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Abstract:

This study reports the preparation of highly porous, SBA-15-based monolithic materials with pore sizes
spanning over four scales (micro-/meso-/small macro-/large macro-pores). Two approaches were
explored. The first one involves the preparation of PMMA scaffolds obtained from chemically-bonded
beads and their further infiltration using SBA-15 slurries with suitable viscosity; while the second one
directly uses the same amount of PMMA beads dispersed within the slurries. Emphasis was given to the
comparison of the textural, structural, and mechanical properties obtained following each approach.
Then, application of a thermal consolidation step and its influence over the monoliths properties was
investigated, with an optimum observed at 950 °C. The second method systematically allowed reaching
higher mechanical resistances (86 vs 32 kPa at 950 °C) for comparable specific surface areas (274 vs

290 m2/g at 950 °C), however at the expense of smaller macropores and lower ordering in the monoliths.

Keywords: SBA-15; hierarchical porous materials; monoliths; shaping technique; slurry infiltration
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1. Introduction

Hierarchical porous structures can be found in various natural materials including leaves, bones, and
wood. While being light cellular structures, their specific hierarchical arrangement ensures high strength
and flexibility [1]. Besides, hierarchical porous materials have been increasingly studied over the past
decade as they present several advantages compared to single-sized porous materials. Being constituted
of pores spanning over several scales, each scale solves the drawback of another one: micropores and
small mesopores provide high surface area and molecular sieving ability, but they present significant
diffusion restrictions; while macropores minimize diffusion barriers and enhance the accessibility to
active sites, yet their contribution to the total surface area is low. Therefore, these materials typically

present superior performances in separation, energy, life science and heterogeneous catalysis [2].

SBA-15 is an ordered mesoporous silica that has been widely applied to heterogeneous catalysis, as a
catalyst support [3]. Its framework is composed of cylindrical mesopores with calibrated diameters from
5 to 10 nm, arranged hexagonally following the space group P6mm, and providing a surface area
reaching up to 1000 m2/g [4]. Interestingly, SBA-15 presents higher thermal and hydrothermal stability
than other porous silicas, including the M-41S family, owing to its thick pore walls. In addition, its
hexagonal pores are interconnected through irregular micropores: SBA-15 is thus considered a bi-modal
micro-/mesoporous material [5], a unique characteristic that can be advantageously used to stabilize
active nanoparticles in a divided state [6][7]. Still, consequent diffusional restrictions appear when the
catalytic conversion of bulky molecules is required, limiting the catalytic activity [8]. These restrictions

can be lifted by introducing macropores.

Hierarchical, meso-/macroporous silica-based materials can be obtained following various ways
including inverse opals [8], freeze-casting [9], additive fabrication [10], spinodal decomposition (also
known as phase separation) [11], and foaming [12]. The resulting materials are usually macrostructured,
meaning that they present a controlled geometry replicating the shape of the receptacle in which they
were prepared. Moreover, depending on the technique used, a large choice of macrostructures and
macroporous networks can be achieved: from straight (freeze-casting, additive fabrication) to tortuous

(inverse opals, spinodal decomposition) macropores, and with (inverse opals) or without (additive
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fabrication, freeze-casting) interconnections. The size and the morphology of the macropores can also

be directed to some extent.

By carefully controlling these parameters, the thermal conductivity and mass transfer can be tuned, with
a direct impact over the final performances of the materials. Moreover, the ability to fine-tune the
macroporous network allows multiscale flow modelling, and therefore an improved comprehension of
the catalyzed reaction processes. Hence, it is of significant importance to develop new techniques to
improve this control. In this line, we developed an approach based on the replication of a polymer
scaffold made from partially fused beads, leading to controlled interconnectivity [13]. While this
approach was developed for bone regeneration applications starting from hydroxyapatite [14], it is worth
investigating its use for the preparation of hierarchical porous materials made from an organized

mesoporous silica, for applications as catalyst supports.

Hence, SBA-15-based hierarchical monoliths were prepared starting from polymer scaffolds and SBA-
15 slurries with appropriate viscosity. The resulting materials were extensively characterized and
compared to classical hierarchical monoliths prepared by inverse opals, where the polymer beads were
simply mixed with the slurry and left to sediment. Such hierarchical monoliths are promising materials
for continuous flow microreactors [15], however the consequent pressure drop applied in these
conditions require the use of mechanically-resistant materials. To meet this challenge, emphasis was

given to improving the crushing strength of the as-prepared monoliths following thermal treatments.

2. Experimental

2.1. Materials preparation

Hydrochloric acid (HCI, 37 wt.%), tetraethyl orthosilicate (TEOS), Pluronic EO2p-PO7o-EO4 (P123),
and poly(methyl methacrylate) (PMMA) beads were purchased from VWR, Aldrich, Sigma-Aldrich,
and Diakon Ineos Acrylics, respectively. All reactants were used as-received. After sieving, only the

PMMA beads granulometric fraction between 300 and 400 um was used (see Figure S1).

2.1.a. Preparation of SBA-15 slurries

4/21



SBA-15 was prepared according to the literature [3]. More details are given in SI.

Agueous slurries were prepared with a concentration of 10 wt.% SBA-15 unless stated otherwise. To
ensure stability of the green bodies (objects after assembly and before thermal treatment) during the
debinding step, an anionic acrylic latex binder (Duramax B1001, Dow Chemical Company) was added
(4 wt.% of SBA-15 weight), based on previous optimizations [15]. This compound is stable up to 220
°C, and its combustion is complete from 500 °C as seen on Figure S2. The slurries were mixed in a

planetary ball mill using containers and balls (diameter = 0.5 cm) in agate for 2 hours prior to their use.

2.1.h. Preparation of SBA-15 monoliths: infiltration approach

In a first step, cylindrical scaffolds of PMMA beads were prepared [14]. One gram of beads were placed
in a die of inner diameter 16 mm. Acetone was then delicately poured over the PMMA beads, causing
their superficial dissolution and partial merging at their contact points. Once the desired shrinkage was
reached, the polymeric scaffold was recovered, immerged into distilled water to stop the reaction, and

then dried at room temperature overnight.

For infiltrating the PMMA scaffolds, a PVVC cylinder with 16-mm machined holes was placed over a
Buchner funnel and a filter, and sealed with silicone to apply vacuum through the occupied holes only.
After placing the PMMA scaffold in a hole and applying vacuum, the SBA-15 slurry was slowly poured
over until complete coverage. Vacuum was maintained 30 minutes, before recovery of the monoliths

which were left to dry at room temperature overnight.

2.1.c. Preparation of SBA-15 monoliths: dispersion approach

The same PVC cylinder was placed on a plaster board, and one gram of PMMA beads were placed in
each 16-mm hole. SBA-15 slurries were poured over the beads with a pipette while manually stirring,

until an adequate volume was filled. The resulting solids were recovered after being fully dried.

2.1.d. Thermal treatments

A debinding treatment was carried out to eliminate the PMMA. A first plateau of 30 hours at 220 °C

(heating rate 1°C/min) allows melted PMMA to flow out of the monoliths, while the second and third
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dwells of 5 hours each, at 250 °C and 300 °C respectively (heating rate 1 °C/min), allow the combustion

of the residual organic matter.

For mechanical reinforcement, the SBA-15 monoliths were further thermally treated under air at
temperatures between 550°C and 1100°C in a muffle furnace. Unless stated otherwise, the applied
temperature ramp was 1.5°C/min, and a plateau of 3 hours was applied when the targeted temperature

was reached.
2.2. Characterization

Nitrogen sorption measurements were performed at 77 K on a Micromeritics Tristar 11 Plus. Samples
were outgassed at 473 K during 6 h before analysis. Specific surface areas (Sger) were calculated
according to the Brunauer-Emmet-Teller (BET) method. Total pore volumes (Vpore) Were measured at
P/Po = 0,99 from the desorption branch. Average pore diameters (dpore) Were determined by the Barrett-
Joyner-Halenda (BJH) equation applied to the desorption branch. The viscosity of slurries was measured
at 20 °C on a Bohlin Gemini 200 equipped with a 2 °/55 mm cone. Compressive mechanical tests were
carried out with a Testometric M250-3CT equipped with a force sensor of 10 kgf. The cylindrical
monoliths were placed between two anvils and the load was applied along the axis of the samples until
failure. Small angle X-ray Scattering (SAXS) experiments were performed at room temperature on a
Xeuss 2.0 (Xenocs) operating under vacuum with a GeniX3D microsource (A = 1.54 A) at 0.6 mA and
50 kV and a 2D Pilatus 3R 200K detector. The sample-to-detector distance was 1005 mm. Mercury
porosimetry was carried out on a Micromeritics Autopore 1V 9500 using a 5 cm? penetrometer. Scanning
electron microscopy (SEM) observations were done on a Hitachi SU5000 (BSE 15 kV). The open
porosity of the PMMA scaffolds was determined following the Archimedes’ method (hydrostatic
weighing) in deionized water at room temperature. Thermogravimetrical analysis (TGA) under air flow

was made using a Setaram Labsys Evo analyzer.
3. Results and discussion

3.1. Preparation of hierarchical porous monoliths
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As for any process based on slurry infiltration, the properties of the slurry are crucial to obtain a proper
replication of the infiltrated structures. In particular, to allow fast replication of the scaffolds, the dry
matter should be as high as possible. However, high solids content might also lead to a considerable
increase of the viscosity of the slurry. Therefore, a compromise is required. In the literature, SBA-15
slurries with up to 24 wt.% loading were prepared, however for the washcoating of a iron/chromium
alloy [16]. This application requires slurries with significantly higher viscosities than needed for
infiltration. Thus, different slurries with a varying amount of SBA-15, from 5 wt.% to 20 wt.%, were
prepared and mixed for 2 hours in a planetary ball mill. As related by Perez et al. [16], stirring allows
breaking SBA-15 agglomerates and dispersing the individual SBA-15 grains, resulting in a lower
measured viscosity. Figure 1 presents the dynamic viscosity of the prepared slurries, measured at room
temperature. From 5 wt.% to 18 wt.% of SBA-15, a similar shear-thinning behaviour is observed and
the instant viscosity increases slightly with the dry matter content. On the other hand, starting from 19

wt.% a shear-thickening behaviour, along with considerably higher instant viscosities, can be observed.
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Figure 1: Instant viscosity of SBA-15 slurries in relation to their dry matter content and the applied
shear rate: (a) 5 wt.%, (b) 10 wt.%, (c) 15 wt.%, (d) 17 wt.%, (e) 18 wt.% and (f) 19 wt.%, (g) 20

wt.%.

As planetary ball milling is energetic and thus might affect the properties of the material, a 10 wt.%
SBA-15 slurry was dried and the resulting powder was compared to the initial SBA-15 powder. The

agglomerates were effectively broken into individual SBA-15 grains during ball milling as observed in

721



Figure 2. More intriguingly, a slight abrasion occurs on the external surface of the grains, which became
less rounded. However, the mesoporous structure of SBA-15 was preserved, as similar isotherms of
Type IV with H1 hystereses can be observed in Figure 2.e relating to nitrogen physisorption
measurements. As further indicated in Table S1, the slurry preparation only accounts for a 8 % decrease
of the initial textural properties (Sger lowered from 833 m?/g to 770 m?/g). Of note, 4 % of this decrease
is due to the presence of the binder, B1001. In comparison, after 24 hours of magnetic stirring Perez et
al. reported a loss of 25 % of the initial surface area [16]. Therefore, the slurry preparation protocol

applied in this study is suitable for SBA-15 phase.

800

8

Quantity adsorbed (cm? STP/g)
N 5
8 8

o

0 0.5 1
Relative pressure (p/p,)

Figure 2: SEM micrographs of (a, b) SBA-15 powder, (c, d) dried SBA-15 slurry and (e) nitrogen

physisorption isotherms of SBA-15 powder and dried SBA-15 slurry.

Before use, the PMMA scaffolds (Figure 3, insert) were also characterized. SEM observations reveal
that the PMMA beads adopted a close packing and are partially merged with up to six other beads
through 80 to 120 um boundaries. After replication, interconnection windows of similar sizes should be
obtained. From mercury porosimetry, displayed in Figure S3, the macropore size distribution in PMMA
scaffolds is centered around 100 um. This is almost two orders of magnitude above the size of the SBA-
15 grains as observed in Figure 2: thus, a good replication of the macrostructure is expected. Moreover,
hydrostatic weighing measurements were conducted over three scaffolds and summarized in Table S2.
The mean percentage of open porosity is comprised between 37.4 and 39.5 %, corresponding to a close

stacking.

8/21



Figure 3: SEM micrographs of polymeric scaffolds of PMMA prepared with 300-400 um beads.

(Insert: Photograph of sacrificial scaffolds of PMMA beads).

The SBA-15 slurries were then used for the infiltration of PMMA scaffolds, and the resulting solids are
presented in Figure S4. Slurries with 19 wt.% SBA-15 or above were paste-like and resulted in a poor
replication of the scaffolds, as most of the SBA-15 remained above the scaffolds. Below 19 wt.% of
SBA-15, all slurries resulted in the formation of macroporous monoliths. Especially, homogeneous
monoliths were obtained with a slurry containing 10 wt.% of SBA-15. Thus, this formulation was used

for the rest of the study.

Hierarchical porous monoliths were prepared following both the infiltration and the dispersion methods,
and photographs and SEM micrographs of the relating debinded materials can be observed in Figure 4.
At the macroscale, the SBA-15 monoliths are homogeneous and completely macroporous. However,
significant differences appear when making observations at the macropore scale. As expected, the
monoliths prepared following the dispersion method show a less compact arrangement of macropores
than following the infiltration method as the PMMA beads are not pre-arranged and partially merged.
As a result, thicker walls are obtained using the dispersion approach, which could improve the
mechanical resistance of the object. Also, the macropore interconnection windows are smaller (around
50 um for the dispersion approach vs. 80 um for the infiltration approach) and they are fewer when
using the dispersion method, as anticipated. Indeed, the beads are in single contact point configuration
after sedimentation. This thus underlines the advantage of the infiltration method for applications where

fast inner diffusion is required.
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Figure 4: SEM micrographs of debinded hierarchical porous monoliths prepared following (a) the
infiltration method, and (b) the dispersion method. Insert: corresponding photographs.
Table 1 lists the textural and structural properties of both types of hierarchical porous monoliths.
Importantly, the method does not impact much the physical properties of the SBA-15 grains. Both
materials present specific surface areas slightly lower (-11 to -13 %) than the SBA-15 powder recovered
from the slurry, which may be explained by the presence of residual organic compounds derived from
PMMA elimination within the porosity of the SBA-15. Indeed, as observed in Figure 4, the monoliths
are slightly yellow while SBA-15 is white. Moreover, both the hystereses (Figure S5) and the low-angle
diffraction peaks (Figure S6) remain unshifted as compared to the powder. Especially, the main peak
indexed to (100) plane and the two weak peaks corresponding to (110) and (200) planes are the
fingerprints of a P6Gmm hexagonal pore arrangement. Hence, the pore structure of SBA-15 is retained

after debinding.

Table 1: Textural and structural properties of the SBA-15 powder recovered from the slurry (SBA15-
slur) and hierarchical porous monoliths after debinding prepared following the infiltration (Mono-
Infil) and dispersion (Mono-Disp) methods.

Sample N2 physisorption PXRD Hg intrusion  Bulk density
Seet (M?/Q) Vpores (cm3/g) dmeso (NM) ao (Nm) dpores (LM) (cm3/g)
SBA15-slur 770 1.00 6.5 115 - -
Mono-Infil 670 0.97 6.8 11.5 69.1 1.33
Mono-Disp 684 0.98 6.6 11.5 49.7 1.18

Mercury intrusion porosimetry shows that macropore interconnection windows are indeed smaller with
the dispersion method than the infiltration method (Figure 5). The size distribution of these windows is

also slightly narrower for the infiltration method compared to the dispersion method. Interestingly,
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monoliths prepared with the dispersion method present higher macropore volumes (20% more) that
those prepared with the infiltration method. Since the infiltration method uses a vacuum pump, it could
lead to a high compaction level of the SBA-15 grains. At the opposite, the dispersion method is based
on the sedimentation of the slurry, hence generating a looser compaction of the SBA-15 powder. This
is further attested by the higher bulk density of the debinded monoliths obtained by infiltration (1.33

cm?®/g) against those obtained by dispersion (1.18 cm?/g).

<)}

w
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N
1
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o

0 20 40 60 80 100

Pore size diameter (um)

Figure 5: Mercury intrusion porosimetry of SBA-15 monoliths prepared with (a) the infiltration
method and (b) the dispersion method. All samples were treated at 550°C.

While the debinded monoliths present a well-defined hierarchical porosity as assessed by N sorption,
XRD and SEM, which is appropriate for applications including heterogenous catalyst supports, their
mechanical stability needs to be determined. Indeed, strong constraints are typically applied on the
catalyst bodies during applications under continuous flow including convection phenomena, attrition in-
between the bodies, and pressure drop. Furthermore, generation of fine particles might endanger the
whole process by increasing the internal pressure, as well as reducing the overtime performances of the
solids. Hence, mechanically-resistant monoliths are critical in consideration of their potential

applications.

Figure 6 presents representative stress-strain curves of debinded monoliths prepared following the
infiltration and the dispersion methods. The monoliths behave like “elastic-brittle foams™ [17] as their
compressive stress-strain curves show three distinct kinds of regime: linear elasticity (1), collapse by
brittle crushing of the macropores, where stress is almost constant (I1), and a densification due to the
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compaction of debris formed during the crushing step, where stress drastically increases (I11). For the
monoliths obtained following the infiltration method, the maximum stress applied at the end of the
elastic region (where the monoliths fail and fracture), also called crushing strength, is 13 kPa. As
expected from SEM analysis, and while the bulk density of the infiltrated monoliths is higher, the
monoliths prepared following the dispersion method have a slightly higher crushing strength (17 kPa)
owing to their thicker macropore walls. It remains nonetheless fairly low. Therefore, mechanical

reinforcement of the monoliths is required.
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Figure 6: Stress-strain curves showing the mechanical behavior of debinded SBA-15 monoliths

prepared from a slurry of 10 wt.% SBA-15 following (a) the infiltration method and (b) the dispersion
method. Three regimes are visible: I) linear elastic region, I1) brittle crushing and I11) densification.

3.2. Mechanical reinforcement of the monoliths through partial sintering

There is a direct correlation between the density of the materials — and hence their total porosity — and
their mechanical resistance [18]. Herein, the hierarchical porous monoliths present a total porosity of
about 92 %. Thus, lowering the porosity in a controlled fashion, through partial sintering of the SBA-
15 grains, should result in a significant increase of the measured compressive strength. As reported
elsewhere, a decrease of the textural properties is also expected with increasing temperatures [19]-[21].
Therefore, a compromise between appropriate crushing strength and considerable textural properties is

sought.
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First, a study of the thermal stability of the SBA-15 powder was done. Thermal treatments between 550
°C (the typical temperature for thermal degradation of P123) and 1100 °C were conducted, and the
textural and structural properties were probed using low-angle PXRD and N physisorption. Following
thermal treatment up to 950 °C, both the micro- and the mesoporous properties decreased with the
temperature as observed on Figure 7. At 800 °C, the specific surface area was 20 % lower than at 550
°C (609 m#/g instead of 759 m2/g), and it was 56 % lower at 950 °C (334 m?/g). Figure S7 further shows
the correlation between the thermal treatment and the final BET surface area and pore volume, with a

rapid decline starting from 800 °C.

1 1100°C (x20)

2400 1 1000°C

Quantity adsorbed (cm3/g STP)

0 02 04 06 08 1
Relative pressure (p/p,)

Figure 7: Nitrogen physisorption isotherms of SBA-15 powders treated at different temperatures. For
the sake of clarity, isotherms are shifted vertically by 350 x n cm® STP/g, respectively (n = 0 to 6),
except (g) which is shifted vertically by 1830 cm® STP/g and (b) surface areas and pores volumes of
the same SBA-15 powders at different temperature.

Low-angle PXRD patterns (Figure S8) show a clear shift of peaks toward higher angles with increased

temperatures. More specifically, the unit cell parameter (ao) was reduced from 11.5 nm to 9.5 nm by
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increasing the temperature, while the three peaks indexed to (100), (110) and (200) planes and
corresponding to the P6Bmm arrangement remain visible up to 950 °C. This shrinkage of the SBA-15
structure is also apparent on the N, physisorption isotherm hystereses, which are shifted toward lower
partial pressures (Figure 7). SEM images of the thermally-treated SBA-15 powders, provided in Figure
S9, also show that as the temperature increases from 550 °C to 950 °C, the dimensions of the SBA-15
grains shrunk down by 30 %. All data are summarized in Table S3. Importantly, the hexagonal
arrangement of the mesopores remains preserved up to 950 °C, as characterized by the parallel branches
of the hystereses. Starting from 1000 °C, the SBA-15 structure completely collapses and most textural

properties are lost. Therefore, for the monoliths a maximal temperature of 950 °C should be considered.

1600
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Figure 8: Nitrogen physisorption isotherms of SBA-15 monoliths prepared following the dispersion
method and treated at different temperatures. For the sake of clarity, isotherms are shifted vertically by

300 x n cm® STP/g, respectively (n = 0 to 4).

Concerning monoliths, regardless of the method used to prepare hierarchical porous monoliths, similar
modifications of the textural properties with temperature are observed. As in the case of the SBA-15
powder, the textural properties are significantly impacted by the treatment temperature, and starting
from 900 °C the hysteresis shape is notably different, thus implying that the mesoporous ordering is

modified (Figure 8 and Figure S10). From 420 °C to 900 °C, the specific surface area is halved (Table
14/21



2). The core and the outer surface of a monolith thermally treated at 950 °C were sampled. The
comparable BET surface areas obtained (Sger(corey = 336 M2/g, Sget(surface) = 337 M?/g, see Figure S11)
proves that the textural properties are homogeneous at the macroscale. Of note, the monoliths prepared
by the dispersion method almost systematically present slightly higher BET surface areas, which could
be due to the thicker macropore walls and hence a delaying effect of the thermal treatment on the SBA-
15 grains located within the walls. The temperature also directly affects the monoliths diameter, which
decrease from about 15.8 mm (550 °C) to 13.0 mm (950 °C) and further to 9.5 mm (1100 °C), while the

objects macrostructural integrity remains even after treatment above 1100 °C (

750 °C 950 °C 1000 °C 1100 °C

Figure 9).

750 °C 950 °C 1000 °C 1100 °C

TS

Figure 9: Photographs showing the temperature-related shrinkage of the monoliths obtained
following the infiltration method.

Notably, as indicated in Table 2 a stronger influence of the temperature over the monoliths prepared
following the dispersion method is observed. As no vacuum pump is used for this method, SBA-15
grains are likely to be in a looser arrangement compared to the infiltration method. And while SBA-15
grains are less compacted in the green monoliths, more voids are going to disappear during sintering,
which will result in a greater shrinkage. This is confirmed by mercury intrusion porosimetry, as seen on
Figure 10 and Figure S12. Independently of the method, the macropore volume decreases as the

treatment temperature rises. This loss of macropore volume seems again more important for monoliths
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prepared following the dispersion method, as their macropore volume decreases from 4.96 mL/g (420

°C) to 2.47 mL/g (1000 °C), whereas it decreases from 3.97 mL/g (420 °C) to 2.25 mL/g (1000 °C) for

monoliths prepared by the infiltration method. A shrinkage of the interconnection windows is also

observed, from 70 um (420 °C) to 58 um (1000 °C) and from 50 um (420 °C) to 46 um (1000 °C),

respectively for monoliths prepared following the infiltration and the dispersion methods.

Table 2: Comparison of the physical properties (diameter, crushing strength (&), and specific surface
area (Sger)) of the hierarchical porous monoliths prepared using a slurry of 10 wt.% SBA-15
following the infiltration and the dispersion methods.

Treatment
temperature
4
550
750
850
900
950
1000

1100

Dmonolith
(mm)

15.8
15.3
14.5
134
13.0
12.0

9.5

Infiltration method

(g
(kPa)

13
21
24
25
32
64

914

SgeT

(m?g)
670
518
442
312
290
<50

<50

Dmonolith
(mm)

15.6
15.3
14.7
12.8

12.4

Dispersion method

9
(kPa)

17
18
33
78

86

SgeT

(m?g)
684
601
451
330

274

Meanwhile, as indicated in Table 2 and expected due to the densification of the monoliths, the crushing

strength is clearly increased. Notably, the crushing strength of monoliths prepared following the

dispersion method goes from 17 kPa (420 °C) to 78 kPa (900 °C). To better pinpoint the best

compromise, Figure 11 shows the influence of the thermal treatment over both the crushing strength and

the specific surface area.
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Figure 10: Mercury intrusion porosimetry of SBA-15 monoliths prepared following the dispersion
method and treated at: (a) 550 °C, (b) 850 °C, (c) 900 °C, (d) 950 °C and (e) 1000 °C.

A temperature between 850 °C and 900 °C seems to be the most appropriate as relatively high specific
surface areas are maintained while the crushing strength is clearly improved. Especially, following the
dispersion method, monoliths treated at 850 °C present the same crushing strength than monoliths
treated at 950 °C and prepared following the infiltration method (33 kPa and 32 kPa) while displaying
higher specific surface area (451 m?/g opposed to 290 m?/g). By taking the examples of 850 and 900 °C
as treatment temperatures, specific surface areas are similar for the infiltration and dispersion methods
(442 and 312 m2/g compared to 451 and 330 m?/g, respectively). So the crushing strength differences
cannot be explained by textural properties at the micro- and meso-scales. Of note, the macroporous
volumes are quite different between the two methods used: 3.7 mL/g at 850 °C and 3.3 mL/g at 900 °C
for infiltration while 4.8 mL/g at 850 °C and 4.0 mL/g at 900 °C for dispersion. The higher macroporous
volumes obtained for the dispersion method should clearly be deleterious to mechanical properties,
which is not the case. This is further illustrated by compressive mechanical tests conducted on dense
monoliths, prepared without PMMA addition and presented on Figure S13. From 550 °C to 950 °C, the
monoliths exhibit a crushing strength that is two orders of magnitude higher than the hierarchical
monoliths (see Table S4), thus underlining the critical impact of the macroporous network over the
mechanical resistance. This indicates that other features at least counterbalance the effect of

macroporosity: the thicker macropore walls as underlined by SEM (Figure 4) and the smaller

17/21



interconnection diameters as shown by mercury intrusion porosimetry (Figure 10 and Figure S12) might

compensate for the larger macropore volume.

90
80 -

NN, - BN |
o O O o
1 1 1 1
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Crushing strength (kPa)
w
o

= N
o ©
1 1

o

500 600 700 800 900 1000

Temperature (°C)

Figure 11: Crushing strength (full lines) and relating specific surface area (Sger, dashed lines)
according to the treatment temperature for monoliths prepared following (a, black) the infiltration
method and (b, red) the dispersion method.

Of note, two other thermal treatments were also tried. One kept the same heating rate to reach the target
temperature but with no plateau. The second thermal treatment involved 10 times higher heating rate
(15 °C/min on average). However, as observed in Figure S14 no significant improvement was obtained.
Indeed, when the results are expressed as a relationship between the obtained specific surface area over

the crushing strength, a somehow linear relationship is observed.

4. Conclusions

Hierarchical porous monoliths were successfully prepared starting from PMMA beads and a SBA-15
slurry of optimized dynamic viscosity, following two methods: a classical dispersion-sedimentation
method as well as an uncommon pathway based on the infiltration of a polymeric scaffold allowing
optimizing the macropore interconnections. The resulting monoliths are highly porous (92 %) and the
initial properties of the SBA-15 powder are preserved (-8% surface area), while displaying well-
replicated macropores and adjustable ordering and interconnecting windows. As their mechanical
resistance is rather low (around 15 kPa), thermal reinforcement was evaluated and an optimal

temperature of 900 °C is proposed (up to 78 kPa for 330 m?/g). These foam-like materials could be ideal
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for applications under continuous flow, including the catalytic conversion of bulky molecules following

a subsequent step of metal deposition.
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