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Graphical Abstract

An optical microscopy method for determining stable and metastable
phase equilibria involving gas hydrate and ice: application to CO,-}+water

systems.
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Highlights

An optical microscopy method for determining stable and metastable
phase equilibria involving gas hydrate and ice: application to CO,-}+water
systems.

Abdelhafid Touil, Daniel Broseta

e An optical method is devised for the rapid determination of phase di-
agrams of water-+hydrate-former systems.

e The method involves a transmission optical microscope and a thin cylin-
drical glass capillary used as an optical cell.

e Theice and/or gas hydrate crystals grow or shrink near the water /guest
interface (meniscus) under controlled temperature and/or pressure.

e The birefringent ice and isotropic hydrate are discriminated by using
crossed polarizers, and the liquid and vapor phases from their refraction
effects.

e Three-phase lines involving ice or gas hydrate and two other fluid phases
are determined, together with their intersections or quadruple points.

e The method is implemented with the water+CQO, system, and the mea-
sured triple lines and quadruple points are in close agreement with the
literature data.
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Abstract

The temperatures and pressures of the three-phase equilibria between lig-
uid water (L, ), gas hydrate (H) and a guest-rich phase (a vapor, V, or a
condensed liquid, L.) and between L, ice (I), and V, are determined exper-
imentally by monitoring the disappearance of the hydrate or ice phases near
the meniscus between the water-rich and guest-rich phases when tempera-
ture or pressure are varied slowly. This monitoring is carried out by optical
microscopy used in the transmission mode with or without crossed polarizers,
the latter serving to identify the presence or absence of hexagonal (birefrin-
gent) ice. The guest molecule (or hydrate-former) taken as an example is
CO,. The triple lines corresponding to L,,-H-V, L,-I-V and L,-H-L. equilib-
ria are determined together with their intersections, i.e., the lower quadruple
point Q; (L,-I-H-V coexistence) and upper quadruple point Qo (L,-H-V-
L. coexistence).The metastable extension of the three-phase line L,-H-V for
temperatures and pressures below those of QQ; is also determined. A Clausius-
Clapeyron treatment of this line and its metastable extension shows that a
similar dissociation process exists, whether the dissociation is to supercooled
liquid water or not.
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1. Introduction

A large research effort is being devoted to the determination of hydrate
phase equilibria, which must be known precisely for many applications, whether
the hydrate is to be avoided (e.g., in the transport of wet gases) or promoted
(e.g., for gas separation and storage, secondary refrigeration or water treat-
ment processes) [1]. Phase diagrams of two-component systems (here, water
and the hydrate-former — or guest molecule) are conveniently described by
three-phase equilibrium lines, which delineate regions of two-phase coexis-
tence in the temperature and pressure (T and P) plane. One of these lines,
the hydrate dissociation line, corresponds to the equilibria between the hy-
drate phase (H), the aqueous liquid phase (L,) and the guest-rich phase,
which itself may be either a liquid (L) or a vapor (V). The ice dissociation
line is another three-phase line of interest, which occurs at relatively low
pressures and temperatures (in the range of 0°C) and corresponds to the
equilibria between ice (I), the aqueous (L,,) and guest-rich vapor (V) phases.
These two lines meet at the lower quadruple point usually noted Q;, where
the ice (I), the hydrate (H), the aqueous (L,,) and vapor (V) phases coexist;
the temperature of Q; is close to the ice melting temperature (0°C). When
under higher temperatures and pressures than those of (i, the guest-rich
phase undergoes a transition from a vapor (V) to a condensed liquid (L.),
there also exists an upper quadruple point (noted Q) where the hydrate co-
exists with an aqueous phase (L,,) and the guest-rich liquid and vapor phases
(L. and V).

The appearance (or nucleation) of a novel phase in a fluid system requires
conditions that may strongly depart from equilibrium conditions, especially
when the system occupies a small volume. This departure is the driving
force for the nucleation and subsequent growth of this novel phase. For the
systems of interest here, it is often given by the supercooling (or subcooling)
Teo-T, the difference between T, the temperature of the experiment, and T,
the three-phase equilibrium temperature at the pressure of the experiment,
or by P-P.,, where P is the experimental pressure and P, the equilibrium
pressure at the temperature of the experiment. For volumes in the micro- to
nano-liter range, subcoolings in the range of 30-40°C are typically required
for the primary nucleation of ice or gas hydrate [2]. Unlike its appearance,
the disappearance of the novel phase takes place without any hysteresis: the
three-phase equilibrium conditions are obtained by letting the novel phase,
here the ice or gas hydrate, disappear in presence of the other (fluid) phases



under a slow increase in T or slow decrease in P.

We report in this paper an optical microscopy determination of phase
diagrams of a two-component system, water and a small molecule (CO,),
with up to four different phases: a liquid (water-rich) phase (L,,), gas hydrate
(H), ice (I) and a non-aqueous, guest-rich (COq-rich) phase, either vapor or
liquid (V or L.). Attention is paid to the hydrate dissociation line and
the point on this line where the coexisting guest-rich phase changes from
vapor (V) to liquid (L.): this is the upper quadruple point Q,. The ice
dissociation (I-H-V) line is also determined, which intersects the hydrate
dissociation (L,-H-V) line at the lower quadruple point Q;. We also explore
the metastable extension of the latter line to conditions where the liquid
water phase is supercooled, i.e., to temperatures and pressures below those
of the quadruple point Q;. This extension (noted L,*-H-V) is believed to
have some connection with the phenomenon of gas hydrate self-preservation,
which describes long-lived (strongly metastable) gas hydrates outside their
stability domain — under low pressures and temperatures below 0°C or, more
precisely, below the temperature and pressure of the lower quadruple point
Qi [3]

The interest of choosing CO5 and water for implementing the proposed
method of phase diagram determination is that its three-phase equilibrium
lines (triple lines) and their intersections — the quadruple points Q; and Qg —
have already been determined by a variety of experimental methods and are
available in the literature, thus allowing a proper test of the proposed method.
A compilation of the literature data acquired prior to 2007 can be found in
Sloan’s book [4]. For the sake of simplicity only the data published since 2007
are considered here, as these data are focused on the features addressed in
this work, namely the triple line involving supercooled water (L,,*-H-V) [3]
and some of the other triple lines and their intersections |5, 6, 7, 8|, i.e., the
quadruple points Q; and Q, which can also be determined directly [9]. A
thorough literature review of three- and four-phase equilibria in CO5+H50
binary systems can be found in the latter, very recent reference [9.

The outline of this paper is as follows. The experimental setup and pro-
cedure are described in next section. The setup involves a thin cylindrical
glass capillary used as an optical cell initially filled with water and the guest
phase (CO,) separated by a meniscus, similar to the one described in our
previous work [2] and in other recent investigations [8, 10, 11]. The interest
of using thin glass capillaries is the very rapid equilibrium time when the
temperature of the heating/cooling stage is changed — less than a few tens of
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seconds. The focus is on the meniscus region, where the gas hydrate or ice
crystals are observed to grow or shrink on one side of the interface. Those
two solid phases may be difficult to distinguish by using solely transmission
optical microscopy [8]. The novelty here is that the transmission optical mi-
croscope is used also with crossed polarizers, which allows to discriminate
the (isotropic) hydrate from the (birefringent) hexagonal ice, the prevalent
ice crystal structure for the temperatures and pressures of interest. Then,
the following sections present and discuss the results for the triple lines —
including the metastable extension of the hydrate dissociation line — and
the quadruple points Q; and Q. It also presents and discusses the heats of
dissociation of the CO5 hydrate as inferred from the hydrate dissociation line
and its metastable extension below the quadruple point Q;. The last section
is devoted to the Conclusions and Perspectives.

2. Experimental setup and procedures

The experimental setup has been described in detail in ref. [2]. The
optical (observation) cell is a 10 cm-long cylindrical glass capillary (200/330
nm ID/OD, Vitrotubes), filled with 1-2 cm of deionized water against the
sealed end of the capillary, whereas the open end is glued into a 1/16” stainless
steel tube, itself connected to a three-way valve (Topindustrie) and an ISCO
DM65 syringe pump that contains the guest (CO, from Linde, with purity
99.995%) and is used in the pressure-controlled mode up to 10 000 psi (69
MPa). In addition to the sensor of the pump, pressures below 30 MPa are also
monitored with a Keller (LEO2) digital manometer installed along the steel
tube. The capillary is installed in a cooling/heating stage (Linkam CAP500)
allowing it to be displaced along the two horizontal directions, and equipped
with temperature control to £ 0.1 K (with the LINKSYS software) on an
Olympus BX50 upright microscope stand, with a x10 extra-long working
distance objective (Olympus) and a Ueye UI 3360 Camera run at one frame
per second. The temperature sensor is calibrated against the ice point, using
a glass capillary initially loaded with pure water. The estimated uncertainty
of the measured temperatures is therefore twice 0.1 K, i.e., £ 0.2 K. As to
the pressure, the uncertainty is estimated to be £+ 0.03 MPa for pressures
lower than 30 MPa (0.1% of the full scale of the LEO2 manometer as given
by the manufacturer) and 0.34 MPa above 30 MPa (0.5% of the full scale of
the manometer of the ISCO DM65 pump as given by the manufacturer).

The observations with the optical microscope are focused on the interface



water (L,)

v

01
230 240 250 260 270 280 290

Figure 1: Primary hydrate formation upon cooling. Snapshots of the water-COy meniscus
region in a glass capillary (ID =~ 200 pm) at the start of the experiment (T close to the
ambient) and right after primary ice or hydrate formation by driving the capillary to
low enough T. Under low pressure all the water freezes into ice, whereas under higher
pressure the hydrate nucleates and spreads on the water/guest meniscus and as a halo
on the substrate, with hydrate fibres growing into the water phase. Note the important
refraction effects near the glass wall with gaseous CO5. Owing to the small fluid volumes,
nucleation occurs tens of K below the equilibrium temperature.

separating the water- and guest-rich phases, a spherical meniscus at the start
of the experiment (T close to the ambient). The experiment starts with
the primary (or first) formation of the solid phase(s), gas hydrate and/or
ice, which is obtained by lowering the temperature under constant pressure,
typically tens of °C below the equilibrium temperature (see [2] and Figure
1). Under low pressure — a few bar — the phase that nucleates first upon
cooling is ice: all the liquid water present is almost instantly converted into
ice, which has a very characteristic dotted texture (dots are gas inclusions)
and bulges out the middle of the meniscus |2, 12|. The positions of the
water/guest and ice/water menisci are significantly different, as ice occupies
a larger volume than liquid water. Under high enough pressure (above a few
bar in the case of CO, hydrate), the hydrate is the solid phase that nucleates



first upon cooling, followed by ice if the temperature descent is not stopped.
The hydrate phase rapidly spreads as a thin polycrystalline hydrate crust
on the meniscus, and then beyond the contact line as a halo on the glass
wall of the capillary. Figure 1 provides an illustration of the COy hydrate
formed on and around the meniscus shortly (less than 1 s) following primary
nucleation; simultaneously, gas hydrate fibres or dendrites expand from the
hydrate crust into bulk water, whose detection may require high-resolution
microscopy methods (the refractive indices of COq hydrate and liquid water
are very similar) (see [2]).

As soon the gas hydrate is detected, the temperature descent is stopped.
To avoid ice formation, temperature is raised, while keeping the pressure
constant. The dissociation (equilibrium) temperature for that pressure is
then determined by a temperature-search method, which is detailed in next
section.

Figure 2: Observation under crossed polarizers of disk-shaped crystals of hexagonal ice in
liquid water at 271.6 K and gaseous CO3 (0.6 MPa), featuring their birefringent character.

To assess the presence (or absence) of ice, the transmission microscope is
used with crossed polarizers, that is, by setting a polarizer and analyser on
both sides of the sample to extinguish all transmitted light but that crossing
a birefringent material, here hexagonal ice (noted I in this study). Situations
where both ice and the hydrate phases coexist are avoided in this study.

With hydrate formers such as CO,, the guest-rich phase may be either
liquid or gaseous, depending on temperature and pressure. The nature of that
phase is identified from the respectively weak and strong refraction effects: a
gaseous (low-refractive-index) phase generates a marked darkening close to
the meniscus and near the walls of the cylindrical capillary (see Figure 3).



Figure 3: Meniscus between liquid water and COq, either liquid (left) or gaseous (right),
observed by transmission optical microscopy. Because of its low refractive index, gaseous
COs looks darker than in the region near the meniscus and capillary walls.

3. Results and discussion

3.1. The hydrate dissociation lines: L,,-H-V and L,-H-L. equilibria

The optical microscope is used in the transmission mode, and the crossed
polarizers are used only to check the absence of ice. For a (high enough)
pressure P such that the COy hydrate has been formed on the meniscus
(first formation, see above), temperature is raised as soon as the hydrate is
detected, to a value such that the hydrate starts melting. The equilibrium
temperature at that pressure T, (P) is approached by sequences of stepwise
temperature increases (in order to shrink and eventually melt the hydrate
crystals) and decreases (to regrow the hydrate crystals or reform them by
virtue of the memory effect), carried out under increasingly lower rates (Fig-
ure 4). The interval between the dissociation and reformation temperatures
is lowered until one (or very few) hydrate crystal(s) is (are) observed to di-
minish very slowly in size at a given temperature, and grow very slowly 0.1 K
below that temperature, then considered to be the equilibrium temperature
Tey(P). (The measurement uncertainty on T, (P) is estimated to be equal
to 0.1 K plus the uncertainty in the calibration of the temperature sensor,
another 0.1 K.) Then, by changing the imposed pressure, a new equilibrium
temperature T, is obtained, etc.

A set of a dozen of equilibrium points is obtained within a working day.
The experimental values determined in this study are listed in Appendix
A. The L,-H-V equilibria obtained in this study are displayed in Figure 5,
together with recent literature data.

The temperatures and pressures of L,-H-V equilibria are also displayed
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Figure 5: Temperatures and pressures of the L,,-H-V equilibria of the CO5+H3O binary
system, with data points from the present study, Ruffine and Trusler [6], Nema et al. [7]
and Li et al. [13].
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Figure 6: Semi-logarithmic plot of the temperatures and pressures of L,,-H-V and L,,-H-L,
equilibria of the CO2+H2O binary system, with data points from this study, from Ruffine
and Trusler [6] and Ohgaki et al. [14]. The two lines meet at the quadruple point Qs.

together with those of the L,-H-L. equilibria in Figure 6 in semi-logarithmic
coordinates to highlight the angular point that delineates the two lines - the
upper quadruple point Q. Its coordinates are Tg,=282.95 K and Pg,—4.47
MPa, in accord with those determined by Ruffine and Trusler (282.85 K and
4.43 MPa) [6].

3.2. Metastable extension of the hydrate dissociation line: L -H-V equilibria

The extension of the hydrate dissociation line L,,-H-V to conditions where
the hydrate is in equilibrium with supercooled water (L)) is obtained by a
modification of the experimental procedure described above. Following the
primary formation of hydrate (by cooling the sample under high enough
pressure), temperature is raised to below 273 K or 0°C (to -15°C or 258 K in
the example of Figure 7) while pressure is decreased as well (to 5 bar or 0.5
MPa in the example of Figure 7) and then kept constant. The temperature-
search method described above is then used to locate the temperature of
the L -H-V equilibrium at that pressure P. Remarkably, and even though
temperature is well below the ice point (0°C), the gas hydrate melts to liquid
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Figure 7: Procedure for determining equilibria between gas hydrate, vapor and supercooled
water.

water (it does not convert into ice) and vice-versa the liquid water turns
into a gas hydrate phase (and not into ice) when temperature is driven back
and forth across the temperature of the L} -H-V equilibrium at that pressure
P. The same phenomena that occur at temperatures above 0°C (see above)
also occur with the supercooled water + gas system: in particular, hydrate
monocrystals are also observed to form under very small subcoolings (data
not shown). Once the equilibrium temperature is determined, pressure is
changed and the temperature of the new L -H-V equilibrium is determined,
etc. Over the time spent (in the order of one day) to determine the whole
L,*-H-V line down to temperatures in the range of 253 K, the aqueous
phase remains a supercooled liquid, with no indication of ice formation — no
bulk freezing of the liquid water compartment (the absence of ice is checked
by means of the crossed polarizers). As a matter of fact, water remains a
supercooled liquid under temperatures well below its freezing point, as it
does in the absence of hydrate: this is due to the very small sample volumes
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(well below the microliter), to which nucleation probability is proportional.
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Figure 8: L} -H-V equilibria between gas hydrate, vapor and supercooled water measured
in this study and by Melnikov et al. [3] and Nema et al. [7].

The pressures and temperatures of the Ly -H-V equilibria measured in
this study are reported in Appendix A, and are displayed in graphical form
in Figure 8, where they are compared to two sets of literature values. One set
originates from observations of water droplets, with volumes slightly above
the water volumes of this investigation [3]. The other set is obtained from
experiments carried out with large volumes of water and gas (a few tens of
cm?®) and therefore the temperature range of liquid water metastability below
0°C is limited |7].

3.3. Ice dissociation line: L,,-1-V equilibria.

The temperature of equilibrium between liquid water, ice and vapor for a
given (low) pressure is determined by varying the temperature and observing
the melting and reformation of ice near the water/vapor meniscus. Following
the primary formation of ice (see Figure 1), thin disk-shaped ice monocrystals
floating in water become apparent upon approaching 0°C (273.15 K). Those
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thin plates are the most apparent when observed with crossed polarizers
(Figure 2). They grow and shrink laterally (in the plane perpendicular to the
c-axis of hexagonal ice) when temperature is respectively below and above
the equilibrium temperatures. Four equilibria have been obtained, whose
temperatures and pressures are listed in Appendix A and plotted in Figure
9.

3.4. Heats of hydrate dissociation to vapor and water. Coordinates of the
quadruple point Q.

A semilogarithmic plot (Figure 9) of pressure P versus reciprocal abso-
lute temperature 1/ T for the pressures and temperatures shows that In(P)
varies linearly with 1/T along the dissociation line L,,-H-V and its metastable
extensionL’ -H-V from the lowest temperature (=~ 253 K) to the temperature
of the upper quadruple point Qs (= 283 K).

® .
>0 Ya
2 ":;. A s
—
° A
1 ol
3,5 3,6 3,7 3,8 3,9 4,0
1000/T (K)

Figure 9: Experimental pressures P vs. reciprocal temperatures 1/T of the hydrate disso-
ciation line (L,,-H-V) and its metastable extension (L -H-V) and the ice dissociation line
and L,,-I-V (semi-logarithmic coordinates).

If the volume difference between the hydrate and meltwater is neglected,
the Clausius-Clapeyron equation can be used. The slope characterizing the
above linear behavior to AH is related to the heat of dissociation of hydrate
per mole of gas liberated:
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din(P) —AH
d(1/T)  ZR (1)

where R—8.3145 J/mol K is the gas constant and Z the compressibility factor
of gaseous CO, at the pressure P and temperature T of interest, defined as
PV/RT, where V is the volume of one mole of CO, at T and P.

The quantity AH/Z (i.e., the slope multiplied by R) extracted from the
data plotted in Figure 9 is equal to 72 kJ/mole of gas (COs) liberated, to be
compared with the value of 77 kJ/mol obtained by Ruffine and Trusler [6].
Z changes significantly along the hydrate dissociation line: from the values
of V found in the NIST database (webbook.nist.gov/chemistry), Z =~ 0.63
at Q2 and 0.92 at Q;, which corresponds to dissociation heats respectively
equal to 45.3 and 66.2 kJ per mole of CO, liberated.

When the ice dissociation line is plotted together with the hydrate dis-
sociation line and its metastable extension, the intersection between the two
lines (Figure 9) is nothing but the lower quadruple point Q;, whose coordi-
nates are determined here to be Ty, ~ 271.55 K and Py, ~1.04 MPa. Tg,
is 1.6 K lower than 273.15 K (or 0°C), which is an effect of the significant
solubility of COs in liquid water. It is the manifestation of the depression
of the freezing point of a solvent (here, water) induced by a solute (here,
COy), which increases linearly with the (low) solute molality (irrespective of
the nature of the solute). The linearity coefficient for water is equal to 1.86
K/molal [15]: a value very close to 1.6 K is obtained when multiplying this
coefficient by the molal concentration of CO, in water under T~ -1.5°C and
P~ 1 MPa (about 0.83 mol/kg H,O [16]).

These values of T, and Pg, are close to those inferred by Melnikov and
coworkers [17| from observations of ice crystals in water droplets under a
CO; atmosphere (Tg, ~271.65 K and Py, ~1.03 MPa) and by Nema et al.
[7] from the intersection between the hydrate dissociation line and the I-H-V
(ice/hydrate/vapor) line [5] (Tq, ~ 271.6 K and Py, ~1.04 MPa). Recent
direct measurements following the formation of the hydrate and ice phases
in an initially two-phase gas—water system under intense agitation indicate
that T, ~271.6 K and Py, ~1.044 MPa [9].

4. Conclusions and perspectives

A simple experimental methodology has been devised and implemented
with the water4+CQOs system, that allows the rapid and precise determination
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of phase diagrams — particularly the three-phase lines and quadruple points
— of two-component, water and hydrate former, systems. One working day
suffices to measure over an extended range the temperatures and pressures
of the three-phase lines, whether one of the phases is gas hydrate or ice.
The three-phase lines and quadruple points measured for the water + CO,
system by using this methodology are in close agreement with the available
experimental values obtained by other methods.

The methodology uses a thin cylindrical glass capillary (with diameter
below the mm), in which the water and hydrate-former phases separated by
a meniscus are initially installed and driven to temperature and pressure con-
ditions such that the gas hydrate and/or the ice phase(s) form. Temperature
and/or pressure are then tuned to let the latter phase(s) near the meniscus
either grow or vanish and approach the three-phase equilibrium conditions.
An optical microscope used in the transmission mode with or without crossed
polarizers helps discriminate (birefringent) hexagonal ice from (isotropic) gas
hydrate. It should be effective not only with structure I hydrates such as the
COg hydrate considered in this study but also for structure II hydrates, which
are isotropic crystals as well. The liquid or vapor nature of the non-aqueous
(guest-rich) phase is assessed from the limited refraction effects when it is a
liquid and pronounced effects when it is a vapor — giving rise to dark regions
near curved interfaces.

In this study, situations where ice and gas hydrate coexist below 0°C have
been avoided. Future work could/should examine such situations, particu-
larly temperature and pression conditions near the H-I-V triple line. The
method could also be extended to more complex hydrate-forming systems,
such as those exhibiting three-phase envelopes rather than lines, where the
compositions of the various phases could also be measured by means of micro-
Raman spectroscopy.
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Appendix A. Three-phase equilibria involving CO, hydrate, lig-
uid water (supercooled, L}, or not, L,,), ice (I) and
the CO,-rich phase (either vapor, V, or liquid, L.).

Ly, -H-V L, H- L.
T(K) | P (MPa) T (CK) [P (MPa)
256.15 | 0.17 282.95 | 4.55
258.15 | 0.2 283.05 |  5.00
263.55 | 0.45 283.15 | 6.00
265.15 | 0.50 283.45 |  7.55
267.65 |  0.70 283.55 | 10.0
269.35 | 0.80 284.15 | 15.10
270.55 | 0.95 284.55 | 20.00
271.15 | 1.00 285.15 | 25.18

L,-H-V 285.45 | 30.0
T (K) [ P (MPa)  286.05 | 35.24
271.65 | 1.05 286.45 |  40.27
272.65 |  1.20 286.75 |  45.30
27515 |  1.60 287.15 | 50.34
276.15 |  1.80 287.45 | 55.37
276.95 | 2.02 287.75 | 60.40
277.85 | 2.20 288.05 |  65.43
278.05 | 2.31 288.35 |  68.45
278.45 | 2.40 Lo -1-V
278.75 | 2.54 T (C) | P (bar)
279.75 | 2.80 271.75 | 0.80
280.15 |  3.00 272.15 | 0.60
281.05 | 3.30 272.25 | 0.40
281.25 |  3.50 272.35 | 0.20
282.25 | 4.00

Estimated uncertainties: £0.2 K (temperatures) and £0.03 MPa (pressures
below 30 MPa).
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