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MODELLING GAS ADSORPTION IN SLIT-PORES
USING MONTE CARLO SIMULATION

M.B. SWEATMAN and N. QUIRKE*

Department of Chemistry, Imperial College, South Kensington, London SW7 2AY, UK

(Received June 2001; In final form July 2001)

We discuss the use of Monte Carlo simulation to model the equilibrium adsorption of gases in
slit pores. Databases of adsorption isotherms have been calculated for nitrogen, carbon-monoxide,
methane and carbon-dioxide for a range of pressures, pore widths and temperatures. We discuss
the implications of these results for materials characterisation procedures based on gas adsorption
data.

Keywords: Monte Carlo simulation; Gibbs ensemble; Grand canonical ensemble; Graphitic slit pores;
Adsorption isotherms; Materials characterisation

INTRODUCTION

In this paper we discuss the use of Monte Carlo simulation to model the
equilibrium adsorption of gases in slit pores. While there are no perfect slit pore
systems in Nature, the ideal slit pore model is a useful approximation to pores in
real adsorbents of practical interest such as activated carbons.

Over the last twenty-five years the understanding of equilibrium fluid
behaviour in restricted geometries has advanced considerably. Early
theoretical models [1,2], such as the Langmuir and BET isotherms and
the Kelvin equation, have been superceded by modern approaches such as
density functional theory [3] (DFT) and Monte Carlo simulation [4-6].

*Corresponding author.
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Indeed, one of the early applications of the Monte Carlo method to the
study of physical adsorption on graphite by Rowley, Nicholson and
Parsonage [7] in 1976 evaluated multi-layer methods, including the BET,
Dubinin and FHH models, by comparing their predicted adsorption
isotherms and heats of adsorption with simulation data for Lennard—Jones
argon. None were considered to be satisfactory. In the present article we
present an overview of current modelling procedures used to predict the
adsorption of nitrogen (N,), carbon-monoxide (CO), methane (CH,) and
carbon-dioxide (CO,) in graphitic pores.

The Metropolis Monte Carlo technique [8] originated with Metropolis et al.
in 1953 and was extended to the Grand-canonical ensemble by Norman and
Filinov [9], Rowley et al. [10] and Adams [11]. Application to adsorption
problems soon followed [7]. The Grand-canonical ensemble is the natural
ensemble with which to study adsorption in open slit pores because the
ensemble is specified by chemical potential, volume and temperature. In a slit
pore adsorbate pressure is generally not equal to reservoir pressure and, unless
experiments are performed with surface force apparatus [12], the natural
comparison of simulation and experiment is made through the chemical
potential. Gases adsorbed on surfaces have a non-uniform density profile in the
direction normal to the surface. In order to properly describe the non-uniform
fluid the fluid—fluid interaction must be accurate for fluid densities varying
from gas to dense liquid. In developing our model potentials for gas adsorption
we require that the potentials are capable of predicting bulk fluid phase
coexistence properties. In this way we ensure that both vapour and liquid-like
regions of adsorbed fluids are accurately described. The appropriate Monte
Carlo technique for predicting bulk phase coexistence properties is the Gibbs
ensemble method [13-15] invented by Panagiotopoulos in 1987 (and also
applied to non-uniform fluids [16,17]).

This work describes molecular models for adsorption of N,, CO, CH4 and CO,
in graphitic slit-pores. A great deal of work has been performed on these or
similar systems [18-20] (as well as rare gases [21,22]). Our focus is on the
determination of accurate two-body effective potentials calibrated against
experimental data for bulk phase coexistence properties and adsorption on
standard graphitic surfaces. We describe our modelling methodology in the next
section together with an overview of the Gibbs and Grand-canonical ensemble
simulation techniques. These techniques are used to fine-tune our effective
molecular models. In the final section we describe our results for gas adsorption
in graphitic slit pores for a range of pore widths and bulk pressures and comment
on their implications for the characterisation of porous materials using gas
adsorption isotherms.
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METHODS

Molecular Models

We wish to determine useful molecular models for the adsorbates N,, CO, CH,
and CO,. We model all repulsive—dispersive interactions with the Lennard—
Jones (LJ) potential,

GDE}J(rij) = 48ij((0-ij/rij)12 - (O'ij/r,-j)ﬁ) 1)

where o0;; and g;; define the length and energy scale respectively of the interaction
between LJ sites { and j, separated by r; on different molecules, and all
electrostatic interactions with partial charges,

<p§(rij) = C;C;/4meory )

where i and j are charge sites (not necessarily coincident with any LJ sites), with
charge C, on different molecules and & is the vacuum permittivity. We constrain
cross-interactions between unlike LJ sites to be related to the pure interaction
parameters by the Lorentz—Bethelot rules

oy = (os + 0)/2; & = \[€i&j 3

Adsorbate molecular models are constructed from at least one LJ site, with the
position, (g;), of each site fixed relative to the centre-of-mass and orientation of
the molecule. The interaction between two (different) molecules, a and B, is then
simply the sum of the individual LJ and charge pair-interactions,

bap= > & + ¢ )

Tl
The total interaction energy between adsorbate molecules is then the sum

Ug=Usr + Utk + Uy = > _dup (5)

a<f

The interaction between a pair of molecules must be subject to a cut-off, ..
When the distance between the centre-of-mass of two molecules is less than r,
pair-interactions are calculated explicitly according to Eq. (4) and summed to
give Ugg. However, for molecules outside this range LJ pair-interactions are
treated in an average sense to give a long-range contribution, U, to Ugg. Setting
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the pair correlation function between molecules separated by more than r,, to
unity gives, for a bulk fluid,

{o0] !‘2 0_6-
Uk =273 Y30 o EJ(’)=877TZN"Z”"8”'(Z_Z9—;¥> ®)
E ok e i J c c

Loy

where N; is the number of sites of type i in the simulation and p; is the density of
LJ site type j in the corresponding bulk phase. The bulk or long-range density is
required in advance and can be obtained from earlier simulations.

In this work we neglect the long-range contribution of electrostatic pair-
interactions since it is always small relative to other contributions. For example,
in liquid CO; at 265 K the contribution of electrostatic interactions is about 20%
of the total interaction energy, and long-range LJ interactions contribute about
1% of the total interaction energy (using the cut-off defined in the Results
section). However, for systems where long-range electrostatic interactions are
thought to be significant (for example in water) methods such as the Ewald
summation method [23-25] or the reaction field method [26] can be employed.
When the distribution of partial charges of a molecule are quadrupolar, the long-
range contribution can be determined in a similar fashion to the long-range LJ
contribution (6), i.e. the long-range electrostatic interaction between two
quadrupolar molecules can be approximated by the pair interaction of two
quadrupolar moments and long-range pair correlation functions can be set to
unity.

It is not uncommon to neglect long-range interactions altogether, leaving a
small step discontinuity in the interaction between two molecules. To reduce the
unwelcome effect of such discontinuities, the remaining short-range part of the
potential can be shifted. Unless the range of each LJ and electrostatic pair-
interaction is calculated individually to determine its short or long-range nature,
rather than according to the separation of molecular centre-of-masses, very small
discontinuities in the pair-interaction of two molecules will persist.

For the simple molecular gases that are the focus of this work we are free to
choose interaction parameters oy;, £, C;, Foi. We tune the interaction parameters
for each adsorbate so that bulk liquid—gas coexistence properties fit experimental
data, using Gibbs ensemble simulation to determine liquid—gas coexistence
properties of a given model. We will show that with these molecular models we
can reproduce bulk fluid experimental coexistence data for each adsorbate with
reasonable accuracy. Clearly, for more demanding problems more accurate
interaction potentials are required. For example, simulations of hydrocarbons
often employ stretch and torsional potentials energy terms, while those of water
sometimes employ hydrogen-bonding and polarisation terms.
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We model the interaction between each molecular LJ site (i) and each graphite
surface (s) by a Steele potential [27]

o’ 2 (a)" ais\* ot
Vi s\, ) = 2 CA 5O = - sy _ s 7
a (Z a) 7Tp &, Ay 5 (Zin> (zin) 3A(Zla + 0,614)3 ( )

where, for graphite, we set p. = 114nm™> and A= 0.335nm and z;, is the
distance of LJ-site i on molecule « from the plane of carbon atom centres in the
first layer of the surface. The Steele potential is invariant in directions parallel to
the surface and generally provides a good approximation to the potential obtained
by summing individual LJ-surface atom pair interactions. The summed LJ
potential can be very smooth in directions parallel to the slit, for example the
Boltzmann factor for the methane-summed LJ interaction varies by at most 1%
across the surface at the potential minimum at 298 K.
The ideal slit-pore potential is given by

Vitw,zi,) = Vis(zi,) + Visw — z3,) 8)

where w is the width between carbon atom centres in the first layer of opposing
parallel surfaces. This gives

U=Ug+Vyg=Ugty > Viwz,) ©®

for the total interaction energy of a given microscopic state. This is the potential-
energy function that we investigate with Monte Carlo simulation. For fluid in a
slit-pore the long-range LI contribution to Uy, is

(e

where p;(r) is the singlet density [28] of site j, g,(-jz)(ﬁ,ﬁ-) is the pair
distribution function between sites i and j at 7; and 7, ry; = [r; — 7;| = [r;| and
the angle brackets denote an ensemble average. By setting correlations
between pairs of molecules to unity if they are separated by more than r, we
obtain from Eq. (10)

ZREIOR D ¥ I

The right-hand integral can be computed in advance for a range of values
of the lower limit and p;(z) can be found from an earlier simulation. If w<r,
or if pi(z) is not too inhomogeneous, then the molecular density further than

dryp(F)g (i, T J(r,,)> (10)

ri>re

00

max(|z;'j|,rc)

dr2m¢”(r)> (11)
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r. from site i, can be “smeared” to give a uniform density, p;, within the slit.

Then Eq. (11) becomes the sum of Eq. (6) and two further contributions, each
calculated as

a2 a5 ok ab 71 = max(re, 2),
_ N B - i _ Y .
4W<Z;;p,s,, (902? 2z + (re — 22) T " 2, = max(re, 2),

(12)

where z =2z;, and z=w — z;, for the separate contributions. Calculation of
this expression is much faster than Eq. (11). The same technique can be used
to evaluate the long-range contribution to U, from quadrupolar pair
interactions confined to a slit. Specialised techniques have been invented for
treating confined fluids with more general electrostatic interactions [29].

The Steele-potential is a simplified model of reality. So, just as with fluid—fluid
interaction parameters, the LJ site-surface interaction parameters, (g;;, &) must
be tuned so that agreement between simulation, in this case in the Grand-
canonical ensemble, and reference data is reasonable. In this work we choose gas-
surface interaction parameters [30,31] calibrated from experimental adsorption
isotherms of the gases on a low surface area porous carbon, Vulcan. Thus, our
surface model is not intended to correspond to a perfect crystal of graphite, but
instead to the irregular surface of porous carbons. Of course, such amorphous
materials cannot be characterised by a single slit pore with fitted gas-surface
interaction parameters, but previous work* has shown that characterising such
materials in terms of poly-disperse arrays of slit-pores is reasonably successful.
More demanding applications require more accurate surface models. For
example, the vibrational modes of carbon nanotubes in wacuo have been
simulated using a Tersoff—Brenner potential [32], which approximates the many-
body and co-ordinated nature of carbon interactions in molecular carbon and
hydrocarbon materials.

THE GIBBS ENSEMBLE

A Gibbs ensemble simulation simulates the coexistence of two bulk phases
without simulating the interface between them. Each phase is simulated in a
separate “box” with periodic boundary conditions and does not interact with the
phase in the other box. Coexistence is guaranteed by the choice of Monte Carlo

*For example, see Ref. [30] and references therein.
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FIGURE 1 Schematic representation of Gibbs ensemble moves.

moves that produce the conditions for phase coexistence; equality of temperature,
pressure and chemical potential. Intra-box moves (a molecule is moved randomly
within the same box) equilibrate temperature, inter-box moves (a molecule is
moved to a random location in the other box) equilibrate chemical potential and
volume moves (volume is transferred from one box to the other) equilibrate
pressure (see Fig. 1).

We performed Gibbs ensemble simulations for the pure fluids N,, CO, CH4 and
CO, over a range of sub-critical temperatures. OQur aim is to achieve good
agreement between the results of Gibbs ensemble simulations and experimental
data [33~40], namely the liquid and gas densities and pressure at coexistence, by
adjustment of the effective interaction parameters (o, &, C;, 7o) for each
adsorbate. We employ long-range corrections for LJ interactions only.

For each simulation we started the two simulation boxes with lattice-like
configurations, the density of one box being 50% greater than the other box. The
dimensions of each box are chosen so that their volumes are approximately equal
at equilibrium and to ensure that the box length is never less than the cut-off
radius. We choose different moves at random with pre-defined probability. For a
simulation with N molecules the relative probabilities for intra-box, inter-box and
volume moves are 1, a and 1/N respectively. The value of a is fixed so that the



18: 49 14 January 2011

Downl oaded At:

302 M.B. SWEATMAN AND N. QUIRKE

number of accepted inter-box moves is generally not less than 10% of the number
of accepted intra-box moves. Thus, a is typically in the range 1-100, with higher
values for denser liquid phases. Intra-box and inter-box moves are performed by
choosing a molecule at random from both boxes. An intra-box move is performed
by displacing a molecule in a random direction by a distance chosen randomly
from a pre-defined interval. The molecule is then rigidly rotated about a randomly
chosen Cartesian axis by an angle chosen randomly from a pre-defined interval.
An inter-box move is performed by destroying a molecule in one box and then
creating it at a random position with random orientation in the other box. A
volume move is performed by taking a step on In(Vy,/Vy,) with step-length
chosen at random from a pre-defined interval (the subscripts bl and b2 refer to
box 1 and box 2 respectively). When a box changes volume, the location of the
centre of each molecule is scaled accordingly so that volume loss corresponds to
compression and volume gain corresponds to decompression. The maximum
step-size of intra-box and volume moves is fixed so that about 50% of these
moves are accepted. We find that these move selection rules generally result in
quick and stable phase separation.
Intra-box moves are accepted with probability

min{1, exp[—BAU1} (13)

where AU = U" — U™ is the difference in total energy between the trial (n) state
and the current (m) state. The total energy of a given state is the sum of the
energies of the individual boxes. Inter-box moves are accepted with probability

. Np1 Ve _
mm{l,mexp[ BAU]} (14)

if the molecule is to be moved from box 1 to box 2. The volume move acceptance
rule must take account of the logarithmic volume-step selection rule and is

v No +1 v Npp+1
min l,( 3}) (»i’nl) exp[— BAU] a15)
Vbl Vb2

These selection and acceptance rules satisfy microscopic reversibility and
guarantee that the limiting distribution of states conforms to the Boltzmann
distribution [4,5].
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THE GRAND-CANONICAL ENSEMBLE

A Grand-canonical ensemble simulation simulates a single phase at a given set of
chemical potentials (one for each distinct species of molecule) { .}, volume and
temperature. Equilibrium is achieved by careful choice of intra-box moves
(temperature equilibrium), and creation and annihilation moves (chemical
potential equilibrium). Our aim is to generate databases of the adsorption of gases
in a range of pore widths over a wide range of pressures. These databases can then
be used, together with the poly-disperse slit-pore model, for the characterisation
of porous carbons. We use Grand-canonical ensemble simulation to construct the
databases.

Grand-canonical ensemble simulations are initialised with either an empty box
or a configuration of molecules obtained from an earlier simulation. For
simulations in a slit pore the width of the box is fixed. The remaining free
dimensions of the box are chosen to ensure sufficient molecules within it at
equilibrium and are never less than twice the cut-off range. We perform three
different types of move at random with equal probability. An intra-box move is
performed in an identical manner to an intra-box move in a Gibbs ensemble
simulation. A creation move is performed by creating a molecule at a random
position with random orientation in the box. An annihilation move is performed
by choosing a molecule in the box at random and deleting it from the simulation.
The maximum step-size of intra-box moves is fixed so that about 50% of these
moves are accepted.

Intra-box moves are accepted according to Eq. (13). Creation and annihilation
moves are accepted with probability

. VAD?
mm{l, o explBlus, AU)]} (16)
and
min{l,%exp[ﬁ(—ua - AU)]} (17

respectively. These selection and acceptance rules satisfy microscopic
reversibility and guarantee that the limiting distribution of states conforms to
the Boltzmann distribution [4,5]
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SOME THERMODYNAMICS

The grand potential, {2, is defined statistically in terms of the grand partition
function, =, as

N=—kgThh 5 (18)

which, with the Boltzmann distribution, gives

Q=(F) = talNa) =(E) = T(S) = Y _pa(Na) (19)

where F, E and S are the Helmholtz free energy, internal energy and entropy
respectively and {2 is minimized at equilibrium [41]. In the thermodynamic limit,
we can drop the ensemble average notation, (), and {2 acquires non-analyticities
along the loci of phase transitions [41]. In this work we focus on the behaviour of
fluid adsorbed in solid slit pores. The model potential (7) approximates the solid
surface as an effective external potential. So, we construct Gibbs dividing
surfaces [42,43] at z = 0 and z = w and effectively ignore the contribution of the
surface or reservoir to Eq. (19). For a planar adsorbed system with area A and
width w, an infinitesimal change in energy is written [43]

W
dE=TdS+) padN, ~ I Pr(z)dzdA — APy dw (20)
173 0

where P and Py are the transverse (parallel) and normal components of the
pressure tensor respectively. The transverse component varies with z but the
normal component does not. For fluid adsorbed on an isolated surface Py = P
while for a bulk system all components are equal to P. With Eq. (19) this gives

dQ=-SdT =) Nodpa — j Pr(z)dzdA — APy dw (21)
3 0

For fluid at given T and w we obtain two useful routes to the grand potential.
The first by integrating along a continuous isotherm

a0 = —ZNO, dpte (22)

and the second from Pt

W

0= —AJ Pr(z)dz = ~A(WP + ¥) (23)
0
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For a bulk system one has from Eq. (21)

dP=3 pidps; y=0 24)

Equation (21) requires the non-analyticities that develop in {2 in the
thermodynamic limit to be manifest in the behaviour of S, N,, Pt and Py. At first-
order phase transitions [44], §, N, and Py display step-discontinuities, while the
average transverse pressure displays a step-discontinuity in its gradient with
respect to 7, @, and w. So, just as the bulk density is the order-parameter that
signals the bulk liquid—gas phase transition, the average pore density, p, =
No/Aw, is the order parameter for phase transitions in a slit-pore. Similarly, just
as bulk pressure is maximised at equilibrium, the average transverse pressure is
also maximised at equilibrium,

Because we reduce all gas—gas interactions to effective pair-potentials the
components of the pressure tensor can be defined microscopically from the pair-
virial [4,5]. The v-component for a planar geometry is (according to the “Irving
and Kirkwood” definition [42])

Po(2) =ksT> p (z)—L S d¢$+% ”aﬂvﬁe(z—zi)9<ZJ—Z>
’ ’ i 2A by E dr; dry | rylzl Zjj Zij

(25)

where p,(z) is the singlet density of molecular species @, v,g and v;; are the v—
components of the vectors between the centres of molecules « and 8 and the sites
i and j respectively and 6 is the Heaviside step-function. Using Eq. (23) gives

i « l+ af)i
0= kBTZ<<N )—(ZZ(dru dry)?_ﬁ{lz;;wl> (26)

a#Bisjp

Of course, these expressions are useful for the short-range part of any pair-
potential only. Long-range LJ corrections to (2, obtained with the same
approximations used in Eq. (12), are two contributions calculated as

Lo of A\ 1o o\ 1(dh o
(B 3(9) (3 3) 43 H)459)
@7)

with m = min(z, r¢) and z = z;, and z = w — g;, for the two contributions. This
expression can be calculated either for each configuration (and then averaged) or at
the end of the simulation using the singlet density, p;(z). A similar expression can
be obtained for the long-range contribution from quadrupole pair interactions. The
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contribution of more general electrostatic interactions to the components of the
pressure tensor and the grand-potential can be found using the Ewald summation
method [45] or other methods [29]. For a uniform fluid, all components of the
pressure tensor are equal and the short-range contribution to P is

1 dﬁblfl dd,? XapXi + Yapyi T ZapZi
= A W L + y apty aBij af<ij 28
Ps kBTZ:(pt) 57 <ZZ ( it s 28)

a7 Bisjg

The long-range contribution of LJ pair interactions is then

4o 205>

= 87er,pja,] ( or 9 33

(29)

With these expressions we can obtain the grand-potential of a phase
confined in a slit and the pressure of a bulk phase. Where metastable phases
exist the equilibrium phase is that with the lowest grand-potential (the highest
pressure or average transverse pressure if it is a bulk phase or planar phase
respectively).

The angle brackets imply an average obtained from an ensemble of microscopic
states. During a Monte Carlo simulation microscopic quantities of interest are
calculated and stored at regular intervals. Since it is impossible to generate all
members of the ensemble, ensemble averages will always be subject to statistical
uncertainties even if there are no systematic errors. The required length of a
simulation will depend upon the magnitude of fluctuations in a quantity of interest
and the associated level of statistical error that is deemed satisfactory. The
statistical error, v, in a series, 7, of uncorrelated values, A, is [4,5]

1 n
=1 /=D (A= (A’ (30)
L ey

This expression must be divided by 8 /% if, on average, blocks of length & of
the series are correlated [4,5]. This means that when fluctuations in a quantity are
slow the length of the simulation must be increased to achieve a satisfactory level
of statistical error.

Systematic errors are often caused by inefficient sampling of microstates, or
poor ergodicity. These errors occur when the sampled microstates are not
statistically representative of a single thermodynamic state. For example, near the
critical temperature of a bulk fluid, the liquid and gas phases in a Gibbs ensemble
simulation can “swap” boxes and so neither box can represent one phase only.
Alternatively, a poor choice of simulation move might result in rejection of the
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overwhelming majority of moves. This can occur in both Gibbs and Grand-
canonical ensemble simulations of dense phases where it becomes increasingly
unlikely that inter-box, creation and annihilation moves will be accepted as the
density of a phase increases. This type of ergodicity deficiency has been called
quasi-ergodicity [46].

For the case when more than one thermodynamic state is sampled, a histogram
of the relevant order-parameter (for example, the density) will reveal more than
one statistically significant peak. When simulating bulk fluid phases, as in the
Gibbs ensemble, it can be shown that the locations of these peaks correspond to
the equilibrium gas and liquid densities. Thus a histogram analysis provides a
valuable complement to Eq. (31) (for a much more detailed discussion, see Ref.
[6], chapter 6). Various approaches have been developed to combat quasi-
ergodicity including cavity biased [47] and configurational biased sampling [48].

PHASE COEXISTENCE RESULTS

Our goal is to fine-tune effective molecular models of N,, CO, CH, and CO, to
achieve good agreement between coexisting liquid and gas densities and
pressures obtained from Gibbs ensemble simulation and experimental data [33-
40]. We perform Gibbs ensemble simulations with N, V and T held constant and
for which we first need to choose appropriate values. Clearly, we must set T to be
between the appropriate experimental bulk critical point temperature and triple-
point temperature. The choice of N and V is less straightforward. V should be
chosen so that the instantaneous box length side, L, is always greater than twice
the cut-off length, r.. N is chosen so that the volumes of the two simulation boxes
are approximately equal at equilibrium. L determines the maximum spatial
correlation length obtainable by a system and this in turn affects the location of

TABLE I Model parameters for gas—gas interactions

Parameter N, CH, co co,
oy (nm) 0.334 0.373 C:0.349 C:0.275
0:0.313 0:0.3015
eilkp(K) 347 1475 C:22.8 C:28.3
0:63.5 0: 81.0
I, (nm) +0.05047 0 C:+0.056 C:0
0:-0.056 0:+0.1149
Iq (nm) +0.0847 0 C:+0.056 C:0
*0.1044 0:-0.056 0:%0.1149
gle) 0.373 0 C:0.0203 C:0.6512

—0.373 0:-0.0203 0:-0.3256
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the bulk critical point. So N, V and the critical-point are affected by our choice of
cut-off.

We set r. =1.5nm and employ long-range LJ corrections [49] in all
simulations. We calculate the pressure of each phase according to Egs. (29) and
(30) and calculate statistical errors from Eq. (30). The best-fit molecular models
are described in Table 1. The liquid and gas coexisting densities and pressures are
presented in Fig. 2a-d. We note that, rather than performing additional Gibbs
ensemble simulations for CH, in this work, we have instead fine-tuned the model
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FIGURE 2 Coexistence properties of; a) Ny, b) CO, c) CH, and d) CO,. Lines are experimental data
(see text) and symbols are results from Gibbs ensemble simulations except for ¢) where symbols are
results from the EOS of Kolafa and Nezbeda [50] for a LJ fluid. All model parameters are given in
Table 1. The experimental density data has been extrapolated to the critical point in b) (long-dashed
line).

parameters by fitting an equation-of-state [50] (EOS) for the Lennard—Jones fluid
to the reference coexistence data at several temperatures below the critical
temperature. We use the EOS of Nezbeda and Kolafa [50], which is obtained by
fitting to simulation results from a wide range of sources and is thought to
accurately predict coexistence pressures and densities.
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Because of the relatively large cut-off used our simulations generally hold
relatively large numbers of molecules. These molecular models might not be the
most efficient computationally since it is possible that effective molecular models
can be found which employ a smaller cut-off and fit the reference data equally
well.

ISOTHERM RESULTS

The next step is to fine-tune effective molecular models of N,, CO, CH, and CO,
adsorbed on graphitic surfaces to achieve good agreement between adsorption
isotherms obtained from Grand-canonical ensemble simulation and experimental
data on reference materials. We perform Grand-canonical ensemble simulations
with i, A, w and T held constant. Our choice for u, w and T is determined by
available experimental data. We need to choose an appropriate value for A = L2,
Clearly, L should always be greater than twice the cut-off length, r.. Also, L
determines the maximum transverse spatial correlation length obtainable by a
system and this in turn affects the nature of critical phenomena in adsorbed fluids,
such as in wetting films.

In previous work [30,31] we calibrated appropriate values for &, for the
interaction of N; at 77 K and N,, CH, and CO; at 298 K with a graphitic surface.
We use the same values for CO; on graphite at 273 K as for 298 K. We take o to
be 0.34nm, a commonly used value [27,51]. The individual site-surface
interaction parameters, g;, and oj;, are recovered with the Lorentz—Berthelot
rules (3). The appropriate values for & and o, for the interaction of CO at 298 K
with a graphitic surface are assumed to be identical to those for N, at 298 K. To
be consistent with our Gibbs ensemble calculations we use the same molecular
models (described in Table 1) and employ long-range corrections for LIJ

interactions only. The gas-surface interaction parameter values are presented in
Table II.

TABLE II Model parameters for gas—solid surface interactions

Parameter N, CH, Cco CO,
o (nm) 0.337 0.365 C:0.3445 C:0.308
0:0.3265 0:0.321
eglks (K) 26.0 54.3 C:21.1 C:23.8
0:35.2 0:39.2

Eufkp (K) 19.5 20 C:19.5 C:19

0:195 0:19
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Figure 3a—d shows adsorption isotherm databases for N5 at 77 K up to 1 bar,
CO and CH, at 298 K and CO, at 273 K in graphitic slit pores. We calculate bulk
pressures using Egs. (29) and (30). At these temperatures N, is significantly sub-
critical, CO and CH, are significantly super-critical and CO, is marginally sub-
critical. Because of this temperature range the databases in Fig. 3a—d show a wide
range of phenomena. All the databases show adsorption generally increasing with
pressure. The CO and CH, databases exhibit high adsorption for narrow pore
widths indicative of the strongly attractive nature of the graphitic pore walls. The
CH, database also shows a secondary maximum for adsorption at high pressure in
pores able to accommodate two layers of adsorbate. This secondary maximum
appears as a slight bump in the CO database, which is more supercritical than CH,
at 298 K. But both these databases are quite featureless for higher pore widths.

The CO, database contains much more information than the CO and CH,
databases. Adsorption in pores that can accept one layer of fluid only is almost “flat”
at high pressure indicating that these pores are nearly saturated. The secondary
maximum indicating two adsorbed layers extends to wider pores and capillary
condensation is observed for the widest pores at pressures close to saturation.

Nitrogen at 77 K is closer to its triple point temperature (63 K) than its critical
temperature (126 K). This is reflected in the complexity of the N, (77K)
database. This sensitivity of the pore density to pore width makes N, at 77K an
attractive choice for pore size characterisation studies for a wide range of
materials. We see that the narrowest pores are saturated with N, even for very low
under-saturated pressures. For wider slits we see capillary condensation for a
wide range of slit widths. For wide slits a N, monolayer forms at about P = 0.001
bar prior to condensation at higher pressure. However, capillary condensation
appears to vanish for 1.2nm < w < 1.7nm and then re-appear for 1.0nm <
w < 1.2 nm before vanishing again in smaller pores. This apparent “re-entrant”
capillary condensation is probably caused by packing effects that disrupt
condensation for 1.2nm < w < 1.7 nm and enhance it for 1.0nm < w < 1.2nm.
This phenomenon has been observed before [17] in DFT and simulations studies
of spherical N, molecules. Packing effects are also responsible for the oscillations
in average pore density with slit width in the condensed region of the database.

Each database result is obtained with a Grand-canonical ensemble simulation
initialised with zero molecules. Due to the high free-energy barrier between gas-
like (monolayer) and liquid-like (capillary condensed) states such simulations are
unlikely to sample microstates corresponding to liquid-like states if the bulk
pressure is too close to the capillary condensation transition pressure, P... This
means that we need to perform additional simulations initialised with liquid-like
configurations to determine the properties of the liquid-like branch of the
isotherm in this region. Coexisting gas-like and liquid-like states can then be
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determined by calculating when the grand potential (or the average transverse
pressure) on each isotherm branch is equal [52]. To provide an example of this
procedure we have located P., for w = 2.512nm. We calculate the grand-
potential by integrating the Gibbs adsorption Eq. (22) along each branch. The
constant of integration for each branch is determined at a single point using the
virial expressions (27) and (28). Figure 4 shows the results of these calculations
and also verifies that the Gibbs adsorption and virial routes to the grand potential
are consistent. We find that P, = 0.2 *+ 0.05bar for N at 77K in a graphitic slit
of width w =2.512nm. Figure 5 shows the gas-like and liquid-like singlet
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FIGURE 3 Adsorption database for; a) N at 77K, b) CO at 298K, c) CH, at 298 K and d) CO; at
273 K, in graphitic slit pores from Grand-canonical ensemble simulation. Note that P and w are shown
on logarithmic scales, except for a) where logP (bar) is shown on a uniform scale.

densities (density profiles) for N, molecule centres at P = 0.019 bar. It is clear
that upon condensation the density in the central region of the slit attains liquid-
like values. We can also see that the N, layers closest to the slit walls are
effectively separate from the rest of the fluid.

The N, database is not as accurate in the saturated region of isotherms with
w < 1.2nm as it is for w = 1.2nm because our simulations exhibit quasi-
ergodicity in the narrower pores. To illustrate this point we have repeated
calculation of the database for P = 0.01 bar and a range of values forw = 1.2nm
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FIGURE 4 Grand potential density isotherms for N at 77K in a graphitic slit of width 2.512 nm.

Lines are calculated from the Gibbs adsorption Eg. (22), symbols from the virial expressions (27) and

(28). The dashed line and open symbols indicate gas-like (monolayer) states while the solid line and

filled symbols indicate liquid-like (condensed) states. Pressure is on a logarithmic scale.
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FIGURE 5 Singlet density of N, molecule centres at 77K in a graphitic slit of width 2.512nm at
P = 0.19bar. The solid line is a liquid-like state, the dotted line is a gas-like state and z is relative to
the slit centre.

N

using alternative initial configurations. These initial configurations are generated
from the final configuration of simulations in which the N,—surface interaction
strength is gradually reduced from a very high value, to the calibrated value in
Table II. So these initial configurations are “over-dense”. After simulation of a
further 2 million attempted moves, we find that the average pore density is higher
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FIGURE 6 (a) Evolution of the number of molecules in Grand-canonical ensemble simulations of
N; at P = 0.01 bar in graphitic slit pores with w = 0.7 nm (red lines), 1.0 nm (blue lines) and 1.2nm
(green lines). Lines with the same colour indicate simulations initialised with different states. (b) As
for Fig. 6a except that the evolution of the average energy per molecule is shown.

when using an “over-dense” initial configuration compared to an “empty” initial
configuration for w < 1.2nm. This indicates quasi-ergodicity for w < 1.2nm
resulting from the low probability of acceptance for creation and annihilation
moves. We have also performed further simulations with “average-density”
initial configurations. The results of these simulations forw = 0.7, 1.0 and 1.2 nm
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are presented in Fig. 6a,b. They show that equilibrium is attained for w = 1.2 nm
but not for w < 1.2nm. We estimate from these figures that the average pore
density in the saturated region of the database for w < 1.2 is in error by about 5—
10%. 1t is possible that methods such as the cavity biased method [47] will
improve equilibration for w < 1.2 nm. However, the location of the condensation
transition for w < 1.2 nm is outside of the quasi-ergodically limited region. This
means that we can determine the grand-potential and the location of the phase
transition for w < 1.2nm. We have performed further simulations at P =
0.019 mbar for N, in a graphitic slit pores with w = 1.0nm. It is clear from these
simulations that capillary condensation for w < 1.2nm occurs from a gas-like
state to a liquid-like state, albeit with much reduced dimensionality. We are not
observing capillary freezing in these slit-pores, although it is conceivable that N;
does freeze in these pores at higher pressure. Figure 7a,b shows “snapshots” of
gas-like and liquid-like metastable states from these simulations.

CHARACTERISATION

The characterisation of porous materials usuvally involves an approximate
solution of the adsorption integral

ViP)=A Jf(w)v(w, P)dw 3h

where V(P) is the experimentally determined excess volume of adsorbate (at
STP) per gram of material, f{w) is the required pore size distribution and v(w,P)
is the excess average density of adsorbate at pressure P in a pore of size w. The
integral is over all pore sizes, w. Equation (31) is a Fredholm equation of the first
kind, and as such it can present many difficulties. Nevertheless several methods
for solving Eq. (31) are known including best-fit methods [53,54] and matrix
methods [55,56]. The best-fit methods are essentially trial-and-error methods
where very many trial functions are tested, with the best-fit trial function taken as
the solution. They can employ optimisation procedures to direct the trial function
selection towards better solutions. The matrix methods amount to solving a
system of linear equations by matrix inversion. With both methods, additional
constraints are often required to force more physically appealing or acceptable
solutions, including constraints on the smoothness of the solution function and
the range of w. Any solution method for Eq. (31) requires that the kernel, v(w,P),
is known. The first step is to identify a pore geometry and associated measure, w.
With the standard idealised carbon slit-pore model f{iw ) describes a poly-disperse
array of slit pores. Given a fixed geometry, the function v must be calculated for
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FIGURE7 (a) A gas-like configuration of N, at P = 0.019 mbar (close to the capillary condensation
pressure) in a graphitic slit with w = 1.0 nm. (b) As for Fig. 7a except that a liquid-like configuration
is shown.

all relevant values of w and P. The data presented in Fig. 3 constitute v(w,P) for
each gas at particular temperatures.

From Fig. 3 it is clear that at 293 K carbon-dioxide adsorption isotherms
simulated up to pressures of 30bar in slit pores are sensitive to slit width. It
follows that for our model polydisperse slit pore material the predicted total
isotherm will be sensitive to small variations in the PSD. As a consequence the
PSD obtained by inverting Eq. (31) will be well constrained by the experimental
isotherm. Therefore at room temperature carbon-dioxide will be a sensitive probe
of the PSD of porous materials if measurements are made up to the saturation
pressure. Carbon-monoxide and methane are supercritical at 298 K;; the isotherms
are only weak functions of pore width, and hence they are not as sensitive as
carbon-dioxide as probes of the microstructure. Clearly, nitrogen isotherms at
77K (Fig. 3a) are the most sensitive to changes in pore width. However a
significant body of theoretical and experimental evidence [57] points to the fact
that experimental studies are hampered by very slow diffusion of N, into these
materials. As discussed above, the database for nitrogen in the important range
w < 1.2nm is likely to be inaccurate due to quasi-ergodicity. In this case, with
systematic errors in both experimental and modelling data, the pore size
distribution obtained from a nitrogen isotherm at 77 K using Eq. (31) is likely to
be unreliable for microporous carbon materials.

SUMMARY

We have given an overview of current modelling procedures used to predict the
adsorption of a range of gases in graphitic pores complementary to that of
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Nicholison [58]. The adsorbed fluids display a wide variety of adsorption
behaviours in small pores depending on their interaction potentials and the
temperature. From our data we see that at or near room temperature the CO,
database of isotherms contains much more information than the CO and CH,
databases. Therefore at room temperature carbon-dioxide will be a sensitive
probe of the pore size distribution of porous materials if measurements are made
up to the saturation pressure. Nitrogen at 77K is closer to its triple point
temperature (63 K) than its critical temperature (126 K). This is reflected in the
complexity of the N, (77 K) database. This sensitivity of the pore density to pore
width in principle makes nitrogen at 77 K an attractive choice for pore size
characterisation studies for a wide range of materials. However both the
experimental isotherms and the simulation database are likely to be inaccurate
due to the possibility that the equilibrium state of nitrogen in the smallest pores or
near pore junctions is solid. Clearly the safest choice is to characterise
nanoporous materials using carbon dioxide isotherms at room temperature. Given
accurate potentials the techniques discussed here can be used to predict
adsorption selectivity both for single pores [S9—61] and for an assembly of pores
representing the pore size distribution of a real material [62]. An interesting
extension of the present work will be to consider the phase behaviour, structure
and transport properties of gas mixtures containing water in graphitic nanopores
building on the work of Nicholson and colleagues [63].
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