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Gas hydrates are usually synthesized by bringing together a pressurized gas and liquid or solid water.
In both cases, the transport of gas or water to the hydrate growth site is hindered once an initial film of
hydrate has grown at the water—gas interface. A seemingly forgotten gas-phase technique overcomes
this problem by slowly depositing water vapor on a cold surface in the presence of the pressurized
guest gas. Despite being used for the synthesis of low-formation-pressure hydrates, it has not yet been
tested for hydrates of CO, and CH,4. Moreover, the potential of the technique for the study of hydrate
decomposition has not been recognized yet. We employ two advanced implementations of the
condensation technique to form hydrates of CO, and CH4 and demonstrate the applicability of the
process for the study of hydrate decomposition and the phenomenon of self-preservation. Our results
show that CO, and CH,4 hydrate samples deposited on graphite at 261-265 K are almost pure hydrates
with an ice fraction of less than 8%. Rapid depressurization experiments with thin deposits (approx.
330 um thickness) of CO, hydrate on an aluminum surface at 265 K yield identical dissociation curves
when the deposition is done at identical pressure. However, hydrates deposited at 1 MPa almost completely
withstand decomposition after rapid depressurization to 0.1 MPa, while samples deposited at 2 MPa decom-
pose 7 times faster. Therefore, this synthesis technique is not only applicable for the study of hydrate
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1 Introduction

Gas hydrates (hydrates for short) are non-stoichiometric crystal-
line inclusion compounds of water and gas molecules. The
water molecules form hydrogen-bonded polyhedra around
the gas molecules yielding different crystal structures, the most
common of which are the cubic structure I (sI), the cubic
structure II (sII), and the hexagonal structure H (sH).!
Hydrates of natural gas are abundant in seafloor sediments
and permafrost and thus, they constitute one of Earth’s largest
reservoirs of organic carbon.” In addition to the potential use
of hydrates in the transportation and storage of energy,®*
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decomposition but can also be used for the controlled deposition of a super-preserved hydrate.

hydrates can be utilized for carbon capture and storage,* for
firefighting,” as a carbon source in the food industry® or in
refrigeration processes.”

After more than two centuries of hydrate research, many
of the open questions are connected with time-dependent
phenomena, such as hydrate nucleation and the kinetics of
hydrate formation and decomposition." One of these open
questions concerns the intriguing anomaly of self-preservation,
i.e., the ability of hydrates of some guests (CH,, CO,, Kr, Ar, and
others)® to withstand decomposition at conditions outside their
thermodynamic stability region for prolonged periods. The
phenomenon is often observed at 1 atm in the temperature
range 240-273 K and characterized by a strongly reduced rate of
hydrate dissociation when compared to both lower or higher
temperatures.”'® A popular explanation for the reduction
in dissociation rates is the formation of a layer of ice in the
initial period of decomposition which covers the remaining
hydrate.”° It is assumed that such a layer of ice, particularly if
defect-free,’®'® can form an efficient diffusion barrier to the
guest gas and thus prevent further decomposition. However,
the complex relationship between the rate and the temperature
of dissociation observed in rapid depressurization experiments
cannot be fully explained by this argument.'” Similarly, a thin ice
cover cannot readily explain the dependence of self-preservation
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on the type of guest gas,® as well as the difference in dissociation
behavior between temperature ramping and rapid depressuriza-
tion experiments.'®> Moreover, macroscopic defects like pores and
cracks®® complicate the development of a comprehensive model
of hydrate decomposition including the effect of self-preservation.
Furthermore, the roles of mass and heat transport as well as
hydrate composition have not been clarified yet, and more
experiments are needed. Conclusive experiments are best done
on samples with identical properties (e.g.,, composition,
morphology, porosity). Since natural hydrate samples vary widely
in their properties, hydrates produced in the laboratory under
highly reproducible conditions offer the best route to experi-
mental investigation of self-preservation.

Typically, hydrates are synthesized by bringing liquid water
or ice into direct contact with a guest gas at pressures and
temperatures inside the thermodynamic stability region of the
respective hydrate. When starting with liquid water, hydrates
are commonly formed in reactors containing a gas column
placed on top of a water column.>" Alternatively, water is spray-
injected into a reactor containing the gas,>** or the gas is
bubbled into a water column within a reactor.>® When starting
with ice, usually small ice particles with a high surface area are
pressurized with the gas.”® In either case, the hydrate starts to
grow at the interface forming a layer (¢f. Fig. 1), which slows
down the transport to the hydrate growth site as the layer
thickness increases." Assuming that mass transfer is the rate
limiting process, this initial hydrate layer drastically reduces
the growth rate.

When starting with the guest gas and water vapor, the hydrate
can be formed via aqueous solution nanodroplets®” or by
deposition on a cold substrate (¢f Fig. 1). A popular non-
equilibrium approach is the sequential- or co-deposition of
water vapor and the gas as porous amorphous solid water in a
vacuum chamber at T < 150 K. The gas is trapped in micro-
pores and crystallizes into a hydrate upon heating.?*>? In a
slightly different method, a hydrate of CO, is grown epitaxially
in a vacuum chamber using a molecular beam consisting of
water vapor and the gas.*® Another route involves the separate
humidification of a gas and a cooling chamber where the
humid gas is crystallized as the hydrate.*® These processes
either require a vacuum, which restricts the synthesis pressure,
or a flowing mixture of gas and water in a system of pipes,
which has a potential risk of clogging. Both disadvantages are
circumvented by Cady’s*>’ ingenious but seemingly forgotten
slow condensation technique. To determine the composition
of several hydrates, Cady evaporated liquid water of known
mass in the presence of the pressurized guest gas and slowly

Gas Gas Gas Water Vapor
Hydrate Hydrate : :
Liquid Water Substrate

(a) (b) (c)

Fig. 1 Schematic of hydrate layer formation at (a) the water—gas interface,
(b) the ice—gas interface, or (c) by deposition from the gas phase.
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condensed the vapor as a hydrate on a cold surface. Although
Ceccotti®*® previously used a similar process, Cady’s approach
offered less complexity and better control of hydrate nucleation.

A huge advantage of gas phase techniques is immediately
evident: in contrast to the widely used methods involving
transport in the condensed phase, mass transfer to the growth
site here is not the limiting factor. That is, the rate of growth
will not slow down substantially even if some hydrate has
already formed.

Despite the advantages of Cady’s slow condensation technique,
to our knowledge, it is very rarely used. Due to his use of thin-
walled glass reactors, Cady was restricted to the synthesis of
hydrates with low formation pressures (e.g., Cl,, Br, Xe). Thus,
slow condensation has not yet been tested for the synthesis of
the two most prominent hydrates: those of CO, and CH,. Since
this technique allows, in principle, the formation of hydrates at
any p-T condition inside the hydrate stability region and since
it also scales well with the condenser surface area, it might
prove beneficial for industrial applications. Moreover, we believe
that the deposition of thin hydrate layers on a cooled surface
at arbitrary pressures enables highly controlled formation and
decomposition experiments.

Therefore, we report two advanced versions of the slow
condensation technique to demonstrate that the process is
suitable to synthesize hydrates of CO, and CH, as well as to
show that Cady’s method can be an important element in
the study of hydrate decomposition and self-preservation in
particular. One of the implementations allows us to capture
changes in the morphology of the growing crystals by time-
lapse micro-computed tomography (LCT). The other implemen-
tation is designed for the study of hydrate decomposition.
Specifically, we investigate how the deposition synthesis con-
ditions affect the degree of hydrate self-preservation. Pressure
data from rapid depressurization experiments as well as powder
X-ray diffraction (PXRD) profiles are used post-synthesis to
quantify the bulk water to gas molar ratio and the crystallo-
graphic hydration number (mole fraction of water to gas in
hydrate structure).

Due to the resemblance to the physical vapor deposition (PVD)
technique of vacuum deposition by thermal vaporization,* we
henceforth refer to the process as co-deposition by pressurized
thermal evaporation (PTE).

2 Experimental

Two different custom-built reactors are used for the synthesis
of hydrate via co-deposition by PTE. In both reactors the water
vapor is provided by a heated reservoir of liquid water within
the reactor and naturally transported to the cooled growth site
via advection and diffusion. During synthesis, the temperature
at the hydrate growth site is kept below the hydrate equilibrium
temperature at the reactor pressure. Therefore, hydrates are
stable. The liquid water temperature is kept above the equilibrium
temperature, making hydrates thermodynamically unfavorable.
Deionized water, CH, with purity more than 99.5% (Air Liquide),
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and CO, with purity more than 99.7% (Air Liquide) are used for
sample synthesis.

2.1 Reactor R-CT

The reactor termed R-CT (¢f Fig. 2) is used for the in situ
observation of the hydrate growth process with time-lapse
micro-computed tomography (uCT). It resists pressures up to
10 MPa and can be used at temperatures as low as 180 K. For
comparison, the largest pressure Cady®® used in his experi-
ments is 0.42 MPa. The materials (glassy carbon and graphite)
used in the reactor R-CT are transparent to X-rays and suffi-
ciently heat conductive for cooling. The reactor’s cylindrical
shape avoids Feldkamp artifacts’® in the pCT scans. The
hydrate growth site (¢f. Fig. 2) is the wall of a graphite crucible
(isostatically pressed; average grain size 10 um, porosity 10%)
placed in a gas-tight vessel made of glassy carbon (SIGRADUR
G, HTW Germany). The reservoir of liquid water is enveloped by
the growth site and sustained by a graphite rod at the center of
the reactor. We use heat from the environment to evaporate the
liquid water in the reservoir and cool the growth site thermo-
electrically (Peltier element stack QC-17-1.4-3.7MS on QC-31-
1.0-0-3.9MS, Quick-Ohm Germany) from the bottom of the
reactor. The synthesis conditions result in a radial temperature
field which drives the continuous transport of water vapor from
the liquid water reservoir to the growth site. Temperatures T*
and 7T at the hydrate growth site, as well as ©*, and ©° at the
liquid water reservoir, are derived from a calibrated thermo-
couple (K-type, d = 1 mm) positioned below the glassy carbon
vessel and numerical simulations of the temperature field
(¢f: ESIT). The accuracy of the temperature T* is 0.2 K, that of
T°, ©*, and ©° is estimated to be 1.0 K. A pressure transducer
with a range of 0 to 10 MPa and an accuracy of 8 kPa (PXM459-
100BGI, OMEGA Germany) is used for the synthesis experiments.

2, Growth Site
Pressurized Gas (e.g. CH,)
Gas Hydrate

Graphite Rod

i

/////////////77

Liquid Water Reservoir

Graphite Crucible

Glassy Carbon Vessel

2 mm

Fig. 2 Schematic of the reactor R-CT. This reactor is used for the time-
lapse micro-tomographic observation of hydrate synthesis by pressurized
thermal evaporation. Synthesis temperatures labeled T*, T°, ©*, and ©° are
summarized in Table 1.
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For the rapid depressurization experiments, we use a transducer
with a range of 0-700 kPa and an accuracy of 0.6 kPa (PXM459-
007BGI, OMEGA Germany). The reactor R-CT is mounted on the
manipulator of a lab-sized nanotom-m pCT system (GE Sensing
& Inspection Technologies, Germany) operated at a tube voltage
of 70 kV and a geometrical magnification factor of 16.7. Radio-
graphs collected during the pCT measurements are used by GE’s
datos|x reconstruction software to compute the 3D image data
with a voxel edge length of 6 pm.

2.2 Reactor R-Vis

The second reactor allows visual inspection (¢f. Fig. 3). It is
termed R-Vis and employed to study the decomposition of
hydrate layers subsequent to their synthesis at isothermal
conditions. The maximum pressure in the reactor R-Vis is
limited to 4 MPa due to the use of glass walls (ilmasil PN with
wall thickness 15 mm, QSIL Germany). While the water vapor in
the reactor R-CT is transported radially, from the reactor center
to the reactor wall, the vapor in the reactor R-Vis is transported
axially (¢f. Fig. 3) from the aluminum base to the aluminum lid.
The liquid water reservoir at the reactor base is evaporated
using heat from electric heating cartridges. The cooling of the
growth site at the top is done thermoelectrically (Peltier element
QC-31-1.4-8.5MS, Quick-Ohm Germany). The temperatures T*
and ©@* at the hydrate growth site and the liquid water reservoir,
respectively, are measured with an accuracy of 0.2 K using
calibrated thermocouples (K-type, d = 1 mm). The pressure
sensors are the same as in the reactor R-CT.

2.3 Powder X-ray diffraction

The crystal structure of the hydrates is analyzed using PXRD at
20 K. A Bruker D8 Advance powder diffractometer equipped
with a PheniX Helium Cryostat (Oxford Cryosystems, UK) is

Aluminum Lid

Qcool
/ﬁ Thermocouple
N\
V Growth Site
\ (Removable)

! Insulation

Pressurized Gas
(e.g. COy)

Glass Wall
Liquid Water Reservoir
Thermocouple

Aluminum Base

Oheat 10 mm

|

Fig. 3 Schematic of the reactor R-Vis. This reactor allows visual access
and is designed for the synthesis of thin hydrate layers and subsequent
depressurization experiments. Synthesis temperatures labeled T* and
©* are summarized in Table 1.
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used for the post-synthesis measurements with Cu-Ko1 radiation
(40 kv, 40 mA) in ©/26 scanning mode. The PXRD measurements
were done in the 20 range from 5-90° with a step width of 0.02°.
The software GSAS-II*! is used to analyze the PXRD profiles and
determine the phase fractions of hexagonal ice and structure I
hydrate. Experimental details on the PXRD measurements and
the refinement procedure are provided in the ESL{

2.4 Procedure in reactor R-CT

The course of a synthesis experiment in the reactor R-CT is
described exemplarily for CH, hydrate and shown in Fig. 4.
After loading the liquid water into the reactor (see ESILt for
details on the loading procedure), the reactor is pressurized
with CH, from a gas cylinder and then cooled to the synthesis
conditions. While during synthesis the temperature is kept
constant, the pressure must be restored several times mainly
to compensate for the inevitable permeation of CH, through
the gaskets of the tightly closed reactor. As determined in a test
series, this permeation results in a pressure leak of approx. 15
kPa h™' per 1 MPa reactor pressure (for CO, the rate is approx.
10 kPa h™' MPa™"). This large leakage rate is the consequence
of experimental limitations associated with size restrictions
and the use of glassy carbon as a material. These limitations
make the use of metal gaskets impractical. In consequence,
O-rings (PTFE and FKM) are used, which, in combination with
the small surface to volume ratio of the reactor, result in large
pressure drops because of leakage. The pressure drop caused by
the uptake of CH, by the growing hydrate is small when
compared with the leakage rate and is estimated to account
for approx. 5 kPa h™" (for CO, the uptake rate is approx. 7 kPah ™).
Clearly, this relatively small uptake rate (with respect to the leakage
rate) makes the direct and accurate determination of gas uptake by
the hydrate difficult. Therefore, the uptake of gas by the hydrate is
not taken into consideration for the quantitative analysis of hydrate
composition or growth dynamics. However, the measured leakage
rates are still small enough to be neglected in decomposition
experiments carried out at significantly lower pressures
(approx. 0.1 MPa) and over shorter periods. Hence, the release
of gas from the hydrate can be measured with high accuracy.
The restoration of pressure is done with CH, at ambient
temperature. Thus, a small amount of heat is introduced into
the reactor. Although additional heat might disturb the

Scan IV ScanV Scan VI
l (sample molten)

|

Scan Il

!

Scan |
i ‘l Scan Il

4 restore pressure depressurization

pressure / MPa —
[=)]
1
I

hydrate decomposition
or hydrate extraction —___
T T

0 T T T
0 6 12 18 24 30
time/h —

Fig. 4 Gauge pressure and ending times of six pCT scans during a CH,4
hydrate synthesis experiment.
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synthesis for a short time, it is of no effect in the long run.
UCT scans and X-ray radiographs of the reactor are used to
quantify the amount of liquid water in the reservoir. Once all
liquid water is consumed by the hydrate, the synthesis is
terminated by depressurization. When the guest gas CH,
is used, T* is decreased to 243 K before the reactor is opened
(and hence depressurized) to avoid rapid hydrate decomposition.
Contrary, T* is kept constant upon the depressurization in the
case of CO,, because a reduction in temperature would result in
the liquefaction of the gas. Either one of two procedures is carried
out after depressurization: (1) the reactor is closed again to measure
the gas released by the decomposing hydrate or (2) the reactor is
immersed in liquid nitrogen to extract the hydrate sample for
structure analysis by scraping it off the graphite crucible.

2.5 Procedure in reactor R-Vis

All experiments in the reactor R-Vis are started by loading
100 puL of water on the aluminum base of the reactor at ambient
temperature. After flushing with CO,, the valves are closed and
the reactor is pressurized to either 1 MPa or 2 MPa absolute
pressure. Within 5 min after pressurization, the liquid water
reservoir is heated to 303 K and the growth site is cooled to
265 K. Both temperatures are then kept constant for hydrate
synthesis. During that period, the pressure drops from 2.0 MPa
to 1.8 MPa or from 1.0 MPa to 0.9 MPa, respectively. A big part
of this pressure drop is caused by the permeation of CO, across
the O-rings (FKM), which are chosen as gaskets for reasons
of practicability and reactor dimensions. A series of dry
(i.e., experiments with no water in the reactor) runs is used to
distinguish the pressure drop due to leakage and that due to
the uptake of gas by the hydrate (¢f. Fig. S3 in the ESI}). The
pressure drop in the reactor is reproducible in both dry and wet
(i.e., experiments with water in the reactor) runs. Approximately
(70 + 20) kPa of pressure drop are due to the uptake by the
growing hydrate. Yet, due to the large relative uncertainty, the gas
uptake rate can only be used to indicate a trend but not for any
quantitative analysis. After 20 h of synthesis no liquid water is left
and a thin and uniform layer (mean thickness approx. 330 um) of
hydrate has formed on the growth site (¢f Fig. S9 in the ESIT). While
keeping the temperature constant, the reactor is depressurized to
0.1 MPa by opening and closing a pressure relief valve within 5 s.
Subsequently, the reactor pressure is monitored at a frequency of
1 Hz for 2 h. During the first hour of pressure monitoring, all
temperatures are kept at the values used for hydrate synthesis. This
allows the investigation of the hydrate decomposition dynamics at
isothermal conditions. The second hour of monitoring is started by
triggering the complete decomposition of the hydrate sample.
To this end, the temperature T* is first raised at 5 K min~" until
it reaches 295 K, and then kept constant for the rest of the
experiment. The purpose of the second hour of monitoring is solely
to completely decompose the gas hydrate and to measure the total
amount of gas released upon hydrate decomposition.

2.6 Sample composition terminology

We use two terms for sample composition to distinguish between
the sample (comprised of an ice and a hydrate phase) and
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the hydrate phase. The water to gas molar ratio, ie., the
number n in CO,-nH,0 or in CH,-nH,0, here always refers to
the sample and includes the excess water in ice form. The term
“hydration number” is used only to denote the water to gas
molar ratio of the pure hydrate phase.

3 Results and discussion

Results are divided into two subsections. The first subsection
demonstrates the use of the process for the synthesis of the
gas hydrates of CO, and CH,. The second subsection shows
exemplarily for CO, hydrate how the process can be applied
to study hydrate decomposition at well-defined isothermal
conditions. Table 1 summarizes the p-T conditions used for
sample synthesis in the entire set of experiments.

3.1 Hydrate co-deposition by PTE under pCT Monitoring

The gas hydrates of CH, and CO, are formed by slow
co-deposition of water and gas in the pressurized reactor
R-CT. Exemplarily, we only show the morphology of the CH,
hydrate deposit, since the morphology of the CO, hydrate
appears identical in the pCT scans.

3.1.1 Deposit morphology. Fig. 5 shows 3D renderings of
the puCT scans at four different times. It is apparent that the
volume of the liquid water reservoir is depleted with each scan
while the volume of the deposit at the growth site increases.
The droplet-like morphology of the deposit at the growth site
after 4 h points towards a liquid deposit at the beginning of the
synthesis experiment. It is, though, not possible to distinguish
between liquid droplets and spherical polycrystalline hydrate
using microscopy or pCT techniques because submicron
crystals can arrange themselves in a way to minimize surface
free energy (see Bogdan et al.** for cryo-microscopy images of
spherical ice crystals). Similarly, a thin and smooth layer of
hydrate which has formed on a liquid water droplet cannot be
identified in the pCT measurements due to limits of resolution.
Nevertheless, such thin hydrate layers have been observed at
low driving forces for both CH, and CO,.** In later scans, the
deposit starts to exhibit crystal facets. With time, the macro-
scopic crystals grow side by side on the graphite crucible and
reach lengths of almost 1 mm. At the end of hydrate synthesis
the crystals are easily recognizable with the naked eye, which
can be seen in the photograph in Fig. 6. Further detailed and

Table 1 Synthesis conditions®

Gas in reactor CO, in R-CT CH, in R-CT CO, in R-Vis

Pressure” (MPa) 2.2 £ 0.1 7.1+ 0.6  0.95 + 0.05 or 1.90 + 0.10
T* (K) 260.5 £ 0.2 261.0 £ 0.2 265.0 £ 0.2

T° (K) 263.5 £ 1.0 2645+1.0 —

0* (K) 289.5 + 1.0 2855+ 1.0 303 + 0.2

6° (K) 290.0 £ 1.0 2865+ 1.0 —

“ Temperatures are according to Fig. 2 and 3 and described in detail in
the ESL ? The large uncertainties in pressure during synthesis are due
to leakage of gas in a small confinement and not due to measurement
error.
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Liquid Water
Reservoir

Graphite Rod

Graphite Crucible Hydrate Crystals

Fig. 5 Exemplary 3D renderings of uCT scans performed during a CHy4
hydrate synthesis experiment.

Hydrate
Crystals

Graphite
Crucible

Fig. 6 Hydrate crystals grown on the graphite crucible before being
scraped off for post-synthesis X-ray analysis under liquid nitrogen.

original tomograms of regions of special interest are provided
in Fig. S10 of the ESL.{
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Fig. 7 Gauge pressure and temperature T* during the decomposition of a
CH,4 hydrate sample after rapid depressurization.

3.1.2 Hydration number estimation. To determine the
hydration number of the samples we use two independent
post-synthesis experiments.

Fig. 7 shows p-T data in the tightly closed reactor after the
rapid depressurization at the end of a CH, hydrate synthesis
experiment. The temperature is first raised from 243 K to 263 K
within 3 min and then raised at a rate of 1 K min™ " to 285 K.
In the initial period after depressurization, the pressure
increases steadily at a rate of roughly 3 kPa min'. When a
temperature of 268 K is reached the pressure increase rate
changes abruptly to 34 kPa min~ ' before it drops to only
0.2 kPa min~" at 271 K and above. A pressure increase in the
closed reactor is caused by the thermal expansion of gas and by
the release of gas from the decomposing hydrate. Thus, the
observed pressure curve points towards an initial period of
hydrate decomposition followed by the abrupt and complete
dissociation of the hydrate between 268 K and 271 K
(i.e., between 8 min and 11 min). At temperatures above 271 K,
the increase of pressure is caused by the thermal expansion of
the gas alone. The p-T data at the beginning and upon the
completion of hydrate decomposition is used to derive bounds
of the released gas mass and of the water to gas molar ratio
(see Section S5.4 of the ESI,T for a detailed derivation). In total,
the CH, hydrate sample with a water mass of 50 mg releases
5.6-6.8 mg of CH, during decomposition yielding a water to gas
molar ratio of 6.6-7.9. In an analogous experiment (see ESIL T
Fig. S5) a release of 50.6-52.4 mg of CO, and a water to gas
molar ratio of 7.0-7.3 are determined for a CO, hydrate sample
with a water mass of 150 mg. Note that the computed bounds
are conservative estimates since they do not account for the
gas which might be released during the short period of
depressurization. Hence, the actual water to gas molar ratios
are smaller or equal to the numbers reported above.

Approximately 100 mg of sample is collected at a rate of
approx. 4 g per hour per square meter of growth site for both
CO, and CH, hydrate by repeating the synthesis experiment
several times. After each experiment, the hydrate is scraped off
the graphite crucible under liquid nitrogen and then stored
in liquid nitrogen before the structure analysis is performed.
The PXRD profiles (c¢f. Fig. 8) both exhibit intense Bragg peaks
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Fig. 8 PXRD patterns obtained at 20 K from samples of CO, hydrate (top
curve) and CH,4 hydrate (bottom curve). Both hydrates were synthesized in
the reactor R-CT at the conditions listed in Table 1. Bragg peaks labelled
with “sI” denote cubic structure | hydrate, “lh” denotes hexagonal ice, and
“X" denotes the sample holder. Cu-Kal radiation (1 = 1.5406 A) was
employed. Temperature resolved PXRD results in the range 80-300 K
are provided in the ESIL.{

at angles corresponding to the sI crystal structure and only
minor Bragg peaks at angles corresponding to hexagonal ice.
The refined mass fractions for the hexagonal ice phase are
(6.3 = 0.4)% for the CH, hydrate sample and (7.3 £ 0.2)% for
the CO, hydrate sample (see Section S5.5 of the ESI,} for details
on the refinement procedure). These mass fractions represent
upper boundaries. The real amount of hexagonal ice in the
samples is lower or equal to the one represented in the
diffractograms since traces of hexagonal ice may deposit on
top of the hydrate sample from the humid air during sample
transfer. When the amount of water in the hexagonal ice is
subtracted from the water mass of the samples, bounds for the
hydration number follow from the water to gas molar ratios and
are found to be 6.1-7.4 for the CH, hydrate and 6.3-6.5 for the
CO, hydrate.

For CO, hydrate, values ranging from 5.64 to 8.55 are listed
in three compilations of hydration numbers.***® The scatter
in the values is presumably caused by different conditions
(pressure, temperature, dissolved gas concentration) during
hydrate formation and by the use of different techniques for
the measurement of the hydration numbers.** Values close to
the optimum of 5.75 (sI hydrate) are reported at formation
pressures which are several times the equilibrium pressure.*®
At formation pressures similar to ours (1 to 2 MPa), the majority
of values lies in the range between 6 and 7, which reflects the
difficulty of filling the small cages of the hydrate, while the
large cages are almost fully occupied.”” In the case of CH,
hydrate, most reported experimental values for the hydration
number are approx. 6.0 over a wide range of temperatures.*®*5~>3
This corresponds to cage occupancies for small and large cages of
90% and more.*® With increasing synthesis pressure, the hydra-
tion number of CH, hydrate decreases slightly and approaches
5.75.°> Hence, while our result for the CO, hydrate agrees well
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with the literature, it seems that we overestimate the hydration
number for the CH, hydrate.

3.2 Decomposition dynamics of co-deposited hydrate

Two series of experiments are conducted in the reactor R-Vis to
study the effect of the formation pressure on CO, hydrate
decomposition. Except for different formation pressures, both
series of experiments are identical. Besides, as expressed by
identical trends in the gas uptake data (see Fig. S3 in the ESIT),
the formation kinetics seem to be very similar as well. At both
formation pressures, the gas uptake rate is largest at the
beginning of the formation experiments and then gradually
decreases until it vanishes after approximately 19 h of for-
mation. This trend can be explained by the gradually decreasing
surface area of the liquid water reservoir (i.e., the liquid water
droplet).

Subsequent to their formation, the depressurization desta-
bilizes the hydrates, which start to decompose and release their
gas. The accompanying increase in reactor gauge pressure is
shown in Fig. 9. After one hour of hydrate decomposition at
265 K the temperature at the growth site is raised to 295 K at a
rate of 5 K min~". A vigorous release of gas accompanied by a
subtle change in sample appearance from an opaque lusterless
to a lustrous bright white is observed between approximately
271 K and 273 K. No changes in the sample morphology and no
signs of liquid water are visible during that period of strong gas
release. Both, the gas release and the change in color point
towards the complete decomposition of the hydrate to gas and
ice. The complete decomposition of hydrates slightly below the

5 K/min
265 K
Prormation = 2 MPa 4

\

0 T T T T T 1
0 20 40 60 80 100 120

time / min —

295K

60

30 1

pressure / kPa —

20 4

10
<—— Prormation = 1 MPa

Fig.9 CO, hydrate decomposition as expressed by the release of gas
and the accompanied increase in pressure in the closed reactor R-Vis
immediately after rapid depressurization. The temperature program is
indicated by the arrows (265 K for 1 h, heating to 295 K at 5 K min~?,
295 K for 1 h). Each curve represents the mean decomposition pressure p
derived from five identical decomposition experiments. The curve marked
with open circles results from samples formed at 265 K and 2 MPa.
The solid line refers to the formation condition 265 K and 1 MPa. Both
curves are enveloped by a gray sleeve representing values in the range
[p — 0, p + o], where ¢ denotes the standard deviation of the five respective
experiments. Note that the pressure data have been corrected by the
effects of thermal gas expansion and degassing of CO, from the gaskets
using series of dry runs at both 1 MPa and 2 MPa formation pressure
(cf. Fig. S4 in the ESI).
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melting point of ice has been observed before*® and also reported
by other authors.”>*>** First signs of sample melting occur only
later at approximately 274 K and above. The deviation from the
melting point of ice can be explained by thermal lag due to the
temperature ramping. After 1 h at 295 K, the reactor pressure
equilibrates and the experiments are terminated.

Three key observations can be made from Fig. 9, as described
in the following paragraphs.

3.2.1 Amount of CO, stored. On average, samples formed
at 2 MPa store slightly more gas than those formed at 1 MPa.
This is reflected by the gauge pressures after 120 min at the end
of the rapid depressurization experiment. Hydrates formed at
2 MPa exhibit an end pressure of (51.8 + 3.8) kPa, those formed
at 1 MPa result in an end pressure of (46.2 + 2.2) kPa. However,
the regions of uncertainties (gray sleeves in Fig. 9) overlap. That
means the end pressure found in a single experiment at 1 MPa
can be larger than that of a single run at 2 MPa.

This variation in end pressures within one set of experiment
is of stochastic nature and can be explained using the period
of nucleation observed in the initial stage of deposition. The
visual inspection of the hydrate growth site of reactor R-Vis
suggests that the water vapor is initially condensed as micrometer-
sized liquid droplets. Within approx. 30 min, these droplets
nucleate (either as hydrate or ice) almost simultaneously, as
can be inferred from a change in appearance from transparent
to opaque. The remarkable simultaneous nucleation of
dispersed liquid droplets has been observed before, however,
an explanation has remained elusive.*’ The crystals formed
upon nucleation later act as seed crystals for the further
deposition process and grow with time. Hence, the composi-
tion of the initial deposit has a determining influence on the
fraction of ice and hydrate in the sample and thus on the end
pressure.

The small difference in mean end pressure between the two
sets of experiment can be due to two factors. A deterministic
factor is the dependence of the hydrate cage occupancy @ on
the pressure p. The statistical theory of van der Waals and

Platteeuw'> suggests that @ follows the Langmuir isotherm
C-p
Op)=+—-——. 1
?) 1+C-p )

For a positive constant C, ©(p) grows strictly monotonically
with p. Hence, a higher formation pressure results in a larger
cage occupancy (i.e., more of the hydrogen-bonded polyhedra
are occupied by a guest molecule) and thus in a larger
end pressure. Although it seems established that higher
pressures during synthesis yield CO, hydrate with higher cage
occupancies,”*®*” the Langmuir isotherm could not be
confirmed for the small cages of the hydrate.*” Particularly at
p-T conditions similar to ours, the hydration number of CO,
hydrate seems to be only weakly sensitive to synthesis pressure
(at 273 K a hydration number of 6.9 and 6.3 is reported for
1.5 MPa and 6.0 MPa, respectively).*”

The second factor is again the period of nucleation.
An increase in formation pressure directly raises the driving
force for hydrate nucleation." At the same time, however,
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an increase in formation pressure can also indirectly affect
nucleation via the change of mass and heat transfer in the
reactor. The impact of these factors has not yet been determined,
though. Although the available number of experiments is insuffi-
cient for a proper statistical analysis, on average, induction times
for nucleation are shorter (approx. 10 min) for 2 MPa than for
1 MPa (approx. 30 min) formation pressure. The enhanced
nucleation at 2 MPa formation pressure might therefore result
in a larger hydrate fraction in the sample and thus in a larger end
pressure.

In general, nucleation is of major importance for the
co-deposition of hydrates by PTE, particularly at temperatures
where liquid water can exist in stable or supercooled form.
For instance, Cady*>*® noticed the incomplete conversion to
hydrate at temperatures close to the ice point on several
occasions and attributed it to a failure in nucleation. To ensure
better nucleation, Cady often used dry ice (195 K) to cool the
hydrate growth site at the beginning of his experiments. Poor
nucleation can also explain the comparably large water to gas
molar ratios (larger than 13.5; see Table S4 in the ESIT) found
for CO, hydrates formed in the reactor R-Vis. For comparison,
the ratios for CO, hydrates in the reactor R-CT are less than 7.3.
Since the synthesis conditions for CO, hydrate are similar
in both reactors, cage occupancies and hydration number are
expected to be similar as well. Therefore, the hydration number
cannot account for such a large difference in the water to gas
molar ratios. Thus, the difference arises mainly from the ice
fraction of the samples. This implies either that the slightly
lower temperature in the reactor R-CT improves nucleation, or
that hydrate nucleation works better on the graphite surface in
reactor R-CT than on the aluminum growth site of reactor
R-Vis. We measure a contact angle of 50-60° for water on
both the machined graphite and the aluminum surface using
photographs of 5 pL droplets on the surfaces. Accordingly,
the reduction of the free energy barrier, which has to be
surmounted for the formation of a nucleus of critical size,! is
similar on both growth sites. Therefore, the higher synthesis
temperature is more likely to be the reason for the deteriorated
nucleation on the aluminum growth site. However, an aging
effect of the aluminum surface was observed in a series of test
runs. While the synthesis of hydrates works well on a fresh
aluminum (oxide) surface, it becomes more and more difficult
as the surface ages. After roughly two weeks, nucleation at
265 K and both 1 MPa and 2 MPa becomes almost impossible.
This aging effect can be the result of a wettability transition
from a fresh hydrophilic aluminum oxide surface to an aged
and hydrophobic surface. The formation of the hydrophobic
surface is presumably caused by the adsorption of organic
species from air.>® In terms of classical nucleation theory, the
change in contact angle implies a transition from a low to a
high energy barrier, which must be overcome to form nuclei of
critical size.!

3.2.2 Repeatability. Samples synthesized at
formation conditions from the same amount of liquid water
show very similar dissociation behavior during the dwell time
at 265 K. That is, during the first 60 min the pressure increase

identical
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due to hydrate decomposition is repeatable with less than 2 kPa
deviation from the mean pressure increase obtained from five
repetitions.

The good agreement between the dissociation curves within
single sets of experiments is a direct result of the fine control of
experimental conditions and shows a strength of the applied
synthesis procedure. The sample mass is well defined by the
known amount of loaded water. Similarly, the sample-gas
interface area is directly related to the area of the growth site,
since the sample is deposited uniformly on that. Moreover, the
good thermal contact between the thin layer of sample and the
cooled growth site allows the efficient transport of heat and ensures
isothermal conditions throughout the sample. The small variations
between the results are presumably mainly due the stochastic
nature of hydrate nucleation and are assumed to decrease with
lower synthesis temperatures or higher synthesis pressures.

3.2.3 Super-preservation. The decomposition dynamics of
samples deposited by the PTE process can be drastically altered
by the formation pressure. The rate of pressure increase during
the dwell time is only approx. 2.4 kPa h™" for samples formed at
1 MPa but roughly seven times larger for hydrates formed
at 2 MPa.

In general, hydrates of CO, exhibit very low rates of disso-
ciation upon the rapid depressurization from stability pres-
sures to 0.1 MPa in the temperature range of 240-271 K, which
is explained by the effect of self-preservation.'>** According to
the decomposition temperature of 265 K and considering the
low rates of dissociation (more than two thirds of hydrate
outlast 60 min outside the stability region), we conclude that
all of our own samples are self-preserved as well. However,
samples formed at 1 MPa seem to be better preserved than
those formed at 2 MPa. The resulting two distinct dissociation
curves are hard to explain using the popular argument of a
diffusion limiting layer of ice, which forms at the free surface of
the hydrate in the initial phase of decomposition. This is
because the type of guest molecule as well as temperature
and pressure are identical between sets of experiments during
the dwell time at 265 K. It is possible though that the micro-
structure, which is assumed to be an important ingredient
of the self-preservation phenomenon, is different between
sample sets and thus at the origin of the differing dissociation
behavior. Differences in the microstructure can be, for
instance, due to the initial phase of deposition. Since different
induction times are observed between the two sets of samples,
the initial structure for further deposition might be different as
well. Besides, differences in heat and mass transfer during
deposition can lead to different microstructure, too.

An alternative explanation can be derived from the end
pressures of the two experiment sets. Because the end pressures
depicted in Fig. 9 overlap, we can rule out a relation between
the two dissociation behaviors and the bulk molar to water
ratio. Nevertheless, differences in the hydration number as well
as differences in the sample ice fraction can both have an
influence on the decomposition behavior of the hydrate.
A difference in hydration numbers means a difference in hydrate
cage occupancies and implies different chemical potentials.
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Such a difference in chemical potential leads to differing
driving forces for decomposition which can additionally affect
the microstructural component of self-preservation.'® Since an
ice fraction larger than 7 wt% is found in the PXRD investiga-
tions of the CO, hydrate samples produced in the reactor R-CT
under similar conditions, we infer that the samples produced
in the reactor R-Vis also exhibit a considerable amount of ice.
This assumption is further substantiated by the significantly
larger water to gas molar ratio found in the samples of reactor
R-Vis (>13 compared to <8; see Tables S3 and S4 in the ESIT).
Consequently, a variation in the ice fraction of the samples can
have severe effects on the mass transfer of gas from the
decomposing hydrate, regardless of the existence of an ice
shield covering the hydrate. An increase in ice fraction can
for instance change the sample structure from “ice embedded
in a hydrate matrix” to “hydrate embedded in an ice matrix”, a
structure which can preserve the gas for many months."” The
ice fraction of the samples is likely to be evenly distributed due
to the stochastic nature of nucleation. Yet, the two dissociation
rates are deterministic. This suggests rather that the hydration
number or the microstructure are responsible for the differ-
ences in decomposition dynamics.

4 Conclusions

As evidenced by PXRD and p-T data, we successfully synthesized
CO, and CH, cubic structure I clathrate hydrate at tempera-
tures of 261-265 K and corresponding stability pressures by
advancing a rediscovered deposition technique, which makes
use of the thermal evaporation of liquid water in a reactor
pressurized with the guest gas. The redesign of the reactor
extends the pressure range accessible to 10 MPa. This allows us
to not only study more exotic guest gases, but also gases
relevant on Earth, namely CO, and CH,, via this gas phase
deposition process. We propose its utilization for hydrates of
further guests, no matter the required formation pressure.

Our samples display facets on macroscopic crystals with a side
length of up to 1 mm forming side by side on the deposition site.
When deposited on graphite, the samples exhibit a hydration
number under 7.4 and contain less than 8 wt% of free water in
the form of hexagonal ice. The deposition on aluminum yields
larger fractions of free water in the sample and water to gas molar
ratios above 13.5. The difference in sample composition is
explained with the initial stage of deposition, which is charac-
terized by the heterogeneous nucleation of hydrate and ice from
water droplets condensed on the hydrate growth site.

At the conditions used in this study, hydrate deposition via
pressurized thermal evaporation (PTE) is a very slow process
with formation rates of the order of milligrams of hydrate per
hour and square centimeter deposition site area. This is
particularly slow compared to spray injection or stirred reactors
where hydrate formation rates of the order of grams per minute
and more are achieved in reactors of sizes similar to ours.>*>°
Nevertheless, due to the scalability with deposition site area as
well as due to the absence of a lower boundary for formation
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temperature, the process might still prove beneficial for
hydrate-based applications (e.g., gas separation). Besides, the
choice of other synthesis conditions (temperature field, partial
pressures) might speed up the deposition process. More impor-
tant in the context of the present work, however, is that the
deposition of hydrates by PTE offers precise control of mass
transport via the reactor temperature field and the partial
pressures of water and gas. This allows the formation of thin
hydrate deposits of reproducible composition over a wide range
of p-T conditions (below and above the freezing point of water)
and facilitates the study of hydrate decomposition kinetics
at well-controlled initial conditions (pressure, temperature,
sample mass and surface area). In two series of deposition-
decomposition experiments, we demonstrate this capability of
the process for the first time in a study of the decomposition
dynamics of self-preserved CO, hydrates. Our results show that
differences in deposition conditions can have severe effects
on the subsequent decomposition kinetics. Hydrate samples
deposited at 265 K and a pressure of 1 MPa exhibit an extra
high degree of self-preservation, termed super-preservation.
Super-preservation is expressed by a dissociation rate 85%
lower than that of self-preserved samples formed at the same
temperature and a pressure of 2 MPa, while the bulk water to
gas molar ratio of super-preserved samples is only 12% above
that of the self-preserved ones. Although the physical chemistry
behind this remarkable reduction in dissociation rate is not
clear yet, the deterministic formation of super-preserved
hydrates of CO, via the PTE process is possible already.

However, future work is needed to understand the cause for
different sample compositions as well as their influence on the
decomposition kinetics. That involves the determination of the
relation between synthesis conditions, hydrate growth rate and
hydrate composition, as well as the careful analysis of hydrate
nucleation at the initial phase of deposition. Moreover it will be
interesting to examine, whether super-preservation is related to the
recently observed barriers to decomposition, which were explained
similarly with variations in sample composition.>® Such work will
not only result in a better understanding of the synthesis proce-
dure on its own, but it can also improve our understanding of
hydrate formation, decomposition and self-preservation.
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