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Abstract In this paper we present a series of work covering
a range of aspects relating molecular simulation to exper-
iment. The importance of surface mediation type effects to
the adsorption of simple and complex gases is demonstrated.
Coupled with the adsorption of simple gases is their pro-
jection area when used for surface area determination. The
pressure dependence of a projection area is demonstrated for
argon at 77 and 87.3 K. A simple model is used to account
for the degree of graphitisation of a surface is demonstrated
and used to account for the isosteric heat behaviour of non-
graphitised carbon blacks. Turning from surfaces to porous
solids, an alternative treatment of experiment data (either
sub or super critical) is presented that avoids the ambiguity
of excess amounts adsorbed. Using this method one is able
to obtain pore size distributions and amounts adsorbed with-
out relying on such things as helium expansion volumes.
Since this type of method is usually applied to composite
solids we also demonstrate the correct method for calculat-
ing the heat of adsorption using independent sets of simula-
tions. The final topic covered in this paper is an example of
the information that can be gained from the heat capacity of
an adsorbed phase.
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g Surface mediation factor —

g(r) Radial distribution —

kp  Boltzmann’s constant J/K

kss  Binary interaction parameter —

L Length of simulation box nm

m, Mass of adsorbent particles in cell kg

N4 Avogadro’s number mol ™!

Neenr Total amount in adsorption cell mol
Pressure Pa

Partial charge on Coulombs site e

Heat released J

Isosteric heat kJ/mol

Separation of interaction sites nm

Particle surface area m? /kg

Volume m?

zo  Distance from surface at zero potential nm
€ LJ well depth J

LJ collision diameter nm
Permittivity of a vacuum C?/J-m
Surface density of carbon atoms nm™
Bulk density kmol/m?

Average pore density kmol/m3
Carbon layer separation nm

Surface mediation damping constant —
Surface adsorption zzmol/m?

Volume of specific pore m? /kg
Interaction energy J
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1 Introduction

Adsorption continues to be an active area of research. This
is due to the wide range of industries that use adsorption as
part of storage, separation and catalyst processes. Like any
industrial process, the design and optimisation of industrial
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adsorption processes relies upon the theoretical understand-
ing of its underlying phenomena. Models used for adsorp-
tion have, by necessity, grown in complexity since the orig-
inal coherent treatment of adsorption by Langmuir (1918).
However it is now clear that there is no single classical the-
ory for adsorption and their use is a currently a compro-
mise between their ease of use for the engineering practi-
tioner and their accuracy. The phenomenological approach
to adsorption equilibria is being replaced by techniques that
more directly take into account the underlying properties of
the system. They include density functional theory, lattice
gas theory and molecular simulations. The latter is the most
widely applicable and currently the most widely applied. In
principle if one can describe the molecular interactions of
the system, one can calculate all the adsorption properties of
the system of interest. This ideal is certainly far from being
achieved due to limits in knowledge of molecular interac-
tions and computer power. Nevertheless molecular simula-
tions have become the predominant tool in the theoretical
study of adsorption behaviour. In this paper we will present
some aspects of the molecular simulation of adsorption that
is of key concern to researchers interested in this area. These
are the interaction potential of gases close to the surface,
the molecular projection area and its consequence to sur-
face area measurement, the effect of surface defects on the
adsorption behaviour of graphite surfaces, a unambiguous
technique for the comparison between simulation and exper-
iment, the correct technique for the calculation of the heat of
adsorption in a heterogeneous solid and the insight that can
be gained from the analysis of adsorbed phase heat capacity.

2 Simulations and potential functions

The first application of the Monte Carlo method of inte-
gration to the calculation of fluid properties is attributed to
Metropolis et al. (1953). Since that initial demonstration of
the power of the technique, it has been applied to incred-
ibly large array of systems of which adsorption represents
a small sub set. Extensive reviews of the techniques used
in Monte Carlo simulations and their history is presented
in the texts of Allen and Tildesly (1987) and Frenkel and
Smit (2002). The application of Monte Carlo simulations
to adsorption systems has been covered by Nicholson and
Parsonage (1982) and the points relevant to this paper are
covered here.

2.1 Fluid potentials
All simulation studies considered in this chapter use single
site or polyatomic molecules featuring dispersion sites and

partial charges. The dispersive sites used in all models are
Lennard Jones (LJ) sites. This is the most popular model for
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dispersive sites since there are a large number of parameters
available in the literature for a range of fluids. The potential
energy between two molecules is given by (1).

¢c D o'.c.d 12 o“d 6
ya(tn) <)) o
c=ld=1 ij ij
where g;; is the interaction energy between fluid molecules i
and j, A and B are the number of charges on the molecules
i and j, respectively, C and D are the number of LJ sites
on the molecules i and j, respectively, &g is the permittivity
of a vacuum, rl.”j[7 is the separation between the charge a on
molecule i and the charge b on molecule j having charges
g{ and qj? , respectively and rl?d is the separation between
the LJ site ¢ on molecule i and the LJ site d on molecule
Jj with combined LJ well depth of efjfi and a combined LJ

collision diameter of al.cjd for the two sites. The values of
sicd and oicjd are given by Lorentz—Berthelot mixing rules in
(2) and (3). Note the term (1 — k) is used to approximate
the deviation from the interaction predicted by the Lorentz—
Berthelot mixing rule. So if it is assumed that the Lorentz—
Berthelot mixing rule applies, kg = 0, and if there is some
measurable deviation, kg can be adjusted to fit the relevant
data.

eff = (1= ky)Jefed, @

ol =0.5(cf + o). 3)
2.2 Surface potential

Monte Carlo simulations for bulk fluid replicate the, effec-
tively, infinite nature of the fluid through the use of periodic
boundary conditions, in three dimensions, and long range
corrections to the truncated interaction potentials (Allen and
Tildesley 1987). This is not possible for the simulation of slit
type pores or surfaces since the fluid is no longer isotropic.
A representation of a typical slit pore is given in Fig. 1 as
the side projection of the pore. This shows that the pore is
bound in the z-direction by two pore walls.

Although we show the graphite sheets as explicit atoms
in Fig. 1, it is usual to assume that the carbon atoms can
be treated as homogeneous and the attraction of an LJ atom
to the surface is given by the famous Steele 10-4-3 poten-
tial (Steele 1973):
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Fig. 1 Slit pore bound by several layers of graphite sheets

where ¢; ; is the interaction between a molecule, i, and
a uniform carbon surface, A is the number of LJ sites on
molecule i, p; (114 nm3) is the graphite’s carbon density,
A (0.3354 nm) is the separation distance between graphite
layers, z? is the shortest distance between LJ site a and the
surface and &f and o/, are the LJ well depth and collision
diameter between site a and the surface calculated using (2)
and (3), respectively. The LJ parameters for the Steele po-
tential are 0 = 0.34 nm, ¢/kp =28 K.

2.3 Simulation methodology

Monte Carlo simulations were conducted using the grand
canonical (GCMC) ensemble (Allen and Tildesley 1987).
This is the natural choice for simulation studies since, for
this ensemble, we specify the temperature, volume and
chemical potential of the system. Given the equality of
the bulk phase and adsorbed phase chemical potentials, we
are able to relate the simulation isotherm to the adsorption
isotherm through an appropriate equation of state.

For comparison with experiments conducted in the liter-
ature, the isosteric heat can be calculated from simulation.
If it is assumed that the bulk phase gas is ideal and that the
amount adsorbed in a simulation is much greater than the
gas phase in the simulation, the isosteric heat can be calcu-
lated using (5) (Nicholson and Parsonage 1982).

(NU) — (N){U)
(N2) = (N)(N)

12

qst +kT. 5)

The first term in (5) can also be split into the differ-
ent contributions of the system potential energy U. The
three contributions to the potential energy are the fluid-
fluid interactions, the fluid-surface interactions and the fluid-
functional group interactions. Replacing U in (5) with one
of these contributions to the potential, and discounting
the second term, will give its contribution to the isosteric
heat (Nicholson 1999). The heat capacity of the adsorbed
phase can also be calculated. The configurational (i.e. ignor-
ing kinetic and intramolecular contributions) component of

the constant volume heat capacity, C f,, is calculated using
(6) (Allen and Tildesley 1987).

2y _ _ (UN)—(U)(N))?
Y (N)kyT? '

To investigate the origin of changes to the heat capac-
ity, it is informative to calculate the contributions to the heat
capacity from each component of the system interaction po-
tential. The individual contributions to the heat capacity can
be calculated using (Schofield 1966):

QUN)=(U)N) (U N)={Ux)(N))

(UUy) = (U)(Uy)) — (N%)—(N)(N)

(N)kpT?

cy =
(M

The final quantities we consider from simulation in this
chapter are the density distribution functions. The local den-
sity at a distance z from the surface, commonly referred to
as the z-distribution, is defined as:

(AN(2))
p(z) = m (8)
where AN (z) is the number of molecules whose centres of
mass are in the segment whose boundaries are at z and z +
Az. It is also possible to define the z-distribution function
for any of the sites on a molecule. The final distribution is
the radial distribution (Allen and Tildesley 1987) function:

V (AN
o= V(AN

(N) 4nr2Ar ©)

where AN (r) is the number of interaction sites that are sep-
arated from another interaction site by a distance between r
and r 4+ Ar. In a bulk system, this function tends to a value
of 1 at large values of r. This is not necessarily the case for
adsorption system since they are not isotropic. However the
radial distribution function is still informative for studying
the association behaviour of fluids in adsorption systems.

3 Surface mediation

The simplest adsorption system that can be considered is
that of a noble gas on graphitised thermal carbon black
(GTCB). The most important example of this is argon ad-
sorption on GTCB. Due to argon’s simplicity and avail-
ability it is the next most popular fluid behind nitrogen
for surface characterisation. It is only nitrogen’s abundant
availability that ensures it is the most popular fluid for
use in surface characterisation. Extensive experimental ad-
sorption data for argon on GTCB is available in the liter-
ature from a number of groups (Avgul and Kiselev 1970;
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Gardner et al. 2001; Olivier 1995). The data from Gard-
ner et al. is the most recent and complete and we use it
here for comparison with experiment. Using a Steele sur-
face and the usual parameters for argon (¢ = 0.3405 nm and
e/kp = 119.8 K), the results of a GCMC simulation for ar-
gon at 87.3 K are presented in Fig. 2 (adapted from Do and
Do 2007a) together with the experimental data of Gardner
et al.

The simulation results show some significant disagree-
ment with the experimental data. There is a small disagree-
ment in the Henry’s law region but the most noticeable dif-
ference is in the transition to monolayer coverage. Here the
adsorption of argon is significantly over-estimated. The dis-
agreement in the region of Henry’s law is easy to resolve
as either a short-coming in the Lorentz—Berthelot mixing
rule or some small degree of heterogeneity on the surface.
This can be accounted for by the use of the binary interac-
tion parameter, kg, in (2) which can be set so that in the
Henry’s law region the results from simulation agree with
experiment. The use of this parameter to fit the data in the
Henry’s law region has no impact on the deviation seen in
the transition to monolayer coverage. To account for this it
is necessary to introduce the concept of surface mediation.
Surface mediation arises from the idea that fluid molecules
close to the surface are distorted (compared to when they
are in the isotropic environment of the bulk phase) and do
not interact in the same way as they do in the bulk which is
what is normally assumed for adsorption simulations. This
concept is illustrated in Fig. 3 (Do et al. 2004).

The idea of surface mediation is not new and its ef-
fects on adsorbed molecules have been studied by a number
of authors (Freeman 1958; McLachlan 1964; Sams 1965;
Sams et al. 1962; Sinanoglu and Pitzer 1960). The reduc-
tion of the intermolecular potential energy when particles
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are close to the surface is thought to be due to having a di-
pole induced in the fluid molecules by the graphite surface
(McLachlan 1964). Since the dipoles of two molecules close
to the surface will be parallel the dipole of one particle will
repel the dipole of the other. This in turn results in a reduc-
tion of the potential energy between the two particles. An
effective treatment of this surface mediation has been han-
dled in a number of ways such as adding additional terms
to the LJ interaction equation. What we give here is a sim-
ple, functional equation to empirically deal with the effects
of surface mediation on fluid-fluid interaction. The effective
interaction of two fluid molecules under the influence of at-
traction by a surface is given by (10).

o7 = g0 ;. (10a)
Dij,s

= — , 10b

r-on(r2%) o

Pij,s = /Pi,sPj,s (10c)

where g is the surface-mediation damping factor, ¢; ; is the
intermolecular interaction energy when two particles are in
the bulk phase and are under no influence from the surface
(i.e. calculated from (1)), x is called the surface-mediated
damping constant, ¢;; s is the geometric mean of the inter-
action of particles i and j with the surface and ¢; s is the
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Fig. 4 Simulation results for argon (solid line) when using a surface
mediation constant of 0.005 compared with experimental adsorption
results (empty circles) on GTCB at 87.3 K on log-log and linear scales

interaction energy of molecule i with the surface calculated
from (4). The form of (10b) and (10c) gives the properties
of a maximum damping factor when both particles are close
to the surface and a diminishing influence if one or both par-
ticles is far away from the surface. This is in line with the
expectation that the surface mediation is a result of parallel
induced dipoles, pointing in the same direction, for the two
interacting fluid molecules.

Using this concept of surface mediation and using x
in (10b) as a tuning parameter, the fit between simulation
and experimental data can be dramatically improved. With
a damping constant of 0.005 the corresponding simulation
results are presented in Fig. 4 (Do and Do 2005d) together
with the experimental data. This figure shows a clearly supe-
rior fit between simulation and the experimental data com-
pared to the case of no surface mediation in Fig. 2. For tem-
peratures from 77 K to 130 K, the use of surface mediation
was found to be necessary to correctly describe the adsorp-
tion of argon on GTCB (Do and Do 2005a). With the excep-
tion of 77 K (below the triple point of argon) the value of

15
<0 Xe
ﬂD
x 10
£ "
w
c
o
O
2 51
o Ar
&
(1]
a) Ne
0 . | } |
0 1 2 3 4 5

Polarizability x 10° (nm?)

Fig. 5 Plot of the damping constant versus the polarizability of the
fluid

the damping constant required to fit the experimental data
was found to be constant adding some weight the physical
significance of surface mediation.

So whilst the use of surface mediation has been shown
to be necessary for argon, it should also be applicable to the
other noble gases and this has been shown to be the case
for neon, xenon and krypton (Do and Do 2005b). For all
the noble gases, the simulation isotherms without mediation
always over-estimated the adsorption in the same manner as
was seen for argon in Fig. 2. The introduction of surface me-
diation led to very good agreement with experiment for all
noble gases. The temperature independence of the damping
constant seen for argon was also observed for the other noble
gases. These are strong indicator of the validity of surface
mediation. Now we have mentioned that surface mediation
may have its origin in the induction effects of the surface
on the adsorbed particles. If this is the case, one would ex-
pect a relationship between the damping constant, y, and the
polarizability of the fluid in question. The relationship be-
tween the two is illustrated in Fig. 5 (adapted from Do and
Do 2005b) to show a striking linear relationship between
the two quantities. This is not absolute proof of the physical
significance of surface mediation but is certainly a strong
indicator of its validity.

As a further example of the importance of surface media-
tion, we consider the case of a complex molecule on GTCB,
benzene. The various aspects of sub-critical benzene adsorp-
tion have been covered by Do and Do (2006a). From this
study it was concluded the benzene model proposed by Wick
et al. (2002) was the most suitable for studying adsorption
on GTCB. The simulation results for this model on GTCB
at 293 K with and without surface mediation are presented
in Fig. 6 (Do and Do 2006a), together with experiment re-
sults of Isirikyan and Kiselev (1961). This shows that the
simulation without surface mediation again over-estimates
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Fig. 6 Adsorption of isotherm of benzene on graphitised thermal car-

bon black at 293 K. Filled symbols: data of Isirikyan and Isirikyan and

Kiselev (1961); dashed line: original model of WSKS; solid line: mod-
ified WSKS model with surface mediation
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Fig. 7 Isosteric heat versus loading for benzene adsorption on GTCB
at 293 K using the WSKS model. Filled symbols are the experimental
data of Isirikyan and Kiselev while the solid line with circle symbols is
the GCMC results using the WSKS with surface mediation. The solid
line with cross symbols is the contribution of the solid-fluid interac-
tion to the isosteric heat, while the solid line with vertical bar is the
contribution of the fluid-fluid interaction

the adsorption. When surface mediation is used in the sim-
ulation, the agreement with experiment is greatly improved.
The surface mediation constant for benzene on GTCB is also
found to be independent of temperature as was seen for the
noble gases. The importance of the surface mediation can
also be demonstrated by the isosteric heat calculated from
simulation shown in Fig. 7 (Do and Do 2006a) together
with the experimental isosteric heat (Isirikyan and Kiselev
1961). This shows that without surface meditation (dashed
line) the heat of adsorption is greatly over-predicted due to
an over-estimation of fluid-fluid contribution to the isosteric
heat. When surface mediation is used, the unusually flat sub-
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monolayer isosteric heat of benzene is extremely well pro-
duced by simulation. So here we have shown the value of
surface mediation in the adsorption of noble gases and ben-
zene. It has also been shown to be necessary to describe the
adsorption of carbon tetrachloride (Do and Do 2006b) and
nitrogen (Do and Do 2005c).

4 Projection area

An important application of the adsorption of gases on sur-
faces is for the measurement of surface area. This has been
traditionally performed with nitrogen but there are some
benefits to performing this task with argon. Regardless of
which fluid is used, the accuracy of using adsorption to mea-
sure surface area relies upon two things, the successful de-
scription of isotherms and a correct estimation of the projec-
tion area of a molecule. Traditionally the projection area is
taken from the liquid or solid densities of the fluid used. The
equation used for the 2-dimensional projection area is that
of Emmett and Brunauer (1937):

am = 1.091(pNy) /3 (11)

where a,, is the projection area per particle, p is the den-
sity of the bulk phase (liquid or solid) and N4 is Avogadro’s
number. For argon at 87.3 K this corresponds to projection
areas of 0.1432 nm? and 0.1294 nm?” using the liquid and
solid density, respectively. At 77 K the (supercooled) lig-
uid density gives a projection area of 0.138 nm? and the
solid density is negligibly changed from 87.3 K. Experimen-
tal measurement tends to use one of these areas, either the
liquid or solid based, when estimating the surface area of a
solid. The voracity of doing this can be checked through the
use of simulation. The projection area of a molecule in simu-
lation can be measured by using the density of the first layer.
Figure 8 (Birkett and Do 2007) shows the density profile of
argon on GTCB from simulation. This is a typical profile
for sub-critical gases that adsorb strongly to the surface and
shows a clear definition between the first and second lay-
ers. If we define the first layer as extending to the mid point
between the first and second layer (arrow in Fig. 8) it is pos-
sible to calculate the average number of molecules in this
layer for the area of the simulation to give the projection
area of the molecules in the first layer.

Using this calculation procedure, the projection area is
calculated for the isotherms at 77 and 87.3 K. The results
of this are plotted in Fig. 9 against the reduced pressure.
Surface area determination is still performed predominantly
with the BET equation and we will concern our discussion
over the range of reduced pressure that this equation is nor-
mally applied, 0.05 to 0.3. It can be seen in Fig. 9 that the
projection area at both 77 and 87.3 K changes significantly
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Fig. 9 Projection area of molecule in first layer versus reduced pres-
sure for argon at 77 (filled symbols) and 87.3 K (empty symbols) from
simulation on a Steele surface. Horizontal dashed lines refer to projec-
tion areas using (11) and densities as marked

over this range of pressure. The behaviour at 77 K is par-
ticularly interesting with projection are quite constant in the
range of P/P"YAP = 0.1 to 0.2 and equal to the value calcu-
lated from (11) using the liquid density, 0.138 nmZ. When
the reduced pressure is increased to 0.25, the first layer un-
dergoes something similar to a liquid-solid transition and the
projection area makes a step change to 0.1294 nm?, the area
predicted using the solid density. So whilst the agreement
with (11) is good before and after the step change, it clearly
demonstrates the pressure dependence of the projection area
and the care that is required when choosing the range of
data for surface area measurement. At 87.3 K the concept
of projection area is even less clear with it decreasing with
increasing pressure until a projection area corresponding to
the solid state is reached at a reduced pressure of 0.35. For

0.2 04 06 0.8 1.0

Distance from surface, nm

the BET range of pressure, the average value of the projec-
tion area is 0.14 nm? and this would be the value to use in
this type of calculation. Projection areas of nitrogen at 77 K
also exhibit similar behaviour to argon but will achieve pro-
jection areas even lower than that predicted by (11) using the
solid density. This is due to the linear structure of nitrogen
and its ability to pack perpendicular to the surface. Over the
range of BET pressure, the average area of a nitrogen mole-
cule is 0.155 nm? compared with the commonly used value
of 0.162 nm?2(a difference of 4.5%).

5 Degrees of graphitisation

The surfaces considered in the section above have been fully
graphitised surfaces with no defect in the graphite sheet.
However there is no such thing as a perfectly graphitised
surface (left hand side of Fig. 10), only surfaces that are so
close we cannot discern the difference. Such closeness to
graphitic perfection is not common amongst carbon blacks
studied in the literature and the heterogeneous nature of the
surface is detectable. Here we demonstrate a simple method
of taking into account the degree of graphitisation (or non-
graphitisation). This involves using a Steele surface as it
usually modelled and placing an explicit graphite sheet upon
it at the usual graphite sheet separation (0.3345 nm). If this
graphite sheet is left as is (left hand side of Fig. 10), the ad-
sorption behaviour is virtually identical to that of the Steele
surface. Now to introduce defects to the surface, a carbon
atom is chosen at random and all atoms within a certain dis-
tance, Rq, are removed as well. This is repeated until the
desired degree of defect is achieved. The percentage of de-
fect is defined as the ratio of atoms removed to atoms in a
full sheet. So the non-graphitisation of the surface is defined
by the percentage of defect and the defect radius. Figure 10
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Fig. 10 The configuration of the top surface of non-graphitised carbon
black. Clockwise from top left hand corner, the percentage of defect is
0, 10, 20, and 30%, and the effective defect radius is 0.284 nm
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Fig. 11 Side projection of simulation box with non-graphitised sur-
faces

(Do and Do 2006c¢) shows the top view of a graphite sheet
with a defect radius of 0.284 nm and defect percentages of
0, 10, 20 and 30% (from left to right). The side view of a
simulation using the defected pore configuration is given in
Fig. 11 (Do and Do 2006¢).

The effect of the degree of graphitisation on the ad-
sorption isotherms of argon is demonstrated in Fig. 12 (Do
and Do 2006¢) with adsorption on the surface depicted in
Fig. 10. The surface with no defects results in the distinct
layering behaviour that we have discussed in the previous
surface mediation section for argon. However as the number
of defects is increased, the transition to a monolayer cover-
age becomes less well defined due to the increasing disor-
dered packing of the first layer. One can look at the mono-
layer transition of a defected surface and argue that it could
be used to correct for the over-estimation from simulation at
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Fig. 12 Adsorption of argon at 87.3 K on non-graphitised carbon
black with effective radius of two times the carbon-carbon bond length
(Rg = 0.284 nm). The percentage of defect varies from 0 to 30%

the transition to monolayer coverage (Fig. 2) as an alterna-
tive to surface mediation (Fig. 4). This cannot be valid for
highly graphitised carbon black where Henry’s law behav-
iour is observed experimentally up to a pressure of about
30 Pa. All the non-graphitised carbon blacks (NGCBs) in
Fig. 12 deviate from Henry’s law behaviour at the lowest
pressure considered of 10 Pa. This is contrast to what is seen
from experiment for GTCB and cannot be a viable model for
this surface.

Even though it is not an appropriate model for GTCB,
the defected surface should be a good model for less well
graphitised surfaces. To test this we use the experimental
isosteric heat data of Polley et al. (1953) and Beebe and
Young (1954) for a range of variously graphitised carbons
starting with Spheron 6. The experimental results (symbols)
are plotted in Fig. 13 (Do and Do 2006c) with the simula-
tion results of surfaces with percentage defects as marked.
The degree of defect in the solid should be inversely propor-
tional to the treatment temperature and this is what results
from matching simulation to experiment. The simulation re-
sults predict very well the features of decreasing graphitisa-
tion of higher zero loading isosteric heats and a more gradual
transition to the second layer heat of adsorption. The least
graphitised surface is that of the untreated Spheron 6 and its
isosteric heat is remarkably well described by a simulation
surface with 50% defects. This type of model can have appli-
cation the simulation of porous carbons as well where purely
slit pore geometries with Steele surfaces are found to be too
restrictive to correctly predicting adsorption behaviour. This
type of model offers considerable savings in computational
expense compared with a fully atomistic model of a porous
carbon.
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6 Unambiguous comparison with experiment

The results of volumetric adsorption experiments are tradi-
tionally collected as excess amounts adsorbed. The calcula-
tion of the excess amount adsorbed uses knowledge of the
total amount in the adsorption cell, Ny, the void volume
in the adsorption cell and the bulk phase density. The to-
tal amount in the adsorption cell is easily and accurately
calculated from the temperature and pressure of the refer-
ence dosing volume. The void volume is obtained using he-
lium expansion at ambient temperatures. The void volume
obtained from helium expansion, yHe g subject to errors
since the helium does adsorb to some degree on microp-
orous solids and it can also access smaller pores than other
types of fluids. This leads to an expected, but difficult to
quantify, over-estimation of the void volume. Now to com-
pare the excess amount adsorbed from experiment with sim-
ulation, it is required that the simulation isotherm be con-
verted from absolute to excess amounts. This requires an
estimation of the pore volume accessible to a fluid. For a
slit pore (refer to Fig. 1) it is common to define an acces-
sible pore width H' based upon the distance from the sur-
face at which the fluid has an interaction energy of zero with
the surface, zg. It is then argued that the finite size of the
molecule must be accounted for with resulting in the equa-
tion:

H' = H —2z0 + 0. (12)

Using this approach, the excess amount can be compared
to simulation using (Birkett and Do 2006a):

Neeu(P) — Vp,(P)

Hx
=mp/0 [p'(P, H) — pp(P)1dV
—i—mpFex(P) : Sex[ (13)

where pp(P) is the density of the bulk phase at pressure
P, m, is the mass of adsorbent particles in the cell, o' (P, H)
is the average pore density based upon H’ for a pore of char-
acteristic width of H, V4¢ is the accessible volume of the
pore based upon H’, I'**(P) is the surface excess for surface
adsorption, and S, is the external surface area contributed
by all pores having width greater than H* (including the
outside surface area of particles). Having already identified
a problem with (13) with the use of VHe there are also sev-
eral difficulties in using (12). Firstly how is this defined for
anything other than a regular geometry such as the defected
pore in Fig. 11? Secondly, the term oy is a superfluous arte-
fact of intuition. It bears no consistency with bulk simula-
tions (where we do not add oy to the box length to calculate
density) or simulation z-distributions which calculate the lo-
cal density based upon only the volume corresponding to Az
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in (8). Finally the distance zq is a function of pore topogra-
phy (e.g. it can be affected by functional groups) and pres-
sure where under the influence of fluid-fluid interactions, a
fluid particle can approach the surface to a smaller distance
than it otherwise would.

To circumvent this rash of ambiguity, we propose the
use of only absolute quantities in the comparison between
simulation and experiment. As mentioned above, the total
amount in cell can be calculated accurately without ambi-
guity and it is this quantity we use to compare with simula-
tion:

Hx
Neeu(P) =mp/ p(P, H)dvpore+mpF(P)‘Sext
0

+ V" pp(P) (14)

where p(P, H) is the average density of the pore of size H
at pressure P, VP is the characteristic volume of the pore
and I'(P) is the absolute surface density of a finite sized
surface simulation and V" is the rest of the volume in the
adsorption cell not associated with the solid, defined pore
or the surface volume. Using (14) allows any definition of
pore volume to be used and this allows it to be made the
same as the volume of the simulation box (e.g. dotted line in
Fig. 11). It also allows for the use of different pores of the
same characteristic size but with different topologies (e.g.
different degrees of surface defects). For a discrete number
of simulations and pore sizes, the comparison between ex-
periment and simulation using (14) allows the calculation
of the pore size distribution. As an example, this has been
completed using super critical methane at 273.15 K and up
to 20 MPa (Birkett and Do 2006a). The pore size distribu-
tion derived from the experiment loading of the adsorption
is given in Fig. 14 and the resulting fit with experiment data
is given in Fig. 15.

It can be seen from Fig. 15 that the fit with experiment is
very good and is arrived at without any assumptions made
about the accessible volume of the system or the accessi-
ble volume of the pore structure. The term V" in (14) is
a fitting term like the pore volume and surface area when
it comes to fitting the PSD. This volume will be a specific
to that fluid. With the pores size distribution now obtained
without unnecessary assumptions, it is now possible to cal-
culate the properties of the solid using whatever assump-
tions are required. For example when a slit pore geometry
is used for the simulations the surface area, S, can be calcu-
lated from:

"2 f(H)
H

S:Sext+sint:Sext+/ dH. (15)
0

Similarly the micropore volume, porosity, etc. can be cal-
culated depending on the assumption one makes about the
pores accessibility. The method we recommend for calculat-
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ing the accessible volume of a pore is to calculate the volume
in a pore where the interaction energy is zero or less. For a
slit pore this can be calculated using (16). For a pore with a
less regular geometry this can be calculated using a Monte
Carlo type method (Do and Do 2006¢). In this method parti-
cles are inserted into the simulation volume and the fraction
of insertions that result in an interaction energy of zero or
less with the surface is equal to the ratio of the accessible
volume to the simulation volume. It would be possible to
calculate this during a GCMC simulation with little addi-
tional computational expense.

H =H —2z,. (16)

Pressure (MPa)

7 Heat of adsorption for a heterogeneous solid

The calculation of isosteric heat for a heterogeneous solid
can be obtained by either simulating the entire solid (i.e.
as in all aspects of heterogeneity, not physical size) or by
combining separate simulations. The combination of sepa-
rate simulations is the common approach for calculating the
properties of a heterogeneous carbon solid as was demon-
strated in the previous section for isotherms. So for a col-
lection of independent pores whose size is defined by their
height, H;, the isosteric heat has been traditionally calcu-
lated using (He and Seaton 2005; Nicholson 1999):

SN o (P.Hgs j (P H))

N
Y j—12jpi(P, Hj)

porous

st

(P)= a7
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Fig. 16 Illustrative diagram of adsorption and heat generation (Q) of
an idealised solid with two pores, i and j. From top left, pressure in-
creases in the clockwise direction (P < Py < P3 < Py)

where « is the specific volume of pores having a (character-
istic) width Hj, p; is the average density in this pore at the
pressure P under consideration and gy, ; is the isosteric heat
of the same pore at the same pressure. Inspection of this for-
mula shows that it is a weighted average of the isosteric heat
using the amount adsorbed. This equation has been shown to
be incorrect through several derivations and examples (Bir-
kett and Do 2006b; Do and Do 2007b), one of which we
discuss here. The correct equation for the isosteric heat for
a heterogeneous solid is (Birkett and Do 2006b):
Z§4:1 ojqs (P, Hj)w

M 0p(P,Hj)
j=1%"73p

qs(P) =

(18)

where (17) is a weighted average to the amount adsorbed,
(18) is a weighted average to the differential amount ad-
sorbed. The error in (17) is that it gives weight to a pore that
may be full and no longer adsorbing any fluid. This is illus-
trated in Fig. 16 (Birkett and Do 2006b) which shows a two
pore system with pressure increasing from P to P4 and par-
ticles adsorbing and releasing heat at each increase in pres-
sure. It is clear that in going from P;3 to P4 that there is no ad-
sorption in the smaller pore and that this pore does not con-
tribute anything to the heat released from the two-pore solid.
Equation (18) correctly describes this whereas (17) would
still give a weight to the isosteric heat of the smaller pore.
To demonstrate the correct formula for the heat of ad-
sorption in a porous solid (18), GCMC simulations are
conducted on a simple two pore system similar to that in
Fig. 16. The simulations are for argon at 87.3 K. For one
set of GCMC simulations the two pores are modelled to-
gether using a layer of graphite sheet in the middle of
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Fig. 17 Isosteric heat versus pore density, symbols are from the MC
simulation of the two-pore system; the solid line is the calculated result
from (18); the dashed line is the calculated result from (17)

a large pore to give two pores with a width of 0.7 and
0.8 nm (referred to as the 0.7, 0.8 nm pore). Two sepa-
rate GCMC simulations are then run on slit pores of size
0.7 and 0.8 nm. The isosteric heats of these two pores are
then combined using (17) and (18) to compare with the
composite pore. The correct technique for combining isos-
teric heats of independent pores should agree with the re-
sults from the composite pore. The results of doing this are
presented in Fig. 17 (Do and Do 2007b) where the heat
of the composite pore (symbols) is plotted together with
the result of combining the two separate simulations us-
ing (17) (dashed line) and (18) (solid line). It can be seen
that the agreement between (18) and the composite pore
is excellent whereas the calculation using (17) is in se-
rious error. The fact that (17) is erroneous been demon-
strated for a number of pore size combinations for both sub-
critical and super-critical conditions (Birkett and Do 2006b;
Do and Do 2007b). Equation (18) should be equation used
to combine isosteric heat data from independent simulation
to when they are used to construct a heterogeneous solid.

8 Heat capacity

Having presented some of the aspects of adsorption iso-
therms and isosteric heats from molecular simulation, we
now look at a rarely considered aspect of adsorption, the ad-
sorbed phase heat capacity. To demonstrate some of the in-
formation about a surface that can be garnered from the heat
capacity, we consider the adsorption of methanol on GTCB
at 300 K. The model used for methanol is that of Chen et
al. (Chen et al. 2001) with the methanol assumed to be rigid
rather than flexible as proposed by its author. It consists of
two LJ sites at the oxygen (0 = 0.375 nm, ¢/kp =98 K and
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Fig. 19 Adsorption isotherms 7

from simulation for methanol at
300 K on graphite (modelled
using Steele potential) with no
functional groups (filled circles
and solid line), 5 grouped
carbonyls (empty circles and
dashed line), 9 evenly spaced
carbonyls (filled triangles and
solid line), 49 evenly spaced
carbonyls (filled squares and
solid line) and 9 evenly spaced
groups of 5 carbonyls (empty
triangles and dashed line). Inset
is the same plot over a reduced
pressure range to show detail.
Lines are a guide for the eye
only. Refer to Fig. 18 for
diagram of carbonyl
configurations

Amount adsorbed, umol/m?

q = —0.7 e) and methyl group (0 = 0.302 nm, ¢/kp =93 K
and g = 40.265 e) and a partial charge at each and also at
the hydroxyl hydrogen (¢ = +0.435 e). The three interac-
tion sites are in the same plane and form an angle of 108.5°.
This has been shown to be in good agreement with the exper-
imental isotherms of methanol on GTCB. Now the adsorp-
tion of the methanol is considered on a Steele surface with
various concentrations and configurations of carbonyls. The
carbonyls are modelled as an LJ oxygen site with a partial

Pressure, kPa

charge (0 =0.296 nm, ¢/kp = 105.8 Kand g = —0.5¢) at
adistance of 0.1233 nm from the surface and a partial charge
located at the carbon surface (¢ = +0.5 e).

The results of the methanol simulations for these vari-
ous surfaces in Fig. 18 are presented in Fig. 19 (Birkett
and Do 2007). It can be seen that the addition of functional
groups increases adsorption. At low pressure the greatest in-
crease (per carbonyl) is due to the closely grouped carbons
(Fig. 18a and 18c), whilst at higher pressure the isotherms
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Fig. 20 Snapshot of methanol positions on bare carbon black for a simulation performed at 300 K and a reduced pressure of 0.27. Different groups

are represented: CHz (black), O (cross) and H (gray)

of the evenly spread carbonyls (Fig. 18b and 18d) tend to
be greater. The mechanism of adsorption for these systems
has been shown to be one of adsorption at functional groups
followed by two-dimensional clustering. The less attractive
and the fewer the functional groups, the sooner this cluster-
ing begin. The clustering seen for methanol on the carbon
surface is demonstrated in Fig. 20 (Birkett and Do 2006c)
with a snapshot of methanol positions on a bare surface.
This shows the small and disperse clusters that form at sub-
monolayer coverage as typically tetramer or pentamer struc-
tures. The simulations of the bare surface and with a few
functional groups (Fig. 18a and 18b) are all, within experi-
mental error, in agreement with experiment. It is not possible
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to discern which surface is a better representation of the true
surface from the isotherms alone.

Now we consider the heat capacity of the adsorbed phase
calculated using (6). The heat capacities of the simulations
presented in Fig. 19 are plotted in Fig. 21 (Birkett and Do
2007). This shows that the heat capacity of methanol has
a clear maximum at low loading for all surface configura-
tions except that corresponding to Fig. 18c (empty triangles)
which has a much shallower peak at higher coverage. Now
it is possible to investigate the source of the peaks in the
heat capacity by decomposing the heat capacity to its con-
tributions using (7). The results of this are plotted in Fig. 22
(Birkett and Do 2007) where it can be seen that the peaks
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Fig. 22 Contributions to the heat capacity for methanol at 300 K
on graphite with (a) no functional groups, (b) five carbonyls, (c) 49
evenly distributed carbonyls and (d) 9 groups of five carbonyls. Total
energetic contribution (7, filled circles), fluid-fluid contributions (FF,

in the heat capacity for all surfaces (with peaks) is a peak
in the fluid-fluid contributions (empty triangles) to the heat
capacity. The decreasing peaks in the heat capacity with an
increased number of carbonyls are due to a decrease in the
peak in the fluid-fluid contributions.

The fluid-fluid contributions are due to the breaking of
bonds with near neighbours. Using radial distributions, (9),

empty triangles), fluid-surface contributions (FS, empty circles) and
fluid-functional contributions (FY, filled squares). Lines are a guide for
the eye only. X-axes of all plots have the same scale but the scales of
the y-axes are as marked

it is possible to calculate the number of associated mole-
cules per molecule in the simulation. For methanol, we de-
fine an associated molecule as having an O-H separation of
less than 0.26 nm. The number of associated molecules has
been calculated for methanol on a bare surface using NVT
simulations at 300 and 304 K at the loadings presented in
the same loadings as each data point in Fig. 21. The heat ca-
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Fig. 23 Heat capacity versus

the change in the number of a)
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the change in density of the fist
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pacity is plotted as a function of the decrease in the number
of associates, in heating from 300 to 304 K, in Fig. 23a (Bir-
kett and Do 2007). Using the same NVT simulations it is
possible to calculate the change in density in the first layer
of methanol by performing a similar analysis to that done
for projection area. The first layer for methanol is defined
as those molecules whose methyl group is within 0.52 nm
of the surface. The heat capacity is plotted as a function of
the percentage decrease in first layer density, in heating from
300 to 304 K, in Fig. 23b. This shows that the heat capacity
is most strongly related to the change in the number of asso-
ciates with heating and is only weakly related to the change
in the first layer density. This shows that the heat capacity
for methanol, in sub-monolayer coverage, has its origins in
the breaking of clusters (like those seen in Fig. 20) and not
desorption from the surface.

The peak in the heat capacity for methanol presented here
is also evident for ethanol (Birkett and Do 2006¢) and to a
lesser extent ammonia (Birkett and Do 2006¢). The peak in
the heat capacity of adsorbed alcohols has been observed in
experiment (Berezin et al. 1969) on highly graphitised ther-
mal carbon black. However the peak in the heat capacity
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seen from experiment is not as large as is predicted from
simulation on a bare surface. So for agreement between
experiment and simulation, there must be some functional
groups present on even the most highly graphitised thermal
carbon black. So where only small differences were seen
between the isotherms of a bare surface and one lightly pop-
ulated with functional groups, the heat capacity proves to
be much more sensitive to the presence of these functional
groups.

9 Conclusions

With this paper we have demonstrated a few of the more
subtle aspects of molecular simulation as it is applied to ad-
sorption. The topic of surface mediations shows the clear
and discernable effect the surface has on the fluid-fluid in-
teractions of adsorbing molecules. Since this has a strong
effect on the adsorption of molecules such as argon and ni-
trogen this should be of concern to all who use these flu-
ids as adsorption references for surface area measurement.
In a similar manner the projection area of molecule in the
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adsorbed phase is shown to be a function of pressure and
the correct value must be used depending on the pressure
range of data used for surface area measurement. A sim-
ple model for non-graphitised carbon blacks was presented
and its applicability demonstrated against the isosteric heat
data of variously graphitised carbon blacks. Comparison be-
tween simulation and experiment was considered in a gen-
eral framework and formulation recommended using ab-
solute quantities and absolute amounts adsorbed. Together
with this the correct formulation for calculating the isosteric
heat for a heterogeneous solid was presented with an exam-
ple demonstrating the error in the currently used method.
The final aspect discussed is the interesting behaviour of
heat capacity data on surfaces and the potential for using it
to characterise some aspect of the surface structure or chem-
1stry.
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