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Abstract

Non-thermal plasma has revealed as fast and efficient strategy for the complete elimination of
template molecules from SBA-15 materials. Through comparing the textural properties of a set of
SBA-15 materials obtained by classical calcination and non-thermal plasma treatment new insights to
the SBA-15 structure could be revealed. As such, a third type of microporosity could be disclosed by
the use of non-thermal plasma for SBA-15 synthesized at 60 °C. Additionally, starting from a
synthesis temperature of 100 °C, template elimination through non-thermal plasma allows for
preserving native textural properties of as-synthesized SBA-15. The developed alternative treatment
combines the advantages of improved textural properties and higher silanol density, hence making the

strategy very promising for superior applications of SBA-15 materials.
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1. Introduction

The development of ordered mesoporous materials has been in the focus of materials research for
almost three decades now. One of the most fascinating and widely described members of the ordered
mesopores silica family featuring hexagonally ordered pores is SBA-15."? Despite the huge amount of
reports dealing with potential applications of SBA-15 some open questions as far as the exact
textural properties of SBA-15 are concerned still prevail. Partially, this can be explained by the fact
that the structure of SBA-15 is critically affected by the synthesis temperature. It has indeed been
described that low synthesis temperatures favor the development of micropores next to hexagonally
ordered mesoporosity, whilst high temperatures lead to materials that are purely mesoporous in nature.
The presence of microporosity in some SBA-15 materials was firstly indicated by Stucky and co-
workers based on nitrogen adsorption.* Soon after, Ryoo et al.> described the presence of secondary
porosity present in the pore walls through the grafting of organosilanes of different bulkiness on the
surface of SBA-15. Impéror-Clerc et al.® depicted the SBA-15 structure as featuring a microporous
corona around the larger mesopores through careful modeling of the achieved XRD intensities.
Galarneau et al.” pointed out the difficulty to describe the porous structure of SBA-15 based on the
presence of a very wide size distribution of small pores ranging from the microporous to the smaller
mesoporous range. It was indeed evidenced that micropores are of a wide size distribution and span
over even the small mesopore range with sizes smaller than 3.4 nm.? Silvestre-Albero and co-workers,
preformed n-nonane preadsorption followed by nitrogen physisorption on SBA-15 materials and
evidenced merely a very little fraction of micropores.? Careful observation of inverse platinum replica
of SBA-15 samples revealed that some of these small mesopores interconnect the ordered larger
mesoporosity.'°

Further misconstruction of the SBA-15 structure is often related to the characterization of SBA-15
upon the removal of the template. Indeed, one of the key steps in the synthesis of the SBA-15
materials is the elimination of the organic surfactant. The most widely used technique for this purpose
is calcination in air at temperatures comprised between 500 and 600 °C for several hours. Calcination
at these temperatures is extremely efficient as it allows to remove the integrity of the organic
surfactant.***? The major drawback of calcination is the coherent lattice shrinkage and which further
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importantly reduces or even leads to complete destruction of microporosity.** Yet, important
conclusions on the texture of SBA-15 materials have been inferred for materials calcined at elevated
temperatures.™

With the aim to develop milder template removal strategies from as-synthesized SBA-15 materials a
series of alternative approaches has been put forward. The liquid extractions with solvents* or
supercritical fluid extraction with CO,™ are appealing strategies as templates can be recovered and
hence recycled, yet templating removal efficiency is limited to 60-80% even after various extraction
cycles, which implies the necessity of further treatments. Besides calcination, oxidative treatments

based on the digestion with H,0,,'***

and plasma assisted template degradation have been reported for
the elimination of Pluronic templated silicas. Saito and co-workers developed a solution plasma
process in which active species based on O, H and OH in situ develop from the aqueous solution.”
The efficiency of the process has been described to critically depend on the pH and that the treatment
efficiency is highest in alkaline and acidic media. Though, it has been reported that templates can be
fully removed within 15 min through this process it remains disputable as textured silicas are highly
sensitive to exposures to alkaline environments.?* Moreover, template molecules from SBA-15 were
completely removed using glow discharge plasma (GDP).?? The inconvenience of GDP is the long
exposure time required in order to remove fully the template (2 h). Finally a stepwise template
removal process was developed by Schith and co-workers in which the template ethers in the large
mesopores are first cleaved using concentrated sulfuric acid solutions followed by a thermal
calcination at 200 °C, which allows to remove the integrity of the template from micropores.??* These
latter approaches state to entirely remove the template from SBA-15, yet textural characterizations
were not carried out with sufficient depth to allow for the carful observation of textural features.

Non-thermal plasma (NTP) has revealed extremely efficient to degrade organic molecules by a highly
oxidizing environment at room temperature. Indeed, NTP has allowed for eliminating structure
directing agents form as-synthesized zeolites and MCM-41.>? Yet, rather long exposure times (> 2 h)
have been reported for full elimination of templates. Recently the coke elimination from spent zeolite
catalysts through the use of NTP in O,/He mixtures was described. Helium revealed as significantly

better energy carrier and allowed hence for reducing plasma treatment times considerably.”*



The scope of this contribution is to investigated NTP using O./He mixtures as alternative template
removal strategy, with the aim to preserve textural properties of the as-synthesized SBA-15 materials
and hence to achieve new insights on its structure. To the best of our knowledge this is the first report

that describes the use of NTP for Pluronic template removal in SBA-15.

2. Materials and Methods
2.1 Materials
HCI (37%, Fisher Scientific), NH4OH (30%, Aldrich), tetraethylorthosilicate (TEOS, Merck) and

Pluronic P123 (Sigma-Aldrich) were purchased and used as received.

2.2 Synthesis of SBA-15

2.2.1 As-synthesized SBA-15

In a 250 mL beaker 1 g of Pluronic P123 was dissolved in 15 mL of a 2 M aqueous HCI solution under
constant agitation at 35 °C for 1 hour. 2.1 g of TEOS are subsequently drop-wise added to the former
solution at under agitation. The molar composition of the mixture was
1P123:11.7TEOS:34.8HCI:966.1H,0. After complete addition of the silica source the mixture was
aged at 35 °C during 24 h and then subsequently heated to the target synthesis temperature (60, 80,
100 or 130 °C) for 24 h in a sealed Teflon autoclave. After cooling to RT, the synthesis mixture was
centrifuged, and the residual solid washed three times with distilled water and dried at 60 °C during
72 h. Samples were named SBA15-X in which X stands for the synthesis temperature, i.e. 60, 80, 100

and 130.

2.2.2 Template removal through calcination

Calcination was carried out in a muffle furnace of a total volume of 25 L under air. 100 mg of dry
samples were finely dispersed on a ceramic support and placed at the center of the furnace. Heating
rate was 2 °C/min until target temperature, which was kept constant for 4 h, before cooling to RT.
Calcination temperatures of 300, 400, 550, 750 and 850 °C were used. Samples were named SBA15-

X-Y, in which Y stands for the calcination temperature.



2.2.3 Template removal through NTP

A quartz reactor of the dimensions 10 x 120 mm equip with a gas inlet and outlet and featuring an
inner stainless steel electrode (3 mm) and an outer copper electrode (20 mm) wrapped around the
reactor was used (Scheme S1). The gap of the internal electrode and the reactor walls was 2.5 mm.
The two electrodes were connected to a bipolar pulse generator A2E Technologies-Electronic. Two
consecutive pulses U, and U_ were applied to one electrode and then to the second one. The deposited
power (P) was calculated from the time averaged product of discharge voltage and current. 200 mg of
the as-synthesized SBA-15 were placed on a grid in the reactor. A 80/20 helium/oxygen mixture was
used with a flow rate of 100 mL min™. The frequency was set to 2000 Hz and a voltage of 8 kV was

applied for 15 minutes (7 W).

2.6 Characterization

2.6.1 Physisorption isotherms

Nitrogen physisorption isotherms were recorded at -196 °C using a Micromeritics 3FLEX instrument.
Before analysis, all samples were outgassed under secondary vacuum for 12 h at RT. The nitrogen
adsorption and desorption isotherms are represented by plotting the adsorbed volume as function of
the relative pressure. The t-plots were achieved using the reference isotherm for the synthesized non
porous silica material described in the supplementary information (Table S1). In contrast to
macroscopic approaches, DFT allows to obtain accurate pore size analysis even for narrow micro- and
mesopores.*> DFT pore size distributions were realized with the Micromeritics software taking into
consideration cylindrical pore shape. The applicability of the model was tested for a mechanical
mixture containing various degrees of meso- and microporosity as described in the supplementary
information (Figure S1). Total pore volume (V) was determined at the relative pressure of 0.95 from

nitrogen adsorption isotherms at -196 °C.



2.6.2 X-ray diffraction
Powder diffractograms were collected using a PANalytical Empyrean X-ray diffractometer using
CuKo radiation (1.54059 A), for the 20 range from 0.5 to 5°. The scan speed was fixed at

0.008° min'. Lattice parameters (a,) were calculated using following relations for a hexagonal

system:
ag = 2 —d(\}%o)
aop = 2d(110)
d 200
ag =4—=
0 V3

where dgo0), daio) and deogy correspond to the distance of the (100), (110) and (200) planes,

respectively.

2.6.3 Transmission electron microscopy
Transmission electronic microscopy (TEM) was performed over selected samples using a JEOL 2100
instrument (operating at 200 kV with a LaBg source and equipped with a Gatan Ultra scan camera).

Lattice parameters were calculated using the Gatan software.

2.6.4 Thermo gravimetric analysis (TGA) and elemental analysis

TGA was performed on a Q600 TA Instruments. 10 mg of the sample were weighted in the crucible
and heated to 900 ° C with a ramp of 10 ° C min™ in air flow (50 mL min™). The percentage of organic
was achieved from the mass loss in the temperature range from 100-400 °C. The amount of water
formed from silanol condensation was inferred from mass loss in the temperature range from 400-

900 °C.



Elemental analysis was carried out on a Flash EA 1112 / Flash 2000 Thermo in order to quantify the

amount of carbon present on samples.

3. Results and discussion

3.1 Template removal from SBA-15 materials through calcination in air

A set of SBA-15 materials were prepared at 60, 80, 100 and 130 °C. The as-synthesized materials
were calcined at 550 °C in air. For all of the calcined samples type IV isotherms were observed in
nitrogen physisorption at -196 °C (Figure 1a), which are characteristic for samples in which capillary
condensation occurs. The synthesis at the lowest temperature (60 °C) yields the SBA-15 material with
the lowest total pore volume and the smallest size of hexagonal ordered mesopores, which is centered
at 7.0 nm. With increasing synthesis temperature the size of these mesopores increases and is of 8.8,
9.5 and 12.8 nm for synthesis temperatures of 80, 100 and 130 °C, respectively (Figure 1c).

As far as microporosity is concerned both synthesis at 60 and 80 °C present a comparable pore size
distribution, featuring maxima centered at 1.1 and 2.0 nm (Figure 1b). The sample synthesized at
100 °C shows very little microporosity (0.01 cm® g™) and features a pore size distribution centered in
the very small mesoporous range (2.2nm). When synthesis is carried out at 130 °C, the size
distribution of these small mesopores shifts to 3 nm. It is furthermore worth to mention that for all of
the samples some wider mesopores with large size distribution between 3 and 7 nm can be observed.
The obtained results compare well to what has previously been reported in the literature with the
exception that smaller mesopores are observed for all samples even those achieved at low synthesis
temperature (60 °C).

It is interesting to note that the lattice parameter is similar for all of the as-synthesized material (and is
comprised within 11.2 and 11.8 nm (Table S2). The effect of calcination on the materials leads to a
drastic reduction of the lattice parameter (Table 1). The sample synthesized at 130 °C shows the
smallest reduction of the lattice parameter upon calcination, which can be ascribed to the absence of
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microporosity in this sample. Lattice shrinkage is hence importantly related to the amount of
surfactant enclosed within the pore walls. Indeed, though total porous volume is maximal for SBA15-

130-550 it features the lowest amount of surfactant in the as-synthesized material (Table S3).

a 800 b 16 T T C
-130- E 134
700 —=a— SBA15-60-550 q 144 SBA15-130-550 ':‘Y‘L 1 £ . o Loos
—e— SBA15-80-550 z
600 —4— SBA15-100-550 1 12 1 g a2y -
—— — o
SBA15-130-550 £ ,]seA15100550 1 g . c
1 E 2 s
- g s
Pl 084 T 10 3
5 =]
S 6] SBA15-80-550 P ] s o 00z 8
] ) I\ I 4
% 04 s ¢ ki NMTe— =& §
> 4 J L
° S g -—> ?
0.2+ SBA15-60-550 g ;
’ o , — | s! s 7 o
° 0 g 0.00
a

T T T T T T T "
50 60 70 80 9 100 110 120 130 140
PIP, Pore width (nm) Synthesis temperature (°C)

u T T T T T T
0.0 0.2 0.4 0.6 08 1.0 1 10

Figure 1. Nitrogen adsorption and desorption isotherms at -196 °C (a) and DFT pore size distributions
(b) for SBA15-60 (black), -80 (red), -100 (blue), and -130 (green) calcined at 550 °C. c¢) Evolution of
the pore width of hexagonal mesoporosity and microporous volume as a function of synthesis

temperature. Plots are shifted on the y axis for DFT pore size distributions.

As indicated by Galarneau et al.” the use of standard t-plot is critical for deducing microporous volume
of SBA-15 material. Indeed, through applying the Harkins-Jura approach a constant multilayer
adsorption is observed prior to capillary condensation (Figure S3a). To circumvent the limitations of
the Harkins-Jura plot, a purely non-porous silica was synthesized in order to achieve a suitable
reference isotherm to construct the t-plot (Table S1). Using the designed t-plot the deviation from the
linearity from multilayer adsorption is well observed before capillary condensation, which can readily
be ascribed to the fraction of smaller mesopores that cannot to be identified through the standard t-plot
procedure. Hence, applying values of the t-plot in the fitting range of 2 and 3 nm allows to assess the
microporous volume, which compares well to the cumulative pore volume achieved by the DFT
model. Microporous volume decreases linearly as a function of the synthesis temperature and is null
for the sample achieved at 130 °C (Figure 1c).

One of the key steps in the synthesis of SBA-15 is the elimination of the template from the as-
synthesized materials, which allows to develop the porosity. Though the degradation of the Pluoronic
template initiates at 160 °C, its complete elimination requires calcination temperatures of at least

400 °C (Figure S4, Table S4). Hence, in the scientific literature SBA-15 materials are usually
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calcined at temperatures between 400 and 600 °C in order to totally eliminate the template.®****® Yet,

calcination temperature has a major impact on the textural properties of the SBA-15 materials.

For the sample SBA15-60; though calcined at 300 °C does not permit to remove the integrity of the

surfactant (> 2% of surfactant can be evidenced by elemental analysis, Table S4); it is the sample that

features the highest porous volume (Figure 2). Increasing the synthesis temperature importantly

reduces both meso- and microporous volume. As a matter of fact microporosity drops linearly from

0.075 to 0.001 cm® g™ for calcination temperatures of 300 to 750 °C, respectively (Figure 2c).

Calcination temperatures of above 750 °C lead to complete deterioration of microporosity, yet a minor

fraction of intermediate mesopores (3-5 nm) persist (Figure 2b).

The decrease of microporosity is concomitant with lattice shrinkage. The size of the hexagonal

mesoporosity decrease from 7.65 to 5.90 nm for SBA15-60 material calcined at 300 and 850 °C,

respectively. This finding was confirmed from XRD, as lattice parameters decrease essentially over

2.5 nm from the lowest to the highest calcination temperature (Figure S2, Table 1).
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Figure 2. Nitrogen adsorption and desorption isotherms at -196 °C (a) and DFT pore size distributions

(b) of SBA-15-60 calcined at different temperatures. c¢) Evolution of pore width of hexagonal

mesoporosity and of microporous volume as a function of the calcination temperature. Plots are

shifted on the y axis for DFT pore size distributions.

Table 1. Textural parameters for calcined SBA-15 materials.

Sample ag (Nm) Vit (cm® g ™) Viero (cm° ™) Pore width® (nm)
SBA15-60-300 10.1 0.73 0.074 1.7
SBA15-60-400 9.9 0.62 0.058 7.2
SBA15-60-550 9.7 0.53 0.042 7.0
SBA15-60-750 8.9 0.37 0.001 6.5
SBA15-60-850 8.5 0.28 0 5.9
SBA15-80-550 104 0.83 0.035 8.8
SBA15-100-550 10.5 0.97 0.012 9.6
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SBA15-130-550 11.2 1.12 0 12.7

®of hexagonal ordered mesoporosity.

Calcination in air is doubtlessly a rather simple and cost efficient process, which allows for the
complete removal of the surfactant form as-synthesized SBA-15 materials at a certain temperature
(>400 °C). Calcination yet importantly affects the texture of the materials as microporosity is doomed
to a certain extent, impacting wall thickness and pore size distribution. In order to thoroughly
characterize textural properties of SBA-15 calcination rather seems an inconvenient template removal

strategy.

3.2 Template removal from SBA-15 materials through NTP

Due to the previously stated limitation of thermal treatments for the removal of the template from
SBA-15 materials we investigated NTP as alternative template removal strategy, with the aim to
preserve textural properties of the as-synthesized samples and hence to achieve new insights on their
structure.

The as-synthesized sample that presents the highest amount of potential microporosity (SBA15-60)
was treated with NTP at a deposited power of 7 W (2000 Hz, 8 kV) during 15 min. The obtained
nitrogen physisorption isotherm compares well to the one achieved for the calcined sample at 300 °C
(Figure 3a), yet SBA15-NTP features a higher total pore volume (0.83 cm® g™) and the absence of any
organic residue (as inferred from elemental analysis). Important differences are further observed when
comparing the DFT pore size distribution. The most striking feature of the NTP treatment is that it
allows for developing ultramicroporosity with a pore width centered at 0.7 nm (Figure 3b). The
further porosities compare to what was revealed for the calcined samples at 300 and even 550 °C. As
far as the hexagonal structured mesoporosity is concerned it is slightly larger for the NTP treated
sample and is centered at 8.01 nm. Both, development of ultramicropores and larger hexagonal
mesoporosity suggest a less pronounced shrinkage of the lattice. Indeed, from XRD a larger lattice

parameter was calculated for SBA15-NTP, which amounts to 10.3 nm (Table 2, Figure S5).
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Figure 3. Comparison of nitrogen adsorption and desorption isotherms at -196 °C (a) and DFT pore

size distributions (b) of SBA15-60 calcined at 300 °C (black) and treated with NTP (red).

NTP hence allows for preparing samples that are less affected by lattice shrinkage. Indeed, for the
SBA15-100 identical lattice parameter is achieved through NTP as for the as-synthesized sample
(Table S2), which suggests that almost native properties of the SBA-15 materials can be preserved.
For the sake of comparison the various porous features of SBA-15 materials were classified in five
groups and attributed with the letters A-E as indicated in Figure 3b and in which A type pores
correspond to ultramicropores (0.6-0.8 nm), B to micropores (0.9-1.3 nm), C to supramicropores (1.4-
2.4 nm), D to small mesopores (3.2-5.0 nm) and E to hexagonally ordered mesopores (6.0-13.0 nm).

The use of NTP allows for preserving the smallest type of porosity of SBA-15 based samples that is
lost through calcinations at 550 °C (Figure 4). As such, for SBA15-100 the use of NTP allows to
achieve samples in which micropores of type B are present whilst for the calcined sample the smallest
porosity is of type C (Figure 4 and S6). Likewise for SBA15-130, NTP treatment allows for
achieving a material in which C-type porosity is present, yet for the calcined sample the smallest
observed porosity is of type D. Moreover, the NTP treatments lead to materials with higher total pore

volume for all of the samples (Figure S7).
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Table 2. Textural properties of SBA-15 materials treated with NTP.

Sample a (Nm) Vit (cm® g?) Vmicro (€M° g7 Pore width? (nm)
SBA15-60-NTP 10.3 0.84 0.078 8.0
SBA15-80- NTP 10.9 1.11 0.042 9.9
SBA15-100- NTP 10.7 1.21 0.032 10.5
SBA15-130- NTP 11.2 1.15 0 12.9

®of hexagonal ordered mesoporosity.

In order to gather further insights on the structure of samples, their texture was investigated through

transmission electron microscopy. Despite the important amount of microporosity and small

mesoporosity present in SBA15-80 merely the hexagonal ordered mesopores were inferred, which

indicates that the various porous levels are integrated homogeneously within the pore walls formed by

the hexagonal ordered pores (Figure 5). As expected synthesis at 80 °C leads to the observation of

smaller mesopores and thicker pore walls compared to the synthesis at 130 °C. For both calcination at

550 °C and NTP treatment the lattice parameters were calculated from the TEM images (Table S5,
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Figure S7). Though these revel to be slightly smaller than those calculated from the diffractograms the
same tendency between calcined and NTP treated samples was inferred. It is to note that obtaining

smaller lattice parameters from TEM compared to XRD has been previously reported.®

Figure 5. TEM images of SBA15-80-NTP (a) and SBA15-130-NTP (b).

As expected, by applying NTP for removing the template from SBA-15 leads to materials that feature
a higher density of surface silanol groups. Indeed the amount of water formed by silanol condensation
allows to indirect assessing the amount of silanol groups present on the surface of the samples (Figure
S8). For calcined samples a significantly lower percentage of silanol condensation was observed
compared to the NTP treatment independently of the synthesis temperature (Table S6). Important
reduction of silanol groups is inevitable during calcination,® whilst in the present study the NTP
process operating at room temperature permits to preserve these functions.

The exact reaction mechanism of the template removal under NTP is difficult to establish as numerous
active species are generated under such conditions, including the positive ion O,", the negative ions O,
O, and further 05.*® The direct oxidation of the template molecules is expected to occur, which is
inferred from the composition of the exhaust gas (mainly CO and CO, associated with H,0). The
involvement of hydroxyl radicals HO® can further be assumed, which may be formed from water

dissociation®® and considered a powerful oxidizing agent.*’

3.3 Liberation of porosity through NTP
With the aim to achieve further insights to the template degradation mechanism the sample SBA15-

100 was characterized after various durations of exposure to NTP. From the nitrogen physisorption
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data was inferred that the porosity develops essentially within the first 10 minutes of treatment
(Figure 6). After 15 minutes of treatment the textural properties remain constant (Table 3 Figure S9).
The material achieved after 1 min of treatment merely leads to the liberation of 15% of the total
porosity, which relates exclusively to the ordered hexagonal pores (Figure 6b and c). Within 5
minutes of NTP small mesopores and hexagonal mesoporosity develops. After 10 minutes of treatment
microporosity further develops. Thereafter, textural features remain almost constant. An initial volume
liberation rate of 0.176 cm® g™ min™ was found. It is further interesting to observe that the pore size
distribution of the hexagonal ordered mesoporosity evolves throughout the treatment and is 8.8 nm
after 1 minute and develops rapidly to the final pore size (10.5 nm) within 10 minutes of treatment
(Table 3). The absence of hysteresis due to cavitation in all of the isotherms indicates that the
surfactant is homogenously removed from the pores and that no pore plugging occurs during template

elimination by residual surfactant-fragments (Figure 6).
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Figure 6. a) Nitrogen adsorption and desorption isotherms at -196 °C of SBA-15-100 treated with
NTP for various durations. b) Evolution of the normalized mesoporous volume (void symbol) and

microporous volume (full symbol) for SBA-15-100. C) DFT pore size distribution from N,

physisorption isotherms at -196 °C.

Table 3. Textural parameters of SBA-15-100 treated with NTP at different durations.

Treatment time (min) Vit (cm* g™ Voiero (€M° g Pore width® (hm)
1 0.18 0 8.8
5 0.87 0 10.3
10 1.17 0.03 10.5
15 1.21 0.04 10.5
60 1.21 0.04 10.5
240 1.21 0.04 10.5

®of hexagonal ordered mesoporosity.
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Taking all of the achieved evidence from NTP treated SBA-15 samples together a full picture on the
textural properties of the materials can be drawn and is summarized in scheme 1. Here all of the levels
of porosity are depicted for the SBA-15 materials achieved at different temperatures. It is well known
that micropores in low-temperature SBA-15 result from intermicellar interactions.” Through increasing
the synthesis temperature these diminish to the expense of intramicellar interactions. The smallest
level of porosity (i.e. the ultramicropores revealed in this study) may well result from the embedding
of single PEO strands of the surfactant within pore walls. The higher levels of porosities result

accordingly from multiple PEO strand interactions that are favored as synthesis temperature increases.

Template removal through calcination

BRI XX

Synthesis temperature

o oPa

Template removal through NTP

Scheme 1. Schematic representation of porosities in SBA-15 materials achieved through calcination

and NTP.

4. Conclusion

NTP has revealed as extremely powerful strategy in the quest of achieving new insights of the
structure of SBA-15 materials. Whilst calcination at elevated temperatures (> 400 °C) is the technique
of choice for the removal of structure directing agents from inorganic materials, their final textural

properties are importantly impacted by this procedure. The use of NTP allows for preserving almost
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native properties of the as-synthetized SBA-15 materials. As such, the use of NTP has allowed for the
first observation of ultramicroporosity within SBA-15 materials synthesized at 60 °C. Samples treated
through NTP are less affected by lattice shrinkage. NTP hence permits for achieving SBA-15
materials with increased textural properties that furthermore feature a higher degree of surface silanol
groups, which hence are susceptible to improved surface functionalization. This could lead to the
development of SBA-15 based adsorbents or catalysts with superior capacities and activity. NTP is a
very promising strategy for the fast and efficient removal of organic species from inorganic materials

and is especially suited for materials which textural properties are sensitive to elevated temperatures.

Supporting Information
Description of the NTP set-up, validity of the DFT model, construction of the t-plot, additional pore
size distributions, XRD spectra, TGA curves and additional TEM images are available as supporting

information.
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