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« The surface is fully wetted by water when the other phase is oil or cyclopentane.
« Finite contact angles are obtained for halogenated hydrocarbons droplets in brine.
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The wetting characteristics of clathrate hydrates influence their behavior in flow assurance situations, but
these properties are not well-characterized. In this work, a new experimental method is proposed for
measuring the contact angle of various liquids on cyclopentane hydrate, a structure II clathrate hydrate
that forms at atmospheric pressure. This method includes a protocol to obtain a smooth flat hydrate sur-
face, followed by standard image-based contact angle measurements. The protocol involves a succession
of flipping and resting steps of a solid block, initially ice, immersed in liquid cyclopentane and subject to
temperature variations around water freezing point, in order to allow progressive transformation to
cyclopentane hydrate. Contact angle measurements on the flat hydrate surface were conducted for
two sets of systems. First, water drops immersed in cyclopentane or various oils were observed to fully
wet the hydrate surface. This result agrees with the surface tension values estimated by Aman et al.
(2013) for the cyclopentane/hydrate/water system. Second, the contact angle of halogenated organic
(dichloromethane, dichloroethane, and chloroform) drops immersed in brine was measured on cyclopen-
tane hydrate and ice. Both the hydrate and ice surfaces were found to be water-wetting. Finite contact
angles in the range of 125 < 6 < 149° were obtained on the hydrate substrate. The ice substrate however,
was observed to be fully wetted by the aqueous phase. Using the measured contact angles and interfacial
tension of the liquid pairs, the work of adhesion for the hydrate surface and each of the halogenated
organics was determined, and is comparable to values found in the work of Asserson et al. (2009) on freon
hydrates.

Keywords:

Gas hydrate
Flow assurance
Wetting
Cyclopentane
Contact angle

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction hydrates form at low temperature and high pressure and are found
to be stable above the ice melting point (Hammerschmidt, 1934).
As these conditions are prevalent in subsea pipelines transporting

natural gas or crude oil, it is critical to manage hydrate formation

Clathrate hydrates have long presented a major concern in the
petroleum industry (Hammerschmidt, 1934; Sloan, 2010). Clath-

rate hydrates, also called gas hydrates, are crystalline compounds
with a hydrogen-bonded structure that can enclathrate, or ‘cage,
various organic molecules, such as methane, propane or cyclopen-
tane, or other small molecules such as hydrogen. Natural gas
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and accumulation to avoid excessive pressure drop or even block-
age in pipelines.

Today the methods used to maintain flowable conditions, i.e.
methods for flow assurance, apply both thermodynamic and
kinetic approaches. However, injecting thermodynamic inhibitors
such as methanol or glycol to shift the pressure and temperature
conditions for hydrate formation requires large volumes, and thus
is limited in terms of efficiency and economic feasibility (Lee and


http://crossmark.crossref.org/dialog/?doi=10.1016/j.ces.2020.116022&domain=pdf
https://doi.org/10.1016/j.ces.2020.116022
mailto:fthomas001@citymail.cuny.edu
mailto:didier.dalmazzone@ensta-paris.fr
mailto:didier.dalmazzone@ensta-paris.fr
mailto:morris@ccny.cuny.edu
https://doi.org/10.1016/j.ces.2020.116022
http://www.sciencedirect.com/science/journal/00092509
http://www.elsevier.com/locate/ces

2 F. Thomas et al. / Chemical Engineering Science 229 (2021) 116022

Englezos, 2005). Recently, new strategies have emerged that
include the use of low dosage hydrate inhibitors such as anti-
agglomerants or kinetic inhibitors. These have been shown to
effectively prevent hydrate agglomeration into large aggregated
clusters: by affecting the interfacial properties of the system, these
additives facilitate the transportation of hydrates as a slurry (Lee
and Englezos, 2005; Kelland, 2006). Knowledge of the wetting
properties of hydrates is therefore critical to optimize the use of
these methods.

Understanding the rheological properties of hydrate forming
emulsions is also directly relevant to flow assurance, and these
properties have been argued to depend on capillary forces. Previ-
ous work has shown that hydrate slurries exhibit shear thinning
behavior in general, and that an important parameter affecting
the mechanical properties of the slurry is the initial water fraction
and its fractional conversion to hydrate (McCulfor et al., 2011;
Zylyftari et al., 2014; Zylyftari et al., 2015; Karanjkar et al., 2016).
Zylyftari et al. (2013) studied the viscosity of a hydrate forming
emulsion as a function of the maximum achievable water to
hydrate conversion, at different shear rates and temperatures, with
cyclopentane as the hydrate forming compound. This work
reported a peak in viscosity at 61% — 85% conversion of water to
hydrate, followed by a significant decrease as the water was fully
converted to form a hydrate-in-oil suspension. It has been pro-
posed that this behavior is related to the influence of forces acting
between the hydrate particles due to capillary bridging between
the particles (Aman et al.,, 2011; Yang et al., 2004; Karanjkar
et al.,, 2016); in this case, the bridges are assumed to be formed
of water since oil is the continuous phase. As can be seen in
Fig. 1, the maximum in viscosity is attributable to the unconverted
water of the system keeping the particles agglomerated in a con-
nected network. As the water to hydrate conversion approaches
100%, there is decreasing influence of these cohesive forces
between the particles arising due to capillarity, and the material
reaches a lower viscosity. The interparticle forces due to capillary
bridging strongly depend on the wetting conditions of the hydrate
surface.

From the foregoing, it is clear that knowledge of the wetting
properties of hydrates is an issue of primary importance in flow
assurance. Determining the surface energy and related properties
of hydrates provides critical input to efforts to improve our under-

standing of gas hydrate slurry structure and properties, and ulti-
mately to support the goal of rationally designing methods to
prevent agglomeration and plugging in pipelines. The wetting
properties of a solid can be studied by measuring the contact angle
of a liquid droplet sitting on a smooth and rigid surface
(Drummond and Israelachvili, 2002; Israelachvili, 2011). However,
hydrate nucleation and growth are stochastic in nature and obtain-
ing a smooth and rigid hydrate surface is a challenging task. As a
consequence, direct experimental measurements of the wetting
properties of hydrate surfaces are not prevalent in the literature.
Asserson et al. (2009) studied the wetting properties of freon
(tradename by Chemours, CCIsF [R11]) hydrate and the effects of
various additives on the interfacial energy. These authors devel-
oped a method to create a smooth freon hydrate surface at the
oil/water interface and measured contact angles of various hydro-
carbon droplets sitting on this surface when it was immersed in
the aqueous phase. Brown et al. (2018) reported finite contact
angles for water droplets resting on cyclopentane hydrate particles
with liquid cyclopentane as the surrounding phase, and provided
estimates of the interparticle cohesion force. Surprisingly, this
work reported a 94° contact angle, indicating that the hydrate sur-
face is oil-wet and not water-wet as would be expected from a
compound which is largely water and very similar to ice in struc-
ture. This counter-intuitive result, as well as a general lack of direct
contact angle measurements on gas hydrate surfaces, further moti-
vates our study. In this work, we develop a novel and robust
method to create smooth, flat and rigid cyclopentane (CP) hydrate
surfaces. We then report two sets of contact angle measurements:
first, water drops immersed in cyclopentane or various oils on CP
hydrate surface, and second, drops of halogenated organic com-
pounds immersed in brine on both CP hydrate and ice surfaces.

2. Materials and methods

Materials For the hydrate-forming experiments, the oil phase
was composed of liquid cyclopentane (98+% pure, Sigma Aldrich).
Deionized water obtained from a Millipore QTM system was used
as the aqueous phase. Cyclopentane (CP) is known to form struc-
ture II clathrate hydrates stable at atmospheric pressure with an
equilibrium temperature of T = 7.1 °C (Sloan and Koh, 2007); this
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Fig. 1. Hydrate-forming emulsion (a) viscosity plot (adapted from Zylyftari et al. (2013)) and (b) postulated conceptual structure of the mixture as a function of theoretical
water to hydrate conversion. The data are taken for T < 0 °C and at a shear rate of 7 = 1 s~!. At 70% conversion the viscosity reaches a maximum because of capillary bridging
between the newly formed hydrate particles. The cohesive forces due to the network structure depend on the wetting properties of the hydrate surfaces.
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is a first-order phase transition rather than a reaction, and nucle-
ation is stochastic and difficult to achieve without a template, so
we form hydrate from melting ice as described in prior work
(Zylyftari et al., 2014) and detailed for our conditions below. The
stoichiometric ratio in CP hydrate is 17 molecules of water for
one molecule of CP. Various liquids were used for the contact angle
measurements; brine was obtained by dissolving 5% (w/w) sodium
chloride (NaCl, hereafter simply salt) in deionized water. Several
oils were tested against brine or water on the hydrate surfaces,
and three chlorinated hydrocarbons were studied: dichoro-
methane, 1,2-dichloroethane and chloroform. Relevant physical
properties of the materials used in this study are shown in Table 1.

As shown on Fig. 2, the samples were prepared in a cuvette of
inner dimensions 20 x 20 x 24 mm (W x L x H) and placed on a
Peltier stage in a temperature controlled chamber for temperature
variations between —30 °C and 90 °C. A thermocouple was intro-
duced in the cuvette during the experiment to monitor the temper-
ature and insulated windows on each side of the chamber allowed
visualization of the hydrate formation and measurement of the
contact angle.

Drop shape analyzer The temperature controlled chamber was
mounted on a drop shape analyzer (KRUSS DSA25); images were
captured using a high resolution camera equipped with a 6.5x
manual zoom. The system was illuminated through the hatches
of the chamber using a high power monochromatic light-
emitting diode. The placement of the droplets and the position of
the syringes was software-controlled and the real-time images
were displayed and processed at the same time by the software
(KRUSS ADVANCE). Interfacial tension between the droplet phase
and the surrounding phase was measured using the pendant drop
method (Stauffer, 1965). The shape of the drop, which results from
the balance between interfacial tension and gravity, is analyzed by
the software. The Young-Laplace equation,

1 1
AP:V(R—1+R—2), (1)

Table 1
Materials physical properties.

is applied to shape to compute the value of interfacial tension
between the two liquids. Here AP is the Laplace pressure and R,
and R, are the principal radii of curvature.

Theory and analysis of the surface properties The wetting
properties of a solid surface can be characterized by measuring
the contact angle of a sessile drop sitting on the surface at thermo-
dynamic equilibrium. In particular, the balance of forces at the con-
tact line, where the liquid/liquid interface meets the solid, yields
Young’s law (Young, 1805):

Y12 €08 0 = Y55 — V15, (2)

where y,, is the interfacial tension between the two liquids, 6 is the
equilibrium contact angle, and 7,5 and y,, are the surface tensions
between the solid and each of the liquids. By measuring 6 and y,,
in our experiments, we can compute the difference 7,5 — 7,s and
gain information on the surface properties of cyclopentane hydrate.
Note, however, that y;; cannot be obtained separately. Another use-
ful quantity is the work of adhesion of the liquid drop to the sub-
strate, Wyys, defined as the energy per unit area needed to
separate the droplet phase from the solid phase; this process
removes the droplet/solid interface while creating two new inter-
faces, one between the surrounding phase and the droplet, and
the other between the surrounding phase and the solid. The quan-
tity Wyas can be calculated from the contact angle and interfacial
tension values using the Dupré equation (Dupré and Dupré,
1869), which yields the Young-Dupré equation when combined
with Eq. (2):

Wias = P15 + Va5 — V15 = V12(1 + cos 0). 3)

It should be noted that Egs. (2) and (3) are only valid for an ideal
surface. For surfaces that are not perfectly smooth, flat and chemi-
cally homogeneous, the equilibrium contact angle is not unique and
depends on whether the liquid is advancing or receding on the sur-
face (De Gennes, 1985; Israelachvili, 2011). Consequently for those
surfaces, the work of adhesion varies locally as the droplet has to
overcome local energy barriers to wet the surface. To account for
the contact angle hysteresis produced by surface roughness and/
or chemical heterogeneity in this work, each experiment was
repeated over a large number of droplets deposited at different
locations on the hydrate surface, and for multiple replicates of the
same material. The contact angles were measured over time for
chemically stable systems (that is, no further hydrate formation is
expected). The results reported in the next section are the average
values calculated from all the measurements for each system.

Computer &

Material Chemical formula  Density at 20 °C  Freezing point
(g mol ") (°C)

DI Water H,0 1.00 0

Brine H,0 + NaCl 1.02 —4.5

Cyclopentane CsHyo 0.75 -93.9

Dichloromethane CH,Cl, 1.30 -96.7

1,2-Dichlorethane  C,H,4Cl, 1.20 -97

Chloroform CHCl3 1.50 -63.5
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Fig. 2. Schematic of the experimental setup.
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3. Results and discussion
3.1. Experimental procedure: formation of a flat hydrate surface

Hydrate formation consists of two steps: nucleation and
growth. Previous work has shown that nucleation occurs at the
oil-water interface and that for cyclopentane hydrates, growth will
also be limited to that liquid/liquid interface in absence of any sur-
factant (Karanjkar et al., 2012; Zylyftari et al., 2013), but this sur-
face is generally not smooth. This generates the challenge for
wetting studies. To enable droplet deposition and measurement
of meaningful contact angles, the hydrate surface needs to be as
smooth as possible. Developing a robust and reproducible method
involves finding the balance between a systematic nucleation and a
controlled and slow growth of the hydrate layer.

Method development In the exploratory phase, deionized
water and cyclopentane were layered in the cuvette in stochiomet-
ric proportions, forming an interface at the center of the cuvette.
The sample was left at rest in the chamber overnight at constant
temperature T < T.q. Spontaneous nucleation, however, is very

improbable at low subcooling temperatures (Mullin, 2001; Sloan
and Koh, 2007). Classical methods to initiate nucleation such as
stirring or hydrate seeding led to a quick growth of the hydrate
layer, but with a resulting structure not suitable for droplet
deposition.

Another means of starting the nucleation is to seed the solution
with ice; in particular, it was shown that the water to hydrate con-
version rate is qualitatively controlled by the temperature ramp of
the experiment (Zylyftari et al., 2014), i.e. the ice melting rate. Ice
seeding was also observed to be less effective than hydrate seed-
ing, which in the context of our study is an advantage for a more
controlled growth at the interface. To test this method, the temper-
ature in the chamber was first lowered to —20 °C to freeze the
water layer, then slowly raised above the melting point of ice but
below the hydrate equilibrium temperature. Several temperature
ramps were tested. The hydrate layer was then left to grow at rest
in the chamber. With this method, similar to the one used by
Brown et al. (2018), a uniform coverage of the interface by hydrate
could be observed, with no pores visible at the macroscopic scale.
As seen in Fig. 3a, the surface obtained with this method was rigid

Cyclopentane

()

Hydrate

(b)

Fig. 3. Formation of a flat hydrate surface. (a) Preliminary method yields a uniform but non-smooth coverage of the interface by the hydrates. (b) With the proposed protocol,
a smooth and rigid surface is obtained. Comparison of the inset images illustrates the improvement in smoothness.
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Fig. 4. Experimental procedure for the formation of a flat hydrate surface. The sample is submitted to temperature variations around water freezing point and manually
flipped between steps to induce hydrate nucleation at the interface and water-to-hydrate conversion on each side. The offset between the temperature set on the Peltier plate
and the actual temperature in the cuvette at the CP/water interface is due to the temperature gradient in the chamber and was continuously measured with a thermocouple

during the experiment.
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enough for a droplet to be deposited on the cyclopentane side, but
exhibited a somewhat rough or ‘spiky’ structure. This surface
roughness may induce droplet pinning and make the contact angle
measurements inaccurate. Therefore another procedure, also using
seeding by ice, was developed to improve the smoothness of the
hydrate surface.

Final protocol A thin layer of deionized water (volume about
0.5 mL) was immersed in liquid cyclopentane and submitted to
temperature variations around the freezing point of water, i.e., 0
°C, allowing for successive nucleation events and slow conversion
to hydrate. The procedure to obtain the flat hydrate surface is illus-
trated schematically in Fig. 4 and follows the steps below:

1. Temperature T was lowered to —20 °C, inducing ice crystalliza-
tion of the water layer immersed in cyclopentane.

2. T was slowly raised above ice melting point and held constant
at T = 0.5°C, initiating hydrate nucleation at the CP-water
interface.

3. Temperature was lowered to T = —3.5 °C to freeze the underly-
ing water layer and the solid sample was manually flipped in
the liquid CP by sliding a scalpel against the side wall of the
cuvette. The hydrate layer was now lying against the bottom
wall of the cuvette.

4. The temperature was raised once again above the ice melting
point to initiate nucleation at the new CP-water interface. A last
temperature cycle around the melting point promoted conver-

Table 2
Selected liquid-liquid systems for contact angle measurements.
System Surrounding phase Drop phase

1 cyclopentane DI water
2 oils (pump, silicone, olive and canola) brine
3 brine dichloromethane
4 brine 1,2-dichlorethane
5 brine chloroform

t=0.2s

t=10s t=40s

sion of the remaining water into hydrate, and the sample was
left overnight at T = +0.5 °C.

After the overnight rest period, the cyclopentane had evapo-
rated and a solid hydrate sample was left in the cuvette. It was
packed to form a flat rectangular block and flipped one last time.
The side that was lying against the bottom wall before flipping is
a flat, smooth and rigid cyclopentane hydrate surface. The sample
obtained with this method was left in the chamber at T = 2 °C for
several hours to ensure that there was no residual ice (no melting)
and to allow for evaporation of any residual cyclopentane.

3.2. Wetting properties of cyclopentane hydrates

The hydrate surface is maintained at the bottom of the cuvette
using a pin and immersed in the surrounding phase. A droplet of a
denser liquid immiscible with the surrounding phase is then
deposited on the surface. Images of the spreading dynamics of
the droplet are recorded and the equilibrium contact angle in the
case of partial wetting is measured. All the systems tested in these
experiments are summarized in Table 2. Each system includes an
aqueous phase (pure deionized water or brine) and an oil- or
hydrocarbon-based phase. The cell in which the measurements
are conducted is partly isolated from the atmosphere of the lab.
Therefore, it is expected to be near saturation in the organic sur-
rounding phase vapour (brine/water or cyclopentane) at the oper-
ation temperature.

Set 1: Water droplet immersed in oil or cyclopentane In sys-
tems 1 and 2, the hydrate surface was immersed in cyclopentane or
one of various oils at T = 1.5 °C. A droplet of the aqueous phase
(deionized water or brine in systems 1 and 2, respectively) was
then deposited on the surface. In all of these cases, near total wet-
ting of the surface by the droplet was observed. Fig. 5 shows the
spreading dynamics of a 20 puL droplet of deionized water in
cyclopentane on the hydrate surface. Within seconds of the depo-
sition, the macroscopic contact angle decreases to less than 10°.

t=05s

t=7.0s

Fig. 5. Spreading dynamics of a water droplet on the hydrate surface. The system is immersed in cyclopentane. The hydrate surface is fully wetted by water. T = 1.5°C.
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Smaller contact angles could not be measured because new
hydrates quickly started to form on the surface of the droplet after
the first ten seconds. The experiment was repeated with multiple
droplets and on the surface of separately formed hydrate samples,
each formed by the same protocol. Even surfaces with visible
asperities, including surfaces obtained with the preliminary
method described in the previous section, did not prevent rapid
spreading of the water droplet. The cyclopentane hydrate is highly
water wet, as we would expect from a material composed largely
of water and close to ice in structure. Aman et al. (2013) estimated
the surface tension of hydrate/cyclopentane and hydrate/water at
47 +5 mN/m and 0.32 + 0.05 mN/m, respectively, and a water/cy-
clopentane interfacial tension of 51 mN/m. Applying Young’s law
with these values yields a small equilibrium contact angle for a
water droplet in cyclopentane sitting on the surface, which corrob-
orates the assumption of a hydrophilic hydrate surface. Our find-
ings do not, however, agree with the results obtained by Brown
et al. (2018), who reported a water-in-cyclopentane contact angle
of 94.2° +8.5° on a CP hydrate particle. A contact angle of the
water droplet greater than 90° means that the hydrate surface is
hydrophobic, which would be very surprising. Indeed both the
cage-like structure of gas hydrate compounds, which is made of
water molecules, and the strong capillary forces involved in parti-
cle agglomeration and pipeline plugging, are consistent with
water-wet rather than oil-wet surface properties. It is conjectured
that in Brown et al. (2018), hydrate formation from the water of
the spreading droplet occurred at the contact line soon after depo-
sition and pinned the droplet on the surface, resulting in a mislead-
ing and unreliable measurement of the contact angle. Differences
in temperature between the liquid phases may affect the spreading
dynamics of the droplet: hydrate would more likely form at the
contact line if the droplet is equilibrated in temperature with the
surrounding phase. For system 1, the droplet was directly depos-
ited on the substrate without being equilibrated beforehand. This
might have allowed for a short time without pinning of the contact
line and near full wetting of the surface by the slightly warmer dro-
plet could be achieved, before new hydrates started to form.

The relevance of total removal of the hydrate-forming cyclopen-
tane was confirmed by system 2. Total wetting of the hydrate sur-

Table 3
Contact angles for the chlorinated hydrocarbons/brine systems

Droplet phase 0atT=15°C 0atT=-1°C Asserson et al. (2009)
Hydrate Ice substrate Freon hydrate
substrate substrate

dichloromethane  149° +0.7° 180° (dewetting) 153°+2.9

1,2-dichlorethane  140° + 3.4° 135° 133° +£5.1
chloroform 125° +1.8° 180° (dewetting) 151°+£5.7

(a) Dichloromethane

(b) 1,2-Dichloroethane

face by water was obtained for system 2 with any of the oils (pump
oil, silicone or vegetable oil) as the surrounding phase. In this case,
no residual cyclopentane was left in the cuvette, and the total
spreading of the droplet could be recorded without any new
hydrate nucleating on the surface as the hydrate former is absent.
Within less than two seconds, the hydrate surface was fully wetted
by the water drop, and no finite contact angle could be measured.

Set 2: Halogenated hydrocarbon droplet immersed in brine
In systems 3, 4 and 5, brine (5% w/w) was the surrounding phase
and a droplet of chlorinated hydrocarbon was deposited on the
hydrate surface. The temperature in the system was about 1.5 °C.
Brine was used instead of pure deionized water to avoid freezing
for the experiments with ice as the substrate. For the ice systems,
the temperature in the cuvette was kept constant at —2 °C.

The average contact angles obtained for each system and the
standard deviation calculated from all the experiments are
reported in Table 3. Example images captured and used for contact
angle measurements are shown in Fig. 6. The contact angles mea-
sured are all higher than 90° which indicates that in all the sys-
tems, the hydrate surface is water-wet. The chloroform droplet
forms the lowest contact angle, 0 = 125° + 1.4°, with dichloro-
methane forming the largest at 0 = 149° + 0.7°. These results are
in general agreement with the range of values seen in the measure-
ment of wetting by the same compounds on freon hydrate surfaces
in the work of Asserson et al. (2009), although in that system, the
smallest angle is seen for 1,2-dichloroethane. In all of these cases,
the droplets are observed to rest steadily in contact with the sub-
strate; no deterioration of the surface or pinning could be
observed, and the contact angle measurements were stable over
time. In addition to considering long-time measurement, in each
case the average value presented is calculated from approximately
50 measurements; these are taken over multiple individual dro-
plets, with measurement on each side of the droplet, and over sep-
arately formed hydrate sample surfaces, each formed following the
same protocol.

Clathrate hydrates are often described as ice-like compounds
because of their crystalline structure composed of water molecules
forming hydrogen-bonded cages. Intuitively, we thus expect the
wetting properties of hydrate and ice to be very similar, with a high
affinity for water. For the three systems, however, the contact
angles obtained with ice as the substrate differ measurably from
those found with the hydrate substrate. As shown on Fig. 7, the
droplets were not able to form a stable finite contact angle on
the ice surface; dewetting of the droplet could be observed within
the first seconds after deposition (as pictured on Fig. 7b), and the
droplet would then roll off to the side wall of the cuvette if the
ice surface was not sufficiently horizontal. The implication is that
ice has a high affinity for brine in all systems and the
hydrocarbon-substrate surface energy is lower for hydrate than
for ice.

(c) Chloroform

Fig. 6. Contact angles of various chlorinated hydrocarbon droplets sitting on the hydrate surface immersed in brine (5% (w/w)). T = 1.5 °C. The lowest contact angle was

obtained with chloroform.
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(a) Drops of halogenated hydrocarbons on ice vs. hydrate substrate

(1) Dichloroethane / Brine

(3) Chloroform / Brine

(b) Dewetting of a drop of dichloromethane on ice within seconds of deposition.

L

Fig. 7. The difference in the wetting properties of ice and cyclopentane hydrate surfaces. The surrounding phase is brine. (a) At equilibrium the hydrocarbon phase
(dichlorethane or chloroform here) does not wet the ice (0 = 180°). The last picture (3) shows for comparison a drop of chloroform sitting on the hydrate surface with 125°
contact angle. (b) The drop of dichloromethane instantaneously dewets the ice surface after deposition. Pictures taken at t = 0, 1 and 3 s, respectively, after droplet deposition.

At t = 3 s, the contact angle is 0 = 180°.

Table 4

Wetting properties of cyclopentane hydrates for the chlorinated hydrocarbons/brine systems at T = 1.5 °C. Subscript 2 represents the surrounding phase (brine) and subscript 1 is

the drop phase (hydrocarbon).

Contact angle

Interfacial tension

Surface tension Work of adhesion

Oe Yau = V1 Wion
Droplet phase (mN/m) (mN/m) (mN/m)
dichloromethane 149° +0.7° 279+0.1 -23.9 4.0
1,2-dichlorethane 140° +3.4° 26.5+0.2 -203 6.2
chloroform 125° +£1.8° 27.7+0.1 -15.9 11.2

Interfacial tension between the droplet phase and brine was
measured using the pendant drop method at T =1.5°C. Values
are reported in Table 4. From Eqs. (2) and (3), the difference
between the surface energies y,; — ;s and the work of adhesion
W1y were computed. The interfacial tension values are similar
for the three systems, as the chlorinated hydrocarbons have similar
affinity for the aqueous phase. The difference y,5 — y,5 is always
negative, indicating that the drop phase is non-wetting for the
hydrate surface, i.e. the hydrate surface is hydrophilic but not fully
wetted by the water phase, unlike the systems 1 and 2 (see Table 2
for the system descriptions). The work of adhesion is the thermo-
dynamic energy required to detach the droplets from the surface
(W12n > 0). This is found to be largest for chloroform, for which
the work of adhesion on cyclopentane hydrate substrate is almost
three times higher than that of dichloromethane on this surface.
The surface tension y,s of chloroform against this hydrate is the
lowest of all three systems, which means that the force exerted
by the drop along the surface (towards the interior of the drop)

is also the weakest. This agrees with the contact angle values only
because the interfacial tensions 7;, are comparable for the three
systems.

4. Conclusions

In this work, we have proposed a robust method to generate
smooth, rigid and flat cyclopentane (CP) hydrate surfaces, with
no pore or prominent asperity visible at macroscopic scale of the
order of the mm drops. The hydrate surfaces obtained with this
method were used for measuring the contact angle of various lig-
uid droplets. The following results were obtained:

o The CP hydrate surface is fully wetted by water for the water-CP
system and for the water-oil (silicone, pumping or vegetable)
systems. The result for the water-CP system agrees with expec-
tations and compares well with the surface tension values esti-
mated by Aman et al. (2013).
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o Finite contact angles, in the range of 125 < 0 < 149°, were
obtained for various chlorinated hydrocarbon-brine systems
on CP hydrate, indicating that the hydrate surface is hydrophi-
lic, but not fully wetted by water. The values are in the same
range as those obtained by Asserson et al. (2009) for these com-
pounds on freon hydrates.

The work of adhesion for each system was determined based on
the interfacial tension and contact angle measurements, and
estimated at 4.0,6.2 and 11.2 mN/m for the dichloromethane,
1,2-dichloroethane and chloroform drops in brine, respectively.
We find that chloroform has the highest affinity for the hydrate
surface.

The wetting properties of CP hydrates differ from the ones of
ice; none of the tested chlorinated hydrocarbon drops was able
to wet the ice substrate immersed in brine (180° contact angle),
showing that the hydrocarbon-substrate surface energy is lower
for hydrate than for ice.
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