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Abstract

In this paper, the integration of activity results for the selective catalytic reduction of NOx with C3H6 with a thorough characterization o
Pt-beta catalysts with different platinum dispersion has been accomplished. The parent zeolite NH4-beta (Si/Al = 11.4) was ion-exchange
with a Pt(II) precursor and activated by calcination and reduction in H2 before reaction. The evolution and nature of the Pt phase durin
different preparation stages and after catalytic tests were investigated by CO chemisorption, TEM, XRD, and XPS. By using differe
rates during activation of the ion-exchanged material and upon the deNOx HC-SCR, the average particle size of platinum in the final cata
was varied in the range of 2–25 nm. It has been clearly shown that deNOx HC-SCR conditions produce a decrease in the metal dispersi
the catalysts by sintering of Pt particles. The increase in average particle size has a positive effect on the activity of the catalysts
larger the platinum particles, the higher the NOx conversion and the lower the operation temperature. The XPS results show that bot
and Pt(II) species are present in the calcined samples, after H2 reduction and during reaction. Coke deposits, formed during reaction o
zeolite support, were studied by XPS, DRIFT, and TPO-TPD/MS. The structure sensitivity of the lean deNOx reaction toward the platinum
phase has been confirmed by the direct correlation established between platinum particle size and TOF. Based on previous results
crystal, it seems that the key steps are the NO dissociation on Pt(100) planes and Pt–O clean off which will be easily performed o
particles. On the other hand, the independence of Pt(100)/Pt(111) ratios with particle size explains the similar N2 and N2O selectivity values
presented along all the samples.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

At low temperatures (200–250◦C), platinum catalysts
show a high activity and stability for the selective cataly
reduction of NOx with hydrocarbons (HC-SCR) even u
der adverse reaction conditions such as the presence o
ter and SO2 [1–5]. Therefore, these catalysts are attrac
for eliminating NOx , e.g., from car exhaust streams co
taining excess oxygen (lean deNOx process). The influenc
of the support on the deNOx activity and N2 selectivity
over Pt-catalysts was previously investigated by some o
authors [5]. The order of activities found was Pt-USY>

* Corresponding author.
E-mail address:c.salinas@ua.es (C. Salinas-Martínez de Lecea).
0021-9517/03/$ – see front matter 2003 Elsevier Inc. All rights reserved.
doi:10.1016/S0021-9517(03)00088-5
-

Pt/activated carbon> Pt-ZSM-5 > Pt/Al2O3 > Pt/SiO2.
A similar Pt loading in catalysts was used, but the proper
of the support and the metal dispersion varied simulta
ously. This made it very difficult to establish a correlati
between the activity observed and the metal dispersion, s
acidic properties of the support seems to play an esse
role in hydrocarbon activation and thus in the overall c
alytic performance. Even though no definitive correlat
was found, it seemed that high metal dispersions were
attractive to achieve a high activity.

Several authors have investigated the influence of the
persion on the performance of platinum catalysts for v
ious reactions. The structure sensitivity of processes
alyzed by Pt has been typically reported in (1) the reduc
of NO by H2 [6] or CH4 [7,8], (2) the oxidation of NO
with O2 [9], and (3) the combustion of hydrocarbons (e

http://www.elsevier.com/locate/jcat
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propene, methane, and chlorobenzene) [10]. In some c
there is an increase of reaction rate with increasing in
particle size. Burch et al. [4] presented an apparent hy
bolic relation between dispersion of the fresh catalyst
turnover frequency (TOF) for NO reduction with hydroc
bons on Pt/Al2O3 and Pt/SiO2 systems.

Several studies on Pt/Al2O3 have suggested that N
might aid the sintering of small platinum particles. Den
et al. [11] combined HC-SCR activity measurements w
characterization of fresh and used Pt/Al2O3 and Pt/SiO2
catalysts. Based on H2 chemisorption and TEM analys
of fresh and used catalysts it was concluded that on m
macro, and nonporous support materials, platinum part
smaller than 3 nm are not stable under reaction condit
and undergo sintering. Only on microporous silica suppo
dispersions> 30% were preserved upon reaction. Lööf
al. [12] showed that treatment with 0.1 vol% NO in Ar effe
tively induced sintering of small reduced platinum partic
(< 2 nm) over Pt/Al2O3 already at relatively low tempera
ture (� 473 K). This effect was confirmed by Schneider
al. [13] using X-ray absorption spectroscopy. The same
thors found no sintering in mixtures of NO and O2 (500 ppm
NO and 14 vol% O2 in N2), while it occurred when the
reducing agent was added to the mixture (500 ppm
500 ppm C3H6, and 14 vol% O2 in N2) [14].

The influence of platinum dispersion on the HC-SCR p
formance was also studied over zeolitic supports. Xin
al. [15] prepared Pt-ZSM-5 catalysts with different av
age particle sizes by variation of activation conditions
found higher turnover frequencies in Pt-ZSM-5 cataly
with lower dispersion. However, the structural changes
the platinum phase due to reaction were not analyzed. C
trarily, Shin et al. [16] characterized a Pt-ZSM-5 catal
and found a bimodal platinum particle-size distribution w
maxima at 3 and 13 nm. Changes in the particle size
tribution of the used catalyst due to sintering upon deNx

HC-SCR were observed, but changes in TOF were no
sessed by the authors.

Previous studies lack a detailed combination of acti
and characterization data to derive conclusive explana
on the structure sensitivity of Pt catalysts in deNOx HC-
SCR. Both aspects have been integrated in this pape
ing Pt-beta as the catalyst. To the best of our knowle
this catalytic system has not been reported for the reac
under investigation. Beta zeolite has been selected as a
alyst support regarding its acidity, relatively open structu
and thermostability. This study contributes to a better
derstanding of the evolution of the platinum phase upon
deNOx reaction, enabling a correlation with the performa
observed.

For this purpose, preparing Pt catalysts with a contro
dispersion using the same support is essential for overc
ing the difficulties of previous studies, when metal disp
sion and support were changed simultaneously. A me
for preparing Pt-beta catalysts with different platinum p
ticle size, based on previous work by Creyghton et al. [1
s

,

-

-

t-

-

has been successfully applied. By changing the heating
during activation (calcination and reduction in H2) of the
ion-exchanged Pt-beta and upon deNOx HC-SCR, Pt cata
lysts with a wide range of dispersions, from 4 to 47%, w
obtained. Following this approach, the relative differenc
deNOx HC-SCR performance can be strictly related to
metallic phase, since the zeolitic support is invariable.

The catalysts were subjected to activity tests under
ferent conditions. The effect of catalyst activation and a
ing conditions during reaction on the dispersion, morph
ogy, and oxidation state of the platinum phase was inv
gated by CO chemisorption, HRTEM, XRD, and XPS. T
location of coke deposits was analyzed by DFTIR, X
and TPO-TPD/MS. Based on this, structure–activity re
tionships have been derived which contribute to the un
standing of the structure sensitivity of the deNOx HC-SCR
process.

2. Experimental

2.1. Catalyst preparation

The parent zeolite NH4-beta was supplied by Zeoly
(CP814E) with a molar SiO2/Al2O3 ratio of 25 and a to
tal surface area of 680 m2 g−1. Pt-beta catalysts were pr
pared by a conventional aqueous ion-exchange method
nominal metal content was 1 wt% Pt. The exchange
carried out under vigorous stirring at 295 K for 18 h, u
ing diluted aqueous solutions (0.30 mM) of tetraammi
platinum(II) nitrate, [Pt(NH3)4](NO3)2, and a solid-to-liquid
ratio of 1 g L−1. The ion-exchanged zeolite was then filter
and washed thoroughly with deionized water at room t
perature before drying at 385 K for 12 h.

The dry ion-exchanged zeolite, denoted as Pt-betaie),
was calcined in static air at 400◦C for 2 h, using four dif-
ferent heating rates, i.e., 0.5, 2, 5, and 10◦C min−1. The
calcined samples are denoted as Pt-beta(c-x), wherex is the
heating rate applied. Previous to the activity tests, the c
lysts were reduced at 350◦C in pure H2 atmosphere for 8 h
(100 ml min−1), using the same corresponding heating r
as in the calcination step (denoted as Pt-beta(r-x)).

2.2. Catalyst characterization

The chemical composition of Pt-beta(ie) was deter-
mined by inductive coupled plasma-optical emission sp
troscopy (ICP-OES) (Perkin-Elmer Plasma 40 (Si) and
tima 3000DV (axial)) and atomic absorption spectrosc
(AAS) (Perkin-Elmer 1100).

The platinum dispersion was determined by CO che
sorption using a volumetric apparatus (QuantaChrome A
sorb-1C). The experimental error is lower than 10%. P
to the measurement, the samples were treated in pur
drogen at 200◦C, using the lowest possible heating ra
(1◦C min−1) to minimize sintering effects. Based on t
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amount of CO adsorbed and assuming an adsorption
chiometry CO:Pt= 1:1, the metal dispersion was obtaine
The average Pt particle size was calculated by applying
following equation [18],

D = Ag/δθNds,

whereD is metal dispersion in the catalyst,A is atomic
weight of the active atoms,g is shape factor (g = 6 for hemi-
spherical geometry of the metal particles),δ is metal density,
θ is cross-sectional area of active atom (8.0 Å2 per atom),
N is Avogadro’s number, andds is average particle size.

A Philips CM 20 microscope, operating at 200 kV, w
used to obtain the HRTEM images of the catalysts. S
ples were mounted on a copper grid-supported carbon
by placing a few droplets of an ultrasonically dispersed s
pension of sample in ethanol on the grid, followed by dry
at ambient conditions. TEM images were obtained by us
both low- and high-energy electron beam and were analy
with an image analysis procedure (Sigma ScanPro 5), in
der to semiquantitatively determine the average Pt par
size.

Powder X-ray diffraction (XRD) was used for the dete
tion of crystalline phases in the catalysts. The measurem
were carried out in a Bruker-AXS diffractometer using a d
fracted beam graphite monochromator and Cu-Kα radiation.
The patterns were collected in the 2θ range of 5 to 75◦ with
a step size of 0.1◦ 2θ and a counting time of 8 s. In order
improve the signal-to-noise ratio of the Pt reflections, so
of the catalysts were measured in 2θ = 35–50◦, using a step
size of 0.02◦ 2θ and a counting time of 20 s.

XPS was carried out in a VG-Microtech Multilab electr
spectrometer by using Mg-Kα (1253.6 eV) radiation source
To obtain the XPS spectra, the pressure of the analysis c
ber was maintained at 5× 10−10 mbar. The binding energ
(BE) and the kinetic energy (KE) scales were adjusted
setting the C1s transition at 284.6 eV. The BE and KE valu
were determined with the software Peak-fit of the spectr
eter. The characteristic BE corresponding to the core le
of Pt 4f7/2 and 4f5/2 included in Table 1 were used for fi
ting the Pt photoemissions lines.

Fourier transform infrared (FT-IR) spectra were record
under ambient conditions without any pretreatment us
a Spectratech diffuse reflectance (DRIFT) accessory
a Nicolet Magna 550 Fourier transform spectrometer.
spectral range was 400–4000 cm−1 and they were recorde
by coaddition of 256 scans (scanning time in 300 s), wit
nominal resolution of 4 cm−1.

Table 1
Characteristic binding energies (BE in eV) of Pt 4f7/2 and 4f5/2

Pt 4f7/2 Pt 4f5/2

Pt(0) 71.3 74.6
Pt(II) 72.7 76.1
-

TPO-TPD/MS experiments with the used catalysts w
carried out in a Mettler-Toledo TGA-SDTA 851 appara
equipped with a sample robot and a gas controller for
or inert gas (He). The solid (∼ 10 mg sample, no dilution
was placed in an alumina crucible (70 µl) usingα-Al2O3

as reference. Tests were performed in a dry air (TPO)
helium (TPD) flow of 100 cm3(STP) min−1 at atmospheric
pressure. The temperature was increased from 25 to 50◦C
with a heating rate of 10◦C min−1. For the experiment in in
ert gas, a prepurge step in He (100 cm3(STP) min−1) at room
temperature was applied to remove the remaining air in
reaction chamber. The evolution of the gases during th
experiments was analyzed on line by a computer-contro
quadrupole mass spectrometer (Pfeiffer Thermostar).
microbalance and the spectrometer were coupled throu
heated capillary sampling tube.

2.3. Activity tests

DeNOx HC-SCR activity measurements were carr
out in a quartz-tube fixed-bed reactor of 10-mm i.d. a
35-mm bed height at atmospheric pressure. About 250
of catalyst (125–250 µm) was used for each run
the total flow rate was 100 ml(STP) min−1 (GHSV =
15,000 h−1). After in situ reduction of the catalysts (pu
H2, 100 ml(STP) min−1, 350◦C, 12 h) at a specific hea
ing rate, temperature was decreased to the desired valu
the feed mixture was passed through the catalyst. The
mixture contained 1000 ppm NOx , 1500 ppm C3H6, 5 vol%
O2 with He as balance gas. Two types of experiments w
carried out over reduced catalysts: (i)steady-state activity,
consisting in point-by-point isothermal reaction experime
in the range of 100–500◦C using the same heating rate as
the calcination and reduction steps (generally 2 h afte
change of conditions, the conversion levels for the dif
ent gases were constant and considered as the steady
and (ii) stability, consisting in time-on-stream experimen
for 30 h at the maximum activity temperature. Experim
(i) yielded a catalyst used at relatively high temperat
(500◦C) (Pt-beta(ht-x)), and experiment (ii) yield a catalys
used at lower temperature (Pt-beta(lt-x)). Finally, in order to
check the possible catalyst activation, samples Pt-beta(ht-x)
were cooled down and submited to a new steady-state a
ity test (experiment (i)).

The product gases were continuously analyzed wit
chemiluminescence NO–NO2 analyzer (Signal 4000 VM)
and discontinuously analyzed for the other gases b
gas chromatograph (HP 6890). The chromatograph
equipped with a thermal conductivity detector, using t
serial columns (Porapak Q 80/100, for CO2, C3H6, N2O,
and H2O separation, and a Molecular Sieve 13X, for O2, N2,
and CO separation).
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Fig. 1. Pt dispersion and particle size (determined from CO chemisorp
as a function of heating rate for (2) Pt-beta(r), (F) Pt-beta(lt), and (") Pt-
beta(ht) catalysts.

3. Results and discussion

3.1. Influence of the heating rate during activation on th
Pt dispersion

The ion-exchanged Pt-beta(ie) zeolite, with a platinum
content of 0.92 wt%, was activated in static air at 400◦C us-
ing four different heating rates (0.5, 2, 5, and 10◦C min−1)

and subsequently reduced in H2 flow at 350◦C using the
same heating rates. The metal dispersion and the ave
particle size determined from CO chemisorption are sh
in Fig. 1. The platinum dispersion in the catalysts decre
with increasing heating rate, upon calcination and reduc

At low heating rates relatively high Pt dispersions
achieved (∼ 50%), in agreement with previous studies [1
19,20]. Due to equipment specifications the minimum h
ing rate used for reduction previous to CO chemisorp
was limited to 1◦C min−1. A variation of heating rate from
2 to 5◦C min−1 produces a considerable decrease of Pt
persion from 43 to 27%, i.e., the average Pt particle
increases from 2.5 to 4.0 nm. However, a minor chang
Pt dispersion at higher heating rates is identified, indica
that it is difficult to achieve very low Pt dispersion just
increasing the heating rate. It is well known that the vel
ity of the sintering process strongly depends on the ac
size distribution of the metal particles. With small partic
sintering is fast, with bigger particles it is slow [21].

CO chemisorption provides an average platinum par
size within the limits imposed by an uncertain stoichiom
try [18]. On zeolitic supports, structure and morphology
e

the platinum phase are potentially more complex than
base metal oxides. Metal or metal oxide particles at the
ternal surface of the zeolite crystal may coexist with isola
platinum ions at ion-exchange positions and/or oligo
clear species PtOx located in the zeolite channels; e.g., t
formation of microcrystalline PtO on calcined Pt-faujas
prepared by ion-exchange was unambiguously detecte
Chmelka et al. [22], who used Raman spectroscopy to c
acterize the platinum species. Since hydrogen easily red
these PtO species, zero-valent platinum atoms produce
nally form small metal clusters inside or outside the mic
porous network [17].

For the purpose of this research, an extensive analys
transmission electron microscopy is required to have a d
measurement of the Pt particle-size distribution in the dif
ent catalysts. HRTEM micrographs of reduced Pt-beta c
lysts typically show a relatively broad distribution of Pt p
ticle sizes, which gives an idea of the heterogeneous n
of the metallic phase on the zeolite support. Platinum p
cles with a size of< 2 nm prevail in Pt-beta(r-2) (Fig. 2a).
Using a low-intensity electron beam at high magnificat
(Fig. 2b), the zeolite lattice can be clearly distinguished
though it is not clear if Pt clusters are located in the zeo
channels (see region within the circle in the micrograph)
addition, some Pt particles in a broad distribution from 5
50 nm can be also identified in the catalyst. These part
are likely to be located at the external surface of the ze
crystal.

The particle-size distribution in the samples reduce
high heating rates (5 or 10◦C min−1) appears to be quit
similar to the samples reduced at low heating rates (0.5
2 ◦C min−1). However, the average platinum particle size
larger in the samples at higher heating rates, as can be
for Pt-beta(r-10) in Fig. 3. This result also substantiates
effect of the heating rate to favor the sintering of platin
particles during reduction in H2 of the calcined catalysts
The average Pt particle size determined from the TEM
crographs using an image analysis procedure was in
agreement with that obtained from CO chemisorption.

3.2. Catalytic activity

The catalytic performance for the NOx reduction with
propene of Pt-beta(r-10) is shown in Fig. 4a as an example
the typical behavior of Pt-beta samples. NOx conversion in-
creases with temperature passing through a maximum w
propene conversion 1 is reached. By definition the NOx con-
version summarizes the conversion of NO and NO2 to N2
and N2O. As can be observed in Fig. 4b, NO2 coexists with
NO at temperatures with full propene conversion, whic
beyond the maximum NOx conversion. Therefore only NO
reduction reactions for NOx conversion are considered in o
discussion.

Attending to N2 selectivities, Fig. 4a includes N2 selec-
tivity which is similar than other platinum-based cataly
reported in the literature [1,5], N2O is an important produc
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(a) (b)

Fig. 2. TEM micrographs of Pt-beta(r-2) using (a) high-energy and (b) low-energy beam. See detailed procedures in the text.
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of the deNOx reaction over Pt-beta catalysts. At tempe
tures below the maximum NOx conversion, the N2 selectiv-
ity was∼ 35%. At higher temperatures, as expected, the2
selectivity increases with temperature.

This catalytic behavior can be understood considering
reactions involved during deNOx HC-SCR process [23]. Th
competitive reactions that take place are

(1)NO+ C3H6 + 4O2 → 1
2N2 + 3CO2 + 3H2O,

(2)2NO+ C3H6 + 4O2 → N2O+ 3CO2 + 3H2O,

(3)C3H6 + 9
2O2 → 3CO2 + 3H2O,

(4)NO+ 1
2O2 ↔ NO2.

At temperatures below 150◦C, the NOx concentration
corresponds to that introduced initially (see Fig. 4b). At te
peratures in the range of 200–250◦C NO reduction by C3H6
[reactions (1) and (2)] is activated in parallel to the to
combustion of C3H6 [reaction (3)]. In this range, the rati
between NOx and propene conversion, defined as the

Fig. 3. TEM micrograph of Pt-beta(r-10).
drocarbon efficiency,E(HC) = X(NOx)/X(C3H6), is close
to 1. With increasing temperature, the fraction of prop
consumed by reaction (3) increases at the expense of
tions (1) and (2). As a result, the NOx conversion drops whe
temperature is further increased beyond that of comp
C3H6 conversion and theE(HC) continuously decreases. A
temperatures in the range of 250–300◦C the decreasing NO
reduction [reactions (1) and (2)] is fully mirrored by a n
increase in NO oxidation [reaction (4)] as it is indicat
by the constant NO level (see Fig. 4b). Finally, at hig
temperatures, reaction (4) is limited by its thermodyna
equilibrium.

Fig. 4. (a) Conversion of (2) NOx , (F) C3H6, and (�) N2 selectivity vs
temperature over Pt-beta(r-10) and (b) corresponding concentration p
files of (F) NO and (Q) NO2 vs temperature during deNOx C3H6-SCR.
Equilibrium composition of NO2 is represented by dashed lines. Expe
mental conditions: 1000 ppm NO, 1500 ppm C3H6, 5 vol% O2, balance
He;P = 1 bar; GHSV= 15,000 h−1.
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Table 2
Maximum conversion of NOx and C3H6 during HC-SCR over the catalys
and the corresponding N2 selectivity and peak temperature

Tmax Conversion N2

(◦C) NOx C3H6 selectivity

Pt-beta(r-0.5) 250 0.70 1 0.31
Pt-beta(r-2) 240 0.75 1 0.35
Pt-beta(r-5) 220 0.80 1 0.34
Pt-beta(r-10) 235 0.80 1 0.32

Pt-beta(lt-0.5) 249 0.74 1 0.34
Pt-beta(lt-2) 238 0.79 1 0.32
Pt-beta(lt-5) 218 0.86 1 0.35
Pt-beta(lt-10) 234 0.85 1 0.35

Pt-beta(ht-0.5) 245 0.78 1 0.35
Pt-beta(ht-2) 235 0.84 1 0.31
Pt-beta(ht-5) 218 0.91 1 0.32
Pt-beta(ht-10) 232 0.91 1 0.33

Table 2 collects relevant results of the activity tests.
beta effectively reduces NOx using C3H6 as reducing agen
The NOx levels show the typical values for Pt-supported c
alysts, surpassing 0.70 at temperatures below 250◦C. An
effect of the Pt dispersion is observed; the maximum Nx

conversion increases and the peak temperature decrea
Pt dispersion goes down. The N2 selectivity values are clos
to 35% and no effect of dispersion is observed.

Stability tests during 30 h showed no deactivation of
beta(lt-x) catalysts (Table 2), and performance along ex
sure time was stable. On the contrary, the catalysts w
activated as maximum activity levels were slightly increa
corresponding to slightly lower peak temperatures. Typ
N2 and N2O selectivities of∼ 35 and 65% were achieve
respectively. This indicates no effect of platinum dispers
on the product distribution which is in agreement with
conclusions obtained by Denton et al. [11] using differ
supports for Pt catalysts.
as

With the purpose of studying the effect of higher temp
atures on the performance of the catalysts, the samples
for steady-state activity tests (see Experimental) were co
from 500 to 150◦C and subjected to a second steady-s
activity test. As can be observed in Table 2 (Pt-beta(ht-x)) a
significant increase on the NOx conversion, and a peak tem
perature decrease, is achieved in all the cases. This poin
be discussed later.

3.3. Sintering of platinum during deNOx HC-SCR

Fig. 1 also shows the Pt dispersion and particle
from CO chemisorption of the catalysts used in deNOx HC-
SCR (Pt-beta(lt-x) and Pt-beta(ht-x)). The platinum disper
sion of the catalysts is further decreased compared to
calcined and reduced catalysts. The reaction at high
perature (500◦C) induces a more severe platinum sint
ing. However, more important than the temperature it
is the effect of the reaction atmosphere. Despite of the
that the Pt-beta(lt-x) catalysts were tested at lower temp
atures (∼ 200◦C) than those corresponding to calcinat
and reduction (400–350◦C) of Pt-beta(ie), the dispersion
considerably decreases during the reaction. These o
vations are consistent with previous results reported
Pt/Al2O3 [12–14]. A possible explanation for the me
dispersion decrease in the reaction mixture is the even
coke formation (detectable with the naked eye), covering
metal particles and decreasing the amount of CO adso
This point will be analyzed in detail later.

As noted for the fresh catalysts, the presence of big p
inum particles (> 50 nm) was also observed in TEM m
crographs of the used catalysts, but they are a minority
its size has not significantly grown during different h
treatments. However, small particles in the region� 2 nm
suffered a particle-size increase proportional to that fo
in CO chemisorption experiments. The TEM micrograph
Pt-beta(lt-2) and Pt-beta(ht-2) (Figs. 5a and b, respectively
(a) (b)

Fig. 5. TEM micrographs of (a) Pt-beta(lt-2) and (b) Pt-beta(ht-2) using a low-energy electron beam.
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Fig. 6. XRD patterns for fresh and used samples (a) Pt-beta(x-0.5), (b) Pt-beta(x-2), (c) Pt-beta(x-5), and (d) Pt-beta(x-10).
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clearly show a progressive sintering of Pt particles dur
reaction, as compared to Pt-beta(r-2) in Fig. 2b.

XRD experiments were also carried out to study the e
lution of the crystalline platinum phase in the catalysts u
different treatments. Fig. 6 shows the patterns of the dif
ent samples, which have been normalized toward reflec
of the parent zeolite support at 43.5◦ 2θ (Fig. 6d). Besides
the typical reflections of beta, all samples present reflect
at 39.7 and 46.2◦ 2θ , which are characteristic of metall
platinum. This enables us to follow the relative intens
of Pt-metal reflections after reduction in hydrogen and
deNOx SCR reaction. Reflections typical for crystalline
oxides were completely absent. Any form of Pt oxide on
samples would be either amorphous or too small to be X
visible.

In most cases, the Pt metal reflections are sharp,
cating the presence of relatively large metal particles
confirmed by TEM analysis. In other cases line broaden
indicates the presence of smaller platinum particles b
big enough to affect the XRD signal. Note that in case of l
broadening both Pt metal reflections are equally affected
instrumental errors or additional reflections are highly
probable causes for this phenomenon.

Taking into account that metal particles below 2 nm
not contribute to the XRD reflections, the intensity incre
of the platinum reflection without peak broadening stron
indicates the formation of additional XRD-visible platinu
metal particles at the expense of XRD-invisible (small) p
inum particles. On the other hand, the peak broadening
dicates that newly created very small visible XRD platin
metal particles arise from invisible ones. The metal in
freshly reduced catalyst Pt-beta(r-0.5) was highly disperse
and consequently a large fraction of particles are not v
ble by XRD. Peak broadening is especially observed in
beta(ht-0.5), which exhibits the larger sintering process (
Fig. 1).

The ion-exchanged zeolite and the catalysts prepare
0.5 and 5◦C min−1 have also been analyzed by XPS. Fig
shows the Pt 4f spectra of these samples. Pt(0) and Pt
peaks are present in all the samples, except in Pt-betie)
(only Pt(II)). Table 3 collects the binding energies, obtain
from the corresponding spectra, as well as the Pt sur
concentration and the Pt(0) and Pt(II) surface concentra
obtained from the data referred to the major element in
catalysts, i.e., oxygen.

In general, the Pt surface concentration on the cata
as obtained by XPS significantly differs from that of t
bulk composition according to ICP/OES (0.92 wt%). This
deviation is a function of the metal dispersion. During c
cination (400◦C, 2 h) of the ion-exchanged sample, the
concentration at the catalyst surface diminishes by∼ 10%.
An even more pronounced loss of Pt concentration is
served after the succeeding thermal treatment (reductio
350◦C, 8 h). When the lowest heating rate was used for h
treatment steps, samples showed a higher dispersion.
samples present lower values of Pt surface concentra
with a more marked effect for the catalyst used at high t
perature (500◦C), i.e., Pt-beta(ht-0.5) and Pt-beta(ht-5). In
general, these results are in agreement with CO chemis
tion, HRTEM, and XRD.

The different Pt species found with XPS represent dif
ent structures. The Pt(0) signal clearly belongs to meta
Pt particles. The Pt(II) signal may represent isolated i
on ion-exchange positions (e.g., [Pt(NH3)4]2+ and Pt2+),
or small nanoparticle being fully or partially oxidized. N
surprisingly, Pt(II) was the only Pt species found on the i
exchanged sample. In agreement with the literature [20
and our XRD data shown in Fig. 6a, XPS data indicate
even during calcination at the lowest heating rate, a frac
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Fig. 7. Pt 4f XPS spectra for (a) Pt-beta(ie), (b) Pt-beta(c-0.5), (c) Pt-beta(r-0.5), (d) Pt-beta(lt-0.5), and (e) Pt-beta(ht-0.5).
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Table 3
Summary of XPS results

Sample BE Pt(0) BE Pt(II) Pt surface Pt(0) surface Pt(II) surf
(eV) (eV) (wt%) (wt%) (wt%)

Pt-beta(ie) – 73.20 0.75 0 0.75
Pt-beta(c-0.5) 71.48 73.00 0.65 0.08 0.57
Pt-beta(r-0.5) 71.35 72.95 0.48 0.29 0.19
Pt-beta(lt-0.5) 71.50 72.90 0.45 0.20 0.25
Pt-beta(ht-0.5) 71.10 72.20 0.40 0.28 0.12
Pt-beta(c-5) 71.48 73.00 0.68 0.14 0.54
Pt-beta(r-5) 71.12 72.61 0.37 0.18 0.19
Pt-beta(lt-5) 71.32 72.97 0.38 0.14 0.24
Pt-beta(ht-5) 71.59 73.14 0.34 0.17 0.17

of the Pt(II) species present in the ion-exchanged zeoli
reduced to Pt(0). The presence of Pt(0) has been attrib
by Creyghton et al. [17] to the reduction of Pt(II) by t
ammonia ligands of the Pt precursor removed during
cination.

The reduction step further reduces Pt(II) to Pt(0). Ho
ever, an important amount of Pt still remains in an oxidiz
state. Significant concentrations of Pt(II) in reduced Pt c
lysts have also been found by other authors, even after
situ reduction [25]. The authors have justified this due to
difficult reducibility of the small oxidic platinum particle
in the zeolite microporous network, which is evidence o
strong interaction between Pt and the zeolite support. M
over, EXAFS analysis of samples exposed to air reve
that platinum nanoparticles of∼ 1 nm are completely ox
idized, whereas particles of a few nanometers are part
oxidized [20].

The effect of the heating rate is mainly related to the P
value and not to the Pt(II) value, which could indicate t
the structure of the phase belonging to Pt(0) is determ
by kinetics, whereas the structure of the phase belongin
Pt(II) is determined by a thermodynamic equilibrium.

The stability test procedure (Pt-beta(lt-x)) decreases th
surface concentration of Pt(0), but increases the Pt(II)
centration. Remarkably, the concentration of Pt(II) is
same for both Pt-beta(lt-x) samples, which could point aga
to a thermodynamic equilibrium. Spending at high temp
atures keeps the amount of Pt(0) species almost stable
decreases the amount of Pt(II) species. Considering the
Pt surface decrease observed, this represents a net tra
mation of Pt(II) species into metallic Pt.

Our results, in agreement with other obtained with diff
ent supports, i.e., Al2O3 and SiO2 [11], reveal that, during
selective catalytic reduction of NOx using C3H6, the plat-
inum particles sinter on the Pt-beta catalysts. The effec
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sintering in catalyst activity will be discussed in the last s
tion.

According to the mechanism proposed by García-Co
et al. [5], Pt surfaces adsorb NO under reaction conditi
which is further dissociated, generating a layer of ato
oxygen and atomic nitrogen being a precursor for N2 and
N2O formation. Propene would act as a clean-off agent
moving atomic oxygen generated by NO and O2. Here, the
formation of Pt metal appears to be essential for the reac
As a consequence, Pt(II) species found on the various s
ples are considered as being inactive for HC-SCR, whe
Pt(0) represents active species.

3.4. Coke formation during HC-SCR

The presence of black spots in the spent catalysts
clearly identified. They correspond to coke deposits, as
firmed by comparing the C1s XPS spectra of Pt-beta(r-0.5)
and Pt-beta(lt-0.5) (Fig. 8). The spectrum of Pt-beta(lt-0.5)
shows a signal close to 281 eV, which is absent in
spectrum of Pt-beta(r-0.5). A direct and accurate identifi
cation of the C1s transition cannot be achieved at the
binding energies, since different assignments are poss
In aluminosilicate-supported catalysts, some authors h
found bands at similar binding energies, which are assig
to C–H-type species in the support, i.e., C–Al and C–Si t
bonds [26,27]. Several authors have also assigned thes
nals to C–C and C=C bonds, characteristic of carbides a
coke [27–29]. Since no evidence of coke deposits on Pt p
cles in the used catalysts was found from HRTEM or of P
interactions in the Pt 4f XPS spectra of these samples, it
concluded that coke is preferentially formed on the bulk
the zeolite. The absence of deactivation of Pt-beta cata
during deNOx HC-SCR (general for platinum catalysts) al

Fig. 8. C1s XPS spectra of (a) Pt-beta(r-0.5) and (b) Pt-beta(lt-0.5).
-

.

-

supports the idea that coking does not occur on Pt parti
but on the support.

Ex situ DRIFT experiments were also carried out o
the more representative samples to substantiate the fo
statements. Fig. 9 shows these spectra in a range of
2000 cm−1. Pt-beta(c-0.5) and Pt-beta(r-0.5) show a very
similar spectra and the bands identified are attributed to
zeolite framework and to physically adsorbed water [3
However, H-beta and Pt-beta(ie) show an additional broa
band at∼ 1450 cm−1. This band, which disappears after c
cination (in beta(c-10) and Pt-beta(c-0.5)), can be assigne
either to allylic C–C–C species and C–H-bending vibratio
whose origin could be the zeolite Si precursor (TEOS),
template used during the synthesis of the zeolite, or to N
bands on NH4+ ions present in the parent zeolite [30].

In the used catalysts, additional bands can be ide
fied at 1580 and 1470 cm−1. Again, it is difficult to do
the spectral assignment of these bands because ther
numerous assignments in the literature for bands in th
positions [31–34]. Between 1570 and 1590 cm−1, carbon-
ates, carboxylates, and formates (C=O vibrations), nitrates
and organo-nitrates (N=O vibrations), and also aromat
coke (C=C stretching) have been identified [30–33]. Ban
around 1470 cm−1 have been attributed to nitro- complexe
carbonates, carboxylates, and formates and allylic spe
C–C–C and C–H-bending vibrations [30–33]. Since no s
ple showed additional absorption bands in the range betw
2900 and 3200 cm−1, the presence of C–H bonds cann
be definitively proven. In a similar way to XPS, and kee
ing in mind that these experiments have been carried
ex situ, the bands observed should correspond to long
species. So, reaction intermediates like (CxHyOz) are not
likely to be responsible for these bands. In our opinion, s

Fig. 9. Ex situ FT-IR spectra: (a) H-beta, (b) beta(c-10), (c) Pt-beta(ie),
(d) Pt-beta(c-0.5), (e) Pt-beta(r-0.5), (f) Pt-beta(ht-10), (g) Pt-beta(ht-0.5),
(h) Pt-beta(lt-10), and (i) Pt-beta(lt-0.5).
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bands can be assigned to coke formed during reaction
C=C stretching and/or C–C–C vibrations [30]. Other a
thors have also assigned these bands in zeolites aged
engine exhausts to highly unsaturated carbonaceous res
or coke [34].

Temperature-programmed experiments in oxidizing (
TPO mode) or inert (He, TPD mode) conditions were a
used to study the nature of these deposits. This me
is specifically suited to quantify coke deposits in the ca
lyst, by following the combustion products [35]. Fig. 1
shows the H2O and CO2 signals during TPO experimen
over Pt-beta(c-0.5). Desorption of physically adsorbed wa
takes place at 100◦C. Massm/e 44, corresponding to CO2,
does not vary along the temperature range investigate
the TPO profile of Pt-beta(lt-0.5) (Fig. 10b), a significan
amount of CO2 (m/e 44) is generated (with a maximu
at 345◦C) without additional H2O desorption in parallel to
CO2. This sample was also analyzed in TPD mode.
spectra (not shown here) resemble those shown in Fig.
The presence of coke deposits on the catalysts is again
denced. The relatively high combustion temperature of th
deposits may also suggest that coke is on the bulk of the
lite and not associated with the platinum phase. In fact, c
deposited on platinum or very close to platinum decompo
below 300◦C due to the catalytic effect of metal [36,37].

Recently, García-Cortés et al. [5] stressed the role
acidic supports in HC-SCR over Pt catalysts by assis
propene adsorption; this reinforces HC-SCR activity on
Pt clean-off step. Also, Yazawa et al. [38–40] have shown
effect of acid strength of support materials on the prop
combustion over Pt catalysts. The catalytic activity increa
with the acid strength, the explanation found was an
hancement of the oxidation resistance of the platinum

Fig. 10. CO2 (m/e 44) and H2O (m/e 18) profiles during TPO of (a) Pt
beta(c-0.5) and (b) Pt-beta(lt-0.5) samples.
,

s
s

.
-

-

the acid-support materials. Their results corroborate with
hypothesis.

3.5. Effect of the Pt particle size on the deNOx activity

In this work, Pt-beta catalysts with a wide interval of a
erage metallic particle size have been obtained but exclu
the possible effects of other parameters (support, metal l
ing, and precursor) on the catalytic performance [5]. D
ferences in the structure of the Pt phase were obtaine
applying different heating rates during activation of the i
exchanged catalyst and upon deNOx HC-SCR. The increas
of the average platinum particle-size has a positive effec
the catalyst activity as shown in Fig. 11a, while it has
effect on the N2 selectivity. These results confirm the obs
vation of other authors who found an increase of the turn
frequency (expressed as mole NO reduced per mole of
face Pt atom and per second) comparing samples of diffe
nature with different dispersions [4,11,15]. From Fig. 1
the relatively high activity shown by the smallest platinu
particles which must be related to the presence of some
particle, as detected by HRTEM is noted. In Fig. 11b a
markable linear relationship between particle size and T
is shown.

One aspect that needs to be elaborated is the presen
highly dispersed irreducible Pt(II) species on the catalyst
view of this, it is likely that these species do not particip
in the deNOx HC-SCR reaction. XPS, XRD, and HRTE
indicate the transformation of these species into metalli
particles in parallel to the growth of the average particle s
which is equivalent to an increasing number of active si
Reaction with high-temperature-treated samples (ht-x) leads

Fig. 11. Correlation between (a) the NOx conversion and (b) the turnove
frequency with the average platinum particle size from CO chemisorp
for (2) Pt-beta(r), (F) Pt-beta(lt), and (") Pt-beta(ht) at different heating
rates.
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to the highest activity (Table 2) and at the same time to
highest percentage of surface Pt(0) (Table 3). This phen
enon is, however, not a sufficient explanation for activat
by sintering, because from the results in these tables one
cludes that catalysts with lower Pt(0) concentrations at
catalyst surface are more active than samples with hi
Pt(0) concentrations (compare, e.g., Pt-beta(r-0.5) with Pt-
beta(ht-5)). This stresses the structure sensitivity of HC-S
over Pt-beta, which is related to the Pt metal particles.

The rate-limiting step of the HC-SCR reaction over
metal sites might be related to the oxygen clean-off ste
to the NO dissociation step [41,42]. Thus, the HC-SCR
tivity of a particular Pt metal surface site can be determin
e.g., by its atomic oxygen adsorption enthalpy or by its
dissociation activity.

Considering different types of surface sites on Pt m
particles and their implication for particle-size dependen
one can discuss various factors. First, different crysta
graphic planes are present on a Pt particle. Elemen
steps on Pt terrace sites can show large crystallogra
anisotropies, e.g., for the interaction with NO [43,4
Atomic nitrogen and oxygen exist on the Pt(100) surf
exposed to NO at room temperature while most NO ads
molecularly on Pt (110) and (111) [44]. Also desorption te
perature of NO strongly depends on the surface orienta
of Pt [43,44]. N2O is formed mainly from NO molecularl
adsorbed and N2 from NO dissociatively adsorbed. The r
lationship between particle size and different surface s
for platinum particles with a cubo-octahedral structure,
lowing the analysis of van Hardeveld et al. [45–47], w
presented by Kinoshita [48]. In the range of Pt particle s
of the catalysts studied, the number of Pt atoms on Pt(1
and Pt(111) crystal faces considerably decreases as r
sented in Fig. 12. As a consequence the number of Pt a
on the more active plane (100) cannot explain our result

Secondly, corner and edge sites bind oxygen atoms m
strongly than terrace sites [49], which may slow down
oxygen clean-off step. At Pt particle sizes below 10 nm
fractions of corner and edge sites with respect to total n
ber of Pt metal surface sites are strongly dependent on
particle size decreasing with increasing particle size. Ab
this size the influence is much reduced. Therefore, this
explain the increase in activity observed in catalyst with p
ticle sizes below 10 nm but not above this value.

Based on the previous analysis, it is concluded that
ferring the HC-SCR activity exclusively to thenumberof
specific active sites is not sufficient to explain extrem
high TOF on large Pt crystals (in particular (ht-x) catalysts).
We thus postulate that in this case, a modification of the
tive sites occurs. Since the number of active sites does
increase, it rather decreases, the specific activityper site
(probably with a particular structure) must be increased u
reaction. In this sense, it is interesting to point out the ph
transition from (hex) to (1× 1) examined quantitativel
through model simulation and comparison with experime
by Cho [42] in Pt-ZSM-5 in (NO+ C2H4 + O2) reaction
-

-
s

t

Fig. 12. Correlation between the number of platinum atoms on (a) Pt(
and (b) Pt(111) planes and the average platinum particle size (
Ref. [48]).

mixture. Phase (1× 1) is thermodynamically less stable b
more active for NO dissociation [43]. At the moment, no e
perimental evidence can be provided for the transforma
of (hex) to (1× 1) phase in our catalysts but it likely to o
cur upon reaction at high temperature. Further research
be needed to support this hypothesis.

On the other hand, the N2 selectivity is not affected by
Pt particle size. The N2 selectivity is dependent of the rat
NO dissociatively adsorbed (N∗ + O∗) to NO molecularly
adsorbed (NO∗) [8,50,51]. As Pt(100) can produce atom
nitrogen out of NO (∗N) and Pt(111) adsorbs molecular N
(∗NO), the particle size-independent Pt(100)/Pt(111) ratio
could explain the particle size independence of N2 selectiv-
ity, which is dependent on the∗N/∗NO ratio.

4. Conclusions

Pt-beta catalysts with different metal dispersions h
been successfully obtained by applying different hea
rates during the activation of ion-exchanged sample by
cination and reduction. Platinum particle size increases
the heating rate, especially from 2 to 5◦C min−1. Pt-beta
catalysts are effective for the selective catalytic reduc
of NOx by propene under excess of oxygen with a N2 se-
lectivity of 35% and no observable deactivation. An i
portant sintering process of the metal phase, observe
CO chemisorption, HRTEM, and XRD, occurs during t
deNOx reaction. The extent of the sintering process is
fluenced, as expected, by temperature but more significa
under the effect of the reaction atmosphere. Moreover,
catalysts are activated by sintering of Pt particles, yield
higher NOx conversions. During reaction, platinum rema
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in both oxidized and reduced states evidence of a re
type reaction pathway. Coke deposits formed during reac
were studied by XPS, DRIFT, and TPO-TPD/MS. These de
posits are located in the bulk of the zeolite support ra
than associated to the platinum phase.

A correlation between platinum particle size and TOF
been established, confirming the structure sensitivity of
lean deNOx reaction toward the platinum phase. Large
particles show higher activities. Based on our experime
results and previous works with single crystals, it is c
cluded that structure sensitivity is responsible for grea
ease of the Pt–O clean-off step as corner and edge site
appear in favor of terrace sites and the larger activity for
NO dissociation step when the Pt(100) hexagonal pha
reconstructed as the (1× 1) phase upon reaction. The N2 se-
lectivity is not affected by the platinum dispersion beca
N2O is formed mainly from NO molecularly adsorbed
Pt(111) and N2 from NO dissociatively adsorbed associa
to Pt(100). As the ratio Pt(100)/Pt(111) is almost constan
with increasing Pt particle size, the selectivity remains c
stant.
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