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bstract

Direct incorporation of platinum (Pt) and 12-tungstophosphoric acid H3PW12O40 (HPW) into mesoporous MSU-type silica was achieved by
sing a mixture of cationic and non-ionic surfactants, such as cetyltrimethylammonium (C16TMA+) and Triton (TX-100). Various amounts of
t (0.3–7 wt%) and HPW (9–49 wt%) were incorporated and the obtained materials were characterized by X-ray diffraction (XRD), chemical
nd thermal (TG–DTA) analyses, electron microscopies (SEM, TEM), N2 adsorption–desorption measurements, and solid state 31P NMR spec-

roscopy. The catalytic activity of the calcined silica-based mesoporous molecular sieves containing tungstophosphoric acid (HPW), platinum and
latinum–tungstophosphoric acid (Pt/HPW) for NOx reduction with propene was investigated in the presence of oxygen. Samples which contain
mall amounts of Pt and moderate loadings of HPW were found the most active (up to 97% at 250 ◦C and for 1 vol.% O2).

2007 Elsevier B.V. All rights reserved.
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. Introduction

Since their discovery in the early 1990s, the organized meso-
orous molecular sieves of the M41S family [1] have been
ntensively modified to generate materials with catalytic prop-
rties. Thus, the introduction of different elements such as Al,
i, Zr into organized mesoporous siliceous structures has been
eported [2–4]. However, compared to zeolites, the acid prop-
rties of aluminum-containing M41S materials are lower and
imilar to those observed for amorphous silica–alumina [3,5].

nother route was explored such as the preparation of metal

upported MCM-41and MCM-48 silica type materials [6–9].
ndeed, the high surface area of these mesoporous materials
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ppears to be very promising for a good dispersion of the active
etal component and consequently for an outstanding catalytic

ctivity [9–11]. Junges et al. [12] have reported an interesting
pproach for the preparation of metal supported mesoporous
aterials by using different platinum sources introduced directly

n the synthesis gel of MCM-41. By this way up to 5 wt% of Pt
ould be incorporated into the solids without any distortion of
he ordered MCM-41 structure.

On the other hand, heteropolyacids (HPAs) with the Keggin
tructure are widely used as acid catalysts, due to their very
trong Brönsted acidity [13–15]. The tungsten addenda atoms
resent in heteropolyacids exhibit strong acidity, high thermal
tability and oxidation properties [13], which allow their use
s catalysts in various reactions at moderate temperatures [16].
oreover, the high solubility of HPAs in water and organic sol-
ents, their quite high thermal stability in the solid state [17] and
he possibility of introducing several different elements into the
olyanions and counter-cations [18], have opened a new field of
esearch in catalysis. It is well known that HPAs strongly inter-
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ct with the support at low loading levels, while bulk properties
f heteropolyacids prevail at higher loadings [19].

Furthermore, as mentioned by Nowińska et al., encapsula-
ion of HPAs and transition metal complexes into the channels
f mesoporous materials was used to generate stable catalysts
ith both acid and oxidative catalytic activity [20]. However,

he anchoring of HPAs into mesoporous materials walls occurs
y means of very weak interactions between the acidic proton
nd the silanol groups, which might explain, in some cases, the
eaching of these species in liquid phase reactions.

There are many papers describing the use of mesoporous
olecular sieves, such as MCM-41, as a catalyst support and

he role played by their textural properties in the degree of
etal dispersion and metal reduction and the corresponding

ffect on catalytic behavior [21]. Thus, MCM-41 materials
ontaining metals or metallic ions, have showed outstanding
ctivity for NOx reduction [6,10,11], especially Pt-supported
CM-41 obtained by impregnation. Recently, Jang et al. [22]

eported that the catalytic performances in NOx reduction by
t-impregnated MCM-41 and MCM-48 depended on the char-
cteristics of the supports used. In addition, Jentys et al. [11]
ave studied the catalytic properties of MCM-41 impregnated
ith platinum and tungstophosphoric acid. Such an impreg-
ation generates strong Brønsted acid sites on the solids and
mproves their activity. Toufaily [23] showed that the preparation
f MSU-type materials under acidic medium using two types
f surfactants, cetyltrimethylammonium (C16TMA+) and Tri-
on (TX-100), enhance the incorporation of tungstophosphoric
cid (HPW) into the pores of MSU-type materials. The addition
f a cationic surfactant such as C16TMA+ during the synthe-
is might be an advantage for the incorporation of negatively
harged species such as chloroplatinic and tungstophosphoric
pecies.

In the present paper, the direct synthesis of organized

esoporous MSU-type silica modified with platinum (Pt),

ungstophosphoric acid (HPW) or Pt + HPW at various load-
ngs is described. The effect of the incorporation of Pt and
PW on the structure of the mesoporous solid was investigated.

t
H

w

able 1
ynthesis of MSU, Pt/MSU, HPW/MSU and Pt/HPW/MSU samples

ample Type Composition of the starting mixture

HPW, x (g) HPW/SiO2 molar
ratio, m (×10−3)

H2PtCl6,
y (g)

MSU 0 0 0
Pt/MSU 0 0 0.20
Pt/MSU 0 0 1.04
HPW/MSU 1.65 9.4 0
HPW/MSU 3.30 20 0
HPW/MSU 4.00 24 0
Pt/HPW/MSU 1.61 9 0.19
Pt/HPW/MSU 1.50 8.5 0.19
Pt/HPW/MSU 3.00 17 0.19
Pt/HPW/MSU 5.90 34 0.36

tarting molar composition: 1SiO2:0.22TX-100:0.02–0.04C16TMABr:mHPW:nHPt:
a Determined by X-ray fluorescence spectroscopy.
alysis A: Chemical 278 (2007) 53–63

detailed physico-chemical characterization of the obtained
aterials was carried out by using different techniques: namely,
-ray diffraction (XRD), elemental, SEM, TEM and TGA/DTA

nalyses, N2 adsorption–desorption measurements, and solid
tate 31P NMR spectroscopy.

The three types of prepared catalysts named HPW/MSU,
t/MSU and Pt/HPW/MSU with various loadings in Pt and HPW
ere tested in catalytic deNOx reactions with propene in the
resence of variable amounts of oxygen at different tempera-
ures.

. Experimental

.1. Materials

The synthesis of MSU-type silica was carried out according to
he procedure developed by Toufaily [23] in which tetraethoxysi-
ane (TEOS, purchased from Aldrich 98%) was used as silica
ource, cetyltrimethylammonium bromide (C16TMABr, 96%,
luka), polyethylene glycol-tert-octylphenyl-ether (TX-100,
luka) as surfactants and sodium fluoride (NaF, Fluka) as
ucleophilic catalyst for the condensation of the silica network
24]. For the Pt- and HPW-containing samples, hexahydrate
hloroplatinic acid (H2PtCl6·6H2O, Strem Chemicals) and 12-
ungstophosphoric acid (H3PW12O40, Fluka) were used as
eactants. Pure silica, Pt-, HPW- and Pt/HPW-containing sam-
les are named MSU, Pt/MSU, HPW/MSU and Pt/HPW/MSU,
espectively.

.2. Synthesis procedures

.2.1. Synthesis of Pt/HPW/MSU samples
The synthesis of the Pt and HPW-containing MSU-type

amples was performed with the following molar composi-

ion: 1SiO2:0.22TX-100:0.02–0.04C16TMABr:(0 ≤ m ≤0.035)
PW:(0 ≤ n ≤ 0.04)Pt:0.02NaF:300H2O (see Table 1).
In a first step, 7.4 g of TX-100 and 0.41–0.82 g of C16TMABr

ere dissolved in 210 mL distilled H2O containing 10 mL of

Composition of the MSU-type samplesa

Pt/SiO2 molar ratio,
n (×10−3)

wt% of HPW and
(HPW/SiO2 molar
ratio, ×10−3)

wt% of Pt and
(Pt/SiO2 molar ratio,
×10−3)

0 0 0
7.3 0 1 (3)

38 0 7 (26)
0 9 (2.2) 0
0 29 (9.8) 0
0 38 (14.2) 0
7 13 (3) 0.5 (1.6)
7 20 (5) 0.4 (1.5)
7 22 (9) 0.3 (1.1)

13 49 (23) 0.8 (2)

0.02NaF:300H2O.
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ydrochloric acid (4 M HCl). After a clear solution was obtained,
1 g of TEOS were added and stirred until complete dissolution.
his solution will be named hereafter solution 1.

In a second step, two solutions (30 mL) of (x) g of HPW and
y) g of platinic acid (see Table 1) were prepared by dissolving
he corresponding reactants in acidified (HCl) distilled water.
hen, the two aliquots were mixed together for 5 min at room

emperature to obtain solution 2.
Finally, solution 2 was added to solution 1 and stirred for

0 min. The resulting solution was aged for 24 h at room temper-
ture and 0.043 g of NaF was added. After complete dissolution,
he solution was placed in a polyethylene bottle and heated at
0 ◦C for 48 h.

The obtained precipitate was filtered, washed with distilled
ater and dried in air at 80 ◦C; the template surfactant was

emoved by calcination under air at 385 ◦C for 5 h.

.2.2. Synthesis of HPW/MSU, Pt/MSU and MSU samples
A similar procedure was used for the synthesis of the

PW/MSU and Pt/MSU samples. Two aliquots of solution 1
ere prepared as described above. For the HPW-containing
SU-type silica, solution 2 was obtained by dissolving (x) g

f HPW in 30 mL of acidified distilled water. Whereas for the
t-containing MSU samples, solution 2 (30 mL) was prepared
y dissolving (y) g of H2PtCl6·6H2O. In both cases, solution 2
as added to solution 1 and the final volume was completed to
70 mL with H2O. The MSU sample was obtained as described
bove for the preparation of solution 1. The final solutions were
ept 24 h at room temperature, and 0.043 g NaF was added to
ach of them. Then, as described before, they were introduced
n polyethylene bottles and heated at 60 ◦C for 48 h.

.3. Physico-chemical characterization

.3.1. X-ray diffraction
The powder X-ray patterns were obtained with Cu K� radi-

tion (λ = 1.5418 Å) on a Philips PW1800 diffractometer in the
–10◦ or 1–50◦ (2θ) range with a 0.01◦ step size and a 4 s step
ime.

.3.2. Scanning electron microscopy
The size and the morphology of the particles were char-

cterized with a Philips XL30 scanning electron microscope
perating at a voltage of 9 kV. Prior to the SEM observations, the
amples were gold coated (thickness about 20 nm) by cathodic
puttering.

.3.3. Transmission electron microscopy
Prior to TEM analysis, the Pt- or Pt/HPW-containing sam-

les were prepared by ultrasonic dispersion of the powder in
hloroform. Then, a few drops of the suspension were deposited

n the surface of a TEM grid, which was kept at room temper-
ture for drying. The TEM experiments were performed on a
hilips CM200 microscope operating at 200 kV. An image anal-
sis software (XT Docu, Soft Imaging System Gmbh) was used
o determine the average Pt particle size.

C
T
o
c
r

alysis A: Chemical 278 (2007) 53–63 55

.3.4. Nitrogen adsorption–desorption isotherms
Nitrogen adsorption–desorption measurements were per-

ormed on a Micromeritics ASAP 2010 at 77 K. Prior to the
easurements, the calcined samples were outgassed at 300 ◦C

or 12 h. The specific surface area was determined using the
ET method in the relative pressure range 0.02–0.2 [25]. The
esopore-size distribution was evaluated by the BJH method

rom the adsorption branch of the isotherm and using a cylindri-
al pore model [26].

.3.5. TGA/DTA
Thermogravimetric (TGA) and differential thermal (DTA)

nalyses were performed under air on a Setaram Labsys ther-
oanalyzer with a heating rate of 5 ◦C/min up to 800 ◦C.

.3.6. Elemental analysis
Elemental analyses of Si, P, W, and Pt were performed

y X-ray fluorescence spectroscopy using a Magix Philips
pectrometer. Appropriate reference samples were used for
uantitative analysis.

.3.7. 31P MAS NMR spectroscopy
31P MAS NMR spectra were recorded on a Bruker DSX

00 spectrometer at frequency 161.98 MHz with a spinning
ate of 8 kHz, pulse duration 3.5 �s (flip angle π/2) and rep-
tition time of 20 s. The number of scans was 8. The chemical
hifts were measured with respect to 85% H3PO4 as an external
eference.

.4. Catalysis set-up

The catalytic reactions were performed using a continuous
ow system in a fixed bed reactor. From 1 to 1.7 g of cata-

yst were deposited on a quartz frit set in a vertical silica tube
internal diameter of 16 mm). The temperature was monitored
hrough a thermocouple located in the cell close to the catalyst
ample. The gas flow rate of the injected mixture was controlled
y mass flow-meters (Rosemount type 8550TR) and a total flow
ate equal to 50 N L h−1 was used at 1 atm, with a VHSV of
0,000 h−1. The reaction mixture was prepared by mixing a cer-
ified analyzed gas of 300 ppm of NO in He (Soxal), 25 vol.% O2
Soxal), 1 vol.% propene in He (Soxal) and 99.999% He (Soxal)
arrier gas. The concentration of NO2, NO, CO2 and CO at
he reactor outlet was determined by infrared analyzers (Rose-

ount NGA 2000 for the first two gases and Malhiac Multor
10 for the two last ones). A by-pass line allowed calibrating the
nalyzers.

The experiments were performed under isothermal condi-
ions (temperature ranging from 170 to 350 ◦C). At first, the
amples were heated to the reaction temperature under pure He
nd then the carrier gas was switched to the gas mixture. At the
eactor inlet, the reactive gas mixture included NO (300 ppm),
3H6 (900 ppm), O2 (concentration ranging from 0.5 to 10%).

he outgoing gas composition was recorded every 5 s and after
btaining a steady state regime, the NOx conversion was cal-
ulated from the difference of NOx concentration between the
eactor inlet and outlet.
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. Results and discussion

.1. Structural characterization

The amounts of HPW and Pt present in the MSU-type sam-
les were determined by X-ray fluorescence spectroscopy. The
esults are reported in Table 1. Whatever the HPW and Pt con-
ents in the starting mixtures, it appears clearly that the HPW and
t loadings in the MSU-type samples are systematically lower

han the expected ones. Furthermore, for approximately the same
mount of Pt in the gel (molar Pt/SiO2 = 7 × 10−3), the Pt load-
ng in the solids is much larger in the absence of HPW (compare
ample B with samples G, H and I in Table 1). Therefore, the
mount of (PW12O40)3− or PtCl62− incorporated is related to
he access of acids species to the positive charge accessible of
he protonated or the cationic surfactants (see below).

For the Pt/HPW-containing samples, the HPW loading seems
o be more efficient than the Pt one; the incorporation yields
xpressed in mol% correspond to 50 and 20%, respectively.

.1.1. Powder X-ray diffraction
The powder XRD patterns of the calcined MSU and Pt/MSU

amples are reported in Fig. 1. At low angle, they display a
RD peak (d = 44 Å) with a broad component at d = 23 Å; the

atter being more pronounced for the Pt-free sample. Such XRD
atterns are characteristic of a MSU-X-type structure with ver-
icular pore geometry [27]. For the Pt-containing samples, two

dditional XRD peaks can be observed at high-angle values (i.e.,
9.7 and 46.2◦ (2θ)). They can unambiguously be assigned to
he d1 1 1 and d2 0 0 of platinum metal which means that during
he oxidation of the organic templates (C TMA+ and TX-100)
16
n in situ platinum reduction from PtIV to Pt0 occurs. As shown
elow by TEM analysis, this in situ reduction of platinum leads
o the dispersion of metal particles in the Pt/MSU samples.

ig. 1. Powder XRD patterns of the calcined Pt/MSU samples with various Pt
oadings (sample A: (0 wt%), sample B: (1 wt%), sample C: (7 wt%)): (a) 2θ

ange 0–10◦ and (b) 2θ range 10–50◦.
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ig. 2. Powder XRD patterns of the calcined HPW/MSU samples with various
PW loadings (sample A: (0 wt%), sample D: (9 wt%), sample E: (29 wt%) and

ample F: (38 wt%)).

The XRD patterns of the calcined HPW/MSU samples with
ifferent HPW loadings (sample D (9 wt%), E (29 wt%) and F
38 wt%) are reported in Fig. 2. The XRD pattern of the low-
st HPW-content sample (sample D) also exhibit a broad peak
t 2θ = 2◦ (d = 44 Å). However, an increase of the HPW load-
ng (samples E and F) leads to the disappearance of this peak.
hus, as it was already reported for the HPW-containing SBA-3
aterials [20], the incorporation of HPW strongly affects the

ong-range order of the structure.
For the Pt/HPW/MSU samples, a behavior similar to that

escribed above for the HPW/MSU samples is observed. In that
ase too, for the calcined samples, XRD peaks corresponding to
latinum metal with intensities in agreement with the Pt loading
re present at high angle-values (XRD patterns not reported).

.1.2. SEM
SEM micrographs of the calcined samples are reported in

ig. 3. All samples display a sphere-like morphology. Bigger
articles are observed for the Pt-containing samples (samples
, C, G and I), the particles size ranging from 1 to 3 �m against
.5 �m for pure silica sample (sample A). However, it is note-
orthy that for the Pt/HPW/MSU samples, an increase of the
PW loading leads to a decrease of the particle size (compare

amples G and J for instance) and the lost of the spherical mor-
hology (sample J). These results are in good agreement with
hat obtained by Di Renzo et al. [28]. The authors suggested that
he platinum salt, H2PtCl6, where platinum is forming anionic
omplex, induces extensive hydrolysis of TEOS. Monomeric
ilica species interact with the surfactant headgroups affording
urfactant–inorganic complexes. If the condensation between
iliceous units (Eq. (2)) is slower than the hydrolysis of the sil-
ca precursor (Eq. (1)), the rate of formation of nucleus able

o grow, decreases, giving rise to larger particles, as observed
y SEM for solids containing platinum (Fig. 3b and c). If the
ydrolysis rate is low in comparison with condensation rate, the
asy condensation between silanol groups on the surface of dif-
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ig. 3. SEM micrographs of calcined MSU (sample A), Pt/MSU (sample B: (1 w
t/HPW/MSU samples (sample G: Pt (0.5 wt%), HPW (13 wt%); sample I: Pt (

erent micelles brings about more rapid nucleation and therefore
he formation of smaller particles (Fig. 3a) [28].

Si–OEt + H2O → Si–OH + Et–OH (1)

Si–OH + HO–Si → Si–O–Si + H2O (2)

.1.3. Transmission electron microscopy
TEM analysis was performed on the Pt/and Pt/HPW/MSU

aterials (samples B, C, G, H, I and J). For the Pt/MSU samples,
he TEM micrographs reveal the dispersion of quasi-spherical
t particles in the siliceous matrix (Fig. 4). From the Gaussian
istribution of the particle size a mean Pt particle size of 6.5
nd 9.0 nm can be determined for sample B (1 wt% of Pt) and C
7 wt% of Pt), respectively. For the Pt/HPW-containing samples
samples G, H, I and J), although a lower Pt content (0.3–0.8 wt%
f Pt), the particle size is larger and increases with the increasing
f the HPW loading. In that case, the average particle size is
lose to 3.5, 7.4, 9.1 and 18.6 nm for samples G, H, I and J,
espectively (Fig. 4). It is noteworthy that an increase of both the
t and HPW loadings induces the broadening of the Pt particle
ize distribution.

.1.4. Thermal analysis (TGA/DTA)
The thermal behavior of the as-synthesized MSU, Pt/MSU,

PW/MSU and Pt/HPW/MSU samples was investigated by
G/DTA thermal analysis (thermograms not shown). Accord-

ng to the nitrogen elemental analysis performed on these solids,
nly traces of C16TMA+ were present in all the as-synthesized

aterials; the main organic template being TX-100. For all sam-

les, the TGA results are quite similar. A total weight loss of
bout 50 wt% occurs mainly in one step from 200 and 450 ◦C
nd is associated with at least three exothermic components on

F
0
r
p

sample C: (7 wt%)), HPW/MSU (sample D: (9 wt%); sample F: (38 wt%)) and
t%), HPW (22 wt%); sample J: Pt (0.8 wt%), HPW (49 wt%)).

he DTA curve. These exotherms located at 200, 280 and 400 ◦C
orrespond to the oxidation of the organic template (TX-100).
ndeed, the removal of TX-100 might be complete at 385 ◦C
or 5 h (except samples with high HPW loading). Only the DTA
urves for calcined samples, highly loaded with HPW, showed
bout 2% of the template remaining in the solid. Such a result
as been reported before. Kluson et al. [29] showed that above
23 K, there was no existence for decomposed or partly decom-
osed poly(oxyethylene) chain (except molecular fragment with
mass of 205 or 206 as the prevailing component at 623 K

xtracted with toluene from the furnace). However, the authors
id not mention the presence of a molecular fragment at 658 K,
hey suggest that the complete elimination of TX-100 would be
etter at 823 K.

.1.5. BET and textural properties
For all samples the N2 adsorption–desorption isotherms

re of type IV with a capillary condensation step at around
/P0 = 0.3–0.4 (Fig. 5). For clarity only isotherms of samples A,
and I are reported. The specific surface area (SBET), pore vol-

me and pore diameter determined from the adsorption branch
f the isotherm using the BJH method are given in Table 2.
or the Pt/HPW/MSU samples the condensation step occurs at
higher relative pressure (samples G and I) revealing a higher
ore diameter. However the capillary condensation step is less
teep (see sample I) which indicates a larger pore size distribu-
ion. As a general remark, the incorporation of Pt or HPW species
eads, as expected, to a decrease of SBET and the pore volume.

or instance, they decrease from 1045 and 0.9 to 728 m2/g and
.5 cm3/g when the amount of HPW increases from 9 to 38%,
espectively (see Table 2, samples D, E and F). Except for the
ore volume of sample H (pore volume = 0.97 cm3/g), a similar
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ig. 4. TEM micrographs of the calcined Pt/MSU (sample B: (1 wt%); sample
ample H: Pt (0.4 wt%), HPW (20 wt%); sample I: Pt (0.3 wt%), HPW (22 wt%

rend is observed for the Pt/HPW/MSU samples; the decrease of
BET being more pronounced (samples G, H and I). These results
re in agreement with the XRD analysis. High Pt or HPW load-
ngs strongly affect the characteristics of the samples, making
tructure disorder.
.1.6. 31P MAS NMR of HPW-containing samples
The as-synthesized and calcined HPW/MSU and Pt/HPW/

SU samples were characterized by 31P MAS NMR. Whatever

ig. 5. N2 adsorption (full symbols)–desorption (empty symbols) isotherms
f MSU sample A, HPW/MSU sample E: HPW (29 wt%) and Pt/HPW/MSU
ample I: Pt (0.3 wt%), HPW (22 wt%).

P
a
F
c
P

F
s

wt%)), and Pt/HPW/MSU samples (sample G: Pt (0.5 wt%), HPW (13 wt%);
ple J: Pt (0.8 wt%), HPW (49 wt%)).

he sample, the as-synthesized materials display one resonance
ine at about −15.4 ppm (Fig. 6a). According to the literature,
uch a resonance can be assigned to hexahydrated HPW in which
ll polyanions are equally hydrogen bonded by H5O2

+ cations
30].

The 31P MAS NMR spectra of the calcined HPW/MSU and
t/HPW/MSU samples loaded with different HPW or Pt/HPW
mounts exhibit several resonances between −16 and −12 ppm.

or the HPW-containing samples (Fig. 6b, sample F) two main
omponents at −15.2, −14.2 ppm are observed whereas for the
t/HPW/MSU samples (G, H and I) four resonances at −15.3,

ig. 6. 31P MAS NMR spectra of the HPW/MSU sample F (38 wt%), as-
ynthesized (a) and calcined (b).
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Table 2
Specific surface area, pore volume and pore diameter of the MSU, Pt/MSU, HPW/MSU and Pt/HPW/MSU samples

Sample SBET
a (m2/g) Va (cm3/g) φ BJHa (Å) SBET

b (m2/g) Vb (cm3/g) φ BJHb (Å)

A 1104 0.99 27 – – –
B 1037 0.96 33–50 1015 0.99 33–50
C 927 0.55 25–40 595 0.39 25c

D 1045 0.91 26 962 0.72 27
E 828 0.56 27 712 0.41 27
F 728 0.49 25 270 0.28 25
G 941 0.94 35 830 0.53 25c

H 705 0.97 44c 683 0.79 44c

I 611 0.47 29c 408 0.30 29c

J 296 0.21 28c 304 0.22 28c
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14.4, −13.9 and −12.8 ppm are clearly detected (Fig. 7). Fur-
hermore, an increase of the platinum content strongly affects the
ntensity of the component observed at −13.9 ppm; the higher
he platinum loading, the higher the intensity.

In the calcined solids, the main component located at
−15 ppm corresponds to the hexahydrated HPW species.
he 31P MAS resonance lines from −12.5 to −14.4 ppm
ave already been observed in supported HPW/SiO2 mate-
ials and were attributed to three types of species: (i)
(SiOH2)+(H2PW12O40)−] species arising from the interaction
f HPW with the support surface [19]; (ii) HPW species dif-
ering in hydration levels [4,31,32]; and (iii) lacunary and/or
imeric species arising from a partial decomposition of HPW
30,33]. In the latter case, the decomposition could occur at the
reparation stage, however it is not observed on the spectra of the
s-synthesized materials (see Fig. 6a), or from its thermal degra-
ation at high temperature starting around 400 ◦C [34], which
annot be totally excluded in our materials calcined at 385 ◦C.

According to solid-state 31P NMR analysis, keggin units have

een located in the bulk and on the surface of the support. Indeed
he solid-state 31P NMR spectrum displays two signals located
t −15.3 and −14.6 ppm. Basing on the literature [35,36], the

ig. 7. 31P MAS NMR spectra of calcined Pt/HPW/MSU samples with various
t and HPW loadings (sample G: Pt (0.5 wt%), HPW (13 wt%); sample H: Pt
0.4 wt%), HPW (20 wt%) and sample I: Pt (0.3 wt%), HPW (22 wt%)).
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ignal at −15.3 ppm has been attributed to HPW units that have
o interaction with the silica support (in bulk), whereas the signal
bserved at −14.6 ppm has been assigned to the heteropolyanion
n a slight interaction with the surface.

However, some of these NMR components might also be
ssigned to the formation of complexes between HPW and Pt.
hus, according to Kuznetsova et al. [37], the formation of two

ypes of complexes between Pt and (PW11O39)7− was observed.
he first one [PW11O39Pt] showed a chemical shift at −13.2
nd the second [PW11O39Pt–O–PtPW11O39] at −12.8 ppm. The
etal ions in the two complexes are connected with several

1–4) oxygen atoms located near the vacancy in the heteropoly-
ungstate structure. Such a complex formation might explain the
hange observed in the intensity of the component at −13.9 ppm.

.2. Catalytic properties

.2.1. Catalytic reduction of NOx over the HPW-containing
amples

The conversion of NOx over the HPW/MSU samples (D, E
nd F) loaded with various amounts of HPW (9, 29, and 38 wt%)
as investigated between 170 and 350 ◦C and for an oxygen

oncentration between 0.5 and 10 vol.%. For all samples and
hatever the O2 concentration, the NOx conversion level was
ery low (∼5%) when the temperature was below 250 ◦C. Above
50 ◦C, the NOx conversion increased to reach about 20%.

At 300 ◦C (Fig. 8), the NOx conversion increases when the
xygen concentration increases, and decreases when the HPW
oading increases; the maximum of conversion does not exceed
0% in the best case for 10 vol.% O2 with sample D containing
he lowest amount of HPW (9 wt%). These results are compat-
ble with the value indicated by Jentys et al. [11] who reported
hat the decomposition of NOx over a 30 wt% HPW-loaded

CM-41-type catalyst was only 8% at 300 ◦C, but the oxygen
oncentration was not given. Actually, the NOx conversion might
e correlated to the specific surface area of the samples which
ecreases when the amount of HPW increases, the values being

045, 828 and 728 m2/g for samples D, E, and F, respectively
see Table 2).

In such catalysts, the HPW species are known to have a high
apacity to adsorb polar molecules, especially NOx, by substi-
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ig. 8. Effect of oxygen concentration on the NOx conversion at 300 ◦C (a) and
50 ◦C (b) over the MSU-type samples with different HPW loadings (sample
: (9 wt%), sample E: (29 wt%) and sample F: (38 wt%)).

ution of the water occluded within their secondary structure
38]. Furthermore, it has been shown [38] that the adsorption of
O2-free NO was impossible on HPW and that the adsorption

apacity of NO reached a maximum of 46 mg per gram of HPW
t 170 ◦C [39]. Moreover, McCormic et al. [40,41] reported that
fter the adsorption of NOx over hydrated tungstophosphoric
cid supported on SiO2, protonated species were formed (i.e.,
OH+), which are almost completely decomposed (70–100%
Ox conversion) into N2 and N2O in the presence of O2 and
2O at 427 ◦C. The authors suggested a combined adsorp-

ion/decomposition mechanism, where tungstophosphoric acid
dsorbs NO into its bulk structure as follows:

3PW12O40 · 6H2O
NO/O2 (150 ◦C)−→ H3PW12O40 · 3NO + 6H2O

nd subsequently a decomposition of NO into N2 and O2 occurs,
ccording to:

H3PW12O40 · 3NO
H2O/heat−→ H3PW12O40 · 6H2O + (3/2)N2 + (3/2)O2

.2.2. Catalytic reduction of NOx over the Pt-containing
amples

In spite of a significant porous volume and a high specific
urface area, the previous tests showed that the catalytic activity

f mesoporous silica containing only tungstophosphoric acid
emains still small in deNOx. Therefore, taking into account
he well-known catalytic properties of platinum, especially in
eduction reactions, Pt/MSU samples containing two amounts

T
t
b
t

ig. 9. Effect of temperature (a) and oxygen concentration (b) on the NOx

onversion over Pt/MSU sample (sample B: Pt (1 wt%)).

f Pt (1 wt% (sample B) and 7 wt% (sample C)) were tested
etween 170 and 350 ◦C and an oxygen concentration between
and 10 vol.%. For a small Pt loading, Fig. 9a and b shows

he influence of temperature at a fixed amount of O2 and the
ffect of oxygen concentration at a fixed temperature on the
Ox conversion, respectively.
In the absence of oxygen in the gas mixture, the NOx con-

ersion, which is very low at 170 ◦C (<3%) increases with
ncreasing temperature, to reach about 73% at 350 ◦C (Fig. 9a).
he concentration of C3H6 being set at 900 ppm at the reactor

nlet, the critical oxygen concentration, defined as the stoichio-
etric oxygen concentration required for the complete oxidation

f propene, is ca. 0.4 vol.%. Surprisingly, this value corre-
ponds to the maximum conversion of NOx for temperatures
etween 225 and 250 ◦C. The effect of O2 concentration is very
ronounced (Fig. 9b), thus, below the critical oxygen concen-
ration, the conversion of NOx increases and above this value,
t decreases with increasing temperature. However at 170 ◦C,
different behavior is observed, the NOx conversion increases
ith increasing oxygen concentration from 2% (0 vol.% O2) up

o 80% (10 vol.% O2).
The role of oxygen which is found to be favorable at low

emperature for the NOx reduction over the Pt/MSU catalysts is
elieved to activate C3H6 to form oxidized hydrocarbon inter-
ediates on the catalytic sites [42]. Those intermediates would

eact with NOx adsorbed on the sites to lead to N2 and N2O.
hus, the curves (Fig. 9b) show that, in the absence of oxygen,
he NOx conversion is low when the reaction temperature is
elow 350 ◦C. With the increase of the O2 concentration from 0
o 0.5–1 vol.%, the NOx conversion is found to increase strongly.
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which corresponds to the high levels of NOx conversion for
oxygen concentrations between 2.5 and 10 vol.%. Fig. 12 shows
the effect of water vapor (2.5, 7.5 and 10 vol.% H2O) on the
NOx conversion as a function of oxygen concentration. The con-
H. Hamad et al. / Journal of Molecula

or example, at 250 ◦C under 0.5 vol.% oxygen concentration,
he NOx conversion reaches about 85% for sample B. Because
he temperature is not high enough for the complete oxidation
f C3H6, the overall environment in the reaction mixture is still
nder reducing conditions, making possible the complete NOx

onversion. A maximum of conversion of 88% was observed
t 225 ◦C under 1% of O2. It has to be noted that at a temper-
ture of 225 ◦C and above the conversion of C3H6 is always
00%.

Our results are comparable to those obtained by Shen and
awi [43], Long and Yang [44] and Jentys et al. [11] who stud-

ed activity of Pt supported on MCM-41. The latter reported
hat over Pt-impregnated (1.6 wt%) MCM-41 at 240 ◦C, the
Ox conversion is very high (92%) for a low O2 concentration

0.6 vol.%) and it decreases continuously with increasing O2
oncentration, for instance, 30% NOx conversion was obtained
or a O2 concentration of 10 vol.%. In addition, the catalyst was
ound almost inactive in the absence of oxygen [44].

Similar observations are made for sample C containing 7 wt%
f Pt. Without oxygen in the reaction mixture, the conversion of
Ox increases with increasing temperature, to reach about 78%

t 350 ◦C. With 0.5 vol.% O2, close to the critical oxygen concen-
ration, the NOx conversion reaches a maximum of about 97%
t 225 ◦C and decreases with increasing temperature. Above the
ritical oxygen concentration, the conversion decreases slightly
hen the O2 concentration increases and more strongly when

he temperature increases.

.2.3. Catalytic reduction of NOx over the Pt- and
PW-containing samples
For clarity, only the results of NOx conversion as a function of

emperature for a fixed oxygen concentration, and as a function
f oxygen concentration at constant temperature over the cata-
yst which contains a small amount of Pt and HPW (sample G)
re shown in Fig. 10a and b, respectively. The maximum of NOx

onversion depends strongly on the temperature and on the oxy-
en concentration. Two series of maxima with high conversion
alues (>70%) are observed at 225 and 250 ◦C (Fig. 10a), corre-
ponding to high concentrations of oxygen (>1%) and low ones
<2.5%), respectively. The highest NOx conversion (96%) takes
lace at about 250 ◦C for low O2 contents (0.5–1 vol.%) and
s shifted towards 225 ◦C for high O2 contents (2.5–10 vol.%).
ig. 10 shows that the catalyst is efficient in a large range of
xygen concentrations (0.5–10 vol.%), but for a narrow domain
f temperature, i.e., between 225 and 250 ◦C.

The other samples containing similar Pt loadings but with
igher HPW loadings show some similarities with those of sam-
le G but with lower efficiency. The evolution of the maxima of
Ox conversion rates and optimal O2 concentrations at both
25 and 250 ◦C are plotted versus HPW content in Fig. 11. The
ptimal O2% concentration increases when the HPW loading
ncreases. Whatever the temperature and considering a Pt con-
ent similar (0.5–1 wt%), the NOx conversion rate is higher when

small amount of HPW (13 wt%, sample G) is introduced. It is
oteworthy that in the presence of HPW, the NOx conversion rate
s higher at 250 ◦C. However, the increase in the HPW loading
nduces a decrease of the NOx conversion rate.

F
c

ig. 10. Effect of temperature (a) and oxygen concentration (b) on the NOx

onversion over the incorporated Pt/HPW/MSU sample (sample G: Pt (0.5 wt%),
PW (13 wt%)).

.2.4. Effect of water vapor on NOx conversion
The effect of water vapor on the conversion of NOx was deter-

ined on the most efficient catalyst (sample G: Pt (0.5% wt),
PW (13% wt)) and for one single temperature, i.e., 225 ◦C,
ig. 11. Evolution of the maxima of NOx conversion rates and optimal O2

oncentrations at both 225 and 250 ◦C vs. HPW content.
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ig. 12. Effect of water vapor on the conversion of NOx at 225 ◦C over the
ncorporated Pt/HPW/MSU sample (sample G: Pt (0.5 wt%), HPW (13 wt%)).

ersion decreases as the oxygen concentration increases with
r without water vapor. As an example, with 2.5 vol.% O2, it
ecreases from 93 to 83% when the concentration of water vapor
ncreases from 0 to 10 vol.%. This effect is slightly more pro-
ounced for 10 vol.% O2 and 10 vol.% H2O. It has to be noted
hat the conversion of C3H6 is always 100% at 225 ◦C.

In order to study the ageing effect of the catalyst, on the NOx

onversion, in the presence or absence of water vapor, part of
ample G was also treated under He containing 10 vol.% H2O
t 350 ◦C 4.5 h. The activity of the catalyst at 225 ◦C and with
0% vol. of O2 before and after such a treatment is shown in
ig. 13. In the absence of water vapor, the NOx conversion
emains constant before and after ageing (∼76%). When the
ater vapor (10 vol.%) was introduced into the gas mixture,

n both cases (before and after ageing), the NO conversion
x

ecreases from 76 to 63%, indicating that the negative effect
f the water vapor is only observed during the catalytic reac-
ion (Fig. 13). The decrease of NOx conversion over the catalyst

ig. 13. Ageing effect on the conversion of NOx in the absence or in presence
f 10 vol.% of water vapor and O2 (10 vol.%) at 225 ◦C over the incorporated
t/HPW/MSU sample (sample G: Pt (0.5 wt%), HPW (13 wt%)).
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sample G) in the presence of this high concentration of water
apor might be attributed to the replacement of the adsorption
f reactants on the catalyst surface by water molecules.

.3. Characterization of the catalysts after deNOx reaction

After catalytic tests, the XRD patterns of the Pt/MSU-,
PW/MSU- and Pt/HPW/MSU samples show no significant

hange. Especially, for samples B and C containing 1 and 7 wt%
f platinum, respectively, the characteristic (1 1 1) and (2 0 0)
ines of Pt metal are still present, and those corresponding to Pt
xide species are completely absent. For sample J containing
.8 wt% Pt, the two lines appear very weakly, but for samples G,
and I, they are not visible as before the catalytic tests. In addi-

ion, for all HPW-containing materials, and especially for high
PW loadings, a poor organization of the mesoporous matrix

s observed, but no additional loss of organization appears after
he catalytic tests.

The nitrogen adsorption–desorption isotherms of the vari-
us solids after the catalytic tests indicate a more or less strong
ecrease of the BET specific surface area and pore volume
Table 2). This decrease of porosity might be partly attributed
o the shaping operation of the catalysts (pelletization of sam-
les at 80 MPa). In spite of a rather high wall thickness of about

8 ´̊A, HPW-rich materials, such as sample F, would not be stable
nough to resist to mechanical and hydrothermal treatments.

After catalysis, the 31P MAS NMR spectra recorded on the
arious HPW- and Pt/HPW-containing samples show chiefly the
ame chemical shifts with a significant line near −15.5 ppm
ssigned to the hexahydrated HPW and other broader lines
ocated between −13.7 and −12.0 corresponding to the HPW
pecies interacting with the host material or differing in hydra-
ion levels. For samples containing a small amount of HPW a
trong decrease (sample D) or the disappearance (sample G) of
he main peak attributed to the hexahydrated HPW species is
bserved. TEM analysis was also performed on sample G after
atalysis. The micrographs show no change of the dispersion
nd the size of the Pt particles.

. Conclusion

In this study, a new way to directly incorporate Pt, HPW
nd Pt/HPW into MSU-type materials under acidic medium
sing cationic (C16TMA+) and neutral (TX-100) surfactants is
escribed. The XRD patterns of the obtained solids reveal that
he mesoporous structure is preserved when up to 7 wt% of Pt
s introduced. Whereas, high HPW loadings (>20 wt%) strongly
ffect the long-range order of the MSU structure. Similar results
re observed for the Pt/HPW/MSU materials.

During the calcination of the as-synthesized samples pre-
ared in the presence of chloroplatinic acid, the oxidation of the
rganic templates leads to an in situ reduction of the platinum

pecies (PtIV to Pt0) which allows the dispersion of the metal par-
icles. The analysis of the thermal decomposition of the organics
hich correspond mainly to TX-100 (only traces of C16TMA+

re detected) clearly shows that the decomposition occurs in
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everal steps and is acid catalyzed for the HPW-containing sam-
les. As expected, the porous characteristics of the solids depend
n the Pt and HPW loadings, the higher the loading; the more
ecrease the SBET and pore volume. According to the 31P MAS
MR results, a complex formation between Pt and HPW might
e possible.

The HPW, Pt and HPW/Pt containing materials were tested
n deNOx catalysis. Indeed, it is well known that platinum and
PW have interesting catalytic properties, especially in deNOx

atalysis for platinum compounds. The advantage of using this
ype of mesoporous solids as support, results from its high sur-
ace area and narrow pore size distribution which allowed a
omogenous dispersion of the heteropolyacid species and plat-
num particles.

The conversion of NOx is moderate (∼20%) at 300 and
50 ◦C over the HPW/MSU-type samples. The Pt/MSU-type
amples containing different amounts of platinum (1 and 7 wt%)
how very high conversions (∼90%) which can only be reached
hen the concentration of oxygen is close to the critical oxy-
en concentration (∼0.5 vol.%) required for the stoichiometric
xidation of C3H6. Beyond this value, the activity decreases
egularly with oxygen concentration.

Combining Pt and HPW leads to special and interesting
eatures in NOx catalysis. Thus, the Pt/HPW/MSU catalysts
emonstrates high activity (between 60 and 90% conversion)
or a small quantity of Pt (0.5 wt%) and moderate amount of
PW (∼15%) in the temperature range 225–250 ◦C and for a

arge oxygen concentration (0.5–10 vol.%). The maximum of
Ox conversion decreases, and is shifted to higher tempera-

ure when the amount of HPW increases. The effect of water
apor which was tested over a Pt/HPW/MSU material indicates
slight decrease of the catalytic activity, but the ageing of the cat-
lyst under water vapor under moderate conditions did not affect
ts properties. After catalytic tests, the analysis of the samples
y various techniques showed no/or very small change of the
haracteristics of the materials.
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