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a b s t r a c t

A structural model of mesoporous carbon (CMK-3) prepared from the templating of SBA-15 silica ma-
terials named M_CMK3 and a mixed geometry model, representing the porous space as a collection of
slit, cylindrical and M_CMK3 pores, is theoretically evaluated, developed and applied to the character-
ization of an experimental sample [1]. By using the Monte Carlo simulation method (off lattice), families
of N2 adsorption isotherms are generated for cylindrical, slit and M_CMK3 geometries corresponding to
different pore sizes. Then, the three geometric families of isotherms (kernels) are used to fit the
experimental N2 adsorption data corresponding to CMK-3 materials, allowing for the determination of
the micro and mesopore volume and the corresponding Pore Size Distribution (PSD). The same exper-
imental data were fit using different mixed geometry models, and from the analysis of the effect of
different kernels on the resulting PSD, it is concluded that the proposed mixed geometry model can
capture in more detailed the textural and energetic features of nanostructured carbon CMK-3. Finally,
using a virtual solid and pseudo-experimental adsorption data, the importance of the pore geometry and
its effects on the PSD and isosteric enthalpy of adsorption are studied.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Nanostructured carbons, due to their surface properties and
stability, are very attractive for applications in various areas, such as
energy storage, water purification, adsorption, catalysis, electro-
chemistry, and other fields. Ryoo et al. [2] reported the synthesis of
a new type of mesoscopically ordered nanoporous (or mesoporous)
carbon molecular sieve called as CMK-3 by carbonizing sucrose
inside the pores of a SBA-15 mesoporous silica molecular sieve.

Nanostructured carbon materials allow precise control over
their textural properties, which is vital for specific applications. The
use of ordered mesoporous templates allows obtaining carbons
with high specific surface areas (ca. 2000 m2/g) and pore volumes
(ca. 1.5 cm3/g).

Other techniques (XRD and TEM [3]) are currently used to
obtain the pore sizes of previously synthesized CMK-3. However,
the nitrogen gas adsorption allows a pore size/textural analysis,
which is necessary to fully understand the properties and porous
structure of these nanostructured carbons. The usual method to
characterize the texture of ordered mesoporous materials (OMM),
mail.com (R.H. L�opez).
is the N2 adsorption-desorption isotherm at 77 K [4e7]. Besides
experimental and theoretical works there are many simulation
studies that try to improve the study of this class of materials from
the adsorption data [8,9]. Furthermore, the main problem in the
characterization of nanomaterials is the correct determination of
the PSD and the surface area from adsorption isotherms of a probe
molecule. Themethod for the determination of the PSD bymeans of
simulation starts by proposing a model to represent the relevant
characteristics of the real material. It is important to stress the fact
that such model is a first approximation to mimic the real porous
structure, and an idealization meant to reproduce properly the
adsorptive properties of the material.

The cylindrical model considers the interstitial space between
the nanorods as a collection of independent cylindrical pores with
different sizes and is habitually assumed for the characterization of
CMK-3-type materials (although, the porous space between these
rods have a complex shape [10]) and has been recently used in
determining their PSD using the new QSDFT method [1]. In that
work the hybrid kernels of the theoretical isotherms were con-
structed in a restrictivemanner, where the slit kernel was only used
for the micropore region while the cylindrical one for the meso-
porous region. More recently, Barrera et al. [11] obtained similar
PSD by using Gran Canonical Monte Carlo simulation (GCMC) and
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Table 1
Values of Lennard-Jones parameters used in the simulation.

Specie Parameter Value

Nitrogen sff 0.3615 nm
εff/kB 101.4 K

Carbon sss 0.34 nm
εss/kB 28 K
rC 38.2 nm�2
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an unique kernel composed by the isotherms obtained for both slit
and cylindrical geometries for all pores range, showing that the
exclusive contribution of the slit pores in the micropore regionwas
in agreement with thementioned above andwith the experimental
evidence that indicates that the micropores are located within the
carbon rods of the of CMK-3 materials [12].

As discussed above, several authors (using simple geometries
such as spheres, cylinders, etc.) [1,13] have proposed amixedmodel
in such a way that the pore size distribution can be obtained over
the complete micro and mesopore range. Although it is possible to
conclude that the CMK-3 texture can be modeled with cylindrical
geometry for primary mesopores and slit geometries for micro-
pores, it is our intention to discuss the necessity of improving the
structural model for this kind of materials, in particular for the
mesopore region. The choice of the kernel for deriving the PSD for a
given nanomaterial should be made based on the a priori infor-
mation regarding the adsorbent material. Another decisive factor
for the choice of a certain kernel is the fitting of the resulting PSD to
the experimental isotherm; proper choice of pore geometry leads
to better fitting results [14].

In the present work, based on experimental data of high resolu-
tion N2 adsorption isotherm reported by Gor et al. on a CMK-3
sample [1], we present a mixed geometry model, which takes into
account themorphological specifics of these nanomaterials. Focused
on getting the PSD,which allow to obtain a better characterization of
the porous material, we compare different geometrical models,
starting with a basic cylindrical pore model followed by a mixed
model (cylindrical and slit geometries), which are analyzed by
different molecular theories such as the Non-Local Density Func-
tional Theory (NLDFT) [15e17], Quenched Solid Density Functional
Theory (QSDFT) [18] and a more detailed molecular model, consid-
ering specifically the geometry of the CMK-3 pore, is studied by
GCMC. Finally using a virtual solid and the computer “experimental”
isotherms, the importance of the pore geometryand its effects on the
PSD and isosteric enthalpy of adsorption, are studied.

2. Molecular simulation

2.1. Pore structure and interaction potential models

The GCMC simulation method in the continuum space [19,20],
was used to study the adsorption behavior of gases in the CMK-3
material. The first proposed model (the classical model used for
CMK-3 materials) considers the interstitial space between the
nanorods as a collection of independent cylindrical pores with
different sizes. It is assumed that the adsorption occurs only inside
of these cylindrical pores.

i) Cylindrical geometry model (M_Cyl): For the cylindrical geometry
the interactions with the adsorbent are modeled using the
Lennard-Jones potential integrated over an infinitely long cyl-
inder [21,22]:

usf ðr;RÞ ¼ rsurf εsf
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and rsur is a two-dimensional density of a carbon cylinder,
F(a,b;g;c) is an hypergeometric function, ssf and εsf are the size and
energy parameters in the L-J potential between an adsorbed
molecule and a carbon atom calculated by the Lorentz-Berthelot
rules. The parameter values are shown in Table 1.

ii) Model of slit and cylindrical pores mixture (M_SlitCyl), with a
determined proportion of slit pores ranging from 0.4 to 2.0 nm
and of cylinder pores ranging from 2.0 to 10 nm. This model
considers the interstitial space between the nanorods as a
collection of independent cylindrical and slit pores (mixture)
with different sizes. The cylindrical model was described in
point i). For the slit pores, the interaction energy between a fluid
particle and a single pore wall at a distance z (measured be-
tween the center of the fluid atom and the atoms in the outer
layer of the solid) was described as usual by the superposition of
two Steele potentials:
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whereD is the separation between the graphite layers (0.335nm), rC
is the number density of carbon atoms per unit volume of graphite
(114 nm�3), and εsf and ssf are the solidefluid L-J parameters.

Furthermore, a model based on experimental data from
Solovyovet al. [23] is used in our GCMC simulations. This is a more
detailed molecular model, considering specifically the morphology
of the CMK-3 pore.

iii) Model M_CMK3: The proposed detailed model considers a
triangular arrangement of four carbon rods as unit cell, as
shown in Figs. 1 and 3. The variable L denotes the distance
between nanorods; D is the nanorod diameter (in our model
we fix the value at D¼ 7), g is the inter-nanorod distance, d is
the diameter of a cylinder circumscribed between three
carbon rods and is defined as the pore size [24]. From Fig. 1
the value of d¼((2L/√3)-D) can be obtained.

Each rod is modeled as 5 coaxial graphene sheets as shown in
Fig. 2, where Rn and Rn-1 are the radii of the cylinders number n and
n-1, respectively and ri is the distance from the center line of the
carbon rod to an adsorbed molecule. The inter sheet distance (Rn �
Rn-1) was taken equal to that of the graphite, 0.3354 nm.

The interaction potential between an adsorbed fluid molecule
and the carbon surface, usf ðri;RnÞ is described by the sum of the
interaction potential of a molecule with each carbon cylinder as
shown in the following equations [21,22]:

usf ðri;RnÞ ¼ 4rsurf εsf
X5
n¼1

�
s12sf I12 � s6sf I6

�
(3)

where



Fig. 1. M_CMK3 model. The unit cell (outlined by dashed line) consists of an
arrangement of four carbon rods, where L is the unit-cell parameter of the 2-D lattice
and d is defined as the pore diameter. The gray area represents the porous space.

Fig. 2. Schematic illustration of the rod model.
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Fig. 3. The total adsorbate-adsorbent interaction potential for the model M_CMK3. The dep
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and rsurf is a two-dimensional density of a carbon cylinder,
F(a,b;g;c) is an hypergeometric function, ssf and εsf are the size and
energy parameters in the L-J potential. The total adsorbate-
adsorbent interaction potential for the model (Fig. 3), fsf, is ob-
tained by the sum of the interactions between the fluid molecule
and each carbon rod. Finally, in an analogous form as the point ii):

iv) Model of slit and M_CMK3 pores mixture (M_SlitCMK3), with a
determined fraction of slit pores ranging from 0.4 to 2.0 nm
and of M_CMK3 pores ranging from 2.0 to 10 nm. The mixed
model considers the porous space as a collection of inde-
pendent of slit and M_CMK3 pores (mixture), with different
sizes.

In all studied cases the intermolecular interaction between the
adsorbed molecules, 4ff(rij) is modeled using the L-J potential:

4ff
�
rij
� ¼ 4εff

2
4 sff

rij

!12

�
 
sff
rij

!6
3
5 (4)

where, rij is the intermolecular separation, and εff and sff are the L-J
parameters of fluids [25].

A collection of independent adsorption isotherms for different
pore sizes (the local isotherms, qL) was obtained through the GCMC
method, following the algorithm outlined in Ref. [20], for the ge-
ometries described above. Transition probabilities for each Monte
Carlo attempt (displacement, adsorption and desorption of mole-
cules), are given by the usual Metropolis rules. The lateral di-
mensions of the cell for the slit geometry and the longitudinal
dimension for the cylindrical geometry were taken as 50 nm, and
the periodic boundary conditions were used in those directions. In
the M_CMK3 model periodic boundary conditions are imposed in
all directions considering the minimum image condition. In gen-
eral, equilibrium was achieved after 2 � 107 MC attempts, after
which mean values were collected over the following 107 MC at-
tempts for configurations spaced by 103 MC attempts, to ensure
statistical independence. Then this collection of isotherms was
th of the energy well is shown in a gradient color scale. (A colour version of this figure



Fig. 4. Minimum value of the gasesolid potential as a function of the pore size. For
small pores (<3.5) the Ugs of the M_CMK3 behavior is quite similar to the triangular
geometry, whereas as the pore sizes increase this behavior is closer to cylindrical/slit
geometries.
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used in three different ways to fit a given experimental isotherm:
M_SlitCyl, M_CMK3 and M_SlitCMK3. The usefulness in a model is
measured by its ability to capture the governing physical features of
problem [26]. In this paper, we show the usefulness of using these
new models (M_CMK3 and M_SlitCMK3) to obtain detailed char-
acterization of these materials.

The accessible pore volume is defined as the space available to
the center of an adsorbate molecule where the solid-fluid potential
is negative [27]. Thus, the adsorption excess (and therefore the
adsorption isotherm) can be calculated.

2.2. Isosteric enthalpy of adsorption

A thermodynamic quantity of interest that can be readily ob-
tained from the GCMC is the “heat of adsorption” [28] (the use of
the term isosteric enthalpy of adsorption is recommended by the
IUPAC [7]). Additionally, there is difference between absolute and
excess heats of adsorption [29]. From a simulation point of view, all
of these quantities involve the obtaining of the energetic contri-
bution of adsorption to the isosteric enthalpy of adsorption. Equa-
tions (5) and (6) allow us to calculate the heat of adsorption from
simulation.

qastðPÞ ¼ qstðPÞ � HbðPÞ ¼ �
�
vUaðPÞ
vNaðPÞ
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where qast is the configurational contribution of the adsorbed phase
to the isosteric enthalpy of adsorption, Hb is the molar enthalpy of
the bulk fluid, qst is the absolute isosteric enthalpy of adsorption, Ua

ff
and Ua

sf are the interaction potentials from the fluid-fluid and the
fluid-solid contributions to the total configurational energy of the
adsorbed fluid within the pore (simulation), and Na is the total
number of particles in the porewith all being a function of pressure,
P, at a fixed temperature, T, and pore volume, Va. Equation (6) can be
calculated during the course of a GCMC simulation, directly using
fluctuation theory [30] where the broken brackets denote the
ensemble average obtained from the simulation. Therefore, either
Equation (5) or 6 can be used to calculate qast for a single pore.
Equation (5) requires either the fitting of Ua as a function of Na for
differentiation or a discrete approximation of the differential using
changes in Ua and Na [31].For nitrogen, the minimum value of the
gasesolid potential (Ugs) (corresponding to the maximum differ-
ential heat of adsorption at very low adsorbed quantity) is repre-
sented in Fig. 4 as a function of the pore size S. The different
behavior between the three geometries provides the first indica-
tion that the use of just cylindrical kernels is not enough for a
reliable characterization. We also show the curve for the triangular
geometry (wedge-shaped pore); note the similar behavior with the
M_CMK3 model for H/sff <3.5 in this point, the distance between
the rods in the M_CMK3 is such that the wedge effect disappears
while for the triangular geometry this is present for all pore sizes.

2.3. Calculating the pore-size distribution

Davies and Seaton [32,33] have addressed the problem of
calculating the PSD from adsorption data in detail and the most
important aspects of the solution procedure are presented in this
work.

The experimental adsorption isotherm qExp can be approxi-
mated as a superposition of independent isotherms corresponding
to each pore size (Hj), pressure P and temperature T, called local
isotherms, qL(obtained by GCMC simulation), with a weight corre-
sponding to the pore-size distribution, f(Hj):

qExpi y
Xm
j¼1

qL

�
H*
j ; Pi; T

�
f
�
H*
j

�
dH*

j (7)

where m is the number of quadrature intervals used in the analysis
andH* is themiddle point of each quadrature interval dH*. Equation
(7) cannot be directly solved due to the ill-posed and ill-
conditioned properties of these equations. However, the detri-
mental effect of both properties can be minimized by employing
regularization [33,34]. The solution of Equation (7) can be obtained
by using the non-negative least square method.
3. Results and discussion

In this section, we report molecular simulations of N2 adsorp-
tion at 77 K in the pore models M_SlitCyl, M_CMK3 and
M_SlitCMK3. The results are compared with the experimental data
of high resolution N2 adsorption isotherm reported by Gor et al. on
a CMK-3 sample [1].

The kernels of selected GCMC adsorption isotherms for the
M_Cyl and M_CMK3 models are shown in Fig. 5. The isotherm
shapes depend on the pore size and are smooth prior to the
capillary condensation steps, which are characteristic of mesopores
(>2 nm), and do not exhibit step-wise inflections caused by artifi-
cial layering transitions. Although both kernels are qualitatively
similar, important differences are observed between them as the
pore size decrease. Shown in Fig. 6 are the PSDs from the experi-
mental isotherm derived from the three GCMC kernels: M_SlitCyl,
M_CMK3 and M_SlitCMK3, in comparison with that obtained from
the QSDFT method with the corresponding geometry (imple-
mented into Quantachrome's data reduction software). Shown in
the right side of Fig. 6def are the fits of the experimental isotherms
obtained by GCMC methods (the M_SlitCMK3 model reports the
smallest error by using the same number of parameters).

As a first general observation, the two first PSDs (a-b) have a bi-
modal distribution from the Monte Carlo and QSDFT method, and
all methods are in agreement in the mesopores region (strictly for
pores larger than 3 nm), although the PSD obtained by QSDFT is
more extended in this region. The M_CMK3 model (Fig. 6b) reports
a secondary mesoporous contribution between 2 and 3 nm (the
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Fig. 5. Kernel of selected simulated adsorption isotherms, for N2 at 77 K using a) M_Cyl model, b) M_CMK3 pore. Shown in the right side the labels of the pores sizes in nm. (A
colour version of this figure can be viewed online.)
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M_SlitCMK3method also reports it.) but does not “see”micropores.
In the PSD from the M_SlitCMK3model (Fig. 6c), three peaks can be
distinguished, two in the mesopore range and one sharp peak in
Fig. 6. PSD and experimental isotherm fits obtained from the different GCMC models: (a) M
models (c) M_SlitCMK3 mixed model. The respective fitting of the experimental isotherm
shown in the inset.
the micropore region. In the mesoporous region, all the PSDs show
a peak around 4.5 nm in agreement with that obtained by X-ray
data [1]; furthermore, in the micropores region the best accord
_SlitCyl is compared whit QSDFT methods based on the same geometries (b) M_CMK3
are shown in (d), (e) and (f). Adsorption isotherms in logarithmic pressure scales are
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(between QSDFT and GCMC) is obtained when the slit geometry is
used. Table 2 shows a comparison between the micro/meso pore
volumes obtained for the different models. While the change in the
total porous volume is relatively small, the proportion of the
micropore volume predicted by the M_SlitCMK3 model is signifi-
cantly lower than the value corresponding to M_SlitCyl. Although
these mixed models use the same slit kernel (and in the same in-
terval), the different kernels used in the mesoporous region can
modify the fit and the resulting PSD both micro and mesoporous
regions.

Zhou et al. [35] reported that CMK-3 includes a small amount of
stacked crystalline graphite phase; also Jun et al. [2] reported that
the pore walls are constructed by disordered carbon networks
similar to activated carbons; and more recently, Onfroy et al. [12],
by means of hyperpolarized 129Xe NMR spectroscopy have re-
ported the presence of micropores inside the carbon rods consti-
tuting the mesoporous structure of CMK-3 materials. Thus, the
origin of the microporosity observed in the PSD can be attributed to
small and quite disordered fissures inside the carbon nanorods so
that the slit geometry model is more appropriate in this case. On
the other hand, the cylindrical geometry model is not the best
choice for this kind of adsorbent in the microporous region.

In the mesoporous region, despite the simple geometry and the
not precise structure considered according to the known structure
of the CMK-3 sample [23], the use of the cylindrical geometry (by
using both NLDFT/QSDFTor GCMC) gives good results and is usually
assumed for the characterization of CMK-3 materials however, it is
possible that we are overlooking important characteristics of this
kind of adsorbents that are not “seen”whenwe use cylindrical pore
geometry. In the next paragraphs we discuss this issue in more
detail, both from an experimental and theoretical point of view.

By statistical analysis of a TEM image of another CMK-3 sample
[3] (different from the Gor et al. sample) and using an appropriate
software for analysis of scientific images [36], we obtained the
corresponding PSD (histogram in Fig. 7a). The procedure is based
on centering a circle between every three rods scanning the com-
plete TEM image and then obtaining the corresponding diameter
distribution. It should be noted that this technique presents an
inherent limitation due to the TEM does not provide the complete
information of the material, although this is presented as a valid
complementary tool for solid characterization. We can observe that
this kind of nanomaterials can present secondary mesoporosity
between 2 and 3 nm, in agreement with the PSD obtained using the
M_SlitCMK3 (filled circles in Fig. 7a) and the corresponding
experimental isotherm [3]. The fittings of the experimental
isotherm using theM_SlitCMK3 andM_SlitCyl models (convolution
of the obtained PSD with M_SlitCMK3 and M_SlitCyl kernels iso-
therms are given in Fig. 7b), are plotted illustrate the good fit with
the M_SlitCMK3 (solid line) and M_SlitCyl (dashed line); in this last
case the error reported is t is approximately three times bigger than
the M_SlitCMK3 error.

In the following paragraphs we discuss the results of a theo-
retical test using a virtual solid, which shows that assuming a pore
geometry model different from the “real” geometry of the sample
may lead to different PSD.

Theoretical tests using virtual solids are a useful tool to check
models and to explore some properties of porous solids [37,38]. The
Table 2
Textural properties obtained by the different studied models considering the pore geom

Model Micropore Volume (cm3 g�1) M

M_SlitCyl 0.217 0
M_SlitCMK3 0.150 1
idea of the test is to generate a virtual solid from a unique (and
arbitrary) PSD source and its corresponding pseudo-experimental
isotherm. Then, this pseudo-experimental isotherm is fitted by
using any given kernel, thus obtaining the resulting PSD.

In this example, using theM_SlitCyl kernel, we calculate the PSD
(Fig. 8b) of the pseudo-experimental isotherm obtained through
GCMC simulation from a virtual solid (Fig. 8a) composed by a
collection of pores (M_CMK3 model) of radius 2.5 and 4.2 nm
respectively (Equations (8) and (9)).

qpseudo�exp erimentalðPi; TÞ ¼ f ð2;5nmÞqM CMK3ð2;5nm; Pi; TÞdH
þ f ð4;2nmÞqM CMK3ð4;2nm; Pi; TÞdH

(8)

qpseudo�exp erimentalðPi; TÞy
Xm
j¼1

qM SlitCyl
�
Hj; Pi; T

�
f
�
Hj
�
dH (9)

The PSD obtained (Fig. 8b) (using the same procedure explained
in Section 2) is a unimodal distribution, contrary to the real bimodal
distribution of the virtual solid, furthermore a bad PSD leads to bad
fitting results (Fig. 8d). Therefore, using the M_SlitCyl kernel to
obtain the PSD of this virtual M_CMK3 solid it is not a good choice.
Based on this particular test we cannot generalize about which
kernel to use for the characterization of CMK-3 materials (any
characterization method relies on the assumption of a given pore
geometry, which must be regarded as an idealization of the real
structure of the material), however, the results of this test show
that the PSD obtained using a similar kernel can be very different,
and therefore it should be carefully interpreted. This is further
supported by the results of the isosteric enthalpy of adsorption
showed on the right side of Fig. 8. Significant differences between
the isosteric enthalpy of adsorption can be appreciated in the inset
of Fig. 8c and d) especially in the fluid-solid contribution, due to the
heterogeneity inherent in M_CMK3 model.
4. Conclusions

We propose a new Mixed Geometry Model (Slit and M_CMK3)
with families of theoretical isotherms obtained through GCMC
simulations for the characterization of ordered mesoporous carbon
CMK-3 using N2(77 K) adsorption. The analysis of the adsorption
isotherms and predicted PSD, and micro/mesopore volume, reveals
that the M_SlitCMK3 model provides a more consistent picture of
the sample characteristics than the M_SlitCyl model.

From a simple theoretical test using virtual solids and pseudo-
experimental adsorption data, we have shown that assuming a
pore geometry model a little different from the “real” geometry of
the sample may lead to a very different PSD, even if the effects of
accessibility and reliability window are properly ruled out
[33,38,39]. These achievements indicate that this is the right way to
study this kind of material, where further studies would be needed
focused on improving the structural model. It remains for future
research studies to compare the relative accuracy of these different
approaches to describe and to try to predict isosteric enthalpy of
adsorption and to compare them with experimental calorimetric
data.
etries.

esopore Volume (cm3 g�1) Total Porous Volume (cm3 g�1)

.936 1.153

.106 1.256



Fig. 7. a) PSDs obtained from the TEM image, M_SlitCyl and M_CMK3 models. b) experimental isotherm fits obtained from the different GCMC models.

Fig. 8. a) The PSD source that defines the M_CMK3 virtual solid. b) The resulting PSD using the M_SlitCyl kernel. Shown on the right side are shown the corresponding pseudo
experimental isotherm c) isosteric enthalpy of adsorption versus surface excess for N2 adsorption on a virtual M_CMK3 solid and d) the predicted isosteric enthalpy of adsorption
using the PSD (M_SlitCyl kernel) from b). The vertical dashed line corresponds to a statistical monolayer. (A colour version of this figure can be viewed online.)
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