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Abstract

Carbon dioxide adsorption on micro- and mesoporous carbonaceous materials in a wide range of
temperatures and pressures is of great importance for the problems of gas separations, greenhouse
gas capture and sequestration, enhanced hydrocarbon recovery from shales and coals, as well as

for the characterization of nanoporous materials using CO2 as a molecular probe. We investigate
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the influence of temperature on CO; adsorption focusing on the capillary condensation and
hysteresis phenomena. We present experimental data on adsorption of CO, on CMK-3, ordered
carbon with mesopores of ~5-6 nm, at various temperatures (185 K — 273 K) and pressures (up to
35 bars). Using Monte Carlo simulations in the grand canonical and mesocanonical ensembles, we
attempt to predict the transition from reversible capillary condensation to hysteric adsorption-
desorption cycles that is experimentally observed with the decrease of temperature. We show that,
while the desorption at all temperatures occurs at the conditions of pore vapor-liquid equilibrium,
the capillary condensation is a nucleation-driven process associated with a particular energy barrier
of ~43 kT, specific to the sample used in this work. This barrier can be overcome at the equilibrium
conditions in the region of reversible condensation at temperatures higher 240 K. At lower
temperatures, the regime of developing hysteresis is observed with the progressively widening
hysteresis loop. The position of capillary condensation transition is estimated using the pressure
dependence of the energy barrier calculated by thermodynamic integration of the van-der-Waals
type continuous canonical isotherm simulated with the gauge cell MC method. These findings lay
the foundation for developing kernels of CO» adsorption and desorption isotherm for calculating
pore size distribution in the entire range of micropore and mesopore sizes from the one high

pressure experimental isotherm.

Introduction

Specifics of CO, adsorption on nanoporous materials, especially, on micro- and mesoporous
carbons, have been attracting continuous interest of interdisciplinary scientific communities due

to pressing problems of CO; separation, capture, and sequestration, as well as the use of CO2 in

1.1-2

enhanced gas recovery from shales and coal.”* Carbon dioxide has proven to be a suitable probe

molecule to characterize microporous carbons due to its ability to be adsorbed at ambient
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temperatures, allowing for faster diffusion rates and penetration into narrowest micropores not
normally accessible by cryogenic adsorbates.>** Recent technological advances in adsorption
instrumentation technology have enabled reliable gas adsorption experiments performed with
automated adsorption instruments using carbon dioxide at high pressures and temperatures.’ As a
result, the appraisal of the pore size distributions over the full micro- and mesopore range from
one experimental CO, isotherm becomes available. Quantitative interpretation of measured
isotherms requires a better understanding of the CO» adsorption and phase behavior in micro- and
mesopores, most importantly, of the mechanisms of capillary condensation and hysteresis. The
main challenge resides in predicting the pressure of condensation in so-called regime of developing
hysteresis® as a function of the pore size and temperature. Here, we report experimental adsorption
data of CO; on ordered mesoporous carbons of CMK-3 type over the wide ranges of temperatures
(from 273 K down to 185 K) and pressure up to the saturation (~35 bar at 273 K). The
experimental observations are explained using the Monte Carlo (MC) simulations harnessed with
the theoretical analysis of the nucleation phenomena during capillary condensation.

The use of carbon dioxide as a probe molecule for adsorption measurements was proposed at
temperatures close to 273 K 7, as a way to overcome critical limitations observed with traditionally
used cryogenic adsorbates (e.g. N> — 77 K and Ar — 87 K). Due to nitrogen’s quadrupole moment
and strong interactions with carbon surfaces, diffusion into smaller pores is effectively inhibited.
Argon facilitates the resolution of smaller micropores (~ 0.5 nm) at higher relative pressures than
N>.”® However, activated carbons may contain significant amounts of ultra-micropores (< 0.5 nm)
and access to these micropores is further limited by diffusion. Carbon dioxide, with slightly smaller
kinetic diameter and high temperature of adsorption, enables higher diffusion rates, ultimately

producing better resolution of ultra-micropores.” With access to a wide range of relative pressures,



from ultra-high vacuum (P/Po = 1077) to pressures up to more than 200 bar, one can measure full
subcritical CO> adsorption isotherms. The application of modern methods based on MC and
density functional theory (DFT) simulations for interpretation of adsorption measurements allows
for an accurate evaluation of the pore size distributions of nanoporous materials, including ordered
mesoporous carbons within the whole micro- and mesopore range.

With high microporosity, carbon-based materials are widely used for many applications
including capture and sequestration of gases'?, filtration processes!!, energy storage'?, catalysis'>.
In the search for new structures, advanced templating procedures have been developed leading to
the synthesis of ordered mesoporous carbon materials'#. In 2000, Ryoo and co-workers!® reported
the synthesis the first CMK-3, an ordered nanoporous carbon material that retains the same
structural symmetry as its template, SBA-15'®, a well-known ordered mesoporous silica molecular
sieve. The ability to tune the width of the primary group of pores on such well-ordered structures
enables the synthesis of materials with large pore surface area and pore volume. Comprehensive
understanding the textural properties (e.g. surface area, pore size, porosity) of these materials is
key to perfecting their use in catalysis, separations, and many other applications®. With most of
the pores in CMK-3 carbons being in the mesopore range, a better understanding of the process of
capillary condensation and the possible hysteresis behavior that can be observed under certain
conditions are required.

Capillary condensation represents a phenomenon of gas condensation in pores to a liquid-like
phase at a pressure smaller than the saturation pressure, Po, of the bulk fluid. Due to the influence
of pore confinement, the vapor-liquid transition occurs below the pore critical temperature, Tcp,
which is smaller than the bulk critical temperature.!” Provided the pores are sufficiently large,
capillary condensation is accompanied by hysteresis. In the absence of pore network effects,
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hysteresis in cylindrical pore channels is solely determined by the effect of delayed condensation
(due to metastable pore fluid), while the desorption branch reflects the liquid-vapor equilibrium
transition.'® The hysteresis phenomenon depends on temperature and pore size: increase in
temperature has a qualitatively similar effect as decrease in the pore size, leading to reduction in
the width of the hysteresis loop. For given pore size, the hysteresis loop eventually disappears at a
so-called hysteresis critical temperature Ty, which is below Tep.> ! For given temperature, the
positions of phase transformations depend on the pore size, and the hysteresis appears in pores
wider than a certain hysteresis critical pore size. From the comparison of the canonical ensemble
van-der-Waals type isotherms generated by the mesocanonical ensemble gauge cell MC simulation
and classical DFT simulations with the experiments, the authors® have classified the adsorption
isotherms into four regimes. (1) supercritical sorption without phase separation above the pore
critical temperature, T > Tcp; (2) reversible capillary condensation between the pore critical
temperature and the hysteresis critical temperature, Tn < T < T¢p; (3) irreversible capillary
condensation with developing hysteresis loop as temperature reduces below the hysteresis critical
temperature, T < Th; and (4) irreversible capillary condensation with developed hysteresis loop. A
hysteresis loop is considered developed, when capillary condensation occurs at the limit of
metastability of the vapor-like state (vapor-like spinodal), and developing, if capillary
condensation occurs between the equilibrium and the vapor-like spinodal. Similar regimes are
observed for the isotherms at fixed temperature and varying pore size. It is worth noting that the
nucleation-driven phase transitions depend on temperature, pore size and fluid-solid pair.2°

The use of molecular simulations can be invaluable to the characterization of materials such as
CMK-3 materials, as they can exhibit all of the capillary condensation regimes described earlier.

Under subcritical conditions, grand canonical Monte Carlo (GCMC)?!' simulations allow for



calculations of the adsorption and desorption branches that form the hysteresis loop, which
represent the spontaneous condensation and evaporation of the system. Amongst several methods
that have been developed®*? to determine the equilibrium transition between states under
confinement, the gauge cell method?®?’ has been proven to be useful and reliable.?8-¢
Mesocanonical ensemble gauge cell MC method allows for calculating the equilibrium transition
and the spinodal limits of stability of the vaporlike and liquidlike metastable states, and
furthermore, for estimating the energy barriers that separates them. The key aspect of this method
is the use of a gauge cell set in chemical and thermal equilibrium with the system cell that contain
the adsorbent that allows for calculating the chemical potential of the adsorbed phase and
constructing the continuous van-der-Waals type adsorption isotherm.??” Of special interest is the
recent work?!, where the gauge cell simulations were used to calculate the nucleation barriers for
capillary condensation of Ar and analyze the different capillary condensations regimes observed
experimentally at three temperatures and for two different MCM-41 samples.

In the present study, we explore the phase behavior of CO; under the confinement of micro-
mesoporous carbon nanoporous materials at various temperatures through high pressure CO>
adsorption experiments and MC simulations in the grand canonical and mesocanonical ensembles.
Experimental adsorption data at 185-273 K is obtained on a CMK-3 sample with micropores of
about 1 nm and mesopores of about 6 nm. As the temperature decreases, a gradual transition is
observed from reversible to hysteretic isotherms, and below the triple point, to reversible isotherms
limited by desublimation. Theoretical isotherms are obtained at 210, 220, 240 and 273 K using the
TraPPE model®” for CO2 and a Lennard-Jones (LJ) solid-fluid potential to implicitly represent the
carbon pore walls of 6 nm in diameter. Using both grand canonical and mesocanonical ensembles,

we accurately identify the positions of equilibrium vapor-liquid transition and of the vapor and
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liquid transitions that correspond to the limit of stability of respective vapor-like and liquid-like
phases. To properly predict capillary condensation, we calculate the pressure dependence of the
nucleation barrier for condensation. From the comparison between experiments and simulations,
we estimate a characteristic energy barrier of ~43 kT, which represents the critical barrier that has
to be overcome to transit from vapor to condensed states. This finding allows us to predict the
experimentally observed features of CO» capillary condensation and reproduce the adsorption

isotherms in the regime of developing hysteresis.

Methodology

Experimental measurements - High Pressure CO> adsorption

Ordered mesoporous carbon samples>®?

were outgassed at 423 K for 12 h under turbomolecular
pump vacuum. Ar (87 K) and N» (77 K) adsorption measurements were performed on a high-
resolution low pressure nanometric adsorption equipment (Quantachrome Instruments Autosorb-
1Q MP). CO; high pressure adsorption measurements were executed on a Quantachrome
Instruments iSorb HP. Temperatures below 263 K were maintained by using Quantachrome
Instruments’ CryoCooler.
Molecular modeling

The modelled pore structure for the carbon adsorbent is composed of perfectly smooth, rigid,
and infinitely long cylindrical pores. The simulations are performed in a cubic cell with periodic
boundary conditions on all three axes with “padding” of half of the cutoff distance added to the
sides of the pore. Carbon dioxide is modelled by using the TraPPE model®’ with 15 A cutoff,
Ewald summation, and tail corrections, in order to reproduce bulk properties properly in the range

of temperatures of interest (see Supporting Information, Section A). All simulations were

performed using the MCCCS Towhee software package*® with the addition of the cylindrical solid-
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fluid potential, equation 1 *!. In equation 1, 7 is the distance between the fluid atom and the center
of the cylinder; R represents half of the diameter of the cylindrical potential, that differs from the
internal pore diameter by g, = 0.34 nm; p,is the area density of carbons atoms in the pore surface;
osr and €55 are the LJ solid-fluid interaction parameters; F(a,b,c,d) is the hypergeometric
function. The Lennard Jones (LJ) parameters employed are as follows: gy_o = 0.305 nm,
€o—o/ky = 79K, gs_o = 0.3225nm, €,_p/k, = 46.184 K, o._. = 0.28nm, €c_c/kp =
27K, os_c= 031nm, and e,_-/k, = 27K with p, =38.19nm™2. The solid-fluid
interaction parameters, €5 and oy, are calculated using Lorentz-Berthelot mixing rules with the
fluid-fluid TraPPE parameters and solid-solid parameters, o,_; = 0.34 nm,and €;_¢/k, = 27 K

, determined from fitting to the experimental data.*
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The density of the adsorbate both in bulk and in confined space are calculated using the GCMC
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(1)

method. In this method, the grand thermodynamic potential of the system at fixed pressure, which
is correlated to chemical potential, temperature and volume is minimized over the course of the
simulation using the Metropolis algorithm. Simulation moves include: insertion/deletion (50%),
center-of-mass translation (25%), and rotation about the center-of-mass (25%). The density of the
system is calculated by averaging over a minimum of 2 x 10° steps after equilibration stage for at
least 4 x 10° steps. For simulations in the bulk, the simulation box has a volume of (45 A)>. The
system simulation box has dimensions of 30.5 A x (2*R + 7.5) A x (2*R + 7.5) A.

Mesocanonical ensemble Gauge Cell MC method?¢?’

is applied here to calculate the chemical
potential of the adsorption system at different densities, in the vicinities of the capillary
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condensation step. The simulation is performed in two cells of fixed volume, the system cell
representing the pore (the same from GCMC simulations) and the gauge cell representing the gas
phase. Simulation moves include molecule inter-box transfer (20%), center-of-mass translation
(40%), and rotation about the center-of-mass (40%). Simulation results are calculated by averaging
over N x 10* steps after being equilibrated for at least N x 10? steps, where N is the number of CO»

molecules in the system at each point.

r 3

liquid

N

transient

vapor

|

|
| |
1 |
| |
| |
| |
L l

-

Hs Mg ' Iﬁsv H
Figure 1. Canonical ensemble wvan-der-Waals
type adsorption isotherm. The positions of vapor-
liquid equilibrium and vapor and liquid spinodals
are shown by red broken lines. Green broken line
represents the chemical potential at which the

energy barrier is being calculated.

This method provides access to metastable states by suppressing density fluctuations, allowing
for the construction of the canonical ensemble 1sotherm in the form of the van-der-Waals loop (see
Figure 1). This isotherm identifies: (i) the region, —oo < u < u,,, of vapor-like states, N, (i, T),
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terminating at the vapor-like spinodal, us,; (i1) the region, ug < u < 0, of liquid-like states,
N,(u, T), terminating at the liquid-like spinodal, ug; (iii) the backward trajectory of transient
states, pug < U < Ugy,. The transient states are unstable if the system is open; they are stabilized
due to reduced fluctuations in the gauge cell method. The continuity of this isotherm allows for
estimation of the equilibrium pressure and the energy barrier that separates the vapor-like and
liquid-like states by thermodynamic integration. The equilibrium pressure is calculated by
applying Maxwell's rule of equal areas (equation 2) to find a chemical potential, py; g, to which
the shaded area to the left is equal to the shaded area to the right. N,,, N;, and N, are the amount

adsorbed within the vapor (v), transient (t) or liquid ([) regions.

HUsv HUsv HUVLE
f N, (p) dp — f Ne(p) du + ] N(u)dp=0 (2)
UVLE Hsi Hst

The energy barrier for condensation, AW, is estimated by using the canonical work

function, W g, which represent the work of adsorption along the canonical N (u) isotherm,

u
Wor(NGD) = | NG due 3)

The work of formation of the transient state N,(u") from vapor state N,(u') is given by the

difference in the respective canonical work functions,

Usy
AW, = Weg(N:(W)) = Wep(N, (1)) = f [N:() — N,(W)] du, for pyrp < W' < Uy (4)
I,[’

Here, N; and N,, are the densities calculated from mesocanonical ensemble MC simulations for
transient states and vapor states, respectively. The dotted green line in Figure 1 represents the
chemical potential ' in which the energy barrier is being calculated. As the energy barrier is
proportional to the shaded area to the right of the green line, it peaks at the equilibrium chemical

potential, uy; g, and diminishes at the vapor spinodal, ug,. The energy barrier E is estimated
10



normalizing AW,,; by the aspect ratio of the modeled pore, L* = pore length / pore diameter, to

allow for comparison across systems of different size,

E(ﬂ’) = AWvl/L* ,fOT HyLe = ﬂ’ < Usp- (5)

Capillary condensation should occur at equilibrium if the system is able to surpass the energy
barrier E at the chemical potential py;p of the reversible capillary condensation. Otherwise,
capillary condensation should take place at a chemical potential, 4’ > puy .z, at which the system

can overcome the energy barrier.

Results

Experimental Adsorption Data

While analyzing the adsorption behavior, one must consider the specifics of the pore size
distribution (PSD) for given material. Determined from the low temperature adsorption isotherms
of N> and Ar (Figure 3a), the PSDs (Figure 3b) of the sample of CMK-3 considered here indicate
the presence of well-defined regular primary mesopores in the range of 5-6 nm, a fraction of
micropores of 0.3-0.8 nm, and a group of wider (> 7 nm) disordered secondary mesopores, as
indicated by a relatively small but clearly visible shoulder. The Ar and N> PSD curves, obtained
by using appropriate QSDFT (quenched solid density functional theory) slit-cylindrical models®,

are in perfect agreement and also in line with what has been reported previously.?®
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Figure 2. (a) Adsorption isotherms of N (77K) and Ar (87K). (b) Pore size distribution analysis of each

isotherms using QSDFT kernels.

To assess the correlation between temperature and capillary condensation regimes of CO»
adsorption on the sample described earlier, a set of experimental measurements were performed
from 185 K up to 273 K. Figure 3 shows the data in volume adsorbed (cm? of CO; per g of CMK-
3) as a function of pressure in bar in a semi-log plot (Figure 3a) and relative pressure in a linear
plot (Figure 3b). The semi-log plot allows for highlighting the adsorption and micropore filling
region in the low-pressure range.

The isotherms at 185 and 195 K (only on Figure 3a) show the filling of micropores, but no pore
filling of the mesopores could be observed although the adsorption isotherms were measured up
to the corresponding saturation pressure of the solid (bulk desublimation), i.e. here it was not
possible within experimental resolution to differentiate between a phase transition in the pore and
in the bulk. Contrary to this, at 210 K, below the bulk triple point of CO2 (216.6 K), the adsorption
isotherm shows a clear capillary condensation with a H1-like hysteresis, same as seen in Ar (87

K) and N; (77 K) experiments. A similar, but narrower, hysteresis loop is observed at 220 K,
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however it is absent at 240 K for the main capillary condensation step (associated with capillary
condensation into the main mesopores). On the other hand, a small, yet discernible, hysteresis loop
is still present at relative pressures larger than 0.7, representing capillary condensation into the
secondary mesopores, indicated by the beforementioned shoulder between 6 and 10 nm in the PSD
curves shown in Figure 2b.

For temperatures above 240 K, hysteresis is no longer present, as shown in the reversible
isotherm at 273 K. Remarkably, observation of reversible capillary condensation over an
extremely wide range of bulk-subcritical temperatures, i.e. from 304.25 K (CO> bulk critical
temperature) down to below 240 K, indicates a significant shift of the phase diagram of CO»
confined to mesopores. The pore critical temperature and, consequently, the hysteresis critical
temperature are shifted to lower temperatures, as well as the triple point region, as indicated by the
observation of capillary condensation at 210 K, ca. 6 K below the bulk triple point temperature.
Qualitatively similar observations have been made for the adsorption of argon in narrow silica

mesopores™®.
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Figure 3. (a) Semi-log plot of CO2 high-pressure adsorption 1sotherms in the wide range of temperatures

from 185 K up to 273 K. (b) Linear plot of the adsorption isotherms from 210 K up to 273 K.

GCMC Simulations

The MC simulations were performed for a pore width of 6 nm that corresponds to the effective
diameter of primary mesopores in CMK-3. In order to draw a quantitative comparison between
the experimental and simulated data, the simulated isotherms in mesopores are to be augmented to
account for the contribution of micropores. The theoretical isotherms presented in Figure 4 are

calculated according to the following expression:

N(T) > Vmi X pI (T) + Vme X pMC(T) (6)

Where the micropore volume, V,,; = 0.35 cc/g , and the volume of primary mesopores, V,,,; =
1.06 cc/g . are estimated by minimizing the difference between the simulated and experimental
data at pressures well below, and just above, the capillary condensation step. p'(T) and p™¢(T),

represent the bulk liquid CO» density and the pore fluid density calculated from MC simulations,
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respectively. The quantitative relation of the isotherms for each temperature is only significant
within a certain range of pressures, starting from low pressures (0.3 - 0.4 P/Po) and up to after
capillary condensation (0.65 — 0.85 P/Py). Below this range, the micropores are not completely
filled, which is reflected on the higher values of the theoretical data. Above such range, capillary
condensation occurs on the secondary mesopores, leading to higher loadings than the predicted by
simulations. Within the range of interest, good agreement is achieved for all temperatures with the
exception of the capillary condensation step, which is predicted to occur at higher pressures than
what is observed in experiments. Another aspect of comparison is the steepness of the capillary
condensation step, which is more accentuated in simulations due to the ideal nature of having one
pore size, rather than a pore size distribution.

Figure 4 shows the contrast between experimental adsorption isotherms (circles) and rescaled
theoretical isotherms (squares) at 273, 240, 220, and 210 K. The simulated data is composed by
adsorption branch, calculated using GCMC, and desorption step, defined by the equilibrium
pressure calculated using the gauge cell MC method (shown by red line). While hysteresis is absent
from both experiments and simulation at 273 K, it is present in the simulated data for lower
temperatures. Further analysis of the comparison reveals good agreement of the equilibrium
pressure from simulations compared to the inflection point of the desorption curve from the
experimental data. On the other hand, the experimental condensation pressures are not reproduced
by GCMC simulations, except for the highest temperature (273 K). At 240K, the simulated
isotherm exhibits a prominent hysteresis, while the experimental isotherm is reversible. This
observation indicates the difference in the hysteresis/pore critical temperatures in the experiments
and in the simulations. This effect can be attributed to the striking difference in the observation

time in real and simulated experiments and inability to cross the nucleation barrier in GCMC
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simulation that occurs near the vapor spinodal. The gauge cell MC isotherms at all pressure exhibit
a s-shaped van-der-Waals behavior indicating the reversible vapor-liquid equilibrium determined
by the Maxwell rule. Furthermore, points near equilibrium reflect the average density at the two
states (vapor-like and liquid-like), shown in more details in the Supporting Information, Section

B.
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Figure 4. Comparison of experimental (circles) and GCMC simulated (squares) data at (a) 210 K, (b) 220

K, (c¢) 240 K and (d) 273K. The simulation data is composed by adsorption (grey closed squares),
desorption (grey open squares). The canonical van-der-Waals type isotherm simulated with the gauge cell

MC is shown with grey dashed line and equilibrium pressure with the red solid line. Isotherms at 240 K,

220 K, and 210 K are shifted to avoid overlap.

Condensation Pressure Estimation from Energy Barriers

To investigate the condensation pressures discrepancies between experimental and simulated
data, energy barriers for each simulated gauge cell MC isotherm at pressures ranging from
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equilibrium to vapor spinodal were calculated using equation 5. The results, in Figure 5, show the
decrease of the energy barrier with pressure for each temperature, where the maximum is at
equilibrium and approaches zero at the vapor spinodal. At 210 K, the experimental condensation
pressure is about 0.62 P/Po, the calculated energy barrier of the system at that pressure is E, =
43 kT, which is taken to be the critical energy barrier, a reference value for the experimental
system. The critical energy barrier represents the maximum barrier that the real system can
overcome, disregarding the temperature. Therefore, it is assumed that the condensation in
experiments occurs at the pressure corresponding to the critical nucleation barrier E.. If this
pressure is larger than the equilibrium pressure, the system will exhibit hysteresis. In other words,
the condensation step is delayed in the systems with the energy barrier at equilibrium larger than
the critical energy barrier, E (uy g) > E.. E. = 43 kT determined at 210 K is used to calculate the
predicted condensation pressure for other temperatures. At 210 and 220 K, the energy barrier at
equilibrium is above 43 kT, thus indicating the presence of a hysteresis loop at both temperatures.
Remarkable that at 240 K, when the experimental isotherm is reversible, the calculated barrier at
equilibrium is around 43 kT, within the accuracy of calculation. This leads us to suggest that this
temperature can be considered as the critical temperature of hysteresis of given system. At 273 K,
the lack of hysteresis in both experimental and simulation data can be explained by the fact that
the calculated energy barrier at equilibrium, 5 kT, is not only smaller than the critical experimental
energy barrier E., but also smaller than the critical barrier achievable within the simulation. Such
small energy barrier allows the system to jump back and forth between vapor-like and liquid-like

states in the vicinity of equilibrium.
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Figure 5. Energy barriers for condensation. Red
solid lines indicate equilibrium conditions. Orange
dotted lines represent the predicted pressures of
condensation at 210 K and 220 K, at which the barrier

is equal to the critical value of Ec =43 kT.

Figure 6 further illustrates the comparison of the experimental and simulated adsorption isotherms.
All isotherms are normalized by the maximum theoretical amount adsorbed in a 6 nm wide
cylindrical pore.
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Figure 6. Comparison between experimental and simulated adsorption isotherms at (a) 210, (b) 220, (¢)
240 and (d) 273 K. Both equilibrium pressures (red solid line) and estimated condensation pressures

(yellow dashed line) are illustrated by vertical lines.

The snapshots displayed in Figure 7 show the final state of the simulated system at the three
equilibrium characteristic points, vapor-like state (Figure 7a-d), metastable (Figure 7e-h), and
liquid-like state (Figure 7i-1). Some trends can be identified from this representation, on the left

column (vapor-like states), the density increases with the increase in temperature, opposite of what
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is observed on the right column (liquid-like) states. Furthermore, the unstable states (middle

column) display increase in density from 210 K to 240 K followed by a density decrease at 273 K.

Pressure

Figure 7. Snapshots of the simulated system at different temperatures showing the three different states at
equilibrium pressure: (a-d) vapor-like state, (e-h) unstable state, (i-1) liquid-like state. The pore walls are

not shown. CO» atoms are represented as spheres with oxygens in red and carbons in black.
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Conclusions

A combination of the experiments and MC simulations reveals the specifics of the phase
behavior of CO2 under confinement. The adsorption and desorption isotherms on a sample of
CMK-3, an ordered mesoporous carbon material, are measured in the range of temperatures from
185 to 273 K. Two regimes associated with pore condensation into mesopores are found: reversible
condensation at T > 240 K and capillary condensation hysteresis at 210 K < T < 240 K. The
isotherms at 185 and 195 K are associated with filling of micropores only, as the adsorption
isotherms were measured up to the corresponding saturation pressure of the solid (bulk
desublimation); it was not possible within experimental resolution to differentiate between phase
transitions in the pore and in the bulk.

The grand canonical and mesocanonical (gauge cell) simulations are performed in the model
carbon cylindrical pore of 6 nm at the same temperatures as measured experimentally. To evaluate
the conditions of experimentally observed hysteresis, the nucleation barriers for the condensation
are estimated from the continuous gauge cell MC isotherms. Assuming that the condensation may
occur provided the nucleation barrier is smaller than a certain critical energy barrier E., the
positions of experimental condensation are calculated. E. = 43 kT is chosen as equaled the
calculated energy barrier at the experimental condensation pressure observed at 210 K. With this
value, the experimentally observed hysteresis at low temperatures is fairly predicted. Moreover, it
is found that at 240 K, when the experimental isotherm is reversible, the calculated barrier at
equilibrium is around 43 kT. This leads us to suggest that 240 K can be considered as the critical
temperature of hysteresis of given system, which separates the temperature region of equilibrium

adsorption at T > 240 K and the region of developing hysteresis at T <240 K.
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With the accuracy of the predictions obtained in this work, the method developed can be used to
estimate the conditions of delayed capillary condensation in pores of different sizes and at different
temperatures. This allows one to determine the condensation pressures in the regime of developing
hysteresis that is necessary for building the adsorption kernels for pore size distribution
calculations from high pressure CO» adsorption data.
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