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ABSTRACT: When the small-pore zeolite natrolite is
compressed at ca. 1.5 GPa and heated to ca. 110 °C in the
presence of CO,, the unit cell volume of natrolite expands
by 6.8% and ca. 12 wt % of CO, is contained in the expanded
elliptical channels. This CO, insertion into natrolite is found
to be reversible upon pressure release.

Insertion of CO, into micro- and mesoporous materials has
focused on large-pore zeolites," metal—organic frameworks
(MOFs),” and zeolitic imidazole frameworks (ZIFs)>* since
these materials might find use as both capture and storage
media.’ Small-pore zeolites, though generally limited in gas
adsorption properties, might be used as alternate hosts for
CO, storage considering their enhanced thermal and mechanical
stability. Natrolite is one of the small-pore zeolites featuring
elliptical 8-ring channels filled with sodium cations and water
molecules in a 1:1 ratio at ambient conditions.”® When the
water molecules are removed, however, the ellipticity of the
8-ring channel increases further and as a consequence CO,
adsorption becomes sterically hindered.”'° It has been recently
shown that the natrolite framework is auxetic and under pressure
enlarges the opening and reduces the ellipticity of its 8-ring
channels thereby allowing (selective) adsorption of water or
argon present in the hydrostatic pressure medium."' ™ '* We have
investigated whether this small-pore zeolite natrolite can also
become an adsorbent and storage medium for other gases under
suitable high-pressure and -temperature conditions.

The kinetic diameter of CO, with 3.3 A is slightly smaller than
that of argon given as 3.5 A'> or 3.7 A.'® We therefore would
expect to be able to insert CO, under pressure and temperature
into the natrolite channels. In this work we show that this can be
done at 1.5(1) GPa and 110 °C,"” conditions quite similar to
those required to insert argon'* and determine the structural
arrangements of the CO, molecules in natrolite. A high-pressure
synchrotron X-ray powder diffraction study'’ shows that the
natrolite unit cell expands by 6.8% near 1.5 GPa when heated and
takes up CO, molecules from the pressure medium. When the
pressure is released, the expanded unit cell is initially recovered,
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Figure 1. Pressure- and temperature-induced changes in the synchro-
tron X-ray powder diffraction patterns measured for natrolite under CO,
medium using an imaging plate detector (Ad/d ~ 10~?) at the beamline
SA at the Pohang Accelerator Laboratory. Note that two phases are
mixed after pressure release (upper two patterns). Miller indices are
shown for the selected Bragg peaks.

and complete equilibration takes about 1 h. This process is also
confirmed by the changes in the lattice vibration modes based on
micro-Raman measurements.

Pressure-dependent changes in the observed synchrotron
X-ray powder diffraction patterns from each run are shown in
Figure 1. Visual inspection of the diffraction patterns reveals that
the lattice expansion of the natrolite occurs at 1.54(5) GPa after
heating, and the expanded phase persists after the pressure is
released and the sample is exposed to the atmosphere, at least
for 1 h.

Pressure-dependent changes of the unit cell lengths and vol-
ume of natrolite in the presence of CO, are shown in Figure 2.
The sample sealed with solid CO, at low temperatures was found
to be at a pressure of 0.66(5) GPa at room temperature. As the
pressure increases, the unit cell volume contracts gradually up to
1.54(5) GPa. The volume contraction of natrolite observed
under CO, pressure is larger compared to the one observed in
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Figure 2. Pressure-dependent changes in the (a, b) refined unit cell
lengths and (c) volume of natrolite under CO, pressure medium (filled
blue symbols, upon pressure increase; open blue symbols, after heating;
and filled red symbols, after pressure release). The changes in the unit
cell volume are also compared to the previous results (black asterisks)
from the alcohol + water mixture medium run (methanol/ethanol/
water in 16:3:1 by volume).

our previous study using alcohol and water mixtures as a
pressure-transmitting medium (Figure 1c).'> This is interpreted
to be partly due to the fact that the alcohol and water mixture is
known to exert hydrostatic pressure below ca. 1.5 GPa whereas
CO, is in its critical state in this region and has a larger kinetic
diameter than H,O.'® After the measurement at 1.54(5) GPa, the
DAC was placed in an oven at 110 °C for 1 h and allowed to cool
back to room temperature. A subsequent measurement after this
heating revealed that the sample pressure had not been affected
and the unit cell volume of natrolite had expanded by 6.8%. This
expansion is close to the 7.0% observed in the natrolite to
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Figure 3. A polyhedral representation of CO,-inserted natrolite formed
at 1.54(S) GPa after heating, viewed along [001], the chain/channel axis.
Note that the CO, molecules lie on the plane perpendicular to the
channel axis, tilted by ¢ = 13°. Dark (light) tetrahedra illustrate an
ordered distribution of Si (Al) atoms in the framework.

ordered-paranatrolite transition near 1 GPa in the presence of
the alcohol—water medium."?

A structural model of natrolite at 1.54(5) GPa after heating
was refined against X-ray powder diffraction data using the
monoclinic Cc space group and revealed that CO, molecules
had been inserted into the natrolite channels (Figure 3). The
refined unit cell formula of the CO,-inserted natrolite formed at
1.54(S) GPa after heating is Na;6Al;4Si,4O0g0* 16.0H,0-8CO,,
which indicates ca. 12 wt % of CO, loading into natrolite. Yaghi
et al. found an 8.9 wt % loading in Mg-MOF-74.” In commercial
treatments of natural gas a 30% monoethanolamine solution can
take up 13.4 wt.% CO,.*° After CO, insertion, the elliptical
channels have a more circular shape due to the smaller chain
rotation angle 3 which decreased from ca. 25° at ambient
conditions to ca. 20.5°.° The inserted CO, molecules lie on
the plane perpendicular to the channel, tilted by ca. ¢ = 13°. The
distribution of nonframework sodium cations remains intact in
the presence of CO, in the channel, whereas the water molecules
migrate to one side of the channel. These water molecules bridge
the sodium chain along the channel with interatomic distances in
the range of 2.20(6) and 2.94(6) A (Supporting Information).
The oxygen atoms of the inserted CO, molecules indicate
interactions with the sodium cations and the oxygen atoms from
the water molecules and the framework with the coordination
distances in the range of 2.41(6)—2.58(7) A and 2.70(6)—3.12-
(7) A, respectively. Overall, the OC1 and OC2 oxygen atoms of
the inserted CO, molecules form a helical arrangement together
with the OW1 and OW?2 oxygen atoms from the water molecules
and confine the sodium cations along the channel.

High-pressure CO, insertion into natrolite was also mon-
itored using a customized micro-Raman microscope equipped
with a 532 nm laser in a back-scattering geometry with a
resolution of about 1 cm™'. As in the diffraction experiments,
pure water was used as a pressure medium in run #1 and solid
CO, in run #2. The observed changes in the Raman spectra of
natrolite in run #1 show close agreement with the previously
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Figure 4. Pressure-dependent changes in the Raman spectra of natrolite
under water pressure medium (upper) and CO, pressure medium
(lower). An inset in the lower figure emphasizes the splittings of the
v— and v+ vibrational modes of CO,.

estabhshed spectroscoplc and crystallographic results (Figure 4,
upper).'”*" Two successive phase transitions are indicated by
the abrupt changes in the helical 8-ring frequency mode near
443 cm” ' showing a large red shift at 0.86(5) GPa and an
opposite shift at 1.53(S) GPa. This is associated with the volume
expansion and contraction to form the ordered-paranatrolite and
superhydrated natrolite in the presence of water, respectively.'®
In run #2, the presence of CO, as a pressure medium is visible by
the additional Raman peaks at 1282 and 1387 cm™ ', which stem
from v— (the Fermi resonance of the overtone CO, bending
mode, 2v,) and v+ (the symmetrlc stretching mode, v,),
respectively (Figure 4, lower).**

As the pressure increases, the low-frequency lattice modes
become progressively weaker and broader as the CO, medium
becomes a nonhydrostatic medium. At 1.06(5) GPa, a new
Raman band starts to be seen close to the stretchlng vibrational
mode of the TO, tetrahedra near 1065 cm™ . At 1.59(5) GPa
after heating, this new band increases and sharpens, and
three new Raman bands emerge near 680 cm ™. These features
result from the observed monoclinic distortion of the natrolite

framework and the concomitant insertion of CO, molecules into
the channel. After the CO, insertion, both the v— and v+
vibrational modes of CO, appear to split indicating two different
conformations of the CO, molecules, i.e., one in the pressure
medium and the other inside the natrolite channels (Figure 4,
lower).

In summary, we have demonstrated that under pressure and
elevated temperatures CO, can be inserted into the small-pore
zeolite natrolite. The inserted CO, molecules show strong
interactions with both the framework and nonframework species
and are found to be fully recoverable an hour after pressure
release. Chemical and structural modifications of the natrolite
structure can be made in order to modify the insertion conditions
and allow use in CO, capture and storage technologies.
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