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We review recent progress made concerning the modelling of equilibrium gas mixture adsorption in activated carbons. Much
of the discussion focuses on modern statistical mechanical methods, such as classical density functional theory and Monte-
Carlo simulation, as well as the surface models employed, i.e. the surface characterisation, and we confine our attention to
work that has been compared quantitatively with experiment. We will see that for less demanding scenarios, i.e. relatively
simple gas mixtures adsorbed at supercritical temperatures, current methods are satisfactory. But further developments in our
models and theories are probably needed to describe the adsorption of more complex adsorbates such as those involving water

at room temperature.
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1. Introduction

In this review we consider recent progress in the
modelling of gas mixture adsorption in active carbons.
Traditionally, adsorption onto surfaces is described by
“isotherm” equations [1-9] that attempt to encode all the
relevant phenomena with a few fitted parameters, largely
ignoring the complex physics of non-uniform fluids
interacting with non-uniform surfaces. These approaches
have provided limited insight and, as a consequence,
limited confidence. The advent of modern methods based
on statistical mechanics and fast computers has radically
changed this state of affairs. To a significant degree, the
physics of adsorption is now well understood and today
methods for modelling adsorption in active carbons are
generally limited only by the complexity of the surface
model, the patience of the modeller and the quality
of experimental reference data. However, the addition of
n — 1 dimensions to the pure adsorption problem, where
n is the number of components in the mixture, can make
calculations much more difficult and time consuming than
for the pure isotherm case. Yet an application might
require predictions to be made quickly, in which case
calculation of mixture adsorption isotherms using
sophisticated approaches directly, involving Monte-Carlo
(MC) simulation [10-12] for example, is out of
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the question particularly if there are several components
in the mixture. So methods for predicting adsorption that
are both fast and accurate are of great interest.

The most industrially important adsorbents generate
high selectivity, i.e. they have a clear preference for
adsorption of one gas component relative to another.
Selectivity is influenced strongly by gas—surface inter-
actions. So we will primarily be interested in the narrowest
pores, called micropores, whose size is less than about
2nm. The pores in active carbons cover a wide range of
sizes, but it is generally micropores that dominate and give
rise to useful adsorptive behaviour. Fluid behaviour in
larger pores is interesting from a fundamental perspective.
For example, hysterisis associated with capillary conden-
sation can lead to unusual coexistence and percolation
behaviour in systems not dominated by strong gas—
surface interactions. But this behaviour and these
materials are not the focus of this review.

When designing new materials the accuracy of gas
adsorption prediction is required to be quantitative, not
merely qualitative. So we concentrate here on methods
that have been applied to make quantitative predictions for
gas mixture adsorption in real materials. We will see that
even the most modern methods are not completely
satisfactory. For example, adsorption isotherms for some
simple pure gases in activated carbons can be predicted

Molecular Simulation
ISSN 0892-7022 print/ISSN 1029-0435 online © 2005 Taylor & Francis Group Ltd
http://www.tandf.co.uk/journals
DOI: 10.1080/08927020500108296



18:21 14 January 2011

Downl oaded At:

668 M. B. Sweatman and N. Quirke

with accuracy close to that of experiments at super- or
near-critical temperatures. But the same confidence does
not yet extend to significantly subcritical gases. Although
popular and fast, a thermodynamic theory for predicting
mixture adsorption, namely “ideal adsorbed solution
theory” or IAST, is limited in its applicability. Fortunately,
for active carbons an alternative, more versatile, accurate
and robust approach based on classical density functional
theory (DFT) has been devised. Consequently, the barrier
to materials design optimisation is shifting towards their
manufacture, i.e. our ability to produce large amounts of
material that have nanoscopic properties within a specified
tolerance.

The remainder of this review is structured as follows.
In the following subsections we discuss some basic issues
regarding the modelling of adsorption experiments. Then we
turn briefly to DFT and MC methods for calculating
adsorption for both pure and mixed gases on a given surface.
We then deal with surface models that can be used in
conjunction with DFT and MC to generate adsorption
isotherms. Finally, we discuss in more detail methods for
predicting gas mixture adsorption on the basis of pure
component data, focussing on those methods that have been
compared with experiment. We conclude with a summary.

2. Preliminaries

2.1. Surface characterization

Surface characterization is an important part of the
modelling process. Little insight into the behaviour of
adsorbates can be gained without it. The most common
[1,2,13—15] experimental method for characterizing active
carbons involves measurement of one or more adsorption
isotherms of a “probe” adsorbent. The ideal probe will be
attracted strongly to the surface to reduce experimental error,
it will remain fluid at all locations in the adsorbent to avoid
pore blocking and it will be sub-critical so that capillary
condensation can be used to discriminate pore width.
Generally, the probe will become more sensitive to pore
width as its temperature is lowered towards its triple-point.
But venturing too close to the triple-point runs the risk of
pore-blocking [16] caused by freezing or slow dynamics.
Traditionally [1,4,7], nitrogen at 77K is used as a probe
following the conventional BET method.

For polar molecules the polarity of the surface plays an
important role in adsorption. The complex interaction
between pore width and surface charge distribution might
require several probes to be used to distinguish competing
effects. For example, non-polar argon might be used to
generate a PSD, while water adsorption could be used to
assess surface polarity for the given PSD. Recent studies
involving titration [17,18] are thought to provide greater
detail with respect to particular surface functional groups
(for example, nitrogen, phosphorus or oxygen functional
groups). Other measurements that provide characteristics of
the surface include X-ray diffraction and high-resolution

transmission electron microscopy (HRTEM) from which
average pair-distribution functions can be obtained,
spectroscopy which also measures the type and number
of functional groups present, temperature programmed
desorption, electrokinetic measurements and immersion
calorimetry. These experimental methods are not the focus
of this review, but details concerning their application and
further references can be found in [19] and [20].

Clearly, it is not possible to generate a model that
describes every atom in a macroscopic sample of active
carbon. The aim then is to create a model that captures the
most significant features of the surface so that sufficiently
accurate predictions can be made. Many modern studies
employ a “pore-size distribution” (PSD) to characterise the
pore network in a material. However, definitive statements
about the pore network geometry should always be
considered with caution for several reasons. Most
importantly, it is not a well-defined property because the
geometry of a curved surface is not independent of the
adsorbate. Secondly, it is not yet possible to directly
measure the pore network geometry with respect to any real
nanoporous adsorbate. Instead, we can only make rather
crude inferences on the basis of indirect measurements,
such as adsorption isotherms and adsorption energies. And
these measurements are often easily confused by competing
influences such as pore width and the strength of
adsorbate—surface interactions [21-23]. And finally,
interpretation of these measurements is entirely dependent
on our imposed models and their calibration.

2.2. Absolute and excess isotherms

Excess adsorption, N, is the number of moles of
adsorbate in an accessible volume in excess of the number
of moles of adsorbate that would fill this volume if it had
a uniform density equal to the bulk adsorbate density p}f’,
ie.

N = NP — ptVy (1)

where Nt“,’: is the experimentally measured total number of

moles of adsorbate in a volume V; that includes all the
accessible pore space and none of the inaccessible pore
space. Ny' is measured directly in an experiment, either
gravimetrically or volumetrically, but V¢ is not well-defined
because it is impossible in an experiment to distinguish gas
adsorbed in accessible pore space, V§, from gas in the
experimental bulk volume, V‘f’. So we can write

Vi=VE4+ VP )

As explained carefully by Neimark and Ravikovitch
[24], it is standard practice to define V; by measuring the
total adsorption of helium at a particular pressure and
temperature. If it is assumed that the excess adsorption of
helium is zero then we have Vi = NV' /pf, and using
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equation (1) again

b
Nt = N - BN )
Pre

All the quantities on the right hand side of equation (3)
can be measured directly in an experiment. A problem
with this definition is that it is well known that helium can
experience significant adsorption, especially in the
narrowest pores and at low temperature. So this definition
of Vi and N°* should be viewed as a calibration. This
should be contrasted with the usual definition of excess
adsorption in theoretical models

tel):e =N t\?lthc - p?vthevthe (4)
where V. is the pore volume accessible to fluid in the
theoretical model and p?,the is used to distinguish the
modelled bulk density from the experimental bulk density
at a particular pressure. So theoretical model predictions
are exact when

tot
P
tot _ atot _ b Vie _ b
N v N Ve — P pr{ P¥ the Vihe (5)

e

For a perfect model Ny; =Ny and p}’:p}’,lhe

in which case we must 'set Ve = Ny /P to
ensure that perfect agreement with experiment is‘obtained.
For a perfect model N\% can be obtained from the
model itself. Neimark and Ravikovitch [24] argue
that this definition should be used for any model. They
show that the adsorption of helium in the low-pressure
(Henry’s law) limit depends strongly on temperature, so the
temperature at which N% is obtained experimentally can
have a dramatic impact on calculated values of N for
supercritical or near-supercritical adsorbates. Essentially
the same conclusions are reached by Myers and Monson
[25]. They also suggest that helium calibration should be
standardised. As pointed out by Ozdemir et al. [26] the
above arguments are correct only for a rigid adsorbent.
For adsorbents that swell, such as some types of clay and
gel, Vi should be reduced by a volume equal to the amount
of swelling. However, active carbons are usually thought to
be quite rigid and are generally modelled as such.

2.3. Confined fluid phase behaviour

Fluids in pores exhibit richer phase behaviour compared to
the bulk phase. The counterparts of equilibrium bulk phase
transitions like the gas—liquid transition are generally
shifted to other bulk pressures and temperatures when
fluid is confined to a pore. The magnitude of this shift
depends on the pore size, geometry and the nature of the
fluid—surface interaction. A modified [27] form of
Kelvin’s equation predicts this shift for the liquid—gas
transition for a cylindrical pore

27yjgc0s 0

kT In (P /P) = R — o)
g

(6)

provided R, the pore radius, is very large compared
to the adsorbate particle size. Here, 6 is the
“contact angle” [28] required to stabilise a droplet of
liquid on an isolated surface, 7y, is the gas—liquid
surface tension at bulk coexistence, p; and p, are the bulk
liquid and gas densities at coexistence and Pg,/P is the
ratio of the bulk saturation pressure to the confined
saturation pressure.

For fluids confined in pores with relatively strong fluid—
surface interactions, like nitrogen in the graphitic pores of
active carbons, the pressure at which capillary conden-
sation occurs steadily reduces with pore size. For pore
sizes that we are concerned with the Kelvin equation is no
longer accurate [29,30] and alternative theories are
needed. An accurate theory should be able to reproduce
the correct condensation pressure for a pore of any size
and be able to predict the modulation of this transition
caused by packing effects in the smallest pores. In
addition, surface phase transitions that have no bulk
counterpart such as pre-wetting are possible for suffi-
ciently smooth surfaces. These transitions are sensitive to
the nature of both fluid—fluid and fluid—surface
interactions and they can influence the shifted bulk
transitions [31]. For active carbons capillary condensation
is the most useful transition because it is very sensitive to
pore size.

Phase behaviour in amorphous nanoscopic materials is
complicated further by pore—pore interactions [32-36].
For example, the equilibrium capillary condensation
pressure of a pore can be reduced due to adsorption in
neighbouring, smaller pores. This proximity effect can be
important for systems in which fluid—fluid interactions are
relatively strong compared to fluid—surface interactions
(xenon adsorbed in a high porosity xerogel [32] for
example). In active carbons the high density of carbon atoms
forming the graphitic surfaces leads to relatively strong
fluid—surface interactions, so this proximity effect is less
significant for the adsorption of simple gases, such as
nitrogen and carbon dioxide, and many studies choose to
ignore it. However, for more complex adsorbates,
particularly those with longer ranged electrostatic inter-
actions (e.g. water), these pore—pore interactions might be
significant.

2.4. Poor equilibration

Poor equilibration is a factor that complicates both
experimental and theoretical studies of adsorption.
It covers several phenomena, including metastability,
pore blocking and poor diffusion. It is further
complicated by the connectivity of the network of
pores. Each of these mechanisms can lead to hysteresis
where the adsorption and desorption curves are not
identical.

The relative importance of metastability versus pore-
blocking as the prime hysterisis mechanism in amorphous
adsorbents has been debated for decades. Early pore network
analysis methods [37] often relied on pore-blocking,
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but recent work by Kierlik and colleagues [32,34], Monson
and colleagues [35,36] and Neimark and co-workers
[38—40] demonstrates that metastability is sufficient to
account for various types of hysteresis seen in experiment,
i.e. that pore-blocking might not be significant.
Moreover, Sarkisov and Monson [41] question the
traditional picture of pore-blocking for simple fluids in
“ink-bottle” geometries on the basis of molecular dynamics
results.

Fortunately, hysteresis due to metastability is less
important or absent for many active carbons and simple
gas mixtures. Using a mean-field DFT Ravikovitch and
colleagues [42] find that metastability generated
hysteresis of nitrogen at 77K in spherical silica pores
is essentially a mesoscopic phenomenon that generally
occurs in pores larger than about 6nm. Similar
conclusions are likely for other materials, including
active carbons, and subcritical gases, although the
precise onset of hysteresis with pore width will be
sensitive to the particular system. So for simple gases
and microporous active carbons, including carbon
molecular sieves, metastability hysterisis can be
neglected. But for active carbons with significant
mesoporosity such as carbon aerogels, or for more
complex adsorbates such as water, hysterisis might well
be important for significantly sub-critical gases.

For complex systems poor diffusion can be significant
even in micropores. For example, studies [43] involving
water adsorption in activated carbons that have polar
surface sites have shown that water adsorbed at these
sites can potentially block the entrances of pores
(although the effect on diffusion through these blocked
pore entrances was not addressed in this work).
Nakashima et al. [44] report activated diffusion in a
particular activated carbon using carbon dioxide as a
probe at 273 K. Moreover, if fluid becomes very dense
within a pore it can freeze [45] at temperatures shifted
relative to the bulk freezing temperature, thereby
blocking access to connected pores. This is exacerbated
by relatively strong fluid—surface interactions [46—48]
and by pore-junctions [49] and pits [50], i.e. the kind of
heterogeneous surfaces expected in active carbons.
Indeed, there is speculation [16,51] that the most
commonly used probe gas, nitrogen at 77K, either
freezes, becomes glassy or highly viscous when adsorbed
in the narrowest pores of active carbons at sub-
atmospheric pressure. This could have a major impact
on traditional pore characterization experiments [1,2,6]
that routinely use nitrogen at 77 K, including the BET
analysis of surface area. The work of Radhakrishnan et al.
[46,47,52] indicates [16] that to avoid pore-blocking of
this kind probes should be employed at a temperature
well above their bulk triple-point temperature. Clearly,
a compromise temperature is required so that the
adsorbate is sufficiently mobile while remaining suffi-
ciently sensitive to the surface and pore width;
a reasonable choice might be a third of the way between
the triple and critical points.

2.5. Molecular sieving

No two adsorbates experience the same amorphous
surface. Molecular sieving can result if one adsorbate
can reach regions of the pore network that are inaccessible
to another adsorbate because its molecules are too large to
fit through any of the connecting pores. This effect is
clearly very dependent on the connectivity of the pore
network. In addition, kinetic molecular sieving [53] can
occur if the diffusion of one component through the
carbon pore network is much greater than another. We do
not consider these factors.

3. Adsorption isotherms

We focus in this section on modern methods that can
generate adsorption isotherms for any given external
potential, i.e. inert surface. We do not discuss the many
popular engineering or empirical isotherms [1-9].

3.1. DFT

Classical DFT [54] is the most successful theory of non-
uniform equilibrium fluids. Since its initial development
for quantum systems and extension to classical systems
[55], it has been one of the most useful tools for
understanding confined fluid behaviour alongside mole-
cular simulation. The central ideas and main develop-
ments are described in several books [28,54,56,57] and are
repeated only briefly here.

The density functional formalism [55] is developed in
the grand-canonical ensemble, which is the natural
ensemble for discussing inert adsorbents. The grand
potential, (2, is expressed as a functional of the set of one-
body densities, {p(r)}, where r represents all static
degrees of freedom (positions, orientations etc.) of
a molecule, as follows

O{p()}]=Fl{p(r)}]+ Z Jdrpi(r)(V?’“(l‘) — i) (1)

where F is the intrinsic Helmholtz free-energy functional,
Ve is an external one-body potential, u; is the chemical
potential and i labels the component of the mixture.

The global minimum of (2 with respect to variation of
{p(r)} at fixed chemical potential, temperature and
external potential corresponds to the equilibrium (2, and
equilibrium set { po(r)}. So specification of 2[{p(r)}] (or
equivalently F[{p(r)}]) and a method for finding its global
minima are central to many DFT studies. The ideal gas
contribution, F ¢, is known for rigid particles

F = Fid + FX
=ty [arp@)(InAlpm) 1)+ F§ + Fy ®)

where A; is the thermal de Broglie wavelength, leaving
only the excess contribution, F*, to be specified.
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For spherical models of the gas molecules of interest to us
the short-range repulsive “core” contribution to F* is
usually treated by a hard-sphere term, FYjg, with the
remainder treated by a perturbation, F,.

The development of approximate hard-sphere func-
tionals warrants a separate review, so we provide only
brief details here. Less attention has been paid to treatment
of the perturbation contribution [58,59]. Indeed, in every
application of DFT to materials characterization known
to us the same perturbation term is used

1
Fp= _ZJJdrl dl‘zpi(l'1)Pj(l'2)¢§(V12) 9)
ij
where ¢f(r) is the perturbation potential and rj, =

|ry — ra]. If a Lennard—Jones potential is used, then
according to the WCA [56] convention

deij(x 12 —x70); x>21/6

P —
ij(r) o —&ij; X = 2]/6 (10)

where x = r/ ojj, and o and & are the Lennard—Jones
length and energy parameters, respectively. Usually,
a cutoff in the range of qbg(r) is employed to avoid
lengthy numerical integrations. This type of mean-field
perturbation is very common throughout the DFT
literature because of its simplicity, but it is not that
accurate [58], particularly at low temperatures [59].

The development of DFT methods in materials
characterization has closely followed the development of
hard-sphere functionals. The first such study [60] employed
a pure fluid local density approximation for this contribution

Fiis = Jdrfenxs(p(r); d) an

where f7ig is the excess free-energy density of a uniform
hard-sphere fluid with hard-sphere diameter d. But this
functional cannot describe the packing of particles in very
narrow pores and so is not a good choice for accurate studies
of nanoporous materials. Consequently, despite its simpli-
city, it is rarely used [61,62].

Much greater accuracy can be achieved, at greater
numerical expense, with a weighted density approxi-
mation (WDA) or “non-local” DFT. The “smoothed
density approximation” (SDA2) of Tarazona [63] is one
such approach and is known [40,64,65] to be quite
accurate for adsorption studies. Most DFT characteri-
zation studies have used this functional [13,29,66-71].
It ascribes the excess free-energy per particle, %, at a
point in the fluid non-local character

Fyg = Jdl‘p(r)t/ff{xs(ﬁ(r); d) (12)

where

pry) = Jdrzp(l'z)W(m; p(ry)) 13)

and

w(r; p) = wo(r) + pwi(r) + pwa(r). (14)

The density independent weight functions, wg, w; and
wy, are chosen to accurately reproduce thermodynamic
and structural properties of the uniform fluid, including
the Carnahan-Starling equation of state [56], and have
a range equal to d.

Recently, the fundamental measure functional (FMF),
developed originally by Rosenfeld [72,73] and by Kierlik
and Rosinberg [74], has been employed [64] in
characterization studies. It has several advantages over
the SDA2 functional including its accuracy and efficiency.
Although it has become the functional of choice for
fundamental studies of simple fluid behaviour, it has yet to
be used to predict adsorption in real materials, so we refer
the interested reader to other articles [16,54,64,75].

Combining equations (7) and (8) with the minimal (2
principle gives the Euler-Lagrange (EL) equation for the
densities

6 ex
Or) = i —B|Vitm - W ( )
p(r) Pbexp< B( SO G {p°<r>}>>

15)

where the excess chemical potential uf* = u; —
kT In (A? pri) and py,; is the bulk density corresponding to
M. Because the last term on the right-hand-side depends on
{p 9(r)}, which is also the solution on the left-hand-side, the
EL equations can be solved by simple (Picard) iteration.
Alternatively, if a gradient (Newton) method [76] is used
then many fewer iterations might be required to reach
a desired level of accuracy, but at greater numerical expense
for each iteration.

In the above theories the Lennard—Jones parameters,
o and g, and the hard-sphere diameter, d, can be chosen
independently. Several theoretical methods have been
suggested for fixing d, given o and &, such as the Barker-
Henderson [56] (BH), Weeks-Chandler-Anderson [57]
(WCA), Lado [77] and Rosenfeld [78] prescriptions.
However, given the inherent inaccuracies in the above
approximations, particularly the mean-field perturbation
term equation (9), it is more appropriate to fit the free
parameters to reference data, i.e. experiment or molecular
simulation data. Ravikovitch et al. [64] compared several
methods and concluded that fitting o=d and & to
experimental data for bulk liquid—gas coexisting press-
ures and densities for a range of temperatures was the most
convenient and accurate approach.

For mixtures of Lennard—Jones fluids cross-interaction
parameters are usually calculated via the Lorentz-
Berthelot (LB) combining rules

o= (0, +0)/2; ;= . [eg; (16)

This can be successful for gas—gas interactions
dominated by dispersion forces, for example those
between methane and nitrogen. But for less symmetric
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molecular interactions, such as between methane and
water, it is likely that cross-interactions will need to be
fitted to reference mixture data.

3.2. MC simulation

The equilibrium statistical mechanics of a Hamiltonian
can be solved, to within statistical error, with MC and
molecular dynamics simulations [10-12]. Not
surprisingly, these methods, and MC simulation in
particular, are popular for characterization and adsorption
studies. Due to the popularity of books [10—12] in this
field and detailed articles [79,80] we will not dwell on the
basics here.

Whereas with DFT the grand-canonical ensemble is the
most convenient choice, with MC simulation in particular
the choice of ensemble is completely open. The grand-
canonical ensemble is best suited to rigid, inert adsorbents
whereas the osmotic ensemble [81] may be suited to
swelling materials.

A molecular MC simulation is an attempt to sample
the relevant microstates of an ensemble in accordance with
the laws of equilibrium statistical mechanics [82] i.e. the
Boltzmann equation. Usually, many millions of states are
sampled by starting the system from a particular
configuration (described by the system volume and
specification of each degree of freedom for each initial
molecule) and performing a sequence of small moves
(a Markov chain). In a grand-canonical ensemble Monte-
Carlo (GCMC) simulation three types of move are attempted
at random. Attempts are made to randomly displace, create
or destroy particles resulting in equilibration of temperature
and chemical potential. Usually, moves are required to
satisfy microscopic reversibility, so creation and destruction
attempts are attempted with equal probability.

With today’s computing power simulations of several
hundred to several thousand particles are typical. Molecules
are often modelled with multi-site combinations of
Lennard—Jones potentials and partial charges. To enable
such a relatively small system to mimic a macroscopic
system requires the use of periodic boundary conditions.
Provided the system is sufficiently large these periodic
boundaries will not significantly affect results. For “long-
range” interactions, such as those between coulombic
charges, special techniques (such as the Ewald method) [11]
are needed to make progress. Several of these techniques
have been tested recently by Seaton and co-workers [83] in
the context of water adsorption in slit-pores using GCMC
simulation. They find that a method due to Heyes and van
Swol [84] is the most efficient in their application, and see no
reason why this should not be a general result.

As the density of the system increases it becomes
increasingly unlikely that attempted creation or destruc-
tion moves will be accepted because the probability of
formation of a cavity at equilibrium reduces with
increasing density. Nitrogen adsorbed in narrow graphitic
pores at 77K and 1 bar, for example, is so dense that it
may well be close to freezing. Not only might this

manifest as an experimental difficulty associated with
poor diffusion, but it also hinders simulations because the
low probability of creation and destruction results in poor
statistics even for very long simulations. Many approaches
have been suggested in the literature to combat this
difficulty, including cavity bias [85] excluded volume
mapping [86] and staged insertion [87].

To reproduce experiment accurately any molecular
model must be calibrated. In gas adsorption experiments
we need adsorbate molecular models to be accurate both
for gas-like and liquid-like densities. Often, molecular
models are calibrated by requiring that bulk gas—liquid
coexistence properties like density and pressure are
accurately reproduced. Essentially, this means finding
bulk gas and liquid states for a particular molecular model
that have identical chemical potential and pressure. Before
the invention of the Gibbs ensemble [88] this would
typically have involved calculating the chemical potential
and pressure along each phase branch separately [10], a
lengthy process particularly if the molecular model is to be
optimised to reproduce experiment. However, the Gibbs
ensemble [10,88—95] has revolutionised this process as it
generates coexisting phases without need of an interface in
a single simulation.

The Gibbs ensemble answers the question “What is the
most likely, or equilibrium, partitioning of particles
between two (separated) simulation boxes if their total
number, the total volume and temperature are held
constant?” Essentially, it explores the minimum of the
total Helmholtz free-energy, or equivalently the minimum
of the sum of the Helmholtz free-energies of each
simulation box. The Gibbs ensemble has also been used to
study phase equilibria in confined systems [96—99], and
modified versions, called ‘“gauge-cell” simulations
[100,101] are able to explore hysteresis loops in detail.

The liquid—gas phase diagram of a molecular model
can be sketched quite efficiently by performing Gibbs
ensemble MC (GEMC) simulations for a sufficient
number of temperatures, or by implementing a thermo-
dynamic scaling method [102]. Alternatively, the thermo-
dynamic integration route of Mehta and Kofke [103] can
be employed to generate the coexistence curve given an
initial point on the curve generated by GEMC.

4. Adsorbent models

In this section we discuss surface models that have been
used in conjunction with DFT and MC simulation to make
adsorption predictions for real materials. All of these
models take the surface to be inert and are applied in the
grand-canonical ensemble. They effectively define an
appropriate external potential.

4.1. Polydisperse independent ideal pore models

By far the most popular modern model for characterizing
porous adsorbents is the polydisperse ideal pore model.



18:21 14 January 2011

Downl oaded At:

Adsorption in active carbons 673

Quite simply, the adsorption in a number of independent
ideal pores with a range of sizes, H, is added together
(or integrated over for a continuous distribution) to give
the total amount adsorbed per gram of material at a
particular pressure P,

o0

N(P) = J dHf(H)v(H, P) a7
0

Here, f(H) is called a PSD, v»(H,P) is the “kernel”
of “local” excess isotherms (for comparison with
experiment) and the mass of material is measured
in a vacuum. The kernel is pre-generated and the PSD is
optimised to minimise the difference, usually measured in
terms of the root-mean-square (rms) deviation, between
the experimental isotherm and the isotherm calculated
from equation (17).

The simplest geometries that generate a confined pore
space are slits, cylinders and spheres. In a slit pore the
external potential, Vf’“(z), is the sum of contributions from
each wall,

V@ = VY@ + VIH ~ 2) (18

where z measures distance normal to the plane of the slit.
To preserve transverse symmetry the gas—solid potential
is usually constructed by “smearing” out individual gas—
solid atom contributions. The well-known Steele potential
[104] performs this integration for each layer of a graphitic
surface to arrive at the rather accurate gas—solid
interaction

VIN(Z) =27py U'izwsiWAW

2 (o) aw\? ot
<) s o
5\ z z 3A4(0.61A +2)

where p,, is the density of atoms in the wall, A, is the
inter-layer spacing between graphitic sheets (usually taken
to be 114nm~> and 0.335 nm, respectively [5,104]) and
g, and g;, are the gas—solid interaction length and
strength parameters, respectively. These parameters can be
determined by fitting to experiment, just as with the gas—
gas parameters. But we leave discussion of this until later.

If the experimental pore volume is calibrated with
helium an effective “chemical” pore width for helium will
be required, as discussed earlier. The excess adsorption is
then calculated as

H
N(P) :J dHf (H) (vab(H, P) — p;f{P) ‘U?}Z(H)> (20)
0

e

where v®(H, P) is the absolute local adsorption and
vaHk;(H ) is the local adsorption for helium at the calibration
temperature and pressure. However, many studies of this
type avoid using a helium calibrated pore width and
instead use an arbitrary chemical pore width, for example
H — 0.34nm, which leads to inconsistencies with
experiment.

Active carbons are usually modelled with the
polydisperse ideal slit-pore model. While the precise

nature of the pore surface must depend on the precursor
and treatment, there is recent evidence from high-
resolution electron microscopy [105,106] (HREM) that
for non-graphitising carbons the pore surface is formed
from curved fullerene-like fragments with 5, 6 and
7-membered rings. A random arrangement of these
elements produces a rather tortuous pore-space. Whatever
the nature of the surface the polydisperse slit-pore model
can be quite successful [15] for activated carbons and
some simple near-supercritical gases.

The first DFT method [60] employed a local DFT
equation (11) to model the repulsive contribution to the
Helmholtz free energy. But more recent DFT work
[14,29,42,64,66,107,108] has used one of the “non-local”
theories described earlier, i.e. either the SDA2 or FMF for
hard-spheres (augmented by a simple mean-field term for
attractive forces equation (9)). Despite the undoubted
gains made with using DFT to generate the kernel, there is
no explicit evidence that the DFTs and models described
earlier in this chapter are able to accurately predict
adsorption, either of the same gas used to generate the
PSD at other temperatures or of other gases at any
temperature. While DFT has proved popular for funda-
mental studies of fluid behaviour in pores and for
characterization studies there are no studies, to our
knowledge, that make predictions for either pure or mixed
gas adsorption in real materials using DFT. We can expect,
given the accuracy of non-local DFTs in ideal pores for
simple fluids, that it might be quite accurate for predicting
adsorption of simple fluids in active carbons. But we
cannot expect similar accuracy for more complex fluids
with significantly non-spherical molecular shapes or with
electrostatic moments, such as butane and water. Further
work is needed to establish whether current DFT methods
are sufficient to model a range of gases in active carbons,
or whether more sophisticated functionals and models are
required.

Several studies [15,51,71,109—111] use the poly-
disperse ideal-pore model and GCMC simulation to
generate the kernel. Despite some encouraging results,
it seems that all this work suffers the same limitation,
i.e. that gas—surface interactions are calibrated to
reproduce adsorption on low-surface area carbons and
applied to analyse adsorption on high-surface area carbons
that might have quite different effective gas—surface
interaction strengths.

This point is discussed in recent work by us [112].
We show that if the same characterization method is used to
characterise active carbons and Vulcan, a low surface area
carbon, then predictions are poor on Vulcan when gas—
surface interactions are calibrated to an active carbon, and
vice-versa. Here, we provide some pure gas adsorption
prediction results in addition to those in Ref. [112] using
precisely the same methods. Figure 1 shows the predicted
isotherms for two active carbons. Satisfactory agreement is
obtained, particularly in figure 1a. We have tested nearly 20
different active carbons and generally we find that
adsorption predictions can be made with accuracy rivalling
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Figure 1. Adsorption isotherms of carbon dioxide, methane, nitrogen
and hydrogen on two representative high surface area carbons. The
methane, nitrogen and hydrogen isotherms (lines) are predictions based
on carbon dioxide slit-PSDs and MC simulation kernels. Gas—surface
interaction strength parameters are calibrated to a reference active carbon
(see Ref. [112]). Symbols are experiment—carbon dioxide measurements
up to about 45 bar (the saturation pressure of carbon dioxide at this
temperature is about 57 bar) while the other measurements are up to
about 55 bar.

that in figure 1a and better than in figure 1b. Figure 2 shows
predictions for Vulcan using the same approach. These
results indicate that the effective strength of gas—surface
interactions in high surface area carbons are quite different
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Figure 2. As for figure 1 except that the adsorbent is Vulcan (and no
hydrogen data is available for this material). Also, pressure is on a linear
scale and is measured up to 19 bar only.

to those in low-surface area carbons (see Ref. [112] for a
fuller discussion), although it is clearly desirable that the
corresponding experiments on which this finding is based
be repeated to corroborate this. The origin of this apparent
change in effective gas—surface interaction strengths
between low and high surface area carbons is not clear
although we can speculate about several possibilities.
It might be that the effective pair potential (calibrated to a
low surface area carbon) between a fluid atom and a wall
atom is modified by the close proximity of a second wall in
active carbons—an effective three-body effect, or that the
surfaces of low and high surface area carbons are quite
different regarding their bonding structure and chemistry,
or even that the degree of wall curvature, pits, intersections
etc. can influence these effective interactions.

Although promising, adsorption prediction for these
gases at much lower, sub-critical temperatures is a much
needed, more stringent test of the model and methods.
Also, the above gases are relatively simple in that their
electrostatic interactions are relatively weak. The simple
slit-PSD model could well need modification if it is to
describe adsorption of more polar gases such as water.

4.2. 3D models

Despite the undoubted success of the polydisperse
independent pore model for mimicking the behaviour of
some systems, for example the adsorption of weakly polar
near- or super-critical gases on activated carbon
[15,109,112] it is known to be inadequate for a range of
other important systems. Its failure is the result of two
factors; (a) the modelled uniformity of individual pores,
and (b) the independence of these pores.

In real materials there will be both geometric and
energetic non-uniformities that result in phenomena that
the ideal pore model cannot capture. Indeed, it cannot
even clearly distinguish energetic from geometric non-
uniformity or one kind of geometry from another [21-23].
Maddox and co-workers [49] have investigated the
influence of pore-junctions on adsorption of a model of
nitrogen at 77 K using molecular simulation. They found
that this geometric non-uniformity resulted in pore-
blocking and that similarly sized independent pores did
not exhibit this phenomenon. Papadopoulous et al. [113],
Kozak et al. [114], and Gelb [115] have studied the
influence of boundary conditions on adsorption in smooth-
walled pores of finite length using MC simulation and
mean-field DFT. Essentially, they find that ideal pores of
infinite length exhibit enhanced hysteresis because the
formation of menisci is suppressed. For strongly dipolar
molecules, like water, Brennan and colleagues [43,116]
find that energetic non-uniformities can potentially lead to
pore blocking. And Kierlik and colleagues [32—34] have
demonstrated that pore—pore interactions can potentially
significantly effect hysterisis.

Clearly, characterization of nanoporous materials in
terms of a polydisperse independent pore model is a gross
approximation. For activated carbons high-resolution
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electron micrographs [105,106] indicate that the slit-pore
model might be a reasonable starting point. But there can
be great value in developing surface models that address
specific issues such as energetic or geometric non-
uniformity or pore-pore interactions. However, a surface
model that can capture all of these effects is likely to very
complex. If energetic and geometric non-uniformity are
predominantly short-range in nature and if pore—pore
interactions are long-range then an accurate model
will probably be described over a wide range of length
scales. Essentially, an accurate model will need to capture
nanostructure and network topology. Recent articles
[16,19,116] have addressed the development of detailed
3-D surface models in some depth. Although these models
have provided insight into problems of a qualitative nature
potential pore blocking of active carbons by water for
example [117], results published to date from these
models are not as accurate as results obtained with the
simple polydisperse slit pore model for predicting pure
adsorption isotherms, and none of these models have been
used to predict mixture adsorption in active carbons, so we
will not describe them here. Nevertheless, it is certainly
possible that future work with these advanced models
might reverse this situation.

5. Predicting gas mixture adsorption

Active carbons are used for a variety of purposes on an
industrial scale, but most of them involve the separation of
one fluid component from another. The problem that fluid
mixtures present concerns the additional degrees of
freedom generated by each component after the first.
For pure fluids we need specify only the bulk pressure and
temperature, so an adsorbed phase diagram is relatively
easy to map. But for mixtures it becomes increasingly
difficult to map the adsorbed phase diagram as the number
of fluid components increases.

If we consider one method for predicting pure fluid
adsorption, the adsorption integral equation (17), and
adapt it to mixtures we find that we need to specify an
n + 1-dimensional kernel (at a fixed temperature) for an
n-component mixture. If we represent the kernel at a fixed
temperature by a matrix of, say, 10 elements for pressure
and each bulk mole fraction we find that the number of
data entries is 10"“, a rather large number, even for small
n. So it is quite impractical to try to pre-generate the kernel
by calculating each data entry using a numerically
intensive method such as MC simulation or even non-local
DFT. Alternatively, the mixture kernels for a specific bulk
composition could be generated as required, but this
would still require many hours or days of computer time
whenever a new mixture calculation is performed.

On the other hand, it is unlikely that any method for
predicting mixture adsorption in nanoporous amorphous
materials will be successful generally unless it models the
behaviour of fluid mixtures at the nanoscale. So our goal is
to create a method that is both accurate at the nanoscale

and very quick. This is precisely why this problem is
difficult, interesting and important. An accurate and fast
method would be of use both in probing the physical
chemistry of mixed adsorption and in practical appli-
cations to, for example, adsorbent design.

Every approach to this problem in the literature is based
on modelling the adsorption of the pure components and
using a fast theory to make predictions for the mixture.
The modelling of pure component adsorption was
discussed briefly in the previous sections. Many have
attempted to extend “empirical” pure adsorption equations
to mixtures. For example, the Langmuir [9,118-121],
Dubinin-Radushkevich [122], Dubinin-Astakhov [123]
and Toth [124] isotherms and neural-network [125] and
virial [9,126—128] methods have been adapted in this way
to analyse a variety of gas mixture systems. In these
approaches parameters describing the adsorbed gas
mixture are determined by fitting to the pure component
data. We do not detail these largely empirical methods
here.

One of the most significant theories for predicting gas
mixture adsorption is based on a thermodynamic
treatment of adsorption at a surface. In 1965 Myers and
Prausnitz [129] invented Ideal Adsorbed Solution Theory
(IAST), which is essentially an extension of ideal solution
theory [130] to adsorption. The IAST equations can be
written succinctly as

Xai

W@

1
PL(2)xa = Py 5 N Z

a i

where P&(()a) is the pressure required to generate the
adsorbed phase grand potential (2 for pure component i,
Py, is the bulk pressure of the mixture, x,; and x;,; are the
compositions of the adsorbed and bulk phases respect-
ively, and N, and Ngi are the total amount of mixture and
of pure component i respectively in the adsorbed phase.

This theory for the adsorbed mixture takes as its only
input the pure component isotherms PL({2,), all at the
same temperature. Unfortunately, predictions for gas
mixture adsorption at this temperature are limited by the
input data to regions in the pressure—bulk composition
space. There is no constraint on how the input isotherms
are described. For example, one could fit straight-line
segments between a set of data-points. But usually the
input data is described in terms of a smooth adsorption
equation such as the Langmuir [118,131,132], Dubinin-
Radushkevich [133] or Toth [131] isotherms. In 1995,
Cracknell and Nicholson [134] suggested that the original
theory should be re-cast in terms of the total, or absolute,
grand potential rather than the “spreading pressure”,
which is the negative of the excess grand-potential per unit
area. Vuong and Monson [135] arrived at the same
conclusion, which was later proved by us [136]. However,
in the original 1965 paper the formal thermodynamic
framework is based on absolute quantities, hence our use
of the grand potential in equation (21).
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IAST makes no assumptions about the nature of the
adsorbent other than it is inert. IAST itself is not based on
any nanoscopic model, but the pure component isotherms
can be. This means that IAST can be combined with
a model of the surface, such as a polydisperse pore model.
This attractive feature has been used by several groups
[67,137—139] to describe gas mixture adsorption predic-
tion beyond the standard application of IAST. There is
some evidence that a surface model defined in terms of
a PSD [139] seems to be preferred [138] to one defined
in terms of a distribution of gas—surface interaction
energies [140,141] (ED). However, we note that this
heterogeneous IAST (or HIAST) approach can seriously
reduce the pressure—bulk composition region within
which solutions can be obtained.

Accurate prediction of mixture adsorption in active
carbons requires a theory that models both the surface
and gas at a molecular level. Or, in the language of AST
(an exact generalisation of IAST), a theory is required
that can calculate the effect of the surface on activity
coefficients [142]. Given the success of non-local DFT
and molecular simulation in modelling pure gas
adsorption one should expect them to be successful in
predicting mixed gas adsorption as well. Using a slit-PSD
generated from the pure methane adsorption isotherm and
a GCMC methane kernel Gusev and O’Brien [143] find
that they are unable to satisfactorily predict the
adsorption of methane/ethane gas mixtures at 308 K in
BPL-6 activated carbon at moderate to high pressures
using the same PSD and a GCMC mixture kernel,
although they find better agreement with experiment at
low pressure. Davies and Seaton [144] used the same
methods to study these gases on a range of activated
carbons. They find that pure component adsorption is
predicted quite well for both gases for a range of
temperatures above 293 K up to high pressure (about 30
bar or so) on several carbons using a PSD generated from
the pure ethane isotherm at 293 K. This is despite using
gas—surface interactions that have been optimised for
adsorption on low-surface area carbons. They also find
that selectivity is predicted quite well at relatively low
pressure (1 bar or less), but is less satisfactory at higher
pressures. They compare the use of MC simulation with
IAST for predicting mixture adsorption and find close
agreement, presumably because the mixture is relatively
ideal under the conditions analysed. Heuchel and co-
workers [145] analyse carbon dioxide/methane mixtures
at ambient temperature up to 17 bar. They find that,
generally, better predictions for gas mixture adsorption
can be obtained as more and more input data is used, i.e.
using several pure gas isotherms as input is better that
using just one. They attribute this to obtaining a more
accurate PSD as more input data is used.

Despite some encouraging results, these are not
particularly stringent tests of the model because the
probe gas (ethane or carbon-dioxide at ambient tempera-
ture) is only marginally sub-critical and is used to predict
adsorption of the probe gas at higher temperatures and

methane adsorption at super-critical temperatures to
moderate pressure only (less than 20 bar). Mixture
adsorption prediction is also limited to low or moderate
pressures. Overall, we find that predictions for mixed gas
adsorption in this work are somewhat disappointing
considering the level of sophistication. In all of this MC
simulation work a likely cause of error is due to calibration
of the molecular models. In each case gas—surface
interaction parameters are fitted to reproduce adsorption
on a low-surface area carbon. The assumption is that this
parameterisation is valid for high-surface area carbons.
Results in Ref. [112] indicate that this assumption is
highly optimistic. In any event, these MC methods are
numerically intensive and much quicker methods
are desirable.

There have been no attempts to predict gas mixture
adsorption in nanoporous materials with a non-local DFT
of the type detailed earlier. But recently we have found
some success with a particularly simple, “trimmed-down”,
non-local DFT [136] that is able to predict the adsorption
of pure gases in active carbons at a range of temperatures
[112] and gas mixtures in active carbons [146] both
accurately and quickly using a PSD as input. In summary,
this success stems from two key advances. The first
concerns calibration of the molecular models, that is we
calibrate gas—surface interactions to reproduce pure gas
adsorption on a reference high-surface area carbon (as
discussed in the previous section on pure gas adsorption).
The second concerns our novel and simple slab-DFT.

The slab-DFT, as with all DFT approaches applied to
materials characterization, treats gas molecules as hard-
spheres with a mean-field perturbation. Although accurate
non-local theories for hard-sphere fluids exist, they are
numerically intensive and inappropriate for quick
calculations. We approximate the intrinsic excess
Helmholtz free-energy with equations (9)—(11)

F™ = Jdrfﬁ‘éﬁ*({p(r})

1
+§ZJJdr1 drzpi(rl)pj(rz)qbg(rlz) (22)
ij

where ff%ex is the Percus-Yevick [56] excess compressi-

bility equation of state for bulk hard-sphere mixtures.
To simplify matters further we adopted the slit-pore
geometry and symmetrically parameterised the density
into three slabs. In this respect our slab-DFT has parallels
with the MSAM model of Gusev and co-workers [131],
which divides pore space into two regions, a strongly
adsorbed region and the remainder.

Our model is presented schematically in figure 3.
The density slabs are described by the set (H,,, 8H, pi;, p2i»
P3i» Obi» OO, 23), Where each element is non-negative.
Parameters with a subscript “i” can be different for each
fluid component, otherwise they are the same for all
components. The slit width, H,, describes the physical
width of the slit, i.e. H}, is the distance normal to the walls
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Figure 3.  Schematic diagram of the slab-DFT model used to predict gas

adsorption given a PSD as input in Refs. [136], [112] and [146].
This model is described in the text.

between wall atom centres. The region where the density
is zero, described by 6H = Hp, — H., prohibits fluid
particles from overlapping wall particles. The three
regions or “slabs” of density represent (1) a monolayer of
fluid strongly adsorbed at the wall with density p;; and
width zj; = min(ow; + 801, He/2), (2) a thick layer of
adsorbed fluid with density p,;, and (3) the remaining fluid
in the centre of the slit with density p;; and width z3.

For both the external potential and ideal gas
contributions of slab 1 to the grand potential
(see equations (7) and (8)) we transform slabl so that it
has width &oy; while conserving the total number of
particles, i.e. it has density pfi = p1iz1;/ 8. This is
represented by the hashed region in figure 3. Because of
this transformation of slab 1 for the external potential and
ideal gas contributions only, in effect our prescription for
F*®* is a crude non-local approximation. In summary, the
grand potential is written [136]

Q — Fex
o7 (V?XK +In (A7 py) = iy 1)
+ QAZ +2z2ip2i (In (A} p2i) — miv — 1)
+2z3p3i(In (A} p3i) — pan — 1)
(23)

where zp; = H./2 — z;; — z3 and fo‘ is the strength of
gas—surface interactions. Minimisation of equation (23)
with respect to the density with all other parameters held
fixed, i.e. variation of (pyi, pi, p3i, 23) at fixed (7, H,, 6H,
Obis O0bi, Tis Eais VX', po, Xpi), gives the equilibrium state
according to this slab-model.

The bulk LJ parameter set, (0, €p;), is determined by
fitting to pure bulk fluid reference pressure—density
isotherms for a given temperature, 7, with H,— oo.
The adsorbed parameter set is determined by estimating
OH and doy,; (see Refs. [136] and [146]), fixing V7 by fitting
to the low-density limit of each pure fluid adsorption
isotherm, and then fitting (oy;, £,;) to the entire range of each
pure fluid adsorption isotherm. We set d; = o;, where o; is
the effective size of an adsorbed particle of type i and also
define g, the effective interaction energy of an adsorbed

particle of type i. So o,; and g,; are determined separately for
each slit width, H,. The Lorentz-Berthelot mixing rules
equation (16) are used to model cross-interaction parameters
for LJ interactions. We define the slab-DFT model in this
way so that it can accurately and quickly reproduce the
complex adsorption behaviour seen in adsorption kernels
generated with MC simulation for a wide range of gases.
Also note that we have used the LB rules to describe cross-
interactions for convenience, and that greater accuracy
might be achieved by calibrating these interactions to
reproduce appropriate bulk mixture data.

We compared IAST against this slab-DFT and found that
the slab- DFT [136] was significantly more accurate for
predicting the adsorption of a model of a non-ideal gas
mixture, carbon-dioxide and hydrogen (modelled with
multiple LJ and partial charge sites), in ideal graphitic slit-
pores. For relatively ideal gas mixtures, such as a model of
methane and carbon dioxide, there was little difference in
accuracy. Although the IAST approach was still quicker by
far, our slab-DFT was sufficiently quick to be considered
interactive, i.e. mixture isotherms in an ideal slit pore could
be generated in under a second on a desktop PC. This result
for highly non-ideal but relatively simple gas mixtures in
ideal pores is encouraging, but the acid test is application to
a real adsorbent. Accordingly, we performed several tests
for a range of active carbons. First, we tested [112] the
ability of the slab-DFT to convert a kernel generated with
MC simulation at one temperature to a kernel at another
temperature. We found that the slab-DFT was quite
accurate for carbon-dioxide, nitrogen and methane, but less
accurate for hydrogen at temperatures between 276 and
333 K, based on 293 K MC kernels. Figure 4 shows another
example of this kind of test for a different active carbon.
We expect [112] hat this behaviour can be improved by
tuning the dov,; parameter separately for each gas (by fitting
to heat of adsorption data, for example), rather than

200 a
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Figure 4. Adsorption isotherms on another active carbon at 276K
(squares), 293 K (circles) and 313 K (triangles). The predicted isotherms
(lines) are based on a 293 K carbon dioxide slit-PSD and slab-DFT
kernels for each gas at each temperature (see Ref. [112]). Gas—surface
interaction strength parameters are calibrated to a reference active carbon
(see Ref. [112]). Symbols are experiment —276 K measurements are up
to 38 bar (the saturation pressure of carbon dioxide at this temperature),
the others are as for figure 1.
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Figure 5. Predictions for the adsorption of ternary mixtures of CO,,
CH, and CO in an active carbon at 303 K and about 31 bar for a number
of different bulk phase mole fractions. The area of each circle is
proportional to the rms error in the adsorbed mole fractions of the mixture
predicted with a slit-PSD and the slab-DFT. The slit-PSD is generated
from a 303 K pure CO, isotherm while the kernels at 303 K are generated
with the slab-DFT, which is parameterised to a 293 K MC simulation
kernel. The largest circle corresponds to a rms error of 0.036.

adopting a “one-size fits all” approach [136]. Then, we
tested [146] the slab-DFT’s performance for some simple
binary mixtures of CO,, N, and CHy4 in two active carbons
up to about 40 bar. The same gas and graphitic slit-pore
models and methods outlined in the previous section
concerning pure gas adsorption are used. We found that
predictions made using a PSD based on just one carbon
dioxide probe isotherm as input were satisfactory. Here, we
provide some additional results for a ternary mixture of
CO,, CH,4 and CO at 303 K on an active carbon. Figure 5
shows the rms error in the predicted mole fractions of the
adsorbed mixture for a number of mixtures with different
bulk phase mole compositions. For these results the
mixture kernels at 303 K are generated with the slab-DFT,
which is parameterised at 293 K.

These results are encouraging, just like the pure gas results
in the previous section. However, adsorption predictions for
significantly sub-critical gas-mixtures would present a more
severe test of the model. And it is not clear what
modifications to the slab-DFT model and free energy
functionals would be needed to allow modelling of more
complex mixtures, such as water/alkane mixtures.

6. Conclusions

The adsorption of gas in active carbons is a complex
process. A great deal of research in the past into this
problem has tended to be based on extremely simplified
modelling both in terms of the surface and adsorption
isotherms. This is still the case today, although the more
sophisticated approaches covered in this chapter seem to be
gaining wider acceptance.

Active carbons are the most important industrial
adsorbents and so it is no surprise that there is a great deal

of research in this area. It seems somewhat fortunate that for
these materials a relatively simple model of the surface,
i.e. the polydisperse independent slit-pore model, is
reasonably successful for modelling the adsorption of
simple gases, at least at super- or near-critical temperatures.
But this does not mean that this strategy will necessarily be
successful for other materials or more complex adsorbates or
lower temperatures. For example, materials that swell
significantly might well require an altogether different
approach. And even for inert surfaces the polydisperse
independent pore model is inadequate for systems where it is
important to distinguish energetic and geometric hetero-
geneity, or where pore-pore interactions are important
(in hysteretic systems for example). In this case the more
advanced and numerically intensive 3D models of active
carbons are certainly useful, at least from a qualitative
perspective, for understanding the more complex adsorption
phenomena, and with further developments these models
might yet become quantitatively accurate.

The simple “slab-DFT” model developed by us based on
the polydisperse independent slit-pore model seems to fulfil
many of the requirements outlined in the introduction, i.e.
it is quite fast and accurate, at least for the simple gas
mixtures analysed in this chapter. But its suitability for more
complex systems, i.e. sub-critical or polar gas or long-alkane
adsorption in active carbons is yet to be assessed. For these
more complex adsorbates, and for the more detailed 3D
models mentioned above, the venerable IAST approach of
Myers and Prausnitz is, at first glance, well suited because it
does not require definition of molecular models of either
adsorbate or adsorbent. Unfortunately, there can be little
confidence in this approach for the same reasons, and it is
rather inflexible. So for these complex systems the more
numerically demanding weighted DFT and MC simulation
approaches described earlier that are often applied to
fundamental studies of adsorption behaviour are recom-
mended if speed is not important. The difficult problem of
designing approaches that are both fast and accurate for
complex systems has yet to be solved.
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