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Abstract: This text reports the morphological and textural behavior of the synthesis stages of a CMK-3
carbon type using a silicon matrix of the SBA-15 type calcined at 823 K as a template. During the
synthesis, three intermediate materials were obtained because of (i) the addition of sucrose to the
SBA-15 template (CCMK3-1st), (ii) the addition of sucrose to the CCMK3-1st material (CCMK3-2nd),
and (iii) the carbonization by pyrolysis of the by-product CCMK3-2nd (CCMK3-F). The texture of
the above materials was found by analyzing the N2 adsorption isotherms, applying the classical
adsorption theories to obtain the BET-specific surface and the meso- and micropore distributions
by the BJH and Dubinin–Astakhov (DA) methods, respectively, in addition to the non-localized
density functional theory (NLDFT). Similarly, with high resolution, the samples were analyzed
morphologically by scanning electron microscopy (SEM) and transmission electron microscopy
(TEM). Finally, the adsorption isotherms of CO2 and CH4 of the CMK-3 sample were obtained at six
different temperatures in the interval of 243 to 303 K to evaluate the behavior of the isosteric enthalpy
of adsorption (qst) and its CO2:CH4 ideal selectivity. The final CMK-3 carbon presented two families
of micro- and mesopores of 1.5 and 3.2 nm, nanopipe diameters of 3.5 nm, and a specific surface
area of 1350 m2/g. It also presented values of 6.0 and 2.4 mmol/g adsorbed CO2 and CH4 at 243 K,
respectively, and strong intermolecular interactions, with qst values higher than 22 kJ/mol reflected
in high selectivity values for an ideal mixture of CO2:CH4 (30:70%).

Keywords: ordered mesoporous carbons; SBA-15; CMK-3; CO2:CH4 selectivity; qst

1. Introduction

The synthesis of materials by the hard-templating route, also called “nanocasting”, is
used to obtain mesoporous structures. This method ensures that the mesoporous channels
of the templates are filled and have the advantage of being resistant to high temperatures [1].

Template methods are suitable for controlling structure development and carbon
nanoporosity [2]. Nanoporous carbons with a homogeneous structure and uniform pore
size can be prepared using soft or hard templates, where the main disadvantage of the first
one is the fact that it is not possible to control the size and shape of the products, contrary
to the hard template, which may use ordered mesoporous silicates and, moreover, are rela-
tively abundant. In particular, SBA-15 is an efficient hard template due to its highly ordered
hexagonal mesoporous structure [3]. Among the materials obtained by this technique are
ordered mesoporous carbons such as CMK-3, with a high specific surface area; pore volume;
and excellent chemical, mechanical, and thermal stability. These characteristics are suitable
for diverse applications such as energy storage [4,5], catalysis [6,7], water purification [8],
and detection and adsorption of different gases [2,9,10].

J. Compos. Sci. 2022, 6, 344. https://doi.org/10.3390/jcs6110344 https://www.mdpi.com/journal/jcs

https://doi.org/10.3390/jcs6110344
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jcs
https://www.mdpi.com
https://orcid.org/0000-0002-1130-4208
https://orcid.org/0000-0003-3845-9231
https://doi.org/10.3390/jcs6110344
https://www.mdpi.com/journal/jcs
https://www.mdpi.com/article/10.3390/jcs6110344?type=check_update&version=1


J. Compos. Sci. 2022, 6, 344 2 of 16

In 2000, Ryoo et al. [11] synthesized the CMK-3 carbon structure for the first time, using
SBA-15 silica as a template, sucrose as a carbon source, and H2SO4 as a catalyst. Sucrose
hydrolysis is accompanied by polymerization reactions, which result in the formation of
large molecules that are difficult to detect by classic techniques such as gas chromatography-
mass spectrometry (GC-MS), and their structure cannot be determined. However, these
macromolecules are defined as soluble oligomers. Further aggregation of the soluble
oligomers forms insoluble polymers (carbon materials) [12]. CMK-3 carbon is the inverse
replica of the SBA-15 silica structure, both with P6mm symmetry [13]. This type of carbon is
formed by hexagonal arrays of carbon nanorods linked by interconnecting pores [14]. The
CMK-3 synthesis method consists of four steps: (1) synthesis of the SBA-15 template, (2)
infiltration of the template with a carbon source and its polymerization, (3) carbonization of
the Si/C composite, and (4) removal of the template with HF solution [15]. Each step of the
CMK-3 synthesis represents changes in the porosity and structure of the matrix materials,
composites, and final products.

In most carbon materials, the affinity for gas adsorption is related to the adsorbent’s
porosity and pore size distribution. CMK-3 is a promising ordered mesoporous carbon
(OMC) for CO2 storage due to its large pore volumes [16] and tunable pore diameters given
by the SBA-15 silica template [17]. When the pore diameter is very narrow, CO2 is more
easily retained due to the higher quadrupole moment than CH4 and N2; this behavior makes
them viable materials for the bulk separation of mixtures such as CO2:CH4 [18]. Capture
and sequestration currently constitute the most prominent options to reduce atmospheric
CO2 accumulation and its adverse effects, often offering an attractive combination of
performance and cost [19]. Because CH4 often coexists with CO2 in gaseous mixtures, such
as natural gas, biogas, and landfill gas, the selective removal of CO2 is a necessary process
to improve the energy content of those mixtures [20].

Therefore, in the present work, we tried to contribute to the mechanism understanding
by which the CMK-3 type mesoporous carbon structure is formed. For the above, the N2
adsorption technique explored the porous cavity and textural behavior of the by-products
formed in each stage of the CMK-3 synthesis. Finally, and as an application, the capacity,
selectivity, and adsorption enthalpies of CO2 and CH4 possessed by the CMK-3 material
were explored in a wide range of temperatures (243 K–303 K).

2. Materials and Methods
2.1. SBA-15 and CMK-3 Carbon Synthesis

The synthesis of the SBA-15 material was carried out following the modified method-
ology by Ojeda-López et al. [21] at a calcination temperature of 823 K. The procedure used
4.0 g of copolymer P-123 in solution under constant stirring with 120.0 g of deionized water
and 24 g of 36.5–38% HCl. Once dissolved, 9.6 mL of TEOS was added drop by drop. The
resulting mixture was stirred at 313 K for 20 h, and the solution was aged at 353 K for
48 h under static conditions. The sample was filtered with distilled water and dried at
373 K for 24 h. Finally, the organic template was removed by calcination at 823 K in a tube
furnace for 4 h. A calcined SBA-15 sample was used as a template in the CMK-3 carbon
synthesis [11], where 1 g SBA15 was mixed with 1.25 g sucrose and 0.14 g H2SO4 in 5 g
H2O for the first impregnation step (CCMK3-1st). The sample was mixed for 3 h at constant
stirring, and the resulting sample was sonicated for 30 min in an ultrasonic bath. First, the
mixture was dried for six hours at 373 K for water evaporation. Then, the temperature was
increased to 433 K for partial polymerization for the same time in a tubular oven under
airflow using a heating ramp of 1 K/min. The resulting composite was mixed with 0.8 g
of sucrose, 0.09 g of H2SO4, and 5 g of water for a second impregnation (CCMK3-2nd),
following the previous stirring, sonication times and heated ramps at 373 and 433 K to
complete the polymerization. In contrast, the carbonization was completed by pyrolysis at
1173 K with an N2 flow of 100 mL/min. The final carbon-silica composite (CCMK3-F) was
washed with a 5 wt% HF solution at room temperature to remove the silica template. The
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final carbon product (CMK-3) was filtered, washed with ethanol–water solution, and dried
at 393 K (Figure 1).
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Figure 1. Synthesis route of CMK-3 carbon by hard template method.

2.2. Morphological, Textural, and Structural Characterizations

The SBA-15 and CMK-3 samples were morphologically characterized by high-resolution
scanning electron microscopy (HRSEM) in a JEOL unit, model JSM-7800F (JEOL USA,
Inc., Peabody, MA, USA) operated at 5 kV. Meanwhile, HRTEM micrographs were ob-
tained on a Jeol JSM7600-F microscope using a 200 kV acceleration field emitter as an
illumination source.

Textural characterization of SBA-15, composites, and CMK-3 samples was carried out
by evaluating the N2 isotherms at 77 K, which were analyzed in Micromeritics ASAP 2020
equipment in a range of relative pressures p/p0 = 0–1. Before the experimental runs, the
samples were degassed at 473 K for 12 h for the SBA-15 sample and 573 K for composites
and CMK-3 samples. From the N2 isotherms, a detailed study of the carbon micro and
mesopore size distribution was carried out by the BJH, NLDFT, and DA methods, as well
as the classic textural parameters of specific surface and pore volumes of each one of the
impregnation and calcination steps in the synthesis of CMK-3 carbon.

XRD and Raman spectroscopy performed the structural characterizations to confirm
the arrangement of SBA-15 and CMK-3 phases and the order level CMK-3 graphitic struc-
ture. Raman spectra were recorded with a Raman Scientific XRF, Thermo SCIENTIFIC
system using a He-Ne laser (λ = 632.8 nm) as an excitation source. Meanwhile, X-ray
low-angle diffractograms were collected with a Siemens D500 diffractometer with a grazing
angle that complements CuKa λ = 0.154 and a 0.02 step. Using the angular position of
(100) DRX peak, the interplanar spacing (d100) was estimated for both SBA-15 and CMK-3
samples to calculate the pore size (wd). The following geometrical equation proposed
elsewhere [5,22] for 2D hexagonally ordered materials was used:

wd = cd100

(
vp

1
ρ + vp + v Mi

) 1
2

(1)

where vp and v Mi are the meso- and microporous volumes, respectively; these values were
calculated from N2 adsorption isotherms. Then, ρ is the pore wall density for amorphous
silica equal to 2.2 g/cm3, and c is a cylindrical pore constant equal to 1.213. The diameter
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for the carbon nanopipes in the CMK-3 structure can be solved, assuming the volume of the
microporous walls 1

ρ + vMi, where ρ is the density of amorphous carbon for Equation (2).

wcmk−3 nanopipe = cd100

( 1
ρ + vMi

1
ρ + vp + v Mi

) 1
2

(2)

Similarly, assuming a cylindrical pore formed between three adjacent CMK-3 carbon
nanopipes [22], the CMK-3 pore diameter (w) can be expressed as:

wcmk−3 pore diameter = d100

4
3
− c

( 1
ρ + vMi

1
ρ + vp + v Mi

) 1
2

 (3)

2.3. Evaluation of CO2 and CH4 Adsorption

The adsorption isotherms of CO2 and CH4 were obtained in a 3P physisorption
instrument coupled with Cryotune equipment that allowed the control of temperatures at
243, 253, 263, 273, 283, 293, and 303 K to evaluate the behavior of the isosteric adsorption
enthalpies, as well as the ideal selectivity (Sij). The CMK-3 carbon sample was degassed at
573 K for 18 h.

The behavior of the isosteric enthalpies of CO2 and CH4 adsorption in the interval
temperature 233–303 K was determined by the Clausius–Clapeyron equation in its linear
form (Equation (4)) using the plot slops of ln p vs. 1/T from the equilibrium isotherm data:

+ ln p =
qst

RT
+ C (4)

Regarding the ideal selectivity, the assumption of an ideal mixture of CO2:CH4
(30/70 vol%) was made and used in the following equation:

Si/j =
qi × pj

qj × pi
=

qi × xj × PT

qj × xi × PT
(5)

where Si/j is the selectivity, qi and qj represent the amount adsorbed of components i and j,
PT is the total pressure in the mixture, and pi and pj represent components i and jś partial
pressure, respectively; finally, xi and xj are the volume fraction in the ideal mixture [18].

3. Results and Discussions

The following results are those obtained in the morphological (TEM, HRSEM) and
textural (N2 Adsorption) characterization in each step of the CMK-3 synthesis. (1) SBA-
15 template, (2) Composite resulting from the first impregnation with sucrose/H2SO4
(CCMK3-1st), (3) Second impregnation (CCMK3-2nd), (4) Final composite of pyrolyzed
carbon inside silica matrix (CCMK3-F), and finally (5) CMK-3 carbon. Additionally, struc-
tural characterization of the SBA-15 template and the final CMK-3 carbon are presented by
DRX and Raman spectroscopy. In addition, the third results section shows the CO2 and
CH4 adsorption isotherms, isosteric behavior, and the ideal selectivity of the final CMK-3
carbon material.

3.1. Morphological Sequence in the CMK-3 Synthesis Stages

For this section, the morphological sequence by TEM starts with SBA-15 images, then
the three composite stages, and ends with the CMK-3 micrographs. Figure 2a,b show
the images of the particular hexagonal pore arrangement of silica SBA-15 [21,23]; from
these images, the pore diameter analysis was performed with image J software, taking
the pore measurements in the shaded sections of the hexagonal arrays. The histogram in
Figure 2c shows approximate diameters between 6 and 8.5 nm, a wide range for mesopore
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distribution that will be compared below with the values obtained by the NLDFT method
and those calculated from XRD data.
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Figure 2. (a,b) HRTEM micrographs of SBA-15 sample and (c) SBA-15 pore diameter histogram.

The first “stage of impregnation” corresponds to the hydrolysis of sucrose accom-
panied by partial polymerization reactions through water evaporation at 273 K using
low concentrations of H2SO4 as a catalyst to be distributed. The critical step is that the
SBA-15 surface and sucrose carbon source can be partially cross-linked during the acid
pre-treatment by eliminating their oxygen atoms in the form of H2O due to the dehydrating
catalytic property of sulfuric acid [24]. Then, this impregnation process continues on the
surface of the template cylindrical pores at the melting temperature of sucrose at 433 K [25]
and where the appearance of graphitic species begins [12] (Figure 3a,d); this process leaves
the water space dislodged with a partially polymerized sucrose available for a second im-
pregnation where the temperature ramps are repeated with the carbon source (Figure 3b,e),
followed by pyrolysis at 1173 K. Figure 3c,f shows the hexagonal arrangements of the
composites made up of SBA-15 silica calcined at 823 K, where its pores are occupied by
CMK-3 carbon carbonized at 1173 K.
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Finally, in Figure 4, the characteristic structure of the CMK-3 carbons can be seen
(Figure 4a,c), where it is observed how their structure is precisely the inverse replica of
the SBA-15 template by now showing its arrangement of pores in the reverse color to the
matrix (Figure 2a). With this technique, contrary to SEM micrographs, it was possible
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to visualize the arrangement of “nanopipes” in the direction perpendicular to the pore
channels formed in the cavities of the template between 5.5 and 6.5 nm in diameter [26]
(Figure 4c). These diameters are smaller than the pore size of the matrix as they have a
compacting and sintering effect in the pyrolysis stage of carbon formation.

J. Compos. Sci. 2022, 6, x FOR PEER REVIEW 6 of 16 
 

 

matrix (Figure 2a). With this technique, contrary to SEM micrographs, it was possible to 
visualize the arrangement of “nanopipes” in the direction perpendicular to the pore chan-
nels formed in the cavities of the template between 5.5 and 6.5 nm in diameter [26] (Figure 
4c). These diameters are smaller than the pore size of the matrix as they have a compacting 
and sintering effect in the pyrolysis stage of carbon formation. 

On the other hand, Figure 4c can be analyzed, assuming a projection of the CMK-3 
structure where the precise lines are considered nanopipes. The distance between two of 
these can be interpreted as projections of the mesopores between two adjacent nanopipes. 
Considering that the mesopores of CMK-3 do not have a geometrically exact structure but 
are considered cylindrical pores as they are the inverse replica of silica SBA-15, this could 
be a reasonable estimate of the diameter of the pores. This consideration has also been 
used to analyze CMK-5 nanopipes carbons [27]. In addition, the measurements by micros-
copy provide direct values, where there are no models or assumptions of structure; how-
ever, there are different disadvantages, such as the need for a flat cross-section [28], the 
search for ideal contrast, the correction of aberrations [29], the wide distribution of particle 
size and pores, and the particle shape factors [30]. 

  
Figure 4. (a,c) HRTEM micrographs of CMK-3 sample, (b) CMK-3 nanopipe diameter histogram 
and (d) CMK-3 pore diameter histogram. 

High-resolution scanning electron microscopy (HRSEM) micrographs of synthesized 
SBA-15 silica template and CMK-3 carbon are shown in Figure 5, where images 5a and d 
show a characteristic rod-like morphology in this type of materials [31,32] at a large scale. 
Even when the SEM technique has limitations in observing the pore structural order [33], 
it was possible to visualize the ordered mesopore channels of the SBA-15 sample at 
×300,000 (Figure 5c). Meanwhile, the CMK-3 pore system micrograph under the same con-
ditions is unclear due to carbon compaction/sintering in the pyrolysis stage (Figure 5f). 
The additional point is that Figure 5a,d, show a very similar rod morphology for both 
SBA-15 and CMK-3 primary particles, which could confirm the absence of sucrose aggre-
gates outside the template and suggest the total sucrose impregnation inside the SBA-15 
cylindrical pores.  

Figure 4. (a,c) HRTEM micrographs of CMK-3 sample, (b) CMK-3 nanopipe diameter histogram and
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On the other hand, Figure 4c can be analyzed, assuming a projection of the CMK-3
structure where the precise lines are considered nanopipes. The distance between two of
these can be interpreted as projections of the mesopores between two adjacent nanopipes.
Considering that the mesopores of CMK-3 do not have a geometrically exact structure but
are considered cylindrical pores as they are the inverse replica of silica SBA-15, this could
be a reasonable estimate of the diameter of the pores. This consideration has also been used
to analyze CMK-5 nanopipes carbons [27]. In addition, the measurements by microscopy
provide direct values, where there are no models or assumptions of structure; however,
there are different disadvantages, such as the need for a flat cross-section [28], the search
for ideal contrast, the correction of aberrations [29], the wide distribution of particle size
and pores, and the particle shape factors [30].

High-resolution scanning electron microscopy (HRSEM) micrographs of synthesized
SBA-15 silica template and CMK-3 carbon are shown in Figure 5, where images 5a and
d show a characteristic rod-like morphology in this type of materials [31,32] at a large
scale. Even when the SEM technique has limitations in observing the pore structural
order [33], it was possible to visualize the ordered mesopore channels of the SBA-15
sample at ×300,000 (Figure 5c). Meanwhile, the CMK-3 pore system micrograph under
the same conditions is unclear due to carbon compaction/sintering in the pyrolysis stage
(Figure 5f). The additional point is that Figure 5a,d, show a very similar rod morphology
for both SBA-15 and CMK-3 primary particles, which could confirm the absence of sucrose
aggregates outside the template and suggest the total sucrose impregnation inside the
SBA-15 cylindrical pores.
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3.2. Textural Behavior for Each Synthesis Stage

According to IUPAC, the texture is defined as the detailed geometry of the porous
hollow space of material. This type of characterization allows understanding the types of
cavities with an idealized pore geometry, the pore volumes, and the micro- and mesopore
pore size distributions throughout the CMK-3 synthesis route, which allows a better under-
standing of the filling of the cylindrical mesopores of SBA-15 in the synthesis of CMK-3
and the study of the resulting porosity in this type of carbon.

Figure 6 shows the adsorption isotherms of N2 at 77 K, where different types of
isotherms and hysteresis loops can be observed in the synthesis stages. First, SBA-15 shows
a type IV isotherm with hysteresis loop H1 [28]; this form is widely reported and known
in SBA15-type mesoporous materials and is associated with porous systems that consist
of cylindrical geometry pores opened by both sides. Variations between methods and
synthesis conditions can influence the range of relative pressures where the hysteresis loop
appears and, therefore, the diameter of the mesopores of this type of material [34–36]. In
the first impregnation stage (CCMK3-1st), the decrease in the adsorbed volume from (1) to
(2) is visible as the cylindrical mesopores of the matrix are filled with sucrose to a greater
extent. A slight increase in volume concerning pressure is observed in the CCMK3-1st
isotherm, and a barely noticeable H3-type hysteresis loop still suggests the presence of
partially filled mesopores. For the next stage (CCMK3-2nd), the adsorbed volume decreases
from (2) to (3) entirely; that is, both the micro- and mesopores of the template were filled
with the sucrose/H2SO4 mixture.

Another interesting observation of the isotherm’s behavior is the increase in adsorbed
volume in the final pyrolyzed compound compared to the second impregnation. The
complete polymerization of sucrose and pyrolysis that gives the formation of carbon [37]
leaves microporous spaces corresponding to graphitic slits [13]. This phenomenon is why
there is an increase in volume from (3) to (4), where the isotherm of the CCMK3-F composite
shows a type I isotherm where the formation of a monolayer occurs at very low pressures
and the volume is maintained constant at higher relative pressures. When the silica matrix
is removed from (4) to (5), the space occupied by the SBA-15 structure now represents the
mesoporous part of the carbon. This fact results in material within the IUPAC classification,
as isotherm type IV, with a significant microporosity observed in the large volume adsorbed
before the isotherm knee at low pressures [38]. The CMK-3 open hysteresis cycle at the
high-pressure (black) isotherm is possibly due to the presence of carbon aggregates that
did not remain inside the pores; however, the contribution to the total area of the material
is not representative of a significant number of these.
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The textural properties of the template, composites, and carbon obtained from the
analysis of the adsorption isotherms of N2 at 77 K are shown in Table 1. In this table, the
following sequence is observed in descending order of specific surface area (As): CMK-3 >
SBA-15 > CCMK3-1st > CCMK3-F > CCMK3-2nd. The second impregnation confirmed the
total pore filling, leaving a surface area of 12.5 m2/g, possibly by a complex of composite
aggregates in the CCMK3-2nd sample, a minimum figure compared to that obtained in
the SBA-15 template (1054 m2/g) and its inverse replica CMK-3 (1350 m2/g). Another
interesting fact is the behavior of the pore volume. First, it starts with a total pore volume
of 1.32 cm3/g, of which 1.20 cm3/g corresponds to the cylindrical primary mesopores of
SBA-15 (Figure 2a) and 0.12 cm3/g to the interconnecting micropores in its structure. Then,
when these pores are impregnated with the carbon source the first time (Figure 3a), the
total volume decrease to 0.25 cm3/g, leaving free space mainly in the mesoporosity for
the second impregnation when the total pore volume drops to 0.01 cm3/g (CCMK3-2nd)
(Figure 3b), and finally, when the silica matrix is removed, the mesopore volume of the
CMK-3 carbon decreases (1.06 cm3/g) and the micropore has a slight increase (0.16 cm3/g)
(Figure 4) compared to the SBA-15 template (Figure 2) (See Figure 1 for a better follow up
to the process).

Table 1. Textural parameters of each stage of the CMK-3 synthesis process.

SBA-15 CCMK3-1st CCMK3-2nd CCMK3-F CMK-3

AsBET (m2/g) 1054 307 12.5 266.7 1350
CBET 502 844 128 1429 1121

Vt (cm3/g) 1.32 0.25 0.01 0.13 1.22
Vmicro (cm3/g) 0.12 0.08 - 0.09 0.16

Vmeso 1.20 0.17 0.01 0.04 1.06
PSD BJH (nm) 6.25 3.1, 5.7 - 3.4 3.4–3.7
PSD DA (nm) 1.7 1.4 1.7 1.4 1.4

PSD NLDFT (nm) 1.4, 8.1 1.4, 4.2 1.6 1.2 1.2, 5

AsBET ≡ BET specific surface area calculated for the interval analysis of p/p0 = 0.0001–0.1; CBET = BET constant,
Vt ≡ total pore volume using a Gurvich rule at p/p0 = 0.95; Vmicro ≡ micropore volume by t-plot microp-
ore analysis, Vmeso ≡ mesopore volume, BJH= Barret–Joyner–Hallenda mesopore size distribution method,
DA = Dubinin–Astakhov micropore size distribution method, and Non Linear Density Functional Theory
method (NLDFT).
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Pore Size Distribution

Figure 7 compares the primary methods for evaluating the distribution of micro- and
mesopores. Figure 7a presents the distribution obtained by the classical Barrett–Joyner–
Hallenda (BJH) desorption method. The SBA-15 sample shows pore diameters of 6.25 nm,
followed by CCMK3-1st, which offers a weak signal at 3.1, representing the SBA-15 unfilled
primary mesopores. For both the CCMK3-2nd and CCMK3-F composites, there is no
presence of mesoporosity. The CMK-3 carbon presents its first family of mesopores in the
3.4–3.7 nm range. It is complemented by a second family of micropores that gives the
highest intensity signal in the D–A graph with a diameter of 1.5 nm (Figure 8b). The BJH
method is based on the Kelvin equation, which is known to underestimate approximately
25% in mesopores smaller than 10 nm [38,39], which explains the higher values obtained
from non-localized density functional theory (NLDFT). This method allowed us to know
the micro and mesopore families with a single function with families of 1.4 and 8.1 nm for
SBA-15 (NLDFT equilibrium model N2 77 K on silica). For the calculation of the composites
CCMK-1st, CCMK-2nd, and CCMK3-F, the N2 77 K on carbon NLDFT model was applied
to assume carbon slit-shaped pores. To apply the NLDFT model to the CMK-3 sample,
two different kernels were used. In the first one, at very low relative pressures (1 × 10−5–
1 × 10−2), where the volumetric micropore filling is carried out, the N2 77 K carbon slit
pores model was applied, obtaining a 1.2 nm micropore size. The second one was analyzed
at relative pressures above 1 × 10−2 using an N2 77 K carbon cylindrical pores model. The
combination of these two models allows the bimodal micro- and mesopore size distribution
centered at 1.2 and 5 nm (Figure 7d). These values are consistent with other reported values,
where the new Quenched Solid Density Functional Theory Method (QSDFT) for cylindrical
pores was applied for similar CMK-3 carbons [40]. For both materials (SBA-15 and CMK-3),
the mesopore diameters were located at the ends of the intervals estimated qualitatively by
TEM (Figures 2 and 4).

Finally, the t-plot represents the statistical thickness of the adsorbed layer (based on
the de Boer equation) (Figure 7e). For the SBA-15 template, three regions are mainly
observed. The first corresponds to the filling of the interconnecting micropores, and the
second occurs before capillary condensation, where the filling of mesopores is completed,
and the beginning of adsorption on the external surface starts. Finally, the last one is above
condensation, where adsorption only appears on the external surface of the particles [41].
The CMK-3 t-plot has three different inflections with linear segments (dotted red lines)
corresponding to (1) volumetric filled inside the super-micropores and micropores, (2) the
filling of the mesoporous before capillary condensation, and (3) the adsorption in the
external surface [42]. Although, in this last case, the adsorption process is a little more
complex than the process that occurs in the silica matrix, reflected in the t-plot form where
there is not a precise inflection and follows a curve behavior, due to the non-geometrical
pores formed by the interconnection of three nanopipes, and which for practical terms are
considered as cylindrical mesopores.
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representation for a hexagonally ordered structure.

3.3. Additional Structural Characterization of SBA-15 Template, and CMK-3 Mesoporous Carbon

The X-ray diffraction patterns of SBA-15 and CMK-3 collected at a small angle are
shown in Figure 8. The low-angle pattern of the SBA-15 template shows a well-defined
signal at 0.9 (2Θ) for the (100) plane and the two secondary (110) and (200) diffractions of
the 2-d hexagonal space group (P6mm) [5], which is indicative of an excellent structural
order [43]. Their inverse replica CMK-3 was confirmed with the presence of the signal at
d(100) = 8.4 nm [11].

Considering the interplanar distances equals 9.3 nm for the SBA-15 signal, 8.4 nm for
CMK-3, and the micro and mesopore volumes obtained from N2 isotherms, the SBA-15
(Equation (1)) and CMK-3 (Equation (3)) mesopore diameters were calculated. Also, the
WCMK-3 nanopipe was estimated with Equation (2). Under these considerations, the SBA-15
mesopore diameter (Wd) equals 7.6 nm, the WCMK-3 mesopore diameter is 4.9 nm, and
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WCMK-3 nanopipe = 6.3 nm. In addition to small angle XRD diffractograms, Figure 8 shows
a hexagonally 2-D cross-section for CMK-3 carbons [22].

In summary, Table 2 shows the mesopore and nanopipe sizes of SBA-15 and CMK-3
samples for the mentioned methods. Where XRD calculations are consistent with the
obtained by the NLDFT method in the N2 isotherms analysis, and both drops in the
histograms intervals obtained by the processing of TEM images with an apparent deviation
to the upper limit.

Table 2. Comparative table between mesopore analysis methods.

SBA-15 Mesopore
Diameter (nm)

CMK-3 Mesopore
Diameter (nm)

CMK-3 Nanopipe
Diameter (nm)

TEM Analysis
(Histograms) 6–8.5 3.5–5.5 5–7

N2 Adsorption
(NLDFT) 8.1 5 -

XRD data 7.6 4.9 6.28

Finally, additional data were obtained from Raman spectra. In the case of SBA-15, the
Raman spectrum (Figure 9a) shows the characteristic signals of Si-O-Si stretching, Si-O-Si
bending, and Si-O elongation vibrations [44]. Meanwhile, Figure 9b shows the D and
G bands at 1318 and 1525 cm−1 for CMK-3 carbon. The first signal corresponds to the
disordered or amorphous carbon structure (D), representing the second maximum in the
graphite vibrational density in small graphitic crystallites [45]. The second one is those as-
signed to interplane sp2 -hybridized graphitic hexagonal carbon sheet (G), respectively [46],
resulting from the final pyrolysis processes of the CMK3-F composite. The calculated
CMK-3 ID/IG ratio shows a low graphitization degree with a 1.16 value [47] and has been
associated with silica/carbon source ratio [45] and carbonization temperature [5]. This
phenomenon could be why the CMK-3 sample presents a small micropore volume repre-
senting the space between graphitic layers. This study is not feasible for the intermediate
composites since they are composed of complex polymers that would present abundant
vibrations and signals.
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3.4. Evaluation of the CO2 and CH4 Adsorption
CO2 and CH4 Adsorption Selectivity and Isosteric Enthalpy Behavior

Figure 10 presents the adsorption isotherms of CO2 and CH4 comparatively by temper-
ature. In general, there is a preference for CO2 adsorption over CH4 due to the lower pore
diameter of the CO2 molecule and the presence of its quadrupole moment that generates
greater interactions between the carbon surface and the CO2 molecules [20] (Table 3), in
addition to the decrease in adsorption with increasing temperature. The maximum CO2
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adsorption capacity at 243 K was 6 mmol/g; meanwhile, at 273 K, the obtained value was
3.4 mmol/g. The result obtained by the synthesized CMK-3 carbon is higher than some
similar CMK-3 materials without activation treatments, reporting values of 3.2 mmol/g [9],
ordered mesoporous carbons (3 mmol/g) [48], and mesoporous carbons nitrides with a
value around 2.0 mmol/g [49] reported for CO2 adsorption, considering the same operat-
ing conditions, as well as for different synthetic materials such as nanoparticles of zeolite
type T [50], zeolite 13X [51], MCM-41 [52], SBA-15 [53], graphene nanocomposites with
Fe3O4 [54], and others.
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Table 3. Properties of CO2 and CH4.

Molecule Adsorbed Kinetic Diameter, nm Polarizability, 10−24 cm3 Quadrupole, A3

CO2 0.33 1.9 0.64
CH4 0.38 2.6 -

These graphs’ corresponding calculations were made to determine the ideal selectivity
of CO2:CH4 given in the carbon CMK-3 (Figure 11b).

The evolution of the isosteric enthalpy of the adsorption of CO2 and CH4 was cal-
culated by applying the Clausius–Clapeyron equation, shown in Figure 11. In the case
of CO2, it is observed that there is a slight dependence of the isosteric enthalpy with the
amount adsorbed in the coverage range of 0–2 mmol/g of CO2 adsorbed, which gives
us strong energetically homogeneous interactions on microporous surfaces that generate
lateral interactions between CO2 molecules [55]. This last behavior is shared for CH4, but
the interactions correspond to London dispersion forces. Finally, it can be seen that the
isosteric enthalpies of adsorption show values above the CO2 and CH4 heat of liquefac-
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tion [56], which means strong interactions between adsorbate molecules. On the other
hand, in Figure 11b, a binary concentration of 70% CH4 and 30% CO2 was assumed, which
is a representative mixture of natural gas [51]. The ideal selectivity shows a maximum
value of 5.6 at 243 K, which decreases about 12% until 4.9 at 298 K. This behavior agrees
with the amount of CO2 and CH4 adsorbed (Figure 10).
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4. Conclusions

The investigation allowed us to better understand the textural and morphological
changes in the formation of micro- and mesoporosity of CMK-3 carbon in each synthesis
stage. Even when it is known that the CMK-3 carbon is an inverse replica of the SBA-15
silica, the textural analysis revealed a little increase in microporosity in the pyrolysis stage,
corresponding to the beginning of the formation of graphitic slits, confirmed by Raman
for the CCMK3-F composite and the CMK-3 structural order by XRD at a low angle. The
textural monitoring of pore filling by N2 adsorption, not only in the synthesis of CMK-3
but also in any stepwise synthesis using a template, can be a viable method for controlling
synthesis conditions and concentrations.

The combination of carbon slit and cylindrical models to NLDFT for the respective
micro- and mesoporous pressure intervals shows the best pore size distribution for the
CMK-3 sample, with a bimodal pore size distribution centered at 1.2 and 8 nm, which is
consistent with XRD data and within the interval obtained by processing TEM images.
Therefore, the pore size distribution by NLDFT and textural analysis are more feasible and
give better information about the pore filling than microscopy. Furthermore, N2 adsorption
experiments use a more representative fraction of the sample. Thus, the information
provided by this technique is much more reliable.

The material synthesized and studied in its impregnation stages presented CO2 ad-
sorption values of up to 6 mmol/g at 243 K. The behavior of both CO2 and CH4 adsorption
enthalpies showed strong intermolecular interactions reflected in high selectivity values
for an ideal mixture of CO2:CH4 (30:70%), which could even be improved under activation
and/or functionalization treatments.
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