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The design and study of new materials with specific properties is interesting in several scientific and
technological fields. In the last years, nanostructured carbons (NC) have rapidly attracted the attention
of some researchers due to their physicochemical properties useful for many applications among them
in adsorption and catalysis.

In this work, the synthesis of a NC was carried out by a nanocasting method, using as a template a very
ordered mesoporous material (SBA-15) and sucrose as carbon source. The final material consists of an
ordered arrangement of parallel carbon nanorods bonded with some carbon nanowires (CMK-3 type),
formed in the mesopores and micropores of the inorganic matrix. The inorganic matrix and the NC were
structurally characterized by X-ray diffraction, texturally by N2 sorption at 77 K, and morphologically by
scanning electron microscopy. The Nitrogen experimental isotherms were simulated using Grand Canon-
ical Monte Carlo (GCMC) method based on two kernels using slit and cylindrical pore models. From these
models were obtained the pore size distributions (PSD) which were compared with those obtained by
Quenched Solid Density Functional Theory (QSDFT) model. The GCMC simulation showed a good agree-
ment with experimental adsorption isotherms and some differences with the corresponding pore size
distribution obtained by Density Functional Theories Methods. These correlations validate the presented
GCMC method as an alternative to study in detail the porosity of these materials.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Energy and environmental problems have promoted the design
of new materials to be used in more efficient processes. Nanostruc-
tured carbons (NC) have rapidly attracted the attention of
researchers due to their physicochemical properties to be used in
many applications as: separation processes (CH4/CO2 and N2/O2),
gas storage (CH4 and H2), gas capture (CO2) [1], energy storage as
electrodes in lithium batteries [2,3] and electrochemical double-
layer capacitors [4,5].

Unlike the traditional methods to synthesize carbon materials, a
high control of porosity and ordered structure can be obtained
using a nanocasting technique to produce novel materials. In this
procedure, an inorganic porous material is chosen as a template
and is impregnated with a carbon precursor (as sucrose, furfuryl
alcohol, acetylene, etc.). Then, this composite is dried and pyro-
lyzed and the template is removed by hydrofluoric acid or sodium
hydroxide leaching. Different templates like porous silica, zeolites,
pillared clays, are used to obtain carbons with a variety of struc-
tures and pore sizes. Jun et al. [6] synthesized with this technique
the first nanostructured carbon CMK-3 type. They used an ordered
mesoporous material (SBA-15) as a template and sucrose as a car-
bon source. The resulting material was an exact negative replica of
the SBA-15 porous structure formed by parallel interconnected
carbon nanorods. This material became attractive due to its inter-
esting textural, structural and morphological properties. In com-
parison with the corresponding template the synthesized carbon
material exhibits a more hydrophobic nature, excellent mechanical
strength and thermal stability, making it even more attractive for
many applications [7–9].

The standard method used to characterize the texture of
ordered mesoporous materials (OMM) is by the N2 adsorption–
desorption isotherms at 77 K [10–12]. In addition to these experi-
mental analyses there are many theoretical and simulation studies
that attempt to complete the characterization of these kinds of
materials using the adsorption data. Particularly, the interest was
focused on obtaining the Pore Size Distribution (PSD) of these
materials.

In the last years, an important progress has been achieved using
molecular theories to calculate the PSD of different materials
where the most popular methods are supported by the Density
Functional Theory, as the Non-Local Density Functional Theory
(NLDFT) [13–15]. NLDFT method is a reliable and useful tool to
study classical inhomogeneous fluids. This method describes the
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structure of simple confined fluids in simple confining geometries
such as slits, spheres, cylinders (as is the case of SBA-15 materials)
and hybrids [16,17]. NLDFT neglects the influence of connectivity
in the pore model and assumes that the surface is smooth and rigid
and that no surface functional groups are present, disregarding
corrugation effects, swelling, and chemical heterogeneity. The
fluid–fluid and solid–fluid parameters of the Lennard–Jones poten-
tials are used to represent different adsorption systems [18,19].
This method produces some inaccuracies in carbons with hetero-
geneous surfaces and disordered pore structure. To overcome this
problem, Gor et al. [20] presented an advanced NLDFT method
named Quenched Solid Density Functional Theory (QSDFT), where
the system is modeled using a distribution of solid atoms rather
than a source of the external potential field. This fact, allows take
into account the heterogeneity effects in carbons due to the surface
roughness, improving the previous NLDFT that assumes flat, struc-
tureless and graphitic pore walls. This method was developed to
obtain the pore size distribution taken into account the geometri-
cal and chemical characteristics of micro-mesoporous carbons, in
the range from 0.4 to 50 nm. The calculated theoretical isotherms
(kernels) were developed for cylindrical, slit, and a mixture of
these pore geometries. In the last one slit geometries are only con-
sidered for the micropores and cylindrical for the mesopores range
[20]. These DFT methods (NLDFT and QSDFT) were developed and
implemented in commercial sorption instruments.

Among the molecular methods, the Grand Canonical Monte Car-
lo (GCMC) simulation is also appropriate to be applied in the study
of porous materials. GCMC was used for several authors [21,22] to
model the adsorption process in CMK-3 type material obtaining
reliable results. An interesting point to explore, which has not been
developed by these authors, is the use of this methodology to ob-
tain the PSD of these materials.

In the present work, the synthesis and characterization of an or-
dered mesoporous carbon type CMK-3 were carried out by differ-
ent experimental techniques and Monte Carlo simulation. The
CMK-3 was characterized using X-ray diffraction (XRD), scanning
electron microscopy (SEM) and nitrogen adsorption–desorption
measurements, with the aim of evaluating their structural, textural
and morphological properties. By Monte Carlo simulations two set
of isotherms (kernel) were built based on slit and cylindrical pores
in the Grand Canonical ensemble. From the experimental data, and
the kernels obtained by GCMC, the PSDs were plotted and com-
pared with those obtained by QSDFT method implemented into
Quantachrome’s data reduction software.
2. Experimental

2.1. Materials

Reagents used in these syntheses include the surfactant Pluron-
ic P123 triblock copolymer (EO20-PO70-E20) (Aldrich); tetraethyl
orthosilicate (TEOS 98%) (Merck); hydrochloric acid (Merck); sulfu-
ric acid (Merck); hydrofluoric acid (Merck); sucrose (Biopack) and
deionized water.
Fig. 1. Schematic structure of SBA-15 and CMK-3.
2.1.1. Synthesis of template
An ordered mesoporous material, SBA-15, was synthesized un-

der non-hydrothermal conditions [23] in order to use it as a tem-
plate in the obtaining of the nanostructured carbon. The molar
ratio used for the preparation of the SBA-15 was:
0,017P123:1TEOS:6HCl:140H2O. Pluronic P123 was dissolved in a
2 M aqueous solution of HCl and kept under stirring at 40 �C for
3 h. TEOS was drop-wise added to the solution, which was vigor-
ously stirred at the same temperature for 4 h. This reaction mix-
ture was aged at 40 �C for 20 h without stirring. Afterwards, the
temperature was raised to 80 �C and maintained for 48 h. The
resultant solid material was filtered and washed with deionized
water until reaching a conductivity value smaller than 10 S/cm.
Subsequently, the material was dried at 60 �C for 12 h and calcined
at 550 �C for 6 h at 1 �C/min.
2.1.2. Synthesis of nanostructured carbon
The synthesis of the nanostructured carbon, type CMK-3, was

performed based on different reported conditions [6,24,25]. The
synthesis involves four main steps: (i) impregnation of the tem-
plate with the organic precursor; (ii) polymerization; (iii) pyrolysis
and, (iv) template removal. The synthesis was carried out using
SBA-15 as a template and sucrose as carbon source. SBA-15 was
impregnated with an aqueous solution of sucrose dissolved in
sulfuric acid and water in a mass ratio of 1:1.3:0.14:5 (SBA-
15:Sucrose:H2S04:H2O). The mixture was stirred at room tempera-
ture for 1 h and then it was dried at 100 �C for 6 h. Subsequently,
the temperature was raised to 160 �C for 6 h. The resultant dark
brown colored composite was impregnated a second time with a
mixture of aqueous solution of sucrose, sulfuric acid and water
with a mass ratio of 0.8:0.09:5. This composite was treated again
at the same drying conditions to complete the polymerization step.
The pyrolysis process was carried out by heating the mixture from
room temperature (RT) up to 900 �C, in a N2 flow of 180 ml/min
with a heating rate of 3 �C/min. The final temperature was keeping
for 6 h and then is cooling up to RT. The nanostructured carbon was
recovered by leaching the mesoporous framework in a 5 wt.%
hydrofluoric solution at RT for 24 h. The obtained carbon, without
template, was filtered and washed several times with deionized
water and ethanol (50:50% v/v) until the conductivity value was
smaller than 10 S/cm. Finally, the nanostructured carbon was over-
night dried at 80 �C. Fig. 1 shows a scheme of the geometrical
structure and formation of the CMK-3 material.
2.2. Characterization

The structural characteristics of the template and the nano-
structured carbon material were obtained from small angle X-ray
diffraction (XRD) measurements in an X’Pert PRO MPD Philips dif-
fractometer using Cu Ka radiation from 1 to 5� of 2h. Scanning elec-
tron microscopy (SEM) images were taken on a LEO 1450VP,
equipped with an Energy Dispersive Spectrometer (EDS) Analyzer,
Genesis 2000. Measurements of N2 (99.999%) adsorption–desorp-
tion isotherms at 77 K were carried out using a volumetric adsorp-
tion apparatus (AUTOSORB-1MP, Quantachrome Instruments).
Samples were previously degassed at 150 �C for 12 h, up to residual
pressure was smaller than 0.5 Pa.
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2.3. Calculations

The specific surface area (SBET) of the SBA-15 and CMK-3 sam-
ples was estimated with the Brunauer, Emmet and Teller (BET)
method [26], using the adsorption data in the range of relative
pressures from 0.05 to 0.18 and 0.05 to 0.22 for the SBA-15 and
CMK-3 samples, respectively, where the conditions of linearity
and considerations regarding the method were fulfilled [12]. The
total pore volume (VTP) was obtained by the Gurvich’s rule at a rel-
ative pressure of 0.98 [11]. The a-plot method [12,27] was used to
calculate the micropores volume (VlP) using the LiChrospher Si-
1000 macroporous silica gel [28] and GCB-I [29] as the reference
adsorbents for SBA-15 and CMK-3, respectively. The pore size dis-
tribution of the samples were obtained by the Quantachrome soft-
ware, using NLDFT method for the SBA-15 (using kernel for N2 at 77
K on silica, cylindrical pores, NLDFT equilibrium model) and the
QSDFT method for the CMK-3 sample (with the kernel for N2 at 77
K on carbon, cylindrical pores, adsorption branch; N2 at 77 K on
carbon, slit pore, equilibrium model and N2 at 77 K on carbon, slit/
cylindrical pores, adsorption branch). Once the adequate kernel is
selected, the software constructs simulated isotherms which fit
to the experimental ones, varying the relative weight of the local
isotherms corresponding to each pore size. The PSD is obtained
from the isotherms for each pore size and its relative contribution
to adjust the experimental isotherm, corresponding to solve the
integral adsorption equation [20].
Table 1
Values of Lennard–Jones and adsorbent parameters used in the simulation [30].

Specie Parameter Value

Nitrogen rff 0.3615 nm
eff/kB 101.4 K

Carbon (adsorbent) rff 0.34 nm
eff/kB 28 K
qsurf 38.2 nm-2
3. Molecular simulation

3.1. Pore structure and interaction potential models

The Grand Canonical Monte Carlo (GCMC) simulation [30,31]
was adopted to study the adsorption behavior of gases in the
CMK-3 material. The proposed model considers the interstitial
space between the nanorods as a collection of independent cylin-
drical or slit pores or a mixture of them, with different sizes. The
assumption is that adsorption occurs only on the internal space
of these pores.

The slit pores are built by two parallel walls of graphene layers.
The pore size is defined as the distance between the two planes
passing through the centers of carbon atoms in the first layers of
the pore walls, leading to its interior.

The interaction energy between a fluid particle (nitrogen) and a
single pore wall at a distance z (measured between the center of
the fluid atom and the atoms in the outer layer of the solid) was
obtained by the superposition of two Steele potentials, one per
each infinite plate:
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where D is the separation between the graphite layers (0.335 nm),
qC is the density, number of carbon atoms per unit volume of graph-
ite (114 nm�3), and egs and rgs are the solid–fluid Lennard–Jones
parameters.

For the cylindrical geometry, the pore walls are made with
wrapped graphene layers. The pore size is defined as the diameter
of a ring passing through the centers of the carbons in the first
layer of the pore wall.

A simplified treatment of the adsorbent-adsorbate interactions
based upon the potential of a homogeneous cylindrical surface
with effective parameters is used. Interactions with the adsorbent
are modeled using the form of the Lennard–Jones potential inte-
grated over an infinitely long cylinder [32,33].
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and qsurf is a two-dimensional density of a carbon cylinder,
F(a,b;Y;X) is an hypergeometric function, rsf and esf are the size
and energy parameters in the Lennard–Jones (LJ) potential between
an adsorbed molecule and a carbon atom, calculated by the Lorentz-
Berthelot rules using the parameter values shown in Table 1. The
intermolecular interaction between the adsorbed molecules, /ff(rij),
is modeled using LJ potential (Eq. (3)).
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where, rij is the intermolecular separation, eff and rff are LJ param-
eters of fluids. The LJ parameters of nitrogen are listed in Table 1.

A collection of adsorption isotherms (the local isotherms, hL)
was obtained through the GCMC method, following the algorithm
outlined in Ref. [30,31], both for the slit and the cylindrical geom-
etries with the interaction potentials described above. Transition
probabilities for each Monte Carlo attempt (displacement, adsorp-
tion and desorption of molecules), are given by the usual Metrop-
olis rules. The lateral dimensions of the cell for the slit geometry
and the longitudinal dimension for cylindrical geometry were ta-
ken as 50 nm, where the periodic boundary conditions were used
in those directions. Equilibrium was generally achieved after
2 � 107 MC attempts, after which mean values were taken over
the following 107 MC attempts for configurations spaced by 103

MC attempts, in order to ensure statistical independence. This col-
lection of isotherms was used in three ways to fit a given experi-
mental isotherm: (a) pure slit pores (PSG); (b) pure cylindrical
pores (PCG) and (c) a mixture of slit and cylindrical pores (MSCG),
with an undetermined fraction x of slit pores.

The accessible pore volume is defined as the space available to
the center of an adsorbate molecule where the solid–fluid potential
is negative [34,35]. Thus, the adsorption excess (and therefore the
adsorption isotherm) may be calculated.

3.2. Calculating the pore-size distribution

Davies and Seaton [36–38] have addressed the problem of cal-
culating PSDs from adsorption data in detail and the most impor-
tant aspects of the solution procedure are presented in this work.

The experimental adsorption isotherm hExp can be expressed as
a superposition of isotherms corresponding to each pore size (Hj),
pressure P and temperature T, called local isotherms, hL (obtained
by GCMC simulation), with a weight corresponding to the pore-
size distribution, f(Hj):
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hExp
i ¼

Xm

j¼1
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where m is the number of quadrature intervals used in the analysis,
and H⁄ is the mid-point of each quadrature interval. Eq. (4) cannot
be directly solved due to the ill-posed and ill-conditioned properties
of these equations. However, the detrimental effect of both proper-
ties can be minimized by employing regularization. The PSD is then
obtained by fitting Eq. (4) plus the regularization term numerically,
as proposed by Davies and co-workers, via a fast non-negative least-
square algorithm. This is the most commonly used method to stabi-
lize the result, incorporating additional constraints that are based
on the smoothness of the PSD [37–39]. Physically, this corresponds
to recognizing that a real PSD is more likely to be relatively smooth
and centered around a few dominant pore sizes, rather than being
highly fragmented and spiky. One of the complicating factors when
the regularization is employed is that it requires the identification
of an optimal smoothing parameter to be used in the analysis. To
overcome this difficulty, we have used L curves [37] to determine
the optimal amount of smoothing. Such L curves are a plot of some
measure of the error of fit to the data against the smoothing param-
eter. In general, the error of fit to the data increases as the value of
the smoothing parameter increases. However, below a threshold
value of the smoothing parameter the increase in the error is often
negligible whilst above the threshold the error increases rapidly.
PSD solutions satisfying minimum L-curve and generalized cross-
validation criteria have been shown to have a superior predictive
performance relative to other possible PSD solutions [37,38,40]. It
is interesting that two PSDs, though different in shape, can give sim-
ilar predictions that are in good agreement with the experimental
isotherms [41]. The above mentioned idea suggests that several
good PSDs in terms of their predictive abilities can exist, which rep-
resent the porous structure of a nanostructured carbon (although
the real material has a unique PSD) [42].

Gusev and O’Brien [43] recognized that, for a given set of data,
there is a maximum pore size that can be identified reliably in a
PSD analysis. Differentiating large pores from one to another is dif-
ficult because the extent of adsorption is virtually indistinguish-
able from one pore to another. This arises when the adsorption
onto the opposite walls of a single pore occurs essentially indepen-
dently, i.e., the pore walls become too far away from each other to
enhance adsorption. The pore size, moreover, depends on the
adsorptive and it is a function of the temperature and the pressure.
Since the adsorption in all the pores larger than those in the win-
dow of reliability is essentially indistinguishable, assigning a single
Fig. 2. Selection of simulated adsorption isotherms, for nitrogen at 77 K using slit
pore model (in the right side are shown the labels of the pore sizes in nm).
quadrature interval to this region makes best use of the experi-
mental data.

Based on the above mentioned, the PSD for slit and cylindrical
pores have been calculated with kernels containing 48 pore sizes
between 0.4 nm and 5.4 nm and between 1 nm and 6 nm respec-
tively, both with 40 relative pressure points (5.0 � 10�4�0.99).

The experimental isotherm was fitted with the PSG model, the
PCG model, and with the MSCG model by using the same number
of parameters (number of pore size intervals) in all of the cases.

The choice of the kernel for deriving the PSD for a given carbon
sample should be made based on the a priori information about the
adsorbent material [20]. A usual criterion for the choice of a certain
MCGC kernel is the fitting of resulting PSD to the experimental iso-
therm. Improper choice of pore geometry usually leads to bad fit-
ting results.

4. Results and discussion

4.1. Kernel of simulated isotherms

The kernel of selected GCMC adsorption isotherms (all were
carried out at 77 K) for slit and cylindrical geometry are shown
in Figs. 2 and 3. The isotherm shapes depend on the pore size
and are smooth prior to the capillary condensation steps, which
are characteristic to mesopores (>2 nm), and do not exhibit step-
wise inflections caused by artificial layering transitions. This layer-
ing is an artifact caused by the use of the simplified, structure-less
pore wall model and approximations made in the theory.

4.2. Characterization of the samples

Fig. 4 shows the powder XRD patterns of SBA-15 and CMK-3
materials. The SBA-15 diffractogram exhibits three well-resolved
peaks that can be indexed as the spaces of 100, 110, and 200 planes
and are associated to p6mm space group. The CMK-3 sample pre-
sents a difractogram with a clear peak corresponding to the 100
plane, characteristic of these kinds of ordered mesoporous carbons
[44]. The patterns for both samples suggest that they are ordered
mesoporous materials with well-defined pore geometry and nar-
row PSD. The d100 plane for the CMK- 3 sample is minor than the
SBA-15 sample, denoting the contraction in the structure after
the synthesis process.

Fig. 5 shows the rod-like morphology present in all SBA-15 and
CMK-3 materials. Both materials present similar morphologies
with uniform micrometer rod-like particles in concordance with
Fig. 3. Selection of simulated adsorption isotherms, for nitrogen at 77 K using
cylindrical pore model (in the right side are shown the labels of the pore sizes in
nm).



Fig. 4. X-ray diffraction patterns of SBA-15 and CMK-3.

Table 2
Textural properties of SBA-15 and CMK-3 materials.

Material Specific surface area (m2 g�1) VlP (cm3 g�1) VTP (cm3 g�1)

SBA-15 850 (BET) 0.06 1.10
CMK-3 1300 (BET) 0.15 1.12
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other ones reported previously [45,46]. It can be seen that the or-
der in the template structure was maintained. Chemical analysis
(by EDS) of these structures showed that the template has only
Si and the CMK-3 sample has only carbon, confirming the success
of the synthesis and the order of the samples.

Fig. 6(a) shows the experimental nitrogen adsorption–desorp-
tion isotherms at 77 K of the SBA-15 and CMK-3 materials. CMK-
3 sample exhibits capillary condensation steps at 0.45 in relative
pressures. Both kinds of materials exhibited Type IV isotherms
Fig. 5. SEM images of (a) S

Fig. 6. (a) Nitrogen adsorption–desorption isotherm at 77 K and (b) pore size distributio
were obtained by using cylindrical kernels from Quantachrome’s software).
which are typical for mesoporous structures [6,24,39]. In the case
of the SBA-15, the adsorption and desorption branches in the hys-
teresis loops are parallel (Type H1 loop according to the IUPAC
classification [12]), which is typical of materials with cylindrical
geometries and uniform pore sizes. This material adsorbs at very
low pressures (p/p0 < 0.05), which is due to the micropore filling
(or strong adsorbate�adsorbent interactions) while the adsorption
at higher relative pressures (0.05 < p/p0 < 0.7) may be attributed to
mono-multi-layer adsorption of nitrogen on mesopore walls with
the consequent capillary condensation. In the CMK-3 material
the hysteresis loop has some H2 type characteristics where the
desorption branch is much steeper than the adsorption branch.
This behavior should be due to the pore blocking affecting the pres-
sure where the pore evaporation/desorption occurs. Therefore, for
this material the PSD must be calculated from the adsorption
branch of the isotherm (where pore blocking effects are not
present).

Fig. 6(b) shows the pore size distribution obtained for SBA-15
and CMK-3 materials using NLDFT and QSDFT methods for
BA-15 and (b) CMK-3.

n of the samples SBA-15 using NLDFT; and CMK-3 using QSDFT methods. (both PSD



Fig. 7. Comparison between PSDs obtained by: (a) QSDFT with slit pore and PSG model, (b) QSDFT with cylindrical pore and PCG model and (c) QSDFT with slit-cylindrical
pores and MSCG slit – cylindrical model. Fitting curves between the experimental and simulated N2 adsorption isotherms of CMK-3 using: (d) PSG, (e) PCG and (f) MSCG
kernels. Adsorption isotherms in logarithmic pressure scales are shown in the inset.
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cylindrical geometries, respectively. These materials present a nar-
row bimodal pore size distribution with pores in the microporous
and mesoporous region. For both samples the micropores are
around 1.5 nm, but the mesopore sizes are different being centered
at 8.4 nm for the SBA-15 and at 4.4 nm for the CMK 3 type sample,
where this reduction is according to XRD analysis. The presence of
mesopores is consistent with what was expected of this type of
sample, but the micropores origin is not clear and it has not been
widely studied.

Table 2 shows the textural properties for both materials where
SBET is the specific surface area, VlP the micropore volume
calculated by as-plot method and VTP is the total volume pore ob-
tained by Gurvich’s rule. It could be seen that the nanostructured
carbon (CMK-3) presents higher values than SBA-15 in all of these
properties, consistent with results observed in Fig. 6.

In Fig. 7 are shown the PSD from the experimental isotherm de-
rived from the three GCMC kernels, slit (PSG), cylindrical (PCG) and
mixed (MSCG), in comparison with that obtained from the equip-
ment software (QSDFT). In the right side of the Fig. 7(d–f) the fits
of the experimental isotherms obtained by Monte Carlo methods
are shown. As a first general observation, the three PSDs have a bi-
modal distribution from Monte Carlo and QSDFT method.
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In Fig. 7(a) can be observed that using the pure slit geometry
model a peak near at 3 nm in the mesoporous region is present
in both models (QSDFT and MC). This value is quite different to
the expected ones by XRD for these materials (near 4.5 nm), sup-
posing a hexagonal array of nanorods in the place of cylinder pores
in SBA-15. This fact could be evidence that the slit model is not
suitable in the mesoporous region. However, the fitting of the
experimental isotherm using the PSG kernel shows a good agree-
ment with the experimental data as is shown in Fig. 7(d). It is a
remarkable fact to have into account that a good fit of the model
is not enough to conclude about the best PSD. In the micropores re-
gion both methods using slit pores geometries are in agreement,
although the PSD obtained by MC is more defined in this region.
Additionally the MC method shows pores larger than 5 nm, which
is possible to assign to secondary mesoporosity from not ordered
regions of the sample or to the porosity between nanorods in the
region where nanowires are. Also, it is possible assign this fact to
an artifact of the fitting procedure, by the similarity between the
slit and cylindrical simulated isotherms for size larger than 4 nm.

In the PSD from the PCG and QSDFT for cylindrical geometries,
(Fig. 7(b)) a single sharp peak can be distinguished in the mesop-
ores range in agreement with that obtained by the X-ray data. In
the other region (smaller pores) there is no agreement between
them even more, the MC methods for cylindrical geometry do
not detect micropores in this region. Zhou et al. [3] reported that
CMK-3 includes a small amount of stacked crystalline graphite
phase and Jun et al. [6] that the pore walls are constructed by dis-
ordered carbon networks similar to activated carbons. Then, the
origin of the microporosity observed in the PSD can be attributed
to small and quite disordered hollows inside the carbon nanorods
and the slit geometry model, in this case, is more appropriate. This
is in accordance with the results obtained by PCG method. Fig. 7(e)
shows the adjustment of the experimental isotherm using the
Monte Carlo method.

In Fig. 7(c) is shown the PSD using a mixture of slit and cylindri-
cal geometries for MC and DFT methods. Fig. 7(f) shows the adjust-
ment of the experimental isotherm using the Monte Carlo method.
In the PSD showed in the Fig. 7(c), the QSDFT method is restrictive
in the selection to adjust the experimental data, where the slit ker-
nel is only used for the micropores region and the cylindrical for
the mesoporous region. On the other hand, the Monte Carlo meth-
od uses a unique kernel composed by the isotherms obtained for
both slit and cylindrical geometries for all pores range. The PSD ob-
tained are similar for both methods, but the MSCG shows the
exclusive contribution of the slit pores in the micropores region
in agreement with the above mentioned, and a smaller contribu-
tion near mesopores larger about 5 nm, that can be associated to
secondary porosity. In the mesoporous range, the MSCG model
predicts a PSD formed mostly by cylindrical pores which agrees
very well with QSDFT prediction, validating the proposed model.

Table 3 shows a comparison among the micropore volumes
(VlP), mesopore volumes (VmP) and modal pore size (wP) in the
microporous and mesoporous regions, obtained for different
Table 3
Textural properties obtained by the different studied methods considering the pore
geometries.

CMK-3 VlP (cm3 g�1) VmP (cm3 g�1) wlP (nm) wmP (nm)

as-plot 0.15 0.71 – –
QSDFT (slit) 0.25 0.73 1.2 3.1
QSDFT (cyl) 0.15 0.81 1.6 4.4
QSDFT (cyl-slit) 0.15 0.81 1.1 4.4
PSG 0.25 0.73 1.4 3.0
PCG 0.04 0.91 2.3 4.3
MSCG 0.15 0.81 1.3 4.3
methods. From these data is possible to observe a good agreement
between MSCG and QSDFT (cyl-slit) methods.

5. Conclusions

For the experimental section, a SBA-15 type material and the
corresponding mesoporous carbon CMK-3 type were successfully
synthesized with an ordered structure formed by cylinders of pure
silicon and nanorods of pure carbons respectively and were veri-
fied by XRD, N2 adsorption–desorption isotherms, and SEM. The
pore size distributions of the samples presented two well defined
pore sizes, one of them in the mesopores and the other one in
the micropores range. In SBA-15 material, according to reported
by other authors, mesopores correspond to the inner of hexago-
nally ordered cylinder and the micropores to small channels con-
necting these mesopores. On the other hand, the mesopores in
the CMK-3 sample correspond to the space between the nanorods
and the micropores can be attributed to small hollows inside the
carbon nanorods. These characteristics make this carbon material
interesting to be applied in Adsorption and Catalysis.

The Monte Carlo simulation applied for different geometries
produced simulated isotherms that can adjust very well the exper-
imental isotherm in all of the cases. In front of QSDFT, from the
GCMC model is possible to conclude that the CMK-3 texture can
be modeled with cylindrical geometry for primary mesopores
and slit geometries for the micropores and secondary mesopores.
However, the textural data obtained by the GCMC method agrees
with the obtained by the QSDFT method for the CMK-3 sample
being a good alternative model.

Despite the simple geometry and not exact structure considered
according to the known structure of the CMK-3 sample, the use of
the GCMC method gives good results. These achievements indicate
that it is the right way to study this kind of material, where further
studies would be needed focused on improving the structural
model.
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