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1. INTRODUCTION

The properties of fluids in confined geometries (pores and
fractures) differ from their bulk behavior, owing to the effects of
large internal surfaces and geometrical confinement.1 Phase
transitions (i.e., freezing and capillary condensation), sorption
and wetting, and dynamical properties, including diffusion and
relaxation, of fluids may be modified in small pores, with the
largest changes observed for pores ranging in size from <2 to
50 nm, the micro- and mesoporous regimes. Important factors
influencing the structure and dynamics of confined liquids
include the average pore size and pore size distribution, the
degree of pore interconnection, and the character of the fluid-
pore wall interaction.

The properties of supercritical CO2 inside small pores are of
interest for both supercritical fluid chromatography and subsur-
face carbon storage. Increased levels of CO2 in the atmosphere,
resulting from fossil fuel burning, have a deleterious impact on
global climate and the acidity of the oceans. Large-scale CO2

capture and storage in porous rock formations at 1�3 km depth is
seen as one mitigation strategy. In this process, CO2 is separated
from the flue gas, compressed, and pumped into reservoir rocks with
overlying caprocks (seals). Metal organic frameworks (MOF’s),2,3

zeolites,4�7 and chemically modified silica matrices8 are studied
as adsorbents for CO2 capture. Reservoir rock targets are sand-
stone, unmineable coal seems, and basalt formations, while
suitable caprocks may be formed by thick layers of clay-rich
shales or mudstones overlying the reservoir rock.9,10

Under storage conditions, CO2 is a supercritical, buoyant
fluid. Depending on the rock properties and operating param-
eters of the storage site and actual distance to the injection well,
CO2 and brine will occupy the pore spaces in widely varying
ratios. For the purposes of site selection, long-term reservoir
behavior prediction, and risk assessment, the interactions of
supercritical CO2 with porous solids need to be quantified. Gravi-
metric or volumetric sorption techniques have assessed the
sorption of supercritical CO2 onto coal and clays as a means of
exploring the potential of large-scale storage of anthropogenic
CO2 in geological reservoirs.

11�14 Enhanced coalbed methane pro-
duction using CO2 has been studied in ref 15. Carbon sequestra-
tion in saline aquifers involves brine displacement, which can
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ABSTRACT: Excess sorption isotherms of supercritical carbon dioxide in mesoporous
CPG-10 silica glasses with nominal pore sizes of 7.5 and 35 nm were measured
gravimetrically at 35 and 50 �C and pressures of 0�200 bar. Formation of broad
maxima in the excess sorption was observed at fluid densities below the bulk critical
density. Positive values of excess sorption were measured at bulk densities below 0.7 g/
cm3, i.e., the interfacial fluid is denser than the bulk fluid at low pressures. Zero and
negative values were obtained at higher densities, i.e., the adsorbed fluid becomes equal
to and eventually less dense than the corresponding bulk fluid. Pronounced confine-
ment effects on sorption behavior have been found and further analyzed by normalizing
the excess sorption to the adsorbent surface area and pore volume, yielding new insight
into supercritical fluid adsorption in this range of pore sizes and P, T conditions.
If normalized to the specific surface area, the excess sorption is higher for the 35 nm
pore size material, but the pore volume normalized excess sorption is higher for the
7.5 nm pore size material. With increasing pore width, the excess sorption peak position shifts to higher pressure. Both CPG-10
materials exhibit regions of constant mean pore fluid density as a function of bulk CO2 density at 35 �C but not at 50 �C. This region
is located between the excess sorption peak maximum and the adsorption/depletion transition point. Applied to the situation of
CO2 sequestration in dry sandstone formations, the results of this study indicate that carbon storage capacity is enhanced by
sorption effects, particularly at low temperature and in narrow pores with high surface to volume ratios.
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create dryout zones, accompanied by salt precipitation and
changes in porosity and permeability.16�18 Modeling of these
very complex systems is crucial for our understanding but requi-
res detailed knowledge of the individual fluid�fluid and fluid�
solid interactions.

High-pressure sorption experiments with engineered porous
materials allow for control of pore size and morphology, facil-
itating data interpretation, and modeling. Near-critical sorption
measurements of CO2 to activated carbon are reported in refs
19�23; supercritical CO2 in porous silica has been studied in refs
24�29. The molecular interactions of CO2 with silica surfaces
have been reported in refs 30 and 31.

The Controlled Pore Glass (CPG-10) used in this study is
synthetic mesoporous silica, which is available in a wide range of
pore sizes with narrow size distributions and identical chemical
properties and surface morphologies in each sample. Quartz is a
major component in some rock types deemed suitable for carbon
storage, including sandstone, and while CPG-10 glasses consist
of ca. 96% of amorphous SiO2, they are considered reasonable
proxies for hydrophilic rock pore surfaces. Many rocks possess
considerable amounts of nanoporosity, often with a fractal dis-
tribution of pore sizes.32�34

The goal of this study is to study supercritical sorption of CO2

in mesopores and, to the extent possible, delineate surface and
confinement effects. By studying synthetic model systems with
well-defined pore size, changes in confined CO2 properties with
pore size can be measured more directly than in natural rock
samples with wide pore size distribution. This information can
then be used to assess CO2 behavior in the more complex
environments encountered in carbon storage.

2. SORPTION QUANTITIES AND MODELS

Excess sorption is defined as the excess amount of fluid stored
in the sorption layer

ne ¼
Z ∞

0
½FðzÞ � Fb�dz

where F(z) is the local fluid density at distance z from the
interface, and Fb is the bulk fluid density. The excess sorption
takes positive values for interfacial fluid enrichment and negative
values for fluid depletion at the solid interface but contains no
direct information about the interfacial fluid density profile. To
obtain this information, the Gibbs surface excess model is often
applied in which the (commonly unknown) inhomogeneous
fluid density profile is represented by a step profile, i.e., a sorption
phase with constant density and composition, separated from the
bulk fluid phase by the Gibbs interface.35,36 Fluid adsorption in
porous materials is additionally characterized by the quantity
total adsorption, which gives the overall amount offluid contained in
the pore spaces, i.e., it accounts for both the adsorbed and
unadsorbed pore fluid. The accuracy of sorption measurements can
be limited by uncertainties in the determination of the accessible pore
volume, which is most relevant for volumetric measurements.37

The sorption of subcritical fluids in narrow pores involves pore
condensation in which the pore-confined fluid condenses at a
lower pressure than the corresponding bulk fluid. The Kelvin
equation relates the pore condensation pressure p, normalized to
the bulk condensation pressure p0, and to the pore radius r

RT ln
p
p0

 !
pc

¼ � σ

ΔFr

In this equation, R is the universal gas constant, T is the
temperature, σ is the surface tension of bulk liquid, and ΔF is
the density difference between liquid and gas. For small pores,
the Kelvin equation is known to underestimate the pore size
calculated from the observed shift in the pore condensation
pressure.38 Several explanations exist for this behavior. Cohan
proposed the formation of thin adsorbed fluid layers before the
onset of pore condensation, which effectively reduce the pore
size at pore condensation.39 Another modification to the Kelvin
equation, accounting for the nanoscale structure of the fluid�gas
interface, is discussed by Digilov.40 While these models account
for the molecular-scale structures of the pore-confined fluid, a
separate matrix-response effect has recently been studied
intensively.41�44 The impacts of pore size and morphology,
temperature, and fluid�substrate combinations on pore con-
densation are discussed in refs 45�47.

Pore condensation vanishes above the critical point of the pore
fluid, which is usually shifted to lower temperatures with respect to
the critical point of the bulk fluid. While some of the mechanisms
found in subcritical fluid sorption are expected to extend into the
supercritical region, true phase nanoscale separation between the
adsorbed and unadsorbed fluid phases does not occur under
supercritical conditions. Measurements at subcritical temperatures
commonly cover only low bulk fluid densities, i.e., adsorption
from the gas or vapor phase, because at higher densities the vapor�
liquid coexistence curve is intersected. For supercritical fluids,
this limitation disappears. However, relatively fewer experimental
data are available on supercritical as compared to subcritical
sorption, and the impacts of pressure and temperature conditions,
molecular fluid�solid interactions, pore size, andmorphology on
supercritical sorption processes are still partially unexplored.

At temperatures above the pore critical point, gradual pore
filling through multilayer adsorption replaces the instantaneous
process of pore condensation, and disappearance of sorption
hysteresis is observed. Molecular dynamics simulation of super-
critical fluid adsorption indicates that fluid density perturbations
near surfaces can extend several tens of molecular diameters into
the subphase or pore space.48 Fluids in cylindrical and slit pores
were also studied with density functional theory.49,50 In these
studies, a shift of the maximum in the excess sorption to higher
bulk fluid density with increasing pore width was found, although
no detailed explanation was provided.

3. MATERIALS AND EXPERIMENTAL METHOD

Two CPG-10 silica materials, purchased from Millipore, with
nominal pore sizes of 7.5 nm (CPG75C, Lot No 01C009) and
35 nm (CPG350C, Lot No J7SN05C027) were selected for this
study. A summary of their physical properties, provided by the
manufacturer, is given in Table 1 and a SEM photomicrograph is
presented in Figure 1. Pore volume and specific surface area of
CPG75C were measured by N2-BET in our laboratories, and
very good agreement with the data provided by the manufacturer

Table 1. Characterization of the CPG-10 Materials Used in
This Study (Data Provided by Millipore)

material

mean pore

diameter

(Å)

pore size

distribution

((%)

pore volume

Vp
(cm3/g)

specific surface

area SA
(m2/g)

particle size

range

(mm)

CPG75C 81 8.9 0.49 197 0.2�0.4

CPG350C 318 4.0 0.97 70.5 0.2�0.4



C dx.doi.org/10.1021/jp209341q |J. Phys. Chem. C XXXX, XXX, 000–000

The Journal of Physical Chemistry C ARTICLE

was obtained. Both materials have pore networks comprised of
interconnected pores with local cylindrical shape and relatively
uniform pore width. From these data, the porosities of CPG75C
and CPG350C were calculated to be 52% and 68%, respectively.
The hydraulic pore radii, calculated by rh = 2Vp/SA, with Vp the
pore volume and SA the specific surface area, are 5 nm for
CPG75C and 27 nm for CPG350C. These values are larger than
the nominal pore sizes given in Table 1. The skeletal density of
CPG-10 was measured with contrast-variation small-angle neu-
tron scattering (SANS), yielding a value of 2.2 g/cm3.51 This
value is, as expected for amorphous silica, lower than the density of
α-quartz (2.65 g/cm3) but close to the density of cristobalite
(2.33 g/cm3).

A Rubotherm high-pressure gravimetric sorption apparatus at
the DEGAS laboratories at the Helmholtz Center Berlin, Germany,
was utilized in this study. Temperature was measured with a
calibrated Pt-100 temperature sensor mounted directly under-
neath the sample bucket. The temperature was held within
(20mKby electrical resistance heaters wrapped around the outside
of the pressure vessel and controlled by a PID type programmable
controller unit. Temperature equilibrium was achieved within
20�30 min after a change in fluid pressure or temperature. The
large uncertainties in the excess sorption measurement reported
in ref 52 due to poor temperature control were avoided here by
use of an electrical heater coil, ensuring good temperature stability
throughout the pressure measurement cell. Furthermore, we did
not study the near-critical region, i.e., temperatures withinTc( 1 K,
where thermostat errors would have the greatest effect.

The fluid pressure in the cell was measured with a Keller
Preciseline transducer with a range of 0�300 bar and calibrated
accuracy of better than 0.01% full scale, i.e., ( 0.03 bar. The
suspension balance has a stated resolution of (0.01 mg and a
reproducibility of (0.02 mg.

To perform a sorption experiment, 200�300 mg of the
adsorbent were weighed into the sample bucket using a micro-
balance with 0.01 mg accuracy. The filled sample bucket was then
inserted into the sorption apparatus, and the sample and
measurement chambers were evacuated at an elevated tempera-
ture (T = 50 �C) using a two-stage turbo-molecular pump until
sample weight constancy was achieved, i.e., for 1�3 h. This
procedure ensured that water and volatile organics initially present

in the pore spaces are removed, while the surface remained
hydroxylated. Carbon dioxide with a purity of 99.999%, purchased
from Linde AG, Germany, was transferred into a piston pressure
generator cooled to 10 �C. The fluid was introduced into the
measurement cell in small amounts through a needle valve.
Measurements were performed by admitting the desired amount
of fluid into the cell and closing the inlet valve. Continuous
measurements of temperature, pressure, and sample weight were
performed until thermal, pressure, and sample weight constancy
were achieved. At equilibrium, fluctuations in the temperature
were (20 mK, pressure stability was on the order of (0.05 bar,
and the sample weight stability was(10 μg. Typical equilibration
times were on the order of 0.5�1 h per data point. Sorption
equilibrium was assumed when all parameters remained constant
over at least 15 min. The fluid pressures at sorption equilibrium
were converted to fluid densities using the REFPROP 9 software
from NIST.53 This software, for pure CO2, uses the equation of
state (EOS) provided by Span and Wagner.54 The excellent
accuracy of this EOS has been recently confirmed by vibrating
tube densimetry measurements carried out over a wide range of
pressure and temperature.55 The data were corrected for the
buoyancy effects resulting from immersing the sample bucket
and connecting rods in the measurement fluid and apparatus.
Corrections were also made for the adsorbent buoyancy, using a
SiO2 skeletal density of 2.2 g/cm

3. Experimental errors in the bulk
density and excess sorption data are within the size of the data
points shown on the figures.

4. RESULTS AND DISCUSSION

Excess sorption isotherms for both CPG-10 materials were
measured at two temperatures and normalized to both the
specific surface area and the pore volume using the data given
in Table 1. Additionally, mean pore density, a quantity closely
related to total adsorption, is considered. Results are plotted as a
function of bulk fluid density, Fb, to simplify comparison of
sorption data measured at different temperatures.
4.1. Surface Area Normalized Excess Sorption. Excess

sorption isotherms, normalized to the specific surface area
(Table 1), are shown in Figure 2. All isotherms show similar
general behavior, i.e., initial increase of excess sorption, then
formation of broad excess sorption maxima, followed by steady

Figure 1. Raster electron microscopic images of CPG-10 with 500 Å
nominal pore size, showing the wormlike and interconnected structure
of the nanopores.

Figure 2. Excess sorption of supercritical CO2 in CPG-10 materials,
normalized to the specific surface area.
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and gradual decreases of the excess sorption with increasing bulk
densities. At low bulk fluid densities, i.e., Fb < 0.1 g/cm3, the
isotherms show similar behavior, i.e., small pore size and weak
inverse temperature dependences. However, in the region 0.1 <
Fb/g/cm

3 < 0.7, effects of pore size and temperature become
more pronounced.
A number of differences in the sorption behaviors of the two

chemically identical matrices with different pore sizes suggest
that the confinement affects the manner in which CO2 is
adsorbed. The excess sorption peak position shifts from Fb ≈
0.3 g/cm3 for CPG75C to Fb≈ 0.45 g/cm3 for CPG350C. Both
values are smaller than the bulk critical density of CO2, Fc =
0.4676 g/cm3.54 Such a shift in the excess sorptionmaximumwas
qualitatively predicted from computer simulations of supercrit-
ical fluid adsorption in narrow cylindrical49 and slit pores.56 In
simulation studies, the pore sizes are often expressed in molecular
dimensions. To compare these simulation results with our experi-
mental data, a spherical diameter of about 4.1 Å for the CO2

molecule is assumed, which yields pore sizes of ∼20 molecular
diameters for CPG75C and ∼80 molecular diameters for
CPG350C. The pore sizes studied in ref 49 fall in this range,
while the pores investigated in ref 56 are narrower. Thus, the
position of the excess sorption maximum appears to be con-
trolled by the strength of geometrical confinement or pore wall
curvature, i.e., at a given pressure a denser sorption phase is
stabilized in the smaller pores. No temperature dependence of
the excess sorption maximum position is observed, i.e., an excess
sorption maximum shift to lower fluid densities with decreasing
temperature, as was predicted from these simulations, is small or
not present here. This effect may be, however, subdued by the
small temperature range studied.
An increase in the maximum of the excess sorption isotherm

with decreasing temperature was found for both pore widths but
is more pronounced for the material with the wider pores. At T =
35 �C, the maximum of the SA-normalized surface excess in the
wider pores is more than three times larger than in the narrow
pores. The effect is weaker at T = 50 �C and indicates that the
interfacial fluid density profile is distorted by the spatial confine-
ment, at least in the narrower pores. Since the formation of the
interfacial fluid layer is more spatially restricted in the narrower
pores, hence the smaller SA-normalized surface excess.
At high fluid density, i.e., Fb ≈ 0.65�0.7 g/cm3, all sorption

isotherms show a point of zero excess sorption, i.e., a regime
consisting of identical densities for the sorption phase and the
bulk phase, and/or a vanishingly small volume of the sorption
phase. The relative independence of the sorption properties on
the pore size may indicate a dominating influence of adsorbate�
surface interactions in this region, analogous to the fluid behavior
at Fb < 0.1 g/cm3. Further increase in fluid density gives rise to
negative values of excess sorption, implying formation of an
interfacial fluid layer with reduced density or fluid packing in-
efficiencies in the pore spaces. The pressure range of our experi-
mental setup did not permit assessment of the sorption proper-
ties at pressures above 200 bar, which could provide a better
understanding of this behavior.
4.2. Excess Sorption Normalized to Pore Volume. The

surface area normalized excess sorption data indicate confine-
ment effects, possibly by limiting the thickness of the sorption
layer in nanopores. Multilayer adsorption in narrow pores may
exhibit confinement effects when sorption layers formed at
opposing pore walls begin to overlap in the pore center, impeding
further growth in thickness of the sorption layers. In this case, the

surface area normalized excess sorption should increase with
increasing pore size. However, the density profiles formed in
narrower pores should contain larger fractions of near-surface
fluid with higher density. Normalizing the excess sorption to the
pore volume (listed in Table 1) and comparing the pore volume
normalized excess sorption data to the surface area normalized
excess sorption data can test this hypothesis. In Figure 3, the pore
volume normalized excess sorption is shown as a function of the
bulk fluid density.
At low fluid densities (i.e., Fb < 0.3 g/cm3), excess sorption

increases more rapidly and is up to 4 times higher in the smaller
pores compared to that in the larger pores. The pore-size
normalized data show less pronounced adsorption at low (Fb <
0.1 g/cm3) and less pronounced depletion at high bulk density
(Fb < 0.7 g/cm3) in the larger pores.
4.3. Mean Density of Pore Fluid. The mean density of pore

fluid, Fp, is readily calculated from the pore volume normalized

Figure 3. Excess sorption of supercritical CO2 in CPG-10, normalized
to the pore volume.

Figure 4. Mean pore density of supercritical CO2 in CPG-10. The
dashed line visualizes the hypothetical case of zero sorption.
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excess sorption data by Fp = Fb + Fe, with Fe being the excess
density of pore fluid. The results, given in Figure 4, show a higher
CO2 mean pore density in the smaller pores for Fb < 0.6 g/cm3.
Notably, the 35 �C isotherms show regions of constant pore
density for both pore widths. For the smaller pores, the constant
pore density plateau covers 0.35 e Fb/g/cm3 e 0.6, while it
extends from 0.5 e Fb/g/cm3 e 0.6 in the larger pores. The
pore fluid densities in the plateau region are similar, i.e., values
of Fp ≈ 0.65 g/cm3 are measured for both pore widths. From
Figures 3 and 4, it can be seen that the maximum of the excess
sorption curve and the onset of constant mean pore density occur
at approximately the same bulk fluid density. The pore densities
again increase at Fb > 0.6 g/cm3 but with shallower slopes.
At T = 50 �C, no regions of constant pore density are

observed; however, the same crossover to pore depletion is
observed at high density (i.e., the mean pore fluid is less dense
than the bulk fluid). Brovchenko and Oleinikova showed with
molecular dynamics simulations of Leonard-Jones fluids near solid
interfaces and in nanopores that, for weakly attractive solid�fluid
interaction potentials, interfacial fluid depletion occurs at high bulk
fluid density.57,48 They ascribed this behavior to the combined
effects of the surface field imposed by the solid and the missing
neighbor effect of fluid molecules in the interfacial layer.

5. CONCLUSIONS

Nanoscale pore confinement effects on the properties of
supercritical CO2 were studied by means of excess sorption
measurements. Pores with sizes on the length scale of tens of
nanometers impact fluid sorption properties over wide ranges of
bulk fluid densities, most prominently in the region of strong
adsorption. A pronounced shift of the maximum excess sorption
to higher bulk fluid densities with increasing pore size was found.
This dependence is similar to the change in pore condensation
pressure with pore size although it is unlikely that a sharp
adsorbed phase�bulk fluid interface is formed under supercritical
conditions. The silica pore surface presented by CPG-10 might
be characterized as weakly attractive for supercritical CO2,

i.e., the fluid adsorbs to the surface only at fluid densities
Fb < 0.7 g/cm3. In the strong adsorption region, fluid sorption
in the narrow and possibly also the wider pores is limited by the
spatial confinement. However, adsorption at both low and high
bulk density appears to be controlled by surface�fluid interac-
tions. This tentative model is summarized, illustrated by the
sorption data taken at the lower temperature, in Figure 5.

Results from this study may be applied to assess the storage
capacity of CO2 in quartz-rich geological formations such as
sandstones. Because different lithologic units are likely to be
buried to different depths and temperatures and to have different
average pore widths, our results suggest that these units will also
have different storage capacities. The CO2 storage capacity will
be higher for sites that are shallower and/or are in areas of low
geothermal gradient and therefore have lower temperatures. The
CO2 storage capacity will also be greater in rocks characterized by
a large fraction of narrow (small) pores with high surface to
volume ratios. In fine-grained quartz sandstone formations or
sandstones with greater nanoporosity due to quartz overgrowths
[L. M. Anovitz et al., in review], a significant densification of CO2

in the pores can be expected, while in larger pores, CO2 can be
stored with near-bulk density. The increased density of CO2 in
rocks with smaller pores means that a larger mass of CO2 can be
stored in a smaller volume of rock, compared to rocks with larger
average pore size.
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