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ABSTRACT: Clathrate hydrates are a demanding field of research because of their 0 ]
fundamental impact on human life and the environment. Interfacial forces involving
hydrates are vital factors in numerous natural and industrial processes, but the topic & | 2
has been relatively neglected in the scientific literature. By using atomic force £

=3
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microscopy, we are now able to measure for the first time the forces between a semi-

clathrate hydrate formed by tetrabutyl ammonium bromide and a silica microsphere 127 ‘A AD~ [45 nm (in air)
in air and in undecane. Significantly, the analyses of jump-in (attractive) and pull-off AD,  AD, 2nm (in oil)
(adhesive) forces in force—distance curves indicate the presence of a quasi-liquid layer 18 T D)

(QLL) on the hydrate surface resulting from interfacial premelting. We have shown

that interfacial forces between the sphere and the hydrate surface are dominated by

the capillary formation between the QLL and the sphere. van der Waals forces are still active in the region several nm above the
QLL, prior to the sphere touching the QLL. Our study introduces a new quantitative parameter to the hydrate literature, that is,
the thickness of the QLL on the hydrate surface. This parameter, being around 11 nm at —4 °C, is crucial to the modeling of

hydrate interactions and agglomerations.

B INTRODUCTION

Clathrate hydrates, or hydrates, are solid solutions of water and
hydrophobic guests. The water molecules form ice-like
crystalline structures into which guest molecules are incorpo-
rated." Many substances (guests) can form hydrate structures
with water, including gases (CH,, CO,, N,, H,, etc.), liquid
hydrocarbons (cyclopentane—CP) and water-miscible organ-
ics (tetrahydrofuran—THF and tetrabutyl ammonium bro-
mide—TBAB).” All known hydrates form at temperatures of a
few degree celsius and various guest-dependent pressures,
which range from ambient pressure for CP, THF, and TBAB
hydrates, up to a hundred bars and higher for gas hydrates.
Hydrates are becoming increasingly significant because of their
abundance in nature, relevance to industrial applications and
importance for understanding water—guest hydrophobic
interactions.” In nature, methane hydrates are found
abundantly on seafloors and in permafrost regions.”> Methane
hydrates may contribute considerably to future energy and
hydrocarbon supply.”> Moreover, hydrates are thought to be
plentiful on certain other planets.” In industry, however,
hydrates can be a negative factor impeding the safety and
efficiency of production. For example, they are the major cause
of blockage of oil and gas pipelines where they form with
residual water.””® Even so, as hydrates contain huge contents of
guests and their formation/dissociation is completely reversible
by tuning the prevailing conditions, they also offer innovative
pathways for storage and separation of gases,”'® sequestration
of carbon dioxide,'”"'® eco-friendly refrigeration,lg’20 and water
desalination.”"**
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Interfacial forces involving hydrate surfaces (IFHS) are of
profound importance in nature and engineering. In general,
interfacial force is a term to indicate the forces between two
interfaces. In this paper, we define the term “IFHS” as the
forces acting between a hydrate surface and another surface or
particle, for example, the forces acting between a TBAB semi-
clathrate hydrate surface and a silica microsphere. In nature,
IFHS are vital to interactions between natural gas hydrates and
the surrounding environment. Although there are no previous
studies on interactions involving hydrates in ocean sediments
or permafrost regions, we can assume, based on general
physical and chemical principles, that the surface of hydrate
deposits therein must equilibrate mechanically, physically, and
chemically with the surrounding environments. Otherwise they
will dissociate and the gas will escape from the hydrate
deposits. Right now this effect is negligible. Interfacial forces in
general include electrostatic interactions (e.g., electric double-
layer forces), van der Waals (vdW) interactions, hydration
forces, capillary forces, intermolecular interactions and hydro-
gen-bonding, and so forth.”’ Therefore, IFHS must play
important roles in governing the stability of hydrate surfaces
and the interactions therein with minerals and biomasses.

In industry, IFHS govern, for example, the formation of
hydrate-plugs of flow lines.” Hydrate formation occurs
naturally in subsea pipelines where all the prerequisite
conditions of hydrate formation are met, that is, low
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temperature, high hydrostatic pressure, and water—guest co-
existence. Dispersed water droplets form hydrate particles with
hydrocarbons. The initial state of the resulting hydrate particles
suspended in oil fluids is harmless because these particles can
be transported safely with the flow. However, the suspended
hydrates, as driven by IFHS, tend to aggregate during
transportation, deposit and build up on the wall of the pipe
and eventually block the flow. The problem is becoming more
serious as offshore drilling moves to deeper water where
hydrates form under higher driving forces.” There is now an
urgent need for scientists to develop new and more effective
flow assurance strategies. A promising strategy is to use anti-
agglomerants (AAs) to prevent the formation of hydrate
aggregates.zz}_26 As surface-active agents, the AAs adsorb on
the hydrate surface, alter the interfacial properties, and hinder
hydrate aggregation. However, the target development of AA-
based flow assurance strategy demands insights into IFHS—
the driving force of hydrate agglomeration.

Because of the vital importance of IFHS, there have been
significant efforts to quantify them.”’ > However, previous
studies have been limited to measuring the detaching force
between hydrate particles, or between hydrate particles and
solid surfaces using a mechanical force apparatus (MFA).”" ™'
These measurements revealed detaching forces in the order of
1073 N/m.> 3! By using the MFA, only the force required to
separate the two objects is measured and such a detaching
force provides limited information about interfacial inter-
actions involving hydrate surfaces. IFHS, which act between
interfaces prior to attachment, have never been actually
measured even though these forces govern the ability to
form attachments. Gaining in-depth knowledge of IFHS is of
fundamental importance for thoroughly understanding hydrate
aggregation.

In this study we report on the direct measurement of IFHS
for the first time using atomic force microscopy (AFM). Using
a special setup as described in the Experimental Method
section, we were able to achieve a stable low temperature
environment ranging from 0 to —5 °C, which was required for
hydrate stability. In addition, we performed measurements
under dry conditions in order to prevent water condensation
on surfaces. Both the above conditions are critical for the
success of the measurement (Figure S1, Supporting
Information). We chose a TBAB semi-clathrate hydrate for
our investigation as it is easy to prepare compared to other
hydrates which require aégitation and/or pressurization
conditions for formation.">'®"” TBAB semi-clathrate hydrate
forms via crystallization in quiescent solutions under
atmospheric pressure and a temperature below its equilibrium
dissociation point (T, ~ 9 °C).”* Other compounds such as
THF and CP also form hydrates at atmospheric pressures.
However, these hydrates have lower equilibrium dissociation
temperatures, that is, around 4.0 and 7.7 °C, respectively.’>*
Therefore, lower experimental temperature and thus more
cooling are required. Moreover, CP is not water-miscible so
that agitation is required for sample preparations. Therefore,
we chose TBAB for this study. Certainly, improved under-
standing on TBAB semi-clathrate hydrate can explain a lot of
the science related to clathrate hydrates in general. Hereafter,
we will omit the term “semi-clathrate” and simply refer to
“TBAB hydrate” or “hydrate”, but will always mean “TBAB
semi-clathrate hydrate”. We crystallized pellets of the hydrate
with a diameter of about 10 mm and a thickness of about 0.5
mm in sample containers. The samples were used for surface
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force measurements at a temperature of T = —4 °C, in either
air or undecane oil. Subcooling of AT = T, — T = 13 °C was
applied in every measurement unless otherwise stated. We
measured IFHS in undecane and in air because these fluids
mimic the conditions of hydrates in oil and natural gas
pipelines, respectively.

B EXPERIMENTAL METHOD

We employed an atomic force microscope for surface force
measurements (Bruker MultiMode 3a, equipped with a Peltier
cooling element). During measurement, the temperature (T)
was kept below the equilibrium dissociation point of the
hydrate (T,) to prevent melting. To avoid condensation of
water from the humid air on the surfaces, our home-built setup
provided cooling and dehumidification simultaneously (Figure
1). It consisted of two parallel, component cooling systems.
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Figure 1. Schematics of the experimental setup for measurement of
TBAB hydrate surface force, including hydrate (1), sample container
(2), primary cooling based on the Peltier element (3), conductive
paste (4), cantilever (S), heat-exchange tubes (6), U-type connecting
tubes (7), dry-ice (8), air pump (9), and microscope camera (10).
Other accessories are left out for simplicity.

Primary cooling was carried out with a commercial Peltier
element (TAC Heater/Cooler, Bruker). This device could cool
to a set-point down to —7 °C with an accuracy of 0.1 °C. The
temperature was controlled by a digital controller (not shown).
The upper surface of the Peltier element contacted thermally
with a copper sample container (2) through a thin layer of
conductive paste (4). However, only cooling the sample by
using the Peltier element proved to be inadequate as water
tended to condense from the air onto the hydrate surface
(Figure S1, Supporting Information). Therefore, the atomic
force microscope was then placed into an insulation box. The
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internal air was circulated through heat-exchange tubes,
cooling the air to around —30 °C inside the tubes indirectly
by using dry-ice (solid CO,, —78 °C) outside the tubes. At this
low temperature, the humidity of the air was removed via frost
deposition on the tubes surface (Figure S1, Supporting
Information). By adjusting the circulation flow, we were able
to maintain and stabilize the temperature in the insulation box
at a desired value ranging between 0 and —7 °C. Note that
primary cooling was still necessary in order to avoid heating of
the sample by the AFM scanner and nearby electronics.

The TBAB hydrate was prepared via crystallization in a
solution of stoichiometric composition (1 mol TBAB and 26
mol H,O, or 40% by mass).””*> The setup for sample
preparation is shown in Figure S2, Supporting Information.
The sample container was completely filled with the solution
and kept at 0 °C in an ice-melting bath. The container was
covered by a glass slide to prevent evaporation and/or
condensation. Crystallization at 0 °C prevented the formation
of ice in the hydrate sample. Hydrate nucleation is a stochastic
event and thus the time required for hydrate formation varied
greatly from hours to days.’**’ In most cases, hydrate
formation was completed after 10 h. After hydrate formation,
the sample was transferred onto the AFM stage at —4 °C. This
temperature was maintained for all measurements unless
otherwise stated.

Silica spheres (diameter S ym) were glued to tipless,
rectangular cantilevers (NSC36, L X W X T = 110 ym X 32
um X 1 pm, resonance frequency 90 kHz) under a
microscope.”® We used a commercial fluid cell (Bruker) for
measurements in undecane. Force experiments were per-
formed using a MultiMode AFM instrument (Bruker) with a
scan rate of 1 Hz. Force-versus-height graphs were converted
to force-versus-distance curves—briefly called “forces
curves”—Dby subtracting the cantilever deflection from the
height position of the sample. Cantilevers were calibrated using
the built-in “thermal tune” function of the AFM instrument.
Two cantilevers were used, with a spring constant of 0.60 and
1.19 N/m, respectively. Consumable materials used in this
work included TBAB (Sigma-Aldrich, 99.5%), undecane oil
(Sigma-Aldrich, 99%), silica beads (Bangs Laboratories, Inc.).
De-ionised water used in this work was produced by a Milli-Q
purification system (Millipore, USA).

B RESULTS AND DISCUSSION

Figure 2 shows a typical force curve of a TBAB hydrate surface
interacting with a S yum silica sphere in undecane. The blue line
indicates the force as the sphere approaches the hydrate. The
force between the sample and the sphere is practically zero at
distances >20 nm, for example, at position (1). At distances
<20 nm the sphere feels an attractive force resulting in a jump
to the surface at (2). This jump to the surface happens when
the force gradient acting on the sphere starts to exceed the
spring constant of the cantilever. The force at (2) is called
jump-in force. The continuing approach of the cantilever
holder after jump-to-contact leads to an upward bending of the
cantilever at (3) which is equivalent to a repulsive force.
The red line represents the force while retracting the cantilever
holder from the surface. The minimum force attained at
position (4) is called pull-off, or adhesive force. We observed
no interaction for distances >20 nm in either undecane or in
air, meaning that long-range electrostatic forces were absent,
indicating that the hydrate surface was not charged. Force
curves measured in undecane and in air showed similar
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Figure 2. Left: typical force curve of a TBAB hydrate surface probed
using a 5 pm silica sphere at —4 °C in undecane. Spring constant of
cantilever: 1.19 N/m. Right: the corresponding configurations of
sphere—surface interactions; arrows indicate travel directions of the
cantilever holder relative to the surface. The drawing is not to the
scale.

features. In Figure 2 we show only a force curve recorded in
undecane as an example.

The jump-in and pull-off forces are indicators of interfacial
interactions. We determined the mean values of the jump-in
and pull-off forces from force curves recorded in air and in
undecane (Figure 3). The results presented for each fluid were
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Figure 3. Jump-in and pull-off forces between a silica sphere and a
TBAB hydrate surface or a silica sphere and a silicon surface at —4 °C.
The jump-in force is scaled-up by a factor of ten to fit the graph.

extracted from ~30 force curves. Forces are presented in a
normalised unit, mN/m by dividing the force by the sphere
diameter. In air, the jump-in and pull-off forces of the hydrate
surface were 2.6 + 0.5 and 139 + 19 mN/m, respectively. In
undecane, the measured force decreased to 2.4 + 0.3 and 61 +
17 mN/m, respectively. As a reference, the jump-in and pull-off
forces for interactions between a silica sphere and a silicon
wafer (with a natural oxide layer) in air were measured to
be 1.8 + 0.3 and 50 + 9 mN/m, respectively. The forces on
the hydrate surface are larger than the respective forces on the
silicon surface. The adhesive force of the hydrate surface in air
is almost three times stronger than that of the silicon surface
(discussion later).

When looking more closely to the approaching force curves
(Figure 4) on TBAB hydrates in air (a) and in undecane (b),
they are almost identical except the increased number of data
points in (b). We attribute this apparent difference to the
higher viscosity that the cantilever feels in the oil medium. The
force curves all display well-defined jump-to-contact events. In
air, we measured a jump-in distance of 15.9 + 2.4 nm for the
spherelairlhydrate. This notation indicates a silica sphere
interacting with a hydrate surface across air. For the spherel
oillhydrate system, we measured a jump-in distance of 13.4 +
1.6 nm. In the literature, such a long jump-in distance is
explained by capillary forces caused by moisture condensation
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Figure 4. Attractive force curves for interactions between a silica sphere and TBAB hydrate surface in air (a) and in undecane oil (b). Interactions
between a silica sphere and silicon wafer (c) for reference. In each graph, results from ten force curves are plotted on top of each other. The spring
constant of the cantilever was 1.19 N/m. The red dashed lines are the best fits of the experimental forces with the vdW theory using eq 1. The

horizontal dotted lines indicate zero force.

in the confined space between the sphere and the surface.””~*!

This explanation cannot be applied in our case as we measured
the forces in undecane (Figure 4b) where moisture
condensation could not occur. On silicon wafers, no such
long jump-in events were observed (Figure 4c).

We interpret the jump-in behavior of the sphere on the
hydrate surfaces as an indication of surface premelting of the
hydrates. The jump-in is explained as a jump through a quasi-
liquid layer (QLL) on the hydrate surface. Fundamentally,
surface premelting originates from discontinuity of the
structure at solid surfaces. Ice is a specific example of surface
premelting.*”~* The water molecules in the bulk of the ice
form approximately four hydrogen bonds to their nearest
neighbours and construct an open H-bonded structure.
However, this structure is broken on the surface of ice.*”*°
The breaking of hydrogen bonds leads to an energetic
penalty.*® “The energetic loss is balanced by an entropic gain
from melting of the surface”.** Because ice and hydrates share
similar water-based H-bonded structures, we used the well-
established physics of ice to interpret our results.

Accordingly, the jump-to contact starts when the sphere
touches the QLL and stops when the sphere hits the hard
crystalline hydrate layer underneath (Figure 5). The same

Z
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Figure S. Typical approaching force curve between a TBAB hydrate
surface and a silica sphere in undecane. The insets show free-hand
illustrations of a QLL at the hydrate surface. The whole jump-to
contact distances are 15.9 + 2.4 and 13.4 + 1.6 nm for spherelairl
hydrate and sphereloillhydrate, respectively. The drawings are not to
the scale.

formalism was previously used to analyse the QLL on ice*’ or

to intergret the thickness of solid-supported thin liquid
films.*”** Thus, we attribute the jump-in to capillary forces
originating from the premelting of the hydrate surface. This
origin of capillary forces is different in nature from capillary
condensation in a humid environment as reported widely in
the literature.”™*!
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In a further stage, we fit the approaching force curves with
the nonretarded vdW theory™ to assess the contributions of
vdW interactions. The vdW force between a sphere and a
planar surface across a medium can be approximated by"’

A132R

Foy=—
vdW 6D2

(1)
Here, A3, is the Hamaker constant of material 1 interacting
with material 2 across material 3, R is the radius of the sphere
and D is the distance.”” We used the combinations silicalairl
hydrate, silicaloillhydrate, and silicalairlsilicon.

The force between the silica sphere and silicon surface fits
the vdW theory well (Figure 4c). From the fit, we extracted
Ay, = 0.96 X 107" J for silicalairlsilicon. We compared this
value with the theoretical Hamaker constant calculated by

A132:(\/A_11_\/A_33)X(\/A_22_\/A_33)

Here, A, A,, and A;; are the Hamaker constants of the
sphere material, the surface material, and the medium,
respectively.””* For the silicalairlsilicon, we have: A;; = 0.65
X 107 J, A,y = 2.0 X 107 ], and A4, = 0.0, refs.”>*° Hence,
the theoretical Hamaker constant of the system is A3, = 1.14
X 107" J, which is in agreement with the experimental value
above.

Unlike the silicalairlsilicon case, the interactions between
TBAB hydrate surfaces and silica spheres cannot be fitted by
the vdW model (Figure 4). This result further proves that the
attraction at hydrate surfaces is dominated by capillary forces
between the sphere and the QLL. However, vdW forces may
still influence the jump-in distance on hydrates in two ways.
First, a minor part of the jump-in could be caused by the vdW
force. Second, not only does the vdW force cause a jump of the
sphere, but the QLL is also attracted by the approaching
sphere and bulges up. This leads to the formation of a
meniscus even before the sphere reaches the initial position of
the QLL.*”*® With the Hamaker constant A;, and the spring
constant k of our cantilever, we expect a jump-in at distance D
to be given by

)

dErdW — A132R

=k
dD 3D3

()

In order to evaluate the contribution of vdW forces to the
jump-in distance using eq 3, we first need to calculate A};,. To
do so, we calculated A, for the hydrate using the Lifshitz—
vdW theory following eq 4, refs.”>’
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Here, kg, h, and T are the Boltzmann constant, Planck
constant, and temperature. The &, = 3.3 and n, = 1.83 are the
relative permittivity and the refractive index of the hydrate,
respectively.”’ v, = 3 X 10" Hz is the typical absorption
frequency. Substitution of these values into eq 4 gives A,, =
3.15x 1077 ].

For silicalairlhydrate, substitution of known values into eq 2
gives A3, = 1.39 X 107" J. Then, from eq 3 with k = 1.19 N/
m and R = 2.5 X 107 m, we have D &~ 4.5 nm. Thus, the
sphere should jump onto the QLL at a distance of ~4.5 nm.
Then capillary forces take over immediately so that the whole
jump-in shown in Figure 4a is a combination of a vdW-driven
jump in air (~4.5 nm) and a capillary-driven jump through the
QLL (16 — 4.5 = 11.5 nm). The latter (11.5 nm) indicates the
thickness of the QLL on the hydrate surface in air (Figure 6a).

Undecane

~11 nm (capillary-dominated) ~11 nm (capillary-dominated)

Solid hydrate

Solid hydrate

Figure 6. Illustration of the QLL and origins of attractive forces at
TBAB hydrate surfaces. The drawings are not to the scale.

For silicaloillhydrate, the Hamaker constant of undecane is
Ay3~ 0.50 X 107" J, ref 50. With eq 2 we obtain A3, = 0.10 X
107" J. Then, from eq 3 we have D = 2 nm. The whole jump-
in shown in Figure 4b should combine a vdW-driven jump in
undecane (~2 nm) and a capillary-driven jump through the
QLL (13 — 2 = 11 nm). The latter (11 nm) indicates the
thickness of the QLL on the hydrate surface in undecane
(Figure 6b). Now we can determine that the QLL of hydrates
has a similar thickness in air and in undecane, which is around
11 nm at —4 °C. This value is comparable with the reported
thickness of QLL on ice surfaces."”*** Such agreement is
logical given that skeletons of both hydrates and ice are
constructed on the basics of H-bonded water structures.

Our findings on the premelting of the hydrate surface and its
effect on the surface force are of fundamental importance. It
settles the dispute as to whether hydrate surfaces are “dry” or
“wet”.”® We can demonstrate that TBAB hydrate surfaces are
wet”. Moreover, the strong attraction between hydrates
explains the agglomeration of suspended hydrates in flow
lines and explains the origin of the flow blockage. The
consequences of these findings are that maintaining a stable
flow will require technical measures for reducing attraction
and/or adding long-range repulsive surface forces, that is, to
avoid the agglomeration of hydrate particles. In principle, these
technical measures can be achieved by using surface-active
agents, or by the appropriate coating of pipe walls. In addition,
the thickness of the QLL is a new quantitative parameter that
is crucial for modeling interfacial interactions of hydrates. In
future, scientists will have to add this parameter to existing
models in order to obtain accurate descriptions of hydrate

«

interactions. Both the modeling and prediction of hydrate
agglomerations are profoundly important factors for efficient

8,53
flow assurance.

B CONCLUSIONS AND REMARKS

By means of atomic force microscopy, we measured the
interfacial forces between a TBAB semi-clathrate hydrate
surface and a silica microsphere. We revealed the occurrence of
interfacial premelting of TBAB semi-clathrate hydrate. We
demonstrated that the QLL resulting from premelting is crucial
to the interfacial interactions of the hydrate. The vdW forces
are relevant only prior to the contact of the sphere to the QLL.
After contact the capillary formation dominates the surface
force of the hydrate. We introduced a new parameter to the
hydrate literature, that is, the thickness of the QLL. This
parameter is essential for modeling interfacial interactions and
agglomerations of hydrates. We have established insights into
microscopic-scaled and experiment-based understanding of a
semi-clathrate hydrate surface and its applications in the
environment and in industry. The scope for future research is
substantial. This study has focused primarily on TBAB semi-
clathrate hydrate and, therefore, similar investigation into other
hydrates will be of considerable value and significance. The
studies into the effects of surface-active agents on surface
forces of hydrates will also be an attractive direction.
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