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Abstract: The calcination process is a crucial step during SBA-15 and KIT-6 synthesis. It is used to
completely remove the organic template and condense silanol groups, and it allows the determination
of the textural and physical properties of these materials, depending on the adopted conditions.
Moreover, calcination influences the number of silanols available on the surface of the material.
The concentration of silanols is important if these materials were synthesized for use in adsorption or
functionalization. To understand and optimize the silanol groups of SBA-15 and KIT-6, in this study,
the temperature and time calcination parameters were varied. The experiments were performed
at 300, 400, and 500 ◦C for 300, 400, and 500 min. The results show that the ideal temperature to
preserve the silanol groups is 300 ◦C, but to optimize the textural properties, it is better to calcine
these molecular sieves at 400 ◦C. A calcination for 10 h did not give better results than a calcination
for 5 h, demonstrating that the former duration is excessive for use.
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1. Introduction

According to the IUPAC (International Union of Pure and Applied Chemistry), porous materials
can be grouped into three distinct categories according to their porosities [1]. Materials with pores
smaller than 2 nm are classified as microporous, those with pores larger than 50 nm are called
macroporous, and those with intermediate pore sizes are mesoporous [2]. In the early 1990s, Mobil
Oil Corporation researchers published the first syntheses of mesoporous materials (M41S), which
were manufactured using an alkyltriethylammonium halide as a template in an alkaline medium [3,4].
These new compounds presented very characteristic and peculiar properties, such as a high specific
surface area (up to 1400 m2 g−1), a pore volume greater than 0.5 cm3 g−1 and narrowly distributed
cylindrical pores (2–30 nm) [5]. The physicochemical properties of these compounds have been tested
and evaluated by many researchers [6–12].

In 1998, the syntheses of a group of mesoporous materials called SBA, using an organic copolymer
(mainly PEO-PPO-PEO) as a template in an acid medium, were published [13,14]. In this family of
compounds, the best known is SBA-15, which is a highly ordered two-dimensional hexagonal (P6mm)
thick-walled silica (3 to 6 nm) mesostructured material with uniform, large, adjustable pores up to
30 nm in diameter and high thermal and hydrothermal stability due to the presence of mesoporous
interconnected micropores [13]. In 2003, the synthesis of a new mesoporous material called KIT-6
was first published [15]. This material was manufactured in a manner very similar to that used in the
production of the SBA-15 but using butanol-1 as a swelling agent. KIT-6 exhibits cubic Ia3d symmetry
with excellent thermal/hydrothermal stabilities and consists of two continuous and interpenetrating
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chiral channel systems interconnected in a three-dimensional open cylindrical mesoporous network [16].
It has a wall thickness between 4 and 6 nm [17], a specific area of up to 800 m2 g−1, and a high pore
volume (up to 1.05 cm3 g−1) with pore diameters in the range of 4 to 12 nm [15]. The main pores are
interconnected with micropores up to 1.8 nm in diameter at specific points [18,19].

With the discoveries of these two mesoporous nanosilica (MNS) materials, a wide range of
possibilities has been opened for the application of both SBA-15 [20–28] and KIT-6 [29–37] in
various areas, such as catalysis, adsorption, separation, drug release, optical devices, and sensors.
The development of MNS has involved three distinct generations [38]. The first corresponded to the
conceptual demonstration of MNS through the discovery of materials such as the M41S and SBA
families. The second generation was characterized by the improvement and refinement of the study
of these materials in terms of in vitro applications and in situ analysis. Finally, the third and current
generation of studies functionalized MNS [39,40]. Pure silica mesoporous materials have intrinsic
limitations in both functionality and strength, and controlling the pore surface chemistry is critical to
improving their applications [12]. The surface functionalization of these mesoporous compounds with
organic and inorganic functional groups leads to the formation of materials with new physicochemical
properties [41], which can be used in various areas, such as catalysis, adsorption, and separation [42,43].

The formation of the materials SBA-15 and KIT-6 are made by the sol-gel process [44]. This is
a traditional methodology based on the hydrolysis and condensation of metal alkoxides (TEOS) to
produce colloidal particles (sol) that are converted into a lattice (gel) [45]. The conditions employed
directly affect the properties of the materials produced. The most important parameters in the sol-gel
process is the type of silanol group, its concentrations, the pH, the solvent, thermic treatment, aging
time, and the additives, such as catalysts and co-solvents [45–50].

SBA-15 and KIT-6 pure silica materials contain two basic types of silicon–oxygen groups. The first
is siloxanes, and the second is silanol-type hydroxyls that can be divided into three groups, free silanols,
vicinal silanols, and geminal silanols [44], as shown in Figure 1.
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Figure 1. Silicon–oxygen group types present in SBA-15 and KIT-6.

Siloxane groups are more hydrophobic, are the most abundant group, and make up the interior of
SBA-15 and KIT-6 MNS. Silanol groups attract the most attention in regard to the functionalization of
MNS because hydroxyl groups react more easily with other chemical species [51]. Thus, it is of interest
to preserve these silanol groups in the highest concentration possible. For this, it is necessary to use low
temperatures in the calcination of MNS, since temperature is the main factor leading to a decrease in
the silanol concentration [52]. However, there are boundaries to the temperature used in all SBA-15 and
KIT-6 synthesis processes. The use of a high temperature is necessary for the formation of mesoporous
materials, through the condensation of hydroxyls, to form siloxane bonds, but several studies have
demonstrated the effects on the quality of the temperature-related MNS formation used during a static
hydrothermal synthesis of SBA-15 [53–55] and KIT-6 [5]. Nevertheless, during the calcination process,
these bonds are consolidated, giving rise to the desired material when the largest loss of surface silanol
groups occurs; however, too great a loss leaves the material unusable for functionalization.

This study thus proposes calcining samples of SBA-15 and KIT-6 at different temperatures and
different calcination times. To determine the efficiency of these thermal processes, the carbon content
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was monitored by thermal analysis, the X-ray diffraction (XRD) patterns of the mesoporous material
were evaluated, the textural properties were assessed by N2 sorption, and the availability of silanol
and siloxane groups were monitored by nuclear magnetic resonance (NMR) 29Si{1H} cross-polarization
magic-angle spinning (CP-MAS). The choice of these MNS materials was based on two different
factors. On the one hand, the SBA-15 is a heavily studied material, with many articles published on
its functionalization [25,56–60], and while KIT-6 is a relatively new material, it has already attracted
much attention in studies worldwide, with some works about its functionalization [61–68]; on the
other hand, the availability of silanol groups in KIT-6 has been less investigated, whereas it has already
been reported for SBA-15 [51,56,69–71].

2. Materials and Methods

2.1. Chemicals

Pluronic P123 triblock copolymer (EO20PO70EO20, Mn = 5800, Aldrich, St. Louis, MO, USA),
tetraethyl orthosilicate (TEOS, Aldrich, 98%), butanol (Aldrich, 99.4%), and hydrochloric acid (HCl,
Atrion, 37 wt %) were used to synthesize the mesoporous samples.

2.2. Characterization

Small-angle X-ray diffraction (XRD) patterns at 2θ angles from 0.5◦ to 5◦ were recorded on a Bruker
D8 diffractometer using Cu Kα radiation (30 kV, 10 mA). Nitrogen adsorption isotherms were collected
by a Micromeritics Tristar II instrument at −196 ◦C (77 K). The samples were degassed under vacuum
at 200 ◦C overnight. The Brunauer–Emmett–Teller (BET) method was used to calculate the specific
surface area. The total pore volume was determined at a relative pressure p/p0 of 0.98. The mesoporous
and microporous volumes were obtained using αs-plots methodology. The pore size distribution
was determined my means of the Barrett–Joyner–Halenda (BJH) method, using the correction factor
proposed in the Villarroel–Barrera–Sapag (VBS) method. The carbon, hydrogen and nitrogen elemental
analyses were performed using a Perkin Elmer Series II 2400. The silicon nuclear magnetic resonance
(29Si-NMR) solid-state spectra were registered on an Agilent DD2 500 MHz spectrometer. The method
utilized was cross-polarization magic-angle spinning (CP-MAS) at a Larmor frequency of 99.3 MHz,
a pulse duration of 2.9 ms, a relaxation time of 5 s, an acquisition time of 17 ms, and a scan number of
12,000.

2.3. Synthesis of SBA-15

This material was prepared by the conventional methodology [72] of dissolving 12.1 g of P123 in
an HCl solution (450 mL, 2.0 mol L−1). The system was magnetically stirred at approximately 500 rpm
for two hours at 45 ◦C. When the mixture became a homogeneous solution, 4.3 g of TEOS was added
to the reaction container in a dropwise manner. The system was kept at 45 ◦C for 24 h under stirring.
After that, the mixture was transferred to an autoclave, and a hydrothermal treatment was performed
for 24 h at 110 ◦C. The product obtained was filtered and washed with distilled water to a neutral
pH. The material was then dried at 60 ◦C for 26 h. The SBA-15 produced was heat-treated under
different conditions.

2.4. Synthesis of KIT-6

The production of this mesoporous material was performed using the partitioned cooperative
self-assembly (PCSA) methodology [73]. First, 18.6 g of P123 was dissolved in 669.6 g of distilled water
and 36.8 g of concentrated HCl. The system was magnetically stirred at approximately 800 rpm at
35 ◦C for 90 min. After this period, 18.6 g of 1-butanol was slowly added. After 60 min under the same
temperature and stirring conditions, 28 g (70% equivalent) of TEOS was dropped into the synthesis
mixture. After 5 h, the remaining 30% TEOS (12 g) was added in the same way. The system was
continuously agitated at approximately 800 rpm at 35 ◦C for 24 h. The material was then transferred to
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a Teflon autoclave and placed in a digester block, where it remained for 24 h at 100 ◦C. The formed
material was filtered with distilled water to pH 7 and dried for 17 h at 60 ◦C.

2.5. The Methodology of Mesoporous Calcination

The mesoporous material synthesized was calcined through six different methodologies using a
muffle furnace. The sample mass used in each method, as well as the calcination conditions, are detailed
in Table 1.

Table 1. Methodologies used for the calcination of SBA-15 and KIT-6 samples.

Method Temperature 1 (◦C) Time (h) SBA-15 Mass (mg) KIT-6 Mass (mg)

1 300 5 514 519
2 300 10 515 516
3 400 5 512 556
4 400 10 515 516
5 500 5 508 514
6 500 10 502 503

1 The heating ramp of 2◦ min−1.

The samples were identified by utilizing the letter S to designate SBA-15 and the letter K to
designate KIT-6. The calcination methodology used is indicated by the letter M followed by the method
number. For example, the identification code SM5 corresponds to the sample of SBA-15 calcinated
according to method number 5. The number zero indicates that the material was not calcinated.

3. Results and Discussion

3.1. Effect of Calcination Temperature on the Quantity of Polymer

The effect of calcination on the amount of polymer in the mesoporous material was assessed by
measuring the amount of carbon remaining in the material by elemental analysis. The results are
shown in Table 2.

Table 2. Residual carbon content in the SBA-15 and KIT-6 samples.

Samples Residual Carbon Content (%) Samples Residual Carbon Content (%)

SM0 25.33 KM0 28.86
SM1 0.32 KM1 0.42
SM2 0.19 KM2 0.30
SM3 0.08 KM3 0.09
SM4 0.08 KM4 0.09
SM5 0.03 KM5 0.09
SM6 0.01 KM6 0.07

Both SBA-15 and KIT-6 lose most of their organic templates at 300 ◦C in the first two heat treatment
methods. After treatment for 5 h, 0.32% and 0.42% of the carbon remains for SBA-15 and KIT-6,
respectively. Upon increasing the treatment time to 10 h, the amount of carbon remaining drops to
0.19% for SBA-15 and 0.30% for KIT-6, indicating that the polymer remains in the mesoporous materials.
Previous studies [51,55,69] have shown that, at 200 ◦C, the polymer decomposes and that, by calcining
for 4 h at 300 ◦C or for 4 h at 350 ◦C, the polymer is removed; however, to the best of our knowledge,
no work has quantified the residual polymer content. When comparing the results obtained at a higher
temperature (500 ◦C) with those obtained at an intermediate temperature (400 ◦C), the difference in the
amount of organic material removed is too small. Another factor is the time at higher temperatures;
calcining for 10 h does not result in substantial benefits in terms of the removal of organic material,
since the values of % C remaining are identical at 400 ◦C and are almost equal at 500 ◦C for the two
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mesoporous materials. Nonetheless, at 300 ◦C, there is a large difference between calcination at 5 and
10 h. The results of this analysis are shown in Figure 2.
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3.2. Effect of Calcination Temperature on the Mesostructure of the MNS

As already stated, the structure of mesoporous materials was monitored by XRD analysis to
determine the effects of calcination temperature. The results are presented in Table 3.

Table 3. Results of the X-ray diffraction (XRD) analyses of the mesoporous nanosilica (MNS) samples.

Samples d110 (nm) a0 (nm) 1 Samples d211 (nm) a0 (nm) 2

SM0 11.2 13.0 KM0 10.7 26.2
SM1 10.4 12.0 KM1 9.4 23.0
SM2 10.3 11.9 KM2 9.8 24.0
SM3 10.8 12.5 KM3 9.6 23.5
SM4 10.8 12.5 KM4 9.7 23.8
SM5 10.6 12.2 KM5 9.8 24.0
SM6 10.4 12.0 KM6 9.4 23.3

1 calculated by the formula [62] a0 = 2.d100.100.
√

3, 2 calculated by the formula [66] a0 = d211.
√

6.

All XRD diffractograms show the formation of materials with angles of 0.8◦ < 2θ< 2◦, characteristic
of mesoporous materials, and are displayed in Figure 3. An analysis of Figure 3 shows that, among the
calcined samples, all SBA samples have good structural organization except that prepared by Method
1. All KIT-6 samples showed good structural organization, indicating that the different calcination
methods had little influence on the mesostructure, as expected [13–15]. Moreover, in all calcinated
materials, the pores shrink more than in the noncalcinated materials, but among all calcination methods,
there is no linear relationship between pore shrinkage and the calcination temperature.
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3.3. Effect of the Calcination Temperature on the Textural Properties of the MNS

The porosity of calcined MNS materials under different conditions was analyzed by N2 sorption.
As expected for these materials, isotherms are type IVa (according to the new IUPAC [74] classification)
with type I hysteresis. Figure 4 shows the SBA-15 isotherms, and Figure 5 shows the KIT-6 isotherms.
The physical properties taken from these isotherms are presented in Table 4.

Table 4. Physical properties of SBA-15 and KIT-6 samples.

Samples ABET
(m2 g−1)

VT
(cm3 g−1)

VMi
(cm3 g−1)

VMe
(cm3 g−1)

Dp
(nm)

Wt
(nm)

SM1 572 0.78 0.02 0.76 7.5 4.5
SM2 632 0.86 0.02 0.84 7.5 4.4
SM3 641 0.84 0.03 0.81 7.8 4.7
SM4 1197 1.52 0.04 1.48 7.5 5.0
SM5 1099 1.69 0.00 1.69 8.9 3.3
SM6 770 0.98 0.06 0.92 7.8 4.2
KM1 695 0.82 0.07 0.75 7.2 15.8
KM2 826 0.98 0.07 0.91 6.1 17.9
KM3 905 1.07 0.07 1.00 7.5 16.0
KM4 852 1.03 0.08 0.95 7.9 15.9
KM5 1174 1.44 0.08 1.36 7.3 16.7
KM6 874 1.10 0.05 1.05 7.4 15.6

ABET is the specific area obtained from the Brunauer–Emmett–Teller (BET) method. The VT is the total pore volume
obtained from a relative pressure p/p0 equal to 0.98. The VMi is the microporous volume obtained from the α-plots
method. The VMe is the mesoporous volume obtained from the α-plots method. The Dp is the pore diameter
obtained from the Barrett–Joyner–Halenda (BJH) method corrected from the Villarroel–Barrera–Sapag (VBS) method.
The Wt is the wall thickness.

For SBA-15 and KIT-6, the BET area indicates a suitable porosity with material type [13–15].
The samples of SBA-15 presented the maximum value of ABET upon calcination at 400 ◦C for 10
h. Increasing the temperature to 500 ◦C for 5 h decreased the value of ABET slightly (from 1197 to
1099 m2 g−1), and maintaining the temperature at 500 ◦C but doubling the calcination time to 10 h
considerably decreased the value of the total material area to 770 m2 g−1. This decrease in the area
must be associated with the process of the dehydroxylation of the material, which begins to intensify
under these heat treatment conditions. For KIT-6, a calcination at 300 ◦C for 5 h results in the lowest
total area value. This is quite reasonable since it is under these conditions that the largest amount of
organic material exists, as attested by the results of elemental carbon analysis. The largest BET area
was obtained by calcining at 500 ◦C for 5 h. When the heat exposure time was increased from 5 to 10 h
without an increase in the temperature, the BET area decreased (1174 to 874 m2 g−1). This indicates that
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at temperatures above 500 ◦C, contraction of the structure begins to occur, indicating a dehydroxylation
process of KIT-6 [69].

From the measurements made after the capillary condensation step at the beginning of the
isotherm plateau, the total pore volume was determined from the adsorbed nitrogen volume values.
Micropore and mesopore volumes were calculated according to reference [75]. Since SBA-15 has
hexagonal cells and KIT-6 has cubic cells, the calculation of the network parameters a0 is different,
and consequently, the calculation of the pore wall thickness (Wt) will also be performed by two different
methods. For the SBA-15 samples, the formula adopted [13] is Wt = a0 − Dp, and for the KIT-6
samples, the thickness is determined by the expression [66] Wt = a0

2 − Dp. The pore diameter (Dp)
was determined with the adsorption branch by the BJH (Barrett–Joyner–Halenda) method, and the
mesoporous correction was done in accordance with to the VBS (Villarroel–Barrera–Sapag) method.
This is an improved macroscopic method that modifies the Kelvin equation used in the BJH method
and considers the most accepted capillary evaporation and condensation mechanisms for mesoporous
materials [76].
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The results show that, for SBA-15, the mesoporous volume and pore diameter increased as the
heat treatment conditions became more drastic, ultimately reaching their maximum values upon
calcination at 500 ◦C for 5 h, showing that, under these conditions, dehydroxylation becomes more
intense. The literature reports that calcining at temperatures above 600 ◦C greatly affects the textural
properties of the MNS [77]. For KIT-6, the maximum mesopore volume was obtained under the
calcination conditions of 500 ◦C for 5 h. When the heat exposure time was doubled, a contraction of
the mesoporous volume was observed, evidencing the greater tendency to dehydroxylate the material
at higher temperatures. Structure shortening under the most extreme conditions was also observed in
the XRD analysis. This behavior is attributed to the structure of the interconnected mesopore channels,
forming cubic symmetry. This can hinder heat flow within the material, and, as the results of the
elemental analysis show, the carbon content in the most extreme methodology is higher in KIT-6 than
in SBA-15, showing a greater difficulty for heat flow in those materials.
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3.4. Effect of the Calcination Temperature on the Silanol Groups

The results of 29Si solid-state CP-MAS NMR experiments are shown in Figure 6. The literature [69]
reports three characteristic resonance peaks for these types of materials at −110 ppm, −101 ppm,
and −92 ppm, corresponding to species Q4 (siloxane, Si(OSi)4), Q3 (vicinal silanol, Si(OSi)3(OH)) and
Q2 (geminal silanol, Si(OSi)2(OH)2).

Table 5 gives an overview of the meaning peaks characteristics, showing the position of the
peaks, these intensities and the corresponding integration peaks of each specie, calculated in terms
of percentage [78]. Figure 6 is a qualitative analysis and its results must be compared with some
quantitative dates. In this manner, the Table 5 gives additional information showing that the
integrations percentages areas oscillate between 13.8–16.1%, 69.3–73.4%, and 11.6–15.1% for SBA-15
samples, respectively, in the peaks Q2, Q3, and Q4, considering only the calcinated samples. In the same
way, for the KIT-6 samples, the integration percentage areas oscillate between 11.8–16.9%, 67.8–77.3%,
and 10.4–16.0%, respectively, in the peaks Q2, Q3, and Q4, considering only the calcinated samples.
The position of the peaks is in accordance with literature [69].

Table 5. Parameters of 1H decoupled 29Si solid-state MAS NMR spectra of SBA-15 and KIT-6 samples.

Samples Signal δ (ppm) Intensity Area (%)

Q2 −91.3 127 8.0
SM0 Q3 −101.3 549 65.8

Q4 −110.3 228 26.2

Q2 −91.2 145 15.9
SM1 Q3 −100.5 455 72.5

Q4 −109.7 76 11.6

Q2 −91.4 39 16.1
SM2 Q3 −100.5 123 72.3

Q4 −109.0 25 11.6

Q2 −91.6 662 13.8
SM3 Q3 −100.3 2227 73.4

Q4 −109.0 516 12.8

Q2 −91.1 740 14.8
SM4 Q3 −100.2 2308 72.0

Q4 −108.1 548 13.2

Q2 −91.3 160 16.0
SM5 Q3 −100.4 449 70.5

Q4 −108.1 126 13.5

Q2 −91.2 746 15.6
SM6 Q3 −100.1 1931 69.3

Q4 −109.7 439 15.1

Q2 −91.2 196 16.9
KM0 Q3 −100.8 605 67.8

Q4 −109.8 142 15.3

Q2 −91.4 315 16.1
KM1 Q3 −100.5 961 72.2

Q4 −108.9 188 11.7

Q2 −91.2 105 14.6
KM2 Q3 −100.1 362 75.0

Q4 −109.0 64 10.4

Q2 −91.5 73 15.0
KM3 Q3 −100.3 204 73.8

Q4 −109.0 39 11.2
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Table 5. Cont.

Samples Signal δ (ppm) Intensity Area (%)

Q2 −91.2 1103 11.8
KM4 Q3 −100.7 3928 77.3

Q4 −111.0 956 11.0

Q2 −91.2 1329 15.8
KM5 Q3 −100.7 3528 69.0

Q4 −111.0 1086 15.2

Q2 −91.6 113 14.0
KM6 Q3 −100.3 295 69.9

Q4 −108.7 76 16.0
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The literature reports a tendency to increase the Q3 and, especially, Q4 signal, as the calcination
temperature increases [69,78]. Molecular sieves such as SBA-15 and KIT-6 have more siloxane groups
than vicinal silanols. Thus, the Q4 signal should be more intense than the Q3 signal, even in qualitative
analyses. However, due to the porosity of these samples and because there is no pretreatment needed
for NMR analysis, moisture retained in the pores affects the Q3 and Q4 signal intensities; thus, the Q3

intensity is dominant [78]. A manner for minimizing this effect is a relative analysis the peaks.
Table 6 presents the ratios of the percentage area integration of Q2:Q4, Q3:Q4, and Q2:Q3 just for the
calcinated samples.

Table 6. Peak ratios of 1H decoupled 29Si solid-state MAS NMR spectra of SBA-15 and KIT-6 samples.

Samples Q2:Q4 Q3:Q4 Q2:Q3

SM1 1.37 6.25 0.22
SM2 1.38 6.23 0.22
SM3 1.07 5.73 0.19
SM4 1.12 5.45 0.21
SM5 1.19 5.22 0.23
SM6 1.03 4.58 0.22
KM1 1.37 6.17 0.22
KM2 1.40 7.21 0.19
KM3 1.33 6.59 0.20
KM4 1.07 7.03 0.15
KM5 1.03 4.54 0.23
KM6 0.88 4.37 0.20

According to results presented in the Table 6 for SBA-15 and KIT-6, the ratio Q2:Q4 decreases
as the temperature increases, indicating that the geminal silanols are converted in siloxane as the
temperature increases. Besides that, in 400 ◦C, the most accentuated decrease in this ratio begins,
indicating that the dehydroxylation had started and that this is the crucial moment for preserving
the geminal silanols. This is in accordance with the results obtained from N2 sorption and XRD
because silanol condensation shrinks the structure and decreases the total pore volume. This result
indicates that calcination at 300 ◦C is more beneficial than that at 400 ◦C in terms of silanol preservation.
Nonetheless, the N2 sorption results show that the pore volume is small upon calcination at 300 ◦C.
The ratio Q3:Q4 decreases too as the temperature increases; however, it is most accentuated at the most
extreme treatment (500 ◦C during 10 h). In this way, this result indicates a tendency to convert the
vicinal silanol in siloxane, as expected. The ratio Q2:Q3 is practically unchanged.

4. Conclusions

The calcination of mesoporous SBA-15 and KIT-6 at 300 ◦C for 5 h eliminates almost all the
polymer and produces compounds with good structural properties. However, to optimize the textural
properties of these materials, such as pore area and pore volume, a calcination at 400 ◦C for 10 h or at
500 ◦C for 5 h is the best condition for SBA-15, while for KIT-6, the best performance is obtained upon
calcining at 500 ◦C for 5 h.

The deterioration of the silanol groups by condensation becomes more relevant at temperatures
above 400 ◦C. The results show that geminal silanols are better preserved. Therefore, for the surface
modification of SBA-15 and KIT-6 via their hydroxyl groups, it is preferable to calcine at 300 ◦C for 5 h
or, at the most, at 400 ◦C for 5 h. Although there is a decrease in the pore area and volume, hydroxylated
silica groups will be more abundant.

Although most mesoporous synthesis involves calcining for 5 h at 600 ◦C, to the best of our
knowledge, this method is unnecessary, resulting in a waste of time and silanol groups without
compensatory benefits to justify this method.



Appl. Sci. 2020, 10, 970 12 of 16

Author Contributions: “A.M.B and S.B.C.P. conceived and designed the experiments; A M.B. and B.P.N. performed
the experiments; A.M.B. and K.B.-G. analyzed the data; S.B.C.P. contributed reagents/materials/analysis tools;
A.M.B. and B.P.N wrote the paper; S.B.C.P. and K.B.-G. corrected the paper”. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by CAPES, Finance Code 001.

Acknowledgments: All the authors are grateful for support from LABPEMOL and LRC Brazilian laboratories
groups, situated, respectively, in the cities of Natal/RN and Porto Alegre/RS.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analysis, or interpretation of data; in the writing of the manuscript; or in the decision to
publish the results.

References

1. Guillet-Nicolas, R.; Ahmad, R.; Cychosz, K.A.; Kleitz, F.; Thommes, M. Insights into the pore structure of
KIT-6 and SBA-15 ordered mesoporous silica—Recent advances by combining physical adsorption with
mercury porosimetry. New J. Chem. 2016, 40, 4351–4360. [CrossRef]

2. Hoffmann, F.; Cornelius, M.; Morell, J.; Fröba, M. Silica-Based mesoporous organic-inorganic hybrid materials.
Angew. Chem. Int. Ed. 2006, 45, 3216–3251. [CrossRef] [PubMed]

3. Kresge, C.T.; Leonowicz, M.E.; Roth, W.J.; Vartuli, J.C.; Beck, J.S. Ordered mesoporous molecular sieves
synthesized by a liquid-crystal template mechanism. Nature 1992, 359, 710–712. [CrossRef]

4. Beck, J.S.; Vartuli, J.C.; Roth, W.J.; Leonowicz, M.E.; Kresge, C.T.; Schmitt, K.D.; Chu, C.T.W.; Olson, D.H.;
Sheppard, E.W.; McCullen, S.B.; et al. A new family of mesoporous molecular sieves prepared with liquid
crystal templates. J. Am. Chem. Soc. 1992, 114, 10834–10843. [CrossRef]

5. Kishor, R.; Ghoshal, A.K. Understanding the hydrothermal, thermal, mechanical and hydrolytic stability of
mesoporous KIT-6: A comprehensive study. Microporous Mesoporous Mater. 2017, 242, 127–135. [CrossRef]

6. Chen, C.Y.; Burkett, S.L.; Li, H.X.; Davis, M.E. Studies on mesoporous materials II. Synthesis mechanism of
MCM-41. Microporous Mater. 1993, 2, 27–34. [CrossRef]

7. Chen, C.Y.; Li, H.X.; Davis, M.E. Studies on mesoporous materials I: Synthesis and characterization of
MCM-41. Microporous Mater. 1993, 2, 17–26. [CrossRef]

8. Corma, A. From microporous to mesoporous molecular sieve materials and their use in catalysis. Chem. Rev.
1997, 97, 2373–2420. [CrossRef]

9. Kruk, M.; Jaroniec, M.; Ryoo, R.; Kim, J.M. Characterization of high-quality MCM-48 and SBA-1 mesoporous
silicas. Chem. Mater. 1999, 119, 2568–2572. [CrossRef]

10. Soler Illia, G.J.A.A.; Crepaldi, E.L.; Grosso, D.; Sanchez, C. Block copolymer-templated mesoporous oxides.
Curr. Opin. Colloid Interface Sci. 2003, 8, 109–126. [CrossRef]

11. Meynen, V.; Cool, P.; Vansant, E.F. Verified syntheses of mesoporous materials. Microporous Mesoporous Mater.
2009, 125, 170–223. [CrossRef]

12. Yang, Z.; Lu, Y.; Yang, Z. Mesoporous materials: Tunable structure, morphology and composition.
Chem. Commun. 2009, 2270–2277. [CrossRef] [PubMed]

13. Zhao, D.; Feng, J.; Huo, Q.; Melosh, N.; Fredrickson, G.H.; Chmelka, B.F.; Stucky, G.D. Triblock copolymer
syntheses of mesoporous silica with periodic 50 to 300 angstrom pores. Science 1998, 279, 548–552. [CrossRef]
[PubMed]

14. Zhao, D.; Huo, Q.; Feng, J.; Chmelka, B.F.; Stucky, G.D. Nonionic triblock and star diblock copolymer and
oligomeric surfactant syntheses of highly ordered, hydrothermally stable, mesoporous silica structures.
J. Am. Chem. Soc. 1998, 120, 6024–6036. [CrossRef]

15. Kleitz, F.; Choi, S.H.; Ryoo, R. Cubic Ia3d large mesoporous silica: Synthesis and replication to platinum
nanowires, carbon nanorods and carbon nanotubes. Chem. Commun. 2003, 7, 2136–2137. [CrossRef]

16. Guo, W.; Kleitz, F.; Cho, K.; Ryoo, R. Large pore phenylene-bridged mesoporous organosilica with
bicontinuous cubic Ia3d (KIT-6) mesostructure. J. Mater. Chem. 2010, 20, 8257. [CrossRef]

17. Boulaoued, A.; Fechete, I.; Donnio, B.; Bernard, M.; Turek, P.; Garin, F. Microporous and mesoporous
materials Mo/KIT-6, Fe/KIT-6 and Mo-Fe/KIT-6 as new types of heterogeneous catalysts for the conversion of
MCP. Microporous Mesoporous Mater. 2012, 155, 131–142. [CrossRef]

http://dx.doi.org/10.1039/C5NJ03466C
http://dx.doi.org/10.1002/anie.200503075
http://www.ncbi.nlm.nih.gov/pubmed/16676373
http://dx.doi.org/10.1038/359710a0
http://dx.doi.org/10.1021/ja00053a020
http://dx.doi.org/10.1016/j.micromeso.2017.01.020
http://dx.doi.org/10.1016/0927-6513(93)80059-4
http://dx.doi.org/10.1016/0927-6513(93)80058-3
http://dx.doi.org/10.1021/cr960406n
http://dx.doi.org/10.1021/cm990276+
http://dx.doi.org/10.1016/S1359-0294(03)00002-5
http://dx.doi.org/10.1016/j.micromeso.2009.03.046
http://dx.doi.org/10.1039/b820539f
http://www.ncbi.nlm.nih.gov/pubmed/19377657
http://dx.doi.org/10.1126/science.279.5350.548
http://www.ncbi.nlm.nih.gov/pubmed/9438845
http://dx.doi.org/10.1021/ja974025i
http://dx.doi.org/10.1039/b306504a
http://dx.doi.org/10.1039/c0jm01518k
http://dx.doi.org/10.1016/j.micromeso.2012.01.028


Appl. Sci. 2020, 10, 970 13 of 16

18. Sakamoto, Y.; Kim, T.W.; Ryoo, R.; Terasaki, O. Three-Dimensional structure of large-pore mesoporous cubic
Ia3d silica with complementary pores and its carbon replica by electron crystallography. Angew. Chem.
Int. Ed. 2004, 43, 5231–5234. [CrossRef]

19. Qian, L.; Ren, Y.; Liu, T.; Pan, D.; Wang, H.; Chen, G. Influence of KIT-6′ s pore structure on its surface
properties evaluated by inverse gas chromatography. Chem. Eng. J. 2012, 213, 186–194. [CrossRef]

20. Arribas, M.A.; Prieto, G. Cobalt supported on morphologically tailored SBA-15 mesostructures: The impact
of pore length on metal dispersion and catalytic activity in the Fischer—Tropsch synthesis. Appl. Catal.
A Gen. 2009, 367, 146–156. [CrossRef]

21. Mohammadzadeh, M.; Nourbakhsh, M.S.; Khodaverdi, E.; Hadizadeh, F.; Omid Malayeri, S. Enhanced
loading and release of non-steroidal anti-inflammatory drugs from silica-based nanoparticle carriers.
Chem. Biol. Drug Des. 2016, 88, 370–379. [CrossRef]
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