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Abstract In an attempt to offer a more realistic picture of
adsorption in highly heterogeneous porous systems, such as
oxygen functionalized porous carbons, we consider a series
of carbon surfaces baring different amounts of oxygen
functionalities (hydroxyl and epoxy). These surfaces are
used to construct “oxidized” slit pores of varying width
and functionality. With the aid of such inhomogeneous
structures we study the interaction of Ar (87 K) inside
“functionalized” pores and report grand canonical Monte
Carlo adsorption simulations results. Based on our simu-
lation data, we discuss the role of chemical heterogeneity
on adsorbed/gas phase equilibrium properties such as
density, heat of adsorption, and molecular packing within
the pores. Comparisons are made with the case of the
oxygen—free (completely homogeneous) slit pore models
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and conclusions on the suitability of Ar based pore size
distributions for functionalized porous carbons are drawn.
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1 Introduction

Porous carbons are solids with a highly developed pore
structure containing mainly micropores although meso and
macropores can also be present depending on the carbon
precursor and the synthesis procedure applied (Marsh and
Rodriguez-Reinoso 2006). Numerous experimental studies
provide indications that carbon based systems usually
include both aromatic and aliphatic structures as well as a
variety of surface functional groups, the majority of which
contain oxygen (e.g., hydroxyl, epoxy, carboxyl, carbonyl)
(Haenel 1992; Smith et al. 1994; van Krevelen 1991; White
et al. 2005). The oxygen content on carbon surfaces can up
to a certain degree be controlled by using simple oxidative
agents, during chemical treatment or activation (Lee and
Park 2012; Wang et al. 2010). Pyrolysis produced carbon
are characterized by a mixture of amorphous and graphitic
nanosized domains that give rise to a “card stack” pore
system usually simulated with slit geometries. Functional
groups are mainly introduced at edge carbons e.g., at the
boundaries of graphene sheets of the graphitic nano-
domains but also all over their surfaces were defects have
been developed (e.g., during pyrolysis or activation). A
more “heavily” oxygen functionalized case of carbona-
ceous materials is that of porous graphene oxides where
oxygen groups exist mainly as active sites on the basal
surface. In this respect it is important both from a practical
and a fundamental perspective to examine the influence of
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oxygen functionalization of carbon pores on the material
adsorption behavior.

Despite the fact that oxidized graphitic structures (and
also graphene oxides, GO) have been known for a long
time, few statistical molecular simulations of gas adsorp-
tion have explicitly taken pore surface oxygen content into
account. Tenney and Lastoskie (2006) carried out molec-
ular simulations in graphitic models with hydroxyl and
carboxyl groups, Liu and Wilcox (2012) estimated CO,
adsorption in combined hydroxyl-carbonyl functionalized
carbon surfaces, Gotzias et al. (2012) studied hydrogen
adsorption in oxygen functionalized slit pores. In general
the existence of oxygen groups has been considered as an
element of surface heterogeneity having statistically the
same or similar effect with surface irregularities, defects,
etc. In this respect, Puibasset (2005) compared the
adsorption of argon in geometrically and chemically
undulated models of cylindrical pores by introducing
parameters of surface roughness on solid fluid potentials
based upon a mean field interaction model of cylinders
(Tjatjopoulos et al. 1998). Wang et al. (2011) based on a
similar model studied the adsorption of argon in cylindrical
pores by introducing patches of different surface strength
to account for the presence of oxygen atoms. Although this
approach is simpler than other models proposed in the
literature (Coasne et al. 2006; Pellenq and Levitz 2002;
Kuchta et al. 2007; Palmer and Gubbins 2012; Monson
2012) it has been found that by including surface hetero-
geneity in modeling adsorption systems, one can success-
fully describe experimental isotherms in the low pressure
or coverage range where solid—fluid (s—f) interactions
prevail (Rowley et al. 1976; Maddox et al. 1997).

For this reason Neimark et al. (2009) presented a new
model of adsorption in micro-mesoporous carbons based
on the quenched solid density functional theory (QSDFT),
which in contrast to the non local DFT (NLDFT) that
predates this, accounts for surface heterogeneity in terms of
a roughness parameter. QSDFT has been widely used
(Miyasaka et al. 2009; Silvestre-Albero et al. 2012; Liu and
Wilcox 2012; Gor et al. 2012) for a series of diverse carbon
structures. In the same context several approaches to
introduce elements of heterogeneity into molecular simu-
lations have been developed and used (Jagiello and Olivier
2009; Bhatia 2002; Ravikovitch et al. 2001; Wisniewski
et al. 2012). In most of the cases the modeling results have
been compared with real materials, which however are not
well defined at least in terms of surface oxygen content.
Furmaniak et al. (2009) has studied the influence of the
type of adsorbate on the pore size distribution, by varying
the oxygen content on a virtual porous carbon model.
Argon as a probe can reproduce postulated pore size dis-
tributions regardless the surface oxygen content, while
other probe molecules as N, or CO, cannot due to induced
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dipole moments stemming from adsorbate—oxygen inter-
actions. Our intention is to consider individual pore models
with atomistically defined graphitic surfaces baring oxygen
functional groups and a rigorous statistical model such as
grand canonical Monte Carlo (GCMC) to describe the
adsorption mechanism and the effect of surface heteroge-
neity to the adsorption capacity. This approach could in
principle function as a “benchmark™ on which more gen-
eral heterogeneity approaches can be applied and tested. It
should be noted that in general, individual (slit or cylinder)
pore models cannot capture the structure of real porous
materials. Nevertheless, they are abundantly used (e.g., for
deducing pore size distributions) since local equilibria (at
the nanoscale) can be predicted and thus simulation of the
equilibrium behavior of real porous materials is feasible.

In this paper, the results of a GCMC study of argon
adsorption at 87 K are reported for explicit models of
carbon pore surfaces that bare combined hydroxyl and
epoxy groups. The oxygen content on the surface varies
from very high to very low and the reported uptakes are
compared to pores with homogeneous graphitic walls. The
role of chemical heterogeneity in determining the adsorp-
tion capacity and adsorbed/gas phase equilibrium proper-
ties such as density, heat of adsorption, and packing within
the pore is discussed.

2 Models and simulation approach
2.1 Surfaces, pores and potential models

Eight different oxygen containing functionalized surfaces
have been considered. The surfaces are actually graphene
sheets, on one side of which, epoxy and hydroxyl groups
have been randomly grafted (Fig. 1a). Graphite oxide cluster
structures were optimized for both hydroxyl and epoxy
configurations. Optimizations were conducted with Turbo-
mole software at the DFT level of theory using the B-P86
functional and the def2-TZVP basis sets for all atom types
(Ahlrichs et al. 1989). The resolution-of-the-identity (RI)
approximation was used in all calculations for computing the
electronic Coulomb interaction. For the epoxy case, oxygen
atoms bridge over two neighboring carbon atoms forming
1.44 A long C-O bonds. The C-O bond length of hydroxyl
groups is 1.47 A and the oxygen atom lies on top of a carbon
atom normal to the plane. The C—O-H bond angle is 107.9°.
The oxygen content varied from very low (C:0 = 30:1 or
C500) to high (C:0O = 6:1 or C¢O) and the functionalized
graphene sheets have been energetically relaxed. Due to the
carbon hybridization changes upon grafting (sp>—sp>) the
functional groups create local surface geometric perturba-
tions and thus the produced models are rather corrugated
than planar honeycomb lattices. C,O refers to the total
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Fig. 1 a C,40 graphene, pore
wall comprising the C;cO
graphene over a mean field
graphitic structure, an oxygen
functionalized (C,¢0) model slit
pore and b all the considered
pore walls with different content
of oxygen functionalization

C,60 pore wall C,60 pore of width H

(hydroxyl and epoxy) oxygen content. For a given surface
oxygen content, the hydroxyl to epoxy groups ratio is 2 (thus
the correct molecular formula of our structures is Cs,,OzHo,
but we use the C,,0 nomenclature for simplicity).

These one-side functionalized single-layer graphene
sheets (closely resembling graphene oxides and/or partially
reduced graphene oxides) were consequently considered to
be on top (at a distance A = 0.335 nm) of graphitic
structures comprising an infinite number of stacked pure
graphene layers, i.e., the functionalized graphene is the
“wetted” part (of the otherwise graphitic structures) that
can come in contact with fluids. Finally, these (multiwall)
surface oxidized graphitic structures were used as walls to
construct slit shaped pores of varying width, H. This was
carried out by placing two identical (however inverted)
walls at a distance H from each other (Fig. 1a). With this
method 9 pores were constructed for each surface oxidation
degree (including the pristine case). Their sizes range from
H=0.6to H= 3.0 nm.

Based on the above, only the “wetted” (functionalized)
graphene layer is described atomistically, while a mean-
field approach was used for the “underlying” graphitic
structure of the walls (Fig. 1b). For comparison with
pristine (non-functionalized) graphitic walls, a single,
atomistically described graphene layer (pure flat, hexago-
nal sp” hybridization) was also used on top of the under-
lying graphitic structure instead of its functionalized

pristine

analogues. Additionally, for the sake of comparison with
literature data, a full mean field approach was used to
describe the pristine (non-functionalized) wall. In all cases,
argon molecules were treated as one-site spherical parti-
cles. All atom—atom interactions were considered to be of
Lennard-Jones type:

o= 4s((%)"E)) »

where oj; and g;; are, respectively, the LJ size and energy
parameters for the interaction of atom i with j, and r is
the distance separating the two interacting particles. The
potential model parameters used are listed in Table 1. The
corresponding parameters for L] interactions between dif-
ferent particles were deduced by Lorentz—Berthelot mixing
rules.

Table 1 Potential model parameters used in GCMC simulations

Site Lennard-Jones parameters
o (nm) ¢/k (K) Reference
Ar 0.3305 118.05 Neimark et al. (1998)

Surface atoms

C (graphene) 0.340 28 Steele (1973)
O (O-Hor C-0) 0.310 79 Tenney and Lastoskie (2006)
H (O-H) 0.130 30
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By following the approach described the interaction of
an argon molecule, j, with the top layer of the wall is given
by the sum ) _; Uj; (rij), which runs over all (carbon, oxygen
or hydrogen) atoms of the layer. The underlying graphene
layers of the wall produce an additional mean field
potential which is given by the (10-4-3) function of Steele
(1974):

2 A 2(0ic\" (oic\? %e
U(2) =2msicpcaicA 5(7) _<7> 3A(z+0.61A)°
(2)

where, pc = 114 nm > is the number density of carbon
atoms, assuming that the length of the C-C bond is
0.142 nm, A = 0.335 nm, is the separation between the
graphene layers, and z is the distance between a fluid
molecule and the mean field graphitic structure.

2.2 Grand canonical Monte Carlo simulations

Argon adsorption isotherms were computed by the grand
canonical Monte Carlo method (Allen and Tildesley 1987).
We used a simulation box, containing a slit pore, with
periodic boundary conditions and minimum image con-
vention in x and y directions (the pore width H is on the
z direction). The lateral edges of the simulation box are
(x, y) = (2.44, 2.34) nm. Volume, temperature and chem-
ical potential were fixed, while in each Monte Carlo step a
random displacement, creation or deletion of a single fluid
molecule, was attempted with equal probabilities. The
acceptance ratio for displacements was adjusted inside the
range of (40-60 %) by properly modifying the maximum
length of the molecules displacement vector. The grand
canonical ensemble simulations utilized 25 x 10° config-
urations; the first 12.5 x 10° configurations were discarded
to guarantee equilibration. All simulations were performed
at 87 K. Each adsorption isotherm constitutes of 50 equil-
ibration points in the range 1 x 10~ ’—1 bar. The intervals
between successive isotherm points increased with pressure
exponentially. The GCMC based isosteric heats of adsorp-
tion have been calculated from the fluctuations of the
number of particles and the total energy according to:

(UN) = (U)(N)

Qy = RT — =1 /V0
(N2) — (V)
er_ UDM) — UMY () (N) — Uy
(N2) — (N)? (N?) — (N)?

(3)

where Q, is the isosteric heat of adsorption per mol of
argon, T = 87 K, R is the gas constant; () is the ensemble
average, N is the number of argon particles and U is the
configuration energy of the system. The second equality of
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Eq. 3 shows two contributions to the isosteric heat: one is
due to the fluid—fluid (f—f) and the other due to s—f inter-
actions, that is, U = Uy + Ug.

The “physical” pore width, H, is defined as the distance
between the planes passing through the centers of carbon
atoms of the “inner” most (wetted) layers of the opposing
walls (Fig. 1a). In reality, molecules cannot access the vol-
ume defined by H due to the space occupied by surface atoms
but also the strong repulsive forces exerted by the solid near
the pore walls. In this respect the ‘“accessible” (often
reported as “chemical” or “effective”) pore width, w, should
be used. The accessible pore volume can be defined as the
volume for which a molecule has a non-positive s—f poten-
tial. Following this definition, it can be determined by a
method adopted by Do and Do (2006) which resembles a
“Hit and miss” Monte Carlo volume integration as follows:
an argon particle is randomly inserted into the empty pore
space of the slit, and if its s—f potential energy is negative, it is
registered as a “success” hit. This process is repeated many
times (107 in our case), the percentage of “success” hits is
calculated and this is taken to be the ratio of the accessible
over the physical pore volume. The relationship between the
physical and the accessible pore size is depicted in Fig. 2,
where literature data from Liu et al. (2012) have also been
included. As expected, the accessible pore size depends on
the surface oxygen content, since the protruding function-
alities make the slit pore statistically narrower.

3 Results and discussion

3.1 Surface heterogeneity

In order to study the potential field heterogeneity of the
functionalized surfaces, a gridding technique was used
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Fig. 2 The accessible pore size for argon versus physical pore size
for slit pores with oxygen functionalized surfaces
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(Vishnyakov et al. 1998). In detail, the surfaces were
divided into 80 x 80 rectangular meshes, resulting in
6,400 (x, y) nodes (Ax and Ay intervals appr. 0.03 nm).
The z direction (perpendicular to the surface) was further
divided to “slices” up to z = 1.5 nm away from the sur-
face, with intervals of 0.01 nm. We computed fluid—solid
interactions for each (X, y) node and over all z intervals
producing thus 6,400 U(z) interaction profiles. For each
U(z) profile we stored the strongest fluid—solid interaction
(i.e., local interaction energy minimum, U;,(X, y)) along
with its location (i.e., distance from the surface z.;,). It
should be noted that periodic boundary conditions were
used to avoid additional finite length induced heterogene-
ities. Following this approach, surface heterogeneity can be
highlighted by “minimum energy” and “minimum energy
distance” maps as the ones presented in Fig. 3 (referring to
the C,40 surface). The interaction is rather enhanced in the
vicinity of oxygen groups, while on top of them U,;,(X, y)
is located at an increased distance z from the graphitic
surface. This is expected as the oxygen atoms repulse fluid
molecules preventing them to approach too close to the
carbon surface. Actually, due to the C—O-H bonding, dif-
ferences in the location of minimum interaction energy are
more evident for hydroxyl than for epoxy groups.
Enhancement of energy is expected at the surrounding sites
of the oxygen groups where interactions stemming form
nearest carbon, oxygen and/or hydrogen atoms overlap.
The hexagonal pattern along the non functionalized regions
of the surface depicts the honeycomb lattice of carbon
atoms as the interaction potential is greater at the centre
than on the edges of carbon rings.

In Fig. 4 the statistical distributions of local interaction
energy minimum values and distances (U,,;, values and
Zmin) are presented for all the models tested. The func-
tionalised surfaces are compared with a completely
homogeneous (pristine) structure. The pristine case is
defined either as a purely structureless model (Eq. 2) or as
a shifted (by A = 0.335 nm) structureless model furnished
on top with an atomistically described graphene layer
(Fig. 1b). Both definitions are statistically identical as they
reveal peaks at the same U.;, and z,;, values: (Uy./e,
Zmin/0) = (—8.943, 1.007); however as expected the
purely structureless model reveals a delta type distribution
in contrast to the Gaussian atomistic one, in which the fine
structure of the benzene rings’ local heterogeneity is
revealed. On the other hand the energetic distribution of the
adsorption sites along the oxidised surfaces highlights their
heterogeneity as the energy variance is rapidly increasing
with increased surface functionalization leading also to a
wide spatial distribution of local interaction maxima. In
fact the U,,;, distributions over the functionalised surfaces
consist of two peaks. The first one is shifted towards
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Fig. 3 Map of a the local minimum energy (maximum interaction),
Umin and b the distance from a fluid molecule to the oxidized
graphitic surface z,,;, at which U = U,;;, for the model C;50

stronger interactions (compared to pristine), because a
molecule located between oxygen groups is in general
closer to more sites and thus obtains a more negative U;,.
The second weaker interaction peak (—6 < U, /e < —2)
refers to the area above the oxygen groups and is located
away from the carbon surface (>1.6 molecular diameters).
It is noteworthy that for surfaces with densely packed
oxygen groups (e.g., C¢O or CgO) the spatial distribution of
minimum energies (maximum interactions) is quite flat
inside the range of the aforementioned energy values and
this is expected to lead to highly delocalized adsorbed
layers. In all cases the underlying feature of these distri-
butions is that as the oxygen content increases, patches
with considerably different energies are developed ren-
dering the energy and the position of an admolecule not
fixed and resulting in less localised adsorption equilibria
compared to an homogeneous (pristine) surface, in accor-
dance with the theory of adsorption on heterogeneous
surfaces (Jaroniec and Madey 1988; Bakaev and Steele
1992).
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Fig. 4 Adsorption site distribution on oxygen functionalized surfaces
with different C:O ratios. Energies (a) and positions (b) correspond to
minimal energy U,,(x, y) (i.e., maximum interaction) and the
position from the surface where U = U,

3.2 Adsorption dependence on the surface oxygen
content

An indicative set of argon adsorption isotherms at 87 K for
slit pores having the same size (H = 2.1 nm) but different
surface oxygen content is presented in Fig. 5 (as density vs.
pressure) along with the non-functionalized (pristine) pore.
The densities have been calculated on the basis of acces-
sible pore volume and it should be noted that although the
“physical” volumes of all the pores are identical (as the
“physical” dimensions are the same), the accessible pore
volumes differ for different oxygen concentrations.

All isotherms qualitatively reveal the same features, i.e.,
initial density increase associated with the development of
a monolayer, smooth multilayer formation, a sudden den-
sity transition as argon condenses in the pores and a further
liquid densification at high pressures. A straightforward
observation is that surface heterogeneity does not
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functionalization is obvious. The isotherm of the oxygen-
free pore reveals a clear layering transition, while by
increasing the surface oxygen content, this transition
gradually smoothens-out. This is a direct effect of hetero-
geneity as described in Sect. 3.1. In detail the variance of
the s—f interaction energy is increasing with increased
surface functionalization. Thus adsorption sites of varying
energy are created on the surface and these sites are filled
gradually with increasing chemical potential (pressure). On
the other hand s—f interactions all over the pristine surface
are rather constant thus a sharp transition is expected.
Beyond monolayer formation, it can be observed that as the
oxygen concentration increases the density of the adsorbed
layer(s) decreases. However differences are minimized
with increasing pressure and the density of the adsorbed
phase just before the condensation transition are almost
identical for all the structures. This can be explained based
on the fact that beyond the monolayer, adsorbed molecules
do not “feel” the subtleties of the surface atomic structure
as the s—f interaction becomes weaker and f—f interactions
start to prevail (Bakaev and Steele 1992). At higher pres-
sures, after the condensation transition there is a further
densification of the adsorbed phase reaching densities
slightly above the bulk liquid density of argon (35.5 kmol/
m?). It could also be argued that the density of the adsorbed
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phase when the pores are filled is increasing with
increasing oxygen content (presumably due to the overall
enhanced interaction), however the differences may be
considered within the errors of the GCMC -calculations
(originating from low insertion-deletion acceptance rates
when the pores are filled).

The isosteric heat versus loading for the same set of
pores is presented in Fig. 6a. As expected due to the
enhanced fluid-wall interactions, at zero loading the
enthalpy values increase with surface oxygen content (Liu
et al. 2011). The isosteric heat is maximized at the com-
pletion of the first layer, where almost the same enthalpy
values for all adsorption systems have been calculated
(appr. 12 kJ/mol). As in the isotherms of Fig. 5 it can again
be observed that layering is smoother and shifted to lower
coverage with increasing oxygen content. Thus although
interactions are stronger, the monolayer is less dense in
functionalized pores due to inefficient molecular packing
(or else delocalized layering). A more detailed picture can
be obtained by “splitting” the enthalpy contributions to s—f
and f—f components (Fig. 6b). Although the f—f curves are
as expected identical, the s—f curves of the ‘“heteroge-
neous” pores initially decrease with loading since there is a
distribution of surface energies and fluid particles cover
adsorption sites in a high-to-low energy fashion (Yang and
Yue 2007). On the contrary the homogeneous (pristine)
pore reveals a constant s—f curve (all adsorption sites are of
equal energy). Monolayer completion is coupled with a
sudden drop of the s—f contribution and it can again be
clearly seen that heterogeneous pores form monolayers at
lower coverage. On the other hand as coverage increases
the f—f contributions increase also. And this actually occurs
in a way that for all the pores studied the sum of s—f and f—f
remains constant (12 kJ/mol) at monolayer completion.

The structure of the adsorbed phase inside the pores can
be studied on the basis of pore density profiles for various
equilibrium pressures. Figure 7a and b present the density
profiles during monolayer formation. Initially, before the
monolayer is formed, the density is highest for the pore
with the most oxidized surface. However upon monolayer
completion, the pristine pore obtains the highest density
due to the more efficient molecular packing over smooth
surfaces. Moreover in slightly greater pressures (Fig. 7c) it
can be seen that because of the irregular packing, inside the
most heterogeneous pore a second layer is being formed,
while the monolayer has not been fully densified (com-
pared to the pristine pore). Figure 7d depicts a high equi-
librium pressure where the pores have been filled. It is
evident that the adsorbed layers of the pristine pore are
more localized and dense compared to the pores with
surface functionalities, because wall heterogeneities
destabilize the adsorbed phase making the particles more
uniformly distributed over the whole width of the pore.

Additionally, as the oxygen content is increased formation
of sub-layers is observed. This sub-layered structure is a
direct effect of the oxygen functionalities that are placed in
standard distance from the surface giving rise on the
average to an “extra” oxygen rich surface inside the pore.
The structure of the monolayer for each surface type (up to
1.7 molecular diameters from the slit walls) is highly
correlated with the spatial distribution (z,,;,) of the
respective open surfaces of Fig. 4b.

3.3 Adsorption dependence on the pore size
In Fig. 8 an example of MC calculated argon adsorption

isotherms at 87 K for slit pores of varying physical width,
H, having the same surface oxygen concentration (C;,O) is
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Fig. 6 a Isosteric heats of argon adsorption in slit pores of
H = 2.1 nm physical width having different surface oxygen concen-
trations. Loading is expressed as adsorbed argon particles per unit
surface of the pore. b Solid—fluid and fluid—fluid potential contribu-
tion to the isosteric heat of argon adsorption in slit pores with
different content of oxygen functional groups
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Fig. 7 Density distributions of argon particles adsorbed in slit pores (H = 2.1 nm) with different content of oxygen functionalities on their
surface, along the distance from the surface for different equilibrium pressures

presented. Again the adsorbed density has been calculated
on the basis of the accessible (chemical or effective) pore
volume. For the smaller pore size presented (H = 1.2 nm)
a continuous curve pointing to micropore filling is
observed. For wider pores a sharp density change denoting
capillary condensation is revealed. As expected, conden-
sation is shifted to higher pressures as the pore width
increases. Further density increase after the condensation
transition is due to the compression of the liquid conden-
sate, while the calculated densities are slightly larger than
that of bulk liquid Ar at 87 K (35.5 kmol/m?).

During the initial steps of adsorption (low pressure
region) the number of the adsorbed particles depends on
s—f interactions and therefore on the surface chemistry of
the walls. In this respect, for adequately wide pores, the
molecular packing during the monolayer formation should
be unaffected by the size of the pore provided that the
surface chemistry is the same. This is shown in Fig. 8b
where adsorption is expressed as adsorbed particles per
unit surface of the adsorbent and also in Fig. 9a where the

@ Springer

isosteric heat of adsorption versus loading is presented for
the same set of slit pores. Both the isotherms and the
isosteric curves for all the pores, except the H = 1.2 nm
slit, coincide up to the pressure or coverage threshold
where condensation occurs. The enhancement of adsorp-
tion in the narrowest pore is a pure confinement effect
(micropore filling) and is attributed to the additive inter-
actions of opposing pore walls as the pore width is com-
parable to the diameter of the fluid molecules. For the
same reason, for the smallest pore there is no clear dis-
tinction of a first to second layer transition and the isos-
teric heat increases linearly with coverage until the
(micro) pore is completely filled. Larger pores, reveal
almost identical layering transitions since at low pressures
adsorption is determined mainly by the wall-fluid inter-
actions. Of course the pore width determines the con-
densation pressure as well as the total number of argon
particles adsorbed (before and after condensation). During
monolayer formation, the isosteric heat increases with
loading due to f—f interactions while the heat attributed to
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the s—f interactions decreases (Fig. 9b). The negative
slope of the s—f contribution on the energy in Fig. 9b, is
characteristic of adsorption on heterogeneous surfaces
because adsorption starts from the highly attractive sur-
face sites and proceeds to the weaker ones. The peak of
the isosteric heat corresponds to the completion of
monolayer; thereafter the isosteric heat drops exponen-
tially due to the reduced interaction of the subsequent
layer(s) with the pore wall. At higher loadings, argon
condenses inside the H=1.5 (4.50), 1.8 (5.45), and
2.1 nm (6.30) pores at successively greater values of
coverage, (Figs. 8a, 9a). Inside the H = 3.0 nm (9.00) slit
a second adsorption layer formation can be detected. As
can be seen in Fig. 9b the heat contributed by the s—f
interaction after condensation in the H = 3.0 nm is
practically zero, while for the other pores the contribution
is small yet not insignificant.
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3.4 Pore filling pressure

The adsorption isotherms of three pore sizes having the
eight cases of surface heterogeneity considered are pre-
sented in Fig. 10. It is clear that for small pore sizes
(Fig. 10a) oxygen functionalities strongly influence the
micropore filling process because all the adsorbed mole-
cules interact strongly with the surface oxygen groups due
to confinement. For wider pores (Fig. 10b), surface heter-
ogeneity actually affects only the layering transition(s) as
the molecules that are located in the core of the pore are
practically unaffected by the surface chemistry (being
away from the pore walls). In this respect surface func-
tionalities may seem to have an effect on condensation
pressure but this is only due to the statistical pore “nar-
rowing” that is imposed. For even larger pores (Fig. 10c)
even this narrowing seems to be insignificant and the
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condensation transition occurs at the same pressure for all
the pores. In general condensation is found to depend
mainly on the “accessible” pore size and not the surface
chemistry. This is depicted in Fig. 11, where the pore
filling pressures for pores that reveal condensation transi-
tions have been plotted as a function of the “effective”
(chemical) pore size. Our simulations were performed at
the same sequence of equilibrium pressures for all cases.
The pressure steps on this sequence are relatively few at the
high pressure range giving a limited pressure resolution. As
a result, there are “groups” of points with slightly different
pore size but the same filling pressure. Nevertheless, it is
quite obvious that all the different surface chemistry
models degenerate into practically one “capillary conden-
sation” curve. Based on the above, a major conclusion of
this work is that argon isotherms are an excellent tool for
determining mesopore size distributions, as argon is ade-
quately inert and its condensation in capillaries remains
unaffected of surface functionalities (and thus any other
kind of geometrical or energetic heterogeneity)
(Dombrowski et al. 2000; Kruk and Jaroniec 2000). On the
other hand even a molecule as inert as argon has a sig-
nificantly different behavior in energetically “heteroge-
neous” micropores. Therefore micropore size distributions
based on argon isotherms, should definitely take into
account the surface chemistry of the material studied. It
should finally be mentioned that the effects of surface
chemistry are expected to be much more enhanced for N,
or CO, that possess quadrupole moments and are expected
to have strong Coulombic interactions with the surface
groups (Furmaniak et al. 2009, 2010). For these cases
significant effects are expected even in the mesopores
range. Our group is currently working on this issue.
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4 Conclusions

The effect of functionalization on the adsorption charac-
teristics of Ar at 87 K has been studied by GCMC inside
individual pores of varying size and surface oxygen con-
centration. It is concluded that the insertion of oxygen
functionalities in small micropores has a significant quali-
tative and quantitative effect in argon adsorption. Func-
tionalized micropores are filled in much lower pressures
since all the adsorbed molecules interact strongly with the
surface oxygen groups due to confinement. Similarly in
larger pores there are profound differences in the adsorbed
monolayer as well as in the structure of the adsorbed phase.
In detail oxygen functionalization smoothes out layering
transitions while the functionalities cause severe delocal-
ization of adsorbed molecules and thus less defined
adsorbed layers. On the other hand, condensation transi-
tions are not substantially affected by the presence of
functionalities and the condensation pressure is dictated by
the “effective” pore size rather than the surface chemistry.
This is attributed to the fact that condensation occurs at the
pore core where the s—f interaction is weak and thus surface
chemistry is not expected to have a critical role. Based on
the above, we may conclude that mesopores size analysis
with argon isotherms at 87 K can be trustworthy even for
heavily oxidized carbons, while adequate micropore (and
most significantly ultra micropore) analysis requires con-
sideration of surface chemistry issues.
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