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Anomalous Depletion of Pore-Confined Carbon Dioxide upon Cooling below the Bulk
Triple Point: An In Situ Neutron Diffraction Study

K. L. Stefanopoulos,1 F. K. Katsaros,1 Th. A. Steriotis,l’* A.A. Sapalidis,1 M. Thommes,2
D.T. Bowron,” and T. G. A. Youngs3
'Institute of Nanoscience and Nanotechnology, NCSR “Demokritos”, 15310 Ag. Paraskevi Attikis, Athens, Greece
zQuantachrome Instruments, 1900 Corporate Drive, Boynton Beach, Florida, USA
*ISIS Neutron and Muon Source, STFC Rutherford Appleton Laboratory, Harwell Oxford, Didcot OX11 00X, United Kingdom
(Received 9 July 2015; published 14 January 2016)

The phase behavior of sorbed CO, in an ordered mesoporous silica sample (SBA-15) was studied by
neutron diffraction. Surprisingly, upon cooling our sample below the bulk critical point, confined CO,
molecules neither freeze nor remain liquid as expected, but escape from the pores. The phenomenon has
additionally been confirmed gravimetrically. The process is reversible and during heating CO, refills the
pores, albeit with hysteresis. This depletion was for the first time observed in an ordered mesoporous
molecular sieve and provides new insight on the phase behavior of nanoconfined fluids.
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Fluids in confined environments are relevant in diverse
areas spanning gas storage and separations, catalysis, oil
extraction, and geological water management through to
the engineering of microfluidic devices. Especially in
nanoscale pores, the combination of solid-fluid interactions
and finite volume can alter the structural and dynamic
properties of fluids and strongly influence their phase
behavior [1-4]. Although pore condensation has been
thoroughly studied, mainly with the aid of ordered mes-
oporous materials, the freezing of fluids sorbed in nano-
pores is an intense field of research and a comprehensive
theory on the phase behavior of pore-confined fluids is yet
to be established. Among several cases, the freezing of
water in ordered mesoporous silicas has been extensively
studied [5—10]. The results suggest that water crystallizes in
the core of the pores, at a temperature below the bulk
freezing point according to the Gibbs-Thomson (GT)
equation [8]. In contrast, surface-adsorbed water has
liquid-like properties, while water confined in micropores
cannot crystallize even at temperatures as low as 173 K
[11]. CO, is another interesting candidate to study confine-
ment effects because of its linear shape and quadrupole
moment (both producing orientational correlations).
Although bulk CO, has been thoroughly investigated, only
limited experiments concerning confinement in nanoporous
materials have been reported. It has generally been shown
that above the bulk triple point, 7’5, and even at supercritical
conditions, adsorbed CO, has a liquidlike structure in the
pores while stronger orientational correlations have been
observed [12—15]. On the other hand, confined CO, below
its bulk triple point (73 = 216.6 K) is seldom investigated;
for instance, so far, phase transitions that may occur below
T5 have not been studied in ordered mesopores. An x-ray
diffraction (XRD) study of solidified CO, in a Vycor
porous glass (mean pore diameter 70 A) revealed a solid
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with identical structure but decreased density compared to
bulk CO,, while the crystallite size was surprisingly larger
(160 A) than the pore size [16]. Further, positron annihi-
lation experiments of sorbed CO, showed a depression of
the triple point inside the pores of Vycor glass and an
unexplained complex phase behavior at reduced CO,
pressures [17]. Overall, the structure and properties of
pore-confined CO, below T3 remains largely unknown,
and thus we attempt, for the first time, to monitor its phase
behavior in the well-defined pores of the ordered meso-
porous silica SBA-15 below 216 K by in sifu neutron
diffraction.

The experiments were carried out at the Near and
InterMediate Range Order Diffractometer (NIMROD,
ISIS Neutron Source, STFC Rutherford Appleton
Laboratory, UK). The instrument delivers high neutron
flux, moderate Q resolution, high detector stability, and low
scattering backgrounds [18,19]. NIMROD bridges the gap
between conventional small- and wide-angle neutron scat-
tering and is thus ideally suited for in sifu sorption
experiments with ordered mesoporous materials. By con-
ducting such experiments the evolution of the strong SANS
diffraction signal of the porous structure (giving unique
information on the spatial distribution of the adsorbed
phase) can be monitored simultaneously with wide-angle
data that highlight the molecular structure of the confined
phase. For the in situ measurements a special adsorption
apparatus has been constructed [14,20]. Approximately
0.85 g of outgassed (12 h, 500 K, 10~ mbar) SBA-15
powder silica (Claytec Inc.), were placed into a null
scattering Tig 74210 324 cell. Measurements of bulk liquid
and bulk solid CO, were also carried out. The scattered
neutrons were counted as a function of neutron time-of-
flight, corrected for instrument and container backgrounds,
absorption and multiple scattering, and normalized to a
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standard vanadium
routines [21,22].
Figure 1 (inset) illustrates the CO, isotherm of SBA-15
at 214 K (i.e., slightly below T;) measured gravimetrically
(IGA, HidenlIsochema). As in the case of N, at 77 K [23],
the isotherm is typical for a mesoporous material with
cylindrical pores of uniform size (type IV, H1 hysteresis
loop). Figure 1 also shows the in sifu neutron measure-
ments that were carried out (outgassed sample, just before
and after the capillary condensation region). The small-
angle diffraction pattern of dry SBA-15 exhibits three
Bragg peaks, namely, (10), (11), and (20), due to the
regular 2D hexagonal packing of mesopores [27].
Additionally, the amorphous “glasslike” structure of the
SBA-15 silica walls is visible at high Q. On the other hand,
the small-angle profile of partially filled SBA-15 at 3.3 bar
of CO, differs remarkably; the (10) and (20) intensities
increase, (11) becomes very weak while two additional
reflections, (21) and (30), appear. The above can be
explained after considering the structure of SBA-15 and
the adsorption process. SBA-15 has 2D ordered mesopores
while disordered micropores are found in the pore walls.
Moreover, a less dense SiO, corona is located on the
surface of the ordered mesopores. At the initial stages of
adsorption micropores are filled; as the pressure increases
layers of adsorbed CO, that cover the corona are formed.
Thus, just before capillary condensation (3.3. bar) both the
pore walls and the corona appear more dense (due to the
extra adsorbed CO,). In this respect, the contrast between
the walls and the empty ordered mesopores increases
substantially (main peak intensity increase), while the
long-range order of the pore lattice is fully resolved
(appearance of new peaks) [14,29]. Furthermore, at
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FIG. 1. Diffraction patterns of SBA-15 during CO, adsorption

at 214 K. Inset: CO, adsorption isotherm at 214 K; the square
symbols show the points where in situ neutron diffraction
measurements were performed.

3.3 bar, the main peak of confined CO, (Q ~ 1.8 A
is clearly visible at high Q. At P = 3.8 bar, capillary
condensation is complete and the pores are filled with
condensate (filled SBA-15). The scattering profile of the
filled sample has the same features, with the empty case
exhibiting again only three reflections. However, due to
lower contrast (Si0,-CO, compared to SiO, vacuum) the
peak intensity is decreased by almost 1 order of magnitude.
On the other hand, the intensity of the confined CO, peak is
further increased, as expected. In the very low Q regime
(Q < 0.04 A1), an enhanced signal is observed for both
adsorption stages. This can be explained as after adsorption
the SBA-15 grains have a higher scattering length density
(due to the adsorbed CO,) and thus the contrast between the
practically empty intergrain space and the grains increases
giving rise to a stronger SANS signal. The total-scattering
structure factors and differential correlation functions of
bulk (liquid and solid) and confined CO, have been
deduced and compared. The confined CO, has liquidlike
properties although subtle differences are observed, point-
ing to stronger orientational correlations, especially at the
stage before capillary condensation. These differences were
attributed to either pore wall-fluid interactions (adsorbed
film) or the confinement of the fluid (when pores are filled),
combined with the relatively large quadrupole moment of
CO, [30]. Finally, the pore-confined CO, density of the
filled sample has been calculated from the integrated
intensity of the main Bragg reflection (d = 1.10 g/cm?,
i.e., very close to the 1.18 g/cm’ density of the bulk
liquid) [36].

As a next step, SBA-15 was slightly heated above 7’5 for
avoiding external dry ice formation. Then it was further
filled with successive loadings of CO, (up to P = 5.18 bar)
to ascertain that all pores as well as the measuring cell were
completely filled with liquid CO,. The cell was then subject
to slow cooling down to 212 K (0.3 K/ min). During the
cooling process at about 214 K a “transient” spectrum was
recorded. In this case (overfilled SBA-15), only the (10),
(11), and (20) peaks are visible, as in the case of the filled
sample, and the SANS intensity is further reduced (since
the intergrain space is also filled). In addition, a very strong
peak from liquid CO, (at Q ~ 1.8 A™!) is evident. Again,
from the reduced integrated intensity of the (10) peak the
calculated density of the pore carbon dioxide is increased to
d =1.29 g/cm® [36]. This causes lowering of contrast,
resulting in a weaker and correspondingly more noisy
“jagged” low-Q signal. The next pattern at 212 K shows
clearly the Bragg reflections from solid CO, [see also
Fig. 2(a), inset]. The peaks are identical to those obtained
from bulk dry ice without any noticeable broadening
[41]. This implies that only external CO, between silica
particles is solidified. Moreover, if solidification occurs
also within the pore matrix one should expect a significant
decrease of the SANS signal and probably the elimination
of the Bragg peaks because the scattering length
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density (SLD) of silica almost “matches” that of dry ice,
resulting in an almost perfect contrast matching. In contrast
to this hypothesis, the intensity of the (10) reflection is
practically the same, suggesting that the density of
pore-confined CO, remains almost unaltered [36]. The
remarkable increase of the low-Q intergrain scattering
signal is due to enhanced contrast arising from the liquid
carbon-dioxide filled SiO, particles and the external dry
ice [45].

As freezing progresses, one would expect solidification
of CO, confined in the pore network according to the GT
equation. This was actually observed by differential scan-
ning calorimetry (DSC) measurements for confined water
in a series of SBA-15 samples; when external water was
present (overfilled pores), freezing occurred at a temper-
ature that almost obeyed the GT equation [46]. Again, in a
recent study [5], DSC and XRD measurements carried out
in SBA-15 samples overfilled with water revealed initial
crystallization of external water followed by the freezing of
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FIG. 2. (a) Diffraction profiles
of SBA-15 overfilled with CO,
(T =214 K) during the freezing
process. The pattern of dry SBA-
100 15 is also presented for comparison.
Inset: Highlight of the liquid-solid
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(b) SANS curves of partially filled
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confined pore water at a temperature depending on the
pore size. In our case, the relatively large pore size (74 A)
would imply a rather small depression of the freezing
point. However, as mentioned, if confined CO, solidifies in
the pores, a significant drop of the SANS signal is expected
due to contrast matching. Surprisingly, upon freezing,
a gradual increase of the SANS intensity is observed
followed by the appearance of the (21), (30) peaks
[Fig. 2(a)]. When the temperature reaches 195 K the
SANS curve becomes similar with that of the partially
filled sample [Fig. 2(b)]. These unexpected results provide
strong evidence that upon cooling, CO, molecules instead
of crystallizing, escape from the pores and only the
adsorbed film remains. The intensity increase of the main
Bragg peak suggests that depletion commences at about
208 K.

Figure 3(a) shows that upon heating the process is
reversible, however, with a temperature hysteresis. In brief,
upon heating, CO, progressively reenters in the pores and

100 FIG. 3. (a) Diffraction profiles of
| SBA-15 during heating. The pattern
\ of dry SBA-15 is also presented for
comparison. Inset: Highlight of the
solid-liquid transition of external
CO,. (b) SANS curves of overfilled
| SBA-15 at 214 K (green) and
1 SBA-15 during heating at 220.5 K
' (yellow).
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condensation takes place [Fig. 3(a), inset] since the SANS
intensity reduces and a strong diffraction peak of liquid
CO, finally emerges, revealing that all pores are overfilled,
with the presence of external liquid CO,. It is noteworthy
that the SANS curve at 220.5 K is identical with that at
214 K (overfilled sample) suggesting that the process is
fully reversible, associated with a temperature hysteresis
[Fig. 3(b)].

This peculiar depletion phenomenon has been further
confirmed by independent gravimetric measurements as
described in the Supplemental Material [47]. The gravi-
metric data revealed that during freezing in the CO,
loaded SBA-15 sample below T;, depletion takes place
at around 208 K (monitored by significant weight loss)
and only the adsorbed film remains. Upon heating,
condensation occurs, and results in pore filling. The
results are in excellent agreement with the neutron
measurements.

A similar “depletion” behavior has only been observed
once by means of torsional oscillator measurements during
freezing of partially hydrogen filled porous Vycor glass
below the triple point of bulk H, [48]. However, in contrast
to our results, when the sample was completely filled,
solidification occurred within the pore system, while new
studies have confirmed that H, solidifies within the pores of
several materials, including Vycor glass [4,49]. Further,
positron or positronium annihilation spectroscopy
studies for the CO,-Vycor system implied a drastic signal
change below T5. The unexpected signal increase was
explained in terms of creation of empty space within the
pores [50]; however, it might also be compatible with
CO, depletion. It should be stressed that while these
previous observations were made in Vycor (a highly
disordered silica material with an ill-defined pore network),
our study proves the existence of a depletion phenomenon
in a highly ordered mesoporous silica molecular sieve
(SBA-15) which exhibits a narrow distribution of cylin-
drical pores.

Such a spontaneous depletion can initially be explained
by simply considering that during cooling the vapor
pressure of the bulk phase (solid CO,) drops below the
relative pressure where desorption of the supercooled
condensate should occur. Thus, in a simplistic fashion,
depletion occurs because the “external” pressure is too low.
Of course, the depletion has deeper implications as it is
directly connected with the pore size of the adsorbent and
its ability to maintain a stable pore condensate. In terms of
thermodynamics, since there is a certain temperature
(208 K in our case) where molecules “prefer” to escape
and solidify in the bulk rather than remain sorbed in the
pores, one could conclude that for our system (SBA-15)
this is a characteristic temperature where the free energy of
the pore condensate is higher than the free energy of the
bulk solid CO,. It should, however, be clearly pointed out
that the particular experimental conditions as well as the

thermodynamic properties of CO, gave us a unique “work-
ing window” to observe this new phenomenon. In detail, in
our neutron scattering experiment the “external” volume of
the cell allowed enough space to accommodate the depleted
CO, molecules (this space was obviously created because
of the volume contraction of the solid upon cooling).
Likewise, our gravimetric experiment was designed in
such a way that bulk solid CO, could be formed only
on the walls of our reactor while the sample was always in
equilibrium with vapors (the vapor pressure of the solid
CO,). In both cases (gravimetry and neutrons) the system
was not connected to an external CO, vapor source (in the
neutron cell because of CO, solidification that effectively
blocked the vapor access to the sample and in gravimetry
because we used an isolation valve). In this respect we may
state our findings more accurately. For our system
(SBA-15/CO,) there exists no “pore triple point” (gas-
liquid-solid coexistence) when pores are in contact with the
bulk phase (gas-solid below T3). However, there is a
characteristic temperature (208 K) below which the con-
densed CO, phase destabilizes, escapes from the pores and
solidifies as bulk. Finally, it should be pointed out that
simulation studies in “isolated” pores (such as GCMC for
instance) would not be able to predict this phenomenon
because they do not take into account the interaction with
the bulk phase.

In conclusion, neutron diffraction and gravimetric mea-
surements revealed that during freezing below the bulk
triple point, pore condensed CO, molecules, instead of
crystallizing, escape from the pores of SBA-15 and only
the adsorbed film remains; solidification occurs only in the
external region between the silica particles. Finally, the
results show that upon heating the process is fully revers-
ible, associated, however, with a temperature hysteresis
between depletion and condensation.

The thermodynamics of confined nanophases is an
intense field of research [51]. Our experimental findings
highlight previously unknown details of the phase behavior
of pore-confined fluids and as such may help in developing
a thermodynamically consistent holistic theory. We expect
that the interplay between pore size and attractive
adsorbate-adsorbent interactions, as well as of the proper-
ties of the bulk phase, should play a major role in
determining whether and how the described depletion
phenomenon may occur (e.g., for different pore sizes,
other gases, etc.). More experimental and simulation
work is thus necessary to understand the underlying
mechanism of the observed depletion phenomenon. Such
systematic studies utilizing mesoporous molecular sieves
with different pore sizes and pore geometries are currently
underway.
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