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Abstract
Mechanisms of formation and Dissociation of Cyclopentane Hydrates

ABSTRACT

The mechanisms of formation and dissociation of cyclopentane (CP) hydrates, which
form at ambient pressure and temperatures between 0°C and 7°C, have been observed
infon/near water drops immersed in CP at scales ranging from a few nanometers to the
millimeter by a variety of techniques including macrophotography and optical microscopy
under various modes: bright field, differential interference contrast (DIC), fluorescence and

confocal reflectance. The substrates used are either hydrophobic or hydrophilic.

In a first series of experiments, a simple millifluidic method is implemented. It allows
to generate, store and monitor at the same time almost a hundred of regularly-spaced water
droplets of equal volume (in the pl range) separated by the guest (CP) phase in a transparent
fluorinated polymeric (PFA) (hydrophobic) tubing, each droplet behaving as an independent
reactor for hydrate crystallization. Insights into the ‘memory effect’ are gained by measuring
the statistics of hydrate nucleation events in these reactors when chilling below 7°C the water
drops. The method also allows the visualization of single-drop events such as hydrate birth
and growth, and the formation of a CP-in-water emulsion upon hydrate melting, especially
when an additive such as an inhibitor is added to the water. In a second series of experiments,
a single water droplet in CP, either sitting or hanging from a glass substrate, is observed by
microscopy under various cooling and heating sequences. Hydrate crystallization (nucleation
and growth) is observed to strongly depend on subcooling at the water drop/CP interface. Two

novel phenomena are visualized in detail:

Q) the propagation, from the contact line of the water drop, of a hydrate halo along
the glass/CP interface.

(i) hydrate crystallization in a two-dimensional CP-in-water emulsion.

The two types of tools developed in this thesis open new perspectives for elucidating
the mechanisms of hydrate formation and dissociation in presence of additives (promoters and
inhibitors) and in the presence of a mineral substrate. Applications include hydrates in

sedimentary environments, flow assurance, gas separation, etc.
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RESUME

Les mécanismes de formation et dissociation d’hydrates de cyclopentane (CP), qui
forment a pression ambiante et & des températures entre 0°C et 7°C, ont été observés
dans/sur/proche des gouttes d’eau immergées dans du CP & des échelles qui vont du micron
jusqu’au millimétre. Plusieurs techniques d’observation ont été utilisées, telles que la
macrophotographie et la microscopie optique en champ clair, par contraste interférentiel
différentiel (CID), par fluorescence et par réflectance confocale. Des substrats hydrophiles et

hydrophobes ont été utilises.

Dans une premicre série d’expériences, un procédé millifluidique simple a été¢ mis au
point. Il permet de générer, stocker et surveiller simultanément une centaine de gouttelettes de
méme volume (de ’ordre de pl), régulierement espacées. Elles sont séparées par la phase
‘invit¢’ (CP) dans un tuyau en polymeére fluoré (PFA) transparent. Chacune d’elles se
comporte comme un réacteur indépendant. Une vision sur 1’effet mémoire est obtenue en
menant des mesures statistiques sur la nucléation des hydrates quand les gouttes d’eau sont
refroidies au-dessous de 7°C. Cette méthode permet aussi de visualiser des événements dans
des gouttes individuelles, tels que la naissance et la croissance de 1’hydrate (surtout lorsqu’un
additive tel qu’un inhibiteur est rajouté dans 1’eau), ainsi que la formation d’une émulsion de
CP dans I’eau pendant la dissociation de 1’hydrate. Dans une deuxi¢me série d’expériences,
une seule goutte d’eau est posée ou pendue d’un substrat en verre et immergée dans du CP.
Elle est observée par microscopie sous des séquences différentes de refroidissement —
échauffement. Il a été observé que la cristallisation d’hydrates dépend fortement du sous-

refroidissement. Deux nouveaux phénomeénes ont été observés:

M la propagation d’un « halo » d’hydrate le long de I’interface verre/CP depuis la
ligne de contact de la goutte d’eau.

(i) cristallisation de I’hydrate dans une émulsion 2D de CP dans I’eau.

Les deux types d’outils développés dans cette thése ouvrent des nouvelles perspectives
pour ¢élucider les mécanismes de formation et dissociation d’hydrates en présence d’additives
(promoteurs et inhibiteurs) et en présence d’un substrat minéral. Les applications

comprennent les hydrates dans des environnements sédimentaires, séparation de gaz, etc.
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INTRODUCTION

The interest for gas hydrates is growing at a very fast pace. For decades, petroleum (oil
and gas) applications have been the main incentives for investigating these materials, starting
in the 1930s with the transport of natural gas in flow lines (tubing, pipelines, valves...). How
to avoid the plugging of these lines by gas hydrates has been the main motivation for studies
on the thermodynamics and kinetics of hydrate formation and on processes or additives that
inhibit this formation. This application — flow assurance in natural gas transport — is now a
mature technology. Gas hydrates are also of interest to the oil and gas industry for at least two
other reasons: one is related to the production of deep-offshore oil and gas fields, which are
often located below hydrate-bearing sediments, and the other one is the possibility of
recovering the natural gas present in enormous amounts (probably larger than all the fossil
energy produced to date) in these sediments. The recovery of these highly unconventional
fossil resources presents however enormous technical challenges and is still at a very
exploratory stage. Other potential applications of gas hydrates in the energy sector include gas
storage and transport, CO, capture and storage, and secondary refrigeration. Potential
applications in the non-energy sector include the desalination of salted water and the

purification of waste water.
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These perspectives are motivating research efforts in various areas, from the
characterization of interactions between sediments and natural gas hydrates to the kinetics of
hydrate crystallization, which depending on the application need to be either accelerated or
slowed down by means of appropriate additives. Progresses in these areas will stem from the
development and implementation of novel experimental and modelling tools and methods.
The length and time scales that have been mostly investigated so far are either microscopic or
macroscopic. Microscopic scales are accessed experimentally, e.g., by diffraction and
spectroscopic methods, which give for instance information as to gas hydrate structures, and
numerically by molecular simulation tools, which are limited to a few nanometers and
nanoseconds. Macroscopic scales are accessed by conventional experiments in instrumented
cells, for instance, where the temperature, pressure and composition variations can be
monitored in the course of the hydrate formation and dissociation processes; these variations

are used to construct thermodynamic models, among other things.

The experimental work described in this thesis focuses for a large part on some
mesoscopic features of gas hydrate formation and dissociation processes. Intermediate -
mesoscopic - length scales, from roughly the micron to the millimeter; have been much less
investigated than the microscopic and macroscopic scales [1]. Most if not all investigations at
these mesoscopic scales have been concerned with the properties of the single crystals and of
the polycrystalline crusts that form and grow at the interfaces between water and the guest
phase (e.g., methane): for a review, see [2]. In particular, the microporous and slowly
annealing structure of these crusts has been revealed, together with their consequences on the
kinetics of hydrate formation [3]. Other important topics have been barely investigated, and

are the subject of this thesis:
(i) The role of a substrate, such as a mineral substrate, in gas hydrate formation and growth.
(ii) Gas hydrate formation and growth in an emulsion.

Topic (i) is of interest for understanding the behavior of gas hydrate-bearing sediments, in
which mineral phases are ubiquitous. Some authors [4] have shown experimental evidence
that gas hydrates grow on these mineral (hydrophilic) phases as a “halo” that propagates from
a reservoir of water (e.g., a water drop) along the mineral/gas interface, in a manner analog to
the creeping of salt solutions on glass caused by evaporation [5]. Topic (ii) is of interest in

the context of the transport of water, oil and gas (where these phases often form an emulsion)

10
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[6] and also for fundamental reasons: understanding the hydrate formation and growth

mechanisms in an assembly of droplets or bubbles.

The favorite tool for investigating mesoscopic scales is optical microscopy.
Surprisingly, the statement made in 1997 by Smelik and King that “optical microscopy has
not been fully exploited in hydrate research™ [7] is still true today. This thesis exploits optical
microscopy and some of its observation modes, such as differential interference contrast
(DIC), fluorescence and confocal reflectance which, to the best of our knowledge, have not

been used in gas hydrate research yet.

The other topic investigated in this thesis is one of the most fascinating features
encountered in gas hydrate research, referred to as the ‘memory effect’, which describes the
fact that gas hydrate nucleation is facilitated by using a water that has experienced shortly
before some previous ice or hydrate formation and dissociation. Because hydrate nucleation is
a stochastic process, the experimental investigation of this ‘memory effect’ requires many
experiments to be carried out under the same conditions, which is cumbersome and
unpractical: in practice, the number of repeat experiments done in Kinetic studies of gas
hydrate formation rarely exceed a few units. This difficulty is alleviated by using another
experimental tool which, to the best of our knowledge, has never been used in gas hydrate
research either: microfluidics, and more precisely, droplet-based microfluidics, also called
millifluidics when the size of the objects (droplets) is in the millimeter range as is the case in
this thesis. This tool allows the generation of many identical droplets acting as independent
reactors for crystallization, which can then be monitored collectively, e.qg., for gaining insights
for instance into the statistics of crystal (here, hydrate) formation as a function of various fluid
or thermodynamic parameters, as well as individually, for determining some particular
crystalline form or crystal growth/melting process. In this thesis, we use the first aspect (the
simultaneous monitoring of a collection of individual reactors for gas hydrate crystallization)
for gaining insights into the ‘memory effect’. We use the second aspect (the monitoring of an
individual reactor) to figure out how gas hydrates form, grow and melt at the water/guest
interface (i.e., at the surface of these droplets) in the presence or absence of additives such as
hydrate inhibitors.

The guest (or hydrate-former) molecule chosen is cyclopentane (CP). CP hydrates are
considered a proxy of natural gas hydrates because CP, similarly to these mixtures of low

11
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molecular-weight alkanes, is sparingly soluble in water and forms structure Il hydrates. The
interest of CP hydrates, which are stable below the dissociation temperature Tgis= 7°C (Tgjs IS
the temperature of coexistence between CP hydrate, liquid water and liquid CP), is that they

form at ambient pressure, which considerably eases the experimental work.

The manuscript is organized as follows. Chapter 1 is devoted to the state of the art, not
only in the crystalline characteristics and kinetic properties of gas hydrates, but also in the
field of microfluidics. Chapter 2 presents an overview of the optical characterization
techniques that are used in this thesis: dark and bright field, differential interference contrast,
fluorescence and confocal reflectance. Chapter 3 reports an experimental investigation
(recently published in Chemical Engineering Science, Vol. 123, 2015) on the ‘memory effect’
by a droplet-based millifluidic technique. It also examines the growth and melting of CP
hydrate in an individual drop with a resolution of a few microns. Chapter 4 examines at the
same resolution the effect of inhibitors on CP hydrate formation and melting. In the following
chapters, the optical resolution is considerably enhanced not only by the optical setup and
imaging modes but also by the addition of fluorescent particles and dyes in water: CP hydrate
formation, growth and melting is observed in/on/near a single sub-millimetric water drop in
CP. Chapter 5 examines CP hydrate growing (as a polycrystalline crust) and melting (as an
emulsion of CP droplets) on the water drop surface, i.e. at the water/CP interface. Some
properties such as the loci of CP hydrate nucleation, crust growth velocity and crystal
morphologies are studied in detail. Chapter 6 is devoted to the study of the hydrate halo that
forms on the mineral (quartzitic) substrate near the water drop. Chapter 7 explains the types of
crystallization of CP hydrates that occur in a CP-in-water emulsion: conventional
crystallization and dendritic hydrate growth. The last chapter presents the conclusions and

prospects of this work.
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CHAPTER 1

STATE-OF-THE-ART

The objective of this first chapter is to introduce clathrate hydrates. The first part
explains in the detail the generalities about clathrate hydrates such as the different structures
they can adopt, the characteristics of the guest molecules, the analogies with ice, etc. The
second part of this chapter is devoted to the hydrate formation (nucleation and growth) and
dissociation (“memory effect”) processes. Then we focus on cyclopentane hydrates and we
clear up the reason why we have chosen them as the object of our study. In the next section
we give some generalities about hydrate inhibitors and we explain why the gas and oil
industry is so interested in their study. Finally, microfluidics is introduced as a new tool for
the study of hydrate formation and dissociation processes. As far as we know, this droplet-

based microfluidic tool has never used before for the study of hydrates.
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1.1. Clathrate hydrates

1.1.1. Background

The term « clathrate », from the Greek word khlatron, means barrier, and indicates
crystalline inclusion compounds in which small guest atoms or molecules are physically
trapped in host cavities. These cavities are formed by hydrogen-bonded molecules, called host
molecules, creating a tridimensional lattice [1]. When these host molecules are water
molecules, the crystalline inclusion compounds are called “clathrate hydrates”, and when in
addition the guest molecules are gases like methane, ethane, propane, etc., they are called gas
hydrates, leaving the word “clathrate” for the cases where another molecule apart from water
takes part of the tridimensional lattice. These ice-like compounds are stable in a domain of
low enough temperatures (typically, below a few °C) and high enough pressures (often above
a few bar) that depend on the particular guest molecule (or hydrate-former). The most
widespread gas hydrates are the natural gas hydrates encountered in geological settings such
as permafrost regions and deep marine sediments. The hydrate-former of natural gas hydrates
is natural gas, which contains predominantly methane and a small amount of other gases.

These structures will be introduced below.

The discovery of clathrate hydrates was made by Sir Humphrey Davy in 1810. Over a
long period, the interest of these structures was purely academic and they remained a
laboratory curiosity. It was later, in the 1930s, when natural gas hydrates were observed by oil
and gas producers to form an ice-like material blocking pipelines exposed to cold
temperatures (Figure 1.1). Research programs were initiated in order to avoid the formation of
such structures inside the pipelines.

Figure 1. 1. Natural gas hydrates blocking a pipeline due to the cold temperatures and high pressures.
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In the 1960s scientists found naturally occurring gas hydrates for the first time. This
was in the Messoyakha gas field in western Siberia. Natural gas hydrates also occur on
continental margins and shelves worldwide from Polar Regions to the tropics, and their
energy content is estimated to exceed that of all other fuel sources combined. Gas hydrates are
considered as an unconventional fossil fuel resource of energy. Indeed, one volume of
methane hydrate yields upon dissociation 164 volumes (at standard temperature and pressure)
of gaseous methane. However, gas hydrate exploitation is a distant objective for now, as

many technical challenges need to be addressed first [2].

Apart from being a potentially huge energy source, the use of clathrate hydrates is
being considered in a lot of applications such as carbon dioxide capture and sequestration [3],
storage and transportation of natural gas [4], refrigeration applications such as cold storage or

air conditioning due to their high latent heats of dissociation [5], [6], [7], etc.

The research in this area has experienced an increase in the last years because the
industry is interested in these kinds of structures, whether to avoid hydrate formation in the oil

and gas pipelines or to produce them for the applications mentioned above.
1.1.2. Hydrate cavities and structure of clathrate hydrates

As mentioned above, clathrate hydrates are inclusion compounds based on a three-
dimensional ice-like framework of hydrogen-bonded water molecules. This framework
consists of several polyhedral cavities of different dimensions where a (guest) molecule of the
right size will go and act to stabilize the structure, thanks to the VVan der Waals forces between

the water molecules that form the cavity and the guest molecule itself.

All common natural gas hydrates belong to the three crystal structures, cubic structure
I (sI), cubic structure Il (sll) and hexagonal (sH) [8]. The formation of one structure or the

other depends on several factors, such as the size of the guest molecule.
1.1.2.1. The cavities in hydrates

The hydrate structures are composed of five different polyhedra made up of water
molecules linked by hydrogen bonds (Figure 1.2). The nomenclature n;" is used, where n is
the number of edges in the face type “i” and m is the number of faces with n; edges. This

section is inspired from chapter 2 of reference [8].
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- The pentagonal dodecahedron (5') is the basic building block and the smallest
cavity in all known hydrate structures. It is a 12-sided cavity in which all the faces are
pentagons with equal edge length and equal angles. As all pentagons share sides, just 20
molecules are needed to build a 5% structure instead of 60. As shown in Table 1.1, the 5
cavity is almost spherical with a radius of 3.95 and 3.91A in sl and sll structures, respectively.
Although this is the smallest cavity in hydrate structures, it has been confirmed that the
smallest molecules are not necessarily stabilized in it. Helium, hydrogen and neon are the
smallest molecules with diameters less than 3A. At first they were considered too small to
stabilize any cage; however, new research has confirmed that they can stabilize either big or
small cages at high pressures [9], [10], [11], [12].

- The tetrakaidecahedron (5'2 67) is a 14-sided cavity and is composed of 12
pentagonal and 2 hexagonal faces. This cage is formed by 2 facing hexagons with 12
connecting pentagons. This is the most nonspherical cavity in sl or sll. The average radius is
4.33A and is large enough to contain molecules smaller than 6A in diameter. This is the
stabilizing structure for molecules that form structure 1.

- The hexakaidecahedron (5 6%) is a 16-sided cavity and contains, apart from 12
pentagonal faces, 4 hexagonal ones. The hexagonal faces are symmetrically arranged so that
the normal to the center of each face form the vertices of a tetrahedron. There is not a hexagon
sharing edges with another because each one of them is entirely surrounded by pentagonal
faces. This is the most spherical cavity known, and can contain molecules with diameters of
6.6A.

As shown in Figure 1.2, there exist some other types of cavities, which form structure
H (Table 1.1). This structure is beyond our study (see reference [8] for more information).

In Table 1.1 we observe the characteristics of structure I and Il with respect to the
number of cages of each type that each unit cell contains, the average radium for each cavity

and the number of molecules needed to form each cage.
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Figure 1. 2. Cavities that form hydrates type I, Il and/or H. a) 5%, b) 5*2 67, ¢) 5* 6*, d) 4°5°6°, e) 5'%6°.

Hydrate crystal

structure | 1 H

Cavity Small Large Small Large Small Medium Large

Description 512 51262 512 51264 512 435563 51268

Number of 2 6 16 8 3 2 1
cavities/unit cell

Average cavity 3.95 4.33 3.91 473 3.04 4.04 5.79
radius (A)

Variation in 34 144 5.5 1.73 4.0 8.5 15.1
radius (%)

No. of water 20 24 20 28 20 20 36

molecules/cavity

Table 1. 1. Geometry of the cages that form hydrates, adapted from [8].

1.1.2.2. Hydrate crystal cells

There exist three common types of gas hydrate structure: sl, sll and sH, which differ in
the number and size of the cages and in their unit cells. All the hydrate structures are
composed of two or more types of water cavities packed within the crystal lattice (Figure 1.3).
In hydrate formation not all the cages need to be filled. A lot of times just the big cages are

occupied and the small ones remain empty, and the hydrate is formed and stable.
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Cavity types Hydrate structure ‘Guest molecules’

Methane, ethana
46 H,0 s “

carbon dioxide
and so on
Ap Propane,
4{(. . 136.H,0 Iso-butane
'(\L and so on
512
Methane + neohexane,
34 H,O methane + cycloheptans,

and so on

Structure H

Figure 1. 3. Scheme of the formation of the three more common hydrate structures with respect to the cavity
type.

- Structure | contains two types of cavities. These are 2 small cages 52 and 6 big
cages 5™ 6% [13], and the unit cell contains a total of 46 water molecules (Figure 1.4a).
Pentagonal dodecahedra share vertices within the cubic unit cell. There is no direct contact
between the faces of this cavity. The vertices of the 14-hedra are arranged in columns in
which pentagonal dodecahedra occupy the space between each pair of 14-hedra, as shown in

Figure 1.4b. The dimension of the lattice parameter a is 12A.

Structure I

b)

Figure 1. 4. a) Formation of the unit cell of a structure | hydrate. b) Linking five 5*? polyhedra by two 5 6
polyhedra to form structure | hydrates [8].

20



Chapter 1: State-of-the-Art
Mechanisms of Formation and Dissociation of Cyclopentane Hydrates

- Structure I1. This type of structure is formed by two types of cavities: 16 small
cavities 5'2 and 8 big cavities 52 6*. The total number of water molecules per unit cell is, in
this case, 136 (Figure 1.5a). The crystal consists of a face-centered cubic lattice, which fits in
a cube of 17.3A on a side. In this case, the crystal structure is completely defined by the
vertices of the 5™ cavities. In Figure 1.5b we present a layer of structure Il in which many
face-sharing 5 are arranged so that the residual voids are 5'%6* (which share all hexagonal
faces). Layers in this structure are stacked in a pattern ABCABC so that the centers of the 16-

hedra form a diamond lattice within a cube, with shared hexagonal faces.

S 1 el
mcee 2 o 4. 136 H,O

/W,

\f-@

Layer of H (5'%6°%) cavities
and D (5'?) cavities

Figure 1. 5. a) Formation of the unit cell of a structure Il hydrate. b) In sl hydrates, face-sharing 5% are
arranged so that the residual voids are 5'26* (which share all hexagonal faces).

For a better understanding of chapter 5 it is helpful to remember here that a cube is a
highly symmetrical body, as it contains 23 elements of symmetry. An octahedron has the
same 23 elements of symmetry so, despite the difference in outward appearance, there is a
definite crystallographic relationship between these two forms. Figure 1.6 shows the passage
from the cubic (hexahedral) to the octahedral form by a progressive and symmetrical removal
of the corners. There exist 13 semiregular solids which are called combination forms, i.e.
combinations of a cube and an octahedron. Crystals exhibiting combination forms are
commonly encountered [14].
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Cubo-octahedron

(J ©

Trunceted cube Truncated octahedron
Cube Octahedron

Figure 1. 6. Combination forms of cube and octahedron, result of the passage from the cubic (hexahedral) to the
octahedral form by a progressive and symmetrical removal of the corners [14].

1.1.2.3. Analogies with ice

The most common solid form of water is known as ice Ih (hexagonal ice). The
tetrahedral O-O-O angle of 109.5° is the most stable because there is almost no geometrical
distortion. In ice, the tetrahedrally hydrogen-bonded water molecules form nonplanar
“puckered” hexagonal rings, rather than planar sheets. The typical distance between oxygen
nuclei is 2.76A, covalently bonded protons are about 1A from an oxygen nucleus and the
hydrogen-bond length comprises the remaining 1.76A. The ice crystal structure consists of

water molecules hydrogen-bonded in a solid lattice.

A high quantity of water is involved in hydrate formation so it seems logical to do a
comparison between the properties of both structures. Davidson (1973) [15] notes that hydrate
hydrogen bonds average only 1% longer than those in ice and the O-O-O angles differ from
the ice tetrahedral angles by 3.7° and 3.0° in structures | and I, respectively. A hydrate cavity

is normally larger than that of the ice.

For a long time it has been believed that empty hydrates (with no guest molecules
present in the structure) could not be stable and therefore they could not exist. It was not until
2009 that an empty hydrate of structure Il was predicted by Conde et al. [16] by means of
molecular simulation. Very recently, a completely empty type sll clathrate hydrate has been
synthesized in the laboratory for the first time [17]. This new form of ice has been called ice

XVI, according to the current ice nomenclature, and is expected to be the stable low
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temperature phase of water at negative pressures, i.e. under tension. They have found the
empty hydrate structure to exhibit negative thermal expansion below about 55K and to be
mechanically more stable than the filled hydrate. Also, it presents larger lattice constants at

low temperatures.

A lot of similarities between ice and hydrate structure are identified. These are related

to mechanical, thermodynamic and thermal properties [8].
1.1.2.4. Characteristics of guest molecules

One way of classifying hydrates is by considering the guest molecules. This
classification is a function of two factors: the chemical nature of the guest molecule and its

geometry (shape and size).
1.1.2.4.1. Chemical nature of guest molecules

This whole section is based on chapter 2 of [8]. The first classification of guest
molecules depending on their chemical nature was made by Stackelberg in 1956. This scheme
was a combination of both size and chemical nature. The second one was proposed by Jeffrey
and McMullan in 1967 [18], who split guest molecules into four groups: a) hydrophobic
compounds, b) water-soluble acid gases, c) water-soluble polar compounds and d) water-
soluble ternary or quaternary alkylammonium salts. The latter group does not give rise to
hydrates (or clathrate hydrates) in the sense that the guest molecules are also part of the host
structure together with water molecules: the corresponding clathrates formed by these salts

and water are referred to as semi-clathrates.

Later, in 1984, Jeffrey stated that the guest molecule must not contain any single
strong hydrogen-bond group or several moderately strong hydrogen-bonding groups [19].
Note that most of the natural gas components that form hydrates are hydrophobic (except
from hydrogen sulfide and carbon dioxide), so they are included within the first two groups of

Jeffrey and McMullan classification.
1.1.2.4.2. Geometry of guest molecules

This characteristic can be divided into size and shape of guest molecules. The shape
plays a minor role in the properties and structure of sl and sll hydrates, but it is particularly

important in hydrates of type sH.
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The influence the size of guest molecules has on the formation of one type of hydrate
structure or the other is explained through the study in the way hydrate cages are filled. In
these three structures, each cavity can contain at most one guest molecules except in the case
of small guest molecules such as argon, nitrogen, or hydrogen, among others, which exhibit
multiple occupancy of the large cavity of sll hydrates at high pressures. Firstly we explain
what the ratio of guest molecules to host cavities is, for a better understanding of how a
certain cavity of one of the hydrate structures is either filled or not.

In general it is said that at normal pressures, molecules below 3.5A are very small to
stabilize any cavity, while above 7.5A they are too big to fit into any cavity of sl or sll
structures. In 1971, Davidson indicated that all molecules between 3.8A (size of argon) and
6.5A (size of cyclobutanone) can form sl and sll hydrates, if the restrictions of chemical
nature are respected [20]. Ripmeester et al. [21] noted that the largest molecule that forms sli
hydrates is tetrahydropyran (THP) with a diameter of 6.95A. Udachin et al. [22], on the other
hand, stated that molecules of size between 7.1 and 9A can occupy sH cavities (if they obey
the shape restrictions). It is important to note that the lattice size tends to depend on the guest
size [22]. For example, trimethylene oxide, chloroform, THP and benzene, which present an
increasing Van der Waals diameter of 6.01, 6.50, 6.95 and 7.07A show increasing lattice
parameters of 17.182, 17.236, 17.316 and 17.363A, respectively, at 263K. This has a
significant effect on thermodynamic parameters. Increases in lattice parameter with guest size,
i.e. increasing unit cell volume, may change significantly the free energy [23], the hydrate
formation pressure [24] or others. The average cavity diameter, hence the lattice parameter

depends on temperature, pressure and guest composition.

In order to determine the upper and lower size limit of each cavity available for a
certain guest, the ratio of guest molecules to host cavities was defined. Davidson suggested
the subtraction of the van der Waals radius of the water molecule from the average cage
radius previously given. This parameter is about 0.76 for the lower size ratio, indicating that
below this value, the molecular attractive forces are too low and contribute less to the cavity
stability. The upper limit is 1.0, meaning that above this value guest molecules are too large to
enter any cavity without distortion. Note that any guest molecule capable to occupy the 5*2
cavity of any of the structures will also fit in the large cavity of that structure. For example, in
methane hydrates, methane molecules can occupy both the small and large cages of structure

I. The methane diameter ratio to the 5% cavity is 0.86 for structure | whereas it is 0.87 for
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structure Il hydrates (Table 1.2). Apparently it is a small difference but structure | hydrates
gain stability by guest occupying the 52 6% cavity [20]. Nitrogen is known to stabilize the
small cavities of sll hydrates (size ratio of 0.82) and so the big cavities of the structure. It does
not provide a big stability to the big cages of either sl (5 6%) or sll (5% 6%) structures (size
ratios of 0.70 and 0.62, respectively), but as it is a very small molecule, more than one
molecule could occupy the big cavities. The reason why nitrogen prefers to occupy the large
cavities of sll hydrates instead of those of sl is because structure Il has almost three times the
number of 5 cages per unit volume (0.0033/A3% in sl vs. 0.0012/A% in sl) and that helps to

stabilize the structure.

From the natural gas components that form hydrates, nitrogen, propane and iso-butane
are known to form sll hydrates whereas methane, ethane, carbon dioxide and hydrogen
sulfide form sl as simple hydrates. Natural gases form sll hydrates, even though the majority

component is methane.

Molecular diameter / cavity diameter for cavity tvpe

Guest hydrate former Structure I Structure IT

Molecule Diameter (A) s 51262 512 51261
N> 41 0.804 0.700 0.817 0.616
CH: 436 0.855 0.744 0.868 0.655
H,S 458 0.898 0.782 0.912 0.687

Table 1. 2. Ratio of molecular diameters to cavity diameters for some of the natural gas hydrate formers.

In summary, there are some general “rules” that help the characterization of guest

molecules:

- At normal pressures, molecules below 3.5A become too small to stabilize any cavity

and above 7.5A molecules are too big to fit into any cavity of sl or slI.

- Some molecules only stabilize the large cavity of sll, like propane or iso-butane.
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- When a molecule stabilizes the small cavities of a structure it will also fit into the big

cavities of that structure.

- It is well known that the smallest guest molecules (argon, krypton, nitrogen and

oxygen) form sll hydrates rather than sl hydrates.

- Molecules with a size within the grey zones of Figure 1.7 exhibit the most non
stoichiometry (the cages are not completely filled, i.e. the filling occupancy is less than
100%).

3A Hydrate former
Cavities
No hydrates occupied
(For P<GPa range at ambient T)
| Ar ]
aA — ﬁ; 528 H,0 (sll: 5'2+ 5'%6%)
% ]
—CH,
—Xe; H,S
sA 5% H,0 (sl: 5'2 + 51262)
— CO,
1
— CoHs
| cCiH, 723 H,0 (sl: 51262)
1
6A L (CH.):0
T CgHg
| is0-C.Ho 17 H,0 (sll: 5'26%)
I
7A -
sH Hydrates (sH)
sA

Figure 1. 7. Comparison of guest molecule sizes and cavities occupied as simple hydrates [8].
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1.2. Hydrate formation and dissociation

One of the most challenging questions about hydrates is how they form, dissociate and
are either inhibited or promoted elapsed with time. This section is also inspired from
reference [8] and only takes into account the time-dependent properties of structures I and 11,
because of the lack of these data for structure H. The hydrate formation - dissociation process
can be divided into three steps: hydrate nucleation, hydrate growth and hydrate dissociation.
In Figure 1.8 we observe the typical path in a temperature - pressure diagram of the processes
of methane hydrate formation and dissociation. It has to be noted that all the experiments
made in order to obtain these kinds of diagrams are usually carried out at the macroscopic
scale, meaning that the fluid volume is large (at least a few milliliters): this volume is
typically that of a cell instrumented with temperature and pressure sensors, and sometimes
equipped with see-through windows. In these experiments, the liquid water + gas system is
first cooled down (path AB in Figure 1.8) to a temperature low enough for forming the
hydrates: this formation is manifested by the drop in pressure (BC). The system is then heated
up slowly (path CDA) to dissociate the hydrate: the equilibrium conditions are determined
along this path, which meets path AB at point D. Path DB during the hydrate formation
(cooling) process corresponds to a range of metastable conditions, where the system does not
form a new hydrate phase and remains in two - phase (liquid water + gas) conditions even
though the temperature and pressure conditions for hydrate stability are reached. Metastability

is observed in all crystal-forming systems, and it is more developed for small volumes.

6.2

Hydrates

58— ,
being to form
\

54— v
~ Hydrate
equilibrium
TP
50}

46 f/
Hydrates start
———p

Pressure (MPa)
|

— waj """" to dissociate
Heating
42f | ] 1 1 1 1 1 1 | 1 | |
267 273 279 285 291 297 303

Temperature (K)

Figure 1. 8. Temperature — pressure trace for formation and dissociation of simple methane hydrates [25].
Normally hydrate formation takes place when the host and the guest molecules meet at low temperature (higher
than 0°C) and high pressure (over 1 atm), although there are some hydrate that form at atmospheric pressures, as
we will see later.
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Hydrate formation normally takes place when the host and the guest molecules meet at
low temperature (higher than 0°C) and high pressure (over latm), although there are some
hydrates that are formed at atmospheric pressures, as we will consider later on. The driving
force is used to define how far from equilibrium conditions the (metastable) system is located.
This driving force can be rigorously defined in terms of a difference in chemical potentials,
but in practice it is considered equal to the difference in temperature between the equilibrium
(or dissociation) temperature at the experimental pressure and the temperature of the
experiment [26]. This difference is also referred to in this manuscript as the subcooling
degree. The larger this driving force or subcooling degree, the smaller the induction time and
the faster the subsequent growth will be. The induction time is the time taken for hydrates to
be detected macroscopically, once given conditions of T, P have been attained. It is the sum
of the nucleation time, that is, the time for having a nucleus of size large enough to grow
further (see below), and the time necessary for this nucleus to grow to a size large enough to
be detected (see Figure 1.9). During this time, temperature and pressure conditions are within
the hydrate stability region and the macroscopic characteristics of the system will not change
significantly. However, hydrates do not form because of metastability, i.e., the ability of a

non-equilibrium state to persist for a long period of time.
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Figure 1. 9. Typical gas consumption plot showing the induction time [28].
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1.2.1. Hydrate nucleation process

1.2.1.1. Fundamentals of hydrate nucleation

Hydrate nucleation is the process during which small clusters (hydrate nuclei) grow
and disperse in order to achieve a critical size for continuing the growth. This step is a
microscopic phenomenon involving tens to thousands of molecules [14] and is difficult to
observe experimentally. In the case of strongly salted aqueous solutions, metastability is
driven by supersaturation, which describes the state of a solution containing more dissolved
salt than the equilibrium solubility limit: when the salt crystal forms id because this limit is
reached in the solution. A supersaturated solution is one in which the liquid (solvent) contains
more dissolved solute than can be ordinarily accommodated at that temperature. The greater
the degree of supersaturation, the greater the number of salt crystal nuclei that will form in
solution. In the case of hydrate-forming water/gas system, supersaturation is replaced by the
difference between the chemical potentials of the molecules in a hydrate building unit in the
solution and in the hydrate crystal, which itself is roughly proportional to the difference
between the temperature of the experiment and that of equilibrium conditions at the

experimental pressure, as we will see below.

This difference in chemical potentials - or driving force - favors the aggregation of
water and guest molecules in order to form a hydrate embryo. There exists a limit of
metastability, called the thermodynamic spinodal, which is characteristic of each host - guest
couple [27] but it is not know precisely where the spinodal line occurs. Hydrate nucleation
and growth normally take place within the metastable region before entering the spinodal

region.

Figure 1.10 shows a normal hydrate crystallization curve with the AB equilibrium and

the CD spinodal (supersaturation limit) curves. The crystallization regions are as follows:

1. There is a stable zone to the right of the AB equilibrium curve where crystallization

does not take place.

2. The metastable region is located between the AB equilibrium and the CD spinodal
curve. In this area, spontaneous crystallization is improbable but it can be helped by adding a
hydrate seed, for instance. The place in which the CD spinodal curve is placed is not known

for hydrates.
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3. In the unstable zone to the left of the CD spinodal line, nucleation takes place
spontaneously because of the very high driving forces.

Two types of nucleation are going to be considered hereafter: homogeneous and

heterogeneous nucleation.

Unstable
(supersaturated)
region

Pressure

Temperature

Figure 1. 10. Hydrate formation as a function of subcooling relative to the AB equilibrium line and the CD
spinodal line (supersaturation limit, if we make the analogy with salted aqueous solutions).

1.2.1.1.1. Homogeneous nucleation

This type of nucleation is hard to find in nature because it requires the absence of
impurities. The way through which this nucleation takes place is by sequential formation of
clusters (embryos) within the liquid. This cluster increases its size by adding more molecules
in the bulk metastable liquid until the critical size is reached. This critical cluster size or
critical nucleus is the cluster size that must be reached before nuclei/clusters can grow
spontaneously. This spontaneous growth can be explained by the excess Gibbs free energy
(AG) between a small solid particle of solute and the solute in solution. AG is equal to the
sum of the surface excess free energy AGs (for solute particles becoming part of the surface of
the crystal nuclei) and the volume excess free energy AG, (for solute molecules ending up in

the bulk / interior of the crystal nuclei):
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AG = AGs + AGy4mr2o + Zmridg,,

where Ag, is the free energy change per unit volume and o is the surface tension of the crystal
- liquid interface. In Figure 1.11 we see that AGs and AG, have opposite sign and are different
functions of r, which is the radius of the solid particle. The addition of both effects (surface
and volume) causes a maximum (AGgit) Where 1. is the radius of the critical nucleus. The free
energy must be higher than the free energy barrier AGgy; in order to form a cluster of critical
size beyond which the nuclei/clusters grow spontaneously. By differentiating the precedent
equation we obtain:

r. = —-20
¢ Agy
4mor?
AGC‘I"UI -

3

The rate at which clusters of critical size will form depends on the height of the free
energy barrier (AG).

AG, = 4nr?c

AGyit | e e =

Cluster size, r —

Gibbs free energy (AG)

Classic theory

Total
AG

Figure 1. 11. Comparison of surface excess free energy (4Gs) and volume excess free energy (4Gy) as functions
of cluster size.
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1.2.1.1.2. Heterogeneous nucleation

We have already said that homogeneous nucleation is very difficult to achieve because
the fact of not having any impurity in the system is almost impossible. The most usual
nucleation is the heterogeneous one, which occurs in the presence of a foreign body or
surface, at smaller driving force or subcoolings (some authors use the term ‘supercooling’)
than those required for homogeneous nucleation [29]. From a free energy point of view, it is
more probable to grow an ice or hydrate nucleus on a two-dimensional surface (a wall or a
dust particle, for instance) than in a three-dimensional surface-free volume of water. The
effect of the surface is to lower the free energy barrier AG’¢i compared to the free energy
barrier for homogeneous nucleation (see preceding equation). The former (AG’it) is smaller
than the latter (AGgrit) by a factor @ (smaller than 1) related to the contact angle 6 between the

hydrate crystal and a surface as follows:
AG’git = @ - AGeit

o = [(2 + cos e)il - cos 8)?]

The last equation shows that for a contact angle 6 = 180° (complete nonwetting of the
substrate: nucleation occurs in the bulk, i.e. homogeneously), AG’ it = AGgitand when 6 = 0°
then AG’qit = 0. The kinetics of nucleation of gas hydrates in aqueous solution has been
analyzed by Kashchiev and Firoozabadi [30]. It has to be noted that hydrate formation
normally takes place at the vapor - liquid interface. This is like this not only because the
interfaces lower the Gibbs free energy of nucleation but also because the interface is the place

where host and guest molecules are at their higher concentrations.

According to Sear, heterogeneous nucleation is still easier at a triple line [31]: the
energy required for forming a critical nucleus is still lower than that required for forming it at
an interface due to the disappearance of three different interfaces, all of which can cost free

energy.
1.2.1.2. Stochastic nature of heterogeneous nucleation

The differences between stochastic and deterministic properties are shown in Figure
1.12. A deterministic property is any common thermodynamic property such as temperature
(vertical line of the figure). This means that there is a certainty of observing a specific
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temperature for a specific equilibrium state, for example. On the other hand, there are some
properties for which the probability of observation is distributed over a range of values. It is
the same to say that the observation of a certain value cannot be predictable. Curves with
uncertainty in the observed value are called stochastic. After studying the macroscopic
measurements to date, it is known that the hydrates induction time (nucleation and beginning
of growth) is stochastic, mainly at low driving forces in the metastable region. When the

driving force is higher, the stochastic nature of the system becomes less pronounced.

In summary, the magnitude of the driving force affects the stochastic behavior of
crystal nucleation: the smaller the driving force (low subcooling conditions), the more

stochastic (less deterministic) the nucleation process will be.
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Figure 1. 12. Comparison of stochastic and deterministic properties [8].

1.2.1.3. The “memory effect”

All hydrate researchers have come to the conclusion that hydrates retain a “memory”
of their structure when they are dissociated or melted at moderate temperatures above the
equilibrium temperature and/or for a moderate amount of time above this temperature. As a
consequence, metastability is less pronounced: hydrates form more easily once they have
been previously formed, i.e. when they form from “fresh” melted solutions of host and guest

molecules (hydrate history). If the melting temperature is very high compared to the
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equilibrium temperature at a given pressure, this effect can be lost. There are two different

hypotheses that try to explain this phenomenon:

1. Hydrate structure (not visible to the naked eye) remains in solution after hydrate
dissociation as a residual structure [28], [32], [33], [34] consisting of partial hydrate cages or
polyhedral clusters (short-range ordered structure) for a certain time period or as persistent
hydrate crystallites (long-range ordered structure), which probably remain in solution for
several hours after increasing the temperature above the hydrate dissociation temperature. To
the best of our knowledge, these persistent structures have not yet been observed

experimentally.

2. Dissolved guest molecules remain in solution after the hydrate has been dissociated
[35]. The aqueous phase solution is therefore supersaturated with the guest molecules; very

often a guest-in-water emulsion is formed.

The memory effect clearly exists and it is very important in practice for promoting
hydrate formation, but it is still far from being understood due to the limited number of
investigations. The precise characterization of the stochastic (or deterministic) character and
of the memory effect is very difficult because it requires a significant number of identical
hydrate formation experiments to be carried out in order to have a relevant statistics. The
droplet-based microfluidic methods that are introduced below and used in this thesis allow

such a characterization.
1.2.2. Hydrate growth process

Once the stochastic hydrate crystal nucleation takes place, the crystal will continue
growing. However, data about this hydrate growth after nucleation is shortage. There are a lot
of important parameters in hydrate growth such as displacement from equilibrium conditions,
water history, gas composition, etc. But the most important ones are mass and heat transfer.

Hydrate growth is a combination of three factors:
1) Kinetics of crystal growth at the hydrate surface.
2) Mass transfer of components to the growing crystal surface.

3) Heat transfer of the exothermic heat of hydrate formation away from the growing

crystal surface. If heat transfer is not fast enough, the global growth velocity can be limited.
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There is a wide variety of kinetic theories based on mass and heat transfers that try to
explain the hydrate crystallization process, but the most important ones, which are based on
theoretical concepts, are that of Englezos et al. (1987) [36], [37] and the one Skovborg and
Rasmussen proposed in 1994 [38]. The first one divides hydrate growth into three different
steps and base the model on crystallization theory and on the double layer model for mass
transfer at the interfaces. Another important crystallization model is the one Skovborg and
Rasmussen proposed. They affirmed that the only responsible for the limitation in hydrate
growth velocity is the resistance to the transfer due to the gas diffusion from the bulk to the
host-guest interface. These are affirmations taken from experiments carried out in

macroscopic dimensions.

In this section we are just going to explain the crystal growth molecular concepts
modified by Elwell and Scheel in 1975 [39] and the hydrate crystal growth processes for a
single crystal and for a hydrate film that grows at the water/hydrocarbon interface.

1.2.2.1. Crystal growth molecular basis
The crystal growth model is divided into several steps, shown in Figure 1.13:

a) Once the nucleation has taken place, a guest in a temporal water cluster is
transported to the growing crystal surface. The driving force for this to happen is the lower

Gibbs free energy existing at the crystal surface.

b) The growing crystal exerts a force field into the fluid that makes the cluster adsorb

on the surface.

c¢) Then a diffusion process takes the cluster from the solid crystal surface to a step in
the crystal. The adsorbed clusters just can diffuse in two dimensions because the force field
exerted from the crystal surface is perpendicular to it.

d) The cluster is attached to the crystal surface. The step is a favorable place for the
cluster to get attached because there are two solid faces that make a force (two surface-
reactant interactions) instead of just one force field exerted by the flat surface (only one

surface-reactant interaction).

e) Here there is only one movement possibility of the attached cluster which is along

the step. The cluster will move in order to find a defect point in the step.
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f) The cluster is then adsorbed at the defect point. This place is attractive because three

or more solid faces exert a larger force field than the two forces exerted by the step. Finally,
the cluster is immobilized in three dimensions.

—1 O" v
N
-
A
o

S
J s Deffect /
Aydrate \ ) point /
surface €
d)\ { L O by
%/ Step site ‘(- // //
~

Figure 1. 13. Hypothesis picture of hydrate growth at a crystal, adapted from [39].
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In the above process, not all the molecules progress in a deterministic way. With so
many particles in motion, every combination can be possible. For example, some clusters can
adsorb directly to a defect point without any apparent diffusion. Some other clusters can
detach from the surface and diffuse away in contrast to our macroscopic observations of
growth. A few molecular ways for crystal growth are highly preferred over others, and this

can make the hydrate growth process predictable, in contrast to the stochastic nucleation step.

1.2.2.2. Hydrate crystal growth processes

There are several different types of hydrate crystal growth, but here we are going to

highlight just two of them: single crystal growth and hydrate film/shell growth at the water-
hydrocarbon interface.

1.2.2.2.1. Single crystal growth

It is relatively easy to obtain single hydrate crystals when the hydrate former is
completely miscible in water, such as tetrahydrofuran or ethylene oxide. In contrast, single
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crystals of gas hydrates are harder to obtain and isolate. There are few studies about them
[40].

In single crystal growth, the slowest-growing planes are observed [25], while rapidly
growing single crystal planes disappear (as we will see in chapter 5). This is why single
crystals show {110} and {111} crystal planes for structures | and Il, respectively. It is
hypothesized that the {111} plane in sll grows slower because it contains a predominance of
hexagonal faces relative to other crystal planes in sll. Crystal planes containing hexagonal
faces grow slower because the hexagonal faces are more strained (120° between O-O-O
angles) than pentagonal ones (108°), relative to the tetrahedral O-O-O angle (109°) or the
water angle (H-O-H of 104.5°). The same could be deduced for the {110} plane of sl.

1.2.2.2.2. Hydrate film growth at the water-hydrocarbon interface

It is well known that hydrate growth is typically initiated at the water-hydrocarbon
interface. According to wide documentation, mostly based on macrophotography, show that
morphology changes during hydrate growth are similar independently of the hydrate former,
making the subcooling degree (or driving force) responsible for the morphology observed.

Growth studies at water-hydrocarbon interfaces show the hydrate film grows laterally
across the entire interface. Then, over time, the hydrate layer thickens to a final thickness that
depends on the subcooling degree. The hydrate film thickness and growth rate have been
determined using gas consumption coupled with video imaging [41], [42], or from
micrometer measurements [43]. For instance, an initial 12um film thickness was measured for
cyclopentane hydrate. This thickness then increases very slowly with elapsed time. From the
experiments, the proposed mechanism of hydrate growth is based on the guest molecule
diffusion from the bulk aqueous phase to the hydrate film formed at the water-hydrocarbon
interface. In Figure 1.14 we observe a conceptual picture of the hydrate growth mechanism
not only for a flat surface but also for a water droplet (both analyzed in this thesis). In either
case, the hydrate growth mechanism is the same. The first step is the propagation of a thin
porous hydrate film/shell across the hydrocarbon-water interface, or around the water droplet.
Then the film develops to finally solidify. In the case of the water droplet, once the shell has
completely covered the surface, a droplet bulk conversion into hydrate takes place at a very

low rate compared to that required for forming the thin hydrate film/shell across the interface.
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Figure 1. 14. a) Schematics of the proposed mechanism for hydrate film formation at a hydrocarbon-water
interface. b) Schematics of the proposed mechanism for hydrate film formation on a water droplet. [8]

A

¥

4b

b)

1.3. Cyclopentane hydrates

The interest in the study of cyclopentane (CP) hydrates, which are structure Il
hydrates, has increased over the last years. One reason for this interest is that these hydrates,
in the presence of pressurized gases such as CH4, CO,, N, act as promoter of other types (i.e.
structure 1) of hydrates [44], [45], [46], [47]. The other reason is that cyclopentane hydrates
are a model of natural gas hydrates (the water and the guest are sparingly miscible in each
other, and they form structure Il hydrates) and stable below the dissociation temperature of
about 7°C and ambient pressure, which ease the experiments. The presence of a ‘help gas’ at
moderate pressures (a few bars to tens of bars) has for effect to increase the dissociation
temperature of the structure Il hydrate and to expand the hydrate stability domain. The
structure Il CP hydrate acts then at still higher pressures to promote the formation of structure

| hydrate according to ill-understood mechanisms.

Due to its size and shape cyclopentane (CsHyo) occupies the big cavities (5 6%) of

structure 11 hydrates, leaving the small ones (5'%) empty. There also exist mixed hydrates
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CP+H,0O+gas in which big cavities are occupied by the CP and the gas, whereas the small

cavities trap just the gas molecules such as CH,4, CO; or N, among others.

Figure 1. 15. Occupation of the big cavities (512 64) of sll by the guest molecule (CP) in CP hydrate.

The equilibrium temperature at atmospheric pressure has been studied by several
groups and the results were in between 7°C and 7.9°C. Fan et al. [48] were the first in
determining the quadruple point of the CP + H,0O system at a temperature of 280.22K and at
0.0198MPa. The phases present in the system at the quadruple point are CP hydrate (H),
liquid water (Lw), liquid CP (Lyc) and saturated vapor (G).

1.4. Inhibitors

1.4.1. Background

The study of the effect of inhibitors on the formation and dissociation conditions of
clathrate hydrates is essential, mainly because of the interest in avoiding their formation in
gas and oil transport pipelines. The formation is very favored in there due to the high
pressures and low temperatures present, as we have already explained. This is a disadvantage
for the industry as these offshore flow-lines transporting hydrocarbons are considered the

principal concern for flow assurance engineers [49].

The hydrate formation process starts by having something as simple as two interfaces

of water and a hydrate forming compound, and the good temperature and pressure conditions.
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Figure 1.16 illustrates a proposed model for hydrate formation in a multiphase flow system
containing water, oil, and gas, where hydrates form at the interface of water droplets
contained in the oil phase, and/or from gas bubbles entrained in the water phase [50]. In the
oil phase, these hydrate-encrusted water droplets can agglomerate into larger hydrate masses,
leading to an increase in the slurry viscosity, which can eventually form a plug. The surface of
water droplets in water-in-oil (W/O) emulsions is a critical location for the formation and

agglomeration of hydrates.

Hydrate Growth Agglomeration Plugging

Figure 1. 16. Model for hydrate formation in a multiphase flow system containing water, oil, and gas [50].

Hydrate formation prevention can be attacked from various flanks. Hydrate formation
could be stopped from the beginning (avoiding hydrate crystals to grow or even nucleate) or
from another posterior step (agglomeration), allowing hydrate crystals to nucleate and grow,
but preventing them from agglomerating. Depending on what to avoid, two types of synthetic
compounds have been studied, apart from the natural inhibitors, present in the crude. The first
synthetic molecules are called thermodynamic inhibitors and the others are “low dosage
hydrate inhibitors” (LDHIs). These LDHIs have been researched and developed over the past
15 years as an alternative method to control gas hydrates [51]. They are now established tools
for the prevention of gas hydrate plugging of oil and gas pipelines and gas wells. In this wide
group there are two types of inhibitors that act in two different moments of hydrate formation.
They are anti-agglomerants and kinetic inhibitors. All of them present some benefits and

some disadvantages, and have their own “working mode”.

Motivated by these affirmations, we realize about the importance of a deep study of
the action mechanisms of these compounds, in order to give a clue about which one could be
more appropriate, taking into account all the pros/cons factors. In this thesis we have focused
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on just one type of inhibitors: the kinetic inhibitors (KHIs), because their mechanism of action
is still poorly understood, and we would like to provide with scientific explanations by getting

into it.
1.4.2. Thermodynamic hydrate inhibitors (THISs)

The main way of action of these compounds is that they shift the hydrate equilibrium
curve towards higher pressure and lower temperature, so that the formation conditions are
more difficult to achieve [49], i.e. lower subcoolings are required to obtain hydrates. The
addition of THIs is a widely used way to prevent pipes plugging due to hydrate
agglomeration. This is because of the fact that the amount of free water available to form
hydrates is reduced because it is present forming hydrogen-bonds with the inhibitors [52].
This causes a shift in the equilibrium diagram, and that is why lower temperatures and higher
pressures are required to form hydrates. Therefore, the system can be operated safely outside

the hydrate stability region.

Some examples of THIs are methanol, mono-ethylene glycol (MEG) and other
alcohols and diols. The most used THIs are methanol and MEG. Salts are also considered as
THIs because water links to ions from deionized salts and Coulombic bonds are greater than
hydrogen ones. Hydrate formation is inhibited because water is attracted to ions more than
water is attracted to the hydrate structure [8]. The next diagrams show how the two more
common THIs affect the equilibrium curve depending on the quantity we add. From the
graphs shown in Figure 1.17 we can say that methanol has higher inhibition performance than
MEG for the same amount of inhibitor added. Also, the inhibiting action increases when the

percentage of inhibitor in the mixture increases.
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Figure 1. 17. Experimental and predicted hydrate phase boundary for natural gas in the presence of a) MEG and
b) methanol aqueous solutions, taken from [53] and [54].
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But the drawback with THIs is that they have to be added in very big quantities (20 -
50 wt%) [51] and they present high toxicity to the environment. Also, there exists the
difficulty of recovering or recycling them post-addition, so there are some financial
implications, both to treat and to transport them to the oilfield site. This is why the industry is

moving towards other possible compounds that can avoid this hydrate formation.

Although the study of these THIs is very interesting, they are not the object of our

research.

1.4.3. Low Dosage Hydrate Inhibitors (LDHIs)

The use of some surfactants to avoid hydrate formation in wells was first discovered
by a Russian engineer called Kuliev in the early 1970s, who experienced the gas hydrate
formation problem in his gas wells [55]. He observed that, by adding some commercial
surfactants, the problem of hydrate formation disappeared. After that, no works on LDHIs

have been reported until the 1980s, and from then their use has increased a lot.

The basic action mechanism of this kind of compounds is that they act in the early
stages of hydrate formation, i.e. nucleation and/or growth. In contrast to THIs, LDHIs do not
change the equilibrium conditions and it is possible to work in the hydrate stability zone. One
of the main advantages in the use of these substances is that not big amounts of them are
required, as their own name indicates, in contrast to THIs. We are talking about 0.1 - 1.0 wt%
for LDHIs compared to 20 - 50 wt% for THIs [51], as it is said above. The use of low
quantities of LDHIs for avoiding hydrate formation makes them a more investment cost
saving option. Another benefit is that, in contrast to methanol (THI), these compounds are a
lot less volatile and flammable, so Health, Safety and Environment (HSE) risks are reduced
[56].

We can classify these LDHIs into two groups, depending on the moment of the
hydrate formation at which they are effective: Kinetic hydrate inhibitors (KHIs) and anti-
agglomerants (AAs: also called dispersant additives). Both types of compounds are going to
be explained in the next pages, but the ones that have drawn our attention are the Kinetic
Hydrate Inhibitors. The reason why we decided to study them (their effect on hydrate
formation and dissociation) is that they have been less investigated and their action

mechanism is still poorly understood. We expect to be able to give some insights into their
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action mechanism by studying the addition of two different KHIs to our hydrate system

water+cyclopentane.
1.4.3.1. Anti-Agglomerants (AAS)

Hydrate agglomeration is the stage just previous to pipe plugging, as it can be
observed in Figure 1.16. This agglomeration process is due to the formation of inter-particle
capillary bridges that increase their cohesion forces. This is why agglomeration could be
avoided by reducing these “bridges”.

AAs are normally surface active products mixed in a solvent. They can be water or oil
soluble, depending on the technology used [56]. They are generally amphiphilic compounds,
being ammonium quaternary salts the most typical, with a polar head and a hydrophobic part.
Their mechanism of action is thought to be as follows: tiny hydrate crystals are formed when
the good hydrate formation conditions are achieved (nucleation) but the polar heads of these
AAs are adsorbed to the hydrate structure, preventing them to grow. The nonpolar part of
these compounds stays in the oil phase, creating a steric repulsion between the small hydrate

crystals, as shown in Figure 1.18.

Hydrate

Steric repulsion

Figure 1. 18. Steric repulsion created between small hydrate crystals due to the nonpolar part of AAs, which
stays in the oil phase (adapted from [50]).

Instead of inhibiting the crystallization of hydrates, these compounds prevent the
agglomeration of small clathrate hydrates crystallites and ensure that free-flowing slurry is

maintained [57] (Figure 1.19). There is a disadvantage, which is the necessity for the presence
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of a liquid hydrocarbon phase for these AAs to work, so they are not suitable for all field site
applications. The principal advantages of using this kind of compounds is that performance at
high subcooling is superior to that of KHIs and also smaller quantities are required (0.1 - 1
wit%).

a) No Inhibitor Possible Plug

b) Kinetic Inhibitor  (Time < Induction Time): (Time > Induction Time):

(KHI) No Hydrate Possible Plug
d) Anti-Agglomerant Dispersed Hydrate Particles
(AA)

Figure 1. 19. Simplified methods by which LDHIs prevent hydrate plug formation [58].

1.4.3.2. Kinetic hydrate inhibitors (KHIs)

In contrast to AAs, KHIs do not prevent the aggregation of small hydrate crystals, but
they inhibit the rate of nucleation and/or the growth of clathrate crystals. KHIs are water-
soluble polymers that can either delay the onset of hydrate nucleation or the growth of hydrate
crystals for periods long enough to ensure transport of the fluid without pipeline blockage
[57]. The induction time (nucleation) is the most critical factor, and is dependent on the

subcooling (AT) in the system, as we have already explained.

In nature we can find some compounds that act as inhibitors of ice and ice-like
materials crystallization in the form of natural antifreeze proteins. The regular array of
hydrophilic amino acid residues is thought to interact with the growing surface of an ice
crystal. Some studies report that the mechanism of action is possibly due to a surface
adsorption and the resulting Kelvin effect [59]. Celik et al. suggested that AFPs adsorb to the
ice surface forming “patches” and so they change the curvature radius of the growing crystals
[60] [61]. This change in the curvature produces a difference in pressure between the crystal

inside and outside, which can be the reason why some structures like ice or hydrates, need to
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be superheated in order to dissociate or melt, as we will explain below. This is called the
Gibbs-Thomson effect.

But the problem of these structures is that they are quite expensive to synthesize so
other possibilities are taken into consideration. It has been proved that some synthetic KHIs as
poly(N-vinyl pyrrolidone) (PVP) or polyvinyl-caprolactam (PVCap) give some results in the

inhibition of nucleation and crystal growth comparable to those of AFPs [57].

In contrast to thermodynamic inhibitors, the use of KHIs and AAs is increasing
because they can be used in much lower dosages, as we have already said. KHIs are becoming
a good option for inhibiting hydrate formation, for obvious economic and pollution reasons.

In Figure 1.20 we can observe some of the most kinetic inhibitors used.
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Figure 1. 20. Some of the Kinetic inhibitors used in the inhibition of hydrate formation industry.

1.5. Microfluidics

Miniaturization has become more and more important in the last years and a lot of
progresses have been done. All kinds of systems can be miniaturized nowadays to the sub-

micrometric scale: mechanical, fluidic, electromechanical or thermic. The discipline that
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studies the behavior of fluid flows in these conditions is called microfluidics, and is the
purpose of this section [62]. Microfluidics is the science and technology of systems that
process or manipulate small (10°° to 10 liters) amounts of fluids, using channels with
dimensions ranging from a few nanometers to the millimeter [63]. The terms nanofluidics and
millifluidics are sometimes preferred when the dimensions are in the nanometric range or in
the millimetric range, respectively. It is still not very clear the reason why people started to
use microfluidic technologies in their studies. In the 1980s, Michael Widner thought it was
more interesting to reduce the scale of the experimental setups used in the lab [64]. Later on,
some other advantages of using microfluidic devices started to make them more and more
interesting. The first Lab-on-a-Chip (LOC) or microfluidic device was conceived by Michael
Widner at Ciba-Geigy (now Novartis), but it was not until 1990 that it was described
conceptually by Manz et al. An extensive work about this was published in 1992 [65]. In the
1990s further development in microfluidics as a new area of discovery was carried out. An

example of a microfluidic device is showed in Figure 1.21.

Figure 1. 21. A microfluidic chemostat used to study the growth of microbial populations. The colors are dyes
introduced to trace the channels [70].

As far as we know, nobody has studied the phenomenon of formation and dissociation
of hydrates at the micrometric scale. This with all the advantages micrometric systems
provide pushed us to study the process of hydrate formation and dissociation in order to
obtain many more details than when using macroscale reactors. Following what R. Feynman
said in 1959 in his conference “There is plenty of room at the bottom ” [66] we seek to study

the curious and strange phenomena that take place at scales in the micron-to-millimeter range
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and that have not been observed before in the formation and dissociation processes of gas
hydrates.

1.5.1. Why should we use microfluidics to study our system?

There are some important differences between working at the micro or the macroscale
which make microfluidic technologies very interesting nowadays. Gravity and inertia
dominate the “macrophysics” but, in contrast to that, if we reduce the size of the channels
where the fluid is confined other parameters such as the diffusivity, the interfacial tension or
the viscosity become more important and predominate. Microfluidics deals then with the
behavior, precise control and manipulation of fluids that are geometrically constrained to
small, typically submillimeter, scales. The fact of miniaturizing offers a precise control of the
transport phenomena: mixing, thermal transfer, strict control over spatial and temporal
concentration distributions, rapid heat exchange, mass transfer and homogeneous reaction

environments [67]. All these features make the conditions of a reaction easier to control.

Miniaturization is very important in the scientific research because it reduces the
expenses and the environmental research impacts, as very low quantities of reactants are
required (typical volumes are between 1pl and 1pl, and velocities between 10um/s and
lcm/s). At this small length scales (small volumes), surface effects are important and
confinement plays a role. Microfluidics is then important in order to study these kinds of
parameters, more difficult otherwise. Also, high throughput, resolution and sensitivity can be

obtained with small amount of liquids and in very short times of analysis.

One of the main advantages of microfluidics is that it allows fast analysis of fluid
samples. This is just because the diffusion distances are short and there are very small
volumes, which increase the surface area to volume ratio. This is the principal characteristic
of microfluidic devices. The other thing is the reduction in cost, because a very low quantity
of reagents is needed to perform an experiment. This last factor reduces the environmental
pollution, and it is one of the reasons why microfluidics is interesting as well. Another
important thing is that numerous experiments can be carried out simultaneously if we
optimize the experiment conditions, which allows us to gain a lot of time. Turbulences can be
avoided by using these devices and working in laminar flow is possible. This is one of the
improvements that this technique allows: at large scales, fluids mix convectively and inertia is

normally more important than viscosity. But in microsystems, two fluids do not mix
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convectively: they flow in parallel and the only parameter that makes them mix is not the

turbulences, but the diffusion of molecules across the interface that separates them.
1.5.2. Applications

The importance of microfluidics is not only the demonstration of principles, but also
using it in the resolution of problems. This is why microfluidic systems are being more and
more used in old applications and starting to be used in new applications. By seeing Figure
1.22 we can conclude that the research area where the majority of microsystems are used is
the pharmaceutical and health care for diagnostics, and growing. A big number of conditions
can be screened when using a microfluidic device: pH, ionic strength and composition, co-

solvents and concentration, which is very desirable and important for protein crystallization.
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Figure 1. 22. Microfluidic Applications Market 2013 Report. Yole Développement SA [68].

Another important characteristic of microfluidic devices is that they allow us to create
bubbles or droplets of a dispersed gas or liquid phase in a continuous liquid stream. This
suggests new ways to synthesize polymers, particles, emulsions, foams, etc., and study them
in more detail or even get insights into the formation. For example, droplets can act as
different compartments where a reaction takes place. We can see them as miniaturized
reactors for applications ranging from biological and material analysis to material synthesis to

medical diagnostics [69].
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In summary, even though microfluidics is at its starting point, it is growing more and

more, and many different fields are using it for their research.
1.5.3. Droplet-based microfluidic crystallization

In the first part of this work, a microfluidic system is used in order to assist the
investigation of cyclopentane hydrates crystallization. As we explained above, crystallization
in general is a complex process involving nucleation and growth until at least one germ is
visible, and thus couples kinetics to thermodynamics [70]. We already know that there are no
accurate theories that substitute empirical approaches yet. The crystallization process deals
with both thermodynamic and kinetic features. Thermodynamic data are the solubility lines,
the presence of metastable phases, polymorphs, liquid - liquid separation..., and they depend
on multiple parameters such as the temperature, pH, solvent, impurities, etc. On the other
hand, kinetic trajectories in the phase diagram are relevant to control most of the final
properties of the synthesized crystals. The path followed in the diagram controls the

nucleation and growth of the crystals, and thus their number, size, and morphology.

The benefits of using microfluidics to study crystallization are in relationship with the
specific objectives crystallization one seeks. The objective of crystallization is to either collect
thermodynamic/kinetic data or to grow good crystals for diffraction purposes [70]. The first
objective needs experiments to be multiplied, which can be achieved thanks to microfluidics
because several experiments are carried out at the same time and a good statistics is this
obtained. The second objective can also be achieved thanks to microfluidics and a good
optical system, because a focus on a specific point to unveil fundamental mechanisms is
required. Both of the general objectives of crystallization can be achieved through
microfluidic systems. One of the aims of this work is to obtain a good statistics of the kinetics
of hydrate formation and also to gain insights into the fundamentals of the mechanisms of gas

hydrate formation and dissociation by using microfluidic devices.

In general, a microfluidic system must have a series of generic components: a method
of introducing reagents and samples, normally as fluids, methods for moving these fluids
around on the chip and for combining and mixing them (if it is the case), and various other
devices (such as detectors for most microanalytical work, and components for purification of

products for systems used in synthesis). Millifluidic devices are based on the same schema.
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The microfluidic system we have used in the first part of this thesis for the study of hydrate

formation is also based on this schema.
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CHAPTER 2

OPTICAL MICROSCOPY

2.1. Introduction

A big part of this work requires the knowledge of some specific optical techniques that
allow a fine observation of transparent samples (hydrates). These techniques cannot be
understood without knowing the fundamentals of microscopy. This is why a review of the
optical phenomena that have a relationship with the optical techniques we use here is first
presented. Then some fundamentals about optical microscopy are introduced, such as
magnification or resolution (they are the most important parameters to take into account). In
the following section we present the different imaging and contrast generation modes that
allow us to observe transparent samples (hydrates). Those used in the performance of our
experiments are: bright and dark field imaging mode, differential interference contrast (DIC),

fluorescence and confocal reflectance microscopy. This chapter ends with the introduction of
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a technique that allows us to study thin films (thickness, roughness, etc.) of inhibitors

deposited on hydrophilic surfaces (in our case). This is the so-called ellipsometry method.

2.2. Optical phenomena contributing to image quality and

contrast

The operation mode of a microscope depends on several geometrical and wave optics
considerations that are going to be introduced below. We will discuss briefly factors of each

kind of optics influencing the final quality of the images obtained.
2.2.1. Geometrical optics

Light is one of the electromagnetic energy ways present in nature and interacts with
matter in many different ways. When radiation is incident at the boundary between two media
(diopter) with different refractive indexes n; and n,, energy is reflected, transmitted (or

refracted) and/or scattered.

Geometrical optics teaches that two types of reflection can take place: specular and
diffuse. In both types of reflection, a part of the radiant flux is reemitted without any variation
in the wavelength after striking a surface. If the diopter is flat a specular reflection is produced
(Figure 2.1a), i.e. a single incident beam produces a unique reflected beam and the incident
angle 6, between the normal and the incident beam is equal to the reflection angle between the
normal and the reflected beam (Snell-Descartes law). In the case of specular reflection, the
incident beam, the reflected rays and the normal of the diopter are placed in the same plane.
On the other hand, if the diopter is not uniform and presents some irregularities diffuse
reflection takes place and a unidirectional incident beam is deflected into many directions
(Figure 2.1b) [1]. Diffusion takes place when the characteristic size | of the irregularities is
higher than the wavelength 4 of the incident beam. But if | is lower or similar to 1 then
diffraction can also occur and the wave aspects of light have to be taken into account, as we

will see below.
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Figure 2. 1. a) Specular reflection: reflected rays and the normal of the diopter are in the same plane. b) Diffuse
reflection: a unidirectional incident beam is deflected into many directions.

In the same way, transmission is observed when flat diopters are used. The transmitted
beams follow the Snell’s refraction law (Figure 2.2): ny - sin 6; = ny, - sin 6,. On the other

hand, diffuse refraction is observed when diopters are rough.

Incident Normal Reflected

s ran

-~ |
.l |7~
7

Figure 2. 2. Angles involved in the Snell’s law.

The amount of reflected and transmitted light depends on the refractive indexes of the
two media and on the incident angle: the more the difference between n; and n,, the more the
light is reflected (power). In the same way a bigger difference between n; and n, means a
higher deviation of the refracted beam. For example, a gas bubble in water will be much more

visible than an oil droplet in water because of the larger difference in the refractive index.
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Microscopes enhance our sense of sight: they allow us to look directly at things that
are far too small to view with the naked eye. For achieving the most important objective of a
microscope, which is the possibility to resolve the small details of an object [2], some of the
parameters that affect its performance have to be optimized. The most important ones are

magnification and resolution.

This section is divided into two parts: magnification and optical aberrations. Both of

them are very important for obtaining good quality images.

2.2.1.1. Magnification

Magnification is the property of a microscope of increasing the image size in
relationship with the real size of an object. It is defined as the ratio between the distance from
the objective to the object and the focal length (distance from the objective to the eyepiece).
The higher this ratio the higher the magnification will be. Historically, the focal length was
fixed (160 mm), and it was the distance between the object and the objective what was

changed.
We can distinguish between simple and compound microscopes:

- Simple microscopes are composed by a short focal length lens or magnifier in order
to obtain a virtual and upright image, higher than the object, which is placed inside the focus.

The magnification in this type of microscopes is given by:

m=
=

The purpose of a microscope is to increase the value of B (Figure 2.3), in order to

obtain a greater image:

>

ho _ h
tanR = 2= 2
an 0 D

Considering a very small object, tan B ~ B so, rearranging:

hi D
ho_u
D
M= =
u
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observer

Figure 2. 3. Basic concepts of a simple microscope: there is a magnifier that produces a virtual and upright
image (h;), higher than the object (h,), which is placed inside the focus.

When the power of the simple microscope is to be increased, the focal length must be
reduced. For reducing the focal length, a reduction in the diameter of the lens is required. But
the problem is that when the lens diameter gets smaller and smaller, it reaches a point where it
becomes difficult to see through it, and the performance is affected by the aberrations. To

solve this problem, the compound microscope was invented.

The compound microscope is composed by two (at least) or more lenses (see Figure
2.4). The lens nearest to the object is the objective and produces a real and inverted image (1)
at a point inside the principal focus (fe) of the other lens, called eyepiece. This real image
serves as “object” for the eyepiece, which produces another image (I,), larger than the
previous one (magnified) but virtual, and visible to the eye of the observer. The eyepiece acts
as a simple microscope and produces further magnification. The total magnification depends
on the magnification of the objective and that of the eyepiece. The product of the eyepiece

and the objective lens magnification is called magnifying power.

However, some disadvantages can be found in this microscope arrangement. First of
all, the eye is not relaxed. It should focus to infinity instead of focusing on the near point. This
makes the difference between finite and infinity optical systems, explained below. Another
disadvantage is that changing the distance between the objective and the eyepiece can produce
a change in magnification. Finally, these systems are not designed for including additional
optical elements such as filter cubes or intermediate tubes into the optical pathway between
the objective and the eyepiece without introducing spherical aberration. This would require

focus corrections, apart from creating other image problems.
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objective eyepiece
fo ‘ fe 5 fe
;
‘ Fo iFa‘ Iz I1 F-_

.,,l L

Figure 2. 4. Basic concepts of a compound microscope: the objective produces a real and inverted image (I,) at a
point inside the principal focus (f.) of the eyepiece. This real image serves as “object” for the eyepiece, which
produces another image (I,), larger than the previous one (magnified) but virtual, and visible to the eye of the
observer.

In a fixed tube length finite optical system, light passes through the objective and
converges in the intermediate image plane (located at the front focal plane of the eyepiece) in
order to produce an image. “Finite” means that the focal plane is fixed. The image is formed
by the objective lens itself. On the other hand, in infinity optical systems, another lens (tube
lens) is added between the objective and the eyepiece (Figure 2.5). The light beam becomes
parallel after passing through the first lens (objective) and is projected at the infinity along the
optical axis of the microscope towards the tube lens. All the light is then focused at the
intermediate image plane producing a real image with a magnification given by next equation,

and finally enlarged by the eyepiece.

yy = feune
fobjective
As the light beam between the objective and the tube lens is parallel, in theory the
distance can be extended flexibly, and that is why the word “infinity” is used. The benefit of
using this kind of system is that additional optical elements like vertical illuminators, DIC
prisms, polarizers, retardation plates, etc., can be introduced. Also, the magnification can be
increased as it depends on the tube length, around 160 mm for finite optical systems and

between 160 and 200 mm for infinity ones (depending on the company).
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These days nearly all observation is done by electric cameras (CCD, CMOS...). The

camera does not have its own objective. The detector chip is placed at the focus of the tube

lens.
Eyepiece
Objective Eye
Specnm Intermediate
Image
Eyepiece

Tube Lens
Specnmen
Intermediate
Image
Objectlve

Parallel Light Beam
“Infinity Space”
(b)

Figure 2. 5. Principle of finite optical systems (upper): the focal plane is fixed and the image is formed by the
objective lens itself, and infinite optical systems (lower): the light beam becomes parallel after passing through
the objective and is projected at the infinity along the optical axis of the microscope towards the tube lens [2].

2.2.1.2. Optical aberrations

Optical aberrations are caused by artifacts that appear from the interaction of light with
glass lenses or with thick samples [3]. Depending on the lens quality these aberrations can be
reduced or not, but note that these errors are always there, and result in an inability of
delivering perfect imaging. They can be introduced by the sample, if it is very thick or curved
[1], [2], [3]- There are two principal causes of aberration: geometrical or spherical aberrations,
related to the spherical nature of the lens and chromatic aberrations that appear due to the

variations in the refractive indices of the wide range of frequencies found in the visible light:

- Spherical aberration occurs because light waves that pass through the periphery of
the lens are refracted to a greater degree than the ones that pass near the center (Figure 2.6).

This generates different focal points along the optical axis, meaning that there is not a well-
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defined image plane. For an extended object not the whole image is sharp, being the periphery

the most blurred parts.

Figure 2. 6. Schematics of the spherical aberration: light waves that pass through the periphery of the lens are
more refracted than those that pass near the center. The image is distorted.

- Geometrical aberrations include a variety of effects:

e Astigmatism and comatic aberrations are very similar. They are off-axis aberrations
and appear when rays from an object point pass through the vertical and horizontal
diameter of a lens and are focused as a short streak at two different focal planes
(Figure 2.7). This streak appears as elliptical, elongated spots for the horizontal and
the vertical directions at both sides of the best focus, where the focused image of a
point appears as an extended circular patch. Astigmatism is also caused by asymmetric

lens curvature due to mistakes in the fabrication.

Astigmatism

Object Plane

Figure 2. 7. Schematics of the astigmatism aberration [1]: the rays from an object point pass through the vertical
and horizontal diameter of a lens and are focused as a short streak at two different focal planes, producing
circular patches.
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e Curvature of field is and off-axis aberration and is the natural result of using lenses
that have curved surfaces. When visible light is focused through a curved lens, the
image plane produced by the lens will be curved. As a result, different zones of the
image can be brought into focus, but the whole image cannot be focused

simultaneously on a flat surface (Figure 2.8).

Object plane - |
| Image plane

Figure 2. 8. Schematics of the curvature of field aberration: when visible light is focused through a curved lens,
the image plane produced by the lens will be curved.

e Geometric distortion is an aberration that causes the focus position of the object image
to shift laterally in the image plane (Figure 2.9). The consequence is a radial variation

of magnification that will image a square as a pincushion or barrel.

OBJECT PINCUSHION BARREL
DISTORTION DISTORTION

W A
AR, Y

Figure 2. 9. Schematics of the geometric distortion aberration: the focus position of an object image is shifted
laterally in the image plane.

- Chromatic aberration is due to the dispersion of light of the optical materials used
for fabricating lenses. White light is composed of different wavelengths. When a beam of
white light passes through a lens with a refractive index, all the different wavelengths are
refracted differently, according to their frequencies. That is why blue wavelengths are focused

in an image plane closer to the lens than the image plane for red wavelengths. The inability of
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lenses to bring all the colors into a common focus results in a slightly different image size and
focal point for each predominant wavelength group. Even at the best focus, point sources are
surrounded by color halos. We can distinguish between the transverse (lateral) and the axial
(longitudinal) chromatic aberration. The first one is an off-axis imaging of colors at different
locations of the image plane (Figure 2.10a), whereas the second appears because some

wavelengths are focused at different distances behind the optical system (Figure 2.10b).

Longitudinal chromatic aberration

Figure 2. 10. Schematics of a) lateral chromatic aberration, which results in different frequencies of light being
in focus along different points in the optical axis and b) longitudinal chromatic aberration, which results in
different frequencies of light being in focus at different points along the optical axis [4].

Almost all the aberrations produced by lenses are corrected in microscopes of high

quality but they are still present due to the sample thickness because:

- Most of the objectives of a microscope are made for observing the surface of an
object assuming there is air between the objective and the surface of the object. A lot of times
this is not the case (for instance, there may be a glass wall in between, as we will see below)

and the objective has to be corrected in order to avoid the aberration.

- If we focus the incident beam on a transparent sample the peripheral rays are
refracted in a different way depending on the distance to the axis (Figure 2.11). This happens
when we look through something with an important transparent thickness. The two main

consequences of aberration at planar sample interfaces are:
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(1) Axial smearing of the focal point, resulting in loss of resolution and contrast.

(if) The approximate focal point is deeper in the sample than deduced from the depth

SCB.'GOf the miCrOSCOpe Zrea| = nsamp|e " X " Zapparent

Objective . .
Axial focus smearing

Transparent
thickness

Figure 2. 11. Schematics of the aberration produced when light traverses a transparent thickness.

2.2.2. Wave optics

Apart from the phenomena that can happen to light when it is incident on a surface,
i.e. geometrical optics, there are some other factors that can affect the images quality and

which are related to the wave nature of the light. They are going to be discussed below.
2.2.2.1. Diffraction of light

The process of diffraction involves the spreading of light waves when they pass
through apertures or around screens. The effect is strong if the size of the diffracting object is
comparable to the wavelength. Thus, the image of an object self-luminous point obtained with
a microscope is not a point but an intricate diffraction pattern of a bright central spot and
concentric bright rings, formed by the interference of the waves diffracted by the objective
aperture (Abbe’s theory). This diffraction pattern is referred to as an Airy disk. When this
pattern is magnified, it results in a central bright spot or diffraction disk containing ~84% of
the light from the source, surrounded by a series of concentric diffraction rings with gradually
decreasing intensities (Figure 2.12 upper a). Diffraction needs to be taken into account when
we talk about resolution. Resolution is limited by both geometrical (size of the camera pixels:

points projected into the same pixel will not be resolved) and wave optics factors. Microscope
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resolution s is the shortest distance between two separate points in a microscope’s field view
that can be distinguished as individual entities. Rayleigh criterion states that two points are
resolved when the maximum of diffraction of one point coincides at least with the first

minimum of a second point (Figure 2.12 lower b).

(@) (b) (©)

Figure 2. 12. Upper: Diffraction of light through a circular pupil. Lower: Rayleigh criterion. Diffraction patterns
of a) a single source, b) two sources hardly separated and c¢) two sources well separated.

The size of the central spot in the Airy pattern is related to the wavelength of light and
the aperture angle of the objective, described by the numerical aperture (NA). In terms of
resolution, the radius of the diffraction Airy disk in the lateral (x,y) image plane is defined by

the following formula:

A

Abbe resolution,,, = S NA

The numerical aperture of an objective lens is defined as the ability of the lens to
gather light and resolve a point at a fixed distance from the lens. The aperture diaphragm of
the optical system determines the angle at which rays emerge from the axial object point and,

after refraction, pass through the optical system. NA is defined as follows:

NA=n-sin0
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where n is the refractive index between the object and the optical system and 6 the aperture
angle, i.e. the half angle over which the objective can gather light from the specimen. The
higher the refractive index the greater NA and more light will be gathered (refraction angles at
the interfaces will be reduced) (Figure 2.13). This results in a better resolution. Water or
immersion oil are media with higher refractive index (see Table 2.1) than that of the air, and
are the most used ones for optical systems. Our system contains inspection windows to see
through, so long working distance objectives were needed, but it was not possible to immerse
them in any liquid in order to improve the NA because of the low temperatures needed to
perform the experiments, and the condensation produced.

Media Refractive Index
Air 1

Water 1.33
Oil 1.45-1.6

(1.515 is typical)

Table 2. 1. Refractive indices for different media.

Numerical Aperture ., _ 0

(a)ax=7" NA=0.12
(b) x=20"NA=0.24
(c) &z = 60° NA = 0.87

Figure 2. 13. Influence of the working distance (aperture angle o) on the numerical aperture NA [5].
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2.2.2.2. Polarization of light

It is well known that sunlight and other natural and artificial illumination forms
produce non-polarized light, thus, light waves whose electric field vectors E vibrate in all
planes that are perpendicular to the direction of propagation. If the electric field vectors are
restricted to a unique plane by filtration of the beam, then linearly polarized light is obtained.
The E vector is always orthogonal to the direction of light wave propagation (z), and can be
described by two harmonic oscillations along x and y. These oscillations have the same
frequency, but generally different amplitude and phase. As a result, at a fixed point in the
space the E vector moves along an ellipse in a planes perpendicular to the direction of light
wave propagation. Elliptically polarized light is a state between linear and non-polarized light
and the most general state of polarization. If the phase of x and y oscillation is equal, the
resulting ellipse degenerates into a straight line. If the phase difference is +/- 90° the ellipse
becomes a circle. Thus, the linear and the circular polarizations are limiting cases of the

general elliptical state.
2.2.2.3. Interference of light

Several phenomena in this thesis depend on interference of reflected light waves. In
general, reflection itself depends on light polarization and on the incident angle of the light

beam.

The process of interference describes the recombination and summation of two or
more superimposed wavefronts [6], [7]. Interference of light plays an important role in all
aspects of image formation. The conditions for two waves to interfere in one point are: 1) both
waves have to be monochromatic, i.e. they must have the same wavelength and 2) they have

to be coherent, i.e. the must be in constant phase.

We frequently observed interference fringes due to interferences between waves
reflected off close, nearly parallel interfaces. The amplitude of the reflected waves depends in
general on the polarization and angle of incidence. Although illumination under the
microscope, particularly in confocal microscopy, involves a spread of incidence angles, a
simple theory based on the assumption of normal incidence (vanishing angle of incidence)

works remarkably well for deducing the thickness of thin films.
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Under illumination the image of a non-opaque object results from light reflected at
interfaces between media of different refractive indices n. The Fresnel reflection coefficient
(r) at the boundary between media with refractive indices ny and n, (Figure 2.14) for an

incident beam normal to the surface is:

Figure 2. 14. Reflection of a wave at a boundary interface.

In general, the reflection coefficient for waves that are polarized in the plane of
incidence (90°) vanishes at a particular angle, i.e. Brewster angle (see ellipsometry section).
The intensity of the reflected beam (l,) is proportional to I; - r?, being I; the intensity of the
incident beam and r the amplitude of the reflected wave. Note that in Equation 2.1, for n; < n;
(e.g., air/glass), ri < 0, meaning the wave undergoes a © phase change, equivalent to a A/2

path difference.

Reflection occurs in every interface between media of different refractive index. In
Figure 2.15 we analyze the reflections that take place in our system and how they interfere. A
beam of monochromatic light (A = 532 nm) strikes a glass surface. This light beam finds in its
way two interfaces: 1) glass (ng = 1.52) / water (n,, = 1.33) and 2) water/cyclopentane (ncp =
1.41).

The incident light beam first finds a glass/water interface. As the refraction index of
water is lower than that of glass, the reflected wave 1 does not suffer any change in its phase
when it is reflected. The refracted part of the incident beam continues its way through the
water to finally find a new interface water/CP (CP has a higher refraction index than that of

the water). The emergent wave 2 suffers two reflections of different nature.
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8 2

Water

Glass

Figure 2. 15. Reflections that take place in our system after the incident light beam strikes the two interfaces
present. The reflected ray 1 suffers a reflection of one type: glass/water, whereas the reflected ray 2 is the result
of two different reflections: glass/water and water/CP.

The optical path difference Ad is given by A = 2:-np-d-cosb, where np, is the refractive
index of the medium, d is the distance between the interfaces and 0 is the angle of refraction
in the medium. When A6 = N - A, a dark fringe will be produced whereas there will be a
bright one when A = (N + %) - A. With monochromatic incident light these interferences
result in bright and dark zones compared to the background. This can give us information
about the sample thickness because the distance & between two dark or bright fringes is
related to it. Depending on the order of the refractive indices, there may be 0, 1 or 2
reflections off a more refractive medium. In that case, A/2 has to be added to the path length,
before deciding if the zeroth fringe (where the thickness vanishes) is to be expected bright or
dark.

2.3. Contrast generation and imaging modes

What makes a specimen visible in optical microscopy is the difference in intensity
and/or color. This creates image contrast. As a general rule best contrast is obtained in
methods which provide a small signal on a theoretical vanishing background. Contrast is the
difference in light intensity between the image and adjacent background relative to the overall
background intensity. The generation of a good contrast is essential in microscopy, not only
for making objects visible but also for observing and measuring individual details,
characteristics or just a specific part of a specimen. However, there are a lot of unstained
objects for which the images generate very little contrast and then they remain almost

invisible, regardless of the ability of the objective to resolve details. This is why some
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different contrast enhancing techniques have been developed. In this section just the

techniques that have been used in this work are explained.
2.3.1. Bright field

It is the most elementary form of microscope illumination techniques. It receives this
name because the specimen is dark and contrasted by the surrounding bright viewing field. In
transmission bright field microscopy image contrast appears due to the absorption of

amplitude (naturally colored or stained), reflecting and diffuse (fibers, hairs, etc.) specimens.
2.3.2. Dark field

In bright field microscopy all the rays are gathered by the objective lens and contribute
to image formation. Both the diffused (rays that interact with the specimen) and the non-
diffused incident rays (the ones that do not interact with the object and pass non-deviated

through or around the specimen) take part in image formation.

In order to remove the non-deviated rays and obtain much more contrasted images an
annular diaphragm is placed in the condenser. The cone shaped sheet of light (Figure 2.16)
produced has such an opening that the non-deviated rays by the object are expelled around the
objective. The only rays received by the objective are those diffused by the object. As a result
the specimen appears as brightly illuminated on a dark background, which is different from
what we observe in bright field mode (Figure 2.17) [1], [5].

Diffracted rays
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Figure 2. 16. Principle of the dark field mode: the non-deviated rays by the object are expelled around the
objective. The only rays received by the objective are those diffused by the object.
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Figure 2. 17. Left: a water drop viewed in bright field mode. Right: a water drop viewed in dark field mode.

2.3.3. Differential interference contrast (DIC or Nomarski phase contrast)

There exist a lot of unstained specimens that are invisible to the eye because they do
not absorb light but alter the phase of the diffracted light (phase objects). Therefore, many
different contrast methods have been developed in order to see such phase objects. These
methods use a local variation of the refractive index or thickness (or both) of the specimen to
generate some contrast, very difficult otherwise. The result is that the details of the image
appear lighter against a darker background. One of these methods, widely used is differential

interference contrast (DIC).

DIC uses two Wollaston prisms in its most used and simple design (Figure 2.18) [13].
After passing through a polarizer 45° inclined with respect to the Wollaston, light enters the
first Wollaston prism, which splits the light beam into two of equal intensity. These two
beams have their own polarization directions that are perpendicular between them and travel
nearly parallel to each other. The distance between both rays is called shear and is very small
(less than the resolving ability of the objective). Then both beams interact with the specimen
and their wave paths are altered depending on its varying thickness, refractive indices or
slopes. When the two beams get out the objective they are recombined by the second

Wollaston (inverted) prism.
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Figure 2. 18. Principle of a DIC imaging mode. Left: experimental setup. Right: the different elliptic forms
obtained for various local phase shifts in the specimen and the corresponding amplitudes measured by the
analyzer. In the figure, a; is the amplitude with no phase shift, a, when the phase shift is positive and a; when the
phase shift is negative.

If the specimen did not introduce any path difference, the beam recombined by the
second Wollaston is the same as the beam who was split by the first Wollaston, i.e. it is
linearly polarized at 45°. On the other hand, if the specimen presents some refractive index or

thickness gradient, the recombined beam is no more linearly polarized but elliptic.

An analyzer is placed after the second Wollaston prism and perpendicular to the
polarizer in order to stop the zero path beams and to bring vibrations of the elliptic beams into
the same axis so that they can interfere (they have been vibrating perpendicular to each other
and could not produce interference). The problem with this setup is that it is not possible to
differentiate positive from negative phase shifts. To resolve this problem, a positive phase
shift is imposed to the system (e.g., by rotating one of the Wollaston) in order to produce an
elliptic vibration even in absence of phase shifts in the specimen. Then, depending on the sign
of the phase shift (that depends on the sign of the refractive index gradient) induced by the
specimen, both the ellipse and the amplitude (given by the projection of the ellipse on the
analyzer direction) will be more or less pronounced. Therefore, the resulting intensity will be
brighter or less bright than in the cases where the gradient is null (Figure 2.18 right). The light
passes then through the eyepiece to be observed as differences in intensity. One side of the
detail appears bright (positive gradient of the refractive indexes or increasing thickness)

whereas the other is darker (negative gradient of the wave path). This effect allows detecting

77



Chapter 2: Optical Microscopy
Mechanisms of Formation and Dissociation of Cyclopentane Hydrates

the shapes of the objects very precisely and gives the specimen a three-dimensional
appearance (Figure 2.19).

Overall DIC images show bright features on a dark background, wherever there is a

gradient of the optical path (gradient of refractive index or variation of the sample thickness).

Figure 2. 19. Cyclopentane hydrate at the water/cyclopentane interface. Left: bright field mode. Right: DIC
mode. The three-dimensional appearance is easily observed.

2.3.4. Fluorescence

Fluorescence is the process by which a specimen absorbs and subsequently reradiates
light [8]. The fluorescence process occurs nearly simultaneously with light absorption because

the time delay between a photon is absorbed and reemitted is less than a microsecond.

Fluorescent molecules or photo-sensitizers are also called fluorophores and are
necessary to perform the fluorescence microscopy experiments. These molecules typically
absorb light in a determined wavelength and then emit photons in a longer wavelength. More
precisely, a fluorescent molecule can be excited from a vibrational level in the electronic
ground state (Sp) to one of the many vibrational levels in the electronic excited state (S;),
when it absorbs a photon of the appropriate energy. Excited molecules return to the ground

energy levels through several steps (Figure 2.20):
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1. The molecule quickly loses energy non-radiatively through collision with other
molecules in order to reach the lowest vibrational level (v = 0) of its excited state S,

(vibrational relaxation).

2. The molecule keeps dissipating part of its energy and reaches the lowest vibrational
level of the lowest excited singlet state (S;) by internal conversion IC (S, — Sp.1— ... — Sy).

This process occurs in picoseconds and only between energy levels of the same spin state.
3. The molecule then goes back to the ground state Sy in some possible different ways:

- When the molecule returns to the electronic ground state by emitting a photon,
fluorescence occurs. This photon has a longer wavelength than the incident radiation.
Emission typically occurs within nanoseconds. The rest of the energy is released as heat (IR

radiation).
- Radiationless transitions make the molecule return to the ground state by releasing heat.

- Before reaching the ground state So, a molecule can pass from S; to T, (excited triplet
state, where the excited electron has been reversed) by intersystem crossing (ISC). This is a
radiationless transition between two excited states of different spin. The triplet state is of
lower electronic energy than the excited singlet state, and exists for each one of the existing
excited singlet states. A second ISC T; — Sy can occur, by which the molecule reaches the

electronic ground state through the necessary vibrational relaxations.

- If the molecule in the excited triplet state T loses its energy by emitting a photon when
it goes back to So, phosphorescence occurs. This process takes between 107 and 107 seconds
at T ~ 300K and is less probable than a transition S; — Sy. The emitted photon will be less
energetic than the one emitted in fluorescence because the excited triplet state T, is lower in
energy than S;.

Fluorescence microscopy uses this process to generate contrast in image formation.
This is a very used technique nowadays not only because autofluorescent specimens can be
studied, but also because of the use of a huge number of fluorophores is possible (secondary
fluorescence). These molecules are excited when irradiated with light and attach to visible or
sub-visible structures. They then relax emitting light of useful intensity. As the development

of these kinds of molecules is increasing and their respective absorption-emission curves are
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being obtained, the use of this technique is becoming more and more important, apart from

being relatively easy to use and of great specificity.
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Figure 2. 20. Jablonski diagram showing all the possible relaxation ways of an electron after energy absorption.

The basic operation mode of fluorescence microscopes is to first excite the specimen
with a selected wavelength or a set of wavelengths and then separate the weaker reradiating
fluorescent light from the much brighter excitation light. This is necessary for allowing just
the emission light to reach the detector. For achieving this, fluorescence microscopes are
modified and several filters are included. The exciting light comes from a lamp or another
light source and light of a specific wavelength or set of wavelengths is produced after passing
through the first filter, called excitation filter. The desired wavelength is reflected by a
dichroic filter and directed towards the objective and then the specimen. This dichroic
beamsplitting mirror allows the long wavelengths (those that will form an image of the
specimen in the image plane) emitted by the specimen to pass through efficiently and reflects
shorter wavelength light (exciting light), making it go back to the light source. Once the
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specimen fluoresces and after passing through the dichroic mirror, the emitted light passes
through another filter, called barrier or suppression filter. This filter blocks any residual
excitation light and passes just the desired longer emission wavelengths before they reach the
eyepiece. In most systems the three filters are incorporated in a cube (Figure 2.21). One

example of the images we can obtain is shown in Figure 2.22.
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Figure 2. 21. Principle of a filter cube used in fluorescence microscopy: the desired wavelength is reflected by a
dichroic filter and directed towards the objective and then the specimen. Once the specimen fluoresces and after
passing through the dichroic mirror, the emitted light passes through another filter, called barrier or suppression
filter.

Figure 2. 22. Hydrate crystal at the interface water/cyclopentane using the fluorescence imaging mode. DASPI
molecules are added to the water with a concentration 2:10° M.
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In some of our experiments we used a molecular probe responding to a constrained
molecular environment, as when a molecule is physisorbed on an interface (liquid/liquid as
well as solid/liquid) or is dissolved in a very viscous solvent. Trans- 4-[4-(dimethylamino)-
styryl]-1-methylpyridinium iodide (4-DASPI) was used as fluorophore (Figure 2.23). 4-
DASPI is one of the hemicyanine dyes in which the dimethyl amino group is an electron

donor and the methylpyridinium group is an electron acceptor.
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Figure 2. 23. Several possibilities of twisted conformations of p-DASPI.

This fluorophore is a planar molecule in its ground state but is susceptible to be
twisted through different rotations (see Figure 2.23) when it is excited and the charge transfer
occurs [9]. The molecule could twist around one or both of the single bonds placed near the
double bond (A; or Az). Anyway, it has been reported from calculations [10], [11], [12] that
twisting of the phenyl group (Ay) is the dominant process in the excited state because there is
a potential barrier for twisting of the methylpyridinium ring (As), which is higher than the
thermal energy at room temperature. But no experimental evidences have been reported yet.
Therefore it is admitted that the twisting generally occurs around the double bond. In order to
get the twisted intramolecular charge transfer (TICT) state a process governed by the potential

surface (Figure 2.24) [9] takes place during the excitation. The TICT state is non-fluorescent.

The twisting process in more detail would be as follows: after excitation of the planar
molecule (ICT state), the molecule undergoes an internal rotation to the TICT state by
twisting its olefinic double bond towards an angle of 90°, corresponding to the most stable
excited conformation. This excited state P” is a little lower in energy than the excited planar
state (Figure 2.25) [13]. But the ground state energy of the twisted molecule is much higher
than that of the plane molecule and the relaxation to the state energy of the twisted molecule
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is much less energetic. Strehmel et al. showed in 1997 that the deactivation of this excited

state is radiationless.
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hv k.
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Figure 2. 24. The possible potential energy surfaces of a molecular rotor. The rate processes in the excited state
are governed by the potential surface: 1) activated potential case, 1) inverse potential case and I11) flat potential
case [9].

When an external constraint prevents the twisting of 4-DASPI after excitation, the
TICT state cannot be reached. Therefore, the only conformation the molecule can adopt in the
excited state is the planar one which is, at the same time, the one that emits the most (E~ in
Figure 2.25). This is why an increase of fluorescence is observed when the molecule is in a
viscous or solid medium (quartz), in comparison with when it is dissolved in water, where not
only the planar configuration of the molecule is possible in the excited state, but also the

TICT conformation, leading to a reduced fluorescence.

In any case, and notwithstanding continuing debate in the literature on the twisting
process of DASPI and similar molecules, we can expect a stronger emission when it is

absorbed or blocked on a solid surface because the molecular conjugation is broken.

Apart from the experiments carried out with DASPI, other types of experiments were
performed with fluorescent microscopy. In this case, fluorescent latex beads (27 nm diameter)
containing rhodamine 6G [14], [15] were added to the system, as we will see below. We used

them as tracers of water free flow.
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Figure 2. 25. Calculated absolute energies of the different conformations of p-DASPI by using the calculated
ground state energies (AM1) in conjunction with the excitation energies [13].

2.3.5. Confocal reflectance microscopy

Confocal microscopy uses optical imaging to create a virtual slice or plane, many
micrometers deep, within the sample. It provides very high-quality images with fine detail and
more contrast than conventional microscopy [16], [17], [18]. In addition, the imaging
technique allows for reconstruction of virtual three-dimensional (3D) images of the sample
when multiple sections are combined. Confocal microscopy is usually performed either in an
epi-fluorescence mode or a bright-field reflection mode. The basis of the latter imaging mode
is as follows: a beam of incoming light (the excitation beam) is focused through the
microscope objective on a small spot inside the sample, which can be almost as small in
diameter as the wavelength of light itself - about 0.5um. The same objective gathers the
reflected light coming back from the sample, but unlike conventional light microscopy, this

light is projected and not directly viewed. In conventional light microscopy, although only a
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small field of the sample is illuminated at one time, some of the reflected light scatters, which
could blur or obscure the image. Confocal microscopy overcomes this problem using a small
pinhole aperture in a screen that allows only the light emitting from the desired focal spot to
pass through. Any light outside of the focal plane (the scattered light) is blocked by the
screen. In optical terms, the pinhole is placed in a conjugate focal plane as the sample (hence
the designation “confocal”) (Figure 2.26). A sensitive light detector, such as a photomultiplier
tube, on the other side of the pinhole is used to detect the confocal light. This technique
allows the specimen to be imaged one “point” at a time. To generate a complete image, the
spot is moved over the specimen and the image built point by point.

The most important aspect of confocal microscopy is that parts of the specimen that
are not at the focal point contribute very little to the in-focus image, contrary to conventional

light microscopy, in which all of the light collected by the objective lens is detected.
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Figure 2. 26. Confocal microscope setup (right) in contrast to the conventional light microscope (left). In the
confocal setup a pinhole is placed in order to block any light outside of the focal plane (the scattered light).

In addition, the confocal technique can be combined with any imaging mode of
conventional microscopy, including dark-field, polarization, Nomarski DIC, and interference

microscopy [7]. Interference of light has already been explained and is the basis of the
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functioning of this imaging mode. It can give us information about the thickness of the
sample, which is very important for us. An example of the type of images obtained is sown in
Figure 2.27 right. From the number of adjacent dark (or bright) fringes (m ~ 10) between the
edge and the center of the drop, we deduce a height of h=ml/2ny = 2um, with ny = 1.33 the
refractive index of water and | = 532 nm the wavelength of the laser.

¢3-1-trans c3-2-réfl

Figure 2. 27. CP hydrate crust over a water drop. Left: Transmission imaging mode. Right: confocal reflectance
imaging mode.

2.3.6. The microscopes used in this work

In this section we give a detailed description of the instrumentation used for the
development of our studies and its characteristics. We used as inverted microscopes an AE21
Motic™ in preliminary observations and the other part the work was carried out on an
inverted Nikon Ti Eclipse microscope. It is designed for transmission, DIC phase contrast,
wide-field fluorescence, video microscopy, confocal fluorescence and reflectance, including
z-scanning, TCSPC, FLIM and confocal emission spectroscopy. In table 2.2 we show the
objectives used in our experiments. Note that the objective x20 is corrected for avoiding axial
smearing of the focus, i.e. spherical aberrations induced in thick samples. In this particular
case the aberrations are produced by the 1.5 mm-thick quartz wall. Wide-field images were
recorded with two cameras: (i) a ProEM 512B camera (Prinston Instruments) which is an
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electron multiplying charged coupled device (EMCCD) with a 512% pixels matrix (16pm
pixels) and (ii) a SCMOS camera (ORCA -4.0, Hamamatsu), with 6.5um pixels. The
microscope is equipped with an effective tube extender (x1.5). A sub-micron resolution is
obtained for the highest magnification (i.e. with the x20 objective and the tube extender). The
lamp used for transmission and DIC is a 120 watt filament lamp while the source for
widefield-fluorescence is a 505 nm LED. The filter cube used in our experiments contains a
494 nm/51 exciter filter, in order to excite either the 4-DASPI fluorophore we have used (Kim
and Lee find the absorption maximum of DASPI in water at 452 nm) or fluorescent latex
beads (27 nm diameter [14], [15]), containing rhodamine 6G. We did have to use in all our
experiments an IR filter in order to avoid the local heating of the samples, which could lead us
to errors. For the confocal reflection microscopy, the wavelength used was 532 nm.
Assuming normal incidence, the separation between two consecutive dark stripes in the

images is equal to 4 - A - n; in this case %2 - 532 - 1.33 = 350 nm.

Objective  Focal length NA Working EMCCD field a (°)
(mm) Distance (mm) (um)
x4 50 0.13 17.2 2047.6 7.5
x4 x1.5 1334.8
x10 20 0.30 16 821.8 17.5
x10 x1.5 546.5
x20 10 0.45 8.2 423.1 26.7
(corrected)
x20 X1.5 284.4
x50 4 0.6 11 164.8 36.9
x50 x1.5 109.7

Table 2. 2. Objectives of the Nikon Ti Eclipse microscope used in our experiments. Note that the objective x20
is specially corrected for spherical aberrations in thick samples.
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2.4. Ellipsometry and Brewster angle microscopy (BAM)

Ellipsometry is a very sensitive optical method, used to obtain information about thin
films developed on flat surfaces. This is a noninvasive technique with very high accuracy (of
the order of 1 nm). This technique uses the change in the polarization state of light when a
light beam is reflected from a surface covered with a thin film. The component x is parallel to
the plane of incidence of the light beam (p polarization) and the component y is perpendicular
to the incident plane (s polarization). The amplitude and phase of each component are altered

after reflection due to the structure of the surface.
2.4.1. Fresnel’s laws of reflection at surfaces and Brewster’s angle

Experiments show that when the incident angle i; (Figure 2.28) does not exceed the
limit angle, there is not only refraction but also a reflection that becomes more pronounced as
the incident angle increases. Moreover, it was observed that the fraction of energy reflected or
transmitted depends on the direction of polarization of the light [19]. In particular, two
directions of polarization were studied: one in the p plane that corresponds to the incident

plane and the other in the s plane, which is perpendicular to the p plane.

Figure 2. 28. Decomposition of the electrical field vectors in p plane and in s plane. E refers to the incident
beam, R to the reflected beam and T to the refracted beam.
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Fresnel solved this problem and developed several equations that describe the

reflection and transmission coefficients of the amplitudes of electric field in the p and s plane:
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We see that r, = 0 when iy + i, = /2. This occurs at the Brewster angle i, = ig at which

tani; =—=. Therefore, an incident beam polarized in the p direction will be completely
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extinguished because only s polarized rays can be reflected. This phenomenon is exploited in
Brewster angle microscopy, where the specimen is observed through the reflection of a p
incident beam and the analyzer in the p direction. The reflection of p rays by an interface
makes them disappear while those reflected by a thin layer are generally elliptically polarized

and are then visible.
2.4.2. Principle of an ellipsometric measurement

Light is reflected by the surface of the sample. When a polarized light beam strikes a
surface, the p and s components suffer an alteration in their phases and amplitude and exhibit
different reflectivities. Therefore, a change in the form and size of the ellipse of polarization is
observed. This change can be traduced as a measure of the properties of the optical system.
Figure 2.29 shows the different components that are necessary to perform an ellipsometric
measurement by the nulling technique. A beam of non-polarized light (a) enters a linear
polarizer, allowing the light to become polarized in the desired direction P. The p and s
components of the electric field vector E have the same phase (b). This linearly polarized light
then arrives to the compensator formed with a quarter wave plate, where the amplitude and
phase of the two components are shifted, converting the linear polarized light into an ellipse
(c). The elliptically polarized light strikes the surface (d) and the objective is to achieve a
linear polarized light (e) after reflection of the light on the thin layer. To achieve this, in

general the quarter wave plate is set to an angle C = 45° and the polarizer is turned to the
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desired P angle producing a linear polarized light after reflection from the thin layer. An
analyzer (f) is placed just before the receptor and it is turned to an angle A to extinguish the
beam in order to determine the direction of polarization of the beam after reflection. This is
called “nulling” and corresponds to the fact of finding a minimum of the signal in the
photodetector. The knowledge of the three angles P, C and A, allows to directly determining
the ellipsometric angles y and 8, which are related to the ratio of the complex reflection
coefficients of p and s polarizations:

r

r_p =tany exp(id) = —tan A

S

tanC —itan(C — P)
1+itanCtan(C - P)’

where v is the angle whose tangent gives the ratio of the change in amplitude for the p and s
components and 6 is the relative phase shift between the p and s component upon reflection.
These values are then treated through a complex optical model in order to obtain the film

properties.

Light Source Phot:rr:ﬁ

Polarizer

Quarter
Wave Plate
L

Analyzer

Figure 2. 29. Components of a nulling ellipsometer (see text).

2.4.3. Ellipsometer characteristics

We used an auto-nulling imaging ellipsometer (Nanofilm Surface Analysis) with
0.001° resolution for the angles 6 and y. The light source is an internal 532 nm solid-state
laser and instead of a photometer, a CCD camera with 768 x 572 pixels allowed to get images
of the interface. In order to get the most precise results one has to use an incident angle close

to the Brewster angle because it is close to this angle where 6 and y vary the most with
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respect to the layer thickness. It is reasonable to state that the uncertainty of our

measurements is about 1 nm concerning the determination of the layer thickness.
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CHAPTER 3

STATISTICS OF HYDRATE NUCLEATION
AND GROWTH

The text of this chapter has recently been published under the title “Droplet-based
millifluidics as a new tool to investigate hydrate crystallization: Insights into the memory

effect” in Chemical Engineering Science. This paper is reproduced below.

Abstract

A simple millifluidic method is used for studying hydrate crystallization. Regularly —
spaced water drops of equal volume in the ml range separated by the guest (hydrate-former)
phase are placed in transparent plastic tubing. Temperature and/or pressure are controlled. In
one experiment several tens of water drops behaving as independent reactors are video-
monitored for hydrate formation and melting events. This method is used here to gain insights
into the ‘memory effect’. The hydrate-former chosen is cyclopentane (CP), which forms
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hydrates at ambient pressure and temperatures below T¢q = 7.2°C, the three-phase (CP, water,
hydrate) equilibrium temperature. The statistics of hydrate nucleation events when chilling the
water drops below Ty is observed to depend strongly on the thermal history, e.g., prior CP
hydrate formation and subsequent melting at various prescribed temperatures (above 7.2°C)
and durations. When one or two of these parameters (melting temperature and duration)
increase, the ‘memory’ of the hydrate previously formed fades: the subcoolings required for
hydrate formation increase and are more scattered, i.e. they differ more from one drop to the
other. The method also allows the visualization of single-drop events such as hydrate birth
and growth. The results complement those obtained from more conventional methods and
show the promises of using this method for investigating the kinetics of hydrate crystallization

and melting.
3.1. Introduction

Clathrate hydrates (hereafter abbreviated as hydrates) consist of hydrogen-bonded
water (host) molecules forming a crystalline lattice stabilized by hydrate-former (guest)
molecules (CO,, low molecular-weight alkanes, etc.) present in some of its cavities. These
ice-like compounds are stable in a domain of low enough temperatures (typically, below a few
°C) and high enough pressures (often above a few bar) that depend on the particular hydrate-
former. Hydrate crystallization, long considered to be a nuisance (still to be avoided in oil and
gas transportation lines), is now being considered for an increasing number of applications
including gas storage, refrigeration processes, CO, separation from natural gas, water
purification and desalination, etc [1], [2]. Research activity is booming, mostly aimed at
characterizing and controlling the kinetics of hydrate crystallization, which shall be either
accelerated or inhibited, depending on the application. Such kinetic control is often ensured
by appropriate molecules dissolved in very small amounts (with concentrations typically in
the 0.1 wt% range and below) in the water phase and/or (in some rare instances) in the guest
phase. The mechanisms by which these additives promote or inhibit crystallization are still
poorly understood: some additives act mainly upon the first step of crystallization, i.e.
nucleation (e.g., in the case of some inhibitors, by increasing the nucleation time), whereas
others act mainly upon the second step of crystallization, i.e., hydrate growth (e.g., in the case
of hydrate-promoting additives, by ensuring a rapid and massive conversion of water and
guest molecules into hydrates). These two steps often are examined in separate sets of

experiments. The nucleation (or induction) step, which is stochastic in nature, needs to be
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appreciated from several experiments conducted under identical conditions (for a recent
review, see [3]). The number of such experiments rarely exceeds a few units [4], [5], except
when using dedicated methods [6] or working (e.g., by means of micro - DSC) with a water-
in-oil emulsion where each water drop is considered to behave as an independent reactor for
hydrate formation/dissociation [7], [8]. The hydrate growth step can be evaluated by
calorimetry, by measurements of temperature and pressure (for gas hydrates forming in a
closed vessel) and/or by direct visualization of water/guest interfaces [9], [10]. We present a
simple experimental setup and procedure inspired from the milli- and micro-fluidic
approaches used for investigating in a precise and controlled fashion the nucleation and
growth steps in crystal - forming systems: concentrated salt solutions, molecules of biological
and pharmaceutical interest, etc. (for a review see [11]). To the best of our knowledge, these
fluidic tools have not been used yet to investigate this important class of crystal-forming
systems, namely hydrates. They are used here to gain insights into the ‘memory effect’ as well
as into the morphology and growth of hydrates in a simple hydrate-forming system: water +
cyclopentane (CP). ‘Memory effect’ refers here to the fact that hydrates form more easily
when chilling a water phase that has already contained ice or hydrates. Zylyftari et al. [12]
have recently reviewed possible explanations for this phenomenon (see also chapter 3 from
[9]). One of these is the persistence of residual H-bonded molecular structures, but these
structures have eluded experimental observation. Like many other hydrate-formers, CP is
sparingly soluble in water, and its hydrate is considered a model of hydrates of practical
interest such as gas hydrates [13], while being easier to manipulate because it forms at
atmospheric pressure in a fairly large range of temperatures below Teq = 7.2°C. CP is, in fact,
used as hydrate-former in many fundamental studies of the hydrate formation and dissociation
processes, and CP hydrate formation has been characterized from various viewpoints:
calorimetric [14], [15], [16], morphological [17], spectroscopic [18], rheological [19], [20],
etc. Attempts to understand the hydrate promoting or -inhibiting mechanisms of various
electrolytes, surfactants, polymers and particles have also been made with CP as a hydrate
former [21], [22], [23], [17], [20], [24]. In a recent experimental study of CP hydrate
formation from ice, Zylyftari et al. [12] argued that hydrate nucleation takes place
heterogeneously at the triple lines (CP, water and ice) that arise at the interfaces between CP
and ice when the latter phase melts. In the case of CP hydrate formation from an aqueous
(liquid) phase that previously contained hydrates (but not ice), the hydrate formation that

takes place when the water + CP system is chilled again depends on the thermal history and
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particularly on the conditions of dissociation of the previous hydrates, but the physical origin
is less clear. A systematic study of the impact of these conditions on the memory effect in CP
hydrate formation has recently been published by Sefidroodi et al. [25]. These authors formed
CP hydrate in water + CP systems with prior histories of CP hydrate formation and
dissociation. The temperature Tgs (> Teq) and duration tgis of this dissociation step was
systematically varied and found to have a strong effect on the subsequent hydrate formation:
lower and more scattered temperatures of CP hydrate formation were observed for more
severe melting conditions (higher Tgs and/or tgs). These authors used laboratory glassware
(ml-sized beakers) as reactors, which limited the number of data points (to 8, as there were 4
beakers per experiment, which was often duplicated) and therefore the information on the
statistics of hydrate formation. The method introduced here alleviates this limitation. The
outline of this paper is as follows. The experimental setup and procedure used for this study
are presented in next section. The following section presents and discusses the observations of
the kinetics of CP hydrate formation in systems with various histories of CP hydrate
formation and dissociation (melting). The last section is devoted to the perspectives of using

millifluidic tools and methods in the area of hydrate crystallization.
3.2. Experimental setup and procedure

The experimental setup consists of a spiral capillary tube containing initially (i.e. at
the beginning of the experiment) a train of water drops dispersed in the hydrate-former
(guest), here CP, as showed in Figure 3.1 (with more than 98% purity, purchased from Sigma-
Aldrich). This train of drops is generated by co-injecting water and CP at constant rates
through a co-flow junction located upstream of the capillary entry (Figure 3.2). The capillary
is sandwiched between a sapphire window at the top and an aluminum holder at the bottom,
which is itself in contact with the cold side of a Peltier element driven by a temperature
controller (Accuthermo ATEC302). The heat produced in the hot side of the Peltier element is
evacuated through a cooling circuit in which a mixture of water and glycol circulates at the
temperature of -2°C. An insulating jacket is placed around the setup in order to minimize heat
losses. The imaging system consists of a camera mounted on a zoom system (x16, Qioptiq)
allowing the visualization and video-recording either of the whole collection of drops (Figure
3.1.left), or of a single drop (Figure 3.1.right). Most of the videos and images are acquired
using as lighting system a 4” LED ring light (Edmund) positioned below the zoom system.

Coaxial lighting is used only in a few cases, as indicated below.
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Figure 3. 1. Left: Overview of the spiraled capillary tube containing the immobile water drops dispersed in CP,
i.e. at the start of the experiment. The inner diameter of the capillary is 1 mm. Right: Zoomed in view of a single
water drop in CP inside the tube at ambient T.

In the experiments reported here, the capillary tube is an optically transparent
perfluoroalkoxy-alkane (PFA) tube (Dupont®) with an outer diameter (OD) of 1.59 mm
(1/16”) and an inner diameter (ID) of 1 mm. This capillary tube is connected to a syringe
pump (Harvard) that delivers CP at a fixed flow rate, and is open at the other end. It is
immersed in ethanol whose refractive index is very close to that of PFA, which renders the
capillary tube almost invisible. The inner capillary tube of the co-flow assembly is a fused
silica capillary of OD = 350 pm and ID = 250 pm (Polymicro™) connected to another
syringe pump that delivers water at fixed rate. The tube dimensions and flow rates (30
ml/hour for water and 100 ml/hour for CP) ensure that water drops are generated in a
‘dripping’ regime characterized by regularly-spaced drops with similar volumes. Once the
train of water drops is generated, the two syringe pumps are stopped, that is, the water drops

are immobilized, for the whole duration of the experiment.

To the best of our knowledge, these fluidic tools have not been used yet to investigate

this important class of crystal-forming systems, namely hydrates.

This experimental setup is very versatile and can be used with a variety of
commercially available tube dimensions. The above choice of tube dimensions is the result of
the following compromise: water drops must be numerous enough to provide relevant
statistics of the nucleation events, and large enough for visualization of crystal features and
evolution within each drop. Here, drop volumes are in the pl-range, and an average of around

70 water drops can be stored in the spiral capillary (Figure 3.1).
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water

Figure 3. 2. Schematics of the drop generation system, with a zoomed-in view of the co-flow junction.

Experiments are carried out at constant (atmospheric) pressure (the capillary tube is
open at one end), but a pressure control can easily be added, e.g., by means of a back pressure
regulator, and the setup is thus suited to the study of more conventional gas hydrates such as

light hydrocarbon or CO, hydrates: work along these lines will be reported elsewhere.

The continuous CP phase in these experiments has two functions: (i) to generate and
carry the train of water drops into the capillary (as explained above) and then, when the drops
are immobile and the temperature T is low enough, (ii) to react with water and form CP
hydrates. Like many other hydrates of sparingly water-soluble guests, CP hydrate nucleates at
the water/guest (CP) interfaces and then grows rapidly laterally along these interfaces as a
polycrystalline film that acts as a barrier for subsequent growth normal to the interface [10],
due to the slow mass transfer. According to the interferometric measurements of Taylor et al.
[26], this film reaches thicknesses in the range 10 - 30 um (depending on the subcooling
ATsp = Teg - T) within a few minutes, that remain then fairly constant over hours. Only a
small proportion of the CP and water molecules serve as reactants: each water drop thus
behaves as an independent reactor with respect to hydrate formation or dissociation. In a few
instances, we did observe coalescence between two neighboring water drops. These data are

excluded from the analysis because nucleation rates are known to increase with reactor size.
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3.2.1. Sequences of temperature variations

As explained in chapter 1, hydrate formation in quiescent systems is not spontaneous
and takes an extremely long time, even under strong subcooling. The only thing we can do
with this setup is to first form ice that is then transformed into hydrate at its interfaces with
the guest (hydrate-former) phase by heating slightly above 0°C [4], [12]. Figure 3.3 shows a
typical thermal cycle. The first step in all experiments consists in quickly (within a few
minutes) driving the temperature down to T = -26°C in order to transform all water drops into
ice ‘drops’. One of these is shown in Figure 3.4. These freezing temperatures are somewhat
higher than those expected for homogeneous nucleation (-33 to -35°C for mm-sized free
water drops cooled at similar rates, see [27]), showing that ice nucleation proceeds
heterogeneously: freezing starts at the CP/water interface and/or is promoted by impurities.
Frozen water drops are opaque due to small air bubbles excluded from the ice and exhibit the
remains of fracturing events (see white arrow in Figure 3.4a), which occur upon freezing
when the inwards growth of the ice shell compresses the remaining water inside the drop and
at some point causes explosive shattering (this phenomenon is well known for ‘free’ water

drops [28], [29]).

The second step in all experiments is to drive T from -26°C to slightly above 0°C in
order to form CP hydrate from ice (first hydrate formation). This is done by increasing T
quickly to -5°C and then slower to 2°C, where ice ‘drops’ are left for 10 min allowing them
(or at least their outer shell) to transform into CP hydrate: see the faceted polycrystalline shell
in Figure 3.4b. This step is further discussed in section 3.2, where the observations are

compared with those obtained with CP replaced by n-hexane, a non-hydrate former.

The next step is the hydrate dissociation step, which differs from one experiment to
the other. It consists in increasing the temperature to a certain dissociation (or melting)
temperature Tgqs above the equilibrium temperature Teq and then keeping this temperature
constant for a certain duration tgs. The equilibrium temperature Teq is measured ~ 7.2°C, in
agreement with Sakemoto et al. [30] and Zylyftari et al. [20]. An example of the drop
appearance during this dissociation step is shown in Figure 3.4c. The origin of the turbidity
observed at the top of the water drop - a stable CP-in-water emulsion resulting from hydrate

melting - is addressed in section 3.3.
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The next (and last) step is identical in all experiments: the system is slowly chilled
down to slightly above 0°C (cooling rate: 0.2°C/min) in order to form again CP hydrates
(second hydrate formation). Hydrate formation events in this last step are detected as
explained in subsection 3.1.2. Figure 3.4d shows a drop where second hydrate formation has

just occurred. In the example in Figure 3.3 the hydrate melting step at Tg4is = 8.8°C lasts tgis =
20 min.

The above procedure for characterizing ‘memory effects’ in hydrate-forming systems
was introduced in 2003 by Ohmura et al. [5] and then widely used in many laboratories
including our own [31], mainly for characterizing the effect of inhibitors added to the water
phase. Variations in the last step (second hydrate formation) include step-like (rather than

continuous) temperature decreases, or a very quick decrease to a target temperature that
subsequently remains constant [32].

The procedure followed here is the same as that employed by Sefidroodi et al. [25]. In
particular, the cooling rates during the second hydrate formation are nearly identical:
0.2°C/min in this work vs. 0.18°C/min in Sefidroodi’s work [33]. The cooling rate is constant
and identical in all experiments, hence elapsed time (since the start of the temperature

descent) and subcooling AT = Teq - T are proportional.
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Figure 3. 3. Sequence of temperature variations in a typical experiment.
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Figure 3. 4. Zoomed-in views of a single drop (obtained by using the zoom x16) at various stages of the
experiment indicated in Figure 3.3. a) T = -25°C. The white arrow indicates the location of the ice shell breaking
upon freezing. b) T =2.4°C, ¢) T=8.8°Cand d) T = 0.6°C.

3.2.2. Image analysis: identification of the hydrate conversion events

Conversion events correspond to the moments when the presence of hydrate crystals
becomes visible within the resolution of the optical setup. These events are posterior to the
nucleation events, which correspond to the initial formation of hydrate crystals of size large
enough - but not visible yet - to grow further (smaller crystals are not stable). It is usually
assumed that the statistical behavior of both types of events is similar. Conversion events in
the last step of the experiment (second hydrate formation, see Figure 3.3) are identified in
each water drop from the video recordings by means of an appropriate treatment carried out
using ImageJ routines. First, the background, i.e. the blank image of the capillary fully
saturated with CP, is subtracted from all images. The contrast is then optimized and each drop
is analyzed for changes in grey levels. At the scale of the spiralled capillary (Figures 3.1 and
3.5), which is the scale at which we have carried out the analysis of conversion events, these
changes are first apparent at an apex of the drop (see Annexe A: Detection of the apparent
onset and end of hydrate formation in a single drop), whereas at the smaller scale of a single

drop conversion events often appears to start a few seconds earlier, in the turbid region of the
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drop, i.e. in a more central region of the drop (see below Section 3.4). These changes then
propagate to the other apex of the drop and cease shortly after reaching this apex. For a given
water drop (or reactor), the conversion time (corresponding to a particular temperature T or
subcooling Teq - T) is defined as the time when changes become apparent within the drop, and
the growth time as the duration of apparent changes in that drop. Dividing the drop length by
the growth time gives the hydrate growth velocity. Figure 3.5 shows two images of the train
of drops (with background subtracted and optimized contrasts) at two moments in the second
hydrate formation step: at the start of the temperature descent, when all water drops are liquid
(left), and at the end of the temperature descent, when almost all water drops have been
converted into hydrate (right).

Figure 3. 5. Processed images of one of the experiments (second hydrate formation, conditions of dissociation:
Tgis = 8.8°C and tg;s = 20 min). Left: all water drops are liquid (T above 3°C). Right: conversion has occurred in
almost all drops (T ~ 0°C). Some of the drops that have not started conversion are pointed with arrows. Ovals
show couples of neighboring drops that have merged into a single drop and therefore are not considered in the
analysis.

3. 3. Results and discussion

In this section, the results on the first hydrate formation that occurs when ice is melted
(T raised slightly above 0°C) are presented and discussed first: the observations are compared
to those obtained under similar conditions with a non-hydrate-former, n-hexane. Then, the
results for the second hydrate formation are presented for various melting conditions of the

first hydrate. Finally, an attempt is made to characterize the turbidity - a CP-in-water
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emulsion - that forms upon hydrate melting and understand its role in the subsequent hydrate

formation process.

3.3.1. Comparison of the ice-melting step in hydrate-forming and non-hydrate

forming systems

Experiments were also conducted with n-hexane as the continuous phase as an
example of a non-hydrate former, in order to be sure about the fact that we were obtaining a
hydrate (with CP) or not (with n-hexane). The water drops generated with the setup and
procedures described above (flow rates equal to 30 ml/h for water and 100 ml/h for hexane)
are slightly bigger in n-hexane than in CP. Similar freezing behaviour of the water drops is
observed during the ice formation step: in particular, the breaking of the ice shell is observed

in both systems (as shown in Figure 3.6).

Figure 3. 6. Breaking of the ice shell during the ice formation step in a water drop in n-hexane.

We focus hereafter on the second step (ice-melting). Snapshots of the ice melting
process in CP and in n-hexane at temperatures rising from slightly above 0°C (0.8 - 0.9°C) to
2.6 - 2.7°C are shown in Fig. 3.7. Ice ‘drops’ look very similar in CP and n-hexane (leftmost
images) at 0.8 - 0.9°C, just before the start of ice melting, which then proceeds from the drop
edges (near the PFA wall) inwards. The drops then evolve in a very different manner in CP
and in n-hexane: in CP the drop surface has the faceted appearance characteristic of a
polycrystalline (hydrate) layer, whereas in n-hexane the drop surface has the constant
curvature of a liquid/liquid interface.

105



Chapter 3: Statistics of Hydrate Nucleation and Growth
Mechanisms of Formation and Dissociation of Cyclopentane Hydrate

to, T =0.8-0.9°C tp+ 1min 305, T=23-24°C to+2min, T=26-2.7°C to+2min 305, T=2.6-2.7°C

Figure 3. 7. Ice melting in cyclopentane (CP) and n-hexane (Hx): T is raised at a rate of 1°C/min from
0.8 - 0.9°C (leftmost images) to 2.6 - 2.7°C and then left at this temperature (two rightmost images). Ice melting
starts at drop edges near the PFA walls (white arrows) and then proceeds radially inwards (arrows in the two
rightmost images). In CP, ice is replaced at the drop surface by a polycrystalline hydrate layer, whereas in Hex
the drop surface has the constant curvature of a liquid - liquid interface. Small air bubbles are apparent in the
water drop in Hx (rightmost image).

The nucleation of CP hydrate from ice has been recently investigated from single drop
experiments by Zylyftari et al. [12], who heated ice drops immersed in CP from -5 to 0.2°C at
various rates and observed nucleation times (at constant T = 0.2°C) that increased with the
heating rate. Since heating at lower rates produces more fragmented ice, these authors argued
that the amount of triple line (CP, water and ice) might play a key role (for an analysis of

facilitated nucleation at a triple line, see [34]).

Another possible mechanism has recently been proposed by Poon and Peters [35], who
showed from a simple model that the increased solute (here: CP) concentration due to solvent
(water) freezing is likely to trigger nucleation due to the much higher CP supersaturation in
the remaining (unfrozen) water. Following this idea, the water supersaturated with CP
produced when ice forms is expected to produce nuclei entrapped in the ice defects. Once the

ice melts, the nuclei exposed to both CP and water are again able to grow.

3.3.2. Second hydrate formation: conversion curves for various thermal

histories

The experiments conducted have consisted, once the first two steps are accomplished
(freezing the water drops and then forming the first hydrate, see 3.1.1 and 3.2.1), in melting

the first hydrate at various temperatures and times (Tgis and tgis) in the intervals of 7.8 to 9.7°C
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and 20 to 120 minutes, respectively, and then in lowering the temperature at an identical rate
down to slightly above 0°C. For each set of dissociation conditions (Tgs and tgs), the
conversion curve is extracted as well as information about the hydrate growth velocity during
the second hydrate formation. The conversion curve is the fraction of drops as a function of

subcooling AT = Teq - T in which conversion events have been detected (see 3.1.2).

These curves are plotted in Figure 3.8. Following the lowest dissociation temperature
Tais = 7.8°C, the subcoolings necessary to trigger hydrate formation in the water drops are the
lowest (50% of the water drops have started conversion at ATsgy = 3.7°C) and fall in the
narrowest range (90% of the drops experience conversion in the interval from 3.1 to 4.3°C).
Dissociation time tgis (20 or 120 min) has however little impact on hydrate formation. For
Tais = 8.8°C (and tgis = 20 min), the subcoolings required for conversion have increased to
ATso = 4.6°C and they are more scattered (90% of the water drops have started conversion in
the interval from 3.9 to 5.5°C). Clearly, when melting conditions get more severe, the
memory effect is attenuated, i.e. hydrate formation is a more stochastic/less deterministic
process that needs a larger subcooling or elapsed time to be triggered. Unlike what is
observed at Tgs = 7.8°C, a strong impact of tgs on the memory effect is observed at the
melting temperatures Tgis = 8.8 and 9.7°C. For the most severe hydrate melting conditions
displayed in Figure 3.8 (T4is = 8.8 and 9.7°C, tgis = 120 min) a significant fraction of the drops
is still unconverted when T reaches 0°C (but is eventually converted at later times). For the
strongest dissociation conditions investigated (Tgis = 9.7°C and tg4;s = 120 min) all drops turn

out to be unconverted at 0°C (hence, the conversion curve is not represented in Figure 3.8).

These trends are identical to those previously observed by Sefidroodi et al. [25], who
investigated a range of dissociation conditions Tgis = 8.3 to 12.1°C and tgis = 20 min to 20
hours in reactors with volumes 3 - 4 orders of magnitude larger than our pl-sized water drops.
These authors observed conversion for subcoolings systematically lower - by at least 0.5°C -
than ours. It is a well-known feature of nucleation phenomena that the metastability range is
enlarged for smaller sample volumes. Interestingly, our observations for the lowest
dissociation temperature Tgs = 7.8°C are in line with those of Sefidroodi et al., who did not
notice any impact of the dissociation time (in the interval from 20 to 120 minutes) on the

conversion temperatures for the lowest dissociation temperature investigated, Tgis = 7.8°C.
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Figure 3. 8. Conversion curves: fraction of converted drops vs. subcooling AT (2™ hydrate formation, with
various melting conditions of the first hydrate). There are two experiments for the same melting conditions
Tais = 9.7°C, tgis = 20 min.

3.3.3. Lateral growth of the polycrystalline CP hydrate film at the water drop

surface

The image analysis allows to detect not only the apparent onset of hydrate formation
in each drop but also its end, corresponding to the completion of lateral growth of the
polycrystalline CP hydrate at the surface of the water drop (see 3.1.2). Any further change in
the water drops is imperceptible with our imaging system over the time scale (less than one
hour) of the observations. As already emphasized, the hydrate shell that is formed around the
drop strongly limits the transfer of water and guest (CP) molecules required for forming some
new hydrate, and hydrate growth in the direction normal to the surface (i.e., shell thickening)
is therefore very slow in comparison to the preceding lateral growth. As explained above an
estimate of the lateral growth rate is obtained by dividing the drop length by the duration of
lateral growth. Growth durations (and hence lateral growth rates) are observed to depend
primarily on subcooling and to range from about 7 minutes for onset subcoolings equal to
3°C to about 2.5 min for the maximum onset subcooling of 7.2°C, corresponding to lateral

growth rates of respectively 2.2 and 6.7um/s. We will see below how this subcooling has an
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effect not only on the lateral growth rates but also on the size and shape of the hydrate
crystals. Such growth rate values are consistent with the values observed in other systems
with low guest solubilities in water [36]. Lateral growth rates are known to be controlled
primarily by heat transfer processes at the edge of the advancing hydrate film [37]: they
strongly increase with subcooling as the heat generated by the hydrate formation is evacuated
more efficiently. A quantitative comparison with existing models is not attempted here for
two reasons. First, temperature varies slightly over the duration of drop conversion events
(which lasts as long as 7 minutes, corresponding to a variation of 1.4°C). Second, the CP film
that is sandwiched between the water drop and the PFA wall presumably plays a role (since
the CP feeds hydrate growth along the water/CP interface); unfortunately, the properties of

this film (such as its thickness) are not accessible.
3.3.4. Is the CP-in-water emulsion responsible for the memory effect?

We attempt here to provide (partial) answers to the (difficult) question of the origin of
the memory effect in hydrate formation. This question has recently been tackled
experimentally by Zylyftari et al. [12] for hydrate formation from melting ice (called here
“first formation”), but the concern here is hydrate formation from a system that has contained
the hydrate shortly before (called ‘second formation’). One obvious possible cause for
facilitated hydrate second formation is the CP-in-water emulsion that appears as turbidity at
the top of water drops where CP hydrate has been previously formed and then melted (see
Figure 3.4c) (we will study this subject in more detail afterwards). Another view of this
emulsion is given in Figure 3.9, which is obtained by using both the LED ring and coaxial
lightings. This emulsion, which results from the melting of the CP hydrate polycrystalline
layer initially covering the water drop, is fairly stable: the turbidity persists over long periods
of time, meaning that the coalescence between oil (CP) droplets is a very slow process. Even
after heating some time at 22°C, the CP-in-water emulsion is still there and remains stable. In
all of our single-drop observations of second hydrate formation, the hydrate turns out to
appear in the turbid region of the drop surface - that is, where some CP-in-water emulsion is
present at the drop surface. This can be seen in Figure 3.10, which shows snapshots of a water
drop (with a CP-in-water emulsion at the top) undergoing the hydrate conversion process:
first, a grey spot (shown by an arrow) appears in the emulsion, which gets darker and bigger
and moves a few seconds later (about 17 in this example) towards the apex of the drop, where

then hydrate growth proceeds over the whole drop surface. Indeed, these regions contain a
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large quantity of CP/water interfaces (the high surface/volume ratio of each CP-in-water drop
enhances the probability of hydrate formation), as well as residual clusters or structured water
(associated with melted hydrate) that have been invoked to play a role in hydrate nucleation,

but are still to be observed and verified experimentally.

Figure 3. 9. Zoomed in view of the CP-in-water emulsion at the top of the water drop (following hydrate melting
at 8.8°C during about 1h). Small oil (CP) droplets are visible.

to+122s to+ 157s

Figure 3. 10. Snapshots of (second) hydrate formation in a single water drop (melting conditions of the first
hydrate: Tgs = 8.8°C, tgis = 2 h). CP hydrate appears at ty (T ~ 2°C) as a darker spot (black arrow) in the
emulsion, which then moves slowly and reaches the drop apex at ty + 17.4 s; then hydrate grows and covers the
whole drop surface within about 2.5 min.
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The water used in all experiments reported above is pure deionized water. Waters of
low ionic strength and simple oils are able to form stable emulsions - e.g., by ultrasonication -
because of the negative electrical charges carried by the water/oil interface at pH higher than
about 3 [38]. In order to check and verify that the turbidity on top of the water drops (Figure
3.4c) is a CP-in-water emulsion stabilized by the electrical charges at the water/CP interfaces,
and to assess whether this emulsion really plays a role in hydrate reformation, one experiment
has been carried out using weak brine (NaCl 0.1 M) instead of pure water: the addition of this
electrolyte is expected to screen the repulsive interactions between the CP droplets and
therefore to promote their coalescence, i.e. destroy the emulsion. As shown in Figure 3.11,
water drops resulting from CP hydrate melting (at Tgs = 8.8°C and tgis = 20 min) are
transparent, meaning that, unlike its pure water counterpart, the CP-in-weakly salted water

emulsion is not stable (as expected).

Figure 3. 11. Zoomed in views of a) a single 0.1 M NaCl water drop in CP after hydrate melting at Tgs = 8.8°C
(the drop is transparent: compare with Figure 3.4c) and b) in the course of 2" hydrate formation (see text). A
hexagonal plate is clearly apparent in the oval on the right.

The corresponding conversion curve is displayed in Figure 3.12, together with the
conversion curve of its pure water/CP counterpart for the same dissociation conditions. An
inhibiting effect of the electrolyte (NaCl) is apparent: the subcoolings required to trigger
hydrate formation in the weakly salted water drops are larger by about 0.5°C than in the pure
water/CP system (the equilibrium temperatures Teq have been considered to be the same in
both systems, which is a reasonable approximation for such low salinity, cf. Sakemoto et al.

[30]). An analysis of hydrate lateral growth rates shows considerable slowing down in the
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weakly salted water/CP system, where a rate half that in the pure water/CP system is
measured (this slowing down might be due to a thinner CP film in-between the water drop
and the PFA wall due to a change in the wettability, with therefore lesser CP feeding hydrate

growth along the water drop surface).

A close-up view of hydrate formation in a single weakly-salted water drop (Figure
3.11b) shows a somewhat different morphology from the case of pure water (Figure 3.4d),
with hydrate growth being hindered by the tube walls. Hydrates appear first at one of the two
apex of the water drop, where they form large hexagonal plates, and possibly octahedra

(Figure 3.13), as has already been observed with other structure Il hydrates [39].
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Figure 3. 12. Conversion curves (2" hydrate formation) vs. subcooling AT = T, - T: effect of water salinity.

As a partial answer to the question raised above, it can be stated that the existence of a
CP-in-water emulsion can have an effect on the second hydrate formation but is not totally
responsible of the observed memory effect because its presence does not mean that the second
formation is going to take place. We are sure about this affirmation because when heating at
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22°C the emulsion is still present, but a second hydrate formation is impossible. From the
other hand, hydrate reformation and memory effects are still present in hydrate-forming
systems such as CP and weakly-salted water where CP-in-water emulsions are not stable, so
we cannot say that the emulsion is absolutely necessary for the formation of hydrates. This
CP-in-water emulsion will be studied in more detail in the following chapters. In addition, the
effects of solid-like impurities (particles) that are always present and trapped at interfaces
(here, the water/CP interfaces) cannot be overlooked: the pits, pores and scratches of these
particles might be able to stabilize hydrate nuclei beyond their melting temperature, as shown
by theoretical analysis [40], [41].

Figure 3. 13. Close-up view of CP hydrate at the interface between CP and weakly-salted (0.1 M NaCl) water: a
hexagonal plate is visible in the front and (possibly) octahedra at the rear.

3.4. Conclusions

Droplet-based millifluidic methods, which have been widely used for studying
crystallization of a wide range of molecules in various solvents, can also be successfully
adapted and implemented to the study of the kinetics of hydrate crystallization. Because they
are run rapidly and need small amounts of sample, these are low-cost and versatile methods
that nonetheless give insights not only into crystal growth and morphology, but also and
simultaneously, into features that are otherwise hard to access, such as the nucleation step of
crystallization. The work presented here is focused on the memory effect, which is one of the

most studied (and perhaps controversial) aspects of hydrate crystallization kinetics in recent
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years. Results are in line with recent data obtained by conventional methods, but with the
improvement of providing better statistics (due to the much larger number of reactors) while
allowing crystal growth and other phenomena, such as the production of stable emulsions
from hydrate melting in pure water, to be investigated, questioned for their role in hydrate
reformation and visualized on the scale of a few microns. To the best of our knowledge, this is
the first time that millifluidic methods are being used for the studying hydrate crystallization.
Opportunities for future developments include the understanding of the mechanisms by which
additives act as promoters or inhibitors of hydrate crystallization, as we will see in the next
chapter and, on a more practical side, the high throughput testing of additives as well as the
evolution of the above setup and procedure towards higher pressures allowing the study of gas

hydrates of practical interest.
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CHAPTER 4

INHIBITION OF CYCLOPENTANE HYDRATE
FORMATION AND DISSOCIATION

4.1. Introduction

In this chapter, we investigate the effects of a few water-soluble polymers (listed
below) known to be good hydrate inhibitors at low concentrations (100 ppm) on the formation
and melting of CP hydrate. We use the setup described in the preceding chapter in its zoom
mode to observe one single reactor (drop). Dirdal et al. [1] used some inhibitors in order to
study the effect on hydrate formation for the water/CP hydrate forming system. Three of the
inhibitors they used have also been studied by other authors and have been chosen and
analyzed in this work. They are: poly(N-vinyl pyrrolidone) (PVP), vinyl pyrrolidone : vinyl-
caprolactam copolymer (VP/VVCap) and polyvinyl-caprolactam (PVCap). Their structures are

shown in Figure 4.1.
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Figure 4. 1. Structure of the inhibitors used in our experiments: PVP, PVCap and VP/VCap.

The chapter is divided as follows. The first part explains the experimental setup and
classifies the differences found when working with inhibitors with respect to the pure system.
The ‘Results’ section first introduces the new experimental procedure and temperature
sequence used in these experiments and then shows the experimental results obtained for the
first hydrate formation, the melting process and the second hydrate formation. These results
are obtained from the observation of one single drop. In the ‘Discussion’ section we analyze
the possible adsorption mechanisms of inhibitors on the hydrate surface, the superheating
phenomenon observed when melting, which led us to design and perform some ellipsometric
experiments, and the morphology of the hydrate layer, which depends on the type of inhibitor

adsorbed to the surface. Finally the conclusions are shown.
4.2. Experimental procedure

First of all we prepared the aqueous polymer solutions. In line with the authors cited
above, a concentration of 100 ppm was chosen, as this concentration has been observed to be
sufficient for inducing an inhibiting effect on hydrate formation. PVP (40000 Mw) was
obtained from Sigma-Aldrich while PVCap (low molecular weight) and VP/\VVCap (55000
Mw) were provided by BASF.

The experimental setup is exactly the same as the one explained in chapter 3. Drops of
the above agueous polymer solutions in cyclopentane (CP) are created in the same way than
for the pure system: in particular, the injection rates of these two fluids are 30 ml/hour for
water and 100 ml/hour for CP, in order to create a train of regular water drops. Here, the focus

is one single drop, which is visualized by using the zoom x16.
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We initially tried to study the effect of these inhibitors on the induction time and the
velocity at which the hydrate film grew all along the water drops. But we encountered some
difficulties not observed with the pure water/CP system (chapter 3), which we finally decided
to address. While performing the experiments with the procedure described in chapter 3 (1°
formation, dissociation and 2™ formation), we noted two differences with respect to the

observations made with the pure water/CP system:

i) when melting the ice drop at about 2°C no CP hydrate (or very little) was
formed on the water drop surface over time scales of a few hours, whereas this
formation is instantaneous in the case of pure water (cf. Figure 3.7 upper).

i) once the first hydrate is formed (in a way that is going to be explained below),
its melting by raising the temperature slightly above 7.2°C (T of the pure

system water + CP) does not occur.

To address these differences, we designed a procedure which slightly differs from that

used in chapter 3, and which is described at the beginning of the Results section.

4.3. Results

4.3.1. New experimental procedure and temperature sequence

(1) First hydrate formation. The first part of the experiment is exactly the same as that
described in chapter 3. Water drops need to first be transformed into ice, which is then melted
in order to obtain a water drop covered with a CP hydrate crust. For this purpose, temperature
is decreased down to -26°C, then raised fast to -5°C and finally slower to 2°C. When we use
inhibitors, in the first hydrate formation step (at about 2°C) hydrate formation at the surface of
the water drop is not spontaneous, unlike what was observed with pure water: no CP hydrate
(or very little) is detected at the surface of the water drop over time scales of some hours, i.e.
the 100 ppm of polymer added to the water has an inhibiting effect on hydrate formation
(Figure 4.2). In order to form the CP hydrate crust at the surface of the water drop temperature
had to be decreased from 2°C down to 0°C.

121



Chapter 4: Inhibition of Cyclopentane Hydrate Formation and Dissociation
Mechanisms of Formation and Dissociation of Cyclopentane Hydrates

Figure 4. 2. Left: Ice melting of the water + VP/\VVCap (100 ppm)/CP system (T slightly above 0°C): a
liquid/liquid interface is observed. Right: only a small part of the water drop surface appears to be covered with
grains and possibly a hydrate film after spending 3 hours at T = 2°C.

(ii) CP hydrate melting. Once CP hydrates have been formed, as we do not know the
exact melting temperature Tgis When inhibitors are added to the pure system, the train of water
drops is submitted to a temperature ramp of 0.5°C/min up to 7.2°C (the value of Tgis in the
absence of inhibitor) and from there temperature is raised by steps. Drops are left during 30
minutes at each temperature in order to see whether the hydrate melt at this temperature.

The next and last step is the second hydrate formation, which is achieved by
decreasing the temperature from just above the melting temperature to 0°C through a

0.2°C/min ramp.
4.3.2. Experimental results

In this section, the results of the first hydrate formation for drops of an aqueous phase
containing 100 ppm of the inhibitors listed above are first presented. A comparison is made
with the pure system water + CP. Then the results of the melting of this first hydrate are
presented, followed by the observations of a second hydrate formation, compared again with

those of the pure system.
4.3.2.1. First hydrate formation

We present here the observations made for the three inhibitors tested. After ice melting
we usually observe white spots that gather at the surface of the water drop (Figure 4.3). We

hypothesize that these spots are hydrate nuclei that are formed after ice melting but, since
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inhibitors are present and possibly adsorb on these nuclei, the later growth is very difficult.
However, by decreasing temperature down to 0°C, the driving force for hydrate growth is

increased and a hydrate film is formed all over the drop surface.

In some experiments, we skipped the latter step (decrease in temperature from 2 to
0°C) and increased the temperature to about 10°C for a few minutes, and then decreased the
temperature to 0°C at the same rate (0.2°C/minute). These white spots were visible all over
the temperature sequence. Surprisingly, the water drop covered itself with a hydrate film,
meaning that the above white spots were effectively hydrate nuclei. The only reason why the
latter hydrate formation could take place easily is that stable hydrate nuclei were present all
the time. But why are these nuclei stable at a temperature that high (10°C)? This point will be

addressed below.

Figure 4. 3. White spots (‘hydrate nuclei’) present on top of the water drop after ice melting (T = 2°C) of the
system with VP/VCap. These white spots do not disappear when temperature is raised up to 10°C for some
minutes and hydrate second formation can be possible when T is lowered back to 0°C.

4.3.2.2. Hydrate melting

First of all, we show the observations of the melting process made for each system. As
we have said before, the time we spend at each temperature step is 30 minutes. Note that all
the images in Figures 4.4, 4.5, 4.6 and 4.7 are taken when the set temperature has just been
reached, i.e. at the beginning of the step, except from the last one (h), which is taken 15

minutes after reaching the last temperature (9.5°C). In all cases some little changes are
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apparent as soon as temperature exceeds 7.2°C, but the significant changes, i.e. the complete
hydrate melting, are observed at higher temperatures.

- Pure system water/CP: in Figure 4.4 we have a sequence of images of the CP
hydrate melting when we work with the pure system. As we observe, the CP hydrate is
completely melted at 8.5°C (e) (a liquid/liquid interface, which is smooth and has a constant

curvature, is easily observed).

Figure 4. 4. Dissociation of the pure system water + CP. a) 7.2°C, b) 7.5°C, ¢) 7.7°C, d) 8°C, e) 8.5°C, f) 9°C, g)
9.5°C and h) 9.5°C 15min . The hydrate is completely melted at 8.5°C.

- Water + PVP (100 ppm)/CP: in Figure 4.5 the temperature sequence characteristic of
this system is shown. In this case the CP hydrate is not completely melted at 8.5°C but at 9°C

(at least) (f), which is the moment where we start to observe the liquid/liquid interface.

Figure 4. 5. Dissociation of the water + PVP (100 ppm)/CP system. a) 7.2°C, b) 7.5°C, c¢) 7.7°C, d) 8°C, e)
8.5°C, ) 9°C, g) 9.5°C and h) 9.5°C + 15min. The hydrate is completely melted at 9°C
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- Water + VP/VCap (100 ppm)/CP: the hydrate with VP/VVCap is more difficult to
melt, as observed in Figure 4.6. We do not see it melting during all the temperature sequence
shown in the image, i.e. it does not melt even staying at 9.5°C during 15 minutes. In this case,
for melting the hydrate the temperature needs to be raised up even more, as we will see below.
This agrees with what Bruusgaard et al. observed in their study of the effect of VP/VCap,
among others, on the morphology of methane hydrates [2]. VP/VCap produces a slower
dissociation than the pure system despite the thicker appearance of the hydrate skin on the

pure water droplet.

Figure 4. 6. Dissociation of the water + VVP/VVCap (100 ppm)/CP system. a) 7.2°C, b) 7.5°C, ¢) 7.7°C, d) 8°C, ¢e)
8.5°C, ) 9°C, g) 9.5°C and h) 9.5°C + 15min. The hydrate is not completely melted after 15minutes at 9.5°C.

- Water + PVCap (100 ppm)/CP: this system is even more difficult to melt than the previous
one (VP/VCap), as we will see below. We observe in Figure 4.7, as we do for the previous
system, that the hydrate is not melted after all the temperature sequence and temperature

needs to be raised up in order to completely melt it.
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Figure 4. 7. Dissociation of the water + PVCap (100 ppm)/CP system. a) 7.2°C, b) 7.5°C, c) 7.7°C, d) 8°C, )
8.5°C, ) 9°C, g) 9.5°C and h) 9.5°C + 15min. The hydrate is not melted at all after 15min at 9.5°C.

After analyzing the results, we could say that the two stronger inhibitors of hydrate
melting are VP/VVCap and PVCap, since the hydrate is not melted after 15 minutes at 9.5°C
for none of them. In Figure 4.8 we compare VP/VVCap with PVCap in order to observe any
evidence of one of them melting later than the other. The temperature has just continued being

increased by steps of 0.5°C and kept during 30 minutes.

- VP/VCap: at 11-11.5°C (Figure 4.8 left ¢ and d) the liquid/liquid interface can be
clearly observed so we conclude that the hydrate is completely melted.

- PVCap: we cannot say that the hydrate is completely melted at 11.5°C (Figure 4.8
right d). The interface is not a liquid/liquid interface yet. For this system the temperature
continued to be raised in order to find the temperature at which the liquid/liquid interface
(complete hydrate melting) was observed. The first temperature at which we observe a

smooth surface is around 13°C, as we observe in Figure 4.9.
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10 °C

10.5°C

11 °C

11.5°C

Figure 4. 8. Comparison of hydrate dissociation for the system with \VP/VVCap (100 ppm) and that with PVVCap
(100 ppm). Both systems need a temperature higher than 9.5°C to completely dissociate. Note that at 11.5°C the
hydrate with VP:VCap is completely melted but the hydrate with PVVCap is not.
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Figure 4. 9. Complete dissociation of the hydrate system water + PVCap (100 ppm)/CP at 13°C. See that a
liquid/liquid interface is observed.

Therefore, we conclude that there exists a kind of superheating effect in these systems
since they end up melting at temperatures much higher than the equilibrium temperature of
the pure system (7.2 °C) (Table 4.1). The superheating ATsuperheating 1S defined as the
temperature difference between the end of the melting process and the melting temperature of

the pure water/CP hydrate system, i.e. Tgis= 7.2 °C.

Inhibitor AT superheating
PVP 2.3°C
VP/\V/Cap 4.3°C
PVCap 5.8°C

Table 4. 1. Difference between the dissociation temperature of CP hydrates with each inhibiting system and the
equilibrium temperature 7.2°C.

In presence of 100 ppm of PVCap and VP/VCap, the melting of the CP hydrate
requires to heat the system by more than 4 degrees above the dissociation temperature of the
pure system. In presence of 100 ppm of PVP this interval is reduced to around 2 degrees. This

agrees with the observations by Duchateau et al. [3], who observed in their studies (not with
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CP but with other guest gases) a minimum superheating of 4.6 to 5.6°C with PVCap. It thus
appears that these additives are not only kinetic inhibitors but can be considered as

thermodynamic inhibitors as well.

In fact it appears that it is difficult to give a precise melting temperature to the hydrate
crystal as it is the case for the pure system where Tgis = 7.2°C. In presence of inhibitors the
hydrate melts step by step between 7.2 °C and a maximum temperature given by 7.2°C plus
the superheating temperature given in Table 4.1. This peculiar phenomenon is discussed

below.
4.3.2.2.1. The superheating phenomenon

The “superheating phenomenon” occurs in our experiments during hydrate melting in
the presence of some inhibitors. This phenomenon could be explained thanks to the Gibbs-
Thomson effect, as we will see below. The superheating effect has been documented for
antifreeze proteins added to ice crystals: these proteins have also an effect on the ice melting
temperature, which is slightly increased by a few tenths of °C [4], [5]. As stated by the
authors, the melting is very progressive: “After half of the ice crystals melted (around 0.22 °C
above Tmet), We maintained the temperature without change for 1h. During the initial 10
minutes of temperature maintenance, half of the remaining crystals melted, but further
melting was not observed in the following 50 minutes at this T.” We observe a similar
phenomenon in our experiments, with ice being replaced by CP hydrate. Part of the hydrate
crystal melts at one temperature but after some time (around 5 minutes) no further melting is
observed (during 30 minutes) unless the temperature is increased by at least 0.5°C more (as
has been observed to various extents for all three inhibitors). By increasing temperature above
Tais We see how drops start moving (meaning that melting has started), but just during a short
time. They move again when higher temperature is applied, etc. In the end, we reach a

temperature, corresponding to Tgis+ AT superneating: Where the crystal is completely melted.
4.3.3. Second hydrate formation

After the determination of the melting temperature, we have studied the second
hydrate formation for the pure system water + CP and with two inhibitors: PVP and
VVP/V/Cap, with the objective of determining the growth velocity of the hydrate crust. The
same hydrate formation temperature is set for all the systems. The procedure consists of
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decreasing the temperature at 0.2°C/min from the melting temperature previously determined
to 0.2°C — 0.5°C. Some aspects like the induction time and growth velocity of the hydrate
layer are analyzed below. Our second hydrate formation experiments are performed after a
complete melting of the first hydrates (appreciated by the liquid/liquid nature of the interface),
contrary to the experiments by Lederhos et al. (1996) [6], who performed second hydrate
formation experiments by re-cooling the system prior to complete dissociation of the methane
hydrates to characterize the inhibition effect of PVCap. We aim to study both hydrate
nucleation and growth processes, so complete hydrate melting is first required. Two sets of
experiments have been carried out, one for studying hydrate nucleation and the other for
studying the hydrate growth process. In the nucleation experiments, the first CP hydrate is
melted at (or just above) the melting temperature previously determined for each system. In
the growth experiments, the experiments carried out with inhibitors are compared to one with
pure water in which the melting temperature of the first CP hydrate is high enough to ensure

that the second hydrate does not start forming before reaching 0°C.
4.3.3.1. Second hydrate nucleation

In order to compare the nucleation process of the different systems, the same least
severe melting conditions are set (i.e. the minimum melting temperature at which the hydrate
is completely melted, taking into account that it is different for each system, as explained
before). For the hydrate forming system with PVP and VP/VCap, the second hydrate
formation experiments have been performed after dissociating the first hydrate just above
their melting temperatures: 9.5°C and 11.5°C during 20 minutes, respectively. For the system
with inhibitors, we first performed some second hydrate formation experiments at low
subcooling but hydrate formation was very hard (we did not get to form them).They not only
need to reach 0 - 0.5°C for starting the second hydrate formation but also to wait some time at

this temperature before something is observed.

The data for the second hydrate formation of the pure system, taken from chapter 3,
are those in which the first hydrate is melted at the least severe conditions (just above Tgis =
7.2°C): 7.8°C during 20 minutes. In these conditions, we do not need to reach 0 - 0.5°C and
wait some time to start observing the second formation because it is achieved before. Between

4.3°C and 3.1°C, 90% of the water drops are reconverted into hydrate, as we have explained
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in chapter 3. Moreover, the 100% of the water drops are reconverted into hydrate before
reaching 0°C.

In Table 4.2 we show the temperature at which the second hydrate formation starts for
the pure system water + CP and also the time needed for the system with inhibitors to start
being observed after reaching 0.5°C.

KHI T (°C) t (min) at T = 0.5°C
Pure system 4.3 -
PVP - 4
VP/VCap - 17

Table 4. 2. Second hydrate nucleation. Average temperature at which the second hydrate formation starts (for
the pure system previously melted at T= 7.8°C during 20 minutes). For the system with inhibitors (T4 = 9.5°C
for PVP and Ty = 11.5°C for VP/VCap), the temperature at which the second hydrate formation starts is always
0 — 0.5°C. We show the time needed to start observing the second hydrate formation after reaching 0.5°C. We
see here that VP/VVCap is a better inhibitor of hydrate formation.

This is in agreement with what other authors have observed. Dirdal et al. [1] studied
the induction times of CP hydrate formation in batch for subcoolings ATy, = 7.8°C and found
that the best inhibitor was PVCap. The induction time for this inhibitor was about twice the
time needed when they used VP/VVCap which, at the same time, was seven times larger than
the induction time observed for PVP (our measured times obey the same trend). May et al [7]
studied the effect of PVP and VP/VVCap on hydrates of a synthetic gas (CH4, C,Hs, C3Heg, i-
C4Hio, n-C4Hy0, N2 and COy) too. They found VP/VCap to be a more performant inhibitor
because the subcooling (driving force) required for forming hydrates was higher (13.1K)
compared to 8.4K for PVP (in our two experiments the temperature is fixed at T = 0 - 0.5°C).
Duchateau et al. [3] made a comparison between the subcoolings (ATs,) measured with and
without additives at methane/propane hydrate reformation and found that higher subcoolings

were needed for reforming hydrates with PVCap than for those that had PVP.
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4.3.3.2. Second hydrate growth

Once nucleation takes place and we start to see the beginning of the hydrate growth,

measurements of the hydrate crust growth velocity are carried out.

In this type of experiments, the same hydrate formation temperature needs to be set in
all systems (as we have already seen in chapter 3, ATgy, plays an important role on the growth
velocity so the hydrate formation temperature has to be the same) for having a comparable
measurement of the hydrate film growth velocity. We have seen that the hydrate forming
systems with inhibitors (PVP and VP/VVCap) need the hydrate formation temperature to be
0.5°C (at least) to start forming after melting them at 9.7°C and 11.5°C during 20 minutes,

respectively.

The same hydrate formation temperature needs to be set for the pure system in order to
make a good comparison. We saw in chapter 3 that by melting the first CP hydrate at 9.7°C
during 20 minutes most of the drops started the second hydrate formation at 0 — 0.5°C and not

before, so these are the melting conditions chosen in this experiment.

Table 4.3 shows the growth times and velocities for a drop 1.4 mm average length. In
Figure 4.10 the hydrate film growth for the system with VVP/VCap after melting the hydrate at
11.5°C during 20 minutes is shown. It takes the hydrate film about 15 minutes to completely
cover the water drop. Data were extracted through visual analysis of the differences between
consecutive images. A decrease in translucency is clearly observed over time between the first

and the last image, meaning that the liquid drop is covered with a hydrate crust.

KHI Melting T (t=20  Growth time (approx., Growth velocity
minutes) (°C) minutes) (um/s)
Pure system 9.7 4 6.6
PVP 9.7 8 2.8
VP/\V/Cap 11.5 15 1.6

Table 4. 3. Growth velocities of the hydrate layer on the water surface after dissociation for the pure system, the
system with PVP and the system with VVP:VVCap. For all of them, the temperature of hydrate reformation is 0°C.
Note that VP/VCap is better inhibitor than PVP.
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Figure 4. 10. Second hydrate formation for the system with VVP/VVCap after a dissociation at 11.5°C during
20min. a) Liquid drop (T > 0.5°C). b) Hydrate film starts growing (to, T = 0.3°C). c¢) End of the hydrate film
growth (to + 15min, T = 0.5°C).

4.4. Discussion

4.4.1. Possible chemical inhibiting processes

In the literature we find different views about the possible action mechanisms of
inhibitors. A lot of authors agree with the fact that the action mechanism is related to the
adsorption of these inhibitors on the hydrate crystals already nucleated, not allowing them to
reach a critical size for a later growth. Two different mechanisms are proposed found in the
literature and are summarized in Figure 4.11: the polymers either adsorb onto the hydrate
surface and form a steric barrier (Figure 4.11b) that prevents the mass transfer between CP
molecules and the hydrate surface, or create a perturbation of the local water molecules
organization, by linking them through hydrogen bonds, thus preventing hydrate growth
(Figure 4.11c). Perrin et al. suggest a mechanism of irreversible inhibition. They believe that
there are many pendant groups all along the polymer length when the adsorption to the
hydrate is considered [8]. To them, this adsorption occurs through hydrogen bonding between
the amide functionality (through the carbonyl group) and the hydrate surface, and this is why
growth becomes more difficult. In order to fully desorb, this would require the many pendant
groups to all simultaneously desorb from the surface, and this is why the adsorption is
considered as irreversible, because that would be quite difficult.

Lederhos et al. [6] suggest that lactam rings adsorb to the hydrate surface during
hydrate growth through hydrogen bonding by the amide group, sterically blocking the hydrate
growth, as shown in Figure 4.11b. Also, as polymers form a network around hydrate nuclei,
agglomeration and further growth is more difficult. Zhang et al. performed some experiments

in order to relate the type of adsorption of these polymers on cyclopentane hydrates with the
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superior performance of the PVVCap, compared with PVP [9]. The adsorption isotherms give a
Langmuir type for PVP, i.e. monolayer adsorption, while P\VCap follows a BET type, i.e. the
polymer is adsorbed in a multiple-layer way. They affirm that “the larger molecule size and
its multiple-layer adsorption of PVCap give rise to a larger thickness of adsorption layer

compared to the adsorption case of PVP”.

There are also some experiments that assure that the hydrogen bond network between
water molecules and the inhibitor is perturbed (Figure 4.11c). Davenport et al. propose a two-
step mechanism of KHI action that involves a) disruption of local water order in liquid water

by KHIs and b) inhibitor binding to the growing crystal surface [10].

Another possible explanation could fit with what Zylyftari et al. suggest in [11]. They
study the salt effects on the thermodynamic and rheological hydrate properties. To them,
NaCl acts as a thermodynamic inhibitor, and one of the possible mechanisms by which the
formation temperature is lowered (more subcooling is required) is because the salt ions
interact with the water molecules preventing formation of hydrate cages. If we think in the
same way for inhibitors, we could suggest that the amide hanging groups interact with the
water molecules, and this avoids the hydrate cages to be formed (in accordance with the

perturbation inhibition theory by Lederhos et al. [6]).
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Figure 4. 11. Schematic diagram showing hydrate formation and the possible inhibition process [12]. a) In the
pure system, liquid water molecules that are close to the hydrate surface participate in hydrate formation. b) The
adsorption inhibition theory involves the adsorption of inhibitors on the hydrate surface, preventing it to grow. c)
The perturbation inhibition theory involves the perturbation of the organization of the local water molecules,
preventing hydrate growth.
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These are just some possible explanations about the hydrate inhibition process that
could fit with our observations, because it is very difficult for us to observe at smaller scales
with high resolution. However, microscopic experiments will be done in the future trying to
get insights into these inhibition mechanisms. But all these theories are not valid for
explaining the superheating effect discussed above and the reason why the adsorption of
inhibitors on the hydrate surface would increase the melting temperature. In next section we
argue that the Gibbs-Thomson effect and a ‘patchy’ (by clumps) polymer adsorption might be

responsible for superheating phenomenon.

4.4.2. Superheating of hydrate crystals: a consequence of patchy polymer

adsorption?

Here we present a mechanism that has been invoked for explaining why and how anti-
freeze proteins (AFPs) act not only to decrease the freezing temperature of water, but also to
raise the ice melting temperature. This mechanism has been recently observed experimentally:
Celik and coworkers [4], [5] and others [13] have shown that these AFPs adsorb onto the ice
crystals and prevent them (i) from growing to a macroscopic size when T is decreased a few
degrees below 0°C, and (ii) from melting when T is raised slightly above the ice melting
temperature, i.e. 0°C. The latter phenomenon is the superheating phenomenon mentioned
above, which has been shown to exist for hydrate melting in presence of some polymers as
well (see the experimental results reported above). In the case of ice, Celik and coworkers

measured superheating values as high as 0.44°C for some hyperactive AFPs.

The explanation proposed by Celik et al. is the following. AFPs adsorb onto the ice
surface at some attachment sites (i.e. in a ‘patchy’ configuration) and suppress ice growth or
melting locally. In the growth process, the crystal may bulge between the attachment sites,
and the freezing point is decreased by the Gibbs-Thomson effect, namely, that a curved
surface has a lower freezing point than a flat one. In the melting process, however, the
crystal surface is curved as well, but the curvature is in the opposite sense (Figure 4.12): the
melting point is increased by virtue of the Gibbs-Thomson effect. This effect is based on the
Gibbs free energy equation for closed systems at the equilibrium. Our system is composed by
a solid (CP hydrate) and a liquid phase (liquid CP):
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dG =VdP — SdT

In the equilibrium the Gibbs free energy of the liquid and the solid phase must be
equal:

dGS = dGL
VedPs — S¢dT = V,dP, — S,dT
The pressure of the liquid phase P, does not suffer any change: V,dP;, = 0

Ss— S
apy =" 4
Vs

The second law of thermodynamics says that dS = %Q, so:

dPs = —%dT (Ss — S, < 0), being Ty the equilibrium temperature.
ovs

The pressure of the solid phase Ps changes and is determined by the Laplace equation
at curved interfaces: dPs = 2%, being vy the interfacial tension between both phases and R the

curvature radius of the solid/liquid interface.

2)’_ _Q(T_ Ty)

R ToVs

_ 2yToVs
QT — To)

When R < 0 (Figure 4.12) T > Ty, which is the case of the increase in temperature
(superheating) with respect to the equilibrium temperature we observe when melting hydrates

with inhibitors.

So, according to the Gibbs-Thomson condition, the mean curvature is related to the
relative shift in melting temperature. For our system, y = 30 mN/m, Ty = 280K, T — Ty = 5K
(for the most performing inhibitor) and Qcp hyarate = ~284 kJ/kg [14], so the curvature radius R
between two clumpsof inhibitor adsorbed on the hydrate surface should be around 12 nm.
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Figure 4. 12. Schematics of the polymer adsorption onto the hydrate surface and the curvature produced during
the melting process. A curved surface (with radius R) like that in the scheme has higher melting point than a flat
one.

But how can we relate the way inhibitors adsorb to the hydrate surface with the Gibbs-
Thomson effect? We present here our view about how the process is. One hypothesis is that
these inhibitors act with repect to hydrate melting in the same way as AFPs act with respect to
ice melting. The adsorption of inhibitors onto the hydrate surface not only slows down
hydrate growth but also produces some irregularities and inhomogeneities on the hydrate
surface (this could be related with what Bruusgaard et al. observe [2]. See Apendix 2). We do
not know whether inhibitors adsorb onto the surface by patches or linearly, but the inhibitor
concentration (100 ppm) is so low that it is unlikely that the whole hydrate surface is covered
with polymer layer(s). Therefore a reasonable hypothesis is that these polymers adsorb onto
the hydrate surface as patches (or clumps). The concentration at the surface is principally
controlled by the monomer/surface interaction whereas further out the layer is controlled by
the chain length [15]. Unfortunately, we cannot estimate the adsorption density because the

specific surface of the hydrate phase is not known.

Since we have only some parts of the hydrate surface covered with the inhibitor, when
we increase the temperaure above 7.2°C the hydrate present between two inhibitor adsorption

sites or ‘patches’ is going to suffer a certain curvature as the melting process takes place.
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There will be a maximum curvature or superheating at which the hydrate will melt completely
for each system as given by the Gibbs-Thomson relationship. As discussed above, we have

calculated this curvature to be around 12 nm for a superheating of about 5.6°C..

The ellipsometric experiments presented below address the question of whether
polymers adsorb as patches or more uniformly on hydrate surfaces by considering strongly
hydrophilic silica rather than hydrate. Silica wafers are flat surfaces that allow the use of

ellipsometry to investigate polymer adsorption on the surface.
4.4.2.1. Adsorption of inhibitors on solid hydroxylated surfaces

Experiments by ellipsometry have been carried out in order to obtain more information
about the adsorption of inhibitors on the hydrate surface. Unfortunately, the surface of CP
hydrates is not smooth enough to allow the measurement of thin films thickness by
ellipsometry. We then decided to study the adsorption of inhibitors on a silicon wafer. Silicon
is oxidized in contact with air and a silica (SiO;) multilayer is formed on top of the wafer

surface.

The surface properties of amorphous silica depend on the presence of silanol groups
[16]. At a sufficient concentration these groups render the surface hydrophilic. The idea is to
provide the silica surface with hydroxyl groups (OH groups) by treating it with water or
aqueous solutions (Figure 4.13).
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Figure 4. 13. The formation of silanol groups on the silica surface [16].

The silica surface now contains —OH groups, exactly like hydrate surfaces. The
hydrogen of the —OH group is susceptible to form hydrogen bonds with any electronegative
atom, so we can make the similarity and use the silanol groups (Si-OH) as if they were a piece
of hydrate (Figure 4.14).
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Figure 4. 14. Analogy between a silicon wafer surface and a hydrate surface. Both surfaces have the possibility
of forming hydrogen-bonds with liquid water molecules that may be around, due to the free —OH group present
in both systems (we cannot know the quantity of free —OH groups there will be in a silicon wafer and on a
hydrate surface, but the analogy can be made).

We cleaned the silicon wafers with piranha solution during 10 minutes, in order to
have the maximum number of groups —OH on the surface and then washed with pure water.
Once dry, we immersed one of them into the solution containing 100 ppm of the first inhibitor
during 15 minutes, and the same with the others. This time is enough for the inhibitor to be
adsorbed to the silanol groups present on the surface. Then we let them drain the excess of
polymer solution, we rinsed with distilled water and finally we dried them before being placed

on the ellipsometer.

Figure 4.15 shows the raw Brewster angle microscopy images (taken at an incident
angle of 76.8°) of the silicon wafers without any inhibitor adsorbed, and after immersing them
in the different polymeric solutions. The color code varies from black (nothing is adsorbed) to
white passing through brown, red and yellow. A dark surface can be considered as uncovered
and the clearer it appears the thicker the adsorbed film. In Figure 4.15b we observe that PVP
adsorbs on the wafer surface (the image is clearer than Figure 4.15a which is that of the
uncovered surface) and forms a thin film of uniform thickness (the dark and bright horizontal
lines are wafer scratches). Figure 4.15c and 4.15d show the adsorption of VP/VCap and
PVCap, respectively. Bright spots reveal the presence of polymeric grains, probably resulting

from a non-homogeneous, ‘patchy’ adsorption.
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Ellipsometric measurements also allow determining thickness maps of the analyzed
surfaces. For that, many photographs are taken at different polarizer and analyzer angles in
order to determine the ellipsometric angles 6 and y of each image pixel. This allows the
ellipsometer software to produce a 3D map by using a model that simulates the layer
deposited on the silicon surface. The silicon is ideally treated as a medium of refractive index
Nsi = 4 surrounded by air (ns = 1). The resulting thin film after inhibitor adsorption takes
place is composed of the silica layer covering the silicon surface and the polymeric layer
adsorbed on top. This global thin film is simulated as forming a single layer of refractive
index Niayer = 1.46. This coarse approximation is acceptable since both the polymeric material

and silica have more or less the same refractive index value.
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Figure 4. 15. Brewster angle microscopy images of the silicon wafers with: a): no inhibitor, b) PVP, c)
VP/VCap, d) PVCap.
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Figure 4.16 presents the raw data given by the software, i.e. the thickness of the model
layer that simulates both the polymeric layer and also the silica layer. Figure 4.16a shows that
without any polymer adsorbed, a layer of about 1 - 2 nm is observed. This layer corresponds
to the silica formed on the silicon surface in presence of water as we discussed before. Figure
4.16b shows a uniform thickness layer of about 3 - 4 nm revealing that PVP forms a more or
less homogeneous film of about 2 nm all over the surface (the peaks are considered as

impurities).

In contrast to this homogeneity, the adsorption of VP/VCap and PVCap do not
produce homogeneous layers. VP/VVCap forms a film with comparable thickness to that of
PVP (about 2 nm) but with local inhomogeneities with thicknesses up to 6 - 8 nm (Figure
4.16c¢). PVCap shows the same behavior but the thickness of the patches is higher (about 10 —
16 nm) (Figure 4.16d). For PVCap the film inbetween the patches has more or less the same
thickness as the films observed for the two others inhibitors. Note that the maps shown in
Figure 4.16 are smothed by a numerical procedure, so the patch extents are overestimated in
the interfacial plane. For having a more realistic information about the lateral extent of these

patches one has to reffer to Figure 4.15.

In summary, PVCap is the most compatible inhibitor (and VP/\VVCap to a less extent)
with the ‘patchy model’ because it forms the most inhomogeneous film onto the hydrate
surface. The result is that PVCap is observed to be the best inhibitor of hydrate formation.

Further experiments will be done in this field.

This technique has allowed us to determine the way the inhibitors adsorb on a silicon
wafer, which we assimilate to the adsorption to a hydrate surface. Unfortunately the resolution
is not high enough for giving us the separation between two patches of inhibitor adsorbed,
which is related tothe curvature radius of the surface between two clumps, so the calculation
presented abovewhere we find ~12 nm as the curvature radius cannot be verified. We show
the morphology of the CP hydrate crusts with the three different inhibitors adsorbed with

respect to the observations made in the ellipsometric experiments in Annexe B.
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Figure 4. 16. 3D maps showing the thickness of polymeric layers deposited on silicon wafers with: a) no
inhibitor, b) PVP, ¢) VP/VCap, d) PVCap. The color code is common to all images to allow direct comparison
between experiments. It represents layer thicknesses comprised between 0 and 20 nm.
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4.5. Conclusions

The experimental setup of the preceding chapter in its zoom mode has been very
useful for the study of the effect of some kinetic inhibitors on CP hydrate formation and

dissociation.

In the early stages of this investigation, we realized that these inhibitors not only have
an effect on hydrate formation, but also on hydrate dissociation. This last topic has therefore
been the main focus of our investigation. The inhibitors investigated act by raising the melting
temperature up to 5.6°C, possibly due to the Gibbs-Thomson effect. By adsorbing as patches
at the hydrate/water interface, these polymers or at least the most active of them, promote a
curvature in the crystal surface during the melting process; this curvature stabilizes the
hydrate phase above the normal melting temperature. The more patchy-like adsorption of
PVCap (and VP/VCap to a less extent) seems to be supported by the ellipsometric
measurement on hydrophilic silica, considered here to be representative of the hydrate/water

interface.

We have also checked the inhibiting power of two of these polymers (PVP and
VP/\V/Cap) during the second hydrate formation. The effect of the inhibitors is to decrease the
formation temperature and to slow down the hydrate crust growth velocity. We have observed
that lower temperatures (higher Ty,) are needed when we use inhibitors compared to the pure
system. Once reached the maximum subcooling, VP/VCap is more performing than PVP: the
induction time, i.e. the time we have to wait at that maximum subcooling until we detect the
onset of hydrate formation, is about four times higher with VP/VVCap than with PVP. We
have also compared the hydrate crust growth velocities, which is about four times lowerwith
PVP and 2.5 times lower with VP/VCap as with the pure system (for the maximum possible

subcooling, i.e., 7°C).

The ellipsometric experiments had led us to the conclusion that PVP adsorbs to the
hydrate surface in a homogeneous manner (thickness = 2 nm), whereas VP/VVCap and PVCap
form a film that possesses in addition local inhomogeneities (‘patches’) extending from the

surface at distances up to 6 - 8 nm and about 10 — 16 nm, respectively.

All these results suggest that the inhibiting power of these polymers, that is, their

ability to prevent the growth of CP hydrate crystals when temperatures is lowered below the
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melting temperature Tgis, IS related to their ability to prevent the melting of the same hydrates
when heating above T4s. We observe that the ranking of these inhibitors with respect to the
two effects is the same: PVP < VP/VCap < PVCap, being PVCap the strongest inhibitor.
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CHAPTER 5

CHARACTERISTICS OF THE
POLYCRYSTALLINE HYDRATE CRUST

5.1. Introduction

In this chapter we try to give insights into the characteristics (growth rate,
morphology, etc.) of the polycrystalline hydrate crust that forms at the water/CP interface of a
water drop by means of microscopy. First of all we will explain the setup and experimental
procedure used for carrying out this kind of experiments. In the Results section, we will first
analyze the possible nucleation places in our system. Then we will study the hydrate growth
rates and the morphology of a CP hydrate crust formed at the interface of a water drop and
how the driving force (subcooling degree) has an effect in these properties. The effect of
temperature cycling is also going to be explained and the chapter will finish with the

conclusions.
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5.2. Experimental setup and procedure

In all experiments, a water drop with volumes in the 0.03 - 1l range is deposited on a
(horizontal) quartz substrate previously immersed in the guest fluid (CP) (Figure 5.1). The CP
was previously equilibrated with water at room temperature (= 20°C). The quartz substrate is
the inner wall of a Hellma rectangular cell with a 2 mm-optical path (QS-110-2-40). The
Hellma cell is inserted into a cylindrical aluminum (AU4G) cell holder with a rectangular
aperture in its center (Figure 5.2) allowing the observation by light transmission microscopy
of the glass/CP and glass/water interfaces and their vicinity. This cell-holder is in contact on
one side with a cylindrical Peltier element and a cooling system (both with a central hole)
allowing a precise temperature control in the Hellma cell (temperature controller Accuthermo
ATEC302). We employed as inverted microscopes an AE21 Motic™ in preliminary
observations, and then an inverted Eclipse Ti Nikon™ used in various modes, principally
bright and dark field, differential interference contrast (Nomarski), fluorescence and confocal
reflectance. The objectives used range from x4 to x20, the latter corrected for spherical
aberrations induced by the 1.5 mm-thick glass wall. The camera is equipped with an effective
tube extender (x1.5). A sub-micron resolution is obtained for the highest magnification (i.e.,
with the x20 objective and the tube extender). The cameras used are either a colour camera
Ueye SE1240 (IDS) or a PROEM 512B Excelon (Princeton Instruments).

2 Water drop Cp
v :

d

Objective

Figure 5. 1. Schematics of the experimental setup adapted to the inverted microscope, where a water drop is
introduced in a Hellma cell filled with CP. The cell holder and the temperature control system are not shown
here.
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Figure 5. 2. Experimental setup. Left: Cylindrical aluminum cell holder where the Hellma cell is inserted. Right:
Complete experimental setup on the Motic microscope: cell holder with the Hellma cell inside, Peltier element
and cooling system.

The experimental procedure is very similar to the one used in chapter 3 (Figure 5.3).
The objective is to first convert the water drop into ice for inducing hydrate formation
afterwards. Therefore, temperature is lowered to -20°C and then raised up rapidly to -5°C.
Then, we increase it slowly above 0°C in order to melt the ice and form a hydrate crust at the
water drop surface. Once all the hydrate is formed, we raise the temperature slightly above the
equilibrium temperature 7.2°C (8 - 9°C, generally) at 1°C/min. Dissociation time is not taken
into account in this type of experiments, so an average of 5 min is chosen. We consider this
time long enough for completely melt the hydrate crust and short enough for not losing the
memory effect that will help the second hydrate formation afterwards. Finally, temperature is
decreased at 1°C/min to the desired temperature: higher (3.5 — 5.5°C) if we want to do the
experiments at low subcooling and lower (0.5°C) if we want to carry them out at high
subcooling. Contrary to what we studied in chapter 3, here we play with the last part of the
graph (Figure 5.3) and not with the dissociation time and temperature. The objective is to
study the effect of the subcooling degree on the crystalline characteristics of the hydrate layer.
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Figure 5. 3. Experimental temperature profile. The ATy, at which we perform the second hydrate formation is
the important step in these experiments: low or high subcooling.

5.3. Results and discussion

5.3.1. Nucleation places

Before talking about the different places where nucleation takes place, we have to
remind that a CP-in-water emulsion is created during the dissociation of the CP hydrate crust
at the surface of the water drop (cf. chapter 3). As the CP droplets are lighter than water, when
the water drop is placed upwards, i.e. sitting on the substrate (Figure 5.1), which is the typical
way of working in chapters 5 and 6, they tend to go to the upper part of the water drop, where

they accumulate (Figure 5.4).
5.3.1.1. Nucleation in the CP-in-water emulsion

The CP-in-water emulsion is a very good place for crystals to nucleate due to the huge
quantity of water/CP interfaces. As we explained above, interfaces are a favorable place for
nucleation to occur because it is the place where more quantity of host-guest molecules is in

contact. Nucleation can take place via several processes. We have observed that tiny crystals
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can nucleate either at the water drop surface far from a CP droplet (Figure 5.5), or from a
single CP droplet the water (Figure 5.6), or from an aggregate of CP droplets (Figure 5.7).

The density of CP hydrate is equal to 0.97 g/cm® as calculated from the volume of a
structure 11 crystal unit (17.3 x 17.3x 17.3 A®) and the weight of its 136 molecules of water
and 8 molecules of CP (see section 1.1.2.2). The CP hydrate crystals are therefore expected to

float at the surface of a sitting water drop in CP, as is indeed observed experimentally.

Complete dissociation of hydrate (t;), T = 8°C Emulsion moving towards the center
tp+3 min, T=8°C

Emulsion moving towards the center Emulsion in the center
tp+7.5min, T=28°C tp+ 12 min, T=8°C

Figure 5. 4. Movement of the CP-in-water emulsion in a water droplet sitting on the substrate. After hydrate
dissociation, the emulsion tends to go towards the center of the water drop since it is lighter than water. The
black dots correspond to CP microdroplets. Bright field imaging mode. Experiment 2014/10/31.
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Figure 5. 5. Nucleation of a tiny crystal (white circle) at the water drop surface far from a CP droplet (T = 0°C).
a) to, b) to + <1s, €) ty + 1s. DIC imaging mode. Experiment 2014/11/17.

25 pm

Figure 5. 6. Nucleation of a tiny hydrate crystal on a CP droplet (white arrow in (a)) at the surface of the water
drop and subsequent crystal growth over 1s (T = 0°C): a) ty, b) tg + <15, ¢) ty + 1s. The CP droplets appear as
bright dots. The imaging mode (DIC) is responsible for the splitting of the bright dots in planes that are slightly
out of focus. Experiment 2014/11/17.
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Figure 5. 7. Nucleation of a hydrate crystal from an aggregate of CP droplets (white arrow in (a)) at the surface
of the water drop and subsequent growth over an interval of less than 1s (T = 0°C): a) t, b) to + <1s. DIC
imaging mode. Experiment 2014/11/17.

5.3.1.2. Nucleation at the triple line

Sear explains in his review [1] that at a contact line, three interfaces meet and so when
a nucleus forms there, it replaces more interface than when it forms just at a vapor/liquid
interface, for example, where it can only replace one interface. This is our case here.
Nucleation at the contact line glass/water/CP is favored because when the crystal forms it is

going to replace three interfaces instead of just one: water/CP (case of the emulsion).

Depending on the subcooling degree and on the quantity of emulsion present after
dissociation, sometimes both types of nucleation can take place at the same time. We have
observed that when less emulsion is present (less volume of water/CP interfaces) nucleation
tends to take place at the triple line (three interfaces can be replaced) (Figure 5.8), whereas
when there is higher quantity of emulsion on top of the water drop, nucleation occurs
preferentially in the emulsion (more interface can be replaced) or there is competition

between both places (Figure 5.9).
5.3.2. Hydrate growth and morphology

When nucleation takes place in the emulsion at the surface of the water drop, as soon
as crystals are formed and reach a certain size, most of the times they are ejected towards the
triple line to continue growing there (Figure 5.9 right, 5.10 and 5.11). This fact is independent

on the subcooling degree at which we work.
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100 pm

Figure 5. 8. Low quantity of emulsion present at the water drop surface after the first hydrate dissociation:
nucleation takes place at the triple line (T = 0°C). Bright field imaging mode. Experiment 2015/06/03.

Figure 5. 9. High quantity of emulsion present after the first hydrate dissociation. Competition between
nucleation in the emulsion and at the triple line (T = 0°C). Bright field imaging mode. Left: Experiment
2014/10/31. Right: Experiment 2014/10/23.

In case of having several nucleation points, the growing hydrate crystals move along
the water/CP interface, find other smaller or bigger crystals nearby and are attracted to finally
merge together in order to form a bigger crystal (we call it ‘crystal front”) that always finish
by moving towards the triple line. A ‘crystal front’ grows by merging with small hydrate

crystals and other crystal fronts.
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When hydrate nucleation takes place at the triple line, hydrate crystals just stay there
and grow (Figure 5.8). The CP hydrate crust grows by attracting and adding to the structure
other crystals already formed in other places of the water drop surface or by incorporating CP
and water molecules which just feed the only existing hydrate front and make it grow. In case
of having several nucleation points at the triple line, each hydrate front grows independently
to finally meet somewhere of the water drop surface.

300 pm

Figure 5. 10. Ejection of a nucleated crystal (white circle) in the emulsion towards the triple line (AT =
3.4°C). a) to, b) ty + 8s, ) ty + 68s, d) ty + 264s. In this case, several nucleation points exist (white arrows).
Bright field imaging mode. Experiment 2014/10/22.

155



Chapter 5: Characteristics of the Polycrystalline Hydrate Crust
Mechanisms of Formation and Dissociation of Cyclopentane Hydrates

Figure 5. 11. Hydrate crust growth along the interface water/CP (T = 0°C). The hydrate crystal migrates from
the emulsion to the contact line. a) 13.4s, b) 19.2s, ¢) 23.8s and d) 26.8s. Field of view 120um. DIC imaging
mode. Experiment 2015/07/17.

In the following sections we are going to analyze the results obtained for a high
subcooling and for a low subcooling working mode. High subcooling means here a
temperature equal or very slightly superior to 0°C (ATsy ~ 7°C, see below). Low subcooling
means a temperature in the range of 3.5 - 5.5°C (AT = 1.5 - 3.5°C, see next section). Our
results will be compared below to those of Sakemoto et al. [2], who carried out some
experiments at different subcoolings in order to observe the effect of the temperature on the
morphology of CP hydrate crystals. They will also be compared to those by Smelik and King
[4] who found, in general and independently on the subcooling degree, two types of methane
hydrate crystals: those from surface crystallization (i.e. crystallization at the water/guest

interface) and small single crystals in the bulk (with sizes not exceeding 25 pm). They
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observed that surface crystallization can take place in two ways: individual crystals impinging
together or surface crystal fronts with drapery appearance originating from the triple line and
suturing together, engulfing sometimes a single crystal that is moving over the surface. As
shown in Figure 5.12 and consistent with literature results on cubic crystals (and not only
structure Il hydrates), it seems clear that structure Il monocrystals grow in the following
dominant morphologies: regular octahedral and thin platelets with hexagonal or triangular
shapes. Large monocrystals are most often observed for low subcooling conditions, as further
discussed below. These forms normally grow together and we do not find one without the
other, so it can be said that there is not one preferential geometric form. Note that all the
experiments presented and discussed here are a second or subsequent hydrate formation. We

do not talk about first hydrate formation in this chapter.

Hexagon

/

Triangle Needle

4

Pentagon

Figure 5. 12. Geometrical forms of the growing monocrystals floating at the water/CP interface at low
subcooling (ATgy, = 1.6°C): octahedra, pentagons, triangular, hexagons, needles. Experiment 2014/10/22.

5.3.2.1. Low subcooling
5.3.2.1.1. Hydrate growth

In pure water/CP systems, for ATy, = 1.4 to 4.3K, Sakemoto et al. [3] typically find
irregular hexagons or pentagons with a length between 0.3 mm to 1 mm. They also observe
that the time required to completely cover the cyclopentane water interface with a

polycrystalline crust highly depends on the subcooling degree. At a AT, = 1.4K, 46.5 h are
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required, but the time decreases as the subcooling degree increases. For a subcooling AT, =
3.1K, 143 minutes are required to completely cover a surface with area ~ 50 mm? whereas at
ATgyp = 5K just 29 minutes are needed for covering the same area. The corresponding areal
velocities are shown in Table 5.1. In our case, “low subcooling” experiments are within
temperatures ATgp < 3.4°C. Our observations are made for a water drop that has a low contact
angle with the substrate. This allows the calculation of the drop surface as S = nR?, being R
the radius of the contact line. The CP/water interface, i.e. the surface of our water drops, is
about 2 mm? which is a value a lot smaller than that of the CP/water interfaces Sakemoto et
al. analyzed. We have tried different ATy, and found that at ATg,, = 1.6°C the whole water
drop is completely covered by a CP hydrate crust in 55 minutes (Figure 5.13). If we increase
the subcooling and set it at ATy, = 2.2°C, the time required is around 38 minutes, whereas for
a ATgyp = 3.4°C, the hydrate layer takes around 20 minutes to completely cover the drop
surface (Figure 5.14). As Sakemoto et al. did, we observe that the time needed to completely
cover the whole surface of the water drop decreases when ATgy, increases, i.e. when the set
temperature is lower. Our measured areal velocities are in the same range, but somewhat

lower than those determined by Sakemoto et al. (Table 5.1).

ATy (°C) Growth velocity ([2], Growth velocity (our results,
mm?/min) mm?/min)
14 0.02 -
1.6 - 0.04
2.2 - 0.05
3.1 0.35 -
3.4 - 0.10
) 1.72 -

Table 5. 1. Time needed for the hydrate crust to cover the whole water drop surface (2 mm?) with respect to the
subcooling degree ATs,,. Comparison between literature and our results. Experiment 2014/10/22.
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300 pm

Figure 5. 13. Growth of the hydrate crust along the water surface at low subcooling (ATg, = 1.6°C). Left: t, + 33
minutes. Right: ty + 45 minutes. Individual crystals grow and tend to form hexagons. Bright field imaging mode.
Experiment 2014/10/22.

Figure 5. 14. Growth of the hydrate crust along the water surface at low subcooling (AT, = 3.4 °C). Image
taken 20 minutes after the beginning of the crystallization. Bright field imaging mode. Experiment 2014/10/22.

5.3.2.1.2. Hydrate morphology

We have observed that depending on the subcooling degree (low or high), some
morphological differences exist between the resulting hydrate crusts. As we said above,
Sakemoto et al. found irregular hexagons or pentagons with a length between 0.3mm to 1mm
when they worked at low subcooling (AT, = 1.4 to 4.3K). We did observe the same features,

among other things. A lot of different crystal habits are obtained when working at this low
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subcooling. Larsen et al. [5] affirm that the crystal growth planes which are exhibited
macroscopically are the slowest growing planes. They studied molecular models of sll
hydrate and got to state that the 6-membered rings of the large cavities all lie in the {111}
planes. That suggests a possible hypothesis for the normal growth habit, appealing to a
presumed higher energy barrier against producing these rings compared to 5-membered rings.
It is hypothesized that the {111} plane in sll grows slowest because it contains a
predominance of hexagonal faces relative to other crystal planes in sll. Crystal planes
containing hexagonal faces may grow slowest because hexagonal faces are considerably more
strained (120° between O-O-O angles) than are pentagonal faces (108°), relative to either the
tetrahedral O-O-O angle (109°) or the water angle (H-O-H of 104.5°) [6]. This also agrees
with what Smelik and King [4] say about the crystal growth of methane hydrates: “The
bounding faces of any crystal generally correspond to the slowest growing directions or
planes, whereas the fastest growing directions typically never develop corresponding
morphologic faces and instead occur as apices or edges of the crystal”. And this is why most

of the polygonal forms observed tend to form hexagons.

At low subcooling, several crystal forms are observed, such as triangles, needles,
pentagons and hexagons (Figures 5.13 and 5.15). By letting them grow, almost all these forms
tend to form hexagons. In case of working at low subcooling, all the different forms are
normally meant to be tridimensional, meaning that crystals are able to grow in order to form a
completely faceted crystal [7]. This means that all the faces of the tridimensional crystals
should grow at the same rate, but this is difficult to determine because an individual crystal
presents different cooling gradients along its faces. The interfacial cooling is necessarily
greatest near the corners, least at the face centers, and intermediate at the centers of the edges
[8]. Also, the growth in the perpendicular direction to the water surface is difficult in our case
due to the handicap of the mass transfer between water and CP. A modification of the crystal
habit is produced and so a combination of forms different from the “conventional” ones iS

obtained.
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Figure 5. 15. Several crystal forms at low subcooling: triangles, needles, pentagons and hexagons (ATgy =
3.4°C). Image taken 17 minutes after the beginning of the crystallization. Dark field imaging mode. Experiment
2014/10/22.

5.3.2.2. High subcooling
5.3.2.2.1. Hydrate growth

Sakemoto et al. also concluded that at higher subcoolings than the previous cases
(typically ATgy, = 5.1K), both slender polygons, triangular and swordlike crystals of 0.1 mm
to 0.2 mm are observed. Very often, these geometric forms cannot be easily identified and the
crust looks smoother than the crust composed of larger monocrystals that is observed at low
subcooling. Therefore, after what they observe at low subcooling they conclude that the size
of hydrate crystals decreases with increasing subcooling. The “high subcooling” experiments
we have carried out are at ATgy > 3.4°C, i.e. set temperature of 6.7 - 7.2°C. For a 0.03 pl
water drop (~ 3 mm? surface), the average time for the hydrate to cover the whole surface is
between 1 — 2 minutes. This gives a growth velocity of 1.5 mm?/min. When volumes are

higher (surfaces around 6 mm?) we obtain a hydrate crust growth velocity of 0.8 — Imm?min.

The general observation is then that, when we work at high subcooling, the growth
velocity of the hydrate crust varies between 0.8 and 1.5 mm?/min. This is very different from
what we observe when we work at low subcooling but consistent with what Sakemoto et al.
found for subcoolings ATy, = 5K (growth velocity of 1.72 mm?min). This has also been

observed by Li et al. [9] for methane hydrates.
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5.3.2.2.2. Hydrate morphology

For a subcooling ATy, > 3.4°C (typically T = 6.7 - 7.2°C), the observations we make
are different from those of Sakemoto et al. In our case, swordlike crystals are not observed as
they are in low subcooling conditions, but tiny triangular and hexagonal crystals (as we did in
low subcooling mode) that have not enough time to grow individually. What happens is that,
as the subcooling is very high, there are a lot of nucleation points all over the water drop
surface, so a lot of small polygonal crystals are formed, but there is no time for them to grow
individually (there are a lot of them growing rapidly). The growing hydrate crystals move
along the water/CP interface, find other smaller or bigger crystals nearby and are attracted to
finally merge together in order to form a bigger crystal, as explained before. Several
advancing hydrate fronts (Figure 5.16) are created and when the water drop is completely

covered, a cracklike/mosaic structure can be easily observed (Figure 5.17).

Figure 5. 16. Advancing hydrate fronts that stick together in order to form the hydrate crust (T = 0°C). a) to,
b) to + 11s, c) ty + 19s, d) to + 31 s. Bright field imaging mode. Experiment 2014/11/17.
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Figure 5. 17. Cracklike/mosaic structure obtained when several hydrate fronts stick together and cover the whole
water drop surface. Left: focus on the substrate. Right: focus on top of the water drop. The limit of the hydrate
fronts when they stick together can be distinguished (T = 0°C). Fluorescence (DASPI) imaging mode.
Experiment 2014/11/25.

This agrees with what Smelik and King [4] observed. When they carried out a surface
crystallization, they got crystals with hexagonal shape that would increase in size until they
impinged on one another, forming what they call a surface mosaic. Sometimes they found
several large fronts freezing across the water-gas interface simultaneously. Those fronts had
often a drapery appearance and almost always originated near the side walls (which would be
the triple line in our case). They often met another front, becoming sutured together, or
sometimes they trapped floating surface crystals until the surface was completely frozen in a
complex mosaic. We observe the drapery appearance of the hydrate crust in Figure 5.18 and

the trapped floating surface crystals in Figure 5.19.

The individual floating polygonal crystals are mostly solid plates in the form of
hexagons or triangles. A hexagonal plate is a slice through an octahedron (typical cubic form)
parallel to {111}. Since the subcooling is very high now we do not let crystals grow along all
their faces, and we just see one face macroscopically. All the final visible faces appear to
belong to {111}.

The result is a more uniform hydrate crust (Figure 5.18 left) compared to the one
formed when the decrease in temperature is slow. On the other hand, when this decrease in

temperature is slower, all the nucleation places form tiny crystals that have more time to
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grow, ending by sticking all together and creating a more nervured (like an insect wing) and
cracklike structure (Figures 5.18 right and 5.19). This is a general observation, but more

experiments will have to be carried out.

Figure 5. 18. Left: Uniform and homogeneous appearance of the hydrate crust when the temperature is
decreased faster (T = 0°C). Bright field imaging mode. Experiment 2014/10/22. Right: Drapery appearance of
the hydrate fronts when the hydrate crust has completely covered a 1ul water drop surface at a slower velocity (T
=0 °C). Bright field imaging mode. Experiment 2014/10/31.

Figure 5. 19. Left: random hydrate polygonal crystals (solid plates in the form of hexagons or triangles) floating
on the surface of a 0.03ul water drop at t, + 60s (T = 0.5°C). Right: single hydrate crystals are trapped while the
hydrate crust is covering the water surface (t, + 80s). A drapery/mosaic structure is obtained (T = 0.5°C). Bright
field imaging mode. Experiment 2014/10/24.
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Another thing we have noticed is that, depending on the time we stay at 0 - 0.5°C
during the first hydrate formation, more or less emulsion will be formed during the
dissociation step. This higher or lower quantity of emulsion has an effect on the formation of
nucleation points and on the nucleation places. When the emulsion is abundant, the main
nucleation place is the emulsion, i.e. more nucleation points are possible because a lot more
water/CP interfaces are present in the system. On the other hand, when less emulsion is
present, less nucleation points will exist and so tiny crystals have fewer opportunities to be
formed, although there are still more than when we work in the low subcooling mode, due to
the higher subcooling. The nucleation places are reduced here because there is little emulsion
for crystals to nucleate in it.

The selected dissociation temperature seems to have no effect on the morphology of
the hydrate crust. When working at high subcooling, four different dissociation temperatures
have been tested and the hydrate was left dissociating for the same time (13 minutes). These
temperatures were 8.4°C, 9.2°C, 10.2°C and 11.2°C. The velocity at which we decreased the
temperature to 0°C in order to reform the hydrate crust was ~ 0.05°C/s for all the experiments.
All conditions led to the reformation of a CP hydrate crust on the water drop except for the
last one (11.2°C during 13 minutes), where the ‘memory’ of previous hydrate formation was

lost. The resulting morphology of the hydrate crusts was almost the same in all three cases.

In summary, the obtained structures are the result of several factors. The most
important factor for having one type of structure of the other is the subcooling degree. But
once we decide to work in the high subcooling mode, other factors have to be taken into
account, like the quantity of emulsion formed in the previous dissociation step and/or the time

needed to reach the experimental temperature.

One thing we have observed for both high and low subcooling working modes is the
same as Knight and Rider did for sll tetrahydrofuran hydrates [7]. They call it the “skeletal”
form of an octahedron. The ‘skeletal 60° plates’ are the next step of solid plates although the
transition is not seen. They are composed of two or three parallel plates connected by ribs.
The leading ribs where the fast growth takes place do not noticeably thicken. The thickening
consists of an increase in the plate separation. This kind of structure indicates some form of
aggregation or intergrowth, which is very normal in most crystalline minerals and in many

crystals produced industrially [10]. The simplest form of aggregate results from a
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phenomenon called parallel growth, in which individual forms of the same substance grow on
the top of one another in such a manner that all corresponding faces and edges of the
individuals are parallel, as shown in Figure 5.20. In this figure we see a typical structure in
which regular octahedral are piled on top of one another in a column symmetrical about the
vertical axis. This makes that, seen from above (or from below, in the case of our
microscope), we observe the kind of stair steps showed in Figures 5.21, 5.22 and 5.23.

Figure 5. 20. Crystal parallel growth [10].

150 pm

Figure 5. 21. Parallel growth observed at T = 5.6 °C (Low subcooling). Bright field imaging mode. Experiment
2014/10/22.

166



Chapter 5: Characteristics of the Polycrystalline Hydrate Crust
Mechanisms of Formation and Dissociation of Cyclopentane Hydrates

Figure 5. 22. Parallel growth observed at T = 0 °C (High subcooling). Bright field imaging mode. Experiment
2014/10/31.

Figure 5. 23. Parallel growth observed at T = 0 °C. The limits of the hydrates fronts can also be observed. Bright
field imaging mode. Experiment 2015/02/19.
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5.3.3. Effect of repeated temperature cycling

In some experiments, several formation-dissociation cycles have been carried out with
the same water drop. Once the first hydrate formation has taken place, we dissociate it
(always at the same temperature) and do a second hydrate formation at high subcooling (0°C),
and the same with a third formation, fourth and so on. We observed that the drop diameter is
slightly increased during the first two or three dissociation steps, and then it remains almost
constant: Table 5.2 shows the change in the diameter of the water drop. The growth velocity
of the hydrate crust is almost the same in all hydrate formations, independently on the size of
the water drop (the water drop spreads a little on the substrate, i.e. the contact angle slightly

decreases, but it is not significant).

We conclude that the effect of cycling does not have an effect on the hydrate crust

growth velocity.

Dissociation Diameter (mm)
1st 1.47
2" 1.51
3th 1.57
4th 1.60

Table 5. 2. Effect of cycling on the drop diameter. Experiment 2014/10/22.

5.4. Conclusions

In this chapter we have showed and proved the utility of a new setup designed to
visualize by optical microscopy the nucleation and growth processes of a CP hydrate crust
over a water drop deposited on a glass surface.

We have been able to observe three types of hydrate nucleation: at the water/CP

interface, in the CP-in-water emulsion because there is a high quantity of water/CP interfaces
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and/or at the glass/water/CP triple line because the formation of a crystal in there replaces
three interfaces instead of one and is favored.

Also, insights into hydrate growth are obtained thanks to this system, which allows us
not only to determine the growth rates of the hydrate crust but also to characterize its
morphology. Depending on the nucleation place, hydrate growth occurs in one way or the
other. For example, if nucleation takes place in the emulsion, at one moment crystals are
ejected towards the triple line to carry on growing while crystals nucleated at the triple line
stay there and grow without being ejected anywhere. Apart from other factors such as the time
spent at the dissociation temperature, the quantity of emulsion present after dissociation or the
time needed to reach the experimental temperature, the most important parameter that plays a
role in hydrate growth and morphology is the subcooling degree. Working at low subcooling
conditions (ATgyp < 3.4°C) gives large tridimensional hydrate crystals of different forms:
triangles, needles, pentagons, hexagons, etc. The hydrate crust growth velocity is between
0.04 and 0.10 mm?®min, depending on the subcooling degree. On the other hand, when we
work at high subcooling conditions (ATgy, > 3.4°C) the growth velocity of the hydrate crust is
between 0.8 and 1.5 mm?/min and the morphology of the hydrate crust is less polygonal. The
result is a mosaic structure. Sometimes a parallel growth is observed independently on the
subcooling degree in which the crystal is formed by two or three serrated plates

interconnected.

The last observation is the fact that cycling does not really change the growth velocity
of the hydrate crust over the water drop surface. What we do observe is some limited

spreading of the water drop during the first two or three dissociation steps.

We have noticed that this setup is versatile, practical and comfortable enough to keep
using it in order to obtain more information about all these processes. In next chapters we are
going to explain other observations we have made thanks to it, such as the existence of a
hydrate halo around the initial water drop and CP hydrate crystallization (in the form of single

crystals and/or dendrites) within a CP-in-water emulsion.
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CHAPTER 6

CYCLOPENTANE HYDRATE GROWING AS A
HALO ALONG A SILICEOUS SUBSTRATE

This chapter is being submitted as a regular article to Crystal Growth and Design under the
title “Growth of gas hydrate halos on glass immersed in the guest fluid”. The article is reproduced

below.
Abstract

Gas hydrates form preferentially along interfaces between water- and guest-rich phases,
where their (rapid) growth as a polycrystalline film has been thoroughly investigated. More elusive
are the mechanisms of hydrate growth on solid (e.g., mineral) substrates, which are the subject of
the present experimental study. We report on the growth of cyclopentane (CP) hydrate over fused
silica glass, from single ‘primary"' drops of water deposited under CP, using methods such as

differential interference contrast (Nomarski), fluorescence and confocal reflectance microscopies.

In agreement with the observations on methane hydrate by Beltran and Servio (Crystal
Growth and Design, Vol. 10, pp. 4339-4347, 2010), we see CP hydrate growing along the interface
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between the substrate and the guest fluid as a ‘halo’ originating from the contact line of the primary

drop.

Whereas Beltran and Servio concluded that the water source of the methane hydrate halo
was the primary drop, we find that, at least on strongly hydrophilic glass, most of the water feeding
the growth of the CP hydrate halo comes from other sources than the primary drop. Four external
sources have been identified: (i) water on the substrate including a precursor film near the contact
line and microdroplets condensed from the CP in the form of breath figures; (ii) secondary droplets
left behind when melting a previous hydrate halo; (iii) dissolved water present in the bulk of the
CP-rich phase; (iv) microdroplets of condensed water falling out of the CP (‘rain’).

In agreement with the observations on methane hydrate, halo growth was sometimes
observed to feed on water issuing from cracks in the hydrate crust covering the primary drop. The
halo propagated at ~ < 2 um/s over bare glass or glass with a breath figure. 'Leap-frog' propagation

over secondary water drops or pre-formed hydrate accelerated propagation up to 10-15 pm/s.

No hydrate halo was detected on hydrophobic (silane-treated) glass.
6.1. Introduction

Gas hydrates are ice-like crystalline structures made of hydrogen-bonded water molecules
encaging guest (hydrate-former) molecules such as light hydrocarbons or refrigerants, rare gases,
CO,, etc. Long considered a nuisance because they block hydrocarbon flow lines and their
dissociation in marine sediments renders offshore platforms and pipelines unstable, gas hydrates are
now also being examined as an opportunity. Huge amounts of energy resources are trapped in
submarine sediments in the form of methane hydrates, and many other applications based on gas
hydrates are emerging: gas separation, energy transport and storage, water desalination /
purification, etc. Research in this area is booming, mostly aimed at controlling the kinetics of gas
hydrate crystallization, which depending on the application needs to be either inhibited or
accelerated: one method consists in adding some mineral (e.g., oxide) particles to the water/gas
system, but the inhibiting/promoting mechanisms are still ill-understood [1].

For guest molecules that are sparingly soluble in water and vice-versa, hydrate formation
occurs preferentially along water/guest interfaces, where a polycrystalline hydrate crust grows
rapidly until full interface coverage; this (porous) crust then acts as a low-permeable barrier to the

water and guest molecules, which impedes or strongly slows downs hydrate growth in a
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perpendicular direction. The morphologies and lateral growth rates of these crust layers are rather
well characterized and understood, at least for the most common guest fluids [2], [3], [4], [5], [6],

[7], even though some questions remain as to the respective effects of heat and mass transfers [8],

[9l.

In this paper, we report and discuss observations of gas hydrate growing along a solid,
water-wet substrate as a ‘halo’, a term introduced by Beltran and Servio [10]. These authors
observed methane hydrate forming and growing rapidly on the surface of water drops present on a
glass substrate, and then growing radially — as a halo — on the glass surface from the drop
boundaries into the methane-rich phase. This halo was shown to be responsible for the ‘bridge
effect’, i.e. the propagation of hydrate from the surface of one water drop to that of a neighboring
water drop. Beltran and Servio [10] argued that such halo growth is fed by the unreacted water
drawn by capillarity from the water drop (covered with a low-permeable hydrate crust) toward the
‘naked glass’ — more precisely, toward the glass immersed in the guest fluid.

This halo is often seen in conventional experiments, in which hydrate formation and growth
at the water/gas interface are observed behind sapphire see-through windows [11], [12], [13].
Hydrate formation typically starts at the water/gas interface, which is rapidly covered with a hydrate
crust, and then a halo is seen ascending along the sapphire window originating from the contact line
between the window and the water/guest interface (already covered with hydrate). Interestingly,
halo growth is observed to be more rapid with repeated cycles of hydrate dissociation and then

reformation [13].

Understanding gas hydrate halo growth is relevant to processes of geological interest, in
which gas hydrates are present in sediments in an excess of gas, e.g., when these sediments overlay
a zone of high gas saturation — and low water (or brine) saturation (in a water-wet sand, this water
forms pendular structures between sand grains). The halo growth investigated here is expected to be
the dominant pore-scale process occurring in this so-called excess gas configuration [20]. This halo
presumably acts as cement between neighboring sand grains and confers the hydrate-bearing

sediment a high mechanical rigidity [21], [22].

Additionally, the understanding of growth mechanisms of this halo as a function of substrate
properties (wettability, thermal conductivity, etc.) might provide clues as to why some mineral

particles are better hydrate promoter than others [1].
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The purpose of the high (sub-micron) resolution observations presented in this paper is to
describe and discuss the mechanisms of halo growth and melting when the conditions for hydrate
stability and dissociation are respectively met. Hydrates are mainly made up of water molecules (a
proportion of 17/18 for structure Il hydrates, the other 1/18 being the proportion of guest
molecules), yet these hydrate halos grow in an environment where water is lacking: inbetween the
substrate and the guest phase, in which a very small amount of water molecules is dissolved
(typically, below a few mol.%). Hence, is seems reasonable to assume that most (if not all) of the
water feeding the halo growth comes from the ‘reservoir’ of water (a water drop sitting on the
substrate in Beltran and Servio’s study [10] and in the present study): Beltran and Servio assumed
that water flows in-between glass and the hydrate halo, but did not provide direct experimental

evidence.

The experimental configuration chosen in this work is similar to that of Beltran and Servio:
a drop of water on a glass substrate immersed in the guest (hydrate-former), chosen here to be
cyclopentane (CP). CP hydrates are considered a proxy of natural gas hydrates because CP,
similarly to low-molecular-weight alkanes, is sparingly soluble in water and forms structure Il
hydrates. The interest of CP hydrates, which are stable below the dissociation temperature T gis =
7°C (Ty;s is the temperature of coexistence between CP hydrate, liquid water and liquid CP), is that

they form at ambient pressure, which considerably eases the experimental work.

To investigate how the CP hydrate halo grows on the substrate, starting from the edge of the
water drop, and then melts when temperature is brought respectively below and above the
dissociation temperature Ty, We use a combination of optical microscopy methods, including
differential interference contrast (DIC), fluorescence and confocal reflectance microscopies, which

to the best of our knowledge have not been used for studying gas hydrates yet.

Another novel ‘tool’ used in this study is provided by the fluid system itself. Upon cooling,
there is a phase separation (demixing) of water from the CP initially (i.e. at room temperature)
saturated with water, simply because water solubility in CP decreases with decreasing temperature
[23]. This demixing occurs in the form of tiny (micron-sized) water droplets; some of these
microdroplets settle on the substrate where they form arrays similar to the breath figures that form
when moisture comes in contact with a cold substrate. The physics of breath figures is briefly
reviewed in next section, together with the wetting behavior obeyed by the glass/water/CP system

of interest. This information will be of use for interpreting the experimental observations.
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Then, the rest of the paper is divided into the experimental section describing the setup and
methods used for observing the CP hydrate halo growing or melting on the substrate, and the

presentation and discussion of the results themselves.
6.2. Background

In this section, we remind of two topics of surface physics relevant to our study. The first
topic is on the wetting behavior, referred to as pseudo-partial or frustrated-complete [24], [25], of a
liquid (here, water) being strongly attracted to the substrate (glass) but unable to form a film of
macroscopic thickness (complete wetting, i.e., zero contact angle) because long-range forces oppose
it. The second topic is on breath figures, which refer to the phenomenon of dropwise condensation

of a non-completely-wetting liquid on a substrate.

Frustrated-complete (or pseudo-partial) wetting [24], [25]. This wetting behavior is
encountered in systems with antagonistic short- and long-range forces such as our glass/water/CP
system. Indeed, strong attractive short-range forces exist between a hydrophilic glass substrate and
water molecules, which form a film on the substrate. Yet, a water film of macroscopic thickness
cannot exist on glass because long-range (van der Waals) forces oppose it: the Hamaker constant of
the water film (sandwiched between glass and CP) is positive as shown in the Appendix. [Other
systems exhibiting frustrated-complete wetting include alkanes on a water substrate] [26]. As a
consequence, a thin water (‘precursor’) film is expected to expand on the substrate from the edges
of a water drop deposited on a dry substrate - that is, a substrate with no water on it. This precursor
film is thicker than a few molecular layers (say, 1-2 nm at most for small molecules) only when the
water drop has a very low contact angle with the substrate [24], [25]. Another consequence is that
an excess of liquid water on the substrate does not form a stable film but rather two coexisting
surface states, a process called dewetting: the thin water film described above, and domains of
macroscopic thickness, which often turn out to be droplets [27].

Dropwise condensation of a non-completely-wetting fluid on a substrate (breath figures).
The structure and evolution of the arrays of drops (called ‘breath figures’) condensing from a vapor
on a cold substrate (called dew if drops are water drops) are the subject of a rich physics [28], [29],
[30]. Indeed, the liquid is condensing in the form of drops only if the substrate is not completely
wet (non-zero contact angle). This condensation process, in which a nascent liquid appears in vapor
as droplets that settle on the substrate, is equivalent to the liquid-liquid (water-CP) demixing

process and settling of the nascent water droplets that we observe on glass (see below) when
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cooling the CP phase (pre-saturated with water at 20°C) and also called below condensation for
simplicity. Such an assembly of water drops on a substrate (‘breath figure’), one of these drops,
either initially present or added by the experimenter, acts as a ‘humidity sink’ if for some reason the
vapor pressure (or the concentration of water molecules) near this drop is lower than that near the
other liquid droplets. This is for example the case if this drop has been frozen as a result of a
decrease in T (the other droplets remaining in supercooled liquid), or is made up of salted water (the
other drops being pure water drops) [31], [32]. The flux of water towards this particular drop is
responsible for the diffusive growth of a droplet-free zone on the substrate around the drop. The
process in which an ice crystal born in one particular water droplet grows at the expense of the
neighboring supercooled droplets, with a diffusive droplet-free zone around the crystal, is known as
the Wegener-Bergeron-Findeisen (WBF) process [31].

6.3. Experimental part

6.3.1. Experimental configuration and setup

The experimental configuration is schematically depicted in Figure 6.1. A fused silica
photometric absorption cell (Hellma™ QS 110-2-40, path length 2 mm, volume ~ 700 pl) is filled
with cyclopentane equilibrated with water at room temperature (= 20°C). A small drop of water
(hereafter called the ‘primary drop’) is deposited close to the center of the lower face of the cell,
using a low-flow-rate syringe pump (Aladdin™-1002X) and a syringe needle with a bent tip. The
cell is loosely stoppered, so that the pressure inside the cell is atmospheric pressure. The rectangular
cell is inserted with its faces horizontal, in a cylindrical aluminium (AU4G) holder (not shown in
Figure 6.1) with rectangular apertures for observations on an inverted microscope. The upper face
of the cell-holder is in contact with an annular Peltier element (itself cooled by a water-cooled
radiator not shown in Figure 6.1). The central holes of all elements of the setup allow passage of the
full aperture beams of the microscope. The Peltier element is driven by a temperature controller
(Accuthermo ATEC302) and a Pt100 sensor inserted in the cell holder.
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A .
2 mm Water drop CP
A4 h o 3

Objective

Figure 6. 1. Experimental configuration: the cell, filled with cyclopentane (CP) and a water drop (primary drop) either
sitting on its lower wall (as depicted here), or hanging on its upper wall, is positioned above the objective of an inverted
microscope. The cell-holder and temperature control system are not shown here. The drop is not to scale: its radius is
below the millimeter range.

All the above parts are enclosed in a dry nitrogen atmosphere to prevent condensation, in an
ad hoc plastic holder with windows on the optical axis: a standard 45 mm diameter cover slip as
lower, observation window (Knittel Glaser) and an IR filter above, to prevent local heating during
DIC observations (cutoff 710 nm, Edmund Optics).

In preliminary observations, we employed an AE21 inverted microscope (Motic), equipped
with a Ueye SE1240 camera (IDS). Most of the data reported here were recorded on a Ti Eclipse
(Nikon) with a PROEM 512B EMCCD camera (Princeton Instruments) or an ORCA 4.0 SCMOS
camera (Hamamatsu). Various contrast modes were employed, principally bright field
(transmission), differential interference contrast (Nomarski phase contrast, DIC) and wide field
fluorescence. Confocal reflectance (A = 532 nm, DPSS laser, Crystal Laser) was performed with a
C1-Si ready laser scan head (Nikon). We used long working distance objectives ranging from x4 to
x20, sometimes augmented with a x1.5 tube extender lens. The thickness of the cell and of the
liquids themselves introduces strong axial smearing of the focus, so best results are obtained with
objectives with a correction ring, such as the CFlI SPFL ELWD x20, Nikon. Sub-micron resolution

is obtained for the highest magnification (e.g., with the x20 objective and the tube extender).
6.3.2. Data Analysis

The data were analyzed with ImageJ [34] and gnuplot [34]. Micrographs shown here

underwent only linear contrast enhancement to highlight specific features.
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6.3.3. Chemicals

The water is ultra-pure water (resistivity > 18 MQ-cm) produced in our laboratory by a
PureLab Classic® from ELGA Labwater. CP is bought from Sigma-Aldrich (reagent grade, purity >
98%). In some experiments, DASPI (trans-4-[4-(dimethylamino)-styryl]-1-methylpyridinium
iodide), a water-soluble fluorescent molecule with excitation wavelength equal to 505 nm, is added
to the primary drop in small amounts (2-10° M). This molecule is a weak surfactant, i.e. it adsorbs
onto the water/oil interface: the 2-10° M solution lowers the water/CP interfacial tension by about
10 mN/m. The fluorescence of this dye is enhanced when its geometry is constrained to the planar
form, e.g., by viscous solvents or by adsorption at solid/liquid or liquid/liquid interfaces [35]. In
other experiments, Rhodamine6G-tagged PMMA nanobeads are used to exhibit the flow of water in
and around the primary drop. The beads have a mean diameter of 27 nm and are stabilized in water
by CTAB, a cationic surfactant. The stock suspension was diluted in deionized water, to obtain a
mean average distance between particles in the range of 10 um. The concentration of CTAB in the

samples is then in the ppm range.
6.3.4. Substrate and substrate treatment

The Hellma™ cells used as substrate are fused silica of optical quality (Heraeus™,
Suprasil® 2 Grade B) [36]. In the early stages of this study, we used untreated Hellma cells, which
between two experiments were cleaned either by washing with a 2 wt.% alkaline solution of
Hellmanex™ 111 in an ultrasonic bath, or by rinsing with ethanol and then deionized water, removed
by drying in an oven at 70 °C. These cells had poorly reproducible contact angles 6 (see Figure 6.1)

lying in the range of 15°-75° (see next paragraph for a description of contact angle measurements).

Many of the results presented in this paper are obtained with the above substrates rendered
either strongly hydrophilic (water-wet) by a cold plasma discharge procedure (He/1%vol. O,), or
strongly hydrophobic by treatment with silane (Sigmacote, Aldrich). The corresponding contact

angles are 6 = 1° and 145°, respectively.
6.3.5. Substrate wettability assessment: contact angle measurements

Since drop dimensions are in the millimetre range, i.e. much smaller than the capillary
length (g/yAp)Y? =~ 4.5 mm (y = 50 mN/m and Ap = 250 kg/m? are the interfacial tension and density
difference between water and CP, and g = 9.8 m/s’ is the acceleration due to gravity), gravity has a
negligible effect on the drop shape, which is spherical. A rough estimate of contact angle is thus
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obtained from the drop diameter d and the difference h in focal plane positions of the glass surface
d-h

and the top of the water drop: tan(6) = 75— .
(%/2)%-h

For small values of h, i.e. for low contact angles 0, a precise assessment of 6 is obtained
from the interference patterns (formed by rays reflected by the glass/water and water/CP interfaces)
apparent in confocal reflectance images of the drop. The (low) contact angle is given (in radians) by
dividing the elevation (= A/2n, where A = 532 nm and n = 1.33, the refractive index of water) by the
distance between two consecutive intensity maxima or minima observed near the edge of the water
drop. These interference patterns can be used to reconstruct the drop profile (Supplementary
Material S1).

6.3.6. Description of a typical experiment

An experiment consists in monitoring by microscopy the changes that occur in/on the
primary water drop (which is immersed in CP, see Figure 6.1) and in its vicinity while cycling T
across Tgis = 7°C (the temperature of CP hydrate dissociation) in order to form and dissociate the CP
hydrate halo on the substrate. We have carried out a series of experiments (about a dozen,
summarized in Supplementary Material-Table of experiments), in which we varied the conditions of
subcooling, substrate wettability, etc., and/or the domain of interest (e.g. the water drop itself or its
vicinity). In this work, the focus is on the substrate in the immediate vicinity of the drop, where the
hydrate halo is observed; the crystallization and dissociation events that occur on the surface of the
primary drop (i.e. at the water/CP interface) are not the subject of this paper and are only briefly

summarized below (see also refs. 37-39).

In order to form CP hydrate from liquid water and CP for the first time, the water has to be
converted into ice, which is then melted (at T slightly above 0°C): the CP hydrate is then readily
formed at the water/CP interface (see Supplementary Material S2 and ref. 39). An experiment thus
entails the following steps (here we give a brief account of the observations, which are thoroughly
described and discussed in next section).

6.3.6.1. Step 1: Water drop cooling and freezing

T is rapidly decreased from ambient T (= 20°C) down to the temperature necessary to
convert the water drop into ice, which typically occurs for T = -15 to -20°C. During this cooling

step, water condenses from the initially water-saturated CP phase in the form of microdroplets
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(‘rain’), some of which settle on the substrate. These microdroplets remain (supercooled) liquid

owing to their very small sizes.
6.3.6.2. Step 2: Ice melting and growth of the hydrate halo

T is rapidly increased (= 5°C/min) to -5°C, then more slowly (1°C/min) to a value in the
interval 0°C - Tgis = 7°C (most often, in the interval 0-1°C). T is then kept constant for a few
minutes. The ice melts and the primary water drop is rapidly (within a few minutes) covered with a
polycrystalline hydrate crust, with thickness in the range of a few microns and to increase very
slowly with time [37], leaving much of the water in the drop unconverted. At the same time, a
hydrate halo emerges from the contact line and then grows on the substrate at the interface between

glass and CP.
6.3.6.3. Step 3: Melting of the first hydrate halo

T is raised to above Tgis~ 7°C (typically, to T = 8-9°C) and then kept constant for a few minutes.
The melting of the hydrate halo occurs, shortly before that of the hydrate crust on the primary water
drop, which results in an emulsion of CP droplets forming at the drop surface (see ref. 39). The
melting of the hydrate halo results in a (liquid) water layer that is retracted in part into the water
drop; because it is unstable, some water is left behind on the substrate in the form of water droplets
(‘secondary droplets’), which are much larger than the microdroplets condensed from CP in steps 1
and 2.

Then, another cycle of CP hydrate formation and dissociation (steps 4 and 5 below) is
carried out, similar to steps 2 and 3 except that CP hydrate is formed at T > 0°C, i.e. without prior
freezing of the water; the latter CP hydrate formation is possible by virtue of the ‘memory effect’,

i.e. because the temperature and duration of first hydrate melting (step 3) are not too large [39].
6.3.6.4. Step 4: Growth of the second hydrate halo

T is lowered down to T = 0-1°C and then kept constant for a few minutes in order to form
the CP hydrate again. Again, the main water drop is rapidly (within a few minutes) covered with a
polycrystalline hydrate crust; a hydrate halo again emerges from the contact line, which grows on
the substrate at a faster rate than in step 2, because it also fed by the secondary droplets present on

the substrate (see step 3).
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6.3.6.5. Step 5: Melting of the second hydrate halo

T is driven again to slightly above T4~ 7°C (e.g., to 8 - 9°C) to observe again the melting
of the halo and that of the hydrate crust covering the water drop into an emulsion of CP droplets

gathering at the top of the drop.

In some experiments, additional cycles of CP hydrate formation and dissociation similar to

steps 4 and 5 are carried out.

6.4. Results and discussion

We first report and discuss here the observations of halo growth and melting obtained with
the strongly hydrophilic (freshly plasma-treated) glass, which were more reproducible and clear-cut
in comparison to those obtained with the untreated glass substrates. Most of the observed features
were also observed with the untreated glass as well (some of them are reported in the
Supplementary Material). Then, a few less common features are reported, which were often
observed with the untreated glass (therefore not as hydrophilic as the plasma-treated glass). Finally,
a short account is presented on the observations with the hydrophobic substrate, which reveal the

absence of a halo.

In the following set of observations (corresponding to experiments 2015/07/17 in
Supplementary Material-Table of experiments), the water drop contains 2-10° M of the water-
soluble fluorescent dye DASPI used as a marker of water seeping out of the drop. After placing the
water drop on the lower wall of the freshly plasma-treated cell, the contact line radius is observed to
be ~ 900 um, the drop height h = 7 um and the contact angle 6 ~ 1° (see Figure 6.2 and S1). A
strongly fluorescent ring is seen outside of the contact line over a distance of = 50 um indicating the
presence of a thin (precursor) film of the aqueous DASPI solution on the substrate, as expected for a
system exhibiting pseudo-partial (frustrated-complete) wetting (see above). The fluorescence is
caused by the confinement in a film of thickness not exceeding a few nanometers of DASPI
molecules (molecular size = 1.5 nm), i.e. the confinement between the glass-CP interface and the
water-CP interface (adsorption occurs on the latter interface as shown by the interfacial activity of
DASPI and the strong fluorescence of the emulsion of CP droplets obtained by melting the hydrate

crust covering the primary drop in Step 3 of the experiment, data not shown).
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Figure 6. 2. The primary water drop viewed as soon as possible after insertion into the cell. 1, transmission showing the
contact line; 2, fluorescence (excitation wavelength 505 nm); 3, superposition of 1 (red) and 2 (green), showing a
bright, diffuse ring of fluorescence outside the contact line, and substrate inhomogeneities revealed as brighter or darker
spots and lines. Drop diameter ~1800 pum. Scale bar: 500 um. An analysis of fluorescence intensity across the contact
line (white line in 2) shows that fluorescence outside the immediate vicinity of the contact line is uniform.

6.4.1. Cooling down to ~ -15°C: breath figures on the substrate and water drop

freezing (Step 1)

Upon cooling, the CP-rich phase (i.e. the CP pre-saturated with water at 20°C) becomes
cloudy as a result of the strong decrease of water solubility in CP (= 0.03 mol.% at 20°C and 0.01
mol.% at 0°C) [23]. A water-rich phase appears in the bulk of the CP in the form of a ‘rain’, with
microdroplets subject to strong convection. Some of these microdroplets settle and form ‘breath
figures’ on the substrate, as is clearly apparent in Figures 6.3 and 6.4. Their radii, which are in the
pum range at T = 10°C, grow to values in the order of 2-3 um at zero and sub-zero temperatures,
where the fraction of substrate covered with these microdroplets reaches values above 20-30% (see,
e.g., Figure 6.10). Interestingly, the microdroplets nearest to the primary drop coexist with the thin
fluorescent film but do not exhibit any fluorescence themselves. A close view of this region in the
fluorescence imaging mode reveals a leopard skin pattern of dark spots corresponding to the

microdroplets making up the breath figure.
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Figure 6. 3. Condensation of water from the CP-rich phase (T ~ 10°C). The main drop lies on the left. 1, confocal
reflectance (A = 532 nm) (high frequency striping due to power line electrical interference partially filtered out by
Fourier transformation); 2, transmission. Scale bar 20 pm.

Figure 6. 4. Water condensed from the CP-rich phase is visible in fluorescence (T ~ 10°C). The primary drop lies on
the left in these DIC (1, 3) and fluorescence (2,4) images of the region of the contact line. View 2 shows DASPI carried
outside the contact line by water in the precursor film cf. Figure 6.2. Zoomed views 3 and 4 show the correlation
between condensed water droplets (3, DIC) and dark spots with diminished fluorescence (4). Before condensation the
spots were absent. Scale bars: 1, 2: 100 um; 3, 4: 20 um.
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Figure 6.5 depicts the physical picture that emerges from these observations. A nanometer-
thick thin film coexists with the primary drop known (vide supra) to be only ~ 10 um high, for a
contact line radius of about 1000 um and a contact angle of ~ 1°. Assuming that the contact angle of
the primary drop is similar to that of the condensed microdroplets of radius ~ 2-3 um, then the latter
droplets are about 20-30 nm high and therefore entirely within the depth of focus of the microscope.
Therefore, the intensity variations in the leopard skin are due either (i) to differences in DASPI
concentration in the bulk of the precursor film, or (ii) to differences in the environment influencing
the quantum yield of DASPI. Situation (i) is highly unlikely, since molecular diffusion acting on a
timescale of minutes is expected to homogenize the DASPI concentration laterally, washing out the
spots. The variations in fluorescence intensity thus reflect differences in the environment of DASPI
molecules, which may deform freely (and therefore are non-fluorescent) in the ~ 20-30 nm-high
bumps (microdroplets), whereas they are constrained (and therefore fluorescent) in the precursor
film (see above). From these observations, an upper limit of a few nanometers on the precursor film

thickness can be inferred.

A further proof that the precursor film does not exceed a few nanometers in thickness is
provided by the experiments conducted with a water drop loaded with a small concentration of
fluorescent PMMA nanobeads with diameter 27 nm (see previous section) in place of the DASPI
molecules. In all but one of these experiments, conducted with both the strongly hydrophilic and
untreated glass substrates, we observed that these nanobeads remained trapped within the primary
drop during all steps of the experimental procedure, including when a hydrate halo was growing on
glass. The exception, which is presented later in this section, consisted in a massive breakout

through a crack in the CP hydrate crust on the primary drop.

PRIMARY DROP

\

CYCLOPENTANE

CONDENSED DROPLET /
\ WATER

"_ﬁ~\ 7/ /
-_4—//\’/\? e

GLASS DASPI

Figure 6. 5. Schematics of the primary water drop coexisting with the precursor water film on glass and the
microdroplets condensed from the CP phase. The red bars represent the DASPI molecules, whose fluorescence quantum
yield increases or when constrained to planar conformations (e.g., in viscous solvents, or as here, when physisorbed at
solid-liquid and liquid-liquid interfaces).
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When T is lowered down to -15 to -20°C, the primary drop is observed to freeze within less
than 0.1 second, with air bubbles and/or CP droplets being trapped in the ice (as inclusions). Shortly
(a few seconds) after, a microdroplet-free zone is observed to grow on the substrate around the
contact line in a WBF-type process. Close-up views of these processes are shown in S3 not only for
the experiment of Figures 6.2 to 6.4, but for other experiments with untreated (and less hydrophilic)
glass. In one of these experiments, the analysis shows that the droplet-free zone grows in a diffusive
manner. Ice (and hydrate as well, see below) acts in fact as a humidity sink: it pumps water
molecules out of the CP-rich phase, which are driven by diffusion from the region of supercooled
water microdroplets to the surface of ice (or hydrate) — this mechanism is that of the WBF process,

as we will see below.

The ‘breath figures’ formed by the supercooled water droplets condensed from CP and the
associated phenomenon of droplet depletion near ice or hydrate are observed (in the DIC mode only
if the fluorescent dye DASPI is absent) on all glass substrates (some examples are given in S3),
except when the CP has not been presaturated with water prior to the experiment. We have not tried
to characterize the dependence with elapsed time, temperature or substrate wettability, of droplet
radii and substrate coverage. With untreated glass, the latter quantity never exceeded 4-5% (see
examples in S3), in contrast to the close-to-jamming coverage observed on the strongly hydrophilic

substrates (see, e.g., Figure 6.10).

6.4.2. Birth and growth of the CP hydrate halo (Steps 2 and 4)

6.4.2.1. Early stages of hydrate halo growth

Prior to the hydrate halo there is the hydrate forming and growing near the contact line or as
floating ‘islands’ at various places on the surface of the primary water drop; these pieces of hydrate
at the surface ultimately merge and cover the entire surface of the drop. Figure 6.6 shows the
growth of one of these ‘islands’, which is seen floating and attracted towards the contact line. A few
seconds after touching the contact line, a hydrate halo emerges and grows on the substrate at the
interface between glass and CP. In the case of a first hydrate formation (i.e. at the beginning of Step
2 of the experiment), this sequence of events is preceded by the melting of ice into water, which
induces some retraction of the contact line, presumably because of the decrease in drop volume

upon ice melting (see S4).
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Figure 6. 6. Nucleation of the halo at the contact line. Rows 1 & 2: An 'island' of hydrate crust nucleates in the
emulsion left by the previous formation-melting cycle, i.e., steps 1 to 3 (arrow, row 1). Floating at the water-
cyclopentane interface, it reaches the contact line (row 2), where the halo appears after a few seconds, visible here as a
dark rim outside the contact line (last image, row 3, showing the boxed region in row 2). DIC images; time shown in
seconds; scale bars: rows 1&2: 50pum; row 3: 10um.

6.4.2.2. Halo texture and stabilized growth

Once the halo has emerged at some locations on the contact line (see above), it tends to
invade the gaps left in between these locations until it entirely surrounds the drop. Then it advances
on the substrate in a rather compact and stable manner. In other terms, the early halo protrusions
from the drop do not evolve into an unstable front (e.g., into the branches or ‘seaweed’ patterns
often observed with creeping salt droplets) but rather into the compact structure with a stable
advancing front, and a meaningful lateral velocity can thus be determined (see next paragraphs).
The halo texture is that of a corrugated, finely-ridged surface, as shown in Figure 6.7. The texture of
the halo just behind its leading edge correlates well with the distribution of condensation droplets
on the glass, which is an indication that the halo growth is fed by the water on the substrate, rather
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than by water flowing out of the primary drop. Larger droplets give rise to elongated bright streaks

in the DIC images, indicating an increase in thickness of the halo at those locations.

Figure 6. 7. DIC view of an extended CP hydrate halo grown for a few minutes at 0°C on the strongly hydrophilic
glass substrate. The boxed area is where melting is visualized below in Figure 6.12, next section (step 2 in experiment
2015/07/17). Scale bar: 100 pum.

6.4.2.3. Halo lateral advance on the substrate

We focus here on the first propagation of the hydrate halo that occurs in step 2 of the
experiment. Figure 6.8 below shows close-up views of two regions of the glass substrate with
recorded growth of the hydrate halo at T = 0°C: one close to the contact line (left image), and one
far from it (right image). The advance of the halo has been monitored against time at various
distances from the contact line (see Figure 6.9). The rate of lateral halo growth increases away from
the contact line, consistent with halo growth fed primarily by the water present on the substrate,
rather than by that issuing from the primary drop. In fact, the water is present in the form of water
microdroplets (condensed from the CP saturated at room temperature) forming breath figures on the
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substrate, except at early times near the primary drop, where a depletion (microdroplet-free) zone
due to the WBF process is clearly apparent (see, e.g., Figure 6.10, which shows enlarged images at
various times of track A in Figure 6.8; and also S3). This depletion zone decreases in extent as the

halo advances, and the halo accelerates when it catches up with the microdroplets (see also S5).

Figure 6. 8. Close-up views of the corrugated halo close to the contact line (left) and far from it (right) on a strongly
hydrophilic glass. There is a large amount of water condensed on the substrate in the form of microdroplets (breath
figure shown in Figure 6.10). The micrographs stacks (0.1 s/frame) were sampled randomly to construct the advance of
the halo along the lines defined by arrows A, B and C. DIC images, contrast inverted for clarity. Scale bar: 100 pum.
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Figure 6. 9. Positions plotted against time of the leading edge of the halo along the arrows A (circles), B (squares) and
C (triangles). The local speed of the halo front was determined from linear fits to sets of open or full symbols. Data
silences occur during fluorescence observation; seeking DASPI carried out of the primary drop (it was not detected).
Trajectory B where the halo was already some 50 um wide in the first video frame has been shifted horizontally by 62.5
s to highlight that the speed increases with distance from the contact line. Trajectory C, from a different part of the same
primary drop, has been shifted down 300 um to fit in the graph.
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Figure 6. 10. Enlarged views of the halo along track A in Figure 6.8. Upper: the halo has emerged ~ 10 pm from the
primary drop; water condensed from the CP is visible to within 50 um of the contact line, which is surrounded by a
droplet-free zone due to the WBF process. Lower: 132 s later, the droplet-free zone has receded and shrunk in extent.
Bright streaks on the halo, corresponding to thicker regions, are associated with growth feeding on larger drops of
condensation. DIC, scale bar: 20 pum.

6.4.2.4. Halo growth in presence of secondary droplets (Step 4)

The fact that the hydrate halo advance is primarily controlled by the water encountered on
the substrate is further supported by the observations of the halo growth in presence of the
secondary water droplets left on the substrate upon melting the first halo (see next section). These
droplets are larger and much more heterogeneous in sizes than the microdroplets condensed from
CP. Due to this additional water present on the substrate, the halo advances indeed with a higher
lateral velocity, as shown for instance in the images in Figure 6.11, from which a velocity close to 2
pum/s is extracted, to be compared with values in the range of 1 to 1.5 um/s observed when only
microdroplets of condensed water are present on the substrate (see above and S6). Figure 6.11 also
shows the interaction of the advancing hydrate halo with a large (~100 pum) secondary droplet.
When this droplet is reached by the halo, some of the water in the droplet is sucked into the halo as
seen from the movement at the droplet surface of the CP droplets left by melting a previous CP
hydrate crust. At the same time, a hydrate crust starts propagating from the contact point over the
droplet at a rapid rate (compared to that of the halo) in the order of 10 um/s, and it rapidly covers

the surface initially occupied by the droplet. We call ‘leap-frog’ this sequence of events. A
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transmission-confocal pair of the hydrate crust shows (see S6) the irregular texture of the covered
droplet and a maximum thickness in the range of 1-2 um, consistent with its lateral extent and a
contact angle ~ 1°: it is likely that some liquid water is still present beneath the hydrate crust, as it is

the case in the primary water drop when covered with a hydrate crust.

) concat _crop-1062

Figure 6. 11. DIC close-up views of the advancing hydrate halo in presence of secondary droplets, with a focus on the
interaction of the halo with a large (100 pum) droplet. The white dots in this droplet are the CP droplets left from a
previous hydrate formation/melting process. The halo velocity along the white arrow ~ 1.9 um/s, insensitive to the leap-
frog event occurring at a distance of ~ 100 um. T = 0°C. Scale bar: 50 um, Experiment 2017/07/17, step 4.
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In conclusion, the CP hydrate halo advance on the strongly hydrophilic glass is very strongly
dependent on the quantity and nature of the water present on the substrate. At T ~ 0°C the lateral
halo velocity is minimum (~ 0.3 - 0.5 pm/s) on glass covered with a nanometric precursor water
film, larger (~ 1.0 - 1.5 um/s) when microdroplets of condensed water are present, and still larger (~
2 um/s or more) in presence of secondary droplets. When the hydrate halo hits the largest of the
latter droplets, it forms at their surface a hydrate crust at a rate in the range of 10 um/s or higher. S7
shows transmission and confocal images of a CP hydrate halo advancing on a glass substrate with
all these sorts of water present: the measured lateral velocities are consistent with the values
mentioned above. We recall here that all these experiments have been performed with a CP phase
pre-saturated with water at room T, which therefore remains strongly supersaturated during the

measurements.

6.4.2.5. Evidence for halo thickening

At the leading edge of the growing halo, the halo thickness is in the order of the thickness of
the droplets present on the substrate, i.e. about 20-30 nanometers if microdroplets condensed from
CP cover the substrate (strictly speaking, this thickness has to be multiplied by a factor of 1.27, the
ratio of liquid water density to the density of water in CP hydrate). There are qualitative evidences,
obtained, e.g., by subtracting images of a given hydrate halo taken at two different times, that the
halo thickens with time. A more quantitative evidence of such thickening is provided by
transmission/confocal reflectance images of the edge of the hydrate halo such as those shown in
Figure 6.12, from which a halo thickening rate in the order of 5 nm/s is inferred. The water that
contributes to such thickening may be the water molecules dissolved in CP and/or the microdroplets
of liquid water still suspended in the bulk of the CP phase and falling on the halo. Evidences of the

latter phenomenon are apparent in some videos.
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Figure 6. 12. Transmission (1)-confocal reflectance (2) pair of the leading edge of the hydrate halo on strongly
hydrophilic glass, recorded at a stable temperature of ~ 0°C. The halo front was advancing at a rate of 1.5 pm/s,
consistent with the presence of condensed microdroplets on the substrate. The presence in (2) of a bright edge, dark
band, and then bright background behind the edge, which is due to interferences between rays reflected by the various
interfaces (e.g., glass/hydrate and hydrate/CP interfaces), means that over this sequence, which extends here over ~ 60
pum, the halo thickens by A (=532 nm)/2n ~ 200 nm (n=1.35 is the index of refraction of hydrate). The halo thus
thickens at a rate of 200 nm per 60/1.5=40 seconds, or 5 nm/s. Scale bar: 20 um.

The most compelling evidence for such thickening, however, is obtained from the analysis
of the images of the melting hydrate halo, which are presented and discussed below. Hydrate halo

thicknesses larger than 1 um are inferred from this analysis (see below).

6.4.3. Melting of the CP hydrate halo (Steps 3 and 5)

6.4.3.1. Early stages of halo melting

When T is increased to above the CP hydrate dissociation temperature (~ 7°C), the hydrate
halo melts as illustrated in Figure 6.13. Melting is more pronounced or starts earlier near the contact
line. The first textural change is the disappearance of bright streaks oriented parallel to the previous
growth direction, which leaves a finely ridged surface, visible in the enlargements given in Figure
6.14.
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Figure 6. 13. Melting of the CP hydrate halo shown in the boxed area of Figure 6.7. The top image has been obtained
30 seconds after that in Figure 6.8 and T has reached 8°C a few seconds before. The two lower images are obtained 2.5
sand 5 s later (T = 8°C). The boxed section is enlarged in next Figure. Scale bar: 100 pum.

193



Chapter 6: Cyclopentane Hydrate Growing as a Halo Along a Siliceous Substrate
Mechanisms of Formation and Dissociation of Cyclopentane Hydrates

Figure 6. 14. Enlargement of the box in the upper and lower DIC images of Figure 6.13. Scale bar: 20um.

We recall that DIC shows contrast in thickness and/or refractive index. The brighter lines in
the top view are likely to be thicker parts of the halo resting on the substrate, which disappear first
upon melting. Indeed, as shown in Figure 6.15, the finely grooved areas visible in the lower photo
are progressively pushed out of focus by water invading from the left, and they eventually dislocate
and rotate as solids, suggesting they are indeed floating on some liquid (melt water).
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Figure 6. 15. Water from the main drop flooding under the hydrate halo melting at T = 8°C. The hydrate halo was
initially (t = 0) that shown in Figure 6.7 (same field of view). Left: 36.5 s, water entering (arrows show a meniscus
entering from the left). Right: the halo (viewed from below) is lifted off the substrate. The thin halo on the right
eventually breaks up. The corresponding video shows that the halo then floating on a liquid film, with pieces of it
rotating as solids.

6.4.3.2. Late stages of halo melting

The melt water that results from the melting of the CP hydrate halo does not form a stable
film in-between the glass substrate, as expected from the pseudo-partial wetting character of water
on glass in presence of CP, but rather undergoes a transition towards a situation where water
droplets coexist on the surface with a nanometer-thick water film. In this process, which lasts a few
tens of seconds as illustrated in Figure 6.16, part of the water resulting from halo melting is
retracted towards the primary drop, and the other part is left on the substrate in the form of
secondary droplets with sizes typically varying from a few tens to hundreds of microns. The heights
of the transient hills or valleys and the heights of the secondary droplets at the end of the process
(see Figure 6.16) can be estimated by counting the number of interference fringes and multiplying
this number by A/2ny ~ 200 nm (1 = 532 nm and ny =1.33 is the index of refraction of water). An
equivalent water film thickness (if this film were stable following hydrate melting) can be guessed
from the images of the transient states (such as the one at 188.8 s in the Figure below). In the
example shown here and in other examples, we observed that the equivalent film thickness is larger
than 1 um, whereas the quantity of water remaining on the substrate in the form of secondary water
droplets at the end of the process is somewhat lower — the equivalent film thicknesses are in the
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order of a few tens to hundreds of nanometers, typically (the latter quantity is obtained by image

analysis of the secondary drops, assuming their contact angle is similar to that of the primary drop).

Figure 6. 16. Sequence of confocal reflectance images (A = 532 nm) of the hydrate halo from the moment of greatest
extent and onset of melting (t = 0s) to the late stages of the melting process. It shows moving interference fringes due to
reflections from the glass-water and the water-CP interfaces. Phase inversion at the latter interface (due to the refractive
indices for glass, CP and water in the order ng > ncp > ny) should lead to a dark fringe at vanishing thickness. The
nanometer-thick water film on the substrate should be dark for the same reason (cf. Newton black films). However, the
edge of the halo is grey, implying finite thickness at the edge. The thickness of the water film at the mth dark (resp.
bright) fringe is mA/(2ny) (resp. (m-%2)4/(2ny)). The zeroth-order dark fringe appears to extend ~5 pm into the halo
front in the image at t = 2.5s, surrounding an isolated bright fringe; from which the thickness is about 100 nm. Scale bar
10pm. Time shown in seconds.
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6.4.4. Observations with untreated glass substrates

Most of the features described above have also been encountered with untreated (hence, less
hydrophilic) glass substrates. Some experiments with untreated glass substrates have also been
conducted with a CP phase not pre-saturated with water; the quantity of water solubilized in CP is

unknown, however.

As already pointed out above, the radii of the water microdroplets condensed from CP were
observed to be similar on untreated and plasma-treated glass, while the fraction of the glass
substrate covered by the these microdroplets was much smaller on the untreated - typically, in the
range of a few percent. Some breath figures and images of droplet depletion near the ice are shown
in S3.

6.4.4.1. Halo growth from water issuing from cracks in the hydrate crust covering the

primary drop

This feature is more likely to be observed with drops sitting on untreated glass because of
the height of the primary drop (a higher contact angle means a larger height h for a given drop
volume, see Figure 6.1). This height provides a larger hydrostatic pressure and facilitates the exit of
water out of the drop. In one experiment with untreated glass conducted with fluorescent
(Rhodamine6G-tagged) nanobeads present in the primary water drop, we did observe a ‘massive
breakout’ of the water with its fluorescent particles through a crack in the hydrate crust at one point
in the contact line. An illustration is provided by the DIC and fluorescence images extracted from
the same movie and shown in Figure 6.17. The DIC images show the halo protruding from the
contact line along one preferential path and the fluorescence images show that this path is that of
substrate striations. The fluorescent nanobeads initially present in the water drop are seen escaping
with a high velocity to the expanding halo through a narrow point on the contact line — the rest of
the contact line is sealing, at least to the 27 nm-sized beads. Outside the water drop, the beads are
seen flowing inbetween the halo and the substrate in the growth direction, which is here that of

substrate striations.
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Figure 6. 17. Images in DIC (top row) and fluorescence (bottom row) mode of the early stages of the hydrate halo
growth. T = 0.5°C, second hydrate formation (step 4). The fluorescent beads escape the interior of the water drop by
crossing the contact line (white arrow) and then follow substrate striations. The few white dots outside the drop at the
beginning of the movie (at ty) presumably correspond to the beads entrained and left on the substrate during the first
formation and melting of the halo (steps 2 and 3 of the experiment 2015/04/30).

6.4.4.2. Evidence for slow diffusive water transport through the CP phase to the hydrate halo

In another experiment with untreated glass (2015/02/20), in which the CP phase was not pre-
saturated with water, a strong slowing down in the growth of the first hydrate halo (step 2 of the
experiment) was noted as the halo advanced on a substrate with no water microdroplets present. The
analysis of the movie (with some snapshots shown in Figure 6.18), which shows 400 seconds of a
CP hydrate halo advancing from the edge of the primary water drop at T = 0°C on glass, indicates a
20-fold decrease in halo velocity, from about 0.5 pm/s when the halo front is close (within less than
50 um) from the contact line of the water drop (beginning of the movie) to = 0.02 um/s when the
halo extension is maximum (end of the movie). The same movie shows that, next to the advancing
hydrate halo, there is a droplet-free zone on the substrate; as the hydrate halo advances, the water
droplets nearest to the halo disappear, in such a way that the extension of the droplet-free zone
remains approximately constant (and equal to 100 pum). This WBF-type process is similar to that

observed with ice and described in S3: the water in the droplets at the edge of this zone dissolve
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into the CP phase and is transported by diffusion along the water concentration gradient, i.e., from
the region of liquid/liquid coexistence (CP + metastable liquid water droplets) to the region of
liquid CP/hydrate coexistence (i.e. to the edge of the CP hydrate halo). The quasi-arrest of the CP
hydrate halo on the substrate shows that the diffusive WBF-type mechanism of CP hydrate growth
is a very slow process, at least when the CP phase is subsaturated with water. Unfortunately, the
degree of subsaturation of the CP phase is not known here. This feature, namely a very slow
advance of the CP hydrate halo inbetween glass and subsaturated CP, is also expected with a
strongly hydrophilic glass. Additionally, these observations confirm that, at least for hydrate halo
extending over a few hundreds of microns, the contribution to halo growth of the water coming

from the primary water drop is extremely small.

Figure 6. 18. Close-up views of an advancing (first) hydrate halo on glass (T = 0.5°C): the arrows indicate the direction
of halo growth. The tiny water droplets closest to the halo disappear as the halo advances: the extent of the droplet-free
zone stays in the range of 100 um. Field of view: 403 um. Experiment 2015/02/20.

6.4.5. Observations with a hydrophobic glass substrate

The image on the left of Figure 6.19 is that of a water drop on the silane-treated glass wall
following step 3 of the experiment: first, the drop has been frozen at ~ -15°C (step 1), then the first
CP hydrate has been formed by heating to T ~ 0°C (step 2), and finally this hydrate has been melted
at ~ 8°C (step 3). The dark central disk is the (out of focus) emulsion floating at the top of the drop;
the irregular bright line is the contact line; and the regular outer dark ring surrounded by a cusp is
the drop equator (out of focus). The image on the right shows the same water drop during step 4 of

the experiment a few minutes after T has been lowered to 0°C and the water drop surface has been
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covered with CP hydrate. The aspect of the drop does not change during the following minutes

(data not shown): in particular, there is no halo growing on the substrate from the contact line.

300 pm

\

Figure 6. 19. CP hydrate formation on a water drop sitting on a hydrophobic glass substrate (see text) (T = 0°C).
Experiment 2015/11/06.

6.5. Summary, prospects and conclusions

The growth properties of a cyclopentane hydrate halo advancing from the contact line of a
(primary) water drop deposited under cyclopentane on glass along the interface between this
substrate and cyclopentane have been observed by using methods such as differential interference
contrast (Nomarski), fluorescence and confocal reflectance microscopies.

Contrary to expectation, this hydrate halo grows laterally and thickens on the glass substrate
by water sources external to the primary water drop. These sources include the (supercooled) liquid
contained in the precursor film near the water drop and in the microdroplets of water condensed out
of the cyclopentane pre-saturated with water at a higher temperature; some of these microdroplets
settle on the substrate in the form of breath figures, and the others remain suspended in the bulk of
the cyclopentane phase for a while. Another source is provided by the larger ‘secondary’ droplets
left on the substrate by a previous sequence of halo formation and melting. Finally, the water
molecules dissolved in the bulk of the cyclopentane phase contribute to hydrate halo growth,
particularly by transporting the water molecules from droplets of (supercooled) liquid water to the

hydrate in a Wegener-Bergeron-Findeisen type process.
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The preliminary results presented in this paper show the impact on hydrate halo growth of
factors such as substrate wettability and the water oversaturation of the cyclopentane phase. The
hydrate halo could not be detected on a hydrophobic (silane-treated) glass, and the hydrate halo
grows quicker when the cyclopentane phase is oversaturated with water at the temperature of
interest, which is achieved in this work by pre-saturating the CP with water at room temperature
(20°C). Another factor that is expected to play an important role and is worth being investigated in

the future is the subcooling degree, i.e. the distance to the temperature of dissociation.

The phenomenon of hydrate halo growth has similarities (and differences) with frosting and,
more specifically, with the frost halos growing around a freezing water drop on a substrate, as well
as with the so-called creeping of evaporating salt solutions. Frosting occurs either via ablimation
(the reverse process to sublimation, that is, the direct vapor - solid phase transition) or via
condensation (i.e. the direct transformation of supercooled liquid microdroplets into ice), in a
manner that depends on substrate wettability, vapor humidity and temperature. Ablimation frosting
is similar in our system to dissolved water molecules directly transforming into hydrate, whereas
condensation frosting would correspond to the water droplets being incorporated into the halo. Frost
halos forming on substrate near a freezing water drop are the results of a complex process which
involves the evaporation of water from the freezing water drop (due to the released heat), the
condensation on the cold substrate of subcoooled water microdroplets and then frost propagation
from the frozen water drop through these microdroplets, in a manner that depends on water vapor
concentration, substrate thermal conductivities and wettability [14]. Evaporating salt solutions give
rise to salt crystallites growing on the substrate (usually glass) well beyond the extent of the initial
aqueous drop. The observed growth patterns are diverse and depend in a complex manner on the
type of salt, the water evaporation rate, the various surface energies involved, etc. The growth
process is ensured by transport of fresh aqueous solution from the ‘reservoir’ to the tip of the
creeping crystallites, which occurs either aside and on top of the crystallites (top supplied creeping),
or in the narrow space between the crystallites and the substrate (bottom supplied creeping). This
topic, which had received little attention since the early works by Wahsburn [15] and Hazlehurst et
al. [16], is now experiencing a revival of interest [17], [18], [19]. In conclusion, some progress is to
be expected from the consideration of the similarities and differences between hydrate and frost

halos as well as creeping salt solutions.
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Appendix. Van der Waals analysis of water film stability on quartz

This analysis is a classic of film physics, which is applied here to the system of
interest: a water film sandwiched between glass and cyclopentane (CP). We consider a water
film with thickness at most a few tens of nanometers and neglect retardation effects. The
contribution of van der Waals forces to the disjoining pressure (the net force per unit area
between the two -glass/water and water/CP - interfaces) can be estimated as a function of film

thickness d as:

6mA
) = —

where A is the Hamaker constant, which depends on the dielectric properties of the three
phases involved: glass, water and CP. The film is stable (complete wetting) when the
disjoining pressure is positive (i.e. the Hamaker constant is negative) and unstable when the

disjoining pressure is negative (i.e. the Hamaker constant is positive).

In the standard approximation [40], the three phases are assumed to possess the same
single absorption frequency in the ultra-violet range; the Hamaker constant is the sum of two
contributions, a zero - frequency (static) contribution arising from the permanent and induced

dipoles:

E (gglass ~ Ewater )(SCP ~ Ewater )

H
4 (3glass +8water )(SCP +8water )

A=
where k is the Boltzmann’s constant, T is the temperature and ¢; is the static dielectric

constant of phase i, and a dispersion term arising from all other frequencies:

2 2 2 2
_ 3hl)e (nglass ~ MNyater )(nCP — Nyater )

- 2 2 2 2 2 2 2 2
8\/5 (nglass + Nyater )(nCP + Nyater )[(nglass + Nwater )+(nCP + Nwater )

Ao

1/21 7
]

where h is the Planck’s constant, ve = 3-10*° s™ the common absorption frequency, and n; the
refractive index of phase i. The dielectric constants and refractive indices of (fused) quartz,

water and CP are tabulated in the literature; their values at 20°C are given in the Table below.
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g Nnp (sodium D ray) source
Glass 3.7 1.485 Suprasil 2 grade B, ref. 36
Water 80.37 1.33283 Handbook of Physics
CP 1.965 1.4065 Handbook of Physics

Using these values, we find Ao = 2.635-10%* Joule and A ,so= 2.49-10%* Joule, that
is, the Hamaker constant A = 5.1-10"%! Joule is positive: the water film sandwiched between
glass and CP is unstable. The same calculation carried out with air in place of CP leads to a
negative A ~ 10% Joule (see ref. 40, chapter 13, Table 13.3 in Israelachvili’s book): water

films are stable on glass, as is sometimes observed.
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CHAPTER 7

CYCLOPENTANE HYDRATE FORMATION IN A
2D CP-IN-WATER EMULSION

7.1. Introduction

The oil/brine effluents from offshore wells have a risk to plug the transport lines by
forming hydrates from water and the lighter components dissolved in the oil (and, to a lesser
extent, in brine). Understand the kinetics of hydrate formation in these emulsions will help in

tailoring flow processes and additives (inhibitors) to prevent hydrate plugging.

We have already explained that when the hydrate-former (guest) molecule is sparingly
soluble in water, hydrate formation and growth happen preferentially (and initially) at the
interfaces between the water-rich and the guest-rich phases. First, a polycrystalline hydrate
film grows laterally at a high rate along this interface. Once this interface is fully covered with
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the hydrate film, the low permeability (to water and hydrate-former) of this film
inhibits/delays further growth in a direction perpendicular to the interface. As we explained in
chapter 5, this polycrystalline film can start being formed either in the emulsion and/or at the
triple line and its structure and growth rate strongly depend on the subcooling degree. But
sometimes and depending on where the emulsion is placed, there are additional hydrate

crystallization ‘collective’ phenomena.

These collective phenomena are the topic of this chapter, which presents an
investigation by video-microscopy of hydrate formation and growth in CP-in-water
emulsions. The purpose of this chapter is to shed some light on the physics of hydrate
formation in guest-in-water emulsions and how it is similar / different from that in other
simpler systems like ice formation from a cloud of subcooled water drops. By slightly
modifying the experimental procedure described and used in Chapters 5 and 6, we are able to
generate a 2D cyclopentane-in-water (hereafter CP-in-water) emulsion, in which we observe

the hydrate crystallization process by means of optical microscopy.
7.2. Experimental procedure

The modification of the experimental procedure used in the two previous chapters
consists in working with a water drop hanging from the upper wall of the measurement cell
(Figure 7.1) instead of sitting on the lower wall. The CP-in-water emulsion generated at the
water/CP interface (cf. chapters 3 and 5) by dissociating the CP hydrate previously formed is
driven away from the interface by buoyancy (CP droplets are lighter than water). These CP
droplets therefore accumulate in the plane just beneath the upper window of the Hellma cell:

this plane is now the observation plane.

In this kind of experiments the glass substrate does not interfere with the
crystallization process because the contact angle in the CP phase is high, i.e. equal to 180°-0,
where 6 is the (low) value of the contact angle in the water phase. In fact, the droplets hardly
touch the surface and are subject to some weak Brownian agitation. They constitute a 2D
emulsion, allowing the in-plane hydrate crystallization to be visualized and characterized
(Figure 7.2). The absence of CP droplets at the water/CP interface has for consequence that
the nucleation of the hydrate crust at this interface is delayed, as these droplets are one of the

favoured places for the nucleation of the hydrate phase (cf. chapter 5). This feature will
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facilitate the observation of hydrate crystallization in the 2D assembly of CP droplets, which

will start long (several minutes) before that occurring at the water/CP interface.

To the best of our knowledge, this very simple experimental procedure, which allows
the production of a 2D oil-in-water emulsion, has never been documented before. The only

requirement is that the oil must be a hydrate-former.

d

e )
. W cp
min ‘Water drop

Objective

Figure 7. 1. Experimental setup adapted to a microscope, where a water drop is introduced in a Hellma cell
filled with CP. In contrast to the setup used in chapter 5 and 6, in this case the water drop is hanging from the
upper wall of the cell.

Figure 7. 2. 2D CP-in-water emulsion after first hydrate dissociation (T = 8°C). Dark field imaging mode.
Experiment 2014/11/03.
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7.3. Results and discussion

We observe two modes of hydrate crystallization in these 2D CP-in-water emulsions:
the conventional mode, in which isolated hydrate crystals nucleate and then grow at the
expense of the neighboring CP droplets, and a non-conventional mode consisting in the
propagation of a crystallization front in the assembly of CP droplets. These two processes are
analogous to processes that occur when ice forms and grows in an assembly of supercooled

water droplets in air: this analogy will be discussed below.
7.3.1. Conventional hydrate crystallization in the emulsion

The phenomenon investigated in this section is analogous to ice growth in an assembly
of supercooled water droplets in air (i.e. a cloud at sub-zero temperature) known by
meteorologists as the Wegener — Bergeron — Findeisen (WBF) process [1]. In this process, the
ice crystal grows at the expense of the neighboring water droplets (Figure 7.3), which
vaporize into the atmosphere. The vaporized water molecules are driven from the region of
supercooled water droplets to the growing ice crystal because the vapour pressure is lower
over ice than over liquid water (in the regions in-between the ice crystal and the water
droplets the ambient vapour pressure falls in-between these two saturation pressures and the
environment is subsaturated for liquid water but supersaturated for the ice crystal). The ice

crystal grows through vapour deposition in a process called antisublimation.

Figure 7. 3. The Wegener — Bergeron — Findeisen process illustrated by means of a snow crystal of 400 um
growing at the expense of the neighboring supercooled water droplets [1].
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The analogy with the system of interest here is the following. The ice crystal
corresponds to the CP hydrate crystal, water droplets to the CP droplets, the atmosphere to

liquid water and water molecules in air correspond to CP molecules dissolved in water.

In our experiments, the most spectacular feature is the build-up of a layer depleted in
CP droplets in the neighborhood of the growing crystal (Figure 7.4). Similarly to the WBF
process depicted in Figure 7.3, in our system the crystal and its surrounding layer both grow
with elapsed time by means of the following diffusion process: the CP molecules dissolved in
water flow from the region of CP droplets to the CP hydrate crystal because the CP solubility
in the liquid water phase containing the CP droplets is higher [2] than that near the CP hydrate
(unfortunately, the latter solubility is not known). This process is very similar to the
antisublimaton process described above: the CP molecules, after having been solubilized into
the water from the CP droplets, feed the hydrate growth.

Figure 7. 4. Layer depleted in CP droplets in the neighborhood of the growing crystals. Left: T = 0°C. Dark field
imaging mode. Experiment 2014/11/03. Right: T = 1°C. DIC. Experiment 2015/03/31.

The growth of the hydrate crystal and the buildup of a depletion layer are shown in
Figures 7.5 and 7.6, the latter figure emphasizing the differences between two images at

different times of a growing crystal and its depleted layer.
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Figure 7. 5. Evolution with elapsed time of a growing CP hydrate crystal in a CP-in-water emulsion. Note the
depletion of CP droplets around the crystal as the hydrate crystal grows (T = 1°C). Left: t,. Right: to+ 1h 30min.
DIC. Experiment 2015/03/31.

Figure 7. 6. Composite image of both left and right images from Figure 7. 5. What we observe at t, is in red and
at ty + 1h 30min is in green. A lot of CP droplets were there at t, (red) but are not here any longer at t, + 1h
30min due to the crystal growth process. The green edges of the hydrate crystals highlight the growth in size in
1h 30min. Yellow parts are the common features found in both images. Experiment 2015/03/31.

The above is true as long as the hydrate crust has not covered the water/CP interface,
because when it does, crystal growth stops and the CP droplets disappear, probably at the
expense of the hydrate crust (Figure 7.7): the diffusion process mentioned above acts in
favour of the crust growth in the vertical direction. Most of our results below are obtained
before there is a hydrate crust covering the water/CP interface. This feature is also observed

when the CP droplets have crystallized as aggregates, as studied in next section.
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Figure 7. 7. The CP droplets disappear when the hydrate crust covers the water drop surface (T = 0°C). Left: t,.
The hydrate crust has just covered that zone. Right: t, + 2 min. The CP droplets disappear completely with time.
Dark field imaging mode. Experiment 2014/11/03.

7.3.2. Percolation-like crystallization in the emulsion

Another type of growth process, analogous to the frost growth process recently
identified by Guadarrama et al. [3], is observed. Petit and Bonaccurso observed something
similar [4]. These authors observed the following process: one of the supercooled water
droplets in an assembly of such droplets (sitting on a substrate) crystallizes and then a
dendrite sprouts from it towards a neighboring water drop. The latter droplet starts
evaporating when the first droplet crystallizes and therefore it decreases in size. There is a
competition between dendrite growth and droplet evaporation. If the droplets are close
enough, then the dendrite hits the neighbor droplet before it has been completely vaporized.
This process is expected when there is a high initial quantity of water droplets, and especially

when the droplets are close to jamming conditions.

We have also observed this percolation-type growth process in experiments where the
CP droplets were initially very close to each other (or even in contact). As seen in Figures 7.8
and 7.9, hydrate nucleation starts in one CP droplet which then elongates slightly to reach the
neighboring CP droplet, etc., similar to what Guadarrama et al. and Petite and Bonaccurso

observed. The same bridging process is observed in Figure 7.9.
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Figure 7. 8. Percolation-type growth process (T = 0°C). The CP hydrate nucleates on a given droplet 1; the
droplet elongates to reach droplet 2, which is incorporated into the growing crystal. A further elongation results
in the incorporation of droplets 3 and 4 in the growing hydrate. The elongation is approximately linear with
elapsed time. Times: to, to+ 2.5s, ty + 58, t; + 8s. DIC. Experiment 2015/03/31.

Figure 7. 9. Beginning of the percolation-type process in an assembly of CP droplets (T = 0°C). We can clearly
observe the bridge formed between one CP droplet that acts as a sink of another neighboring one in order to
incorporate it to the structure. There is 1 minute between both images. Experiment 2015/03/31.
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We have followed the evolution of some of the droplets while the percolation-type
structure (hereafter percolation aggregate) is approaching (Figure 7.10). In this figure the
decrease in size of the droplets is apparent, which leads to the complete disappearance of two

of them by the time they are reached by the percolation aggregate.

Figure 7. 10. Close-up view of CP droplets near a growing hydrate front: they shrink in size (T = 0°C). Two of
the droplets have disappeared before being reached by the growing hydrate structure, while the two others are
incorporated into the structure (data not shown). There are 26s between both images. Experiment 2014/11/03.

Two processes are in competition in the neighborhood of the CP hydrate crystal
nucleating on a liquid CP droplet: (i) this droplet, although it is (probably) covered with CP
hydrate, is able to deform and elongate in order to approach another droplet in its
neighborhood and (ii) the neighboring droplets are subjected to a dissolution process due to
the diffusion of CP molecules from these CP droplets to the CP hydrate crystal. If the two CP
droplets are initially close enough, then the merging will occur into the percolation aggregate.
If they are not close enough, the second droplet disappears (it dissolves completely) thus
initiating the formation of a droplet-free zone (depleted zone) near the growing crystal. The
latter case corresponds to the situation examined in section 7.3.1, whereas the former case

(high density of CP droplets close to jamming conditions) is examined in this section.

In some situations we observe a percolation aggregate with a limited extent,

corresponding to an assembly of CP droplets that were initially separated from other CP
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droplets that are too far to be reached by the growing structure. Once all the CP droplets of the
assembly are incorporated to the aggregate (if they have not disappeared before), the latter
continues growing very slowly, fed only by CP molecules flowing by diffusion from CP
droplets that are far away from the aggregate. A droplet-free zone thus grows around this

percolation aggregate, as seen in Figure 7.11.

Figure 7. 11. Percolation-type growth process of the CP hydrate by incorporating CP droplets that have
previously decreased in size (see the droplets shown by the white arrow in the first image and how they evolve in
the following images). A droplet-free zone grows around the percolation aggregate (T = 2 °C). a) to, b) to + 29s,
C) to + 36s, d) ty + 46s, €) tg + 525, f) ty; + 55s. Dark field imaging mode. Experiment 2014/11/03.

In Figure 7.12, a percolation aggregate that coexists with the hydrate crust at the
water/CP interface is shown. The CP droplets far from the aggregate (e.g., in the left top
corner of the images) are observed to shrink in size and then disappear, probably because of
the proximity of the hydrate crust. The CP droplets that are closer to the aggregate disappear
at the expense of the growing aggregate (center of the image).
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Figure 7. 12. CP droplets disappear at the expense of the hydrate crust (e.g., in the left top corner) and of the
growing aggregate (e.g., in the center of the field of view) (T = 0°C). a) to, b) to + 20 s, C) to + 40 s, d) tp + 60 s.
DIC. Experiment 2015/02/19.

Note that the two types of crystallization presented and discussed above are sometimes
observed to occur simultaneously in nearby locations (Figure 7.13). They are observed before

the hydrate crust is formed.
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Figure 7. 13. Both types of crystals: single and percolation aggregates (dotted white squares), are observed at the
same time but in different places of the 2D emulsion and before the hydrate crust is formed (T = 1 °C). Dark
field imaging mode. Experiment 2014/11/03.

7.3.3. Dissociation and second formation of the two crystal structures

As has been reported and discussed in chapter 3, the second hydrate formation is easier
when the hydrate has been previously formed: this is the memory effect. Interestingly, we
observe a similar effect for percolation aggregates. There seems to be a memory of the
aggregate structure: when a CP hydrate crystal aggregate melts, the resulting CP droplets are
distributed similarly to how they were distributed before; the ensuing crystallization produces

a CP crystal aggregate very similar in shape and extent (Figure 7.14).

A single crystal that melts also produces an assembly of droplets close to jamming
conditions (Figure 7.15) and, therefore, when temperature is lowered again to form the CP
hydrate, the crystal structure that arises is no longer that of a single crystal but that of a

percolation aggregate (Figure 7.16). In other words, a single crystal is observed only once.
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Figure 7. 14. Percolation aggregate formation after melting of a previous aggregate of the same characteristics.
a) CP droplets coming from a dissociated percolation-like crystal (T = 8°C), b) beginning of a second percolation
aggregate formation (T = 2°C), c) percolation aggregate completely formed (T = 0°C). Dark field imaging mode.

Experiment 2014/11/03.

Figure 7. 15. Dissociation of a single CP hydrate crystal. In f) a CP-in-water emulsion close to jamming
conditions is observed. The formation of a percolation aggregate will be favored in that place when temperature
is decreased. a) to, T=7.7°C; b)ty+27s, T=85°C;c)ty+50s, T=9°C;d)ty+81s, T=9°C;e)ty+ 1375,
T=9°C;f) ty+480s, T =9°C. DIC. Experiment 2015/03/31.
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Figure 7. 16. Percolation-aggregate growth instead of single crystal during second hydrate formation. a) Single
CP hydrate crystal (T = 7.7 °C), t, = 0. b) CP-in-water emulsion (T = 9 °C), t, + 8 min. ¢) CP-in-water emulsion
close to jamming conditions (T =9 °C), t, + 22 min. d) Percolation aggregate. The blurred zones are out of focus
(T =0°C), ty + 42 min. DIC. Experiment 2015/03/31.

7.4. Conclusions

In this chapter we have operated the experimental setup presented in chapters 5 and 6
in a slightly different manner - by placing the water drop hanging from the upper wall - in
order to form a 2D CP-in-water emulsion just after melting the hydrate crust. In this CP-in-
water emulsion we have observed, in addition to the conventional crystallization process

generating single crystals, a non-conventional type of hydrate crystallization.

In the conventional hydrate crystallization, a layer depleted in CP droplets is observed
close to the growing single CP hydrate crystal thanks to a diffusive process, driven by the
difference in CP solubilities when the hydrate is present or not. These individual hydrate
crystals stop growing when the hydrate crust covers the water surface: the CP droplets

disappear in order to feed the growing hydrate crust.
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The other type of crystallization is a percolation-type growth process, in which a
crystallization front (percolation aggregate) propagates from one CP droplet to neighboring
ones that slowly dissolve in water. The crystallized droplets are capable of deforming in the
direction of a neighboring CP droplet. If the droplets are close enough, the latter droplet has
not time to dissolve completely and the percolation aggregate propagates in the assembly of
CP droplets.

Sometimes both types of crystallization are observed at the same time but in different

locations in the water drop.

We have also observed that it is a lot easier to perform a second formation when a first
percolation aggregate has existed before. This second aggregate formation occurs at the same
place and has the same overall shape. In contrast to this, when single crystals are dissociated
they do not form again. As the CP droplets that appear upon melting of these single hydrate
crystals are very close to each other, a percolation aggregate growth is favored and it forms

where the single hydrate crystals were placed before.
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CONCLUSIONS AND PERSPECTIVES

All along this work we have tried to shed some light on the mechanisms of formation
and dissociation of cyclopentane (CP) hydrates by means of novel experimental methods
which, to the best of our knowledge, had never been implemented before in the context of gas
hydrate research. These methods are droplet-based millifluidics and optical microscopy in the
differential interference contrast (DIC), fluorescence and confocal reflectance modes.
Cyclopentane was chosen as the guest phase because, similarly to natural gases, it is sparingly
soluble in water and forms a structure Il hydrate; the formation conditions are from 0 to 7°C

and atmospheric pressure, which eases the experimental work.

In a first series of experiments, a droplet-based millifluidic setup and procedure have
been elaborated (i) to investigate the hydrate formation and dissociation processes in an
assembly of millimetric-sized water droplets surrounded by the guest (CP) phase, each droplet
behaving as an independent reactor for hydrate crystallization, and (ii) to visualize these
processes at the scale of a single drop by means of a zoom system. By monitoring on a large
number of droplets (or reactors) the hydrate formation events, some insights have been gained

into the elusive ‘memory effect’: these events occur more easily, i.e. for a lesser subcooling,

227



Conclusions and Perspectives
Mechanisms of Formation and Dissociation of Cyclopentane Hydrates

in a water/guest system which has previously been experiencing a sequence of hydrate
formation and melting. The impact of the melting conditions on the hydrate reformation
process has been investigated: the milder the melting conditions, the easier the reformation.
Working in the zoom mode, hydrate birth and growth events can be followed, the formation
of guest-in-water emulsions upon hydrate melting is identified, as well as the mechanisms at
work in presence of a very small amount (100 ppm) of polymer inhibitors (PVCap, VP/VCap,
PVP). These mechanisms are also effective in stabilizing the hydrate phase a few degrees
above 7°C: a polymer is as good at inhibiting the growth of hydrate crystals when lowering
the temperature T as at preventing the melting of these crystals when raising T. The water
drops in these experiments are in contact with a hydrophobic (fluorinated) substrate (i.e.

tubing) that does not interfere with the hydrate formation and melting processes.

In a second series of experiments, optical microscopy is used to investigate CP hydrate
formation and dissociation at an extremely high resolution, down to a few nanometers when
using the microscope in the differential interference contrast or fluorescence modes. The
water droplet is placed in contact with a hydrophilic substrate (glass), which induces a novel
phenomenon: hydrate growth as a halo originating from the contact line and growing
inbetween the glass and CP. Contrary to expectations and to what has been published so far,
we observe that the growth of the halo on a strongly hydrophilic substrate is mainly controlled
by the water present outside the water droplet from which the halo originates, e.g., the water
condensed on the substrate or dissolved in the CP. This halo is absent on a hydrophobic

substrate.

We have also examined: (i) the growth and morphologies of the hydrate crust formed
at the surface of the water droplet, i.e. at the water/CP interface and (ii) the hydrate

crystallization process in an assembly of CP droplets dispersed in water.

(i Growth velocity of the hydrate crust is primarily controlled by the subcooling
degree (the lower the subcooling the slower the hydrate crust grows), which
also controls morphologies (the lower the subcooling the more polygonal are
the crystals). Due to the high resolution, hydrate nucleation events have been
identified at the water/CP interface, along the contact line (glass/water/CP) and
in the CP-in-water emulsion that forms following a sequence of hydrate

formation and dissociation; nucleation in the emulsion is the most frequent.
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(i) Hydrate crystallization in a 2D assembly of CP droplets in water (this assembly
is obtained from the dissociated hydrate crust by working with a droplet
hanging on the upper wall of the experimental cell. Two types of hydrate
growth are observed: single crystal growth, which occurs at the expense of the
neighboring CP droplets, and a percolation-type growth, in which

crystallization proceeds from one CP droplet to the neighboring one.

The two experimental setups and methodologies designed, constructed, tested and
optimized are novel, very versatile and can be utilized for studying a variety of hydrate-
related issues. What is very interesting in this work is that the dimensions at which we
perform the experiments are such that very low quantities of chemicals are required and, as
we can have a high resolution, processes that have not been seed before are observed and
studied in detail.

We think that a huge research field has been opened with this thesis and perspectives

are listed here:
- The effect of inhibitors could be studied with the second experimental setup in more detail.

- Promoters of hydrate formation and other types of inhibitors (thermodynamic or

antiagglomerants) could be studied.

- The study of other hydrate forming (liquid-liquid) systems and even gas-liquid hydrate

forming systems if the experimental setup is adapted to high pressures.

- Other substrates apart from glass or quartz can be studied. We expect the effect on hydrate
halo growth and structure of the material thermal conductivity wettability, surface roughness,
etc., to be very important. There are at least two ramifications of these studies. One relates to
the behavior of gas hydrate in sediments, and the other to the promoting character of mineral

particles.
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A. Supplementary material Chapter 3

Detection of the apparent onset and end of hydrate formation in a single

water drop

The procedure for determining the onset of hydrate formation in a given water drop
consists in monitoring the grey level intensities (from 0 = black to 255 = white) along a
longitudinal axis of the drop. The apparent onset corresponds to the moment when there is
an abrupt change in the grey level profile, which usually occurs at one apex of the drop.
This is illustrated in Figure A.1 that shows, respectively, a quarter of the spiral capillary at
two consecutive acquisition times t; and t> (one image per 7 seconds, i.e., t2 = t1 + 7s) and
the corresponding grey level intensities measured in a given single drop along the
longitudinal axis marked in the two figures below by a white segment. The peak(s) that are
apparent at t; at one drop apex correspond to reflections, which disappear when hydrate
covers the apex (at t2). In this example, the onset time is intermediate between t; and to. The
end of hydrate formation is determined in a similar manner when there is an abrupt change
in grey level intensities at the other apex.

on this apel

z
P
&

Grey level

Distance (pixels) Distance (pixels)

Figure A. 1. A quarter of the spiral capillary at two consecutive acquisition times t; and t, = t; + 7 s, and the
corresponding grey level intensities measured in a given single drop along the longitudinal axis marked in the
two figures below by a white segment. The peak(s) that are apparent at t; at one drop apex correspond to
reflections, which disappear when hydrate covers the apex (at ty).
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B. Supplementary material Chapter 4

Morphology of hydrate crusts

Here we separate the two groups of inhibitors used in this thesis: 1) PVP, which forms
a homogeneous layer over the surface and 2) VP/VVCap and PVCap, which adsorb to the

surface by ‘patches’, in a very irregular way.

1) PVP: it forms a monolayer over the surface. In the end, a hydrate crust gets to be
formed, but less thick than the case of the pure system, which has no impediment to form.
Both hydrate crusts are quite homogeneous in morphology, but we can see that the pure
system hydrate film is thicker, more continuous and smoother (Figure B.1 left). We affirm the
hydrate film is thicker for the pure system because it is more translucent than the PVP hydrate
layer, which is more transparent. Also, when experiments are carried out, the film formation is
visually seen in situ more easily than that with PVP. On the other hand, we could say that the
hydrate film for the system with PVP is homogeneous, thin and more faceted than that of the

pure system. We can see a lot more ‘fractures’ all over the surface (Figure B.1 right).

Hydrate

Liquid CP Liquid CP

Figure B. 1. Morphologic differences of hydrate layers after 1% hydrate formation. Left: pure system. Right:
PVP.

2) VP/VCap and PVCap adsorb to the hydrate surface by forming a thicker layer than
that of PVP as seen in the adsorption experiments. Although the thickness of the VP/VVCap

film adsorbed on the hydrate surface is lower than that of PVCap, we think the adsorption
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mechanism is the same. This is why no big differences in the morphology are observed
between them, except from the central part of the ‘hydrate drop’, which is smooth and
flat for VP/VVCap and rougher and less homogeneous for PVCap (Figure B.2b and
B.2c). We also observe some differences with respect to the pure system (Figure B.2a)
mainly at both sides of the ‘hydrate drop’. The solid/liquid interfaces present some
irregularities, wrinkles or mountains and inhomogeneous parts for both inhibitors. This
is in agreement with what Bruusgaard et al. observed in their study of the effect of
VP/\V/Cap, among others, on the morphology of methane hydrates (cf. [2] chapter 4).
They found that the inhibitor does not completely cover the hydrate surface at a
uniform concentration. The hydrate growth pattern is then composed of sections of
higher thickness separated by areas of a thinner hydrate layer. They suggest that this
variation in thickness is directly related to the local presence of inhibitor and indicates
that VP/VCap has large local concentration gradients repeated across the surface. This
can be in agreement with the ‘patches’ or ‘clumps’ we observe for both VP/VCap and

PVCap in the adsorption experiments.

Liquid CP

Hydrate

Liquid CP
Liquid CP

Figure B. 2. Morphologic differences of hydrate layers after 1¥ hydrate formation: a) Pure system, b)
VP/VCap and c) PVCap. The central part of the drop is different between the system with VVP/VCap
(smooth) and with PVCap (rough). The red squares show the edges of the ‘hydrate drops’, which are
different from the pure system (a) to the system with inhibitors (b and c).
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S1. Determination of the drop contact angle and contour by confocal
reflectance image analysis
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Figure S1. 1. Determination of the drop contact angle and contour. Top left: confocal reflectance
image of the water drop sitting of the plasma-treated glass substrate. Top right: section through the
image in the top right corner of the drop (cf. white line). Bottom: reconstructed profile and fit to a
circle. The contact angle is here equal to 6 ~ 1°.
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S2. The figure below shows that the water drop in CP needs to be
frozen first in order to be transformed into CP hydrate at its surface by
raising T to slightly above 0°C

Figure S2. 1. Step 1 of the experiment. Photographs of two water drops in CP sitting on a glass
substrate taken just after one of the drops (the one in the upper left corner) has been frozen at T = -
15°C (left image) and then transformed into CP hydrate at its surface by raising T just above 0°C (right
image). The other water drop remains in a (metastable) liquid state.
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S3: Breath figures on the cooled glass substrate. Build-up of a droplet-
free zone near ice acting as a humidity sink

We show below three images or sets of images from three different
experiments showing supercooled water microdroplets condensed from the CP on the
glass substrate near the primary water drop, which has previously been transformed
into ice by freezing at T = -15 to -20°C. Near the ice, a droplet-free zone is apparent
that grows diffusively: an attempt is made to relate the effective diffusion coefficient
to the molecular diffusion coefficient of water in CP, the solubility of water in CP and

the substrate coverage of the water microdroplets.

The following two DIC images show close-up views of the water drop on
plasma- treated glass (Experiment 2015/07/17) just after it has been transformed into
ice (t = 0, left) and about 6 minutes later (t = 367 s, right). The absence of

microdroplets near the ice is apparent in the latter image (scale bar: 50 um).

t=367.0s

Microdroplet -
<+— free

phile00006(1)-447
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The following image is taken from another experiment (2015/02/20) with
untreated glass, in which the microdroplets of supercooled water droplets and their
substrate coverage are somewhat larger than those of the previous experiment. A
droplet-free zone is clearly visible near the ice border.
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Field of view: 403 um

Lastly, the following images show the region near the ice border (apparent at
the top of the images) at different times following to when the primary drop has been
transformed into ice; T is below 0°C over the time interval of about 7 minutes
(Experiment 2015/03/31). The expansion of the depletion zone is well within the
limits of diffusion in the WBF process (assuming an order of magnitude molecular
diffusion constant of D = 5-10° cm?/s).
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ice drop

tp1+200 s

Field of view: 271 pm
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S4. Nucleation of the hydrate halo from hydrate crystals formed on the
primary water drop along the contact line after ice melting (early stages
of Step 2)

We reproduce and discuss here two sets of images illustrating the early stages
of halo formation and growth on a strongly hydrophilic glass substrate. Each set
corresponds to a different primary drop (Experiment 2015/07/17). In the first set of
images (this and the two following pages) polygonal, plate-like hydrate crystals are
observed on the primary drop shortly after ice melting, first floating in the melt water
close to the contact line.

:‘. |
&

phile00007 (2)-147 glaOOOO?Q)-ZOG phile00007(2)-215

. |
f f

200007 (2)-307 nooom(z)-am ﬁaooom(z)-alss

Intervals between images approx. 6, 1, 10, 7 and 8 s. Top row: DIC. Bottom: fluorescence. Scale bars:
50 pm. The white arrows show the growing hydrate halo. The (hydrophilic) surface of the crystals
appears strongly fluorescent, probably due to adsorbed DASPI.
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Shortly after one of these crystals has touched the contact line, the hydrate
halo starts growing from that part of the contact line on the substrate (see also Figure

6.6 in the main text).

Pphile00007(2)-215

Views 1 and 3: DIC; 2: fluorescence. Intervals between the images: ~33 and 3s. Same caption as in
previous page. More conspicuous 'teeth' grow on the lower part of the contact line, and the hydrate
halo (white arrows) grows and extends along the contact line.

Finally (see next page), a peripheral, highly corrugated (width ~ 2-3pum,
length ~ 10um) halo develops. Views 1 and 3: DIC; 2 and 4: fluorescence. The
corrugation increases with ageing. Fluorescence is not detected much beyond the
initial extent of the precursor film. Intervals between the images: ~ 3, 50 and 1s. Scale

bar: 50pum.
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In the 2" set of images shown below (corresponding to a different drop on the
same substrate), the contact line recedes (to the right, initial position highlighted by
red dots) as the ice melts, leaving a bare area of substrate and a thin sheet of water,
visible in the upper right image between the dots and the melting ice. Then, polygonal
crystals (yellow arrows) grow outwards in the thin sheet of water and expand as far as

the original contact line, but not beyond. DIC, scale bar 20 um.

248



Annexes
Mechanisms of Formation and Dissociation of Cyclopentane Hydrates

These crystals are conspicuous in the fluorescence image on the right (see
below), since they are growing over the primary drop. Their lower face adsorbs and
enhances the fluorescence of DASPI. Growth of the polygonal crystals is arrested at
the contact line; they are replaced by a halo of hydrate with a different texture (DIC
image on the left, green arrow). The halo front is marked by reduced emission of
DASPI in the fluorescence image on the right (red arrow). Condensation droplets near

the halo front have disappeared and emission at the contact line has also diminished.
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Finally, the hydrate halo grows over the substrate (green arrows in the DIC
image):
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S5. Hydrate halo growth on a strongly hydrophilic substrate:
complementary data

The fluorescence image below has been obtained shortly after the hydrate halo
has started to grow (in the first cycle, from ice) on the strongly hydrophilic glass
substrate (step 2 of the experiment). The intensity profiles along the arrow, averaged
laterally over the boxed region, reveal a dip that radiates out with the halo front.
DASPI was not detected outside the original precursor film of the liquid primary
drop. In the region of the precursor film, an increase of the fluorescence signal ahead
of the front and a drop behind it show that the halo is displacing DASPI, hence is

growing in contact with the substrate.

Scale bar: 50 pm
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Successive curves offset vertically for clarity.

o

Enlargement of a region of the contact line at the initiation of the halo (fluorescence). The crust has
just covered the primary drop on the right, the halo is apparent at the root of the red arrow and is
growing towards the left, across a zone of the substrate free of microdroplets (no fine condensation)

due to the WBF process, as seen from DIC views, not shown here). DIC image. Scale bar 10 um.
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DIC image (inverted contrast for clarity) showing the depletion of condensation in the vicinity of the
contact line by the WBF process. Scale bar 20 um.
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The condensation continues to recede as the halo advances, but is caught up, at which point, the halo
grows faster. Data from DIC and fluorescence images are shown as full or opensymbols.

The next DIC image shows a hydrate halo in step 4 of the experiment on a

strongly hydrophilic substrate in a region where only the water microdroplets

condensed from the CP are present (the secondary droplets left by the melting of a

previous halo have not been reached by the growing halo yet). The hydrate lateral

velocity measured along the red arrow (see graph) is in the range of 1 um/s. Scale

bar: 50 um
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S6.

Transmission and confocal pairs of the secondary water droplet following the ‘leap-

frog’ event described in Figure 6.11 (see main text). Scale bar: 50 pm.

c3-1-trans

c3-2-refl 255
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S7. Effect of the water present on a strongly hydrophilic substrate on
the lateral velocity of the CP hydrate halo

The growth of the hydrate halo is monitored by transmission and confocal
reflectance in the red box (see next page). The DIC image below is the initial state
after two cycles of formation and melting (steps 1 to 5 of the experiment), just before
freezing to ~ 0°C in order to form the CP hydrate halo. An array of irregular
‘secondary’, intermediate-Sized drops has been left on the substrate upon melting the
previous halo. Their diameter is in the 10 - 100 um range, much larger than the
microdroplets condensed from CP (not visible at this magnification — the scale bar is
500 pm). The CP-in-water emulsion resulting from the melting of the hydrate crust is
visible as dark spots within both the primary drop and the largest of the secondary
droplets.
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The growth of the halo at T ~ 0°C is observed simultaneously in transmission (left) and in confocal
reflection (right) in a 640 pm x 130 pm window (stepped left across the red box in the preceding wide
field image), as the halo expands, between rows 3 and 4, 5 and 6, 6 and 7, 7 and 8. The table below
shows the speed of halo growth (measured perpendicular to the local halo front) as it swept out each of

the line segments labelled as A to J. In each row, the halo has just reached the root of the labelled
segment. Scale bars: 50 um.
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Row T(°C) Halo lateral velocity Comments
(HmYs)
1 0 1.63 £0.02 Halo sprouts from contact line
2 0 21.0 £0.9 Halo grows over pre-formed hydrate
3 0 1.65 £0.05 Progress over ‘bare’ glass
4 0 15.2+2.0 Halo grows over pre-formed hydrate
5 0 1.78 £0.07 Progress over ‘bare’ glass
6 0 29+0.8 "Leap-frog’ over secondary droplet
7 0 1.64 0.1 Halo reaches secondary droplets
8 0 1.19+0.02 ‘Bare’ glass beyond
9 0 1.11+0.01 Halo reaches condensed pdroplets
10 Oto 8 0.9+0.02 Starts melting; growth constant
however

NB:

1) Error margins correspond to the particular trajectory chosen. Obviously
the spread of values for a given ‘state’ of the glass substrate is greater
when comparing different trajectories, e.g., due to specifics of the
sample history at each point. However, the orders of magnitude are
representative.

2) The initial spread over bare glass (~ 1.6 um/s) is higher than reported
elsewhere here (~ 0.5 um/s). It is in part determined by a breakout of
water from the main drop, noticed from hydrate debris entrained out of

the primary drop.
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Table of experiments (from 2015/04/8 the CP phase was systematically pre-saturated with water. Unless otherwise specified the
temperatures are all 0 - 0.5°C).

Expt # Substrate : drop sitting or Water T of halo growth | drop radius, 0 First halo velocity, Comments
fused quartz, hanging, citing + (0-1°C, unless pHm pm/s (second
unless figure otherwise figure: velocity of
otherwise specified) the 2" halo)
specified
2014/10/22 Sitting, Fig. 5.9 nd nd nd Ejection of a crystal
from the emulsion
to the triple line
2014/10/22 Sitting, Fig. 5.10 3.8°C Crust
and 5.12 crystallization at
low subcooling
2014/10/22 Sitting, Fig. 5.11, 5.6°C Crust
5.19 crystallization at
low subcooling
2014/10/23 Sitting, Fig. 5.8 nd nd nd Competition
right between nucleation
at the triple line or
in the emulsion
2014/10/24 2 sitting drops, Fig. nd nd nd Fig. 5.16, 5.17:
S1,5.16,5.17 high subcooling
2014/10/31 Sitting, Fig. 5.4 CP-in-water
emulsion after 1%
dissociation
2014/10/31 Sitting, Fig. 5.8 Nucleation at the
triple line
2014/10/31 Sitting, Fig. 5.15 Mosaic appearance
of the hydrate crust
2014/10/31 Sitting, Fig. 5.20 Parallel growth
2014/11/03 Hanging, Fig. 7.2 8°C nd nd nd 2D CP-in-water
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emulsion

2014/11/03

Hanging, Fig. 7.4

Growth of
individual hydrate
crystals

2014/11/03

Hanging, Fig. 7.7

Disappearance of
CP droplets when
hydrate crust
covers the water
surface

2014/11/03

Hanging, Fig. 7.8

Dendritic growth

by incorporating

CP droplets that

have decreased in
size

2014/11/03

Hanging, Fig. 7.12

Simultaneous
conventional and
dendritic
crystallization in
different places

2014/11/03

Hanging, Fig. 7.13

Simultaneous
conventional and
dendritic
crystallization in
the same place

2014/11/03

Hanging, Fig. 6.8

8°C

Halo retraction
when melting.
Water droplets are
left behind.

2014/11/06

Hanging, Fig. 7.14

8°C-2°C-0°C

Memory effect of
the dendrite

2014/11/06

Hanging, Fig.
6.6bis (color)

Advancing halo
covering the water
droplets left after
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the 1% dissociation

2014/11/17

Sitting 4-5°C 340 70

1.1/31
0.3

2014/11/17

Sitting, Fig. 5.5, 340 70
5.6,5.13

Fig. 5.5, 5.6:
Nucleation at
water/CP interface
Fig. 5.13: hydrate
fronts

2014/11/25

Sitting, Fig. 5.14 DASPI 230 3
340 50

0.2
0.15

Mosaic hydrate
structure
(hexagons)

2014/12/02

Sitting, Fig. 2.16 DASPI 550 80

nd

Fluorescent hydrate
crystals starting to
grow

2015/02/18

Sitting, Fig. 6.4 510 25+-10

2.8

Halo growth
(3um/s)

2015/02/19

Hanging, Fig. 6.2, Fig. 6.2: -15°C 220 65
5.21

0.1

Fig. 6.2: droplet-
free zone near the
ice
Fig. 5.21: parallel
growth

2015/02/19

Hanging, Fig. 7.11

Diffusion of CP
droplets towards
the dendrite and the
hydrate crust

2015/02/20

Sitting, Fig. 6.5 700 15+-10

0.45/1.6

Depleted zone
between the
advancing halo and
the water droplets
condensed from the
CP

2015/03/06

Sitting, Fig. 6.6

Tiny droplets
disappear as the
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halo gets closer.
Large water drop
disappears in 1s

2015/03/30 Hanging, Fig. 6.9 8°C XX nd 0.25 Halo melting and
retraction. CP
droplets left on the
substrate.

2015/03/31 Hanging, Fig. 6.7 850 15 9.8 Halo thickening
6°C <0.03

2015/03/31 Hanging, Fig. 7.5 Diffusion of CP
droplets at the
expenses of the
growing hydrate
crystal

2015/03/31 Hanging, Fig. 7.9, Dendritic growth of
7.10 the hydrate from
the emulsion.
Bridges between
CP droplets

2015/03/31 Hanging, Fig. 7.15, Fig. 7.15: 7.7°C- Melting of
7.16 8.5°C-9°C-9°C- individual crystals
9°C-9°C to give an
Fig. 7.16: 4°C emulsion.
Coalescence of
some of the CP
droplets

2015/03/31 Hanging, Fig. 7.17 7.7°C-9°C-9°C- Growth of a
0°C dendritic hydrate
where there was an
individual crystal
before

2015/04/30 Sitting, Fig 6.3 Fluorescent 470 75 <05 Beads escaping the
beads/DIC interior of the water
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drop
2015/06/03 Sitting, Fig. 5.7 340 65 0.6 Nucleation at the
triple line
2015/06/25 | plasma treated fluorescent 1139 30 Hamamatsu
beads
2015/07/15 | hydrophobic 561 145 no halo apparent
2015/07/17 | plasma treated Sitting DASPI 912 66 Hamamatsu

nd : not determined
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