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ABSTRACT: Mesoporous materials are of vital importance for use in separation, adsorption, and catalysis. The first step in their
preparation consists of synthesizing an organic−inorganic hybrid in which a structuring directing agent (SDA, normally a surfactant)
is used to provide the desired porosity. The most common method to eliminate the SDA, and generate the porosity, is high-
temperature calcination. Such a process is energy-intensive and slow. In this study, we investigated alternative nonthermal surfactant
removal methods on a soft MCM-41 material, aiming at reducing the processing time and temperature, while maximizing the
material’s properties. The choice of a soft MCM-41 is critical since it is hydrothermally unstable, whereas the SDA removal is
troublesome. Microwave processing yielded outstanding performance in terms of surfactant removal, structural preservation, and
textural features; the surfactant was fully removed, the hexagonal structure was preserved, and the surface was highly rich in Si−OH
groups. It is suggested that H2O2 is the dominant oxidant. In terms of the process features, the processing time is significantly
reduced, 14 h (calcination) versus 5 min (microwaves), and the applied temperature is much lower. The energy savings were
estimated to be 72% lower as compared to calcination; therefore, this approach contributes to the process intensification of a very
relevant material’s production.

KEYWORDS: microwave-assisted processing, structured mesoporous material, energy-saving processing, structural preservation,
mild SDA removal, quick-processing, H2O2 oxidation

■ INTRODUCTION

Mesoporous materials are highly sophisticated nanostructures
with applications in catalysis, adsorption, sensing, and
separation, to cite a few. They are considered as applied
functional nanomaterials.1−3 As compared to zeolites that are
microporous solids (i.e., pores with diameters less than 2 nm),4

mesoporous materials expand the pore size and overcome the
limitations of zeolite networks. This allows a smoother and
unrestricted diffusion of bulkier molecules, and even lineal
polymers can penetrate and be converted.5 In order to obtain
such a control in the pore size at nanoscale, an entirely new
strategy was developed by using supramolecular organic
molecules as structuring directing agents (SDA) in the sol−
gel. Those templates can range from cationic, anionic, and
nonionic (neutral) surfactants, normally leading to mesopo-
rous materials,1,6 though macroporosity can also be
obtained.7,8

Mesoporous materials can range in the structure from
hexagonal such as MCM-41 (a member of the M41S
family),9,10 SBA-15,11,12 and SBA-3;13 to cubic such as
MCM-48,14 FDU-5,15 and AMS-10;16 to caged structures
such as SBA-2,17 FDU-1,18 SBA-1;19 to deformed mesophases
such as SBA-820 and KSW-2;21 to low-order mesophases such
as KIT,22 HMS,23 and MSU-n.24 Though the composition is
generally based on silica, other nonsilica compositions include
alumina25−27 or wider compositions such as CeO2, MoO3,
WO, CeO2−ZrO2, αFe2O3, WO3−TiO2, and TiO2.
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addition of elements in smaller quantity into the main phase,
for example, alumina-containing silicates, makes the spectral
composition nearly infinite for mesoporous materials.
The surface and pore properties of the mesoporous materials

are of great importance for applications. The first step in their
manufacturing consists of obtaining the ordered nonporous
organic−inorganic hybrid in which the SDA (also denoted
here as surfactant) is occupying the pores. The next delicate
step is to extract the surfactant from the cavities to develop the
porosity, without influencing the original structure or altering
the properties minimally. The SDA removal is therefore
decisive on the final properties. Specifically, the SDA removal
method has to be wisely adjusted as a function of the stability
of the network, desired properties (e.g., surface chemistry), and
implementation features.
Calcination consists of a thermal treatment of the solid

under air. By increasing the temperature up to 550 °C, the
SDA present in the pores will decompose and finally burn out
into CO2 and H2O. The stability upon calcination is a function
of the wall thickness between the pores. However, shrinkage of
the unit cell is always observed.31 The silanol groups,
Si(OSi)3OH, combine to produce water, and new siloxane
bonds are formed, which results in a structural shrinkage.10,32

The formation of siloxane units can influence the surface
properties, such as hydrophilicity and acidity. Hence, changes
in the concentration of surface −OH groups induce variations
in the surface hydrophilic/hydrophobic character. This can
affect the adsorption of reagents both in the number of adducts
formed and their nature. In order to minimize the calcination
side effects, different approaches have been suggested.33−35

However, controlling the surface chemistry is still a challenging
target.
Mesoporous materials of high interest are those that are

synthesized in simple manners, which often implies free of
hydrothermal treatment.36 However, the drawback is that these
structures are soft and prone to damage in successive
processing steps. The primary goal of this work was to identify
a suitable method to remove the SDA of a soft MCM-41
material, aiming at a process that reduces the processing time
and decreases the energy consumption, and the material’s
properties are maximized. Therefore, we were looking at an
intensified process for mild nonthermal SDA removal of a
relevant MCM-41 material. The methodology reported by
Tian et al.37 using microwaves is attractive, which was applied
on SBA-15. However, applying such a methodology onto
MCM-41 is not a rational choice since the materials’
hydrothermal stability is very different; SBA-15 is hydro-
thermally stable, whereas the studied MCM-41 is not.
Therefore, this work provides more value to the microwave
processing since it expands its application range to hydro-
thermally unstable materials. Most importantly, this work
provides original aspects from the process point of view, in
terms of significant energy reduction through the microwave
processing.

■ EXPERIMENTAL SECTION
Chemicals. The employed chemicals are summarized in Table S1

(Supporting Information).
Synthesis of the Mesophase. The MCM-41 mesophase was

prepared at room temperature following the procedure reported by
Grün et al.36 A solution containing the quaternary ammonium salt
[cetrimonium bromide (CTAB), as the SDA] in Milli-Q water was
prepared under gentle magnetic stirring. Aqueous ammonia was

added to the solution as a catalyst. Then, tetraethyl orthosilicate
(TEOS) was added dropwise. During the addition of TEOS, the
mixture began to whiten resulting in a gel with the following molar
composition: 1 TEOS/0.152 CTAB/2.8 NH3/141.2 H2O. The
mixture was stirred for 1 h. The precipitate was recovered by suction
filtration and washed with abundant water. A fine white powder was
obtained after drying overnight at 90 °C. Note that the terms SDA
and surfactant are equally used along the manuscript; they are
equivalent terms.

SDA Removal Methodologies. Calcination. A ceramic cup,
which contained the sample, was placed in the center of a box
Nabertherm furnace, equipped with a P330 temperature controller,
and heated from room temperature up to 550 °C for 5 h in the
presence of static air. The heating rate was 1 °C/min.

Solvent Extraction. The method consisted of contacting the solid
with an acidic ethanol solution at the reflux temperature. One gram of
the mesophase was contacted with 300 mL of a 1.0 M HCl solution in
ethanol. The mixture was stirred and kept in reflux for 30 h at the
reflux temperature (∼78 °C). The sample was filtered and washed
with abundant water and dried in an oven at 110 °C.

Ozonation. The treatment with ozone was performed according to
the procedure reported by Büchel et al.38 The method consists of
bubbling in situ produced ozone through a mixture of the material and
water. Typically, 1 g of the precursor material was contacted with 150
mL of Milli-Q water and agitated with a magnetic stirrer. Ozone was
then introduced to the slurry by bubbling the gas through a glass tube.
At the beginning of the reaction, the hydrophobic powder
(mesophase containing the template) did not mix well in water and
remained on top of the liquid surface. After approx. 30 min, the slurry
resulted in a homogeneous suspension. The experiment was stopped
after 8 h; the slurry was filtered, washed with abundant water by
filtration, and dried in an oven at 110 °C.

Microwave-Assisted Template Removal. A microwave sample
preparation system MDS 2000 (CEM Corporation) was used,
equipped with Teflon sample vessels transparent for microwave
radiation. The working frequency and voltage of the equipment were
2450 MHz and 220 V, respectively. The samples were prepared in the
Teflon vessel using 0.15 g of mesophase combined with 1.5 mL of
HNO3 solution and 1.0 mL of H2O2 (see concentrations in the
Supporting Information, Table S1) using a modified protocol, as
reported elsewhere.37 The maximum observed temperature was 200
°C. The mesophase was first exposed to different treatment times to
determine the time needed to fully remove the template. Preliminary
experiments were performed for 3, 5, and 7 min. A processing time of
5 min was found to be necessary to achieve full SDA removal. The
slurry was filtered, washed with abundant water by filtration, and dried
in an oven at 110 °C.

Fenton-Assisted SDA Removal. The procedure was carried out
following the protocol described by Loṕez Peŕez et al.10 in the liquid
phase without the need of any solvent.

Characterization Methods. Elemental Analysis. CHN elemen-
tal analysis was carried out on a EuroVector 3000 CHNS analyzer
using approximately 2 mg sample, which was weighted on a 6-digit
Mettler-Toledo analytical scale. The analyses were performed in
duplicate, and only analyses with a 2% standard deviation were
employed. The analysis itself consists of burning the samples at
1700−1800 °C in the presence of an oxidation catalyst. The organics
are decomposed into CO2, H2O, SO2, and N2 and then separated via
an online gas chromatograph having a Poropak QS column, operated
isothermally at 80 °C, and quantified with a thermal conductivity
detector. Calladius software was used to obtain the quantitative
information. The integrated peak area was converted into a
percentage using acetanilide (99.9%) as an external standard.

Structure. The structural ordering was evaluated by small-angle X-
ray scattering (SAXS) on a Bruker NanoStar instrument, containing a
ceramic fine-focus X-ray tube, which was powered by a Kristallflex
K760 generator at 35 kV and 40 mA. The X-ray flux was collimated
using cross-coupled Göbel mirrors and a 0.1 mm diameter pinhole,
providing a Cu Kα beam with a full width at half-maximum of about
0.2 mm at the sample position. The sample-to-detector distance was
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1.04 m. The scattering intensity was registered by a Siemens AXS Hi-
Star detector in the q-vector range of 0.1−2.0 nm.
Gas Adsorption. Nitrogen adsorption isotherms at −196 °C were

obtained on a QuantaChrome Autosorb-6B apparatus. The materials
were previously evacuated at 150 °C for 16 h. The Brunauer−
Emmett−Teller (BET) method was used to calculate the surface area
(SBET) of the samples. The Barrett−Joyner−Halenda (BJH) method
was applied for deriving the pore size distributions (PSDs) of the
solids. The total pore volume was estimated from the adsorbed
amount at a relative pressure of 0.98 in the desorption branch.
Thermal Analysis. Thermogravimetric analyses (TGAs) were

carried out in a TGA/SDTA851e Mettler-Toledo analyzer, where
around 5 to 10 mg of the sample was loaded into a 70 μL α-Al2O3

crucible. The temperature was raised from 30 to 900 °C at a rate of 10
°C/min under a flow of synthetic air (100 mL/min). Baseline
subtraction was employed to remove geometrical and crucible effects
in the pattern. Differential TGA (DTGA) was obtained from the
instrument software.
Scanning Electron Imaging. Scanning electron microscopy (SEM)

images were recorded with a Philips XL 20 microscope at 10 kV.
Samples were coated with gold to improve contrast.
High-Resolution Transmission Electron Imaging. Transmission

electron microscopy (TEM) micrographs were recorded on a JEOL
2010. A small amount of the sample was grinded with a mortar and
pestle and dispersed in isopropanol. A small drop was dispersed on a
Holey carbon grid (TED Pella 300 copper mesh) and left to dry.
Images were taken at 200 kV in brightfield and analyzed using the
software Gatan Digital Micrograph.
DRIFT Spectra. The IR spectra of the materials were collected on a

Nicolet Magna 860 spectrometer, equipped with a DTGS (deuterated
triglycine sulfate) detector and a Praying Mantis Harrick DRIFT cell.
The spectra were acquired by co-addition of 256 scans with a
resolution of 4 cm−1. About 50 mg of the pure material was packed
into a sample holder, synthetic air was passed over the sample, and the
material was mildly dried at 150 °C until the baseline of the m/z = 18
(H2O) of the outlet gas stream went to a baseline level, indicating that
the physisorbed water was removed from the sample’s surface. A
diffuse reflectance Fourier transform (DRIFT) spectrum of dried KBr
(Aldrich, FTIR grade) was first recorded as a background.
Solid-State NMR. 29Si MAS NMR spectra were measured on a

Varian VXR-400S spectrometer at 79.44 MHz using a 7 mm
zirconium spinner, with the following settings: spinning speed 5 KHz,
acquisition time 0.2 s, acquisition delay 20 s, radiofrequency length
3.2 μs, spectral window 30,007 Hz, and 3200 scans. Tetramethylsilane
was used as a reference.

■ RESULTS AND DISCUSSION

Mesophase. The mesophase was prepared according to the
study of Grün et al.36 SAXS analysis reveals a mesophase
having well-defined hexagonally packed cylindrical morphology
characterized by a distance between the cylinders of 4.76 nm
(Figure 1A), which was confirmed by high-resolution TEM
(HRTEM) (Figure 1B). SEM provided information on the
particle morphology, displaying agglomerates of particles that
are mostly unconnected of relatively small size, ∼0.5 × 2 μm
(Figure S1 in the Supporting Information). TGA (Figure 1C)
indicates that the mesophase requires a thermal treatment of
550 °C to decompose the SDA (i.e., CTAB surfactant). The
surfactant is present in 42 wt % and decomposes in two steps,
in agreement with prior studies, DTGA, as shown in Figure
1C.39,40

Calcination. As discussed earlier in the background,
calcination may produce a structural shrinkage. This is
shown in Figure 2A, where the main (100) reflection shifts
to higher angles. The hexagonal a0 lattice parameter changes
from 4.76 to 4.28 nm, representing 10% contraction. The

Figure 1. MCM-41 mesophase. (A) SAXS (inset: measured 2D scattering pattern), (B) HRTEM, and (C) TGA/DTGA analyses. In (C) CTAB +
H2O

deh means that the weight loss is due to the combustion of the CTAB plus the water coming from the dehydroxylation of the material (2Si−
OH → Si−O−Si + H2O), i.e., the reason we employed CHN elemental analysis as it is an element-selective technique.

Figure 2. (A) SAXS patterns in the (001) region of the mesophase
and calcined counterpart. Inset: representation of the structural
shrinkage upon calcination. Silanol groups combine, and siloxane
bonds are formed, resulting in structural shrinkage with a loss of pore
volume. (B) DRIFT spectra of the C−H region for three relevant
materials.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://dx.doi.org/10.1021/acssuschemeng.0c05438
ACS Sustainable Chem. Eng. 2020, 8, 16814−16822

16816

http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c05438/suppl_file/sc0c05438_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c05438?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c05438?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c05438?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c05438?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c05438?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c05438?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c05438?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c05438?fig=fig2&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://dx.doi.org/10.1021/acssuschemeng.0c05438?ref=pdf


contraction of the structure is not a big problem for catalysis
purposes, but the main drawback of calcination refers to the
fact that it irreversibly reduces the density of surface OH
groups and, from the practical point of view, it is a slow and an
energy-intensive process.
Nonthermal SDA Removal Methodologies. After

performing mild SDA removal protocols on the mesophase,
the resulting materials were characterized by several techniques
to assess template removal and the materials’ properties.
Surfactant Removal Efficiency. TGA gave ambiguous

information as the mildly treated materials have a significant
weight loss due to dehydroxylation’s water release (see note in
Figure 1’s caption). CHN analysis is, however, selective and
can provide a straight account of the SDA removal. Therefore,
the template removal efficiency was obtained after comparing
the elemental composition (CHN analysis) before and after
each procedure (Table 1). Besides calcination that removes

entirely the SDA, microwave oxidation and Fenton are the
most effective alternatives to calcination. High SDA removal
was also obtained by solvent extraction. Ozonation does not
provide good results with an SDA removal efficiency of 29%
only. These results were compared with the DRIFT spectra
(Figure 2B). Inspection of the 2840−3000 cm−1 C−H region
confirms that the SDA removal is complete for the microwaved
material, being as efficient as calcination. As a reference case,
the ozone treatment shows a substantial contribution of C−H
groups originating from the undecomposed SDA.

Structural Ordering. Small-angle X-ray diffraction patterns
provide information about the structural changes upon each
SDA removal strategy (Figure 3A). Structural shrinkage is
detected for all (100)-displaying materials. The main Bragg
diffraction peak (100) is shifted to higher values that results in
smaller cell parameters (a0, Table 1). The larger degree of
shrinkage took place upon calcination (∼10%). Shrinkage was
also observed upon microwave oxidation (∼6%). The
temperatures achieved during microwave radiation (∼200
°C) and the presence of H3O

+ (H5O2
+) in an aqueous

environment may explain the structural shrinkage. Such a
shrinkage was also found, but to a lower extent, in the
ozonation and Fenton treatments (4 and 2%, respectively).
The reason for shrinkage in these cases appears to be related to
hydrolysis of the soft uncalcined silica framework. This is
supported by the conclusions of Loṕez Peŕez et al.,10 who
showed that a 70 °C-Fenton treatment leads to severe
structural collapse on an MCM-41 mesophase. This was
explained by the high capillary forces during the drying of the
pores; similar observations were found for SBA-15, associated
to the soft nature of the silica network as well.12

Changes in the mesoscopic ordering were observed by
comparing the SAXS patterns, as shown in Figure 3A.
Calcination shows the highest degree of ordering, followed
by microwaving with a less intense and broader (100)

Table 1. MCM-41 Materials’ Properties after Applying
Various SDA Removal Methodologies

material
SDA removal

(%)a
a0

(nm)b
SBET

(m2/g)
Vtotal

(cm3/g)

mesophase
(untreated)

0 (reference) 4.76 21 0.04

calcination 100 4.28 1077 0.85
solvent extraction 97 Amc 456 0.25
ozone 29 4.57 545 0.31
microwaves 99 4.49 923 0.82
Fenton 98 4.68 636 0.37
aSDA removal calculated as: η (%) = (1 − Cmaterial/Cmesophase) × 100,
where Cmaterial is the carbon concentration of the material and
Cmesophase is the carbon concentration of the mesophase; the raw data
(wt % C) can be found in the Supporting Information (Table S2). ba0
= the lattice parameter, from the SAXS pattern: a0 = (2/√3)·d100.
cFully amorphous.

Figure 3. Effect of the SDA removal methodologies on MCM-41. (A) SAXS patterns. (B) N2 adsorption isotherms. (C) BJH pore size distribution.
Materials: (a) untreated mesophase, (b) calcination, (c) microwaves, (d) Fenton chemistry, (e) ozonation, and (f) solvent extraction. Isotherms in
(B) were offset for clarity.
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reflection. The second-order reflections of this material are also
less intense; hence, the material’s contraction is isotropic (i.e., x
∼ y ∼ z). The Fenton treatment only presented an ill-defined
(100) peak, while the secondary ones were undetected. The
structures with the lowest ordering correspond to the ozone
treatment followed by the solvent extraction; in the latter case,
no pattern was detected. The materials which were exposed to
an aqueous environment for prolonged periods of time
resulted in structural collapse, most likely due to hydrolysis.
Control tests were carried out to verify that hypothesis. The
calcined MCM-41 was hydrothermally treated at 70 °C
mirroring those treatments. From these experiments, it became
evident that the hydrothermal treatment leads to severe
structural and textural modifications, as evidenced from SAXS
patterns (Figure 4A) and isotherms (Figure 4B, textural

parameters can be found in Table S3 in the Supporting
Information). Even after 1 h, the structure fully collapses with a

severe drop in the textural parameters (Table S3 in the
Supporting Information). These results confirm the suscept-
ibility of this mesophase toward hydrothermal treatments due
to hydrolysis.

Textural Features. The textural properties were studied by
gas adsorption. The nitrogen isotherms (Figure 3B) show type
IV isotherms for the calcined and microwave-processed
materials. Calcination of the mesophase gives rise to a well-
defined porosity with a fully reversible adsorption isotherm. It
has a specific surface area of 1077 m2/g and a pore volume of
0.85 cm3/g. The porosity of the other materials is affected by
alterations and/or damage in the structure. The microwaved
material is the one which still shows a high adsorption capacity
with a moderate modification in the pore-filling mechanism. It
is not as sharp as in the calcined case, and it occurs in two
steps. The other materials do not show a steep pore-filling step,
but it is nearly flat in the typical mesopore region; they possess
lower surface areas and pore volumes (Table 1).
The BJH PSDs (Figure 3C) are in agreement with the SAXS

ordering. Only the calcined material has a well-resolved BJH
PSD at around 2.6 nm. The microwaved material has a broader
pattern with the prevalence of pore sizes at ca. 2.6 nm. The
pore maximum at high P/P0 is due to a phenomenon called
tensile strength effect (TSE) (Figure 3C).41 Despite having the
TSE effect, the PSD of the microwaved material shows
evidence of having broader pores; this was verified by
estimating the average pore size as 4 × 103 × Vtotal/SBET,
which resulted in 3.2 nm for the calcined and 3.6 nm for the
microwaved one. Note that it is known that the BJH model
gives an underestimation of the pore size when comparing BJH
with geometrical pore size values.42 The other materials
displayed a PSD with a baseline-like pattern. Despite the
microwave approach modified the PSD with secondary larger
pores, this did not have a big effect in the textural parameters.
The BET surface area and pore volume remain high with 923
m2/g and a pore volume of 0.82 cm3/g. This is 85 and 96% of
the BET and pore volume retention, respectively, as compared
to calcination. The drop in the BET surface area is due to
having bigger pores.
The broader PSD of the microwaved material was further

investigated by HRTEM (Figure 5A). It was found that the
material was in general ordered but some domains were more
amorphous, indicating the disturbance of the regularity. This is
ascribed to hydrolysis, which makes the structure more
disordered. The combination of water and local hot-spots,
originated from the microwave beam, can alter local parts of

Figure 4. Stability of MCM-41 after hydrothermal treatment at 70 °C.
(A) Evolution of the structural changes by SAXS, treatment time is
indicated. (B) Nitrogen sorption isotherms of the corresponding
materials.

Figure 5. (A) HRTEM of the microwaved-processed structure showing areas with damage associated to hydrolysis (highlighted with the arrow).
The inset shows a front view of the pores having a well-defined hexagonal symmetry. (B) HRTEM of the calcined material.
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the material. Such an effect was absent in the calcined material
(Figure 5B) where a regular distribution of pores/channels was
observed across the particle.
To understand better the PSD broadening, one must bear in

mind that the microwave processing functions like a batch
autoclave where the pressure increases above 1 MPa and
temperature peaks at around 200 °C. That means that such a
treatment can act as a secondary hydrothermal step on the
structure. It was generally found for SBA-15 materials that the
pore size increases with the hydrothermal temperature during
the hydrothermal ageing;33 a similar effect may be occurring
here where the pore size is expanded due to the microwave-
induced heat and autogenous pressure. However, it is not yet
entirely clear whether the effect in this situation is local or not
(i.e., affecting the whole sample or a section) since the TEM
images did not have enough resolution in the range of the
observed pore sizes, 2−4 nm, to identify the pore broadening.
In practical terms, the pore expansion may be resolved, or
minimized, by novel reactor concepts with controlled doses of
microwaves, spinning, and so forth, as will be outlined later.
Therefore, this approach can still be considered as suboptimal
at this stage.
Silanol Characterization. The properties of the resulting

material in terms of the silanol groups were studied by DRIFT
and 29Si MAS NMR. Several kinds of silanol groups can be
distinguished in the IR spectra (Figure 6A). Freely oscillating

isolated terminal (SiO)3Si−OH were found at 3750 cm−1. The
broad band at 3540 cm−1 is typical of strongly linked silanols as
vicinal hydrogen-bonded silanols (dimers or higher).43 It is
well seen that the microwaved treatment results in a ca. two-
fold higher number of hydrogen-bonded silanols (higher
intensity of the 3540 cm−1 band). This suggests that the
microwave treatment does not condense the silanols as
calcination does, and it may contain surface defects where
the OH-linked silanols are located. The concentration of the
hydrogen-bonded silanols normally decreases by increasing the
pore size,44 but this is not observed for the microwaved
material despite having broader pores, which is a positive
feature.

29Si MAS NMR completes the interpretation of the surface
chemistry (Figure 6B). The Q2 [Si(OSi)2(HO)2, geminal] and
Q3 [Si(OSi)3(HO), isolated and vicinal terminal] are more
pronounced in the microwaved material. This corresponds to

the presence of a highly hydroxylated surface. The concen-
tration of Si−OH was quantified (Table 2), resulting in

comparable values between the microwave-processed MCM-
41 and the starting mesophase, whereas the calcined
counterpart lost 19%. The high Si−OH in the microwaved
material has to do with the mild conditions; there is no thermal
condensation of Si−OH into siloxane. This explains that the
mesophase and the microwave-processed materials have a
comparable Si−OH concentration. The highly hydroxylated
surface’s nature of the microwaved material can also be seen in
the Q4 (Si(OSi)4) NMR’s peak. The upfield shift of the
resonance toward the negative edge suggests the removal of a
less electronegative element from the Si local environment.
This indicates the engagement of H from an OH group in the
hydrogen bond with a neighboring O-atom from the silanols.
In practical terms, having a high amount of silanols (not Si−

O−Si units) makes the microwave-processed material more
hydrophilic, opening doors of adsorption strategies for
improved drug load,45 or grafting procedures where the high
concentration of silanols would be needed. Figure 6A (inset)
represents a section of the pore displaying a high density of
Si−OH; in this case, for simplicity, the vicinal ones have been
represented.

Mechanistic Considerations for the Microwave-
Processing Method. When comparing the oxidation
potentials between the two employed oxidants, it is thought
that the prevalent oxidizing agent is H2O2 (1.776 V)46 while
HNO3 (0.803−0.934 V)46 can only have an acidifying role.
This opens up the possibility to optimize the process by
reducing the use of HNO3 in a successive study. Though
Fenton radicals (2.800 V)47 are stronger in terms of oxidation
potential than H2O2, the benefit of the microwaves is the fact
that the temperature increases up to 200 °C; this favors the
SDA oxidation kinetics using H2O2. Under ambient conditions,
Fenton chemistry would be better since the maximum
temperature is given by the H2O2/H2O mixture’s boiling
temperature, ca. 100 °C; at these conditions, H2O2 cannot
compete in kinetic terms with Fenton chemistry. However, as
seen in the material properties, Fenton does not work well for
this material since it leads to severe structural and textural
collapse. In other words, the microwave-induced autoclaving
effect promotes the oxidation kinetics of H2O2 and makes it an
effective oxidant for CTAB oxidation. A tentative mechanism
for the SDA removal can be defined as, eq 1

SiO (OH) (CTAB) H O

H SiO (OH) ( ) CO H O HBr/Br

NO

x x

x x

2 2 2

2 2 2 2

α

β γ δ

ε

+

⎯ →⎯⎯ + + +

+

−
+

−

(1)

Figure 6. (A) DRIFT spectra analysis of the O−H region; the inset
represents a highly hydroxylated surface in the microwaved material’s
surface. (B) 29Si MAS NMR spectra. Materials: (α) calcined and (β)
microwaved-processed materials.

Table 2. Quantification of the29Si MAS NMR Qn Species and
Si−OH Concentration

material Q2 (%) Q3 (%) Q4 (%) Si−OH(%)a

mesophase (untreated) 0.5 37.7 61.8 38.7 (100)
calcination 0.7 30.1 69.2 31.5 (81)
microwaves 2.1 33.4 64.5 37.6 (97)

aSi−OH (%) = [(2Q2 + Q3)/∑Qi] × 100. bValues between
parenthesis correspond to the percentage of retention of the Si−
OH using the parent mesophase as a reference (i.e., 100%).
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where CTAB is decomposed into CO2, H2O, HBr/Br2, and
NO. SiOx(OH)2−x( ) represents the SDA-free MCM-41
material, containing siloxanes and silanols.
Methodologies’ Evaluation. It is outstanding that the

majority of materials underwent structural damage upon
different SDA removal methodologies. This supports the fact
that the mesophase, without hydrothermal treatment, does not
have an adequate hydrothermal stability. The success of the
microwave treatment in keeping the structure is associated to
the short treatment times (minutes); this enables the SDA
removal and minimizes the structural damage.
A comparison of the protocols’ properties is given in Table

3. Most of the methodologies are effective in removing the

SDA (rated as ++) except ozonation (+). The SDA removal
approach utterly affects the ordering leading to less ordered
(+/−) or amorphous (−) structures, with the exception of
calcination (++) and microwave treatment (+). The ordering
is directly linked to the porosity; those materials with higher
ordering display better textural parameters. The evaluation also
considers process features. Calcination is slow due to the low
heating rates, with a total processing time of ∼14 h. The
corrosive gases can affect irreversibly the calcination equip-
ment, leading to a long return on investment (i.e., recapital-
ization), and it is highly energy-intensive process. Microwave is
a much faster protocol and operates at a lower temperature.
The Fenton chemistry-derived material would be improved by
drying using a low-surface tension solvent, as proven by Loṕez
Peŕez et al.,10 in the sense that the structure was much better
preserved when H2O was replaced by n-BuOH during the
drying. This avoids surface tension-induced collapse. However,
such n-BuOH post-treatment notably increases the complexity
of the work-up, whereas the microwave processing seems to
overcome such problems in a simpler way using low-cost
chemicals in a quick manner.
From the energy consumption view point, the microwave

processing has benefits with a lower carbon footprint. Figure 7

compares the energy required to process a feedstock of 1 t/h of
a CTAB-containing MCM-41 between calcination and micro-
waves. The calculation renders a reduction of the energy
consumption by 72% from 149 to 41 MW. Therefore, both
rapidness and energy reduction contribute to a more
intensified process. These results are in line with recent
studies that have shown the benefit of microwave-assisted
processing for reactor operation under selective heating at both
macro and microscale, whereas conventional conduction
heating is nonselective by itself or less efficient.48−50

■ CONCLUSIONS

A rapidly synthesized soft MCM-41 material was subjected to
state-of-the-art thermal and nonthermal SDA removal
methods. Certain methods promoted severe hydrolysis and
provoked significant changes of the structure. Microwave-
assisted processing was effective and quick in removing the
SDA/surfactant, and it yielded a different material than that
obtained by calcination. The hexagonal structure was
preserved, and broader pores were found, in addition to the
main ones; this was ascribed to some degree of hydrolysis, in
combination with the hydrothermal conditions during the
microwave processing, but did not affect the total surface area
which was high. The surface of the material is highly rich in
Si−OH, with a great promise for further use. The benefits of
the microwaves from the process point of view, as compared to
calcination, are the short processing time, that it is reduced
from 14 h (calcination) into 5 min (microwaves) and the lower
applied temperature. The latter has an impact with a reduction
by 72% of the carbon footprint. This makes it appealing for
further applications to other materials or other approaches, not
necessarily oxidations but extractions.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c05438.

Chemicals employed for the synthesis and postsynthesis
processing steps; elemental analyses of the processed
materials; textural parameters of the processed materials
(BET surface area, total pore volume, pore diameter, and
external surface area); SEM image of the synthesized
mesophase; and theoretical background for the energy
balance calculation (PDF)

Table 3. Comparison of the Various SDA Removal
Methodologies

material’s features

methodology
SDA

removal ordering porosity

calcination ++ ++ ++
solvent extraction ++ − <500 m2/g, flat PSD
ozone + − <600 m2/g, flat PSD
microwaves ++ + ++ with some pore expansion
Fenton ++ +/− <650 m2/g, flat PSD

Figure 7. Reactor models representing calcination (A) and the microwaves processing (B) of a solid feedstock of 1 t/h of CTAB-containing MCM-
41. The methodology can be found in the Supporting Information.
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