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Oxidation state of platinum clusters during the reduction of,NO
with propene and propane
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The oxidation state of platinum supported on mesoporous &i@d AbO3 with MCM-41 type structure during the reduction of NO
with propene or propane was investigated usingjtu X-ray absorption spectroscopy. Platinum supported on MCM-4148ias reduced
at low and oxidized at high reaction temperatures when propene was used as reducing agent, while it was found to be always oxidized in
P/MCM-41 (Al,O3). When propane was used as reducing agent significant NO conversion was not observed over Pt/MCM}4h¢SiO
on both supports platinum was in an oxidized state. At the successive adsorption of the reactants, the prereduced catalysts were oxidized
after NO adsorption and reduced after addition of the hydrocarbons. Addition of oxygen re-oxidized the catalysts, while the presence of
water vapor did not influence the oxidation state.
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1. Introduction with saturated and unsaturated hydrocarbons was studied in
this paper using X-ray absorption spectroscopy.
Stationary and mobile sources account for the main part
of the NQ, emissions today [1]. Therefore, future legislation
will further strengthen the limits for the emission of nitroge@. Experimental
oxide as well as carbon monoxide, hydrocarbon, sulfur diox- ]
ide and particulates in the exhaust gases from vehicles [2-5]1- Materials
For diesel and lean-burn engines the traditionally used three- . . )
way catalysts cannot be applied for the reduction of,NO The synthesis of siliceous mesoporous molecular sieves

into nitrogen, because the exhaust gases contain an oydf! MCM-41 type structure was carried out according

stoichiometric concentration of oxygen. Therefore, the r&2 [16] using fumed silica (Si@ Sigma), hexadecyl-tri-
duction of NQ, under oxidizing reaction conditions required"ethylammonium bromide (CTABr, Aldrich) and tetrame-
the addition of a reducing agent such as hydrocarbons or a/ammonium hydroxide pentahydrate (TMAOH, Fluka).

monia. For reactions using hydrocarbons as reducing age-ﬁlf%e gel composition for the synthesis was SIOMAOH :

catalysts based on transition-metal-containing zeolites, e g./ABr : H20 = 1:0.19:0.27: 40. The reaction gel was pre-

Cu/ZSM-5 and Fe/ZSM-5 [6-10] and noble metals, e.g P’red by solving TMAOH and CTABYr in distilled water un-

supported on Si@and AbOg [11-13] were successfully der stirring and mild heating. Subsequently, the silica was
used. Additionally, noble-metal-containing MCM-41 catg@dded to the clear solution under continuous stirring for ad-
' ’ itional 2 h. The gel was aged for 24 h at room temperature

lysts were found to be an attractive alternative to transitioH ; )
metal-containing zeolites [14]. and the condensation of the mesoporous molecular sieve was

One of the key questions for the understanding of the (garried out at 423 K for 48 h in a teflon autoclave. After the

action is the oxidation state of the metal under reaction Cozﬁynthess the product was filtered, washed extensively with

ditions. In the literature contradictory statements were pugi—sf\i/:led water andgried_i?] a,\i;glt\fﬁ N

lished. It was reported by Burch et al. [13] that Pt supported esoporous Al 3 wit - typ(_a structure_was
on Si0y and AbOs was reduced when propene was use n'ghesged accordingto [17] using glummseebutomde,
as reducing agent and in an oxidized state in reactions W‘ﬂlr:”c acid ‘?tf‘d 1-proAp?goCI|gagotéta|l|ned'féon; Flgka)l_.l 'The
propane. In contrast, Pitchon et al. reported [15] that plfS cOmposition was ( (CH{CaHs)3 - Cr1H23COH.

inum on alumina was in an oxidized state using propene a§o : C3H7OH =1:0.3:3.2:26. An aluminum hyc_Jroxide
reducing agent. suspension was prepared from hydrolysis of alumirsem

In order to relate the catalytic activity to the chemicaputoxide with distilled water in 1-propanol during continu-

properties of Pt the oxidation state during the NO reductiocH‘ISIy stl_rrmg at 298 K. After 1. h lauric acid was added, the
synthesis gel was transferred into a teflon autoclave, aged for

* To whom corresondence should be addressed. 24 h at room temperature and heated under static conditions
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Table 1

. ) by numerical integration after the simulation of the contin-
Composition and structural properties of the catalysts.

uum step using amcttan function [20] and the oxidation

Sample Metal Dispersion Metallic  gtate.
concentration H/Me ratio surface sites
W% gt . - o
(i) (molg™™) 5 2 1. Adsorption of reactants and catalytic activity
PYMCM-41 (SiQ) 1.61 0.63 52 Four electronic mass flow controllers (Brooks 5850E)
PYMCM-41 (A203) 1.62 0.39 32 were used to prepare a reactant gas mixture with the fol-

lowing composition: 1010 ppm NO, 1012 ppnyis or
at 383 K for 48 h. The solid product was filtered, washe@sHs, respectively, and 4.9 vol%balance He). 2.5 vol%
with ethanol and dried at room temperature. water vapor could be added into the gas stream with a sy-
The organic template was removed from the mesoporofiiidgge pump. The total flow rate of the reactant gases was
molecular sieves by calcination in synthetic air at 813 K fok00 cn¥/min, which resulted in a space velocity bf/ F =
10 h using a heating rate of 1 K/min from room temperatu®x 102 gscnt3. The NO and N@ concentrations in re-
to 813 K. actant and after the reactor were analyzed with a chemilumi-
The structure of the mesoporous supports after the cApscence NO/N@analyzer (Horiba APNA-350E).
cination was verified by XRD and by Nsorption. Four Before the subsequent adsorption of the reactants, the cat-
Bragg reflexes for the siliceous and one for the mesoporodfysts were reduced with 5%t He at 773 K for 30 min.
Al,03 with MCM-41 type structure and a sharp step in théfter the catalysts were cooled to 573 K in He, the gases in
Na-isotherms atp/po ~ 0.4 [18,19] were observed. Thethe order NO, @Hg or CsHg, O, and HO were adsorbed.
BET surface areas were 1006 and 413/grfor MCM-41  The catalytic activity and the oxidation state of Pt during the
(Si0y) and MCM-41 (AbOs), respectively. NO reduction were determined after the catalysts were acti-
The supports were loaded with 1.6 wt% Pt applying incip/ated in He at 773 K for 1 h in a temperature range between
ient wetness impregnation in aqueous solution usingt€! 793 and 403 K.
precursor. After incorporation of Pt the catalysts were cal-
cined in air at 823 K for 3 h, crushed and sieved. The graj
size smaller than 18@m was used for the experiments. Th
composition and structu_ral properties of the catalysts, in@?l. Adsorption experiments of NOgs/CsHs, O; and
cated as PtYMCM-41 (Sig) and PtYMCM-41 (AbO3), are H,O
summarized in table 1.

. Results and discussion

The XANES of the prereduced PtYMCM-41 (SiCcat-
2.2. X-ray absorption spectroscopy alyst (5% H in He at 773 K for 30 min) after subsequent
_ adsorption of 1010 ppm NO, 1012 ppmlds, 5 vol% O
The X-ray absorption spectra were measured at thgq 2 5vol% water vapor are compared in figure 1. Adsorp-
HASYLAB (Hamburger Synchrotronstrahlungslabor, Hamjon, of 1010 ppm NO at 573 K on the catalyst led to a partial
burg, Germany) at the beamline X1.1 in transmission moggiqation of platinum. In the presence of NO angHg (the
using ionization chambers filled with argon (100 mm patisqycing agent) Pt was reduced to a level comparable to that
length). The energy resolution of the monochromator equigpserved after the reduction ibHThis clearly indicates that
ped with Si(311) crystals was approximately 1 eV at the efe oxidized surface species of Pt can be reduced to metal-
ergy of the Pt-ly edge. To calibrate the energy of the monayic pt with the hydrocarbon in absence of.QAfter adding
chromator a Pt foil was inserted between the second and g;g,gen into the reactant gas mixture all catalysts were oxi-
third ionization chamber. dized. Since changes in the oxidation state of Pt during the
The catalysts were pressed into self-supporting wafeggsorption of water could not be observed, we would like to
and placed inside a stainless-steel cell (volume 55 ml, ogheculate that the decrease in the activity is mainly caused
erated as a CSTR), which allows X-ray absorption spectragg a competitive adsorption of water and the reactant mol-
be collectedn situ during the reaction. The weight of thegcyles on the metallic sites [21-23]. Note that our results
samples was selected to achieve an absorptignvof= 2.5 sypport the model of Burch et al. [24], who reported that on

for the reduced catalysts to optimize the signal to noise figre SiG-based catalyst the reaction can proceed only on a
tio. The temperature of the sample was measured withy@qced Pt surface.

thermocouple placed in direct contact to the sample holder.

To determine qualitative changes in the oxidation state gf2 |nfluence of temperature on the oxidation state of Pt

Pt we assumed that Pt is present as reducgdRixidized during the NO reduction

Pt*+, because other oxidation states of Pt are unlikely. Con-

sequently, the spectra obtained should result from a super-The NO conversion and the oxidation state of Pt in
position of the XANES of Ptand Pf+ and, therefore, the PYMCM-41 (SiQ) (after activation in He) during the4Elg—
average oxidation state was calculated using the XANES HD—O, reaction are shown in figure 2. As already reported
Pt foil (P®) and PtQ (Pt*") as reference by a direct correlain [15], the conversion of NO and4Els started simultane-
tion of the area of the peak above thg ledge (determined ously and increased with increasing temperature until the
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Figure 3. Conversion of NO(A) and oxidation state of Pt in PUMCM-41

100 (SiO») (2) during the GHg—NO,—O5 reaction.
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Figure 1. XANES of the prereduced PYMCM-41 ($ida) and after ad- ] i
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Figure 4. Conversion of NQ(e) and oxidation state of Pt in PUMCM-41
(Al203) (o) during the GHg—NO;—0O» reaction.
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tion and thus a fraction of residual oxygen remained on the
surface. Due to the lack of reducing agent the formation of
Pt—O species could be observed at this temperature. With
increasing temperature the rate of propene oxidation py O
increased, which led to a further formation of Pt—O species
and to a decrease of the NO conversion. At temperatures
above 623 K the rate for the direct oxidation aftfg was so
high that a further NO reduction was not observed.

The influence of the temperature on the oxidation state of
Figure 2. Conversion of NO(e) and oxidation state of Pt in PyMCcM- Pt and the NO conversion during thgilz—NO—G; reaction

41 (SiQy) (o) during the GHg—NO,—O» reaction. over PtYMCM-41 (SiQ) is shown in figure 3. Pt was always
in an oxidized state in the presence of propane, which in-

hydrocarbon conversion reached00%. The XANES ob- creased slightly over the temperature range studied, while
served during this reaction indicated that Pt was only slighttihe catalyst did not show any activity for the NO reduc-
oxidized up to the temperature of the maximum NO convetion. Although it was found that propane could reduce Pt-O
sion (453 K). Simultaneously to the decrease in the NO cospecies in the absence of oxygen (figure not shown here), it
version at higher temperatures platinum became oxidizedas found that the metal could not be reduced in the pres-
This clearly indicates that on MCM-41 (SiPreduced plat- ence of oxygen.
inum is significantly more active for4EHg—NO—-Q, reaction The temperature dependence of the NO conversion and
compared to platinum oxide. At propene conversion lethe oxidation state of Pt/MCM-41 (AD3) for the reaction
els below 100% propene was available over the whole catith C3Hg and GHsg are compared in figures 4 and 5. The
alyst bed. Therefore, an oxidation of Pt was not observedtalyst was found to be active in the NO reduction for both
in the XANES. At higher temperatures propene was comeducing agents. In agreement with [14] the maximum in the
pletely consumed via the direct oxidation and the NO redublO conversion was observed at higher temperatures com-

NO-Conversion [%]
3%}
[=]

Average oxidation state
of Platinum

373 473 573 673 773
Temperature [K]



70 W. Schiel3er et al. / Oxidation state of platinum during,N@duction

20 2.0 40 5

[e]
] F1.2

(&)
1
w
o
1

»

=)
i
of Platinum

NO-Conversion [%]

0.8

Average oxidation state

NO,-Conversion [%]
— n
[=} [=}
1 '
%
Average oxidation state
of Platinum

O 4 406

473 573 673 773 0 2 4 6 8 10
Oxygen content [vol%)]

Temperature [K]

Figure 5. Conversion of NO(4) and oxidation state of Pt in PYMCM-41 Figure 6. Conversion of NO (solid symbols) and oxidation state of Pt
(Al203) (4) during the GHg—NO,—O, reaction. (open symbols) in PUMCM-41 (Si§) for the HC-NQ.—O, reaction with
C3Hg (e,0) and GHg (A,A) at 493 K as a function of the concentration.
pared to PtYMCM-41 (Sig). For the reaction with gHg the
maximum conversion was 26% at 483 K, while for the reneasured isothermally at 493 K, thus the combustion rate
action with GHg a lower activity, i.e., 13% NO conversion©f the hydrocarbon was not influenced by the temperature.
at 653 K was found. At higher reaction temperatures tHeor both reducing agents Pt was found to be in an oxidized
activity decreased. Under all reaction conditions studied Fi@te at oxygen concentrations between 1 and 10 vol%, while
was in an oxidized state, which did not significantly changt lower oxygen concentrations the metal was partially re-
as a function of the reaction temperature. The high fofuced. For the NO reduction withzBlg @ NO conversion of
mal oxidation state for Pt{3) for the complete temperaturel3% was observed at an oxygen concentration of 10 vol%
range indicated that during the NO reduction the metal [1§)2- The NO conversion strongly increased with decreas-
is most probably structurally incorporated into the MCMING oxygen concentration and reached a maximum of 34%
41 (Al,Og) lattice, e.g., by the formation of an Pt-aluminatét 1.1 vol% Q [28], while the oxidation state of the metal
phase [25-27]. During the reaction with propane the forméecreased only slightly. In the absence of oxygen the metal
oxidation state of in PYMCM-41 (ADz) was found to be was reduced and the NO conversion decreased. Note that
lower compared to the reaction with propene. This resultégduced platinum was significantly more active fajHe—
from the lower reactivity of propane compared to propen®lO—O; reaction compared to platinum oxide (see figure 2).
which is also reflected in a significant increase in the ligitue to the reducing reaction conditions a direct oxidation
off temperature of the hydrocarbon only [14]. According t®f the hydrocarbon was not possible on the metal surface.
the lower reactivity and consequently higher residence tinléerefore, a high coverage with propene should be achieved,
of the alkane on the adsorption sites compared to the alkewdich limited nitric oxide to adsorb and further react. The
the concentration of available hydrocarbon species on tRgesence of oxygen may prevent the deposition of carbona-
catalyst surface is significantly higher. Therefore, the ef€ous deposits, which could cover the active sites [29].
hanced availability of hydrocarbon species, also at higher When propane was used as reducing agent Pt/MCM-
reaction temperatures, led to a partial reduction of the metdlt (SiQ) did not show any activity for the NOconversion
The stability of the oxidation state of platinum within then the presence of © Platinum was in an oxidized state for
complete temperature region indicated the presence of pl@ygen concentrations above 0.7 vol%, while in the absence
inum species, which were still incorporated into the wallgf oxygen the conversion of NO was 25% and Pt was in a
of MCM-41 (Al,Os). Furthermore, the oxidation state offeduced state.
platinum is independent of the oxygen content in the re- Over catalysts with inert supports (e.g., $j@he reac-
action feed (see figure 7, discussed in section 3.3). Evé@n cannot occur via a bifunctional mechanism such as over
under oxygen-free conditions platinum was oxidized, whicfl203 [30,31], which seems to be necessary for platinum
indicated that platinum incorporated into the walls of MCMoxide to be active for the reduction of NO.
41 (Al,03) cannot be reduced by propene or propane such The oxidation state of Pt in PYMCM-41 (4D3) and
as on MCM-41 (SiQ). the conversion of NO as a function of the @oncentra-
tion for the reaction with propane and propene are compared
3.3. Influence of oxygen concentration on the oxidation in figure 7. In contrast to PYMCM-41 (S the highest
state of Pt NO, conversion was observed at an oxygen concentration
of 10 vol% [32,33] and it decreased with decreasingon-

The oxidation state of Pt in Pt/MCM-41 (Sipand the centration [34]. In the absence of oxygen no NO conversion
NO conversion for the reaction withz8g and GHg at was observed. At the use of propene as reducing agent the
493 K as a function of the ©concentration are shown in oxidation state of the metal decreased slightly with decreas-
figure 6. The reduction of NO with 4Hg and GHg was ing oxygen concentration in the feed, which indicates, that
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Figure 7. Conversion of NQ(solid symbols) and oxidation state of Pt (open symbols) in PYMCM-432@4) for the HC-NQ.—O, reaction with GHg
(e,0) and GHg (a,2) at 493 K as a function of the £concentration.

the hydrocarbon is adsorbed on the catalyst. In the literstate indicating that the active sites on Pt/MCM-41,(2d)

ture the contribution of propene in the generation of carbonf@r the NO reduction were partially oxidized Pt species.
ceous deposits was reported [35-37].iAsitu FT-IR study The highest activity of PMCM-41 (Si§) in the reduc-
indicated that the concentration of carbonaceous and olefitin of NO with propene was found in the presence of low
surface species increased with decreasing oxygen concgxygen concentrations, while in the absence of oxygen the
tration [38]. The continuous decrease of the NO convesctivity decreased. We assume that oxygen prevents car-
sion with decreasing oxygen concentration can tentativelyynaceous deposits leading to a decrease of activity. When

be explained by an enrichment of carbon deposits [34,38kopane was used for the NO reduction, PUMCM-41 (3$iO
which led to a poisoning of the active sites. Theoreticglas only active in the reduced state.

studies concerning benzene adsorbed on transition metal surThe influence of the oxygen concentration on the oxi-

faces showed that benzene molecular orbitals can couglgtion state of Pt on MCM-41 (ADs) is not so strong as
with the d-orbitals of the metal [40—44] Cal(,julations fobn MCM-41 (S|Q), but the activity decreased Continuous'y
benzene adsorbed on Pt(111) suggest a donation of electigfify decreasing oxygen contentin the feed for both reducing

bonaceous deposits might also donate electrons from thgiiyosits leading to a poisoning effect.

m-orbitals to the metal, which might lead to a formal de-
crease of the oxidation state of Pt.
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