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ABSTRACT

Mitigation of the global climate change via sequestration of anthropogenic carbon dioxide (CO,) in geo-
logic formations requires assessment of the reservoir storage capacity and cap rock seal integrity. The
typical cap rock is shale or mudstone rich in clay minerals that may significantly affect the effectiveness
of the CO, trapping. Specific objectives of this study were to conduct experimental investigation into
the processes associated with CO, and H,O trapped in swelling clay, namely, Wyoming and Texas mont-
morillonite powder. Combined (same-sample) multi-technique data - manometric sorption isotherm
hysteresis, diffuse reflectance infrared spectroscopy ‘trapped CO;’ fingerprints, irreversible X-ray diffrac-
tion patterns for the clay interlayer in intermediate hydration state, and HF acid digestion resulting in
formation of non-extractable F:CO, adducts - corroborate a hypothesis that carbon dioxide molecules
can be irreversibly trapped via anomalous extreme confinement in the galleries associated with mont-
morillonite interlayer, which may result in formation of carbonates in the longer term. Validation on
Arizona montmorillonite lumps substantiated the evidence that such processes may occur in natural

clay deposits but possibly on a different scale and at a different rate.

Published by Elsevier Ltd.

1. Introduction

Sequestration of greenhouse gases (GHGs) in geologic forma-
tions is a viable approach to mitigation of the global climate
change. Options for geologic storage of anthropogenic carbon diox-
ide (CO,) vary from saline aquifers and depleted oil and gas fields to
unmineable coal seams (DOE/NETL, 2010). Important consideration
is potential changes in caprock seal integrity, owing to interac-
tion with CO,. The typical caprock is shale or mudstone rich in
clay minerals that may significantly affect the effectiveness of CO,
trapping. Swelling clay minerals, such as smectite with aluminosil-
icate structure controlled by low-charge layers, can accommodate
water and, potentially, carbon dioxide molecules in the interlayer
region (Romanov et al., 2009a; Knudson and McAtee, 1973).

Dioctahedral smectites have a 2:1 lamellar structure with an
octahedral sheet of repeating AlOg units sandwiched between two
tetrahedral silicate (SiO4) sheets. Isomorphic metal-ion substitut-
ions in either layer (e.g., AI3* replaced by Mg?* or Fe* in the
octahedral sheet or Si** replaced by AI3* in the tetrahedral sheet)
result in fixed-charge imbalance that is compensated by metal
cations (e.g., Na* or CaZ*) residing at or near the clay surfaces.
The lamellae, thus held together by electrostatic forces, can be
expanded by penetration of polar (or polarizable) molecules into
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the interlayer (Romanov et al., 2009a; Ferrage et al., 2005). Het-
erogeneity of smectites can lead to coexistence of layers with
substantially different degrees of hydration, within the same crys-
tallite (Ferrage et al., 2005).

Original debates around the CO, intercalation hypothesis
stemmed from interpretations of the B.E.T. (Brunauer et al., 1938)
surface area measurements on cation-exchanged montmoril-
lonites, related to differences in sample preparation, sensitivities of
cryogenic (—78°C) adsorption apparatus, and theoretical assump-
tions with regard to organization of the lamellae in the clay
matrix being affected by the cation exchange, dialysis, and dry-
ing procedures (Thomas et al., 1970). The first report that CO,
can penetrate the interlamellar space of Cs-smectite (Thomas and
Bohor, 1968) was initially challenged, on the grounds of scien-
tific merit, by Aylmore et al. (1970) but was later re-affirmed
by Fripiat et al. (1974), based on additional evidence using an
infrared (IR) transmission spectrometer (at room temperature and
—78°C) and X-ray goniometer (20°C to —70°C to 20°C) experi-
ments on the same clays that were used by Thomas and Bohor
(1968). Despite the very low CO, pressure (<1 atm.) used in their
work, Fripiat et al. (1974) reported noticeable orientation depen-
dency of the asymmetric stretching (v3) band in the 2350cm™!
region of the absorbed IR spectra of K- and Cs-smectite and sig-
nificant swelling of Na- and Ca-smectite due to CO, condensation
during the cooling cycle. Interestingly, the changes in dgg; spacing
were reversible in both Na-exchanged (10.0A to 12.3A to 10.0A)
and Ca-exchanged (13.2A to 14.2A to 13.2A) smectites but the
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changes in dggy and dgg3 peak positions appeared to be irreversible
with the Ca-smectite. The IR spectra of Na- and Ca-smectites
were not reported. Later, Fahmy et al. (1993) observed that the
magnitude of saturated swelling of Mg-montmorillonite clay is
not monotonically dependent on CO, pressure at 45°C, which
they attributed to a competition between the swelling caused
by increasing solubility of added water in CO,-rich phase and
the hydrostatic pressure compaction effect but the exact mecha-
nisms were not understood.Molecular-scale phenomena related to
CO, interaction with swelling clays have recently drawn attention
of environmental scientists. In 2008, NETL researchers observed
that CO, molecules may permanently intercalate between the clay
lamellae (Romanov and Soong, 2008) and suggested a sorption
mechanism akin to nano-confinement (Romanov et al., 2009a);
independently, Busch et al. (2008) conducted experiments on
well-characterized shale samples (Muderong Shale, Australia) and
reported a relatively high CO, sorption capacity compared to
coal as well as poor reproducibility in repeat experiments on
the same samples, which they attributed to strong CO, inter-
action with clay minerals present in the shale. Romanov et al.
(2009Db) reported irreversible swelling of Ca-smectite after expo-
sure to CO, in prolonged pressure build-up experiments, with
preliminary results suggesting a subsequent carbonate formation
in the interlayer region. The sorption of volatile fluids in swelling
clay was further investigated using ab initio and classical sim-
ulations (Cygan et al., 2010; Botan et al., 2010; Cygan et al.,
2012), which showed that the hydrated clay system is capable of
sorbing linear CO, molecules via intercalation. The disposition of
CO, molecules and density profiles of atoms within interlayer of
Na-montmorillonite from molecular dynamics (MD) simulations
(Cygan et al., 2012) are consistent with Monte Carlo simulations
for lower CO, content (Botan et al.,, 2010). Comparison of the
preliminary experimental and theoretical results presented by
Romanov et al. (2010a) was followed by advanced complemen-
tary studies (Giesting et al., 2012a,b; Romanov et al., 2010b). It was
reported that the modeling results and experimental observations
indicate that sufficient presence of water species in the inter-
layer region is necessary for intercalation of CO, (Romanov et al.,
2010b). The following X-ray diffraction (XRD) studies (Giesting
et al., 2012a,b; Schaef et al., 2012; Ilton et al., 2012; Hemmen
et al,, 2012) focused primarily on changes in dgg; basal spac-
ing during and after the CO, treatment. The in situ (Giesting
et al,, 2012b) measurements replicating the pressure build-up
experiments (Romanov et al.,2009b) confirmed the extent and irre-
versibility of matrix swelling observed ex situ. The reported XRD
results indicate that the nature of the interlayer cations, degree
of hydration, and the length of exposure to CO, can significantly
affect the experimental outcome. However, the outcomes of these
studies were inconsistent and specific nature of the CO,-clay inter-
actions governing this process was not fully understood. Among
proposed mechanisms was formation of carbonate complexes that
can be trapped in the interlayer via hydrogen bonding (Cole et al.,
2010) or as part of the interlayer cation hydration shell (Giesting
etal., 2012a).

The overall objective of this work was to develop a bet-
ter understanding of the molecular interactions associated with
CO, intercalation and the factors affecting CO, sorption in clay,
especially the permanence of trapping, and to contribute to devel-
opment of robust models for CO, storage in geologic reservoirs.
Specific objectives were to conduct experimental investigation into
the processes associated with CO, and H;O trapped in swelling
clays, namely, Wyoming and Texas montmorillonites, to provide
evidence of the sorption mechanism via intercalation in the inter-
layer and to investigate the role of cation hydration as well as
the longer-term changes in carbon dioxide bonding to the clay
surfaces.

2. Materials and methods
2.1. Samples

The clay samples used in this work were SWy-2 (a low-

charge Na*-montmorillonite from Wyoming, with substitutions
of Mg2* and Fe2* for AI3* and minor substitutions of AI3* for
Si**, and the unit-cell structure: (Cag 12Nag 32K 05)[Alz 01 Fe(1l1)g 41
Mng 01 Mgo.54Tio02][Si7.98Al0.02]020(0H)4); STx-1b (a low-iron
Ca?*-montmorillonite from Texas, with isomorphic substitutions
in the octahedral sheet only and the unit-cell structure: (Cag 7
Nag,04Ko.01)[Al2 41 Fe(1l1)g 0gMnerMgg 71 Tig.03 1[Sig.001020(0H)4);
and SAz-2 (a heterogeneous high-charge CaZ*-montmorillonite
from Arizona, known as “Cheto,” with isomorphic substitutions
in the octahedral sheet only and the unit-cell structure: (Cag3g
Nag 36Ko.02)[Al2.71Fe(1ll)g.12Mng.01Mg1.11Tig.03][Sig.00]/020(0H)4)
- which had been acquired from the Source Clays Repository,
the Clay Minerals Society, Department of Geology, University of
Missouri, Columbia, MO (Martin, 1979) and were used as received
except when it is stated otherwise. The SWy-2 and STx-1b were
received in form of powder and SAz-2 was received as natural
lumps. Control experiments on the lumps were used to verify
significance of the findings for similar clay powders.

2.2. Sorption isotherms

We used the NETL-built manometric apparatus (Romanov et al.,
2006), to measure CO, (99.999% purity, Valley Co., Pittsburgh, PA,
USA) sorption as a function of pressure and temperature swings.
The gases were pressurized by the ISCO syringe pump (Model
500D). In the first test, SWy-2 and STx-1b powders were loaded into
separate sample cells and then the sample and reference cells’ void
volumes were determined with estimated accuracy of 0.1cm3 by
repeatedly injecting helium (99.997% purity, Valley Co., Pittsburgh,
PA, USA). Evacuation of the system was done by the Edwards high-
vacuum pump (Model E2M8) at 55 °C, for 2-3 days prior to the tests
to remove non-bound water. Temperature was varied during the
test and stabilized with accuracy of 0.1 °C, by the VWR refrigerated
bath circulator (Scientific Products, Model 1196). Standard calibra-
tion and statistical correlation techniques were used to account
for the non-equilibrium test conditions, including the temperature
corrections to the pressure transducer readings (Romanov et al.,
2006).

The initial part of the test was a standard CO, sorption isotherm
(55°C, up to 7MPa) on as-received SWy-2 and STx-1b powders,
with at least two-hour equilibration at each pressure, for a total of
8 h. The samples were subsequently heated to above 90°C, with
the closed-volume CO, pressure increasing above 10 MPa, then
cooled to 55°C and slowly depressurized to determine residual
sorption.

For comparison of the powder data with natural clay, the as-
received SAz-2 lump sample was tested using the same protocol
as in the above experiments on SWy-2 and STx-1b but with longer
steps at each pressure (2-3 days) at 55°C to allow for potentially
slower equilibration of the large lumps compared to powder. The
SAz-2 sample was subsequently exposed to supercritical CO, (at
10.5 MPa and 90 °C), for 10 minutes and slowly decompressed. The
SAz-2 lump was crushed and ground into powder only after being
exposed to CO, in order to prepare it for the Fourier-transform
Infrared (FTIR) studies.

Eight months later, the CO, sorption isotherms have been
repeated on the SWy-2 and STx-1b powders moisture-equilibrated
under the room conditions of <20% relative humidity (RH). These
tests were done in two runs each, with relatively short (for a total
exposure of 4h) and long (for a total exposure of 10 days) equili-
bration times.
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2.3. Infrared spectroscopy

Diffuse reflectance infrared spectra were collected using the
FTIR spectrometer (Thermo Electron Corporation, Model Nicolet
4700) with liquid nitrogen-cooled HgCdTe (MCT) detector and
a Smart Collector with dual environmental chamber equipped
with ZnSe windows. House nitrogen purge was used to reduce
infrared absorption in the air CO,. The studied clay powder samples
(<200 mg) were randomly mounted in the sample compartment
and the control sample (powder of the corresponding original, as-
received clay) was mounted in the interconnected reference cell.
Before being placed inside the environmental chamber, all SAz-2
lumps, either as-received or after the prior exposure to CO,, were
slowly and gently ground into powder while taking care to prevent
overheating of the clay particles caused by friction.

To avoid higher MCT detector noise as well as interference
effects created by variable particle size, the collected spectrum was
limited to 4000-500cm~! in the middle-IR (MIR) range. In each
measurement, at least 256 scans were done with 2cm~! resolu-
tion. The spectra of the as-received clays were used for background
subtraction. To monitor long-term spectral changes, the samples
of SWy-2 and STx-1b clays exposed to CO, were left in the dual-
chamber compartments for eight months to ensure that the same
area was repeatedly scanned.

2.4. X-ray diffraction

The X-ray diffraction (XRD) patterns were produced on ran-
domly oriented clay powder samples using a multi-purpose
diffractometer X'Pert PRO MPD (PANalytical, B.V., Almelo, The
Netherlands) with a Cu X-ray source operated at 45kV and 40 mA
and an X'Celerator detector equipped with a monochromator. Data
were collected from 3 to 60°26 using a step size of 0.02°26 and
a count time of at least 2 s per step, immediately (within 15 min)
after several trials of CO, exposure of the clay samples in manomet-
ric apparatus, including the above mentioned sorption isotherm
experiments on as-received clay samples as well as short (4 h) and
long (10 days) additional exposures of the identical clay samples
that were allowed to sit open under room conditions, 21°C and
<20% RH, for eight months before the experiments. The sample
transfer was done in dry-nitrogen-filled vessels. Each time, the
same day and under the same ambient conditions, a control run
was done with the identical clay samples that were not exposed to
CO,.

3. Results and discussion
3.1. CO, sorption isotherms

NIST Pure Fluids (Lemmon et al., 2000), Database 12, ver. 5.0 was
used to calculate the equation-of-state (EOS) for CO,. Reproducibil-
ity of the derived sorption isotherm data is poor with respect to the
exact amount of residual sorption (Busch et al., 2008; Romanov
et al., 2010b) but the sorption-desorption hysteresis during the
isothermal (55°C) portion of the test, shown for the 20% RH-
equilibrated samples and long CO,-equilibration times (Fig. 1), was
observed to varying extents (Romanov et al., 2009b) except for
sorption on the clay powder dried by heating in vacuum prior to the
tests. The data for the as-received samples and for shorter equil-
ibration times are similar but are not shown here due to larger
errors associated with the EOS uncertainties. Despite the relatively
low accuracy of such measurements, it is worth mentioning that
the residual sorption correlated with apparent in situ swelling of
the clay minerals at high CO, pressures, evidenced by the negative
slope (Cygan et al., 2012) of the sorption isotherm plots. To test the
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Fig. 1. Excess CO, sorption isotherms: solid lines (—) at 55°C; dotted lines (...) at
>90°C; dashed lines (- - -) for decompression (desorption).

hypothesis of the residual CO, trapping further, direct measure-
ments of the sample weight change caused by exposure to CO, were
completed on the same samples. The measured weight gain (up to
+0.3% for SWy-2 and +0.4% for STx-1b) was much smaller than the
weight gain that would correspond (in the excess de-sorption plots,
without accounting for clay dehydration) to the residual sorbed
amount of CO,. Hence one can infer that at least some interlayer
water has been displaced by the CO, molecules.

Assuming that inter-particle voids inaccessible to helium can be
neglected and that the dry-mineral grain density (Holmboe et al.,
2012; Lutterotti et al., 2010) is 2.8 g/cm? for SWy-2 and 3.1 g/cm?
for STx-1b, the in situ helium pycnometry data of grain density
>2.3 g/cm? for all SWy-2 and >2.2 g/cm? for all STx-1b samples cor-
respond to water contents of <0.08 g-H,0/g-clay for SWy-2 and
<0.18 g-H,0/g-clay for STx-1b, which indicates that SWy-2 had an
incomplete monolayer of interlayer water or, most likely, inter-
stratified 0 and 1 interlayer water (0-1W) layers and STx-1b had
1-2 W layers. These numbers are consistent with 15-30% RH equil-
ibration conditions (Ferrage et al., 2005).

The sorption isotherm data show that CO, sorption capacity of
the montmorillonite powder is comparable to sorption capacity of
coal. The control experiment with CO, sorption on SAz-2 lumps
resulted in the excess sorption plots (not shown) similar to the
STx-1b, which indicates that low permeability of the natural (not
powdered) clay deposits may not be an issue if they are sufficiently
dry.

3.2. Diffuse reflectance infrared Fourier-transform spectroscopy
(DRIFTS)

The infrared spectroscopy was used to verify the permanence
of CO, trapping indicated by the manometric results. The diffuse
reflectance spectra provided further evidence that CO, enters the
interlayer and becomes trapped there for at least several months
under the ambient conditions. The following FTIR studies have pri-
marily focused on antisymmetric (asymmetric) stretching (v3) and
bending (v,) vibrations of the residual CO, molecules (Fig. 2) that
remain trapped in Wyoming (SWy-2) and Texas (STx-1b) mont-
morillonite powder several months after exposure to supercritical
carbon dioxide.

The observed vibrational frequency (v§) shifts (see
Supplementary data) were stable over a period of eight months,
highly reproducible for both of these montmorillonites and
independent of their hydration state, —5cm~! for SWy-2 and
—10cm~! for STx-1b; but the IR-active ‘trapped CO,’ modes were
not as readily detected in the similarly treated samples of Arizona
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——SWy-2 (1 day)
——STx-1b (1day) N
— -SWy-2(8 mo.)
- — 8Tx-1b (8 mo.)

Intensity

2380 2370 2360 2350 2340 2330 2320
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Fig. 2. FTIR spectra after exposure to CO,: solid lines (—) within 24 h; dashed lines
(---) for same samples 8 months later (5x magnification).

(SAz-2) montmorillonite (see Supplementary data). These fre-
quency shifts are significant to indicate some form of physical
trapping, yet too small to suggest strong chemical bonding for
these CO, moieties. However, in the long term, the significant drop
in the v} intensity may indicate some ongoing chemical processes
such as carbonation.

It appears that an apparent carbonate band near 1430cm~! has
significantly increased in intensity over time in the SWy-2 sam-
ple, several months after exposure to CO, (Fig. 3). A sharp peak
observed at 1475 cm~! has not been properly identified but it can
be tentatively attributed to either a regularly structured form of a
carbonate (mineralization) or aromatic C=C stretching vibrations.

Barring the chemisorption, persistence of the ‘trapped COy’
vibrations in SWy-2 and STx-1b after the decompression is
an evidence of extreme (molecular or nano-scale) confinement
that prevents some of the CO, molecules from diffusing out of
molecular-scale traps, presumably located in the interlayer region.
The term nano-confinement is introduced here to distinguish
this molecular-scale trapping mechanism from reversible physi-
cal sorption in micropores, with diameters <2 nm as defined in the
[UPAC guidelines on reporting physisorption data (Sing et al., 1985).

As a proof that the initial irreversible trapping of CO, molecules
is not due to chemical bonding, boiling of the clay samples in
hydrofluoric acid (HF) at 250°C (in a failed attempt to chemi-
cally release the ‘trapped CO,’) did not affect the magnitude of
the signal but shifted the v peaks in both clays to the same

——SWy-2 (1 day) C=0
stretch

- —-SWy-2 (8 mo.) Carbonates

i

[ \
,‘V'ul\\

1

Intensity

1900 1800 1700 1600 1500 1400
Wavenumber, cm-1

Fig. 3. FTIR spectra after exposure to CO;: solid line (—) within 24 h; dashed line
(---) for the same sample 8 months later.

—SWy-2(+CO0,)
——S8Tx-1b(+CO,)
= = -SWy-2(+CO,+HF)
— — STx-1b(+CO,+HF)

Intensity

2380 2360 2340 2320 2300
Wavenumber, cm-!

Fig. 4. FTIR spectra after exposure to CO,: solid lines (—) within 24 h; dashed lines
(---) for residue of the same CO,-exposed samples after subsequent HF acid
digestion.

frequency, 2315cm~! (Fig. 4), which fits the red-shift trend for
asymmetric-stretch vibrational frequencies of the matrix isolated
CO, halide anions (Weber and Schneider, 2004). The CO, fluo-
ride peak sits on the right shoulder of a much broader absorption
band (see Supplementary data) which is tentatively assigned to
complex molecular lattice bands in combination with CO; asym-
metric stretching (Palmer et al., 1981; Roux et al., 1979). Since the
nano-confined CO, does not appear to be chemically released until
complete destruction of the clay matrix, the standard CO, coulome-
ter test cannot be used to accurately quantify the amount of carbon
dioxide trapped in the interlayer.

No distinct CO, bending-mode vibrations (V) were observed,
in excess of background, in the montmorillonite samples either
immediately after their exposure to CO, or several months later
(see Supplementary data), which is another indication of the
extreme quantum confinement.

3.3. XRD patterns

Original (as received) clay samples had significant amount
of cation hydration in the interlayer, which is shown in rel-
atively large basal spacing, dgg; (Fig. 5) corresponding to the
(001)Bragg reflections, a broader (20 FWHM~3°) one-monolayer-
hydrate peak (12.2A) for Na-montmorillonite and a narrower

—SWy-2
—S8Tx-1b

— -SWy-2(+CO,)
- --8Tx-1b(+CO,) 2\

Intensity

9 10 M

12 13 14 15 16 17 18

d-spacing, A
Fig. 5. XRD patterns: solid lines (—) for ‘as-received’ samples; dashed lines (---)

after 10 MPa CO,.
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— SWy-2*
SWy-2*(+CO,)short
""" SWy-2*(+CO,)long
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§ 7 H,0/CO, (2W)
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= L& -u&t&»w‘jw
8 10 12 14 16

d-spacing, A

Fig. 6. XRD patterns of SWy-2 after equilibration under <20% RH (*): solid line (—)
before CO,; dashed line (- - -) after the 4-h CO,, test; dotted line (. . .) after the 10-day
CO, test.

(29 FWHM~0.7°) two-monolayer-hydrate peak (15.2A) for Ca-
montmorillonite. After exposure to supercritical CO,, the main
dgo1 peaks become narrower (by >30% in Na-montmorillonite and
by <3% in Ca-montmorillonite), suggestive of slightly decreased
hydration heterogeneity and/or higher degree of stacking in
the elementary tactoids (quasi-crystals). A prominent feature
(doo1 ~ 10A) representing nearly collapsed interlayers in the ‘as-
received’ Na-montmorillonite had almost completely disappeared
after exposure to CO, (Fig. 5).

As both ‘as-received’ samples were allowed to sit open under
room conditions, 21°C and <20% RH (labeled with *), the main
XRD peaks have gradually shifted to lower d-spacing values but
the nearly-collapsed interlayer feature in SWy-2* has broad-
ened and shifted to a slightly higher (10.1A) value (Fig. 6). Still,
the Ca-montmorillonite samples appeared to be more homoge-
neously hydrated (26 FWHM~1.2°) than the Na-montmorillonite
(20 FWHM~2°). Both 20%-RH clays were subjected to two CO,
sorption experiments similar to the initial sorption test. In the first
(short) experiment, the exposure to CO, was 4 h; the exposure in
the subsequent (long) experiment was 10 days. In case of SWy-2%,
the main XRD peak (11.4 A) behaved the same way as with the orig-
inal, ‘as-received’ sample: it increased in intensity while becoming
slightly narrower (Fig. 6).

Similarly, exposure to CO, has removed the broader wings
(9-11A) around the sharper features at 10.0-10.1A, in all
instances; the feature at 9.55 A (Fig. 7, inset) attributed to the com-
pletely collapsed interlayer of a pure Na-montmorillonite* was
significant only in ‘as-received’ SWy-2. The apparent hydration het-
erogeneity of the SWy-2* after the long exposure to CO, almost
replicated that of the more hydrated ‘as-received’ SWy-2 prior to
CO, treatment: both samples had distinct features at 10.0A and
14.4 A; but the main reflection peak of the SWy-2* clay after the
CO; exposure became narrower (260 FWHM = 1.4°) and did not shift
vs. the SWy-2* prior to CO, treatment. These features were present
in ‘as-received’ SWy-2 only before exposure to CO, (but not in
SWy-2* before exposure to CO,) and were found in SWy-2* only
after the long (but not after the short) exposure to CO, (Fig. 7).
The higher-order reflections of the SWy-2 samples were similar
to each other (see Supplementary data) and did not reveal strong
correlations. This suggests that CO, interaction with such hetero-
geneous clays is very complex and may result in either swelling
or drying and shrinking of certain interlayer galleries, depending

—SWy-2
SWy-2*(20% RH)
SWy-2*(+CO,)short

----- SWy-2*(+CO0,)long

Intensity

©

9.5 10
d-spacing, A

Intensity

L~ ERNEL S W
1

9 9.5 10 10.5

d-spacing, A

Fig.7. XRD patterns of ‘as-received’ SWy-2, solid black line (—), with isolated shoul-
der band shown in the inset; and SWy-2 after <20% RH equilibration (*), solid gray
line (—) before exposure to CO,, dashed line (---) after 4-h CO,, dotted line (...)
after 10-day CO, exposure.

on yet unidentified factors that govern the mixing kinetics of the
CO,-H;0 systems.

While the ‘as-received’ and the 20%-RH Na-montmorillonites
are both representative of a partly-filled first hydrate-monolayer,
the ‘as-received’ and the 20%-RH Ca-montmorillonites are
the extreme cases of the nearly-filled (dgo; ~15.2A) and the
marginally-opened but effectively vacant (dgg; ~13.1A) second
monolayer respectively. After exposure to CO, the basal repeat dis-
tances of the 20%-RH STx-1b (STx-1b*) consistently increased by
~1.1A (Fig. 8), in both short and long experiments that were com-
pleted about 10 days apart, with the control STx-1b* sample run the
same day each time. The higher-order reflections have changed as
well (see Supplementary data). Since, during the experiment, every
effort was made to eliminate the residual micropore water (dry-
ing in vacuum, heating above 90 °C, and pressure cycling with high
purity CO,), the increase in dgg; should be attributed to CO, pen-
etration into the lattice spacings (via intercalation) rather than to
formation of a second hydrate layer between the strata. The par-
tial irreversibility of the CO, intercalation observed on the same

—STx-1b
----- STx-1b(+CO,)

—— STx-1b*(20% RH)
- - -STx-1b*(+CO,)long
‘1, H,0/CO, (2W)

H,0/CO, (1W)

Intensity

10 12 14 16 18 20
d-spacing, A

Fig. 8. XRD patterns: black line (—) for ‘as-received’ STx-1b sample; blue line
( ) for STx-1b after <20% RH (*); dashed lines (- - -,== = = ) for after 10 MPa
CO;, (scaled). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of the article.)
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Fig. 9. Chronological d001 changes in SWy-2 and STx-1b (Romanov et al., 2009b),
before and after the exposure to sc-CO, and then after outgassing (ambient) vs.
references: Na-SWy-2 (Giesting et al., 2012a), Ca-SWy-2 (Giesting et al., 2012b), K-
SWy-2 (Giesting et al., 2012b), Ca-STx-1b (Schaefet al.,2012), 1W state (Cygan et al.,
2004), and 2W state (Cygan et al., 2004).

samples as the sorption hystheresis and the IR spectra supports
the hypothesis of nano-confinement within interlayer or, at least
partly, within adjacent structural cavities.

The difference between the long- and short-term exposure to
CO, (not shown) was minor and indicated that only 5% of the
platelets (with an average d-spacing of ~13.3 A) still continued to
expand by ~1.1A into the platelets with an average d-spacing of
~14.4 A, beyond the first four hours of exposure, thus indicating
that CO, penetrates into such structures (with greater H,O/CO,
population) much slower than into the ones with the minimal
amount of hydration necessary to prop open the second mono-
layer. The incremental long-term expansion, +0.2A was on the
same scale as in the (ultimately, irreversible) in situ kinetics experi-
ments (Giesting et al., 2012b). Incidently, the main peak in STx-1b*
shifts toward the same position (14.4A) as the secondary peak in
SWy-2*, both after the long exposure to CO, and under the same
atmospheric conditions (Fig. 6).

These d-spacing data for both SWy-2 and STx-1b samples were
also compared to the in situ literature data (Fig. 9). Notably, the Na-
montmorillonite with partly filled (sufficiently open) first hydrate
monolayer appears to swell by up to ~1A, allowing CO, to com-
pletely fill the first monolayer at pressures above 5 MPa, and then
shrink (after the short, 10 min. exposure to CO,), upon decom-
pression, below the initial d-spacing (Giesting et al., 2012a) as the
CO, apparently displaces the water molecules in the interlayer
(Fig. 9). However, Giesting et al. (2012a) reported no swelling for
Na-SWy samples either with initial dyg; <10 A or with a completely
filled first hydrate monolayer, dgg; =12.3-12.5 A. Similar types of
swelling behavior were reported for the K-SWy (Giesting et al.,
2012b), Ca-SWy (Giesting et al., 2012b), and some Ca-STx (Schaef
et al., 2012) samples in 0-1 W hydration state (Fig. 9).

Both Romanov et al. (2009b) and Giesting et al. (2012b) observed
irreversible swelling up to 15-15.5A in the long-term pressure
build-up experiments with Ca-smectites in 1-2 W hydration state,
which suggests some reorganization of the interlayer content
(Giesting et al., 2012b) that increases stability of the CO,-clay
system over time; but Schaef et al. (2012) reported only shrink-
ing, attributed to drying effects of high-pressure CO,, for the
Ca-STx samples with partly filled second hydrate layer and initial
dgo1 > 13 A (Fig. 9). One possible explanation for the lack of con-
sistency in these data is importance of the differences in dynamic
application of the CO, pressure that result in various degrees of
CO,-H,0 mixing in the interlayer as opposed to sheer mechanical
displacement of H,O molecules by the high-pressure CO, flow. As
was demonstrated by Hemmen et al. (2012) for the synthetic Na-
smectite, the rate of CO, intercalation can be very slow compared to

the interlayer mobility of water species that is facilitated by osmotic
swelling of the clay matrix (van Olphen, 1963). Giesting et al.
(2012b) observed that the kinetics differ significantly depending on
the nature of interlayer cation, with Ca-exchanged montmorillonite
swelling more slowly.

4. Conclusions

The results of this work show that natural montmorillonite
has significant sorption capacity to carbon dioxide that can be
trapped in the interlayer region. The interlayer CO, may cause
an irreversible expansion of clay depending on the degree of the
cation hydration and the dynamic application of the CO, pressure,
which results in CO,-H,0 mixing in the interlayer as opposed to
displacement of H,O by CO, flow. The FTIR spectra indicate that
the initially loosely bound CO, molecules between the strata even-
tually chemically react with alkaline cations under the ambient
conditions. The corroborated results of several techniques (mano-
metric sorption, IR, XRD, and chemical digestion) simultaneously
applied to the same clay samples provide conclusive evidence that
CO, molecules may permanently intercalate between the lamel-
lae and suggests the initial sorption mechanism akin to that of the
nano-confinement. The ‘trapped CO,’ is accessible to HF but the
resulting nano-confined CO,:F adducts are not extractable.
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