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During selective reduction of NOx under lean-burn conditions,
a Pt particle size dependency has previously been observed with
various supports. In this study, we have examined the influence of
various parameters over a large range of initial metal dispersion:
nature of the support (silica or alumina), support porosity, presence
of impurities (particularly chlorine or sulfur), nature of the plat-
inum precursor salt, and Pt particle size distribution. Furthermore,
we have considered the mean particle size after sintering under the
reactant mixture up to 773 K. Of the factors considered, only the Pt
dispersion is of key importance. The intrinsic activity increases with
decreasing dispersion (measured initially or after reaction) for each
of the main reactions: reduction of NO into N2 or N2O, oxidation of
NO into NO2, or oxidation of C3H6 into CO2. The dispersion does
not clearly affect the selectivity. c© 2000 Academic Press

Key Words: DeNOx; selective nitric oxide reduction; SCR NO;
Pt-supported catalysts; dispersion; support effects.
INTRODUCTION

Supported noble metal catalysts, particularly those con-
taining platinum, are active for the selective reduction of
NO by hydrocarbons at relatively low temperatures (1–
5) and are not significantly affected by the presence of
water (4,6,7). The maximum activity of noble metal cata-
lysts occurs at a lower temperature (473–623 K) than that
of Cu–zeolite catalysts (573–723 K) (8). Contrary to Cu–
zeolites, however, these solids present a narrow activity–
temperature window (1–5) and form substantial amounts
of N2O (2,4,5,9). It has been reported that the activity de-
pends on the choice of SiO2 or Al2O3 as support (9–11)
and on the Pt dispersion (2,5,12). Other results, however,
bring into question the effect of the nature of the support
(13,14) and the metal dispersion (15,16) on activity and/or
selectivity. Furthermore, the particle size dependency can
be affected not only by the nature of the support (17) but
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also by the reaction considered: NO dissociation, NO re-
duction, NO oxidation, or C3H6 oxidation (17–20).

With Cu–zeolite catalysts the activity depends on the
nature of the zeolite (21); possible factors include proton
acidity and the size of cavities or channels, since small-
channeled zeolites provide the benefit of enhanced N–N
pairing (22). In this study, we have investigated the effect
of the support porosity of conventional Pt-based alumina
and silica catalysts, as well as the influence of Pt dispersion,
measured initially and after contact with the reactant mix-
ture. Other parameters considered are support impurities,
preparation procedure, Pt precursor salt, and Pt particle
size distribution (homogeneous or not).

METHODS

2.1. Apparatus

In general, a laboratory-made apparatus was used to de-
termine the N2 adsorption isotherm at 77 K. The specific
surface area, the pore size distribution, and the porous vol-
ume were deduced from this isotherm. For the microporous
supports, however, low-pressure data were obtained with a
Micromeritics ASAP 2000 apparatus. Prior to the measure-
ments, the samples were evacuated at 773 K for 2 h, except
for the microporous silica supports (423 or 573 K). The spe-
cific surface area was determined from the linear portion
of the BET plot using the data below P/Po= 0.3. The cu-
mulative pore surface, the pore size distribution, and the
average pore radius (2V/S) were calculated from the des-
orption branch of the N2 isotherm using the BJH method
or Roberts’s method. The microporous volume and micro-
porous surface were deduced from the t-plot of DeBoer
(23). The MP method (model-less pore method), which ap-
plies to pores of any shape and leads to a hydraulic pore
radius (V/S), was also used with the microporous solids
(24).

Adsorption measurements were conducted in a conven-
tional volumetric apparatus. The catalysts were reduced
0



INFLUENCE OF Pt DISPER

overnight in situ at 573 K under H2, cooled to room
temperature under H2, and then evacuated at 573 K for 2 h.
The irreversible chemisorption uptake of H2 was measured
at 298 K. The accessible metallic surface was calculated as-
suming that one Pt atom occupies 1× 10−19 m2 with a 1 H,
1 Pt stoichiometry. For TEM analysis, a sample of reduced
catalyst was reexposed to air and suspended in ethanol, a
drop of this suspension was deposited on a carbon-coated
grid, and the specimen was examined with a high-resolution
JEOL 2010 electron microscope.

The SCR activity measurement was conducted in a fixed-
bed quartz reactor in a flow system at atmospheric pressure,
as already described (25–27). A 0.2-g sample of reduced
catalyst, with grain diameters between 50 and 100 µm, was
used. The typical reactant gas composition was 2000 vpm
NO, 2000 vpm C3H6, 5 vol% O2, and He as carrier gas (total
flow rate 10 L h−1). Each experiment was conducted as
follows:

—in situ re-reduction by H2 at 573 K,
—introduction of the mixture at 423 K,
—heating from 423 to 773 K at a rate of 1.8 K min−1,
—plateau at 773 K for 1 h,
—cooling from 773 to 298 K.

As already described (25–27), reactants and products
(CO2, N2O, O2, N2, CO, and H2O) were analyzed by gas
chromatography, with He as the carrier gas, using a dual
CTR1 column from Alltech (Porapak and molecular sieve)
and a TCD detector. A Porapak column and a flame ion-
ization detector were employed for C3H6. The mixture was
analyzed every 10 or 15 min. In addition, the concentrations
of NO, NO2, N2O, and CO2 were continuously measured
online by Rosemount IR and UV analyzers. A substantial
amount of NO2 was formed in the pipes of the apparatus,
before the reactor and in the exit lines from the reactor,
as previously observed (27,28). The 165 vpm NO2 formed
in the pipes was subtracted from total NO2 before the con-
version of NO into NO2 was calculated. The conversion of
NO into N2 and that of NO into N2O were also calculated,
as was the nitrogen balance including NO2 formed in the
pipes.

The intrinsic activity of reactions [1]–[4] is defined as the
number of millimoles of NO or C3H6 converted into N2,
N2O, NO2, or CO2 per hour and per m2 of Pt initially present
or per m2 of Pt present after a standard experiment with
the reactant mixture (mmol NO or C3H6 h−1 m−2 Pt). Each
intrinsic activity was calculated for particular conditions,
namely:

—at a given temperature at which the conversion is below
the maximum, with the conversion varying among catalysts;

—at a given conversion, with the temperature varying

among catalysts;

—at the maximum of conversion, with the conversion
and the temperature varying among catalysts.
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The intrinsic activity of the first three reactions was di-
rectly calculated from the concentration of N2, N2O, and
NO2. That of the fourth reaction was obtained by subtract-
ing the CO2 formed by reactions [1] and [2] from total CO2.

NO+ 1/9 C3H6 → 1/2 N2 + 1/3 CO2 + 1/3 H2O [1]

NO+ 1/18 C3H6 → 1/2 N2O+ 1/6 CO2 + 1/6 H2O [2]

NO+ 1/2 O2 → NO2 [3]

C3H6+ 9/2 O2 → 3 CO2 + 3 H2O [4]

2.2. The Supports

The nonporous alumina and silica supports (type II ni-
trogen isotherm) were provided by Degussa and were pre-
pared by flame hydrolysis of AlCl3 and SiCl4. The meso-
porous alumina (type IV isotherm), from Rhodia, was
prepared by precipitation from an aluminum sulfate solu-
tion by NaOH. The mesoporous silica supports, supplied
by Grace Davison, were prepared by precipitation from an
aqueous silicate solution by diluted H2SO4. Both micro-
porous silica supports (type I isotherm) were laboratory-
made by sol–gel methods. One (SiO2 J, Laboratoire des
Matériaux et des Procédés Membranaires) was prepared
by hydrolysis of tetraethylorthosilicate (TEOS) in acidic
medium, followed by addition of a nonionic surface active
agent (alkylphenyl polyether alcohol), followed by treat-
ment under air at 723 K (24). The other (SiO2 P, Institut de
Recherches sur la Catalyse) was prepared by hydrolysis of
TEOS in basic medium at a pH higher than the isoelectric
point of silica, followed by treatment under N2 at 823 K (29).

Table 1 gives the main characteristics of the supports.
For the mesoporous silica, the particle size distribution is
narrow and the average pore radius (2V/S) deduced from
Roberts’s method is equal to 3 or 6 nm. For the mesoporous

TABLE 1

The Supports

Name Origin SBET SCUM Sµ Vµ

Alumina
Meso (6 nm) Rhodia 154 176 3 0.00064
Nonporous Degussa 108 81 13 0.00061

Silica
Meso (3 nm) Grace 596 753 0 0
Meso (6 nm) Grace 341 451 25 0.0064
Micro P IRC 238 17* 235 0.110
Micro J LMPM 580 120* 575 0.265
Nonporous Degussa 202 149 32 0.0125

Note. BET specific surface area, SBET (m2 g−1); cumulative pore sur-
face area, SCUM (m2 g−1), deduced from the desorption isotherm with the
BJH method* or Roberts’s method; microporous volume, Vµ (liquid, mL
g−1); and microporous surface area, Sµ (m2 g−1), deduced from the t-plot.

IRC, Institut de Recherches sur la Catalyse, Villeurbanne, France. LMPM,
Laboratoire des Matériaux et des Procédés Membranaires, Montpellier,
France. Meso and micro for mesoporous and microporous.
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alumina, the particle size distribution is somewhat larger,
with an average pore radius of 6 nm. For the microporous
silica, SiO2 J and SiO2 P, the average radii deduced from
the BJH method are, respectively, 1.1 and 1.0 nm. The MP
method gives a hydraulic pore radius (V/S) of 0.44 nm for
the SiO2 J support.

Let us note that the preparation method determines
whether sulfur or chlorine will reside as an impurity on
the support. For instance, the supports from Degussa, pre-
pared by flame hydrolysis, contain chlorine (<4860 ppm for
Al2O3 and<240 ppm for SiO2) but no sulfur (<2 ppm). The
alumina from Rhodia, prepared by precipitation, contains
117 ppm of S but no Cl. The silicas from GRACE contain
Cl and S (both <300 ppm). The microporous silicas are
chlorine- and sulfur-free.

2.3. Preparation of the Catalysts

Table 2 gives the name of each fresh catalyst (desig-
nated F), the precursor salt employed, and the method
of preparation. The major part of the catalysts contained
around 1 wt% Pt.

Generally, platinum was deposited by wet impreg-
nation of the support with a chlorine-free precursor,
Pt(NH3)4(OH)2, in aqueous solution. In order to obtain
a higher dispersion, one of the mesoporous silicas was
ion-exchanged with Pt(NH3)4(OH)2. To obtain larger par-
ticles without unduly broadening the particle size distri-
bution, successive impregnations by Pt(NH3)4(OH)2, with
intermediate calcinations and reductions, were performed

on the mesoporous alumina from Rhodia. For compari-
son, this c
Pt(C4H5O

Pt(NH3)4(OH)2, we observe heterogeneously dispersed Pt
his cata-
metallic
hlorine-free alumina was also impregnated with
2)2 dissolved in toluene, and with H2PtCl6 in

TABLE 2

Main Physico-chemical Characteristics of the Catalysts before Reaction (Fresh Catalysts)

Name Precursor Pt (wt. %) Disp. (%) S (m2/g Pt) DTEM (nm)

1F) Pt/meso Al2O3 (6 nm) a 1.00 77 191 4–15
2F) Pt/meso Al2O3 (SI) Pt(NH3)4(OH)2 1.05 55 135 2
3F) Pt/meso Al2O3 (SI) aged Pt(NH3)4(OH)2 1.05 19 46 5
4F) Pt/meso Al2O3 (Cl) H2PtCl6 0.96 76 189
5F) Pt/meso Al2O3 (Cl) aged H2PtCl6 2.2 5.2 13
6F) Pt/Al2O3 meso (Acac) Pt(C4H5O2)2 0.90 94 232
7F) Pt/nonporous Al2O3

a 0.77 58 144

8F) Pt/meso SiO2 (3 nm) a 0.90 34 83 3
9F) Pt/meso SiO2 (3 nm) EXC Pt(NH3)4(OH)2 1.05 97 241 undetected
10F) Pt/SiO2 meso (6 nm) a 0.87 23 56 5
11F) Pt/micro P SiO2

a 0.93 93 229 undetected
12F) Pt/micro J SiO2

a 1.02 100 247 undetected
13F) Pt/nonporous SiO2

a 0.89 47 117

Note. Weight percent of Pt, metallic dispersion, and metallic surface area determined by H2 chemisorption,
particle diameter deduced from electron microscopy. SI, successive impregnations; SI aged, Pt/meso Al2O3 (SI)

particles between 4 and 15 nm in diameter. T
lyst must also possess smaller particles, since the
evacuated at 1173 K after reduction at 773 K; Cl, chlorine-
precursor; (Cl) aged, treated at 923 K under a 10 vol% O

a Solid prepared by impregnation of Pt(NH3)4(OH)2.
ET AL.

aqueous solution. After drying at 393 K, the solids were cal-
cined under air (10 L h−1) at 773 K (heating rate 1 K min−1,
plateau 8 h), except for the solid prepared with Pt(C4H5O2)2

(0.5 K min−1) and the ion-exchanged solid (573 K, heating
rate 0.5 K min−1).

In order to further decrease the Pt dispersion, the cal-
cined solid prepared by successive impregnations of the
mesoporous alumina was reduced under H2 at 773 K for
2 h and evacuated at 1173 K for 2 h. Another treatment
(24 h at 923 K under 10 vol% O2–10 vol% H2O–N2) was
used to decrease the dispersion of one of the solids prepared
with H2PtCl6.

All catalysts were reduced overnight in a flow of hydro-
gen (3.6 L h−1) at 573 K (2 or 1 K min−1).

RESULTS AND DISCUSSION

3.1. Dispersion and Particle Size of the Fresh Catalysts:
Activity Measurements

3.1.1. Dispersion and particle size. The main character-
istics of the fresh (F) Pt-supported catalysts are summarized
in Table 2. For a given preparation procedure, the disper-
sion depends on the support: it is high for the microporous
silica, moderate for the nonporous supports, and higher for
the mesoporous alumina than for the mesoporous silica.
The reasons for these support effects are not yet known.

Some of the catalysts have been examined by transmis-
sion electron microscopy (Table 2). For the 1F solid pre-
pared by impregnation of the mesoporous alumina with
containing precursor; Acac, acetylacetonate-containing
2–10 vol% H2O–N2 mixture; EXC, exchange.
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dispersion deduced from H2 chemisorption (77%) corre-
sponds to a mean particle size of ≈1.5 nm. For the 2F solid
prepared by successive impregnations, we observe homo-
geneously dispersed, spherical Pt particles (Fig. 1) with a
2-nm diameter, in agreement with the dispersion obtained
by H2 chemisorption (55%). After aging under vacuum at
1173 K (solid 3F), the particles are larger (5 nm in diame-
ter), but the particle size distribution remains homogeneous
(Fig. 2). For the 8F and 10F solids prepared by impregna-
tion of mesoporous silicas, we observe homogeneously dis-
persed, 3- (Fig. 3) and 5-nm-diameter Pt particles, in agree-
ment with the sizes deduced from H2 chemisorption. The
preparation by exchange (solid 9F) leads to very small, un-
detected particles, which is not surprising given the very
high dispersion of 97% obtained by H2 chemisorption. For
the solids prepared from the microporous silicas, the parti-
cles (diameter around 1 nm) are not detectable, either.

3.1.2. Activity expressed as conversion. Each catalyst is
activated under the reaction mixture, regardless of whether
it was initially calcined or reduced in situ, and regardless of
the support, the precursor, and the preparation procedure.
Because this activation is more or less pronounced for each
catalyst, the values reported here were obtained during
the decrease in temperature, once the activity had been
stabilized. We note that a pretreatment at 773 K under
the mixture stabilizes the catalyst, thereby eliminating the
hysteresis in a subsequent temperature increase–decrease
cycle. An enhancement of activity during methane combus-
tion has already been observed, particularly for Pt/Al2O3

and Pd/Al2O3 solids containing chlorine (30–33). In this
study, the removal of chlorine-containing species during
the reaction is not the main reason for the activation, which
is also observed with the chlorine-free Pt/(mesoporous
Al2O3) solid.

Figure 4 illustrates the overall NO conversion; the con-
version of NO into, respectively, N2, N2O, and NO2; and
the conversion of C3H6 into CO2, for Pt/mesoporous SiO2

(3 nm), the most active of the solids containing around
1 wt% Pt. The conversion of NO into N2 and N2O reaches
25 and 47%, respectively, at 508 K. The selectivity in N2O,
defined as the ratio N2O/(N2+N2O), is calculated using the
maxima of NO conversion into N2 and into N2O and is thus
equal to 65%.

The general reaction tendencies are consistent with those
already reported in the literature (1,2,34,35). As the tem-
perature rises, the NO conversion increases, passes through
a maximum, and then decreases. The reductions of NO into
N2 and N2O reach maxima at temperatures (488–553 K
range) close to that at which the oxidation of propene is
nearly complete. It can be noted that Pt is a poor N2O de-
composition catalyst (36,37). Subsequently, at higher tem-

peratures, the NO reduction decreases due to the oxidation
of C3H6 by O2, and NO2 becomes the predominant product.
At still higher temperatures, the decrease in NO2 formation
SION ON SCR NO BY C3H6 413

is due to the thermodynamic limitation. Broadly speaking,
the stronger the conversion maximum for a given NO-based
reaction, the lower the corresponding temperature.

The nitrogen balance (taking into account the NO2

formed in the pipes) is obtained within 6%. We note that the
water formed during the reaction is strongly acidic (pH 1)
due to the formation of HNO2 and/or HNO3, neither of
which is analyzed. Carbon dioxide and water are the only
products of propene oxidation; no traces of CO are de-
tected.

3.1.3. Intrinsic activity. The intrinsic activity, namely,
the number of millimoles converted per hour and per m2

of initial accessible metallic surface area, is illustrated as a
function of the initial metal dispersion in Figs. 5–9 (fresh
catalysts). For the reduction of NO into N2 (Fig. 5), the
maximum intrinsic activity is shown at variable conversion
of NO into N2 and at variable temperature because of the
relatively low N2 concentrations observed. For the three re-
maining reactions (reduction of NO into N2O, oxidation of
NO into NO2, oxidation of C3H6 by O2), the intrinsic ac-
tivities are illustrated either at a given temperature and a
variable conversion (Figs. 6 and 7), or at a given conversion
and a variable temperature (Figs. 8 and 9).

In general, larger particles lead to higher intrinsic activity
for the two supports (alumina–solids 1F to 7F, and silica–
solids 8F to 13F). This phenomenon, which seems to be
of comparable importance for each reaction, is observed
whether the intrinsic activity is calculated at a given, rela-
tively moderate conversion, at a given temperature, or at
the maximum of conversion.

For a particular support and precursor (solids 1F, 2F, and
3F; or 4F and 5F; or 8F and 9F) dispersion clearly affects
activity. Furthermore, in the following cases, similar disper-
sion leads to similar activity:

—for a given chlorine-free support and a different pre-
cursor (1F and 4F);

—for two Al2O3 supports with different porosity and im-
purities (2F and 7F);

—for three SiO2 supports with varying porosity (9F, 11F,
and 12 F) and one alumina support (6F);

—for one alumina and one silica of the same porosity (3F
and 10F).

The other factors (nature and porosity of the support,
precursor salt, etc.) are of minor importance. It is notewor-
thy, however, that the most active solid (5F) happens to be
prepared via H2PtCl6.

Since this particle size dependency also occurs with ho-
mogeneously dispersed particles (solids 2F and 3F, as well
as 8F, 9F, 10F, 11F, and 12F), the reactions could be consid-
ered as structure-sensitive.
Particle size sensitivity has been reported for propylene
oxidation over Pt/Al2O3 (38), for methane oxidation over
Pt or Pd on alumina (30–33,39), and for NO reduction over
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FIG. 1. TEM views of the solid prepared by successive impregnations of the mesoporous alumina, before (solid 2F, top) and after reaction (solid
2U, bottom).
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o
FIG. 2. TEM views of the solid prepared by successive impregnations
before (solid 3F, top) and after reaction (solid 3U, bottom).

Pd/Al2O3 in the presence of near-stoichiometric NO–CO–

O2 mixtures (40).

An intrinsic activity optimum is not obtained even with
an initial dispersion as low as 5% (solid 5F), and for a dis-
f the mesoporous alumina and subsequently aged at 1173 K under vacuum,

persion higher than 40% the intrinsic activity is relatively

weak.

Let us emphasize that the initial state of the solid is
not representative of the state after activation under the
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FIG. 3. TEM views of the solid prepared by impregnation of the mesoporous (3 nm) silica, before (solid 8F, top) and after reaction (solid 8U,
bottom).
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FIG. 4. Overall NO conversion; conversions of NO into N2, into N2O,
and into NO2; and overall conversion of C3H6 into CO2, as a function of
temperature for Pt/meso SiO2 (3 nm). The values were obtained during the
decrease in temperature. The 165 vpm NO2 (8% NO into NO2 conversion)
formed in the pipes was subtracted.

reactants and that the comparison based on the freshly pre-
pared catalysts is of limited value.

3.2. Dispersion and Particle Size after Activation under the
Reaction Mixture: Activity Measurements

Particle sintering occurs during activation under the re-
actants. Accordingly, after reaction and subsequent reduc-
tion under H2 at 573 K, the metallic surface area accessible
to H2 has strongly decreased. The resulting dispersion for
these used (U) catalysts is between 12 and 26%, except for
Pt on microporous silica supports (dispersions of 66 and

FIG. 5. Maximum number of millimoles of NO converted into N2 per
hour and per m2 of accessible Pt as a function of Pt dispersion, before and

after reaction. Conversion of NO into N2 between 13% (Pt/meso SiO2

6 nm and Pt/micro P SiO2) and 27% (Pt/meso Al2O3, Cl). Temperature
between 488 K (Pt/meso SiO2 3 nm EXC) and 543 K (Pt/micro P SiO2).
The used solids are labeled directly on the figure.
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FIG. 6. Number of millimoles of NO converted into N2O per hour
and per m2 of accessible Pt as a function of Pt dispersion, before and
after reaction, at a given temperature, 553 K. Conversion of NO into N2O
between 24% (Pt/micro J SiO2) and 37% (Pt/micro P SiO2).

45%) and for Pt/Al2O3 solids containing chlorine, either
from the support (nonporous alumina) or from the pre-
cursor (H2PtCl6) (Table 3). The relationship between the
initial dispersion and the final dispersion is not clear. We
can say that the dispersion decreases more strongly with
alumina than with silica and, in the case of alumina, with a
chlorine-containing precursor. For instance, the 1F and 4F
solids have identical initial dispersion, but, after reaction,
the 1U and 4U solids differ in dispersion.

The particle size distribution deduced from transmission
electron microscopy has generally widened (Table 3), es-
pecially for the solids 2U (Fig. 1), 8U (Fig. 3), and 9U, and
to a lesser degree for solid 3U (Fig. 2). Despite the width

FIG. 7. Number of millimoles of NO converted into NO2 per hour
and per m2 of accessible Pt as a function of Pt dispersion, before and

after reaction, at a given temperature, 673 K. Conversion of NO into NO2

between 23% (Pt/micro J SiO2) and 38% (Pt/meso Al2O3 SI, and Pt/meso
SiO2 3 nm EXC).
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FIG. 8. Number of millimoles of NO converted into NO2 per hour
and per m2 of accessible Pt as a function of Pt dispersion, before and
after reaction, at a given conversion, 20%. Temperature between 498 K
(Pt/meso SiO2 3 nm EXC) and 633 K (Pt/micro J SiO2).

of the particle size distribution, the size deduced from H2

chemisorption is within the range observed by electron mi-
croscopy for the 2U, 3U, and 8U solids, but, according to
the average particle size deduced from H2 chemisorption,
solids 1U and 9U also possess smaller particles not detected
by TEM. Generally, after reaction, the particle size distribu-
tion is large and a mean diameter is not calculable without
a prohibiting number of measurements.

For all reactions, the intrinsic activity calculated from
the metallic surface area measured after reaction clearly
increases with decreasing dispersion (points identified on

the figures). This dependency occurs even in a very nar-
row range of dis
strongly as the d

and two chlorine-free precursors), and solids 10U and 13U
same chlorine-
ort and of the
persion (18–26%). The activity increases
ispersion decreases below 18%. No opti-

TABLE 3

Main Physico-chemical Characteristics of the Catalysts after Reaction (Used Catalysts)

Name Disp. (%) S (m2/g Pt) DH2 (nm) DTEM (nm)

1U) Pt/meso Al2O3 (6 nm) 18 44 6.3 8–16
2U) Pt/meso Al2O3 (SI) 20 48 5.7 3–15
3U) Pt/meso Al2O3 (SI) aged 12 30 9.5 5–10
4U) Pt/meso Al2O3 (Cl) 6, 2 15 18
5U) Pt/meso Al2O3 (Cl) aged 2, 6 6, 3 44
6U) Pt/meso Al2O3 (Acac) 23 58 4.9
7U) Pt/nonporous Al2O3 weak weak 16–24

8U) Pt/meso SiO2 (3 nm) 19 46 6.0 4–20
9U) Pt/meso SiO2 (3 nm) EXC 26 64 4.4 10–20
10U) Pt/meso SiO2 (6 nm) 24 59 4.7
11U) Pt/micro P SiO2 66 162 1.7
12U) Pt/micro J SiO2 45 110 2.5

(silica supports with various porosity and
free precursor). The influence of the supp
13U) Pt/nonporous SiO2 26

Note. Metallic dispersion, metallic surface area
isorption, particle diameter deduced from electron
ET AL.

FIG. 9. Number of millimoles of C3H6 converted into CO2 (reaction
[4]) per hour and per m2 of accessible Pt as a function of Pt dispersion,
before and after reaction, at a given overall C3H6 conversion, 30%. Tem-
perature between 473 K (Pt/meso SiO2 3 nm EXC) and 513 K (Pt/meso
SiO2 6 nm).

mum is obtained, even with a dispersion as low as 2.6%,
except for maximum NO–N2 (Fig. 5) and for NO–NO2 at
673 K (Fig. 7), for which solid 4U is the most active. This,
however, is not necessarily representative, since this max-
imum is not obtained for the NO–NO2 reaction when the
rates are measured at isoconversion (Fig. 8).

The other parameters are minor factors, even in a narrow
range of dispersion: we can compare solids 1U and 8U (alu-
mina and silica, both mesoporous, prepared from the same
chlorine-free precursor), solids 2U and 6U (same alumina
65 4.4

, and particle diameter determined by H2 chem-
microscopy.
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platinum precursor is not discernable, though, for a given
support, i.e., the mesoporous alumina, the solids prepared
with a chlorine-containing precursor (4U and 5U) both ex-
hibit low dispersion (6.2 and 2.6%) and thus high intrinsic
activity, but higher activity than the solid 3U (dispersion
12%) prepared with a chlorine-free precursor.

No relationship has been found between the N2O selec-
tivity, N2O/(N2+N2O), which varies between 53 and 80%
at the NO reduction maximum, and the initial or final dis-
persion.

In the literature, a comparable influence of the initial
dispersion of Pt on the reactions occurring during SCR of
NO by C3 hydrocarbons has already been observed, espe-
cially with a silica support, for which the turnover frequency
(TOF) of large particles (4% dispersion) is twice that of
smaller ones (40% dispersion); with alumina, the effect is
less significant (2,5,12). In another study, however, the TOF
of NO oxidation into NO2 becomes 100 times greater when
the dispersion decreases from 82 to 4% on an alumina sup-
port, but the activity increase is less pronounced for NO
reduction and much less pronounced for C3H6 oxidation
(15). Furthermore, for a given reaction, such as NO oxida-
tion into NO2 or SO2 oxidation into SO3, the size depen-
dency is significant with silica, less significant with alumina,
and nonexistent with zirconia (17). Greater activity with
larger particles has also been observed for NO dissociation
(18,19), reduction of NO by CO or H2 (18,19), and reduc-
tion of NO by CH4 (16). Results concerning N2O selectivity
are contradictory: either the metal dispersion does not af-
fect the N2O selectivity (16), or more N2O is produced over
a more highly dispersed solid (15). In a study involving Pd,
N2O is not formed on small particles (20).

In the above studies, chemisorption measurements are
performed only on fresh catalysts. Recently, however,
Burch et al. considered the Pt dispersion after reaction
and demonstrated that its weak value was due to low-
temperature poisoning of Pt by carbonaceous deposits, de-
spite the considerable O2 excess of their NO–n-C8H18–O2

reaction mixture (41). In our case (C3H6 as reductant), such
low-temperature encroachment is improbable, since dur-
ing the first of successive temperature increase–decrease
cycles, the catalyst is activated (due to sintering), and no
deactivation (or further activation) occurs for subsequent
cycles. Additionally, the Pt particle size deduced from H2

chemisorption is either equal to or smaller than that ob-
served with TEM (Table 3); this would not occur if car-
bonaceous species had encapsulated the Pt.

CONCLUSION

During selective NOx reduction under lean-burn condi-

tions up to 773 K, the platinum particles sinter. The intrinsic
activity increases with decreasing dispersion, regardless of
whether the metallic surface area is measured before or af-
SION ON SCR NO BY C3H6 419

ter reaction, whatever the reaction: reductions of NO into
N2 and N2O, oxidation of NO into NO2, or oxidation of
C3H6 into CO2. An optimum in intrinsic activity was gener-
ally not observed, even with a dispersion as low as 2.6%. The
Pt dispersion is a major factor affecting the intrinsic activity
of the reactions, while the nature of the support (alumina
or silica), the porosity and impurities of the support, and
the nature of the platinum precursor are less important and
not easily discernable. It seems that a solid prepared with
a chlorine-containing precursor exhibits a higher activity
than a solid prepared with a chlorine-free precursor.

An analogous particle size dependency, that takes into ac-
count the particle size before reaction, has been observed
in the past for a variety of supports (2,5,12,15–20). This
paper, however, highlights the changes in dispersion and
particle size distribution that occur under the reactant mix-
ture, since the initial state of the solids is not representative
of the state after activation. Also, in contrast with other
studies, a large range of initial metal dispersion has been
considered. We have also taken various other parameters
into account. Studies are under way to determine if the size
dependency is linked to another factor, such as redox prop-
erties or strength of the Pt–NO bond.
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