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Pt nanoparticles (Pt-NPs) dispersed in either SiO; or SiO,-TiO hierarchical matrix were investigated for
the total oxidation of propene as a typical volatile organic compound. The proposed scalable synthesis
method, based on a “one pot” sol-gel pathway enables the encapsulation of isolated Pt-NPs mainly in

K?YWOFd§5 the organised mesopores and guarantees their accessibility through the connected micropores of the

Hierarchical membranes oxide walls. The accessibility and stability of the Pt-NPs into this complex nanostructure were specially

?82 Tio studied in this work. Pt-SiO, membrane materials with 1.7 wt% Pt revealed very efficient catalyst for the
10,-110,

combustion of propene, with a light-off temperature lower that 110 °C. Interestingly, thermal treatments
of these materials up to 850 °C do not destroy their catalytic activity thanks to the limited thermal growth
of Pt-NPs within the hierarchical structure, and in spite of a strong reduction of their specific surface area.
Si0,-TiO, materials with 20 mol% SiO, also revealed an attractive hierarchical matrix for dispersing
efficiently the Pt-NPs and performing the oxidation reaction below 200 °C.
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1. Introduction

Emerging membrane applications involving the treatment of
gases or vapors at high temperature require defect-free micro-
porous membranes exhibiting both high thermal and chemical
stability, and catalytic activity. Ceramic membranes with advanced
properties and high reliability have great potential for membrane
reactor applications [1] and new ceramic membrane designs can be
advantageously considered [2]. Among the recent developments,
ceramic membranes coupling a hierarchical porosity with an addi-
tional functionality deserve a great deal of attention.

Hierarchical membrane materials were developed in our group
by a scalable processing sol-gel method [3]. As shown in Fig. 1, such
materials can integrate three porosity levels: isolated macropores
and mesopores embedded in a continuous microporous inorganic
oxide phase. An additional functionality can be provided by dispers-
ing, e.g. noble metal nanoparticles (NPs) in the mesopores while
the macropores ensure a high permeability for the membrane. The
membrane cut-off is defined by the microporous continuous solid
phase.

One important potential advantage of such membranes is the
substantial simplification of the preparation procedure for micro-
porous ceramic membranes [4]. Indeed the deposition of good
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quality microporous layers usually requires a smooth mesoporous
intermediate layer which moreover limits the whole membrane
permeance. In the case of hierarchical membranes, formulated
sols can be directly coated on a macroporous tubular support.
Furthermore, the relatively large thickness of the resulting mem-
branes limits the impact of potential top-surface defects in the
continuous microporous phase. Finally, the possibility to disperse
nanoparticles in the non-connected mesopores has great poten-
tial for stabilising highly reactive catalytic sites in a highly porous
ceramic matrix.

Recently many nanostructured mesoporous oxides with high
surface areas and uniform pore size distributions have been used as
supports for multiple catalyst applications [5-7]. Their high surface
areas and pore volumes are real assets to improve various catalytic
reactions and adsorption/separation performance.

On the other hand, the increasing environmental awareness
has prompted the emergence of stricter regulations covering auto-
mobile and industrial activities. Among these, the reduction of
volatile organic compounds (VOCs) like propene should be impor-
tant because these molecules present important photochemical
ozone creativity potential (POCP) [8]. The catalytic oxidation of
these pollutants to carbon dioxide and water has been identi-
fied as one of the most efficient ways to destroy VOCs at low
concentrations and to meet increasingly environmental regula-
tions [9]. The practical applications of the catalytic combustion
process require heating large amounts of gas containing low con-
centrations of VOCs in order to reach the oxidation temperature.
Therefore, highly active catalysts at low temperatures with a facil-
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Fig. 1. Schematic representation of a supported multifunctional ceramic tubular membrane with 3 porosity levels and dispersed metal nanoparticles inside the mesopores.

itated access of the reactant to the active sites are specifically
required.

The present work deals with silica-based hierarchical porous
membranes containing dispersed Pt nanoparticles (Pt-NPs). After a
short description of the membrane structure, and of gas permeance
results, the catalytic performance of the membrane material for the
oxidation of propene will be reported and discussed. We focused
on both the accessibility and the stability of the dispersed Pt-NPs
embedded in the mesoporous phase of the hierarchical structure
obtained by a very simple one pot microwaves-assisted sol-gel
route. Indeed the stability of NPs is a well debated requirement
in relation to catalytic processes due to deactivation caused by
metal sintering [10,11]. In order to estimate the influence of the
support used for stabilizing the Pt-NPs on their catalytic perfor-
mance, series of Pt/TiO,-SiO, hierarchical composites materials
with 20 mol% SiO, have been also investigated. This type of material
is an attractive example of catalysts in which the catalytic proper-
ties of the metal component can be potentially improved by its
interaction with the active semi-conducting oxide support [12].
Such nanocomposite oxide matrix also possesses intrinsic photo-
catalytic activity [13].

2. Experimental procedure
2.1. Materials

For pure SiO, membranes, the starting hybrid sol was synthe-
sized by following the “one pot” protocol previously described in
[14]. A TEOS-derived silica sol was mixed with a triblock copoly-
mer (Pluronic F68). The Pt precursor, H,PtClg-6H,0, previously
dissolved in ethylene glycol (EG) was then poured into the hybrid
sol. The metal precursor was reduced within few seconds by irradi-
ation in a domestic microwave (MW) oven. Polystyrene (PS) latex
spheres were finally added as macropore formers, yielding a com-
plex stable suspension.

For the SiO,-TiO, membranes, a TEOS-derived sol pre-
pared with HCl, EG, F68 and H,PtClg-6H,0 was first irradiated
in the domestic MW oven (sol A). The molar ratios were
TEOS:EtOH:H;0:F68:EG:H,PtClg =1:3.8:2.6:8.7 x 1073:6.2:3.5 x 1073,
After cooling, the sol was slowly poured in an anatase hydrosol
(sol B) obtained by acidic hydrolysis of Ti isopropoxide. The sol
synthesis conditions were detailed in [15]. The PS latex spheres and
an additional quantity of F68 were finally added in the mixture.
The inserted amount of the F68 and the PS in the dried materials
corresponds to a volume fraction of 77% and 45%, respectively. A
sol corresponding to a final oxide composition with 80% molar
content of TiO, and 20% molar content of SiO, was prepared. The
flowchart of the synthesis procedure is shown in Fig. 2.

A series of hierarchical SiO, and SiO,-TiO, membranes con-
taining Pt-NPs were prepared by slip-casting sols on the internal

surface of asymmetric a-alumina tubular supports (Pall-Exekia
with 200 nm mean pore size in the top-layer). The derived sup-
ported layers were first thermally treated for several hours at either
175°Cor 150°C (for SiO;: dwells at 100°C, 150°C and 175 °C with
a heating rate of 0.1°Cmin~!, dwell time of 6 h and final natural
cooling; for Si0,-TiO,: dwells at 60°C, 100°C and 150°C with a
heating rate of 0.1°Cmin~!, dwell time of 6 h and final natural cool-
ing). Finally, materials were all calcined in air at 450°C for 2h in
order to operate a gentle thermal degradation of the organic poro-
gen phases. Equivalent powders were also prepared by pouring sols
on Teflon™ sheets.

Pure SiO, hierarchical membranes containing either 0.18 wt%
Pt, Twt% Pt or 1.7wt% Pt will be later labelled HSpyrePt0.18,
HSpurePt1, and HSpurePt1.7, respectively. Hierarchical SiO,-TiO;
membranes containing 0.18 wt% Pt and 1.7 wt% Pt will be later
labelled HS,ixPt0.18 and HS,;xPt1.7, respectively.

In order to evaluate the thermal stability of the catalytic activity,
the performance of HSpyePt1.7 powders has been also measured
after a thermal treatment in air at either 650°C or 850 °C for 2 h.

2.2. Material characterisation

Transmission electron microscopy (TEM) images were recorded
on a JEOL-JEM 2010. The samples obtained by scratching the films
from the substrates were suspended in ethanol, followed by 10 min
sonication in an ultrasonic bath. Carbon-coated copper grids were
used as sample holders.

Wide-angle XRD (WXRD) patterns of the equivalent powders
were collected using an X'pert-Pro PanAnalytical diffractometer

MW
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Latex PS TiO,-Si0, sol
+
Pt NPs
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equivalent powders

Fig. 2. Flowchart of the synthesis of TiO,-SiO, /Pt (80-20%) composite materials.
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Fig. 3. TEM images of Pt/SiO, thin films.

(40KkV, 20mA, A=1.5409 A, 26 varied from 20° to 75°). The crys-
tallite sizes were estimated by applying the Scherrer equation [16]
to the FWHM (full width at half maximum) ofthe(111)and(101)
peaks of platinum and TiO,-anatase, respectively.

N, adsorption-desorption isotherms were acquired using a
Micromeritics ASAP 2020 instrument. The samples were previously
outgassed at 200 °C for 2 h. Specific surface areas were calculated
via the multi-point Brunauer-Emmett-Teller (BET) method model
at relative pressures of P/Py=0.06-0.3.

Finally, the permeance of single gases (He, Nj, n-C4Hjq, i-
C4H1g and SFg) was measured through the membranes at room
temperature as a function of transmembrane pressure. For these
measurements the tubes, whose ends were coated with an epoxy
resin, were sealed in a dead-end module with polymer o-rings. The
transmembrane pressure was varied from 0.5 bar to 1.8 bar and the
external pressure was atmospheric pressure. Before measurements
and before changing the gas, membranes were outgassed for 2 h in
vacuum at room temperature.

2.3. Catalytic activity tests

The catalytic activity for propene oxidation was measured with
a reactant mixture composed of 1000 ppmC3Hg and 9% O, in
He and the weight hourly space velocity (WHSV) was typically
36,000mLg~'h~1. For each test, 200 mg of membrane material
were introduced in a U-shaped quartz reactor. The lab-made appa-
ratus has been already described in details elsewhere [17]. The
reactor was electrically heated and the catalyst temperature was
monitored using a K-type thermocouple. After the reactor was
purged with He, the flow rate through the catalyst bed was fixed at
120 mL min~! and the test procedure was started. The experiments
were performed in a temperature-programmed way as follows:
heating from room temperature to 400 °C (rate 3.5 °C/min), plateau
at400 °C for 15 min, cooling down from 400 °C to room temperature
(rate 1.3°C/min). Only the cooling step was considered for plotting
the light-off curves. Reaction products were analysed by gas chro-
matography for Ny, C3Hg and CO,. The total propene conversion
(%) was calculated on the basis of propene consumption as shown
in Eq. (1):

[C3Hg];

with i is the output rector, and 0 is the reactor entrance.
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Fig. 4. Evolution of single gas permeance versus transmembrane pressure at room
temperature for different gases through the HSpyPt1.7 membrane.

3. Results and discussion
3.1. Pure silica membrane materials

3.1.1. Nanostructure analysis

TEM images of the calcined HSpurePt1.7 membrane materials
are shown in Fig. 3. The hierarchical structure is clearly evidenced,
with macropores and ordered mesopores, as well as dispersed
Pt-NPs (Fig. 3a). A higher magnification shows the location of
Pt nanoparticles within the non-connected/ordered mesopores
molded by the walls of the SiO, matrix (Fig. 3b). Most of the Pt-
NPs exhibit a slightly elongated shape with an average size of
~4nm, which perfectly fits the mesopore size measured by N,
adsorption-desorption [14].

3.1.2. Single gas permeance measurements

The evolution of single gas permeance at room temperature
through a typical HSpyrePt1.7 membrane is shown in Fig. 4. The cal-
culated ideal selectivities are close to Knudsen values, except for
gas couples involving the n-C4H1g and i-C4Hqo alkanes (Table 1).
Specific adsorption and surface diffusion of alkanes on the surface
of membrane pores could explain this latter result. The presence

Table 1
Calculated ideal selectivities of the HS,urePt1.7 membranes for various gas couple
A/B.

GasA,B oK Oexp
He/N; 26 25
N2/n—C4H10 14 0.4
N3 /i-C4H1o 14 0.5
N /SFs 22 13




C. Yacou et al. / Catalysis Today 156 (2010) 216-222 219

100 00 D_D—Wﬂlﬁulﬁliﬂ
m
/
il
80 "
i
=1 e 4
g 6ot / —O—HS, Ptl7
2 .
b —m—HS_ Ptl
z i
58 ol o —m—HS__P0.18
an)l / "
J T . /
/
20 F /[l
_ £ L /
_iﬂ;ﬁﬂi "
0 ¥ 1 N 1 " ! . 1 . 1 " I

50 75 100 125 150 175 200 225 250
Temperature (°C)

Fig. 5. Evolution of propene conversion over Pt/SiO, catalysts as a function of the
reaction temperature.

of residual carbon after the calcination step possibly contributes to
this adsorption.

3.1.3. Catalytic activity of the NPs in silica/Pt materials

The accessibility of the NPs embedded in the silica hierarchi-
cal structure was demonstrated by studying the performance of
HSpurePt0.18, HSpurePt1 and HSpyurePt1.7 powders for the total oxi-
dation of propene. The evolution of the catalytic conversion of
propene as a function of temperature is shown in Fig. 5. All samples
exhibit attractive catalytic performance and completely convert
C3Hg into CO; and H, 0 at very low temperature. The catalytic activ-
ity is emphasized for the highest Pt content since the curves are
shifted to lower temperatures. The light-off temperature (Tiignt-off,
corresponding to 50% propene conversion) is measured at less than
110°C for HSpyrePt1.7, at about 125°C for HSpyrePt1 and at about
150°C for HSpyurePt0.18 sample. These light-off temperatures are
quite low when compared to those obtained for classical Pt-Al,03
catalysts with a similar Pt content [17-20]. The small and uni-
form size of the Pt-NPs isolated in the calibrated silica mesopores
explains both their high reactivity (Iow Tjignt-ofr) and the relatively
abrupt slope of the conversion curves (small difference between
the total conversion and light-off temperatures). The presence of
several big NPs in HSpyrePt1.7 (~8 nm, observed by HR-TEM) out
from the mesostructured domains did not seem to alter the cat-
alytic efficiency of this sample. On the other hand a small elongation
and/or specific orientation of the Pt-NPs entrapped in the meso-
pores (favouring access to specific crystal faces) could possibly
explain the very low Tjigncofr Values. The influence of both resid-
ual carbon species and support acidic properties (already assumed
from the permeance measurements) could also contribute to favour
propene adsorption.

These catalytic tests show that complete propene oxidation
can be achieved over HSpyurePt1.7 samples below 110°C and with
100% CO, selectivity. The designed hierarchical structure, with
embedded metal NPs, is consequently attractive in terms of both
NPs accessibility and reactivity. It could be an ideal candidate for
both thin-layer-supported catalysis and for catalytic membrane
reactors. Such an entrapment of the catalyst in the ordered/non-
connected mesopores of the hierarchical structure may be highly
beneficial to the catalytic membrane properties, by avoiding NPs
aggregation during long-term operation at high temperature.

3.1.4. Thermal stability of the catalytic activity
The stability of NPs is a debated requirement in relation to cat-
alytic processes due to the well known deactivation caused by

100 + 0-
o o
” Fle]
—_ L
S Pl
=1 " o f . o
E o / / ¥ —O— HS e PILT - 450°C
7 : e
g / f. —— S PULT - 630°C
> P o
g J " W= HSp P17 - 830°C
@ [ —7—HS,,,,oP10.18 - 430°C
f |:|/ IISPL1rL PL0.18 - 650°C
—W¥—H: . Pt0.18 - 650°C
o i ‘pun. o
@] —¥— HSpyPI0.18 - 850°C
1 1 1 1
50 100 150 200 250

Temperature (°C)

Fig. 6. Evolution of propene conversion over HSpuePt0.18 and HSpyuPt1.7 catalysts
calcined at 450°C, 650°C and 850°C as a function of reaction temperature.

metal sintering. Therefore the influence of thermal treatments on
the catalytic activity of HSpure0.18 and HSpyre 1.7 has been studied in
the present work. Fig. 6 shows the evolution of the light-off curves
for the total oxidation of propene for HSpure Pt0.18 and HSpyrePt1.7
samples after calcination at 450°C, 650°C or 850°C. It is firstly
observed that the total conversion occurred for all the samples at
temperature lower than 200 °C which is quite low. Moreover the
curve shapes still attest for the relatively monodispersity of the NP
sizes, even for the highest calcination temperature and may explain
these attractive results.

The sample performance in term of Tjjgeoff are reported in the
histogram of Fig. 7, as well as the mean diameter of the correspond-
ing Pt-NPs (determined from the FWHM of the XRD main peak at
20=39.6° and not shown here). Due to the low Pt content in the
HSpure0.18 powder, the Pt diffraction peaks were not detected and
the mean Pt-NP diameter was only calculated for the HSpyrePt1.7
sample. These values increase with the calcination temperature:
4nm, 5nm and 9nm, for 450°C, 650°C and 850 °C, respectively.
It is interesting to note that HSpyrePt1.7 calcined at 850°C con-
tains relatively big Pt-NPs (~9 nm), but is still an attractive catalyst
which can convert C3Hg at low temperature (<160 °C). The initial
localization of the metal NPs mainly inside the ordered and iso-
lated mesopores seems to inhibit the agglomeration (sintering) of
nanoparticles even after high temperature treatments up to 850°C.

In order to better understand the above results, N
adsorption-desorption isotherms of the HSpuePt1.7 samples,
calcined at 450°C, 650°C or 850°C have been recorded (Fig. 8a).
The calculated Sger and associated Tjigheoff Values are reported
in Fig. 8b. All samples show type-IV isotherms, which are repre-
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Fig. 7. Comparison of Tiign_ofr values for the total oxidation of proprene (histogram)
and evolution of the Pt crystallite size (curve) for HSpyre Pt0.18 and HSpye Pt1.7 cat-
alysts as a function of the initial calcination temperature.
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Table 2
Porosity characteristics of the HSpuePt1.7 samples calcined at 450°C, 650°C and
850°C respectively.

Temperature (°C) Sger (M2/g) Vpore (cm?/g) Pore diameter (nm)

450 680 0.47 4.0
650 394 0.39 3.9
850 20 0.08 2.7

sentative of mesoporous solids. The main porous characteristics
of each sample are also given in Table 2. As previously observed
[14], large microporosity and mesoporosity are observed for
the sample treated at 450°C. However, the third level (i.e. the
macroporosity) is not here clearly detected. It is due to the fact
that the experimentally investigated range of relative pressure
did not reach the very high values required for capillary conden-
sation inside the macropores. For the sample calcined at 650°C,
although a decrease of the pore volume is observed, the isotherm
shape remains almost unchanged. In agreement with a significant
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Fig. 9. Wide-angle XRD pattern of the HS,,;xPt1.7 sample calcined at 450°C.

decrease of the microporosity, the specific surface area decreases
from 680m2g-! to 394m2g-!. After calcination at 850°C, the
hierarchical porous structure collapses and the specific surface
area is strongly reduced (~20mZ2g-1). The rather good catalytic
performance of the sample calcined at 850 °C could be explained by
the very good initial homogeneous dispersion of the Pt-NPs and by
their progressive migration at the surface of the residual porosity
during the densification process resulting from the calcination at
high temperature.

3.2. Nanocomposite SiO,-TiO,-based membrane materials -
influence of the oxide matrix

3.2.1. Nanostructure analysis

Fig. 9 shows the wide-angle XRD pattern of a HS,;xPt1.7 unsup-
ported membrane calcined at 450°C. The sample exhibits four
distinct peaks assigned to TiO,-anatase (JCPDF 89-4121). The aver-
age TiOy-anatase crystallite size was approximately 6.5nm, as
estimated from the peak width of the anatase (10 1) reflection by
using the Scherrer equation with a spherical particle shape model
for approximation. Such nanocrystalline wall structure is compat-
ible with the formation of an ordered mesoporosity [15]. Close
examination of the XRD pattern reveals that two weak but resolv-
able peaks can be attributed to the (11 1) and (2 00) reflections of
Pt® (JCPDF 88-2343). These weak peaks are also broad, revealing
the nanocrystalline nature of the Pt particles encapsulated in the
films.

The TEM analyses allow observing the metal NPs nested in
the TiO,-Si0, nanocomposite phase (Fig. 10a). The smallest metal
nanoparticles exhibit a mean size around 2-4 nm, with some bigger
particles around 7-8 nm (Fig. 10b).

Fig. 10. TEM images of a HS,;xPt1.7 thin film.
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3.2.2. Influence of the type of oxide matrix on the catalytic
activity of the composite materials

Fig. 11 illustrates the influence of the type of oxide matrix on
the catalytic activity of HSpurePt0.18, HSpurePt1.7, HS,ixPt0.18 and
HS,ixPt1.7 samples calcined in air at 450°C, for the total oxida-
tion of propene. In all cases, the shape of conversion curves reflects
the relative monodispersity of the Pt-NPs. As expected, the cat-
alytic activity increases with the Pt concentration. The following
order is observed for the catalytic activity of the tested samples:
HSixPt0.18 < HSpyix Pt1.7 < HSpure Pt0.18 < HSpyurePt1.7. The associ-
ated Tiignroff Vvalues are 181°C, 156°C, 149°C and 110°C,
respectively. Although the conversion of propene with the
TiO,-Si0, material is achieved at relatively low temperatures
(Tiight-off < 180 °C) compared to the literature data for more classi-
cal materials (Tjignt-off > 200 °C) [21-23], the catalytic performance
of the samples with a TiO,-based matrix is lower than that with a
pure silica matrix. No positive effect is here observed due to the
presence of a semi-conducting oxide in the support phase [24].
Another factor that could explain the decrease in performance is
related to a higher content of chlorine in the support phase, result-
ing from HCl required during the TiO, hydrosol synthesis. Chlorine
is indeed known to strongly inhibit the oxidation reactions for
hydrocarbons like propane or propene. Several authors have high-
lighted a gap of Tjghtoff Up to 120°C (depending on the type of
reaction) with or without chlorine [25]. The replacement of HCI by
HNOs in the synthesis procedure is a possible alternative strategy
currently considered in our group.

4. Conclusion

A novel approach is proposed in this work for designing original
multifunctional SiO, and SiO,-TiO,-based membranes contain-
ing a dispersion of accessible and very active platinum NPs. Such
hierarchical structures, made by a scalable processing sol-gel
method offer a promising approach to improve the accessibility,
the stability and efficiency of active sites in catalytic membrane
contactors. The initial localization of the Pt-NPs, mainly within
the ordered and isolated mesopores of the hierarchical structure,
clearly inhibits their agglomeration when exposed to aggressive
(thermal) conditions. Such entrapment of the catalyst in calibrated
mesopores, which could be extended to other metal/oxide systems
and reactions, may be highly beneficial to the catalytic membrane
performance and properties, during long-term operation at high
temperature.
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