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Abstract: The structure of the carbon dioxide—water interface was analyzed by X-ray diffraction and
reflectivity at temperature and pressure conditions which allow the formation of gas hydrate. The
water—gaseous CO, and the water—liquid CO, interface were examined. The two interfaces show a very
different behavior with respect to the formation of gas hydrate. While the liquid—gas interface exhibits the
formation of thin liquid CO; layers on the water surface, the formation of small clusters of gas hydrate was
observed at the liquid—liquid interface. The data obtained from both interfaces points to a gas hydrate
formation process which may be explained by the so-called local structuring hypothesis.

Introduction

Beyond the three classical states of matter, water can form
an additional solid phase called clathrate hydrate with the
auxiliary presence of gas molecules, typically at low tempera-
tures and high pressures.” In these crystalline structures the
gas molecules are trapped in a hydrogen bond water cage
network. During the past years, hydrates have become very
important materials since they may become essential for future
energy recovery or hydrogen and CO, storage.” °

The hydrate formation process is well understood from a
macroscopic thermodynamical point of view.” Nevertheless, the
formation on a microscopic level is still not clear. In the
literature, three competing formation models are presented.
Within the framework of the cluster nucleation theory by Sloan,’
gas molecules dissolve in water, and labile clusters are formed
and agglomerate, preferentially next to the water surface. After
a critical cluster size is achieved, the macroscopic nucleation
sets in. A different model resulting from molecular dynamics
(MD) simulations of the water—liquid CO; interface is the local
structuring hypothesis.® Here the water and gas molecules
arrange stochastically until an arrangement similar to the hydrate
phase is reached. This stochastically achieved network is
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stabilized after exceeding a certain size and hydrate crystals start
growing. In the third model introduced by Rodger” a surface-
driven formation is proposed. Gas molecules adsorb on the water
surface and are trapped in the center of partially completed water
cavities. Kvamme'®'! extended this model based on results of
MD simulations and predicted the initial nucleation at the
water—CQO, interface. Due to wave motion of the water surface
the mixing of water and gas molecules is supported, and hydrate
fragments can be formed. The cluster nucleation theory and the
surface-driven model predict the appearance of hydrate prestages
at the water surface. In contrast, the local structuring hypothesis
predicts a spontaneous formation without any precursor clusters.
A comparison of the local structuring hypothesis and the cluster
nucleation theory is presented in Figure 1. Due to their similarity,
cluster nucleation theory and surface-driven model are merged.
The contrast between presence and absence of prehydrate
structures is clearly visible.

Several MD-simulations which have been performed during
the past years have not been able to prove one of these theories
explicitly. Some of the simulations support the local structuring
hypothesis'>~'* while others find a labile cluster formation,''®
or at least an indication of hydrate precursor.'” It is the aim of
this paper to solve this question from the experimental point of
view.

(9) Rodger, P. M. J. Phys. Chem. 1990, 94, 6080-6089.

(10) Kvamme, B. Ann. N.Y. Acad. Sci. 2000, 912, 496-501.

(11) Kvamme, B. Initiation and growth of hydrate from nucleation theory;
Proceedings of the International Symposium on Deep Sea Sequestra-
tion of CO», 2000, 1-1-1.

(12) Hirai, S.; Okazaki, K.; Tabe, Y.; Kawamura, K. Energy Convers.
Manage. 1997, 38, S301-S306.

(13) Moon, C.; Taylor, P. C.; Rodger, P. M. J. Am. Chem. Soc. 2003, 125,
4706-4707.

(14) Guo, G. J.; Zhang, Y. G.; Liu, H. J. Phys. Chem. C 2007, 111, 2595—
2606.

(15) Long, J.; Sloan, E. D. Mol. Simul. 1993, 11, 145-161.

(16) Guo, G.J.; Zhang, Y. G.; Zhao, Y. J.; Refson, K.; Shan, G. H. J. Chem.
Phys. 2004, 121, 1542—-1547.

J. AM. CHEM. SOC. 2009, 737, 585-589 m 585



ARTICLES

Lehmkiihler et al.

Ry o FRR R
b -‘!ﬁ‘ ""E !\;ﬁ. “c'-_,f&f-‘. civ :
e S ,(i"; 2
I K
Foil ﬂ_-{: b
T D T L s s iy |
Ly o B e R
A IO s A ~
ST
" T ; 3
e d (A
SR S oSt
I.i‘i. LRI, et -'—"'%-\.‘ _:?-"!:.h_é 3 .‘f =
¢ .,3' el
EETC.
PR
TERT @(‘-’q
RAE OV W

Figure 1. Comparison of the cluster nucleation theory (a-b-c-e) and the local structuring hypothesis (a-d-e). (a) Water without dissolved gas molecules
(initial condition). (b) Cluster form immediately after dissolution of gas molecules. (c) Cluster prestages agglomerate by sharing faces. These agglomerated
clusters may be unstable (step back to b is possible). (d) No cluster formation after dissolution of gas molecules. (e) Hydrate nucleation.

A lot of experimental attempts to study the hydrate formation
process have been performed in the past. Within most of these
studies the hydrate formation is observed as an interfacial
phenomenon. However, the methods used, such as optical
observation or calorimetric measurements, only give information
about the formation after the initial nucleation has already taken
place. Takeya et al. reported a formation on a macroscopic level
at a liquid—liquid interface where the initial nucleation starts
at the water surface.'® According to this study, needle-like
hydrate clusters grow toward the water bulk. The hydrate
formation from water and gaseous CO, was reported by Morgan
and co-workers who observed the growing hydrate crystals
optically and by means of calorimetric methods.'® Here, the
gaseous CO, was bubbled through the water bulk for several
minutes to induce the hydrate formation. A different approach
has been followed by Ohmura et al.>® In order to observe
methane hydrate formation the authors used water spraying and,
by optical observation, found a hydrate formation that starts at
the water surface. As stated before, neither hydrate prestructure
formation nor the initial nucleation can be observed with the
use of these methods. Koh and co-workers showed time-resolved
macroscopic hydrate formation in the stirred water—CO, bulk
mixture by means of X-ray diffraction.?' The authors were not
able to favor one hydrate formation model due to measurements
of a disturbed system which offers seeds for macroscopic
hydrate formation, but they proposed a dynamic intermediate
phase during the hydrate formation and growth process. In
general, the quantity measured in all of these experiments is
the induction time ¢ for hydrate nucleation. This induction time
depends on the kind of guest molecules, the degree of
supercooling, and the history of the water—gas system."'® For
CO, the induction time is on the order of #; & 2h. Thus, so far
there are no data regarding the gas hydrate formation process
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at nanometer length scales for the early state before the
macroscopic formation begins. In this work the first study of
the CO,—water interface on molecular length scales is presented.

Experiment and Discussion

Liquid—Gas Interface. The prestage formation at or near the
surface predicted by the cluster nucleation theory and the
surface-driven model will cause an increased surface roughness
and the appearance of layers of incomplete hydrate cages at
the surface. These changes in surface roughness and the
formation of thin layers are observable by X-ray reflectivity
measurements.

X-ray reflectivity is a powerful tool to investigate the
formation of very thin layers on solid and liquid surfaces with
angstrom resolution.?” Its great advantage compared to other
methods is the possibility to identify in situ surface roughness
changes of molecular thin films from the reflectivity measure-
ments. In such experiments the wave vector transfer has only
one component perpendicular to the surface given by

q,= @/ sin@®

where 6 denotes the angle between the sample surface and the
X-ray beam, and A the wavelength of the incident beam.
The scattered intensity R is given by***

2

1 dp.(2)
—Y €
P dz

R(q,) =Ry(q)" = dz (1)

with R the Fresnel reflectivity of a smooth surface and p., the
average density of the entire sample. Thus, X-ray reflectivity
yields the laterally averaged density profile perpendicular to the
sample’s surface.

Pressure-dependent X-ray reflectivity measurements of the
water—CO, interface were performed at the European Synchro-
tron Radiation Facility (ESRF) using the high-energy setup for
liquid surfaces at beamline ID15A.>** CO, and water form
the cubic structure I (sI) hydrate with a lattice constant of 12
A2 At T = 0 °C a minimum pressure of p = 12.5 bar is
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Figure 2. Reflectivities normalized by the Fresnel reflectivity for selected
CO, pressures. Solid lines represent fits. The curves are shifted for clarity.

necessary for a stable CO, hydrate structure.’ Ultrapure water
filtered by a Millipore apparatus, and CO, purchased from Air
Liquide with a purity of 99.998% was employed. The photon
energy was E = 72.5 keV. A pressure cell with aluminum
windows was utilized to measure at gas pressures up to 35 bar.
The temperature was chosen to be 0.15 °C, therefore avoiding
the formation of ice and controlled with an accuracy of 0.01
°C. A few mm thick water film was prepared in the sample
cell, forming a well-defined meniscus. CO, was allowed to fill
the cell via an inlet. Following each reflectivity measurement,
the detector was moved to an out-of-plane position in order to
measure the diffusely scattered intensity that is necessary for
an accurate background subtraction. Measurements for different
gas pressures between 1 bar and the condensation pressure of
35 bar were carried out. For pressures above 33 bar the time
dependence of the reflectivity curves was investigated. For a
given pressure, this was done by performing several measure-
ments within a time interval of more than 8 h. During this period
the sample was not stirred or disturbed in other ways to favor
hydrate formation. Thus, it should be possible to detect hydrate
prestructures without offering nucleation seeds. Also surface-
sensitive diffraction measurements were performed to detect
Bragg reflections originating from possible CO, hydrate
crystallites.

Reflectivities for different gas pressures are presented in
Figure 2. The oscillations indicate the formation of thin layers
on the water surface. The curves are fitted using the effective
density model*” based on Parratt’s algorithm.*® Refined electron
density profiles are presented in Figure 3. The measurement at
1 bar CO, pressure yields a roughness of the water surface of
0= (3.2 +£0.1) A, which is in good agreement with capillary
wave theory.”” The measured water roughness does not change
with increasing gas pressure. Most importantly, this is also the
case when the pressure range where gas hydrate formation
becomes possible was reached. An electron density of p, =
(0.282 £ 0.008) e/A3 was found for the observed layers and
fits very well with the tabulated value pco, = 0.279 e/A3 for
liquid CO,. This suggests the adsorption of gas molecules
instead of hydrate formation because the electron density of
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Figure 3. Electron density profiles corresponding to the refinements of
Figure 2 for different gas pressures.

CO; hydrate is approximately 30% higher compared to that of
liquid CO,.%® The roughness of this CO, layer ranges from 3 A
at low gas pressures to 11 A at pressures near the condensation
pressure. In order to explain the data, capillary wave and
adsorption theory can be applied. The adsorption of gas
molecules on the liquid surface as a function of gas pressure is
a result of van der Waals interactions between the liquid and
the vapor phase. It is usually described by an adsorption isotherm
in the framework of the Frenkel—Halsey—Hill (FHH) theory.*
The thickness /,, of the adsorbed layer can be calculated via
the free energy F of the liquid—gas system yielding®

1

_ At 3
=\ 2
m =\ 672A pky TIn(p/ py)

Here, A denotes the effective Hamaker constant, Ap is the
density difference between the adsorbed layer and the gas phase,
and py is the condensation pressure of the gas at the fixed
temperature 7.

An adsorption isotherm can be fitted to the layer thickness
determined from the measured data. A good agreement between
experiment and calculation is achieved (see Figure 4). This
suggests again the absence of gas hydrate structures. Besides,
the inset in Figure 4 shows the layer roughness as a function of
layer thickness. The agreement of experimental results and
theory for adsorbed liquid films?° is again very good. Owing to
the good interpretation of the data, only the formation of
adsorbed liquid CO, layers can be observed, but no indication
of hydrate or hydrate prestage formation after more than 8 h
was found. This is in qualitative agreement with measurements
at the water—propane interface.®® Furthermore, no Bragg
reflections could be observed by X-ray diffraction at this
interface. Therefore, the formation of hydrate crystallites must
be very weak — if there is any.

Liquid—Liquid Interface. As no hydrate formation at the
water—gaseous CO, interface was visible, the pressure was
raised to a value above the condensation pressure of CO,. Thus,
a macroscopic liquid CO, layer with a thickness of several
millimeters is formed at the water surface. In order to observe
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Figure 4. Adsorption isotherm, solid line represents the fitted curve, py =
34.99 bar.?' (Inset) Surface roughness of the adsorbed CO, layer as function
of layer thickness. Solid line represents a calculation within the so-called
anharmonic approximation.>
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Figure 5. Timescan of the (321) Bragg reflection of CO, hydrate measured
at the water—liquid CO, interface.

the formation of gas hydrate, X-ray diffraction measurements
were performed at this liquid—liquid interface. The studied
interface area was about 1 mm? Bragg reflections of CO,
hydrate were observed. These reflections occur and disappear
continuously. Figure 5 shows a time scan at the detector position
of the CO, hydrate (321) Bragg reflection. The intensity strongly
varies with time indicating fluctuations of the hydrate crystallites
at the interface.

In order to investigate this hydrate formation more precisely,
additional diffraction patterns were measured using the wide-
angle diffraction setup with a MAR345 image plate detector at
BL9 of the DELTA synchrotron source.®* A slightly adapted
sample cell with an inner diameter of 8 cm was used to
investigate the hydrate formation in an interfacial area of about
80 mm?2. This allows measuring the formation of crystallites at
the interface with spatial resolution. After condensing a
macroscopic thick liquid CO, film, Bragg reflections were
immediately observable (see Figure 6). More scans after several
minutes show a dynamic behavior of the formed hydrate
clusters. The dynamics is still observable after about 100 min,
and thus, no macroscopic freezing can be observed on this time

(31) National Institute for Standards and Technology Chemistry WebBook;
http://webbook.nist.gov/chemistry.
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Figure 6. Diffraction images showing the region where the (321) reflection
is observed. The intensity scale (arbitrary units) is presented right. (a) After
filling with CO,. (b) After 60 min. (c) 95 min. (d) 97 min. A detailed
representation of the time effects on the intensity of the (321) Bragg
reflection is presented in Figure 5.

scale. By applying the Scherrer equation, a crystal size of
approximately 200 A can be estimated. Thus, the local formation
of mobile hydrate crystallites which are moving freely at the
interface was observed. A macroscopic formation, which would
be observable by calorimetric measurements'® or would show
a freezing in of the dynamics at the surface, was not visible.

Conclusion

Due to the instant formation of hydrate crystallites at the
liquid—liquid interface, its stochastic nature, and the absence
of any hydrate prestructures at the gas—liquid interface, the local
structuring hypothesis is favored by our study. The formation
on locally limited areas points to a rather stochastic process in
contrast to the cluster models proposed by Sloan, Rodger, and
Kvamme.'>?~"! Hydrate layers or predicted prestructures which
should appear at the water—gaseous CO, interface are not
observable. The local formation of mobile CO, hydrate crys-
tallites at the liquid—liquid interface and their size of ap-
proximately 200 A suggests that the gas amount at the
water—gas interface is too low for any hydrate formation, even
in presence of an adsorbed CO, layer with a thickness up to 40
A. Furthermore, these layers are disturbed by capillary wave
fluctuations which may inhibit the formation of hydrates. Stable
crystallites are formed in presence of a thick layer where the
region of hydrate formation is less influenced by these fluctua-
tions. Owing to the size of the crystallites which is about 1
order of magnitude above the expected nucleation size,® it can
be deduced that an adsorbed layer with a thickness of at least
200 A is necessary for hydrate formation at the water—gas
interface.

Summary

In summary, the water—gas interface shows in comparison
to the liquid—liquid interface a very different behavior with
respect to the gas hydrate formation process. The adsorption of
gas molecules on the water surface leads to a high supply of
CO, at the water surface but does not trigger the gas hydrate
formation process. No hydrate formation could be observed for
more than 8 h. In contrast we were able to observe formation
of CO, hydrate at the water—liquid CO, interface. The presence
of a macroscopic amount of liquid CO, induces the local
formation of mobile CO, hydrate crystallites. Due to this finding,
i.e. the stochastic nature of crystallite formation and the absence
of surface covering prestructures at the interfaces, the local
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structuring hypothesis is selected as the adequate model for gas
hydrate formation at the CO,—water interface.
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