glassy carbon (SIGRADUR
G, HTW Germany). The reservoir of liquid water is enveloped by
the growth site and sustained by a graphite rod at the center of
the reactor. We use heat from the environment to evaporate the
liquid water in the reservoir and cool the growth site thermo-
electrically (Peltier element stack QC-17-1.4-3.7MS on QC-31-
1.0-0-3.9MS, Quick-Ohm Germany) from the bottom of the
reactor. The synthesis conditions result in a radial temperature
field which drives the continuous transport of water vapor from
the liquid water reservoir to the growth site. Temperatures T *
and T1 at the hydrate growth site, as well as Y*, and Y1 at the
liquid water reservoir, are derived from a calibrated thermo-
couple (K-type, d = 1 mm) positioned below the glassy carbon
vessel and numerical simulations of the temperature field
(cf. ESI†). The accuracy of the temperature T * is 0.2 K, that of
T1, Y*, and Y1 is estimated to be 1.0 K. A pressure transducer
with a range of 0 to 10 MPa and an accuracy of 8 kPa (PXM459-
100BGI, OMEGA Germany) is used for the synthesis experiments.

For the rapid depressurization experiments, we use a transducer
with a range of 0–700 kPa and an accuracy of 0.6 kPa (PXM459-
007BGI, OMEGA Germany). The reactor R-CT is mounted on the
manipulator of a lab-sized nanotom-m mCT system (GE Sensing
& Inspection Technologies, Germany) operated at a tube voltage
of 70 kV and a geometrical magnification factor of 16.7. Radio-
graphs collected during the mCT measurements are used by GE’s
datos|x reconstruction software to compute the 3D image data
with a voxel edge length of 6 mm.

2.2 Reactor R-Vis

The second reactor allows visual inspection (cf. Fig. 3). It is
termed R-Vis and employed to study the decomposition of
hydrate layers subsequent to their synthesis at isothermal
conditions. The maximum pressure in the reactor R-Vis is
limited to 4 MPa due to the use of glass walls (ilmasil PN with
wall thickness 15 mm, QSIL Germany). While the water vapor in
the reactor R-CT is transported radially, from the reactor center
to the reactor wall, the vapor in the reactor R-Vis is transported
axially (cf. Fig. 3) from the aluminum base to the aluminum lid.
The liquid water reservoir at the reactor base is evaporated
using heat from electric heating cartridges. The cooling of the
growth site at the top is done thermoelectrically (Peltier element
QC-31-1.4-8.5MS, Quick-Ohm Germany). The temperatures T *
and Y* at the hydrate growth site and the liquid water reservoir,
respectively, are measured with an accuracy of 0.2 K using
calibrated thermocouples (K-type, d = 1 mm). The pressure
sensors are the same as in the reactor R-CT.

2.3 Powder X-ray diffraction

The crystal structure of the hydrates is analyzed using PXRD at
20 K. A Bruker D8 Advance powder diffractometer equipped
with a PheniX Helium Cryostat (Oxford Cryosystems, UK) is

Fig. 2 Schematic of the reactor R-CT. This reactor is used for the time-
lapse micro-tomographic observation of hydrate synthesis by pressurized
thermal evaporation. Synthesis temperatures labeled T*, T1, Y*, and Y1 are
summarized in Table 1.

Fig. 3 Schematic of the reactor R-Vis. This reactor allows visual access
and is designed for the synthesis of thin hydrate layers and subsequent
depressurization experiments. Synthesis temperatures labeled T* and
Y* are summarized in Table 1.
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used for the post-synthesis measurements with Cu-Ka1 radiation
(40 kV, 40 mA) in Y/2Y scanning mode. The PXRD measurements
were done in the 2Y range from 5–901 with a step width of 0.021.
The software GSAS-II41 is used to analyze the PXRD profiles and
determine the phase fractions of hexagonal ice and structure I
hydrate. Experimental details on the PXRD measurements and
the refinement procedure are provided in the ESI.†

2.4 Procedure in reactor R-CT

The course of a synthesis experiment in the reactor R-CT is
described exemplarily for CH4 hydrate and shown in Fig. 4.
After loading the liquid water into the reactor (see ESI,† for
details on the loading procedure), the reactor is pressurized
with CH4 from a gas cylinder and then cooled to the synthesis
conditions. While during synthesis the temperature is kept
constant, the pressure must be restored several times mainly
to compensate for the inevitable permeation of CH4 through
the gaskets of the tightly closed reactor. As determined in a test
series, this permeation results in a pressure leak of approx. 15
kPa h�1 per 1 MPa reactor pressure (for CO2 the rate is approx.
10 kPa h�1 MPa�1). This large leakage rate is the consequence
of experimental limitations associated with size restrictions
and the use of glassy carbon as a material. These limitations
make the use of metal gaskets impractical. In consequence,
O-rings (PTFE and FKM) are used, which, in combination with
the small surface to volume ratio of the reactor, result in large
pressure drops because of leakage. The pressure drop caused by
the uptake of CH4 by the growing hydrate is small when
compared with the leakage rate and is estimated to account
for approx. 5 kPa h�1 (for CO2 the uptake rate is approx. 7 kPa h�1).
Clearly, this relatively small uptake rate (with respect to the leakage
rate) makes the direct and accurate determination of gas uptake by
the hydrate difficult. Therefore, the uptake of gas by the hydrate is
not taken into consideration for the quantitative analysis of hydrate
composition or growth dynamics. However, the measured leakage
rates are still small enough to be neglected in decomposition
experiments carried out at significantly lower pressures
(approx. 0.1 MPa) and over shorter periods. Hence, the release
of gas from the hydrate can be measured with high accuracy.
The restoration of pressure is done with CH4 at ambient
temperature. Thus, a small amount of heat is introduced into
the reactor. Although additional heat might disturb the

synthesis for a short time, it is of no effect in the long run.
mCT scans and X-ray radiographs of the reactor are used to
quantify the amount of liquid water in the reservoir. Once all
liquid water is consumed by the hydrate, the synthesis is
terminated by depressurization. When the guest gas CH4

is used, T * is decreased to 243 K before the reactor is opened
(and hence depressurized) to avoid rapid hydrate decomposition.
Contrary, T * is kept constant upon the depressurization in the
case of CO2, because a reduction in temperature would result in
the liquefaction of the gas. Either one of two procedures is carried
out after depressurization: (1) the reactor is closed again to measure
the gas released by the decomposing hydrate or (2) the reactor is
immersed in liquid nitrogen to extract the hydrate sample for
structure analysis by scraping it off the graphite crucible.

2.5 Procedure in reactor R-Vis

All experiments in the reactor R-Vis are started by loading
100 mL of water on the aluminum base of the reactor at ambient
temperature. After flushing with CO2, the valves are closed and
the reactor is pressurized to either 1 MPa or 2 MPa absolute
pressure. Within 5 min after pressurization, the liquid water
reservoir is heated to 303 K and the growth site is cooled to
265 K. Both temperatures are then kept constant for hydrate
synthesis. During that period, the pressure drops from 2.0 MPa
to 1.8 MPa or from 1.0 MPa to 0.9 MPa, respectively. A big part
of this pressure drop is caused by the permeation of CO2 across
the O-rings (FKM), which are chosen as gaskets for reasons
of practicability and reactor dimensions. A series of dry
(i.e., experiments with no water in the reactor) runs is used to
distinguish the pressure drop due to leakage and that due to
the uptake of gas by the hydrate (cf. Fig. S3 in the ESI†). The
pressure drop in the reactor is reproducible in both dry and wet
(i.e., experiments with water in the reactor) runs. Approximately
(70 � 20) kPa of pressure drop are due to the uptake by the
growing hydrate. Yet, due to the large relative uncertainty, the gas
uptake rate can only be used to indicate a trend but not for any
quantitative analysis. After 20 h of synthesis no liquid water is left
and a thin and uniform layer (mean thickness approx. 330 mm) of
hydrate has formed on the growth site (cf. Fig. S9 in the ESI†). While
keeping the temperature constant, the reactor is depressurized to
0.1 MPa by opening and closing a pressure relief valve within 5 s.
Subsequently, the reactor pressure is monitored at a frequency of
1 Hz for 2 h. During the first hour of pressure monitoring, all
temperatures are kept at the values used for hydrate synthesis. This
allows the investigation of the hydrate decomposition dynamics at
isothermal conditions. The second hour of monitoring is started by
triggering the complete decomposition of the hydrate sample.
To this end, the temperature T * is first raised at 5 K min�1 until
it reaches 295 K, and then kept constant for the rest of the
experiment. The purpose of the second hour of monitoring is solely
to completely decompose the gas hydrate and to measure the total
amount of gas released upon hydrate decomposition.

2.6 Sample composition terminology

We use two terms for sample composition to distinguish between
the sample (comprised of an ice and a hydrate phase) and

Fig. 4 Gauge pressure and ending times of six mCT scans during a CH4

hydrate synthesis experiment.
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the hydrate phase. The water to gas molar ratio, i.e., the
number n in CO2�nH2O or in CH4�nH2O, here always refers to
the sample and includes the excess water in ice form. The term
‘‘hydration number’’ is used only to denote the water to gas
molar ratio of the pure hydrate phase.

3 Results and discussion

Results are divided into two subsections. The first subsection
demonstrates the use of the process for the synthesis of the
gas hydrates of CO2 and CH4. The second subsection shows
exemplarily for CO2 hydrate how the process can be applied
to study hydrate decomposition at well-defined isothermal
conditions. Table 1 summarizes the p–T conditions used for
sample synthesis in the entire set of experiments.

3.1 Hydrate co-deposition by PTE under lCT Monitoring

The gas hydrates of CH4 and CO2 are formed by slow
co-deposition of water and gas in the pressurized reactor
R-CT. Exemplarily, we only show the morphology of the CH4

hydrate deposit, since the morphology of the CO2 hydrate
appears identical in the mCT scans.

3.1.1 Deposit morphology. Fig. 5 shows 3D renderings of
the mCT scans at four different times. It is apparent that the
volume of the liquid water reservoir is depleted with each scan
while the volume of the deposit at the growth site increases.
The droplet-like morphology of the deposit at the growth site
after 4 h points towards a liquid deposit at the beginning of the
synthesis experiment. It is, though, not possible to distinguish
between liquid droplets and spherical polycrystalline hydrate
using microscopy or mCT techniques because submicron
crystals can arrange themselves in a way to minimize surface
free energy (see Bogdan et al.42 for cryo-microscopy images of
spherical ice crystals). Similarly, a thin and smooth layer of
hydrate which has formed on a liquid water droplet cannot be
identified in the mCT measurements due to limits of resolution.
Nevertheless, such thin hydrate layers have been observed at
low driving forces for both CH4 and CO2.43 In later scans, the
deposit starts to exhibit crystal facets. With time, the macro-
scopic crystals grow side by side on the graphite crucible and
reach lengths of almost 1 mm. At the end of hydrate synthesis
the crystals are easily recognizable with the naked eye, which
can be seen in the photograph in Fig. 6. Further detailed and

original tomograms of regions of special interest are provided
in Fig. S10 of the ESI.†

Table 1 Synthesis conditionsa

Gas in reactor CO2 in R-CT CH4 in R-CT CO2 in R-Vis

Pressureb (MPa) 2.2 � 0.1 7.1 � 0.6 0.95 � 0.05 or 1.90 � 0.10
T * (K) 260.5 � 0.2 261.0 � 0.2 265.0 � 0.2
T1 (K) 263.5 � 1.0 264.5 � 1.0 —
Y* (K) 289.5 � 1.0 285.5 � 1.0 303 � 0.2
Y1 (K) 290.0 � 1.0 286.5 � 1.0 —

a Temperatures are according to Fig. 2 and 3 and described in detail in
the ESI. b The large uncertainties in pressure during synthesis are due
to leakage of gas in a small confinement and not due to measurement
error.

Fig. 5 Exemplary 3D renderings of mCT scans performed during a CH4

hydrate synthesis experiment.

Fig. 6 Hydrate crystals grown on the graphite crucible before being
scraped off for post-synthesis X-ray analysis under liquid nitrogen.
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3.1.2 Hydration number estimation. To determine the
hydration number of the samples we use two independent
post-synthesis experiments.

Fig. 7 shows p–T data in the tightly closed reactor after the
rapid depressurization at the end of a CH4 hydrate synthesis
experiment. The temperature is first raised from 243 K to 263 K
within 3 min and then raised at a rate of 1 K min�1 to 285 K.
In the initial period after depressurization, the pressure
increases steadily at a rate of roughly 3 kPa min�1. When a
temperature of 268 K is reached the pressure increase rate
changes abruptly to 34 kPa min�1 before it drops to only
0.2 kPa min�1 at 271 K and above. A pressure increase in the
closed reactor is caused by the thermal expansion of gas and by
the release of gas from the decomposing hydrate. Thus, the
observed pressure curve points towards an initial period of
hydrate decomposition followed by the abrupt and complete
dissociation of the hydrate between 268 K and 271 K
(i.e., between 8 min and 11 min). At temperatures above 271 K,
the increase of pressure is caused by the thermal expansion of
the gas alone. The p–T data at the beginning and upon the
completion of hydrate decomposition is used to derive bounds
of the released gas mass and of the water to gas molar ratio
(see Section S5.4 of the ESI,† for a detailed derivation). In total,
the CH4 hydrate sample with a water mass of 50 mg releases
5.6–6.8 mg of CH4 during decomposition yielding a water to gas
molar ratio of 6.6–7.9. In an analogous experiment (see ESI,†
Fig. S5) a release of 50.6–52.4 mg of CO2 and a water to gas
molar ratio of 7.0–7.3 are determined for a CO2 hydrate sample
with a water mass of 150 mg. Note that the computed bounds
are conservative estimates since they do not account for the
gas which might be released during the short period of
depressurization. Hence, the actual water to gas molar ratios
are smaller or equal to the numbers reported above.

Approximately 100 mg of sample is collected at a rate of
approx. 4 g per hour per square meter of growth site for both
CO2 and CH4 hydrate by repeating the synthesis experiment
several times. After each experiment, the hydrate is scraped off
the graphite crucible under liquid nitrogen and then stored
in liquid nitrogen before the structure analysis is performed.
The PXRD profiles (cf. Fig. 8) both exhibit intense Bragg peaks

at angles corresponding to the sI crystal structure and only
minor Bragg peaks at angles corresponding to hexagonal ice.
The refined mass fractions for the hexagonal ice phase are
(6.3 � 0.4)% for the CH4 hydrate sample and (7.3 � 0.2)% for
the CO2 hydrate sample (see Section S5.5 of the ESI,† for details
on the refinement procedure). These mass fractions represent
upper boundaries. The real amount of hexagonal ice in the
samples is lower or equal to the one represented in the
diffractograms since traces of hexagonal ice may deposit on
top of the hydrate sample from the humid air during sample
transfer. When the amount of water in the hexagonal ice is
subtracted from the water mass of the samples, bounds for the
hydration number follow from the water to gas molar ratios and
are found to be 6.1–7.4 for the CH4 hydrate and 6.3–6.5 for the
CO2 hydrate.

For CO2 hydrate, values ranging from 5.64 to 8.55 are listed
in three compilations of hydration numbers.44–46 The scatter
in the values is presumably caused by different conditions
(pressure, temperature, dissolved gas concentration) during
hydrate formation and by the use of different techniques for
the measurement of the hydration numbers.44 Values close to
the optimum of 5.75 (sI hydrate) are reported at formation
pressures which are several times the equilibrium pressure.45

At formation pressures similar to ours (1 to 2 MPa), the majority
of values lies in the range between 6 and 7, which reflects the
difficulty of filling the small cages of the hydrate, while the
large cages are almost fully occupied.47 In the case of CH4

hydrate, most reported experimental values for the hydration
number are approx. 6.0 over a wide range of temperatures.46,48–53

This corresponds to cage occupancies for small and large cages of
90% and more.46 With increasing synthesis pressure, the hydra-
tion number of CH4 hydrate decreases slightly and approaches
5.75.52 Hence, while our result for the CO2 hydrate agrees well

Fig. 7 Gauge pressure and temperature T* during the decomposition of a
CH4 hydrate sample after rapid depressurization.

Fig. 8 PXRD patterns obtained at 20 K from samples of CO2 hydrate (top
curve) and CH4 hydrate (bottom curve). Both hydrates were synthesized in
the reactor R-CT at the conditions listed in Table 1. Bragg peaks labelled
with ‘‘sI’’ denote cubic structure I hydrate, ‘‘Ih’’ denotes hexagonal ice, and
‘‘X’’ denotes the sample holder. Cu-Ka1 radiation (l = 1.5406 Å) was
employed. Temperature resolved PXRD results in the range 80–300 K
are provided in the ESI.†
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with the literature, it seems that we overestimate the hydration
number for the CH4 hydrate.

3.2 Decomposition dynamics of co-deposited hydrate

Two series of experiments are conducted in the reactor R-Vis to
study the effect of the formation pressure on CO2 hydrate
decomposition. Except for different formation pressures, both
series of experiments are identical. Besides, as expressed by
identical trends in the gas uptake data (see Fig. S3 in the ESI†),
the formation kinetics seem to be very similar as well. At both
formation pressures, the gas uptake rate is largest at the
beginning of the formation experiments and then gradually
decreases until it vanishes after approximately 19 h of for-
mation. This trend can be explained by the gradually decreasing
surface area of the liquid water reservoir (i.e., the liquid water
droplet).

Subsequent to their formation, the depressurization desta-
bilizes the hydrates, which start to decompose and release their
gas. The accompanying increase in reactor gauge pressure is
shown in Fig. 9. After one hour of hydrate decomposition at
265 K the temperature at the growth site is raised to 295 K at a
rate of 5 K min�1. A vigorous release of gas accompanied by a
subtle change in sample appearance from an opaque lusterless
to a lustrous bright white is observed between approximately
271 K and 273 K. No changes in the sample morphology and no
signs of liquid water are visible during that period of strong gas
release. Both, the gas release and the change in color point
towards the complete decomposition of the hydrate to gas and
ice. The complete decomposition of hydrates slightly below the

melting point of ice has been observed before20 and also reported
by other authors.12,45,54 First signs of sample melting occur only
later at approximately 274 K and above. The deviation from the
melting point of ice can be explained by thermal lag due to the
temperature ramping. After 1 h at 295 K, the reactor pressure
equilibrates and the experiments are terminated.

Three key observations can be made from Fig. 9, as described
in the following paragraphs.

3.2.1 Amount of CO2 stored. On average, samples formed
at 2 MPa store slightly more gas than those formed at 1 MPa.
This is reflected by the gauge pressures after 120 min at the end
of the rapid depressurization experiment. Hydrates formed at
2 MPa exhibit an end pressure of (51.8 � 3.8) kPa, those formed
at 1 MPa result in an end pressure of (46.2 � 2.2) kPa. However,
the regions of uncertainties (gray sleeves in Fig. 9) overlap. That
means the end pressure found in a single experiment at 1 MPa
can be larger than that of a single run at 2 MPa.

This variation in end pressures within one set of experiment
is of stochastic nature and can be explained using the period
of nucleation observed in the initial stage of deposition. The
visual inspection of the hydrate growth site of reactor R-Vis
suggests that the water vapor is initially condensed as micrometer-
sized liquid droplets. Within approx. 30 min, these droplets
nucleate (either as hydrate or ice) almost simultaneously, as
can be inferred from a change in appearance from transparent
to opaque. The remarkable simultaneous nucleation of
dispersed liquid droplets has been observed before, however,
an explanation has remained elusive.43 The crystals formed
upon nucleation later act as seed crystals for the further
deposition process and grow with time. Hence, the composi-
tion of the initial deposit has a determining influence on the
fraction of ice and hydrate in the sample and thus on the end
pressure.

The small difference in mean end pressure between the two
sets of experiment can be due to two factors. A deterministic
factor is the dependence of the hydrate cage occupancy Y on
the pressure p. The statistical theory of van der Waals and
Platteeuw1,55 suggests that Y follows the Langmuir isotherm

YðpÞ ¼ C � p
1þ C � p: (1)

For a positive constant C, Y(p) grows strictly monotonically
with p. Hence, a higher formation pressure results in a larger
cage occupancy (i.e., more of the hydrogen-bonded polyhedra
are occupied by a guest molecule) and thus in a larger
end pressure. Although it seems established that higher
pressures during synthesis yield CO2 hydrate with higher cage
occupancies,45,56,57 the Langmuir isotherm could not be
confirmed for the small cages of the hydrate.47 Particularly at
p–T conditions similar to ours, the hydration number of CO2

hydrate seems to be only weakly sensitive to synthesis pressure
(at 273 K a hydration number of 6.9 and 6.3 is reported for
1.5 MPa and 6.0 MPa, respectively).47

The second factor is again the period of nucleation.
An increase in formation pressure directly raises the driving
force for hydrate nucleation.1 At the same time, however,

Fig. 9 CO2 hydrate decomposition as expressed by the release of gas
and the accompanied increase in pressure in the closed reactor R-Vis
immediately after rapid depressurization. The temperature program is
indicated by the arrows (265 K for 1 h, heating to 295 K at 5 K min�1,
295 K for 1 h). Each curve represents the mean decomposition pressure %p
derived from five identical decomposition experiments. The curve marked
with open circles results from samples formed at 265 K and 2 MPa.
The solid line refers to the formation condition 265 K and 1 MPa. Both
curves are enveloped by a gray sleeve representing values in the range
[ %p � s, %p + s], where s denotes the standard deviation of the five respective
experiments. Note that the pressure data have been corrected by the
effects of thermal gas expansion and degassing of CO2 from the gaskets
using series of dry runs at both 1 MPa and 2 MPa formation pressure
(cf. Fig. S4 in the ESI†).
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an increase in formation pressure can also indirectly affect
nucleation via the change of mass and heat transfer in the
reactor. The impact of these factors has not yet been determined,
though. Although the available number of experiments is insuffi-
cient for a proper statistical analysis, on average, induction times
for nucleation are shorter (approx. 10 min) for 2 MPa than for
1 MPa (approx. 30 min) formation pressure. The enhanced
nucleation at 2 MPa formation pressure might therefore result
in a larger hydrate fraction in the sample and thus in a larger end
pressure.

In general, nucleation is of major importance for the
co-deposition of hydrates by PTE, particularly at temperatures
where liquid water can exist in stable or supercooled form.
For instance, Cady35,36 noticed the incomplete conversion to
hydrate at temperatures close to the ice point on several
occasions and attributed it to a failure in nucleation. To ensure
better nucleation, Cady often used dry ice (195 K) to cool the
hydrate growth site at the beginning of his experiments. Poor
nucleation can also explain the comparably large water to gas
molar ratios (larger than 13.5; see Table S4 in the ESI†) found
for CO2 hydrates formed in the reactor R-Vis. For comparison,
the ratios for CO2 hydrates in the reactor R-CT are less than 7.3.
Since the synthesis conditions for CO2 hydrate are similar
in both reactors, cage occupancies and hydration number are
expected to be similar as well. Therefore, the hydration number
cannot account for such a large difference in the water to gas
molar ratios. Thus, the difference arises mainly from the ice
fraction of the samples. This implies either that the slightly
lower temperature in the reactor R-CT improves nucleation, or
that hydrate nucleation works better on the graphite surface in
reactor R-CT than on the aluminum growth site of reactor
R-Vis. We measure a contact angle of 50–601 for water on
both the machined graphite and the aluminum surface using
photographs of 5 mL droplets on the surfaces. Accordingly,
the reduction of the free energy barrier, which has to be
surmounted for the formation of a nucleus of critical size,1 is
similar on both growth sites. Therefore, the higher synthesis
temperature is more likely to be the reason for the deteriorated
nucleation on the aluminum growth site. However, an aging
effect of the aluminum surface was observed in a series of test
runs. While the synthesis of hydrates works well on a fresh
aluminum (oxide) surface, it becomes more and more difficult
as the surface ages. After roughly two weeks, nucleation at
265 K and both 1 MPa and 2 MPa becomes almost impossible.
This aging effect can be the result of a wettability transition
from a fresh hydrophilic aluminum oxide surface to an aged
and hydrophobic surface. The formation of the hydrophobic
surface is presumably caused by the adsorption of organic
species from air.58 In terms of classical nucleation theory, the
change in contact angle implies a transition from a low to a
high energy barrier, which must be overcome to form nuclei of
critical size.1

3.2.2 Repeatability. Samples synthesized at identical
formation conditions from the same amount of liquid water
show very similar dissociation behavior during the dwell time
at 265 K. That is, during the first 60 min the pressure increase

due to hydrate decomposition is repeatable with less than 2 kPa
deviation from the mean pressure increase obtained from five
repetitions.

The good agreement between the dissociation curves within
single sets of experiments is a direct result of the fine control of
experimental conditions and shows a strength of the applied
synthesis procedure. The sample mass is well defined by the
known amount of loaded water. Similarly, the sample-gas
interface area is directly related to the area of the growth site,
since the sample is deposited uniformly on that. Moreover, the
good thermal contact between the thin layer of sample and the
cooled growth site allows the efficient transport of heat and ensures
isothermal conditions throughout the sample. The small variations
between the results are presumably mainly due the stochastic
nature of hydrate nucleation and are assumed to decrease with
lower synthesis temperatures or higher synthesis pressures.

3.2.3 Super-preservation. The decomposition dynamics of
samples deposited by the PTE process can be drastically altered
by the formation pressure. The rate of pressure increase during
the dwell time is only approx. 2.4 kPa h�1 for samples formed at
1 MPa but roughly seven times larger for hydrates formed
at 2 MPa.

In general, hydrates of CO2 exhibit very low rates of disso-
ciation upon the rapid depressurization from stability pres-
sures to 0.1 MPa in the temperature range of 240–271 K, which
is explained by the effect of self-preservation.15,45 According to
the decomposition temperature of 265 K and considering the
low rates of dissociation (more than two thirds of hydrate
outlast 60 min outside the stability region), we conclude that
all of our own samples are self-preserved as well. However,
samples formed at 1 MPa seem to be better preserved than
those formed at 2 MPa. The resulting two distinct dissociation
curves are hard to explain using the popular argument of a
diffusion limiting layer of ice, which forms at the free surface of
the hydrate in the initial phase of decomposition. This is
because the type of guest molecule as well as temperature
and pressure are identical between sets of experiments during
the dwell time at 265 K. It is possible though that the micro-
structure, which is assumed to be an important ingredient
of the self-preservation phenomenon,15 is different between
sample sets and thus at the origin of the differing dissociation
behavior. Differences in the microstructure can be, for
instance, due to the initial phase of deposition. Since different
induction times are observed between the two sets of samples,
the initial structure for further deposition might be different as
well. Besides, differences in heat and mass transfer during
deposition can lead to different microstructure, too.

An alternative explanation can be derived from the end
pressures of the two experiment sets. Because the end pressures
depicted in Fig. 9 overlap, we can rule out a relation between
the two dissociation behaviors and the bulk molar to water
ratio. Nevertheless, differences in the hydration number as well
as differences in the sample ice fraction can both have an
influence on the decomposition behavior of the hydrate.
A difference in hydration numbers means a difference in hydrate
cage occupancies and implies different chemical potentials.
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Such a difference in chemical potential leads to differing
driving forces for decomposition which can additionally affect
the microstructural component of self-preservation.15 Since an
ice fraction larger than 7 wt% is found in the PXRD investiga-
tions of the CO2 hydrate samples produced in the reactor R-CT
under similar conditions, we infer that the samples produced
in the reactor R-Vis also exhibit a considerable amount of ice.
This assumption is further substantiated by the significantly
larger water to gas molar ratio found in the samples of reactor
R-Vis (413 compared to o8; see Tables S3 and S4 in the ESI†).
Consequently, a variation in the ice fraction of the samples can
have severe effects on the mass transfer of gas from the
decomposing hydrate, regardless of the existence of an ice
shield covering the hydrate. An increase in ice fraction can
for instance change the sample structure from ‘‘ice embedded
in a hydrate matrix’’ to ‘‘hydrate embedded in an ice matrix’’, a
structure which can preserve the gas for many months.17 The
ice fraction of the samples is likely to be evenly distributed due
to the stochastic nature of nucleation. Yet, the two dissociation
rates are deterministic. This suggests rather that the hydration
number or the microstructure are responsible for the differ-
ences in decomposition dynamics.

4 Conclusions

As evidenced by PXRD and p-T data, we successfully synthesized
CO2 and CH4 cubic structure I clathrate hydrate at tempera-
tures of 261–265 K and corresponding stability pressures by
advancing a rediscovered deposition technique, which makes
use of the thermal evaporation of liquid water in a reactor
pressurized with the guest gas. The redesign of the reactor
extends the pressure range accessible to 10 MPa. This allows us
to not only study more exotic guest gases, but also gases
relevant on Earth, namely CO2 and CH4, via this gas phase
deposition process. We propose its utilization for hydrates of
further guests, no matter the required formation pressure.

Our samples display facets on macroscopic crystals with a side
length of up to 1 mm forming side by side on the deposition site.
When deposited on graphite, the samples exhibit a hydration
number under 7.4 and contain less than 8 wt% of free water in
the form of hexagonal ice. The deposition on aluminum yields
larger fractions of free water in the sample and water to gas molar
ratios above 13.5. The difference in sample composition is
explained with the initial stage of deposition, which is charac-
terized by the heterogeneous nucleation of hydrate and ice from
water droplets condensed on the hydrate growth site.

At the conditions used in this study, hydrate deposition via
pressurized thermal evaporation (PTE) is a very slow process
with formation rates of the order of milligrams of hydrate per
hour and square centimeter deposition site area. This is
particularly slow compared to spray injection or stirred reactors
where hydrate formation rates of the order of grams per minute
and more are achieved in reactors of sizes similar to ours.22,59

Nevertheless, due to the scalability with deposition site area as
well as due to the absence of a lower boundary for formation

temperature, the process might still prove beneficial for
hydrate-based applications (e.g., gas separation). Besides, the
choice of other synthesis conditions (temperature field, partial
pressures) might speed up the deposition process. More impor-
tant in the context of the present work, however, is that the
deposition of hydrates by PTE offers precise control of mass
transport via the reactor temperature field and the partial
pressures of water and gas. This allows the formation of thin
hydrate deposits of reproducible composition over a wide range
of p–T conditions (below and above the freezing point of water)
and facilitates the study of hydrate decomposition kinetics
at well-controlled initial conditions (pressure, temperature,
sample mass and surface area). In two series of deposition-
decomposition experiments, we demonstrate this capability of
the process for the first time in a study of the decomposition
dynamics of self-preserved CO2 hydrates. Our results show that
differences in deposition conditions can have severe effects
on the subsequent decomposition kinetics. Hydrate samples
deposited at 265 K and a pressure of 1 MPa exhibit an extra
high degree of self-preservation, termed super-preservation.
Super-preservation is expressed by a dissociation rate 85%
lower than that of self-preserved samples formed at the same
temperature and a pressure of 2 MPa, while the bulk water to
gas molar ratio of super-preserved samples is only 12% above
that of the self-preserved ones. Although the physical chemistry
behind this remarkable reduction in dissociation rate is not
clear yet, the deterministic formation of super-preserved
hydrates of CO2 via the PTE process is possible already.

However, future work is needed to understand the cause for
different sample compositions as well as their influence on the
decomposition kinetics. That involves the determination of the
relation between synthesis conditions, hydrate growth rate and
hydrate composition, as well as the careful analysis of hydrate
nucleation at the initial phase of deposition. Moreover it will be
interesting to examine, whether super-preservation is related to the
recently observed barriers to decomposition, which were explained
similarly with variations in sample composition.20 Such work will
not only result in a better understanding of the synthesis proce-
dure on its own, but it can also improve our understanding of
hydrate formation, decomposition and self-preservation.
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1 Custom-Built Reactor R-CT
Fig. S1 shows the experimental setup used for the synthesis of the gas hydrates. This setup is a modified version
of the setup described in detail in our recent study of macroscopic defects in decomposing CO2 clathrate hydrate
crystals.1 The modifications comprise the addition of the graphite rod as well as the graphite crucible at the center
of the reactor in order to implement the PTE process described in the main manuscript.

X-ray Source

Pressure Transducer

Thermocouple

Thermoelectric Cooling

Water Cooling

Steel Cap

Insulation

10 mm

Aluminum Base

Graphite

Crucible

Glassy Carbon

Vessel

Graphite Rod

Pressurized Gas

(e.g. CH4)

Liquid Water Reservoir
Detector

X-ray

Tube

Cryo

Stage

Fig. S1 Schematic of the tomographic setup (left) together with a cross sectional view of the cryo stage (right).

A cryo stage containing the reactor is fixed on the manipulator of a lab-scale micro-computed X-ray tomography
(µCT) system (phoenix nanotom-m 180, GE Sensing & Inspection Technologies, Wunstorf, Germany). The reactor
consists of a glassy carbon crucible (SIGRADUR G, HTW Germany) and a steel cap fitted together using a two-
component epoxy adhesive. An O-ring (PTFE) between the glassy carbon crucible and the steel cap is used to seal
the reactor. The bottom of the reactor is in good thermal contact with an aluminum base which is cooled thermoelec-
trically from below by a stack of Peltier elements (QC-31-1.0-3.9MS and QC-17-1.4-3.7MS, Quick-Ohm Germany).
The temperature of the aluminum base is measured with an accuracy of 0.2 K by a calibrated thermocouple (K-type,
d = 1mm). Two types of pressure transducers are used and connected to the steel cap of the reactor. A sensor
with a range of 0–10 MPa and an accuracy of 8 kPa (PXM459-100BGI, OMEGA Germany) is used for the synthesis
experiments. For rapid depressurization experiments, we use a transducer with a range of 0–700 kPa and an accuracy
of 0.6 kPa (PXM459-007BGI, OMEGA Germany). The reactor is monitored and controlled using a commercial data
acquisition system (NI cRIO-9022, National Instruments USA) at a frequency of 0.1 Hz during synthesis and 1 Hz
during rapid depressurization experiments.

1.1 Imaging

All µCT scans are done using the settings specified in Table S1. The 1200 radiographs collected in each µCT scan are
used by GE’s phoenix datos|x reconstruction software (GE Sensing & Inspection Technologies, Germany) to compute
the raw three-dimensional raster image data with a gray scale resolution of 16 bit and a voxel edge length of 6 µm. A
simple three-dimensional median filter with a kernel size of 7 voxels is applied to the raster image data to improve the
signal to noise ratio without affecting the level of details (also see ref. 1 for details regarding the image processing).
The renderings (2D and 3D) of the filtered image data are created with the software VG Studio MAX 2.2 (Volume
Graphics GmbH, Germany) which is also used for the visual inspection of the µCT results.

1.2 Temperature Field in the Reactor

The direct measurement of the temperature field inside the reactor is difficult since the presence of a temperature
sensor in the reactor disturbs the temperature field. Particularly, in the case of large temperature gradients and
temperature sensors comprising metallic wires, a heat flux along the wire significantly alters the read-out temperature
of the sensor. Moreover, in the setting used, metallic wires in the reactor result in metal artefacts in the µCT scans.
To avoid these problems, we estimate the temperature field in the reactor using the temperature in the aluminum

2

A.3 co-deposition of gas hydrates by pte 205



Table S1 µCT Scan Parameters

Parameter Value
Tube Voltage 70 kV
Tube Current 350 µA
Magnification 16.67
Voxel Edge Length 6 µm
Timing 750 ms
Scan Duration 60 min
Average 3
No. of Images 1200

base below the reactor together with computer simulations. The open source 3D multiphysics solver ELMER2 is
applied to solve the conjugate conduction convection problem. The latent heat of evaporation of the water or that
of crystallization of the hydrate is neglected in the model. The simulation domain includes the graphite rod, the
liquid water reservoir, the pressurized gas, the graphite crucible, the glassy carbon vessel, the steel cap, as well as
the insulation. A fixed temperature boundary condition according to the temperature measured at the bottom of the
reactor is set at the bottom of the glassy carbon vessel. Similarly, the temperature at the top surface of the steel cap
is fixed to the ambient temperature of 295 K. Convective heat transfer to the environment (heat transfer coefficient
h = 22W ·m−2 ·K−1)3 is used as the boundary condition at the surface of the insulation. Fig. S2 shows the simulation
result for methane at a pressure of 8.0 MPa and a reactor bottom temperature of 258 K. Qualitatively, the simulation
result looks the same for carbon dioxide at a pressure of 2.0 MPa and a reactor bottom temperature of 258 K. The
simulation results are eventually used to extract estimations for the temperatures T ?, T ◦, Θ?, and Θ◦ (cf. Fig. S2),
which are also used in the main manuscript.

Streamlines, illustrated in the region of the pressurized gas in Fig. S2, show the pathway for water vapor transport
by natural convection. Notably, the illustrated flow field matches the distribution of hydrate grown in the synthesis

Graphite Crucible

Glassy Carbon Vessel

Graphite Rod

Pressurized Gas (e.g. CH4)

2 mm

Liquid Water Reservoir

temperature / K

288265 280270258 260

Liquid Water Reservoir

T=T�

T=T°

T=Θ°

T=Θ★

275 285

Fig. S2 Temperature profile and natural convection flow in the reactor during the synthesis of CH4 hydrate at a pressure of
8.0 MPa and a reactor bottom temperature of 258 K. The streamlines in the region of the pressurized gas illustrate the water
vapor transport mechanism by convection. The evaporated water rises with the warm gas along the graphite rod, cools down,
and falls back along the cold graphite crucible where it is eventually deposited as hydrate.
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experiments: most of the hydrate is deposited at the top of the graphite crucible, and essentially no hydrate is
deposited at the bottom. This distribution of hydrate can be explained using the three vortices along the cylinder
axis which redirect the falling flow of water vapor before it can reach the bottom of the crucible.

2 Thermodynamic Equilibrium Conditions
The choice of hydrate synthesis pressures is determined by the simulated temperatures T ?, T ◦ on the hydrate growth
site. Dry runs (i.e., experiments with no water in the reactor) are used to ensure that no liquefaction of gas takes place
at the p-T conditions chosen. As the liquefaction of the gas or the evaporation of the liquid gas alters the reactor
pressure significantly, in dry runs such a change of phase is easily detectable with the pressure sensor. Table S2
lists thermodynamic equilibrium pressures of CO2 hydrate and CH4 hydrate as well as vapor pressures of CO2 at
conditions relevant in our synthesis experiments.

Table S2 Thermodynamic equilibrium data§

Gas Temperature (K) Hydrate Equilibrium Pressure (MPa) Vapor Pressure (MPa)
CO2 260.5 0.65±0.10 2.44±0.01
CO2 265.0 0.81±0.06 2.78±0.01
CO2 278.35±0.25 2.3 4.00±0.04
CO2 277.45±0.25 2.0 3.90±0.02
CO2 270.70±0.25 1.0 3.26±0.01
CH4 261.0 1.72±0.08 -
CH4 284.70±1.00 7.7 -
CH4 281.90±0.40 6.5 -
§ Underlined numbers are fixed values, regularly printed numbers are derived. Hydrate equilibrium pressures and temperatures are based on experimental results
summarized in the book of Sloan and Koh 4 and correspond to the values at the liquid water–hydrate–vapor (L–H–V) or the ice–hydrate–vapor (I–H–V) curve. Vapor
pressures of CO2 at the corresponding temperatures are taken from the Dortmund Data Bank. 5

3 Loading Procedures

3.1 Loading Procedure Reactor R-CT
The synthesis of CO2 and CH4 hydrate is started outside the reactor by adding deionized liquid water to the grooves
of the graphite rod via repeated pipetting (Eppendorf Reference 2, range 0.5–10 µL). We then freeze the water on the
graphite rod before it is inserted into the reactor at ambient temperature. Immediately after insertion, the reactor
is flushed with the guest gas and subsequently pressurized to the chosen hydrate formation pressure (7.7 MPa for
CH4, 2.3 MPa for CO2). The usage of frozen water ensures that all water remains on the graphite rod during the
loading procedure. After pressurization, the frozen water melts within 5 min due to the warm environment. Melting
is evident by the change in the texture of the water as seen in the X-ray radiographs collected at the beginning of the
experiment. After the melting of the water is observed, the reactor is cooled and hydrate synthesis is started.

3.2 Loading Procedure Reactor R-Vis
We use a pipette (Eppendorf Reference 2, 0.5–10 µL) to add deionized liquid water to the liquid water reservoir while
the reactor is at room temperature. For that, the glass cylinder of the reactor has to be removed. After the addition
of the water, the glass cylinder is reattached and the reactor tightly closed. Still at room temperature, we then flush
the reactor with dry CO2 gas for approx. 2 min. Subsequently, the reactor is pressurized and cooled to start synthesis.

4 PXRD Experimental Details
The synthesized samples are characterized by powder X-ray diffraction (PXRD). For this, the samples are powdered
under liquid nitrogen and transferred to the sample holder of a PheniX Helium Cryostat (Oxford Cryosystems, UK)
using a cryospoon. The sample holder is made from copper and precooled to 80 K. After loading the sample at
80 K, it is cooled to 20 K within approximately 10 min and the PXRD measurements are started using a Bruker D8
Advance powder diffractometer equipped with a Cu-Kα1 X-ray source (wavelength λ = 1.5406Å) operated at 40 kV
and 40 mA in Θ/2Θ scanning mode. The first measurement is done at 20 K in the 2Θ range from 5◦ to 90◦ with a step
width of 0.02◦ within approximately 75 min. After completion, the sample temperature is raised to 80 K, from where
a temperature-resolved crystallographic analysis is started. To this end, a PXRD measurement is done in steps of 5 K
in the range from 80 K to 300 K. A smaller 2Θ range of 5◦ to 55◦ is used together with a shorter exposure time to
limit the scan duration at each temperature step to 5 min. Between two successive measurements, the temperature is
raised by approximately 4 K ·min−1. For all PXRD measurements, the chamber is evacuated to below 0.01 mbar. The
sample temperature is regulated with a stability of 0.1 K using the temperature controller of the PheniX Cryostat.

4
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5 Complementary Results
Additional results are presented hereafter to complement the findings in the main manuscript.

5.1 Pressure during CO2 Hydrate Formation in Reactor R-Vis
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Fig. S3 (a) Absolute pressure in the reactor R-Vis during the formation of CO2 hydrate (labeled “wet run”) and during identical
experiments with no water loaded (labeled “dry run”). The solid and dashed lines represent the mean pressures p̄ derived from
five wet and three dry experiments, respectively. The areas filled with gray represent values in the range [p̄−σ , p̄+σ ], where σ
denotes the standard deviation of the corresponding set of experiments. (b) Mean pressure drop ∆puptake attributed to the uptake
of gas by the growing hydrate. The pressure drop is computed by subtracting the mean pressures of the dry runs from those of
the wet runs for both, formation experiments at 1 MPa and 2 MPa. Again, the curves are enveloped by a gray sleeve representing
values in the range [∆puptake−σ ,∆puptake +σ ]. Here, the standard deviation σ is computed by Gaussian error propagation from
the uncertainties related to the wet and dry runs. The mean pressure drop associated with the formation pressure of 2 MPa is
shifted by 100 kPa for better readability.

5.2 p-T Data from CO2 Hydrate Decomposition Experiments in Reactor R-Vis
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Fig. S4 Gauge pressure in the reactor R-Vis during the decomposition of CO2 hydrate after rapid depressurization (labeled “wet
run”) and during identical experiments with no water loaded (labeled “dry run”). Note that the dry runs are the same as in Fig. S3.
The solid and dashed lines represent the mean pressures p̄ derived from five wet and three dry experiments, respectively. The
areas filled with gray represent values in the range [p̄−σ , p̄+σ ], where σ denotes the standard deviation of the corresponding
set of experiments. The pressure increase observed in dry runs is due to thermal gas expansion as well as due to degassing
of CO2 from the reactor gaskets only. Thermal gas expansion occurs either because the reactor is actively heated or because
the gas, which is cooled upon rapid depressurization (i.e., isentropic cooling), rewarms. Both, the effect of isentropic cooling as
well as the degassing of dissolved CO2 are more pronounced in experiments at higher formation pressures. Therefore, in dry
runs, the increase in pressure after rapid depressurization is larger for 2 MPa than for 1 MPa formation pressure. The difference
(cf. Fig. 9 of the main manuscript) between the “wet run” and the “dry run” curve of identical formation pressure eventually yields
the pressure increase attributed to the decomposition of the hydrate only. The standard deviations of these difference curves are
obtained by Gaussian error propagation from the uncertainties related to the wet and dry runs.
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5.3 p-T Data from CO2 Hydrate Rapid Depressurization Experiment

The p-T data of the rapid depressurization experiment with a CO2 hydrate sample in the reactor R-CT is shown in
Fig. S5.
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Fig. S5 Gauge pressure and temperature T ? during the decomposition of a CO2 hydrate sample after rapid depressurization in
the reactor R-CT. The sample was synthesized from 150 mg of water using the p-T conditions described in the main manuscript.

5.4 Determination of Bulk Water to Gas Molar Ratio from p-T Data

The p-T data from rapid depressurization experiments are used to determine the molar ratios of water to guest gas.
The total mass mH2O of water in a reactor is determined during the loading procedure with a pipette (Eppendorf
Reference 2, 0.5–10 µL). At the end of the rapid depressurization experiments both reactors are at room temperature
Tamb. and the temperature field is uniform. A small amount mdissolved of the gas released by the hydrate is dissolved in
the liquid water at the temperature Tamb. and reduces the end pressure in the reactors. Hence, the total mass mend of
guest gas contained in a reactor with volume Vreactor at the end of the experiment can be derived from the absolute
pressure pend, the water vapor pressure pv, the compressibility factor Zamb., and the ideal gas equation:

mend =
(pend− pv) ·Vreactor

Zamb.RTamb.
+mdissolved. (S1)

In a similar way, we use the absolute pressure pdepr. measured immediately after depressurization to determine the
mass of gas mdepr. in a reactor before hydrate decomposition starts. At that time there is no liquid water present and
thus no gas dissolved. Note that the water vapor pressure is neglected in the computation of mdepr. because it is not
detectable within the accuracy of the pressure sensors at the respective conditions. Since depressurization is done at
the temperature Tdepr. < Tamb. the temperature field in the reactors is non-uniform (cf. Fig. S2). Nevertheless, for an
average temperature Tx with Tdepr. ≤ Tx ≤ Tamb. the mass mdepr. is bounded by

pdepr. ·Vreactor

RTamb.
≤ mdepr. =

pdepr. ·Vreactor

RTx
≤ pdepr. ·Vreactor

RTdepr.
. (S2)

Note that the use of a compressibility factor Z is omitted here since Z ≈ 1.00 for both CH4 and CO2 at the p-T
conditions immediately after depressurization. Hence, a lower bound m−gas of the mass of released gas mgas (i.e., the
mass of gas contained in the sample) is given by

m−gas =
Vreactor

R
·
(

pend− pv

Zamb.Tamb.
− pdepr.

Tdepr.

)
+mdissolved ≤ mend−mdepr. = mgas, (S3)

and an upper bound by

m+
gas =

Vreactor

R
·
(

pend− pv

Zamb.Tamb.
− pdepr.

Tamb.

)
+mdissolved ≥ mend−mdepr. = mgas. (S4)

Using the molar masses of water and guest gas, an upper bound n+ and lower bound n− to the molar ratio of water

6
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to gas (i.e., nH2O/ngas) then follows directly from mH2O as well as m−gas and m+
gas, respectively:

n+ =
mH2O

m−gas
· Mgas

MH2O
≥

mH2O

mgas
· Mgas

MH2O
=

nH2O

ngas
≥

mH2O

m+
gas
· Mgas

MH2O
= n−. (S5)

Table S3 and S4 summarize symbols as well as the original and the derived experimental data used for the determi-
nation of n+ and n−.

Table S3 Original and derived data with uncertainties for the experiments in reactor R-CT

Symbol Description Value in CH4 Value in CO2
synthesis experiment synthesis experiment

mH2O total mass of water in the reactor (50.0±0.5)mg (150.0±1.5)mg
mdepr. gas mass in the reactor before decomposition starts (5.72±0.66)mg (16.07±1.16)mg
mend gas mass in the reactor after decomposition

at room temperature Tamb.

(11.9±0.2)mg (67.6±1.1)mg

mdissolved mass of gas dissolved in water‡ (2.5±0.3) µg (1.09±0.11)mg
m−gas lower bound of released gas (5.6±0.2)mg (50.6±0.9)mg
m+

gas upper bound of released gas (6.8±0.2)mg (52.4±0.9)mg
Vreactor total gas volume of the reactor (8.2±0.1)mL (8.2±0.1)mL
pdepr. absolute reactor pressure before decomposition starts (96.6±0.6) kPa (102.1±0.6) kPa
pend absolute reactor pressure after decomposition

at room temperature Tamb.

(225.0±0.6) kPa (442.0±0.6) kPa

pv water vapor pressure§ at Tamb. 3.169 kPa 2.339 kPa
Tamb. room temperature (298.0±0.5)K (293.0±0.5)K
Tdepr. temperature T ? (cf. Fig. S2) before decomposition starts (243±1)K (261±1)K
Zamb. gas compressibility factor¶ at Tamb. and pend 0.99±0.01 0.98±0.01
n− lower bound of the bulk water to gas molar ratio 6.58±0.16 6.99±0.14
n+ upper bound of the bulk water to gas molar ratio 7.94±0.23 7.25±0.15
‡ Gas dissolution is computed on the basis of Bunsen coefficients reported by Wiesenburg et al. 6 for CH4 and Bartholomé et al. 7 for CO2.
§ Vapor pressures taken from the steam tables of Moore et al. 8

¶ The gas compressibility factor is derived using critical pressure and temperature as well as the generalized compressibility chart.

Table S4 Original and derived data with uncertainties for the experiments in reactor R-Vis

Symbol Description Value for 1 MPa Value for 2 MPa
synthesis pressure synthesis pressure
experiment set experiment set

mH2O total mass of water in the reactor (100.0±1.0)mg (100.0±1.0)mg
mdepr. gas mass in the reactor before decomposition starts (36.15±3.75)mg (36.15±3.70)mg
mend gas mass in the reactor after decomposition

at room temperature Tamb.

(50.2±2.7)mg (52.1±3.0)mg

mdissolved mass of gas dissolved in water‡ (0.23±0.02)mg (0.24±0.03)mg
m−gas lower bound of released gas (12.2±1.1)mg (14.2±1.6)mg
m+

gas upper bound of released gas (16.1±1.2)mg (18.0±1.7)mg
Vreactor total gas volume of the reactor (19.00±0.95)mL (19.00±0.95)mL
pdepr. absolute reactor pressure before decomposition starts (100.0±1.0) kPa (100.0±1.0) kPa
pend absolute reactor pressure after decomposition

at room temperature Tamb.

(146.2±2.2) kPa (151.8±3.8) kPa

pv water vapor pressure§ at Tamb. 2.645 kPa 2.645 kPa
Tamb. room temperature (295.0±0.5)K (295.0±0.5)K
Tdepr. temperature T ? (cf. Fig. S2) before decomposition starts (265.0±0.2)K (265.0±0.2)K
Zamb. gas compressibility factor¶ at Tamb. and pend 0.98±0.01 0.98±0.01
n− lower bound of the bulk water to gas molar ratio 15.2±1.2 13.5±1.3
n+ upper bound of the bulk water to gas molar ratio 20.0±1.9 17.2±2.0
‡ Gas dissolution is computed on the basis of Bunsen coefficients reported by Wiesenburg et al. 6 for CH4 and Bartholomé et al. 7 for CO2.
§ Vapor pressures taken from the steam tables of Moore et al. 8

¶ The gas compressibility factor is derived using critical pressure and temperature as well as the generalized compressibility chart.

7
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5.5 Crystallographic Data Analysis
The PXRD profiles measured at 20 K are analyzed using the software GSAS-II9 to determine the phase mixture of
hexagonal ice and structure I hydrate. The crystal structure refinement is done in the 2Θ range from 10◦ to 80◦

since no intense Bragg peaks are found at both lower and higher angles. The crystallographic structure files for the
individual phases are taken from Röttger et al.10 (ice Ih), Falenty et al.11 (sI hydrate CO2), and Gutt et al.12 (sI
hydrate CH4). The crystal lattice constants as well as the phase fractions are refined together with the instrument
parameters while the atomic positions of the individual phases are fixed. Fig. S6 shows the result of the refinement
for the CO2 and the CH4 hydrate sample. Table S5 lists the key data of the refined crystal structure.
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Fig. S6 Observed and calculated PXRD profile of the CO2 (top) and the CH4 hydrate sample (bottom). The observed profiles
stem from the PXRD measurements done at 20 K with Cu-Kα1 radiation (λ = 1.5406Å). Bragg peaks marked with an “X” originate
from the copper sample holder. Tick marks at the top of the graphs denote Bragg reflections caused by the cubic structure I
hydrate (sI, black) or the hexagonal ice (Ih, red).

Table S5 Result of the crystal structure analysis

sample lattice parameters sI lattice parameters sI mass fraction mass fraction weighted
(a,b,c,α,β ,γ) (a,b,c,α,β ,γ) sI hydrate ice Ih R-factor

CO2
hydrate

11.867, 11.867, 11.867, 90, 90, 90 4.513, 4.513, 7.353, 90, 90, 120 0.927±0.007 0.073±0.002 11.86 %

CH4
hydrate

11.837, 11.837, 11.837, 90, 90, 90 4.521, 4.521, 7.362, 90, 90, 120 0.937±0.009 0.063±0.004 8.85 %

5.6 Temperature-Resolved PXRD Results
Temperature-resolved PXRD measurements in the range from 80 K to 300 K are done with both hydrate samples in
steps of 5 K to study differences in the decomposition behavior of the CO2 and CH4 hydrate. One step in temperature
involves a 1 min temperature ramp followed by a 5 min measurement period at constant temperature. Figure S6

8
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shows the normalized peak areas of four ice (Ih) and three hydrate (sI) Bragg peaks as a function of temperature for
both CO2 and CH4 hydrate. Fig. S8 shows the peak intensity ratios of a few selected Bragg peaks as a function of
temperature. The peak intensity ratios are computed by dividing the normalized Bragg peak areas shown in Fig. S7.
The selected peaks correspond to the hexagonal ice (Ih) reflections of the 100 (Ih100), 002 (Ih002), 110 (Ih110), and
102 (Ih102) crystallographic planes. While the Ih100 and Ih102 reflections do not overlap with reflections caused
by cubic ice (Ic) an overlap exists for Ih002 (with Ic111) and Ih110 (with Ic220).
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Fig. S7 Normalized Bragg peak area of four hexagonal ice (labelled Ih) and three crystal structure I (labelled sI) reflexes as a
function of temperature. The peak areas are obtained from temperature-resolved PXRD measurements with CH4 hydrate (top)
and CO2 hydrate (bottom) in the temperature range from 80 K to 300 K in steps of 5 K. The dashed line is the mean value of the
sI curves shifted by 0.15 for better readability.
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Fig. S8 Peak intensity ratios of selected Bragg peaks as a function of temperature. The ratios are calculated by dividing
normalized Bragg peak areas obtained from temperature-resolved PXRD measurements done with the CH4 (top) and the CO2
hydrate sample (bottom).

It is evident that with increasing temperature, the Bragg peaks of ice grow while the Bragg peaks of hydrate
vanish. The CH4 hydrate sample starts to decompose at a slow rate at roughly 160 K. In the case of CO2 hydrate,
decomposition begins at about 180 K. In both cases the Bragg peaks of ice grow differently during the decomposition
of the hydrates. For instance, the Ih002 peak increases immediately after the onset of decomposition while the
Ih100 peak remains constant up to higher temperatures. This results in an increased intensity ratio of the Ih002 and
Ih100 peak in the range 170–220 K (see Fig. S8) and indicates the formation of defective cubic ice (Ic) instead of
hexagonal ice upon hydrate decomposition.13–15 At temperatures above 200 K the defective ice starts to anneal and
the Ih002/Ih100 ratio decreases. In both samples, at 220 K all hydrate transforms into ice, which itself sublimates at
220–250 K due to the vacuum (p < 0.01mbar) of the diffractometer.

5.7 Co-Deposited Hydrate Film before Rapid Depressurization

A photo of a newly deposited layer of CO2 hydrate is shown in Fig. S9. The depicted hydrate was formed in the
reactor R-Vis and later used in the series of rapid depressurization experiments discussed in the main manuscript.

9
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5 mm

Growth Site

Liquid Water Reservoir

Hydrate Layer

Fig. S9 CO2 hydrate layer co-deposited on an aluminum growth site of the reactor R-Vis. At the end of hydrate synthesis no
water is left in the liquid water reservoir formed by an aluminum disk. Moreover, any fog on the interior glass walls vanishes.
Temperatures are 265 K on the growth site and 265 K on the liquid water reservoir. Based on the known mass of water and the
surface area of the growth site, we estimate the thickness of the hydrate to be 330 µm.

5.8 µCT Tomograms (2D) of CH4 Hydrate Synthesis
The 3D illustrations presented in the main manuscript are based on stacks of tomograms. One vertical and two
horizontal tomograms of the CH4 hydrate synthesis experiment are depicted for different times at identical positions
in Fig. S3 to show the size of the hydrate crystals. Note that the morphology of the hydrate crystals obtained from
the CO2 hydrate synthesis experiment is identical to that shown in Fig. S10.
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Fig. S10 µCT tomograms at identical positions of the reactor at four different times in the CH4 hydrate synthesis experiment.
The scan numbers refer to the labels in Fig. 4 of the main manuscript. All tomograms have been processed using a median filter
with a kernel size of 7 voxels (also see ref. 1 for details regarding the image processing).
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VERFAHREN UND VORRICHTUNG ZUR HERSTELLUNG VON GASHYDRAT

Die vorliegende Erfindung betrifft ein Verfahren und eine Vorrichtung zur Herstellung von

Gashydrat, wobei die gashydratbildenden Stoffe aus einem gasförmigen Gemisch unter 

Einstellung geeigneter Werte für Temperatur und Druck auf einer gekühlten Oberfläche das 

Gashydrat bilden.5

HINTERGRUND DER ERFINDUNG

Bei Clathraten handelt es sich um feste Einschlussverbindungen, bei denen Gastmoleküle 

wenigstens einer Art in ein Gitter oder in Käfige aus Wirtsmolekülen eingelagert sind. 

Einschlussverbindungen von Gastmolekülen in Käfigen aus Wassermolekülen bezeichnet man 10

als Clathrathydrat. Sind die Gastmoleküle zusätzlich Stoffe, die unter Normbedingungen als 

Gas vorliegen, bezeichnet man die Einschlussverbindung auch als Gashydrat.

Gashydrate sind nur bei Drücken oberhalb eines temperaturabhängigen Mindestdruckes bzw.

bei Temperaturen unterhalb einer druckabhängigen Höchsttemperatur thermodynamisch stabil.15

Mindestdruck und Höchsttemperatur (im weiteren Verlauf Stabilitätsdruck und 

Stabilitätstemperatur) entsprechen den Bedingungen an der Dreiphasengrenze Gas-Eis-

Gashydrat bzw. Gas-Wasser-Gashydrat. Instabile Gashydrate zerfallen bei negativen 

Temperaturen (in der Celsiusskala) in die Produkte Gastgas und Eis, und bei positiven 

Temperaturen in die Produkte Gastgas und Wasser. Die Stabilitätsbedingungen für Gashydrate 20

sind jeweils abhängig von der Art der Gastmoleküle sowie von der Clathrathydratstruktur. Ein 

Wachstum bzw. eine Synthese von Gashydrat ist nur unter Stabilitätsbedingungen möglich

(Sloan, E. Dendy, und Carolyn Koh. Clathrate Hydrates of Natural Gases, Third Edition. CRC 

Press, 2007.).

25

Methan bildet in der Regel den Hauptteil des Gastgases in natürlich vorkommenden 

Gashydraten. Diese befinden sich in großen Mengen in Permafrostböden sowie in

Sedimentschichten am Meeresboden und werden auch Methanhydrate genannt. Ein großer Teil 

der weltweiten Erdgasreserven ist in Form von Methanhydrat gebunden. Ein kontrollierter 

Abbau dieser Reserven ist für viele Länder von großem Interesse.30

Die Speicherung von technisch und energiewirtschaftlich relevanten Gasen wie beispielsweise 

Methan, Ethan, Propan, Wasserstoff oder Kohlendioxid erfolgt bislang in der Regel in 

komprimierter Form unter hohem Druck oder in flüssiger Form bei tiefen Temperaturen. In 

beiden Fällen muss ein großer Teil des Energieinhaltes des gespeicherten Gases zur Herstellung 35

der Lagerbedingungen verwendet werden. Die durch die kristalline Struktur bedingte, hohe 

Gastgasdichte sowie moderate Lagerbedingungen machen Gashydrate zu einer interessanten, 

26292-WO
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sicheren und auch kostengünstigen Alternative zur Speicherung solcher Gase. Die Gase selbst 

können dabei fossilen Ursprungs (z.B. Gas aus On- und Offshore Gas- und Ölquellen oder 

Methanhydratlagerstätten) sein, oder aber auch synthetisch hergestellt werden (z.B. durch 

„Power-to-Gas“ Prozesse).

5

Die selektive Abscheidung einzelner Gase aus einem Gasgemisch ist ein weiteres potenzielles 

Anwendungsgebiet von Gashydrat als Funktionsmaterial. So lässt sich beispielsweise das 

Treibhausgas Kohlendioxid aus dem Abgasstrom eines Kraftwerks absondern und in Form von 

Gashydrat über geologische Zeitskalen binden. Aus diesem Grund werden Gashydrate immer 

wieder als ein mögliches Mittel zur Einhaltung von Klimazielen diskutiert.10

Lange Zeit versuchte man auch Gashydrat als Kohlendioxidquelle in der 

Nahrungsmittelindustrie zu etablieren. EP 0 355 875 B1 offenbart z.B. eine Vorrichtung zur 

Herstellung eines essbaren Gashydrats aus CO2 und Wasser. Dabei wird Wasser und CO2 in 

einen Turm eingeleitet, bis sich ein entsprechender Dampfdruck des Wassers aufbaut. Der 15

Dampf wird anschließend in einen gekühlten Kondensationskessel geleitet, sodass sich das 

Gashydrat abscheidet.

DE 10 2009 015 199 A1 offenbart die Herstellung von Gashydraten mithilfe einer 

Sprüheinrichtung, mit welcher Wasser zerstäubt und Gastgas durch eine konzentrisch 20

angeordnete Düsenkonstruktion eingebracht wird. Wasser und Gas werden dabei in gleicher 

Richtung in ein Induktionsrohr gesprüht bzw. geblasen. Die Kühlung von Gas und Wasser 

erfolgt durch den Joule-Thomson Effekt sowie ein externes Kühlsystem. Der Reaktordruck 

wird so gewählt, dass sich die fein dispergierten Wassertropfen in ein Gashydrat umwandeln, 

welches anschließend aus dem Reaktor ausgeschleust wird.25

Des Weiteren finden Gashydrate in der Entsalzung von Meerwasser Verwendung. Sie werden 

als energieeffizientes Kältemittel in Wärmepumpen und Klimaanlagen oder als Mittel zur 

effizienten Bekämpfung von Großfeuern eingesetzt. 

30
KURZBESCHREIBUNG DER ERFINDUNG

Trotz der vielseitigen Anwendungsfelder ist es nach wie vor schwierig, Gashydrate von hoher 

Qualität (d.h. ein hoher Molanteil Gas in Relation zum Molanteil Wasser) herzustellen und 

gleichzeitig die langsame Wachstumskinetik zu beschleunigen bzw. hoch zu halten. 

35

Daher ist es Aufgabe der vorliegenden Erfindung, eine Vorrichtung zur Herstellung von 

Gashydraten sowie ein Verfahren zur Herstellung von Gashydraten bereitzustellen, mit welchen 

ein hoher Molanteil Gas zu Wasser bei hoher Herstellungsrate möglich ist.
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Gelöst wird diese Aufgabe durch ein Verfahren zur Herstellung eines Gashydrats aus einem 

Gastgas und Wasser,

wobei das Gastgas in einen Reaktor eingeleitet wird und der Gesamtdruck im Reaktor 

auf > 1 bar eingestellt wird, 

wobei flüssiges Wasser in den Reaktor eingebracht wird und die Temperatur des 5

flüssigen Wassers oberhalb der Stabilitätstemperatur für das Gashydrat gehalten wird,

wobei das flüssige Wasser in einer Verdunstungseinrichtung oberhalb der 

Stabilitätstemperatur für das Gashydrat verdunstet wird,

wobei mit Abstand zur Verdunstungseinrichtung für das flüssige Wasser eine 

Kühleinrichtung im Reaktor vorgesehen ist, welche auf eine Temperatur unterhalb der 10

Stabilitätstemperatur für das Gashydrat gebracht wird, bis sich auf dieser Gashydrat bildet.

Außerdem wird die Aufgabe gelöst durch eine Vorrichtung zur Herstellung eines Gashydrats 

mit einem Reaktor, 

wobei der Reaktor eine Zuleitung für Gastgas und eine Zuleitung für flüssiges Wasser 15

aufweist, 

wobei im Reaktor eine Verdunstungseinrichtung für das zuleitbare flüssige Wasser 

vorhanden ist,

wobei im Reaktor eine Kühleinrichtung mit einer der Kühleinrichtung zugeordneten 

Gashydratwachstumsfläche vorgesehen ist, wobei die Gashydratwachstumsfläche zur 20

Verdunstungseinrichtung für flüssiges Wasser beabstandet ist,

wobei eine Druckeinstelleinrichtung zur Regelung des Drucks im Reaktor vorgesehen 

ist,

wobei eine Regeleinrichtung zur Regelung der Verdunstungseinrichtung, der 

Kühleinrichtung und der Druckeinstellvorrichtung vorgesehen ist.25

Bevorzugt ist vorgesehen, dass die Verdunstungseinrichtung eine Verdunstungsfläche aufweist, 

wobei die Regeleinrichtung über die Verdunstungseinrichtung die Temperatur der 

Verdunstungsfläche und über die Kühleinrichtung die Temperatur auf der 

Gashydratwachstumsfläche regelt, sodass die Temperatur der Verdunstungsfläche höher als die 30

Temperatur auf der Gashydratwachstumsfläche ist.

Die erfindungsgemäße Vorrichtung und das erfindungsgemäße Verfahren vermeiden viele der 

unten näher beschriebenen bekannten Nachteile der in der Literatur bekannten Methoden und 

ermöglichen die Herstellung von hochreinem Gashydrat in einem einfach kontrollierbaren,35

wartungsarmen und gut skalierbaren Verfahren. Damit lassen sich neben Kleinstmengen für die 

Forschung auch große Mengen von Gashydrat für den industriellen Einsatz produzieren.
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Die Erfindung umfasst ein Verfahren zur kontrollierten Kristallisation von Gashydrat eines 

gashydratbildenden Gases (Methan, Kohlendioxid, Erdgas, Wasserstoff, u.a. – nachfolgend 

Gastgas) ausgehend von einem Gemisch aus Wasserdampf und Gastgas an einer gekühlten und 

temperaturgeregelten Oberfläche, der Gashydratwachstumsfläche. Dabei wird in einem 

geschlossenen oder auch offenen thermodynamischen System die Konzentration des 5

Wasserdampfes über der gekühlten Gashydratwachstumsfläche durch die Temperatur der 

Verdunstungsfläche, durch die Verdunstungsrate der Verdunstungseinrichtung, sowie durch

einen Temperaturgradienten zwischen der Verdunstungseinrichtung und der dazu 

beabstandeten Gashydratwachstumsfläche eingestellt. Der Temperaturgradient treibt 

gleichzeitig über Konvektion und Diffusion den Massentransport von Wasser von der 10

Verdunstungseinrichtung zur Gashydratwachstumsfläche. Bei gegebenen Temperaturen der 

Verdunstungseinrichtung und Gashydratwachstumsfläche lässt sich dieser über den Abstand 

der beiden Flächen zueinander festlegen. Die Konzentration des Gases wird über die 

Druckeinstelleinrichtung zur Regelung des Reaktordruckes eingestellt. Die wählbaren 

Parameter Temperatur des Wassers an der Verdunstungsfläche, Verdunstungsrate der 15

Verdunstungseinrichtung, Temperatur der Gashydratwachstumsfläche, Abstand zwischen 

Verdunstungseinrichtung und Gashydratwachstumsfläche und Gasdruck werden im Verfahren 

so eingestellt, dass auf der gekühlten Gashydratwachstumsfläche ein Wachstum von Gashydrat 

gewünschter, meist bestmöglicher, Qualität einsetzt. Bevorzugt ist dabei das Gemisch aus 

Wasserdampf und Gastgas über der gekühlten Gashydratwachstumsfläche so einzustellen, dass 20

keine Kondensation von flüssigem Wasser stattfindet. In diesem Fall ist die Konzentration des 

Wasserdampfes über der gekühlten Gashydratwachstumsfläche deutlich geringer als die 

Konzentration des Gastgases.

Das Verfahren sieht vor, dass Wasser in flüssiger Form in die Nähe des Ortes der beabsichtigten 25

Kristallisation gebracht und dort bei einer Temperatur oberhalb der Stabilitätstemperatur für 

das Gashydrat gehalten wird. Ein Temperaturgradient zwischen dem Ort der 

Gashydratkristallisation (kalt) und dem Ort des flüssigen Wassers (warm) sorgt dafür, dass 

verdunstete Wassermoleküle über Diffusion und Konvektion an den Ort der Kristallisation 

geführt werden und dort gemeinsam mit den ohnehin in großer Zahl vorhandenen 30

Gasmolekülen zu kristallisieren beginnen. Das Gas selbst steht unter Druck und kann auch als 

Gasgemisch (Gastgas mit katalytisch wirkenden Additiven oder Gastgas mit unerwünschtem 

Fremdgas) vorliegen. 

Bevorzugt ist vorgesehen, dass kontinuierlich flüssiges Wasser und Gastgas dem Reaktor 35

zugeführt werden. Die Zufuhr erfolgt idealerweise gemäß einem Fließgleichgewicht, d.h. es 

wird die gleiche Stoffmenge an Gastgas und Wasser zugeführt als durch die Gashydratbildung 

aus dem Gasraum des Reaktors abgeschieden wird.
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Um die Bildung des Gashydrats zu beschleunigen, können dem Reaktor katalytische Additive 

zugesetzt werden. Beispielsweise können solche Additive aus der Stoffklasse der cyclischen 

Ether (vorzugsweise Tetrahydrofuran) ausgewählt sein.

In einer Ausführungsvariante des Verfahrens ist vorgesehen, dass das Gastgas Methan umfasst, 5

wobei entsprechend der Stabilitätskriterien der Gesamtdruck im Reaktor auf 5 bar bis 100 bar 

eingestellt wird, wobei die Temperatur an der Verdunstungsfläche zwischen 20 °C und 100 °C 

beträgt, wobei die Temperatur an der Gashydratwachstumsfläche auf einen Wert zwischen -40 

°C und 10 °C eingestellt wird, wobei der Abstand zwischen Gashydratwachstumsfläche und 

Verdunstungsfläche zwischen 0,5 cm und 100 cm beträgt.10

In einer Ausführungsvariante des Verfahrens ist vorgesehen, dass das Gastgas 

Kohlenstoffdioxid umfasst, wobei entsprechend der Stabilitätskriterien der Gesamtdruck im 

Reaktor auf 3 bar bis 40 bar eingestellt wird, wobei die Temperatur an der Verdunstungsfläche 

zwischen 20 °C und 100 °C beträgt, wobei die Temperatur an der Gashydratwachstumsfläche 15

auf einen Wert zwischen -40 °C und 10 °C eingestellt wird, wobei der Abstand zwischen 

Gashydratwachstumsfläche und Verdunstungsfläche zwischen 0,5 cm und 100 cm beträgt.

Neben den bereits im Zuge der Beschreibung des Verfahrens erörterten Merkmale der 

Vorrichtung, darf diese nachfolgend genauer erörtert werden. Zunächst weist der Reaktor eine 20

Zuleitung für Gastgas und eine Zuleitung für flüssiges Wasser auf, damit der Reaktor mit 

Gastgas und Wasser befüllbar ist. Im Reaktor ist eine Verdunstungseinrichtung für das 

zuleitbare flüssige Wasser vorgesehen. Die Verdunstungseinrichtung stellt eine möglichst 

große Wasseroberfläche für das flüssige Wasser bereit und beschleunigt die Einstellung des 

gewünschten Wasserdampfpartialdrucks im Reaktor. Im einfachsten Fall ist der 25

Verdunstungseinrichtung eine Temperiereinrichtung für das flüssige Wasser zugeordnet, um 

die Verdampfungsrate zu beeinflussen. Der Reaktor weist weiters eine Kühleinrichtung und 

eine Gashydratwachstumsfläche auf, wobei die Kühleinrichtung der 

Gashydratwachstumsfläche zugeordnet ist. An der Gashydratwachstumsfläche erfolgt die 

Abscheidung bzw. das Wachstum des Gashydrats. Die Gashydratwachstumsfläche weist zur 30

Verdunstungseinrichtung für flüssiges Wasser einen (von null verschiedenen) Abstand auf, 

damit sich ein Temperaturgradient ausbilden kann. Der Abstand kann z.B. 0,5 bis 100 cm

betragen. Weiters kann eine Ausleitung für die Ausschleusung des Gashydrats am Reaktor 

vorgesehen sein. 

35

Weiters ist eine Druckeinstelleinrichtung zur Regelung des Drucks im Reaktor vorgesehen, um 

die korrekten Druckbedingungen im Reaktor einzustellen. Mittels einer Regeleinrichtung zur 

Regelung der Verdunstungseinrichtung, der Kühleinrichtung und der Druckeinstelleinrichtung 

werden die Temperatur des Wassers an der Verdunstungsfläche, die Verdunstungsrate und die 
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Temperatur der Gashydratwachstumsfläche geregelt. Die Temperatur des Wassers an der 

Verdunstungsfläche wird im Betriebszustand auf einen Wert oberhalb der Stabilitätstemperatur 

für das Gashydrat geregelt und ist höher als die Temperatur auf der Gashydratwachstumsfläche.

Die Regeleinrichtung regelt außerdem die Druckeinstelleinrichtung, wobei über die 5

Druckeinstelleinrichtung der Druck im Reaktor auf über 1 bar eingestellt wird. Die 

Regeleinrichtung kann weiters über die Zuleitung für Gastgas und eine Zuleitung für flüssiges 

Wasser die Menge an zugeführtem Gastgas und Wasser regeln.

Außerdem kann zwischen der Verdunstungseinrichtung für das zugeleitete flüssige Wasser und 10

der Gashydratwachstumsfläche eine Fördervorrichtung zum Abtransport von Gashydrat 

vorgesehen sein. Hierfür kann z.B. ein Förderband Verwendung finden. In einer 

Ausführungsvariante ist die Gashydratwachstumsfläche auf der Fördervorrichtung bzw. dem 

Förderband angeordnet. Eine Abstreifvorrichtung kann in weiterer Folge Gashydrat von der 

Fördervorrichtung abstreifen.15

In einer Ausführungsvariante ist weiters eine Schleusenkammer vorgesehen, welche dazu dient, 

dass Gashydrat aus dem Reaktor ausgeschleust werden kann. Hierfür kann z.B. die 

Fördervorrichtung mit der Schleusenkammer verbunden sein. Dadurch kann das gebildete 

Gashydrat in die Schleusenkammer transportiert und z.B. über die Abstreifvorrichtung in die 20

Schleusenkammer überführt werden.

Die Verdunstungseinrichtung für flüssiges Wasser kann im einfachsten Fall durch eine Wanne 

im Reaktor gebildet werden. Die Temperiereinrichtung für Wasser ist dann der Wanne 

zugeordnet (z.B. als Heizeinrichtung in der Wanne). Daher ist in diesem Fall vorgesehen, dass 25

die Verdunstungseinrichtung eine Wasserwanne, die vorzugsweise im Reaktor angeordnet ist, 

und eine Temperiereinrichtung in der Wasserwanne aufweist. 

Alternativ dazu kann die Verdunstungseinrichtung für flüssiges Wasser aus einer Wand oder 

einem Teil der Wand im Reaktor gebildet werden und die Temperiereinrichtung für Wasser 30

außerhalb des Reaktors angeordnet sein. In diesem Fall wird das flüssige Wasser außerhalb des 

eigentlichen Reaktors auf die entsprechende Temperatur gebracht und zur 

Verdunstungseinrichtung im Reaktor über die Zuleitung geführt. Beispielsweise kann die 

Verdunstungseinrichtung des Reaktors dann eine Seitenwand umfassen und über einen 

Sammelring unterhalb der Seitenwand flüssiges Wasser gesammelt und der 35

Temperiereinrichtung wieder zugeführt werden. Ein Beispiel einer solchen 

Verdunstungseinrichtung wäre ein sogenannter Fallfilmverdampfer, bei dem kontinuierlich 

Wasser von oben an den Reaktorwänden herabfließt.
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In einer Ausführungsvariante der Vorrichtung ist vorgesehen, dass die Druckeinstelleinrichtung 

im Reaktor den Druck auf 1 bar bis 100 bar, vorzugsweise 3 bar bis 100 bar, einstellt, wobei 

die Temperatur an der Verdunstungseinrichtung auf 20 °C bis 100 °C geregelt wird, wobei die 

Temperatur der Gashydratwachstumsfläche auf -40 °C bis 10 °C geregelt wird, wobei der 

Abstand zwischen Gashydratwachstumsfläche und Verdunstungseinrichtung zwischen 0,5 cm 5

und 100 cm beträgt. Im Fall, dass die Zuleitung mit Methan verbunden wird, ist bevorzugt 

vorgesehen, dass die Druckeinstelleinrichtung im Reaktor den Druck auf 5 bis 100 bar einstellt. 

Im Fall, dass die Zuleitung mit CO2 verbunden wird, ist bevorzugt vorgesehen, dass die 

Druckeinstelleinrichtung im Reaktor den Druck auf 3 bar bis 40 bar einstellt.

10

Weiters kann vorgesehen sein, dass die Vorrichtung mehrere Reaktoren aufweist. Dabei kann 

vorgesehen sein, dass die Reaktoren einen gemeinsamen Reaktordeckel und/oder eine 

gemeinsame Bodenplatte aufweisen. Gemeinsamer Reaktordeckel oder gemeinsame 

Bodenplatte bedeutet, dass diese durchgängig und einteilig ist und sich über mehrere Reaktoren 

erstreckt. Der Reaktordeckel oder die Bodenplatte können dann Zuleitungen aufweisen, sodass 15

sie die Funktion der Verteilung der Medien Gastgas und Wasser übernehmen können. Weiters 

kann der Reaktordeckel oder die Bodenplatte Leitungen oder Kanäle aufweisen, um die 

Funktion der Ausschleusung des Gashydrates übernehmen zu können.

In einem weiteren Aspekt betrifft die gegenständliche Erfindung die Verwendung der 20

Vorrichtung zur Herstellung eines Gashydrats. Beispielsweise kann die Vorrichtung Teil eines 

physikochemischen Energiespeichers sein. Die Erfindung betrifft daher einen 

physikochemischen Energiespeicher, umfassend zumindest eine erste Vorrichtung der 

vorgenannten Art und zumindest eine zweite Vorrichtung der vorgenannten Art, wobei der 

Reaktor der ersten Vorrichtung sich im Reaktor der zweiten Vorrichtung befindet. Bevorzugt 25

weisen die Reaktoren einen gemeinsamen Reaktordeckel und eine gemeinsame Bodenplatte 

auf. Der Reaktordeckel oder die Bodenplatte können dann Zuleitungen aufweisen, sodass sie 

die Funktion der Verteilung der Medien Gastgas und Wasser übernehmen können. Bevorzugt 

ist dabei vorgesehen, dass die Reaktoraußenwand des Reaktors der ersten Vorrichtung die 

Gashydratwachstumsfläche der zweiten Vorrichtung und die Reaktorinnenwand des Reaktors 30

der ersten Vorrichtung die Gashydratwachstumsfläche der ersten Vorrichtung bilden, wobei 

erste Vorrichtung und zweite Vorrichtung eine gemeinsame Kühleinrichtung aufweisen.

Der große Vorteil der Erfindung gegenüber dem Stand der Technik, welcher meist flüssiges 

Wasser in der Gashydratwachstumszone zum Einsatz bringt, ist die Möglichkeit, ebendieses 35

gänzlich auszuschließen zu können. 

Im Fall von flüssigem Wasser in der Gashydratwachstumszone werden im Stand der Technik 

positive Produktionstemperaturen (in der Celsiusskala) verwendet, da die Gashydratbildung 
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ansonsten direkt mit einer Wassereisbildung konkurriert und jeder Anteil von Eis im 

Endprodukt den Anteil von Gas pro Volumeneinheit verringert, und somit die Qualität des 

Gashydrates schmälert. Das im Beisein von flüssigem Wasser produzierte Gashydratprodukt

enthält in der Regel einen beträchtlichen Anteil von flüssigem Wasser. Dieser Wasseranteil, 

welcher sich bei einer Speicherung des Produktes bei negativen Temperaturen (in der 5

Celsiusskala) in Eis umwandelt, verringert wiederum die Qualität des Produktes. Um dem 

vorzubeugen werden so hergestellte Gashydrate nach der Produktion oft entwässert.

Mit der gegenständlichen Erfindung lässt sich Gashydrat auch bei negativen Temperaturen (in 

der Celsiusskala) herstellen. Da der Stabilitätsdruck mit sinkender Temperatur abnimmt, sind 10

die hier erforderlichen Verfahrensdrücke damit deutlich geringer. Gleichzeitig lässt sich bei 

tieferen Temperaturen ein höherer Molanteil Gas pro Molanteil Wasser sowie erhöhte 

Wachstumsraten erreichen. Durch die Vermeidung von flüssigem Wasser in der 

Gashydratwachstumszone wird zudem eine aufwendige und energieintensive Entwässerung des 

Gashydratproduktes unnötig.15

An der Grenzfläche zwischen flüssigem Wasser und Gas bildet sich beim Gashydratwachstum 

eine den Massentransport behindernde Grenzschicht aus, welche meist mit einem Rührwerk 

oder Mixer mechanisch durchbrochen wird. Dies erlaubt zwar eine Fortführung des 

Umwandlungsprozesses von Wasser und Gas zu Gashydrat, verhindert aber gleichzeitig das 20

Wachstum von großen und zusammenhängenden Gashydratklumpen. Solche

Gashydratklumpen zeichnen sich dadurch aus, dass sie auch im instabilen Bereich nur sehr 

langsam zerfallen. Damit lässt sich das Gas auch bei moderaten Druck- und 

Temperaturbedingungen über einen langen Zeitraum speichern.

25

Das gegenständliche Verfahren vermeidet eine den Massentransport behindernde Grenzschicht 

und zielt darauf ab, auch große, zusammenhängende Gashydratklumpen – bis hin zu 

Einkristallen – herzustellen.

In bekannten Gashydrat Herstellungsverfahren (z. Bsp. EP 0 355 875 B1), bei denen das 30

Gashydrat aus einem Gemisch aus Wasserdampf und Gastgas gebildet wird, wird das Gemisch 

außerhalb des Reaktors erzeugt. Der Reaktor selbst ist gleichzeitig als Sammelbehälter 

ausgeführt. Das Gemisch aus Wasserdampf und Gastgas wird über Rohrleitungen an die 

gekühlte Reaktorwand geströmt, worauf sich dort das Gashydrat bildet.

35

In der gegenständlichen Erfindung wird die externe Erzeugung des Gemisches aus 

Wasserdampf und Gastgas bewusst vermieden. Bei der Zuführung eines solchen Gemisches 

über Rohrleitungen besteht die Gefahr einer Verstopfung der Rohrleitung durch unkontrollierte 

Gashydratbildung. Dieses Problem ist in der erdöl- und gasfördernden Industrie seit langem 

224 appendix publications



9

bekannt. Zudem ist, bedingt durch die schwer kontrollierbare Strömung des Gemisches aus 

Wasserdampf und Gastgas im Reaktor selbst, ein gleichmäßiges Wachstum des Gashydrates an 

den Wänden des Reaktors unwahrscheinlich. Eine Anhäufung von Gashydrat in einem 

ungünstigen Bereich des Reaktors kann zu einer unvollständigen Füllung des Reaktors (bzw. 

Sammelbehälters) und im schlimmsten Fall zu einer Verstopfung desselben führen. Eine 5

genaue Regelung der Konzentrationen von Wasserdampf und Gas, sowie der Temperatur an 

der Reaktorwand ist, ebenfalls bedingt durch das strömende Gemisch aus Wasserdampf und 

Gastgas, sehr schwierig. Die gegenständliche Erfindung umgeht diese Probleme. Die Parameter 

Wasserdampfkonzentration, Gaskonzentration, Druck und Gashydratwachstumstemperatur 

sind am Ort des Gashydratwachstums unabhängig und sehr genau einstellbar. Der Ort des 10

Gashydratwachstums ist genau definiert. Das gesamte Verfahren lässt sich sehr leicht regeln, 

und eine Verstopfung von Rohrleitungen ist ausgeschlossen.

DETAILLIERTE BESCHREIBUNG DER ERFINDUNG

Weitere Vorteile und Details der Erfindung werden nachfolgend anhand von Beispielen und 15

Figuren erläutert.

Es zeigt:

Fig. 1 eine Prinzipskizze des Herstellungsverfahrens in einem Reaktor (rechts) und den 

Temperaturgradienten im Reaktor (links). 

Fig. 2 eine Prinzipskizze zur kontinuierlichen Herstellung von Gashydrat. 20

Fig. 3 eine Ausführungsvariante einer Vorrichtung. 

Fig. 4 eine weitere Ausführungsvariante einer Vorrichtung.

Fig. 5 eine weitere Ausführungsvariante einer Vorrichtung.

Fig. 6 eine Anwendung einer Ausführungsvariante einer Vorrichtung.

25

Fig. 1 veranschaulicht auf der rechten Seite sowohl die Verfahrensbedingungen als auch eine 

erste einfache Ausführungsvariante für die Vorrichtung. Diese umfasst einen Reaktor 1, 

bestehend aus einer Bodenplatte in Form einer Reaktorwanne 31 und einem Reaktordeckel 32. 

Am Boden der Reaktorwanne 31 befindet sich eine Verdunstungseinrichtung 2, welche eine 

Wasserwanne 3 aufweist, die im Betrieb mit einer Heizschlange oder einem Wärmeübertrager 30

als Temperiereinrichtung 4 geheizt wird und in der die Wasseroberfläche 7 für die Verdunstung 

gebildet wird, wenn die Wasserwanne 3 mit Wasser gefüllt ist. Über die 

Verdunstungseinrichtung 2 wird das Wasser an der Wasseroberfläche 7 verdunstet, wobei über 

die Heizschlange 4 die Temperatur des Wassers eingestellt werden kann. Im Reaktordeckel 32 

befindet sich eine Kühleinrichtung 5, welche im Betrieb durch einen Kühlkreislauf 6 gekühlt 35

wird. Die Oberfläche der Kühleinrichtung 5 bildet die Gashydratwachstumsfläche 10. Der 

gesamte Reaktorraum wird über eine Zuleitung 11 mit Gastgas versorgt und unter Druck 

gesetzt. Die Temperatur der Gashydratwachstumsfläche 10 wird auf einen Wert unterhalb der

Stabilitätstemperatur für das zu formende Gashydrat 9 eingestellt. Gleichzeitig wird die 
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Temperatur an der Wasseroberfläche 7 auf einen Wert oberhalb der Stabilitätstemperatur 

geregelt. Dadurch herrschen an der Gashydratwachstumsfläche 10 stabile Bedingungen für das 

Gashydrat 9. An der Wasseroberfläche 7 ist hingegen kein Gashydratwachstum möglich. Die 

Wasseroberfläche 7 ist im Betrieb deutlich wärmer als die Gashydratwachstumsfläche 10. Dies 

ist zusätzlich im links abgebildeten Temperaturprofil dargestellt. An der Wasseroberfläche 75

verdunstende Wassermoleküle 8 bewegen sich somit durch Konvektion und Diffusion im Mittel 

nach oben in Richtung Kühleinrichtung 5. Dort kristallisieren sie zusammen mit den 

Gastgasmolekülen entweder als Gashydrat 9 auf bereits vorhandenem Gashydrat 9 oder auf der 

Gashydratwachstumsfläche 10 der Kühleinrichtung 5. Dies führt insgesamt zu einem 

kontinuierlichen Wassertransport von der Wasserwanne 3 hin zur Kühleinrichtung 5 und somit 10

zu einem kontinuierlichen Gashydratwachstum. Der Wasserverlust in der Wasserwanne 3 wird 

über einen Zuleitung 12 für Wasser kompensiert. Die Verdunstung des Wassers kann auch über 

andere Wege erreicht bzw. durch andere Mittel unterstützt werden (z.B. Ultraschall, Agitation).

Nachfolgend werden konkrete Ausführungsvarianten der Erfindung beispielhaft beschrieben.15

Der Druck im Reaktor 1 wird auf einen Wert oberhalb des Stabilitätsdruckes des verwendeten 

gashydratformenden Gastgases bei der beabsichtigten Temperatur auf der 

Gashydratwachstumsfläche 10 eingestellt. Ist beispielsweise die beabsichtigte Temperatur der 

Gashydratwachstumsfläche - 10°C, so wäre ein Druck von 40 bar bei Methan bzw. 15 bar bei 20

Kohlendioxid ausreichend. Ein höherer Druck ist möglich, so lange eine Verflüssigung bzw. 

Verfestigung des Gastgases ausgeschlossen werden kann.

Die Temperatur der Gashydratwachstumsfläche 10 wird im Regelfall auf unter 0°C eingestellt. 

Bei ausreichend hohem Druck sind aber auch Temperaturen über 0°C möglich. Obwohl die 25

Verwendung von tiefen Temperaturen die Vorteile erhöhter Wachstumskinetik und gesteigerter 

Gashydratqualität mit sich bringt, sind sehr tiefe Temperaturen aufgrund des erhöhten

Energieaufwandes zur Kühlung der Gashydratwachstumsfläche 10 nicht zielführend. Typische 

Temperaturen der Gashydratwachstumsfläche 10 sind deswegen bevorzugt zwischen - 40°C 

und - 5°C angesiedelt.30

Die Temperatur des flüssigen Wassers an der Verdunstungsfläche und die Verdunstungsrate 

der Verdunstungseinrichtung 2 werden so eingestellt, dass sich über der 

Gashydratwachstumsfläche 10 ein geeignetes Mischverhältnis von Gastgas zu Wasser ergibt. 

Das maximal sinnvolle Molverhältnis bei einem kubischen Strukturtyp sI Gashydrat 9 (Methan,35

Kohlendioxid, u.a.) ist 1 mol Gastgas auf 5.75 mol Wasser. Dieses entspricht dem 

stöchiometrischen Verhältnis eines völlig besetzten sI Gashydrates. Bei Gashydraten 9 vom 

Strukturtyp sII ist das stöchiometrische Verhältnis 1 mol Gastgas auf 5.67 mol Wasser. 

Typischerweise wird man das Verfahren bei einem deutlich geringeren Wasseranteil betreiben, 
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um die Kondensation von Wasser an der Wand des Reaktors 1 gering zu halten. Ist ein 

vorrichtungsabhängiges optimales Molverhältnis bestimmt, lässt sich die Temperatur der

Wasseroberfläche 7 an der Verdunstungseinrichtung 2 über Dampfdrucktabellen einstellen. Es 

bleibt zu beachten, dass die Temperatur der Wasseroberfläche 7 über der Stabilitätstemperatur 

des zu bildenden Gashydrates 9 liegt, um ein Gashydratwachstum auf der Verdunstungsfläche 5

7 zu verhindern. Bevorzugte Temperaturen der Verdunstungsfläche liegen zwischen 10°C und 

250°C. Durch einen ausreichend hohen Druck im Reaktor 1 wird das Wasser auch bei 250°C 

nicht sieden.

Der Temperaturgradient ist stetig, hat in etwa konstanten Betrag, und ist von der kälteren 10

Gashydratwachstumsfläche 10 zur wärmeren Wasseroberfläche 7 gerichtet. Er wird bestimmt 

durch die Temperaturen an der Wasseroberfläche 7 und der Gashydratwachstumsfläche 10 

sowie durch den Abstand zwischen den beiden Flächen. Sinnvolle Gradienten bewegen sich 

zwischen 0,1 K/cm und 100 K/cm. Wählt man eine Temperatur von - 20°C für die 

Gashydratwachstumsfläche 10 und eine Temperatur von 100°C für die Wasseroberfläche 7 15

ergibt sich bei einem Temperaturgradienten von 10 K/cm ein Abstand von 12 cm zwischen den 

beiden Flächen 7, 10 (typisch für Fig. 3). Bei einer Temperatur der 

Gashydratwachstumsfläche 10 von - 20°C und einer Temperatur der Wasseroberfläche 7 von 

30°C ergibt sich bei einem Temperaturgradienten von 50 K/cm ein Abstand von 1 cm zwischen 

den Flächen 7, 10 (typisch für Fig. 5).20

Fig. 2 zeigt eine Vorrichtung zur kontinuierlichen Produktion und zum Abtransport von 

Gashydrat. Die Bedingungen sowie die Prozessbeschreibung sind analog zur Beschreibung von 

Fig. 1. Der Reaktor 1 wird in diesem Fall jedoch um eine gekühlte Schleusenkammer 14 

erweitert. Vor der Kühleinrichtung 5 kommt außerdem ein Förderband 20 zum Einsatz. Das 25

Gashydrat 9 kristallisiert auf der Gashydratwachstumsfläche 10 des gekühlten Förderbandes 20 

und wird kontinuierlich von der Wachstumszone wegbewegt. Eine mechanische 

Abstreifvorrichtung 13 löst das Gashydrat 9 vom Förderband 20. Das gelöste Gashydrat 9 fällt 

aufgrund seines Eigengewichtes auf den Eingang 34 der gekühlten Schleusenkammer 14. Beim 

Entladevorgang wird die Schleusenkammer 14 zunächst mit (vorgekühltem) Gastgas unter 30

Druck gesetzt. Nachdem in der Schleusenkammer 14 der Druck des Reaktors 1 erreicht wurde, 

wird der Schleuseneingang 34 geöffnet und das Gashydrat 9 fällt in die Schleusenkammer 14. 

Anschließend wird der Schleuseneingang 34 wieder geschlossen und es kann sich erneut 

Gashydrat 9 sammeln. Am Schleusenausgang 35 lasst sich so ein intermittierender Strom 36 

von Gashydrat 9 erzeugen.35

Fig. 3 zeigt eine erfindungsgemäße Vorrichtung mit kreiszylinderförmigem Aufbau des 

Reaktors 1. Es gelten wiederum die Prozessbedingungen wie zu Fig. 1 und 2 beschrieben. Im 

Zentrum eines kreiszylinderförmigen Reaktors 1 befindet sich ein gekühlter Stab/Kern als 
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Kühleinrichtung 5, an dessen Oberfläche die Gashydratwachstumsfläche 10 gebildet wird. Die 

Verdunstungseinrichtung 2 heizt den oberen Teil der Zylinderwand des Reaktors 1 im Betrieb 

über eine Heizschlange 4. Über eine Zuleitung 12 wird kontinuierlich vortemperiertes Wasser 

entlang der warmen Zylinderwand des Reaktors 1 geführt, wo sich die Wasseroberfläche 7 

bildet, und dort verdampft. Nicht verdampftes Wasser wird im unteren Bereich des Reaktors 1 5

über eine Rinne 44 wieder gesammelt und in einem Wasserkreislauf zurückgeführt. Der 

Reaktor 1 wird über einen Zuleitung 11 mit Gastgas versorgt und unter Druck gesetzt. Die 

Kühleinrichtung 5 wird über einen Kühlkreislauf 6 gekühlt. Das verdampfte Wasser 8 wird über 

Diffusion und Konvektion zur zylinderförmigen Kühleinrichtung 5 transportiert und 

kristallisiert an der Gashydratwachstumsfläche 10 als Gashydrat 9. Nachdem die beabsichtigte 10

Gashydratschichtdicke erreicht wurde, lässt sich das Gashydrat 9 mechanisch über eine

Abstreifvorrichtung 13 in Form eines Schabers von der Gashydratwachstumsfläche 10 lösen. 

Alternativ führt auch ein kurzzeitiges Erwärmen der Gashydratwachstumsfläche 10 zum 

Ablösen des Gashydrates 9 von der Kühleinrichtung 5. Dies kann durch eine vorübergehende

Verwendung des Kühlkreislaufes 6 als Heizung erreicht werden. Im unteren Bereich des 15

Reaktors 1 befindet sich eine gekühlte Schleusenkammer 14, welche analog zur Beschreibung 

zu Fig. 2 betrieben wird. Das gelöste Gashydrat 9 fällt bedingt durch sein Eigengewicht auf den 

Schleuseneingang 34 und kann von dort weg über den Schleusenausgang 35 ausgeleitet werden.

Fig. 4 zeigt eine Ausführungsvariante der Vorrichtung aus Fig. 3, bei welcher die 20

Verdunstungsfläche und die Gashydratwachstumsfläche vertauscht wurden. In der hier 

dargestellten Ausführung wird die Reaktorwand gekühlt und bildet die 

Gashydratwachstumsfläche 10 während der Stab/Kern im Zentrum des Reaktors 1 die 

Verdunstungseinrichtung 2 bildet. Jede der beiden Varianten ist gleichermaßen möglich. Eine 

Bevorzugung einer der beiden Varianten ergibt sich aus den gewählten Betriebsbedingungen. 25

Hierbei spielt vor allem das Verhältnis der Kristallisations- zur Verdunstungsfläche eine 

wesentliche Rolle.

Fig. 5 zeigt einen physikochemischen Energiespeicher. Der physikochemische Energiespeicher 

umfasst zumindest zwei erfindungsgemäße Vorrichtungen wie zuvor beschrieben, wobei der 30

Reaktor 1 der ersten Vorrichtung sich im Reaktor 1 der zweiten Vorrichtung befindet. Da der 

physikochemische Energiespeicher wiederaufladbar ist kann dieser als Gashydratakkumulator

verwendet bzw. bezeichnet werden. Hierfür wird Energie in Form von Gastgas im Gashydrat 9 

gespeichert und bei Bedarf zu bzw. abgeführt (ebenfalls in Form von Gaszu- bzw. -abfuhr). Der 

physikochemische Energiespeicher besteht aus mehreren kreiszylindrisch angeordneten 35

Reaktoren 1, einem gemeinsamen Reaktordeckel 32 und einer gemeinsamen Bodenplatte 31. 

Die Funktion von Reaktordeckel 32 und Bodenplatte 31 besteht im Wesentlichen darin, die 

Medien Wasser und Gastgas in geeigneter Form zu verteilen bzw. wieder zu sammeln. In den 

Reaktoren 1 wechseln sich nacheinander geheizte und gekühlte Reaktorwände ab. Dabei wird 
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Wasser jeweils an der geheizten Reaktorwand, welche die Wasseroberfläche 7 bildet,

verdampft und an den gegenüberliegenden gekühlten Reaktorwänden, welche die 

Gashydratwachstumsfläche 10 bilden, zusammen mit dem Gastgas als Gashydrat 9 

abgeschieden. Die Plätze der warmen und kalten Reaktorwände können in den 

unterschiedlichen Phasen des Betriebes (Laden, Speichern, Entladen) vertauscht werden. Dies 5

ist im Allgemeinen aber nicht zwingend nötig.

Beim Ladevorgang (i.e. die Umwandlung von Wasser und Gastgas in Gashydrat) strömen über 

die Zuleitung 11 für Gastgas und über die Zuleitung 12 für flüssiges Wasser Gastgas und 

flüssiges Wasser in den Reaktor 1. Nach dem Einstellen der Gashydratwachstumsbedingungen 10

wandert Wasserdampf 8 von der wärmeren Reaktorwand zu den kälteren Reaktorwänden und 

wächst dort als Gashydrat 9 an. Während der Speicherung des Gastgases werden alle 

Reaktorwände auf eine Temperatur gekühlt, bei der das Gashydrat 9 stabil ist bzw. nur sehr 

langsam zerfällt. Moderate Temperaturen knapp unterhalb des Gefrierpunktes von Wasser (z.B. 

-15°C) sind ökonomisch sinnvoll. Da während der Speicherung jeder Zerfall des Gashydrates 9 15

mit einer Erhöhung des Druckes im druckdichten Reaktor 1 einhergeht, stellt sich nach einiger 

Zeit ein Druck ein, bei dem das Gashydrat 9 wieder stabil ist. Bei einer hohen Speicherdichte 

ist damit der erwartbare Schwund auch bei moderaten Temperaturen vernachlässigbar. Beim 

Entladevorgang werden alle Reaktorwände kontrolliert erwärmt, bis das Gashydrat 9 komplett 

zerfallen und das gesamte gespeicherte Gastgas über den Ausgang 39 abgeführt wurde. Der 20

Speicher kann nun erneut gefüllt werden. Natürlich lässt sich ein ähnlicher Akkumulator auch 

in einer rechteckigen Form mit geraden planaren Kühl- bzw. Heizplatten ausführen. Die 

Heizung und Kühlung der Reaktorwände kann auf verschiedene Arten erfolgen. Eine 

Möglichkeit besteht in der Durchführung von Heiz- bzw. Kühlschlangen, aber auch 

thermoelektrische Kühlelemente (Peltierelemente) sind denkbar. Die Verdampfung des 25

Wassers kann nach dem Prinzip eines Fallfilmverdampfers erfolgen bei dem kontinuierlich 

Wasser von oben an den Reaktorwänden herabfließt. Auch eine Ausführung ohne 

kontinuierlichem Wasseraustausch ist möglich: Geeignete Beschichtungen der Reaktorwände

(z.B. superhydrophile Oberflächen, Graphitfilz) erlauben, relativ große Mengen an Wasser auf 

der Oberfläche festzuhalten. Das Wasser wandert dann während etlicher Ladezyklen zwischen 30

den einzelnen Reaktorwänden hin und her, während es etliche Male zu Gashydrat umgewandelt 

wurde. Lediglich der Schwund in Form von Wasserdampf, welcher mit dem Gas durch den 

Ausgang 39 den physikochemischen Energiespeicher verlässt, muss ersetzt werden.

Figur 6 zeigt die Vereinigung mehrerer Gashydratreaktoren zu Bündeln. In einigen 35

Anwendungsbereichen (insbesondere bei solchen, die hohe Drücke erfordern) kann es 

vorteilhaft sein, Reaktoren 1, wie sie in den Fig. 3, 4 und 5 beschrieben wurden, zu Bündeln 

zusammenzufassen. Die Bündel werden dabei über einen Reaktordeckel 32 und eine

Bodenplatte 31 zu einer Einheit verbunden. Die Funktion der Reaktordeckel 32 und 
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Bodenplatte 31 beschränkt sich im Wesentlichen auf die Verteilung der Medien Wasser und 

Gastgas. Das Medium Wasser kann beispielsweise an einer Stelle über die Zuleitung 12 

zugeführt werden und in einem Kreislauf geführt werden. Gas kann beispielsweise an einer 

Stelle über die Zuleitung 11 zugeführt bzw. an Stelle 39 abgegriffen werden. Die Bodenplatte 

31 kann zudem so ausgeführt sein, dass ein Ausschleusen des Gashydrates 9 über einen 5

gemeinsamen Ausgang 36 möglich ist.
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ANSPRÜCHE

1. Verfahren zur Herstellung eines Gashydrats (9) aus einem Gastgas und Wasser,

wobei das Gastgas in einen Reaktor (1) eingeleitet wird und der Gesamtdruck im 

Reaktor (1) auf > 1 bar eingestellt wird, 

wobei flüssiges Wasser in den Reaktor (1) eingebracht wird und die Temperatur des 5

flüssigen Wassers oberhalb der Stabilitätstemperatur für das Gashydrat (9) gehalten wird, 

wobei das flüssige Wasser in einer Verdunstungseinrichtung oberhalb der Stabilitätstemperatur 

für das Gashydrat verdunstet wird,

wobei mit Abstand zur Verdunstungseinrichtung (7) für das flüssige Wasser eine 

Kühleinrichtung (5) im Reaktor (1) vorgesehen ist, welche auf eine Temperatur unterhalb der 10

Stabilitätstemperatur für das Gashydrat (9) gebracht wird, bis sich auf dieser Gashydrat (9) 

bildet.

2. Verfahren nach Anspruch 1, dadurch gekennzeichnet, dass kontinuierlich flüssiges 

Wasser und Gastgas zugeführt werden.15

3. Verfahren nach Anspruch 1 oder Anspruch 2, dadurch gekennzeichnet, dass dem 

Reaktor (1) katalytische Additive zugesetzt werden.

4. Vorrichtung zur Herstellung eines Gashydrats (9) mit einem Reaktor (1), 20

wobei der Reaktor (1) eine Zuleitung (11) für Gastgas und eine Zuleitung (12) für 

flüssiges Wasser aufweist, 

wobei im Reaktor (1) eine Verdunstungseinrichtung (2) für das zuleitbare flüssige 

Wasser vorhanden ist,

wobei im Reaktor (1) eine Kühleinrichtung (5) mit einer der Kühleinrichtung (5)25

zugeordneten Gashydratwachstumsfläche (10) vorgesehen ist, wobei die 

Gashydratwachstumsfläche (10) zur Verdunstungseinrichtung (2) für flüssiges Wasser 

beabstandet ist, 

wobei eine Druckeinstelleinrichtung zur Regelung des Drucks im Reaktor (1) 

vorgesehen ist,30

wobei eine Regeleinrichtung zur Regelung der Verdunstungseinrichtung (2), der 

Kühleinrichtung (5) und der Druckeinstellvorrichtung vorgesehen ist.

5. Vorrichtung nach Anspruch 4, dadurch gekennzeichnet, dass die 

Verdunstungseinrichtung (2) eine Verdunstungsfläche aufweist, wobei die Regeleinrichtung 35

über die Verdunstungseinrichtung (2) die Temperatur der Verdunstungsfläche und über die 

Kühleinrichtung (5) die Temperatur auf der Gashydratwachstumsfläche regelt, sodass die 

Temperatur der Verdunstungsfläche höher als die Temperatur auf der 

Gashydratwachstumsfläche (10) ist.
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6. Vorrichtung nach Anspruch 4 oder Anspruch 5, dadurch gekennzeichnet, dass die 

Regeleinrichtung, den Druck im Reaktor (1) auf über 1 bar und die Verdunstungseinrichtung 

(2) auf eine Temperatur oberhalb der Stabilitätstemperatur für das Gashydrat (9) und die 

Kühleinrichtung (5) auf eine Temperatur unterhalb der Stabilitätstemperatur für das Gashydrat5

(9) regelt.

7. Vorrichtung nach einem der Ansprüche 4 bis 6, dadurch gekennzeichnet, dass zwischen 

der Verdunstungseinrichtung (2) und der Kühleinrichtung (5) eine Fördervorrichtung (20) zum 

Abtransport von Gashydrat (9) vorgesehen ist.10

8. Vorrichtung nach einem der Ansprüche 4 bis 7, dadurch gekennzeichnet, dass die 

Verdunstungseinrichtung (2) zusätzlich eine Agitationseinrichtung aufweist. 

9. Vorrichtung nach einem der Ansprüche 4 bis 8 dadurch gekennzeichnet, dass die 15

Verdunstungseinrichtung (2) von einer Wand im Reaktor (1) und einer

Temperiereinrichtung (4), gebildet wird, wobei die Temperiereinrichtung (4) vorzugweise 

außerhalb des Reaktors (1) angeordnet ist.

10. Vorrichtung nach einem der Ansprüche 4 bis 9, dadurch gekennzeichnet, dass eine 20

Schleusenkammer (14) vorgesehen ist, welche mit dem Reaktor (1), gegebenenfalls über eine

Fördervorrichtung (20), verbunden ist.

11. Vorrichtung nach einem der Ansprüche 4 bis 10, dadurch gekennzeichnet, dass eine 

Abstreifvorrichtung (13) an der Fördervorrichtung (20) vorgesehen ist, welche das 25

Gashydrat (9) von der Fördervorrichtung (20) löst.

12. Vorrichtung nach einem der Ansprüche 4 bis 11, dadurch gekennzeichnet, dass mehrere 

Reaktoren (1) vorgesehen sind. 

30

13. Vorrichtung nach Anspruch 12, dadurch gekennzeichnet, dass die Reaktoren (1) einen 

gemeinsamen Reaktordeckel (32) und/oder eine gemeinsame Bodenplatte (31) aufweisen. 

14. Physikochemischer Energiespeicher, umfassend zumindest eine erste Vorrichtung nach 

einem der Ansprüche 4 bis 13 und zumindest eine zweite Vorrichtung nach einem der 35

Ansprüche 4 bis 13, wobei der Reaktor (1) der ersten Vorrichtung sich im Reaktor (1) der 

zweiten Vorrichtung befindet.
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15. Physikochemischer Energiespeicher nach Anspruch 14, dadurch gekennzeichnet, dass 

die Reaktoraußenwand des Reaktors (1) der ersten Vorrichtung die 

Gashydratwachstumsfläche (10) der zweiten Vorrichtung und die Reaktorinnenwand des 

Reaktors (1) der ersten Vorrichtung die Gashydratwachstumsfläche (10) ersten Vorrichtung 

bilden, wobei erste Vorrichtung und zweite Vorrichtung eine gemeinsame Kühleinrichtung (5)5

aufweisen.
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ZUSAMMENFASSUNG

Verfahren zur Herstellung eines Gashydrats (9) aus einem Gastgas und Wasser, wobei das 

Gastgas in einen Reaktor (1) eingeleitet wird und der Gesamtdruck im Reaktor (1) auf > 1 bar 

eingestellt wird, wobei flüssiges Wasser in den Reaktor (1) eingebracht wird und die 

Temperatur des flüssigen Wassers oberhalb der Stabilitätstemperatur für das Gashydrat (9) 5

gehalten wird, wobei das flüssige Wasser in einer Verdunstungseinrichtung oberhalb der 

Stabilitätstemperatur für das Gashydrat verdunstet wird, wobei mit Abstand zur 

Verdunstungseinrichtung (7) für das flüssige Wasser eine Kühleinrichtung (5) im Reaktor (1) 

vorgesehen ist, welche auf eine Temperatur unterhalb der Stabilitätstemperatur für das 

Gashydrat (9) gebracht wird, bis sich auf dieser Gashydrat (9) bildet.10

Fig. 1
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Fig. 2
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Fig. 3
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Fig. 4
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Fig. 5
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The magneto-static behaviour of soft magnetic composites (SMCs) is investigated using tomogra-

phy based direct numerical simulation. The microgeometry crucially affects the magnetic proper-

ties of the composite since a geometry dependent demagnetizing field is established inside the

composite, which lowers the magnetic permeability. We determine the magnetic field information

inside the SMC using direct numerical simulation of the magnetic field based on high resolution

micro-computed tomography data of the SMC’s microstructure as well as artificially generated

data made of statistically homogeneous systems of identical fully penetrable spheres and prolate

spheroids. Quasi-static electromagnetic behaviour and linear material response are assumed. The

3D magnetostatic Maxwell equations are solved using Whitney finite elements. Simulations show

that clustering and percolation behaviour determine the demagnetizing factor of SMCs rather than

the particle shape. The demagnetizing factor correlates with the slope of a 2-point probability func-

tion at its origin, which is related to the specific surface area of the SMC. Comparison with experi-

mental results indicates that the relatively low permeability of SMCs cannot be explained by

demagnetizing effects alone and suggests that the permeability of SMC particles has to be orders of

magnitude smaller than the bulk permeability of the particle material.VC 2015 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4917490]

I. INTRODUCTION

Soft magnetic composites (SMCs) are materials made of

ferromagnetic particles mixed with an electrically insulating

binder. Although there are some attempts at using molding

techniques,1 the production process usually involves high

pressure compaction. This is often followed by curing or by

heat treatment if the binder is heat resistant.2,3 The powder-

like nature of SMCs results in isotropic ferromagnetic behav-

iour, which promises more freedom in the design of electrical

devices compared to the anisotropic character of laminated

steel. Additionally, the insulating substrate material prevents

the formation of macroscopic current paths and thus eddy

current losses are small even at high frequencies.4,5 Despite a

generally low permeability and high total core losses at low

frequencies, SMCs are attractive materials for a broad range

of applications in a wide frequency spectrum because of cost

benefits in the production process. These applications include

electric motors, actuators, and sensors as well as induction

heaters, inductors, and even microwave devices.6–10 A thor-

ough understanding of SMCs’ electric and magnetic proper-

ties is crucial for manufacturers as well as engineers. The

effect of mixing ratios and constituent particle properties on

the magnetic response of the composite is one of the open

questions and has been recently discussed by Anhalt and

Weidenfeller11–13 and others.14–16 Another question of inter-

est is the effect of strain and tension, usually involved in the

production process, on the electromagnetic properties and

was addressed by Hemmati et al.17 and Taghvaei et al.18 for
dense SMCs and Brosseau et al.19,20 for filled polymers.

Several models for heterogeneous magnetic materials

that relate particle permeability, particle shape, and filler

fraction to effective magnetic properties have been devel-

oped.21–27 Due to the mathematical analogy of electric per-

mittivity and magnetic permeability in static systems,28 these

models are closely related to the well known models for

electrically heterogeneous materials. These results29–32 also

lead to a better understanding of magnetic phenomena and

vice versa. Ferromagnetic particles repel magnetic fields and

form shape dependent demagnetizing fields, reducing the

particle’s permeability. Thus, in most models, the influence

of particle shape on magnetic properties is accounted for by

demagnetizing factors. This is the magnetic analogy to a

depolarizing field reducing the electric field inside a particle,

which is also often described by the depolarization factor.

For regular geometrical objects, such as ellipsoids, prisms,

or rods, these factors are well known from theoretical or nu-

merical analysis.33–37 In most models of composites, ellip-

soids are used to represent any particle shape since they form

homogeneous demagnetizing fields. This results in analytical

expressions mapping particle permeability, demagnetizing

a)Author to whom correspondence should be addressed. Electronic mail:

joerg.petrasch@fhv.at. Tel.: þ43 5572 792 3801.
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factor, and filler fraction to the corresponding quantities of

the composite.

Although most models do not directly consider mag-

netic field perturbation in the neighbourhood of particles

caused by their demagnetizing field, a significant fraction of

particles is influenced by their neighbours’ demagnetizing

fields (even in low density SMCs).38–41 Hence, the micro-

structure complicates modelling and greatly affects

properties like magnetic susceptibility and ferromagnetic

resonance frequency.

The objective of the current work is to determine the

influence of the irregular microstructure of an SMC on the

demagnetizing field represented by the demagnetizing factor.

We use X-ray micro-computed tomography (lCT)42 to

determine the material’s three-dimensional structure. A GE
nanotom-m43 high resolution lCT system capable of voxel

sizes of 1 lm3 and less is used. Subsequently, a 3D unstruc-

tured tetrahedral grid is generated using the measured geom-

etry and a tetrahedral mesh generator based on space

indicator functions developed by Friess et al.44 Extensive nu-
merical simulations of the magnetostatic behavior are carried

out using Whitney elements45 as implemented in the open

source finite element method (FEM) software ELMER.46

The numerical simulation provides detailed 3D electromag-

netic field information within and outside the SMC, which is

solely based on geometry data and magnetic permeabilities

of individual phases. Hence, the demagnetizing factor can be

investigated independent of non-geometric phenomena, and

experimental uncertainties. The combination of lCT and nu-

merical simulation is referred to as tomography based nu-

merical simulation (TBNS). It has been applied to radiative

transfer,47 conductive heat transfer,48 and fluid flow49 in a

range of different materials. To the best of our knowledge,

this is the first time that TBNS is applied to magnetic phe-

nomena. We used two sample sets, which were experimen-

tally investigated by Anhalt et al.50 For reference, a few

numerical studies on randomly generated data are done and

compared with the results of the sample sets and the already

published numerical work of Mattei and Le Floc’h.25

II. THEORY

A. Vector component volume average

Consider an SMC occupying the region V which can be

decomposed into the two disjoint regions Vm and Vd such

that V ¼ Vm [ Vd and Vm \ Vd ¼ ;. The subscripts m and d
refer to the magnetic and dielectric (nonmagnetic) material

phase, respectively. The volume average of the kth vector

component of the vector field v : V 7!R3 on the region Vm

is defined by

vkð Þm :¼
Ð
Vm
vkdV

jVmj
: (1)

According to the used standard basis fex; ey; ezg subscript k
can either be x, y, or z and will be reserved for that purpose

further on. jVmj denotes the volume of the region Vm. This

definition will help to describe the demagnetizing factor in a

concise fashion.

B. Demagnetizing factor

In a complete magnetic circuit and under the assumption

of linear material response, the magnetic flux density B is

related to an exciting magnetic field H0 via the relative per-

meability lr

B ¼ l0ðH0 þMÞ ¼ l0lrH0: (2)

Thus, for linearly responding material the magnetization M
of the ferromagnetic material is related to the magnetic field

strength H, which is magnetizing the material, by the linear

law

M ¼ vH ¼ ðlr � 1Þ�H; (3)

where v denotes the magnetic susceptibility. In non-

complete magnetic circuits, the demagnetizing field HD

reduces the magnetic field inside the ferromagnetic material

and Eq. (2) becomes

B ¼ l0ðH0 þMþHDÞ: (4)

Due to the microgeometry of SMCs non-complete circuits

have to be considered, even for toroidal cores.

Let us now consider an SMC of regular shape, e.g., an

ellipsoid or a cylinder, completely immersed in a uniform

magnetic field H0 applied along one of the principle direc-

tions ek. The orientation in space of the SMC is assumed to

be well defined and fixed. Using the notation introduced in

Subsection II A, the total magnetometric demagnetizing fac-
tor Ntot

k along direction ek is defined
34 by

ðHD;k Þm ¼ �Ntot
k � ðMkÞm: (5)

Note that in the case of bulk ellipsoids Ntot
k is consistent with

the well known demagnetizing factors for ellipsoids but it

also covers non-uniform demagnetizing fields, e.g., in cylin-

ders. The term magnetometric is deduced from magnetome-

ter measurements and will be dropped hereafter. By taking

the vector component volume average Eq. (4) transforms to

ðBk Þm ¼ l0½ðH0;kÞm þ ð1� Ntot
k Þ� ðMkÞm�: (6)

In analogy to Eq. (2), an intrinsic permeability lk;m of the

magnetic phase of the SMC is defined by

ðBk Þm ¼ l0lk;mðH0;k Þm: (7)

This can be understood as the magnetic permeability cor-

rected by the intrinsic demagnetization. Since in non-

complete circuits the magnetic field acting on the material is

H ¼ H0 þHD volume averaging and Eq. (3) leads to the self

consistent law

ðMkÞm ¼ ðlr � 1Þ� ½ðH0;k Þm � Ntot
k � ðMkÞm�: (8)

Combining Eqs. (6), (7), and (8) the total demagnetizing fac-

tor Ntot
k (abbreviated with total DMF) of the magnetic mate-

rial phase becomes
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Ntot
k ¼

lr=lk;m
� �� 1

lr � 1
; (9)

where lr is the relative permeability of the magnetic bulk

also measured in complete magnetic circuits.51 The only

total DMF of interest in the course of this work will be Ntot
z .

Therefore, the notation will be simplified by the definition

Ntot :¼ Ntot
z . As mentioned above, not only ring shaped

SMCs but also samples with finite sizes and regular outer

shapes are considered. In order to distinguish the demagnet-

izing effects caused by the composites’ outer shape from the

demagnetizing effects caused by the inner structure, it is use-

ful to decompose the total DMF into the inner DMF Ninn and

the geometric DMF Ngeo such that

Ntot ¼ Ninn þ Ngeo: (10)

The geometric DMF depends on the external shape of the

SMC alone, while the inner DMF incorporates the SMCs

microstructure. Hence, in bulk material Ninn vanishes

almost completely50,52 and Ntot is governed by the external

shape of the specimen. On the other hand, Ngeo vanishes in

toroids, infinitely long cylinders or prisms when their axis

is aligned along the exciting field direction.21 In all other

cases, a geometric demagnetization factor due to free mag-

netic poles at the surface of the composite, and addition-

ally an inner demagnetization factor due to free poles on

particles and/or agglomerates within the composites

appears.21,25,40 As a result, the permeability of the material

is reduced to an apparent permeability by the demagnetiz-

ing fields. Following Eq. (7) an apparent permeability

lk;app of the inscribed SMC sample including the non-

magnetic material phase can be defined by averaging over

the SMC’s entire volume instead. The apparent permeabil-

ity lk;app is also the one measured in experiments. The

only apparent permeability of interest will be lz;app and

thus the simplification lapp :¼ lz;app is made.

C. Directional 2-point probability function

A first approach to the analysis of the microstructure of

SMCs is motivated by the theory of random heterogeneous

materials (RHMs).28 For sufficiently large samples, i.e., con-

siderably larger than the correlation length of the quantity in

question, the methods of the RHM theory can be applied to

investigate single SMCs.28

Using the denomination given in Subsection II A, the in-

dicator function IðxÞ for the magnetic material phase is

IðxÞ ¼ 1 for x 2 Vm and

0 in any other case:

�
(11)

The probability of finding two points x1 and x2 2 V sepa-

rated by x1 � x2 ¼ r v in Vm is the directional 2-point proba-
bility function

Ŝ2 r vð Þ :¼
Ð
V I xð Þ� I xþ r vð Þ dx

jVj ; (12)

where r is a radial distance along the direction given by the

unit vector v. Hence, the probability of finding two points x1
and x2 2 V with distance jjx1 � x2jj ¼ r in Vm is

S2 rð Þ :¼
Ð
@B Ŝ2 r vð Þdv

4pr2
; (13)

which is called the 2-point probability function. The set

@B ¼ fv 2 R3 : jjvjj ¼ 1g denotes the boundary of the unit

ball, and 4pr2 is the surface area of the sphere with radius r.
Note that usually periodic boundary conditions are applied

when xþ r v leaves the region V of the soft magnetic com-

posite sample.

In the case of isotropic random materials, the specific
surface area of a two-phase material can be derived from the

slope of S2ðrÞ at its origin.28 Analogously we define a direc-
tional specific surface area

ŝv :¼
d

d r
Ŝ2 r vð Þjr¼0: (14)

This can be interpreted as a projection of the specific surface

area on a plane orthogonal to direction v (cf. Fig. 1). Note

that Ŝ2ðr vÞ as well as S2ðrÞ do not provide information about

percolating clusters.28

Given a 3D voxel dataset representing the discretized

space of a heterogeneous material, Ŝ2ðr vÞ is obtained by

Monte Carlo integration.28

III. MATERIALS AND METHOD

A. Sample material

An irregularly shaped iron powder (Fe, ASC100.29,

H€ogan€as AB, Sweden, lr ¼ 103) mixed with polypropylene

and a needle shaped nano-crystalline powder (Finemet,

Arcelor S.A., Luxembourg, lr ¼ 105) mixed with wax are

investigated for several filler fractions. Identical materials

were used in an experimental study by Anhalt et al.50 Note
that the Finemet samples with filler fraction x¼ 0.2 and

x¼ 0.6 were not available and could not be investigated in

this study. The sample dimensions are approximately

3� 3� 15mm3.

B. Microtomography

lCT images of the samples are obtained using the GE
nanotom-m43 high resolution tomography setup at the

FIG. 1. Sketches of the directional specific surface area ŝv for sphere and

spheroid packings for constant filler fraction x along directions i; j, and k.
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Vorarlberg University of Applied Sciences. Image stacks

representing slices of the three-dimensional structure—as

shown in Fig. 2—are reconstructed in the lCT process.

In Tables I and II, the scan parameters employed are

shown. All scans are done with full sample rotation along a

fixed axis.

C. Segmentation

The CT scans generally are of good quality with low

noise and a high contrast between the grey scale values of

the two material phases (cf. Fig. 2). Beam hardening effects

were corrected by a proprietary GE algorithm. Particle diam-

eters are significantly larger than the voxel sizes used. Since

the reconstructed images are homogeneous throughout, as is

the whole image stack, a local segmentation approach53,54 is

unnecessary. Therefore, a simple binary threshold filter is

used to segment the reconstructed images into magnetic and

dielectric phases. The global threshold value is chosen by

equalizing the filler fraction x of the digital data with the

known filler fraction of the original sample. Representative

spherical and cylindrical subsets of the data are selected for

further processing which is necessary because of computa-

tional limitations. This selection involves two steps: (1) a

manual preselection is done such that there are no inhomoge-

neities in particle distribution visible to the human eye. (2)

2-point probability functions are computed to obtain the cor-

relation length

lcorr ¼ minfr > 0 j 8r0 � r : jS2ðr0Þ� x2j � x=50g (15)

of the magnetic particles. A cubic volume V � ð3 lcorrÞ3 is

then accepted as representative. Note that due to statistical

fluctuations in the particle distribution, the filler fractions of

the subsets can slightly differ from those of the full dataset.

D. Mesh generation

The data subsets together with a cylindrical shell are

then inscribed into a cuboid. Mesh generation is subse-

quently carried out.44 Three different types A, B, and C of

meshes are created to investigate spherical, cylindrical, and

infinitely long SMC shapes (cf. Figs. 3 and 4). The dimen-

sions of the volumes investigated are determined such that

the SMC subset used for simulation is statistically relevant

while the numerical error remains small, i.e., the tetrahedra

are sufficiently small. The combination of these requirements

results in a mesh with regions of severely different mesh

density, e.g., tetrahedra inside the SMC subset are refined

seven times, whereas tetrahedra at the boundary @Axy are

untouched. To account for the difference in mean particle di-

ameter of Fe and Finemet samples, the mesh types are scaled

to two sizes I and II. The required mix of mesh types and

sizes produces overall four configurations whose dimensions

are given in Table III. This computational setup is necessary

to simulate SMCs of finite size and a regular outer shape,

which is impossible with a unit-cell based periodic structure.

E. Computer generated SMCs

As reference, artificial SMCs are computer generated.

They are created by packing identical fully penetrable

spheres28 or prolate spheroids (ellipsoids with semi axes

FIG. 2. Tomography slices of Fe (left) and Finemet (right) samples both for

a filler fraction of x¼ 0.3. Particles are bright, matrix is dark.

TABLE I. CT parameters for Fe samples for filler fractions x.

x 0.1 0.2 0.3 0.4

Tube voltage (kV) 150 150 160 160

Magnification (-) 25 70 58 44

No. of images (-) 1000 1700 1700 1700

Exposure time per image (ms) 2000 1250 2000 2000

No. averaged images (-) 4 4 3 3

Voxel edge length (lm) 3.99 1.41 1.71 2.26

x 0.5 0.6 0.7 0.8

Tube voltage (kV) 160 160 160 160

Magnification (-) 50 54 50 50

No. of images (-) 1700 1700 1700 1700

Exposure time per image (ms) 2000 1500 1500 1500

No. averaged images (-) 3 4 4 4

Voxel edge length (lm) 2.0 1.86 2.0 2.0

TABLE II. CT parameters for Finemet samples for filler fractions x.

x 0.1 0.3 0.4 0.5

Tube voltage (kV) 120 90 90 90

Magnification (-) 57 53 84 84

No. of images (-) 2000 1900 1800 1800

Exposure time per image (ms) 1500 2000 2000 2000

No. averaged images (-) 4 4 4 4

Voxel edge length (lm) 1.75 1.87 1.19 1.99

FIG. 3. Scheme of the simulation configurations. The grey regions represent

the SMC whereas the white cuboid models a surrounding of air in which a

homogeneous field is created by a continuous solenoid.
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c > b ¼ a) into prescribed SMC shapes using random center

points. This packing is also known as the “Swiss-cheese”

model and creates spatially uncorrelated spheres/spheroids,

which may overlap.55 In case of the spheroids, two configu-

rations are considered: (1) the major axis of each single sphe-

roid is oriented along the exciting field axis (z-axis) and (2)

the major axis of single spheroids is randomly oriented along

either x, y, or z-axis. Filler Fractions x, in the range

½0:01; 0:95�, are investigated. Equation (16) gives a useful

estimate for the total number nS of identical overlapping

spheres or spheroids of volume VS for a given filler fraction x
packed in a region with volume VSMC (Refs. 28 and 56):

nS xð Þ ¼ �ln 1� xð Þ� VSMC

VS
: (16)

Preliminary simulations showed that the DMFs of randomly

packed SMCs with an identical number of spheres or sphe-

roids and filler fractions x � 0:35 significantly deviated.

Contrary, above that filler fraction the deviation from the

mean value remains below 5%. To account for this deviation,

each data point for filler fractions x � 0:35 is computed as

the mean of six different mesh realizations with the same

number of packed particles. For x> 0.35, the data points

originate from one single realization. The deviation limiting

value x¼ 0.35 is in remarkable good agreement with the the-

oretical value xP ¼ 1=3 for the percolation threshold pre-

dicted by a Bruggemann-Landauer’s type effective medium

theory (EMT).57 Recent results by Torquato and co-workers

reported a percolation threshold in three dimensional space

of xP ¼ 0:3418.58,59 This threshold is the same for overlap-

ping spheres and oriented spheroids.60 The observed maxi-

mum deviation for x � 0:35 is DN̂tot ¼ 0:033. It shall be

noted that the deviation is largest for small filler fractions

and decreases with an increase of the filler fraction. A possi-

ble explanation for this is the relatively small number of par-

ticles used for small filler fractions. The number of particles

for larger filler fractions is significantly higher which leads

to better statistics. Additionally, the influence of the micro-

structure on the DMF may be suppressed by the effects of

clustering which increases with increasing filler fraction.

Packed spheroids with oriented major axis result in less devi-

ation than spheres or spheroids with unoriented major axis.

F. Simulation model

A homogeneous magnetic field, created by the current

density js ¼ j0 ð�y; x; 0ÞT inside the solenoid, is applied in

axial direction of the air cylinder containing the SMC subset.

The magnetic flux density B is determined by solving the 3D

magnetostatic Maxwell equations for a linear constitutive

law

curlH ¼ j;

B ¼ l0lH;

divB ¼ 0; (17)

inside the computational domain A (cf. Fig. 3). The boundary

conditions are

n�H ¼ 0 on @Axy;

n � B ¼ 0 on @Az; (18)

where n denotes the outer-pointing normal vector. The rela-

tive permeability l is a function of position which equals

one in the case of air or nonmagnetic binder or which is lr > 1

in case of magnetic material. The open source multiphysics

FEM software ELMER46 is used to compute the flux density

B using Whitney elements and a vector potential formulation

of Eq. (17). Once the magnetic flux density is known the

DMF is computed as described in Sec. II B.

G. Simulation

Simulations with single spheres are carried out to esti-

mate the relative error of the numerical method used. DMFs

N̂geo (equal to N̂tot in this setting) of bulk spheres with diam-

eters dS 2 f33; 67; 100; 133; 267glm are computed in type

AI simulations on meshes with minimal edge lengths of

dmin 2 f4:2; 5:0; 6:7; 8:3; 10:0; 13:3; 16:7glm and then com-

pared to the exact factor N¼ 1/3. Note that the circumflex in

N̂ will be used hereafter to point out that the value stems

from the simulation results. In Fig. 5, the relative error

jðN̂geo � NÞ=Nj is shown with respect to the inverse of the

minimal edge length dmin. The reference lines of slope �2

suggest quadratic convergence of the FEM. This means the

relative error is bounded by Cd2min for dmin sufficiently small

and some constant C independent of dmin. Simulations based

on cylinders with a length to diameter ratio of 2 : 1 also

show quadratic convergence and comparable relative errors.

Meshes with a minimal edge length of 5 lm in size I configu-

rations and 2:5 lm in size II configurations, indicated by a

dashed vertical line in Fig. 5, are used throughout the rest of

this paper. These lead to relative errors of approximately 5%

FIG. 4. Example mesh of a type CI simulation configuration based on the

microgeometry of an Fe SMC with x¼ 0.4.

TABLE III. Mesh dimensions of the four mesh configurations.

ls dS BA LA DC dC
ðlmÞ ðlmÞ ðlmÞ ðlmÞ ðlmÞ ðlmÞ

Type AI … 1000 5000 13333 2167 2000

Type BI 1400 350 5000 13333 2167 2000

Type CI … 350 1400 13333 2167 2000

Type CII … 350 700 6667 1083 1000
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for small objects and to significantly lower relative errors for

all larger objects. Small objects can have dimensions down

to only seven times the shortest edge.

The typical mesh size is about 107 elements, which

requires approximately 128 GB of memory: the Whitney ele-

ments method is known for its high memory consumption.

Mesh generation takes about three hours per mesh, while the

total solver run-time on 32 cores does not exceed one hour.

Simulation results are visualized with SALOME.61 Post

processing is done using vtk-libraries.62

H. Overall processes

For reasons of clarification we distinguish between the

AGBNS (artificial geometry based numerical simulation)

and the TBNS (tomography based numerical simulation)

process. The AGBNS process solely uses computer gener-

ated geometries and follows the workflow generation of
sphere/spheroid packings–mesh generation–numerical simu-
lation. Real SMCs are studied using the TBNS process

described by the workflow lCT scan–segmentation–mesh
generation–numerical simulation. Figure 6 shows the result

of the TBNS process–detailed magnetic field information

inside an SMC whose geometry was captured by lCT.

IV. RESULTS

A. Randomly packed spheres and spheroids

In Figs. 7(a)–7(c), the DMFs of artificial SMCs resulting

from a comprehensive series of AGBNS processes are

shown.

Figure 7(a) shows the results of type AI simulation

series. N̂tot
S is the DMF of randomly packed spherical

FIG. 5. Relative errors of simulated geometric DMFs of single full spheres

with diameters dS 2 f33; 67; 100; 133; 267glm. They are obtained from type

AI simulations on meshes with varying minimal edge lengths

dmin 2 f4:2; 5:0; 6:7; 8:3; 10:0; 13:3; 16:7glm. Reference lines of slope �2

are added to illustrate the quadratic convergence rate of the FEM.

FIG. 6. Cross sectional visualization of the magnetic flux density in an

SMC. The field is the result of a simulation of a type CI configuration based

on lCT scans of an Fe sample with a filler fraction of x¼ 0.3.

FIG. 7. DMFs of randomly packed spheres (N̂tot
S ) and oriented and unor-

iented prolate spheroids (N̂tot
S;2:1; N̂

tot
S;3:1; N̂

tot
S;2:1;r , and N̂tot

S;3:1;r) obtained from

simulations of types AI, BI, and CI configurations for various filler fractions

x. The subscripts 2 : 1 and 3 : 1 refer to the ratio of major to minor axis,

while subscript r in N̂tot
S;2:1;r and N̂tot

S;3:1;r indicates the random direction of the

major axis which is either oriented along the x, y, or z-axis. In the case of

oriented spheroids, the major axis is aligned in direction of the solenoid

axis. The major axis length for aspect ratio 2 : 1 is lP ¼ 80lm and lP ¼
100lm for an aspect ratio of 3 : 1. Spheres’ diameters are dP¼ 50 lm. The

assumed relative permeability of the magnetic material is lr ¼ 1000.
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particles with particle diameter dP ¼ 50 lm. The points

N̂tot
S;2:1; N̂

tot
S;2:1;r, and N̂tot

S;3:1 are the DMFs of packed prolate

spheroids. If the filler fractions are low and approaching a

value x ! 0, the theoretically calculated values for spheres

(NS ¼ 1=3) can be observed for the simulations of single

spheres (cf. bullets in Fig. 7(a)). This observation is also

made analogously for oriented single spheroids with aspect

ratios of 2 : 1 (cf. diamonds in Fig. 7(a)) and 3 : 1 (cf. stars

in Fig. 7(a)) which reproduce theoretical values of NS;2:1 ¼
0:1736 and NS;3:1 ¼ 0:1087, respectively.21,35 Randomly

packed spheroids tend to a DMF of N̂tot
S;2:1;r ¼ 0:28 for a filler

fraction approaching x ! 0. This value corresponds to a

spheroid with an aspect ratio of 5 : 4.21 However, this differ-
ence in the values of spheres and unoriented spheroids for

x ! 0 can be ascribed to the low number of particles. A

higher number of randomly packed spheroids would finally

lead to a quasi-spherical particle with a DMF of NS ¼ 1=3.
This would simultaneously require a much larger volume to

retain the low filler fraction. Hence, it can be assumed, that

the calculated values also represent “real” SMCs with ran-

domly oriented spheroids at low filler fractions, because an

agglomeration of the spheroids to one big “quasi-spheroid”

is unlikely. With increasing filler fraction the DMFs of the

investigated particle configurations equalize more and more.

For x¼ 0.4, the calculated DMFs are nearly independent on

the particle’s shape and orientation. The DMFs of the SMC

asymptotically approach the straight line N̂totðxÞ ¼ x=3 and

almost coincide with that line for x � 0:5. Extrapolation to

x¼ 1 yields the DMF N̂totð1Þ ¼ 1=3 of the fully packed

SMC, which is the DMF of a sphere–the shape of the SMC

in the simulated configuration.

The results of a type BI simulation series are shown in

Fig. 7(b). The only difference to the configuration in

Fig. 7(a) is the SMC’s shape which has changed from a

sphere to a cylinder with length to diameter ratio lS=dS ¼ 2

(cf. Fig. 3). The configurations of the packed fully penetrable

spheres and spheroids are as described above. The DMFs of

the sphere and spheroid packings exhibit the same behaviour

as in Fig. 7(a). However, the DMFs asymptotically approach

the straight line N̂totðxÞ ¼ 0:141� x. They are very close to

this line for x � 0:5. Thus, for the fully packed SMC one

finds N̂totð1Þ ¼ 0:141, which is the DMF of a cylinder with

l=d ¼ 2 and magnetic susceptibility v¼ 1000.21,34 This is

consistent with the configuration simulated.

Figure 7(c) shows the results of a type CI simulation se-

ries modeling infinitely long cylindrical SMCs. In an infin-

itely long cylinder, the DMF for bulk material vanishes. This

implies that in all type C configurations the DMF is solely

determined by the microstructure. Therefore, in type C con-

figurations N̂tot ¼ N̂inn and the term inner DMF can be used

equivalently. An additional simulation series is done to com-

pute the inner DMFs of artificial SMCs filled with unoriented

overlapping spheroids whose center points and orientations

are uniformly distributed as already described above. They

have an aspect ratio of 3 : 1 and a major axis length of lP ¼
100 lm and are denoted by N̂tot

S;3:1;r (triangles in Fig. 7(c)). In

all SMC packings used, the DMFs are almost zero for

x> 0.4. This is again in good agreement with the configura-

tion simulated. For filler fractions x< 0.4, the DMFs are

slightly smaller than those resulting from type AI and type

BI simulations. The values extrapolated to x ! 0 underesti-

mate the expected results by approximately 0.02. This can be

explained by the fact that all particles in type CI simulations,

which are cut by the SMC boundary, become thinner, which

corresponds to a higher ratio of major to minor axis. The

unoriented spheroid packings (subscript r) with aspect ratio

2 : 1 (cf. squares in Fig. 7(c)) show a larger DMF than those

with aspect ratio 3 : 1 (cf. triangles in Fig. 7(c)) for x< 0.4.

Also the slope of the DMFs of unoriented spheroid packings

with aspect ratio 2 : 1 at the origin is slightly larger than

those of spheroid packings with aspect ratio 3 : 1. The differ-
ences of the DMFs of unoriented spheroids and spheres for

x ! 0 are already discussed above. However, the difference

of slope of the calculated values for x � 0:4 is assumed to be

the result of different affinities to clustering.

Recalling the decomposition of the DMF described in

Eq. (10) two essential observations become apparent in this

subsection: (1) In the limit x ! 0 particles do not interact.

The macroscopic shape of the SMC has no influence on the

DMF which is completely governed by the shape of the par-

ticles used. In this limit, N̂geo ¼ 0 and N̂inn is the statistical

mean of the geometric DMFs of the particles used.

(2) Regardless of the used particle shape the DMFs asymp-

totically approach a straight line N̂totðxÞ ¼ Ngeo � x where

Ngeo is the geometric DMF of the SMCs external shape. For

a particle permeability of lr ¼ 1000, the DMFs are very

close to that line for x � 0:4. Mattei and Le Floc’h25 explain

the decrease of the DMF (cf. Fig. 7(c)) with the formation of

clusters of increasing size until the cluster size diverges at

the percolation threshold. In contrast to their results no per-

colation “jump” can be found in Fig. 7. In the current work,

the DMF is defined with respect to the magnetic material

phase only, while Mattei and Le Floc’h define the DMF with

respect to the whole sample. Since the DMF is completely

governed by the external shape of the SMC once x � 0:4 we

consider x¼ 0.4 as the percolation threshold. This is in good

agreement with the results of Mattei and Le Floc’h25 and

slightly larger than the geometrical percolation threshold

xP ¼ 0:3418. The surprisingly simple linear lower bound,

N̂totðxÞ ¼ Ngeo � x, cannot be rigorously explained at this

time.

Figure 8 compares the inner DMFs of two simulation se-

ries, which are done in a type CI configuration for two differ-

ent values of the particle permeability lr. It can be seen that

the DMF decreases faster for a given particle shape when the

particle permeability is higher, which is in accordance to the

results of Mattei and Le Floc’h.25 Especially, it can be

observed that the DMFs vanish for filler fractions larger than

approximately 0.4 when a particle permeability of lr ¼ 1000

is assumed, while for a particle permeability of lr ¼ 20

DMFs remain larger than zero until a filler fraction of x � 1

is reached.

The results shown are based on the numerical solution

of Maxwell’s equations and can be understood qualitatively:

A significant interaction of magnetic particles was reported

to start at a filler fraction of x¼ 0.2 independently by

Weidenfeller,63 and Mattei and Le Floc’h.25 For filler frac-

tions exceeding x¼ 0.2, the mutual influence of particles
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increases with increasing permeability of the magnetic mate-

rial. Furthermore, for non-ellipsoidal single particles the

DMF itself depends on the magnetic permeability and is no

longer a factor of shape alone. For instance, the DMF of cyl-

inders with an axis aligned in the field direction decreases

with increasing permeability in the whole range of axis to di-

ameter ratios c, and is more pronounced for large c.34

In geometries created by distributions of hard or penetra-

ble spheres or spheroids rigorous upper and lower bounds

were reported to be a valuable tool to determine the effective

permittivity30 or the effective conductivity55,60 of the hetero-

structure. Although, due to the aforementionend mathematical

analogy, these bounds should also be applicable to the mag-

netic permeability no such bounds are known for the DMF.

B. Fe sample series

The DMF of Fe samples is simulated in type CI configu-

rations following a TBNS process. Since, as already men-

tioned above, in this configuration N̂geo ¼ 0 the DMF

depends on the SMC’s microstructure only and N̂tot ¼ N̂
inn
.

In order to emphasize that equivalence the latter term N̂inn

will be used hereafter. Samples with nominal filler fraction

x 2 f0:1; 0:2;…; 0:8g are inscribed into the configuration in

three different orientations such that one of the three axes

e1; e2; e3 of the sample’s local coordinate system is aligned

to the z-axis (cf. Fig. 3). Subscript d 2 f1; 2; 3g in N̂inn
d

denotes one of these orientations. The results of simulations

using the relative magnetic permeability lr ¼ 1000 of the

bulk are shown in Fig. 9. Since the orientation used in the

simulations cannot be related to the orientation used in the

experiments the DMFs are sorted such that the largest DMF

corresponds to direction e1, while the smallest DMF relates

to direction e3. This ordering will be used throughout this pa-

per. Note that the actual filler fractions of the SMC cutouts

differ from the nominal ones because of the inhomogeneity

of the magnetic loading in the samples used. For every mesh,

the minimal edge length dmin corresponds to 5 lm in physical

space and the SMC subset simulated has dimensions

; 0:7mm� 1:4mm. With a mean particle diameter dFe ¼
88 lm of the iron-powder the relative numerical error is esti-

mated to be less than 5% (cf. Fig. 5).

Two issues stand out: (1) The inner DMFs obtained

from the simulations strongly deviate from experimental

results and (2) the DMFs show a strong anisotropy at

x 2 f0:1; 0:2g. The directional 2-point probability functions

equally exhibit the observed anisotropy (cf. Fig. 10).

For constant filler fractions larger gradients of Ŝ2 at

r¼ 0 correspond to smaller DMFs. This is also illustrated in

Fig. 11 which relates the inner DMFs to the directional spe-

cific surface area ŝv corresponding to the slope of Ŝ2 at the

origin. The data points for different orientations and constant

filler fractions x¼ 0.1 and x¼ 0.2 lie approximately on

straight lines, whose slopes decrease with increasing filler

fractions. For larger filler fractions, this relation cannot be

observed and is probably concealed by long range percola-

tion. No simple relation between N̂inn and ŝv for varying

filler fractions can be found, which is expected since the 2-

point probability function contains no information about per-

colating clusters.

Utilizing the previously generated meshes the Fe sam-

ples are further studied with particle permeabilities

lr 2 f10; 20; 50; 100g. To account for anisotropy mean val-

ues hN̂inni ¼ ðN̂inn
1 þ N̂inn

2 þ N̂inn
3 Þ=3 of the inner DMFs are

computed. Figure 12 shows that the experimentally deter-

mined DMFs are approached for lower permeabilities. The

dependence of the DMF from particle’s permeability,

FIG. 8. Comparison of inner DMFs of randomly packed spheres (N̂tot
S ) and

oriented prolate spheroids (N̂tot
S;2:1) with a major to minor aspect ratio of 2 : 1.

The DMFs are computed for two different values of magnetic permeability

lr and various filler fractions x. Results are obtained from simulations of

type CI configurations.

FIG. 9. Inner DMF N̂inn of Fe sample series for eight filler fractions and

three orthogonal orientations indicated by subindices 1, 2, and 3 obtained

from type CI configurations based on tomography data. Magnetic permeabil-

ity of particles is set to lr ¼ 1000. For comparison the experimentally deter-

mined corresponding inner DMFs Ninn
exp : are shown.50 The fit function

x 7! expð�3 xÞ=3 to the experimental data (dashed line) was determined by

Anhalt et al.50

FIG. 10. Directional 2-point probability functions Ŝ
ð10Þ
2 and Ŝ

ð20Þ
2 for Fe sam-

ples and filler fractions x¼ 0.1 and x¼ 0.2, respectively. They are computed

along three orthogonal sample orientations ej in steps of 1 lm. The super-

scripts (10) and (20) relate to the considered filler fractions in percent.
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already described in Subsection IVA (Fig. 8), can once again

clearly be seen in Fig. 12. This behavior was previously

described by Mattei.25 Note that the standard deviation of

the DMFs (error bars in Fig. 12) increases with decreasing

particle permeability lr which indicates that the microstruc-

tural influence also depends on the particle permeability.

Additionally, apparent permeabilities lapp;j are deter-

mined from this simulation series for each filler fraction and

sample orientation ej. In Fig. 13, the mean value hlappi
¼ ðlapp;1 þ lapp;2 þ lapp;3Þ=3 of the apparent permeability is

compared to the experimentally measured permeability. The

exciting magnetic field strength used is jH0j ¼ 10 000A=m.

In the work of Anhalt and Weidenfeller,11 the experimen-

tally measured permeabilities were compared with mathemati-

cal models by Rayleigh, Bruggeman, McLachlan, and others.

Only Bruggeman’s model described the measured values in

the range of 0 � x � 0:6 without making use of fit parameters.

Magnetic permeabilities for x> 0.6 could only be described by

models which were fitted to the experimental data.

For filler fractions x � 0:5, the simulated apparent per-

meabilities assuming a particle permeability lr ¼ 50 are in

good agreement with experimental results while they are sig-

nificantly lower for x> 0.5. For a filler fraction of x¼ 0.6,

the experimental results coincide with a simulated particle

permeability of lr � 100, and for a filler fraction of x¼ 0.8

experimental and simulated data are in agreement, when a

permeability of lr ¼ 1000 is assumed.

Such an extraordinary increase in the permeability was

already described by Mattei64 for filler fractions exceeding

x¼ 0.6. Mattei explained this behavior by the agglomeration

of particles to several clusters like grains in a bulk material

with grain boundaries between these clusters. The generation

of such grain like structures leads to cooperative phenomena

in domain wall distribution and movement. Because the

model used does not include such phenomena a deviation

between calculated and experimental values appears.

Mattei’s hypothesis may be tested by introducing a particle

permeability which depends on the particle size or its neigh-

borhood. Once the magnetic permeability is determined as a

function of location the numerical simulation is carried out

with the same solver as used in this work. A good model for

the particle permeability as a function of particle size is cru-

cial for this procedure. Note that the results from simulations

using a particle permeability of lr ¼ 1000 are farthest away

from the experimental results for both, the DMFs and the

effective permeabilities, while they are in rather good agree-

ment for smaller particle permeabilities. This corresponds to

an experimental study with FeSi composites by Anhalt

et al.50 in which a particle permeability of lr � 4 was meas-

ured although the corresponding bulk permeability is

lr � 500.

As mentioned before it is assumed that rigorous lower

and upper bounds constructed of functionals of n-point prob-

ability functions S2ðrnÞ describe the magnetic permeability

below and above the percolation threshold.55,60 The evalua-

tion of these bounds for 3D real geometries is extremely

costly since the computation of the functionals involves inte-

grals of SnðrnÞ over the entire domain. Instead, the well

known but less accurate lower and upper bounds according

to the self-consistent model of Hashin and Shtrikman65 are

plotted for an assumed particle permeability of lr ¼ 1000

and lr ¼ 50 in Fig. 13. In the case of lr ¼ 1000, both the

FIG. 11. Inner DMFs N̂inn
j of Fe samples related to the directional specific sur-

face area ŝv along three orthogonal sample orientations ej. The DMFs are

obtained from type CI configurations with a particle permeability of

lr ¼ 1000.

FIG. 12. Mean inner DMFs hN̂inni of the DMFs of the Fe sample series for

three orthogonal directions computed for particle permeabilities

lr 2 f10; 20; 50; 100; 1000g. Error bars represent the standard deviation of

the DMFs of different orientations. The experimentally determined DMFs

Ninn
exp : are shown for reference and taken from Ref. 50. The fit function

x 7! expð�3 xÞ=3 to the experimental data (dashed line) is taken from

Anhalt et al.50

FIG. 13. Mean apparent permeability hlappi of Fe sample series computed

with particle permeabilities lr 2 f10; 20; 50; 100; 1000g for eight filler frac-

tions. The experimentally determined apparent permeabilities l exp :app of

the samples are shown for reference purposes and taken from the work of

Anhalt.11 The Hashin and Shtrikman lower and upper bounds are plotted for

particle permeability lr ¼ 1000 (thin solid line) and lr ¼ 50 (thin dashed

line) using a polymer permeability of lpoly ¼ 1. The mean of the intrinsic

permeability defined in Eq. (7) is plotted for a particle permeability lr ¼ 100

(dotted line) and extracted from the mean DMF hN̂inni using Eq. (9). It natu-

rally provides an upper bound for the corresponding apparent permeability.
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experimental and the simulated data are bounded; whereas

for decreasing lr the lower bound is trespassed more and

more while the upper bound stays in good order. For lr ¼ 10

almost all simulated datapoints are below the lower bound of

Hashin and Shtrikman (not illustrated). Note that in the con-

figurations considered a natural upper bound to the apparent

permeability is given by the intrinsic permeability defined in

Eq. (7). Once the DMF is known the intrinsic permeability is

determined by Eq. (9).

C. Finemet sample series

Analogously to Subsection IVB, the inner DMFs N̂inn of

the Finemet sample series consisting of four samples with

nominal filler fractions x 2 f0:1; 0:3; 0:4; 0:5g are computed

for three orthogonal sample orientations following a TBNS

process. Since the mean diameter dFinemet ¼ 35 lm of the

Finemet-powder used is less than half the diameter of the

iron powder dmin is set to correspond to 2:5lm to keep the

estimated numerical error less than 5%. The SMC subset

used has a diameter of 0:35mm and a length of 0:7mm.

Simulations using the bulk permeability lr ¼ 105 of

Finemet lead to linear systems which were not solvable with

the iterative solvers available. This might be caused by the

extreme jump of the relative permeability at magnetic-

nonmagnetic interfaces. In first approximation, the particle

permeability is reduced to smaller values. The results of the

simulation study computed with particle permeability lr ¼
1000 are shown in Fig. 14. The observations regarding the

inner DMFs are analogous to that in Subsection IVB.

As before directional 2-point probability functions are

computed for the Finemet samples. They are depicted in Fig.

15. The observations from Subsection IVB recur: the DMFs

obtained from simulations for constant filler fractions are

largest for steepest and smallest for flattest Ŝ2 curves at

r¼ 0. Again, no simple relation of DMFs and ŝv for different
filler fractions can be found, see Fig. 16. The previously gen-

erated meshes are additionally used for a set of simulations

with smaller particle permeabilities lr 2 f10; 20; 50; 100g.
The mean value hN̂inni of the three DMFs of orthogonal

directions are computed for each filler fraction, see Fig. 17.

Good agreement between experiment and simulation is

observed for a relative permeability lr ¼ 50, which is signif-

icantly smaller than the bulk permeability lr ¼ 105 of

Finemet.

It is remarkable, that—despite of the differences in per-

meability values of Fe and Finemet—the experimental and

calculated results for filler fractions x � 0:5 are in good

agreement for an assumed particle permeability of lr ¼ 50.

Nevertheless, this finding corresponds to previous permeabil-

ity measurements of various SMCs, which all show nearly

the same permeability for filler fractions x � 0:5 despite of

the magnetic material used.63

FIG. 14. Inner DMFs N̂inn of Finemet sample series for four filler fractions

and three orthogonal sample orientations indicated by subindices 1, 2, and 3

obtained from type CII configurations based on tomography data. Particle

permeability is set to lr ¼ 1000. The experimentally determined corre-

sponding DMFs50 Ninn
exp : are depicted for reference. The fit function

x 7! 0:19 expð�3:3 xÞ þ 0:005 to the experimental data (dashed line) was

determined by Anhalt et al.50

FIG. 15. Directional 2-point probability functions Ŝ
ð10Þ
2 and Ŝ

ð30Þ
2 for Finemet

samples and filler fractions x¼ 0.1 and x¼ 0.3, respectively. They are com-

puted along three orthogonal sample orientations ej in steps of 1 lm. The

superscripts (10) and (30) relate to the considered filler fractions in percent.

FIG. 16. Inner DMFs N̂inn
j of Finemet samples related to the directional spe-

cific surface area ŝv along three orthogonal sample orientations ej. The
DMFs are obtained from type CII configurations with an assumed particle

permeability of lr ¼ 1000.

FIG. 17. Mean inner DMFs hN̂inni of the DMFs of Finemet sample series for

three orthogonal directions. They are computed for four filler fractions and

for particle permeabilities lr 2 f10; 20; 50; 100; 1000g. Error bars represent
the standard deviation of the DMFs of different orientations. Experimentally

determined DMFs Ninn
exp : (Ref. 50) of the identical samples are shown for ref-

erence. The fit function x 7! 0:19 expð�3:3 xÞ þ 0:005 to the experimental

data (dashed line) was determined by Anhalt et al.50
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V. DISCUSSION

In this work, the influence of the microstructure of soft

magnetic composites (SMCs) on the demagnetizing factor

(DMF) was studied using tomography based numerical simu-

lation (TBNS). TBNS provides very detailed magnetic field

information. Simulations show that microgeometry strongly

affects the DMFs. This can be observed in the significant

variance of the DMFs for small filler fractions. The variance

is larger for small particle permeabilities lr and smaller for

large particle permeabilities. It vanishes above a percolation

limit which itself depends on the particle permeability. For

lr ¼ 1000, the percolation limit occurs at a filler fraction

xP � 0:35. The percolation limit for lr < 1000 can be found

at larger filler fractions. Above the percolation limit, the

microgeometry of the SMC no longer affects the DMF of the

SMC. Generally agglomeration and clustering seem to gov-

ern the DMF of SMCs in the complete range x 2 ½0; 1�. With

increasing filler fraction particles come close enough to

interact. Following the pole avoidance principle they com-

bine to larger magnetic particles resulting in a lower DMF.

At the same time, the formation of such clusters reduces the

influence of the microgeometry. Eventually, the percolation

threshold is reached, above which the SMCs’ DMF is gov-

erned by its macroscopic shape alone and approaches the lin-

ear law N̂totðxÞ ¼ Ngeo � x.
The DMF and the derivative of a 2-point probability

function at its origin are linearly related for different orienta-

tions and for fixed small filler fractions. However, there does

not seem to be any simple relation accounting for different

filler fractions.

Based on the results of this TBNS study and their exper-

imental counterparts,50 we conjecture that the particle per-

meability of SMCs is orders of magnitude smaller than their

bulk permeability which is in accordance with a former study

of Le Floc’h et al.22 who attributed this to a reduced domain

wall mobility due to a strong adherence of domain walls to

particle edges. The low number of moveable domain walls in

SMCs was later shown by Anhalt.4

However, uncertainties regarding the comparison

between TBNS and the experiment arise both from (1) the

experimental and (2) the TBNS side. On the experimental

side, it is difficult to isolate single quantities such as the

DMF from indirect measurements. On the TBNS side, the

reliability of results is limited by the underlying model

assumptions (e.g., linear material response). In addition, the

geometric resolution of lCT scans is limited and computer

memory restricts the size of the domain that can be

simulated.

The relative errors in the numerical procedure used are

estimated to be less than 5%. DMFs obtained from computer

generated artificial SMCs are in good agreement with the

work of Mattei and Le Floc’h25 who used random sphere

packings on a grid.

This work demonstrates that TBNS is applicable to mag-

netostatic phenomena and provides a tool to investigate mag-

netic properties. The simulation results obtained in this study

confirm the massive influence of microstructure, agglomera-

tion, and percolation on the magnetic properties of SMCs

and heterogeneous magnetic materials. The 4.5 TB of elec-

tromagnetic field data produced provides a rich source for

further research and can be obtained from the authors at any

time.
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