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Changes in the oxidation state of transition metal containing
MCM-41 during deNO, reactions
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The oxidation state of Co, Pt and Rh containing MCM-41 after co-adsorption of NO, CHy, and O, in the presence of water
vapor was studied by in situ XANES experiments. All catalysts were oxidized after the adsorption of NO and reduced after the co-
adsorption of NO and CHy. The presence of water vapor did not influence the oxidation/reduction of Rh/MCM-41 and Pt/ MCM-
41, while Co/ MCM-41 was oxidized by the presence of H,O at reaction temperature.
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1. Introduction

Nitrogen oxides are among the major air pollutants
in the lower atmosphere evolving from energy conver-
sion processes today, the main sources being the oxida-
tion of the nitrogen from air during combustion
processes and the oxidation of the nitrogen containing
components of fossil fuels [1]. The catalytic reduction of
NO, with NHj3 over TiO,/V,0s-based catalysts is cur-
rently the best available technology for combustion pro-
cesses [2]. However, there are certain limitations of this
process, e.g. the use of NHj, which have spurred the
search for alternative reactants and catalysts. Currently
the main focus is oriented towards transition metal con-
taining zeolites, which proved to be very active for
deNO, reactions using hydrocarbons as reducing agents
[3.4] and for decomposing NO [5]. The most active cat-
alysts for the reduction of NO, with hydrocarbons are
Cu/ZSM5 [3] and Co/ZSMS5 [6]. These materials
showed almost 100% conversion at temperatures around
673 K with high selectivities towards N, and O, forma-
tion; however, the high activities are immediately
reduced when water vapor is present in the gas stream
[7]. Recently, it was reported that Fe/ZSMS5 is highly
active for the catalytic reduction of NO, with isobutane
and that the catalytic properties of this material were not
retarded by the presence of H,O and SO, in the reactant
gas stream [8].

To understand better the influence of water on the
activity of the deNO, catalysts, the oxidation state of
metal clusters in MCM-41 type molecular sieves during
the co-adsorption of NO, CH4 and O, with and without
the presence of water vapor was investigated by in situ
XANES experiments. This method allows one to follow
changes in the chemical state of the metal under reaction
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conditions and is applicable for studying the deNO,
reaction without limitations of pressure and tempera-
ture[9,10].

2. Experimental
2.1. Materials

MCM-41 was prepared by hydrothermal synthesis
using  hexadecyltrimethylammoniumbromide (Cjg
TMABr) as template [11]. After drying the samples
for 72 h in air, the template was removed by heating
the material in nitrogen to 813 K (heating rate
1 K min~') and maintaining it at that temperature for
2 h in nitrogen and subsequently for 8 h in dry air.
The structural properties of MCM-41 were verified by
XRD and N, sorption experiments. The pore diam-
eter calculated from the (100) reflection in the XRD
was 3.7 nm and the BET surface area was
~ 1100 m?> g 1.

The molecular sieve was loaded with 1 mol% Co, Pt
or Rh by impregnation in aqueous solution. The amount
of solution was chosen in such a way that the liquid was
just filling up the pores of the mesoporous support. After
impregnation the catalysts were dried at 343 K and cal-
cined at 773 K in dry air.

2.2. X-ray absorption spectroscopy

The X-ray absorption spectra were measured at the
SRS (Synchrotron Radiation Source, Daresbury, UK)
at the beamlines 8.1 and 9.2 in transmission mode using
ionization chambers filled with mixtures of He and Ar to
give a Aux of 20% in the first and of 80% in the second
chamber. To avoid the effects of the higher harmonics
being present in the X-ray beam, the monochromator
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was detuned to 50% intensity for the experiments at the
Coedge and to 70% intensity on the Pt and Rh edges.

The catalysts were pressed into self-supporting wafers
and placed inside a stainless-steel cell that permitted col-
lection of the spectra in situ during the reaction. The
weight of the samples was selected to achieve an absorp-
tion of less than ux = 2.5 for the reduced catalysts to
optimize the signal to noise ratio and to avoid non-linear
variations of px induced by the thickness of the pellet
[12].

Before each adsorption/reaction experiment the cat-
alysts were reduced in H, at 873 K for 30 min and after
cooling to liquid nitrogen temperature an X-ray absorp-
tion spectrum was recorded. Subsequently the catalysts
were heated in He to 673 K, where all reaction experi-
ments were carried out. The different reactants (H,, NO,
0,, CHy) were taken from gas cylinders and were indivi-
dually mixed into the He carrier gas stream. Water was
added into the gas stream using a saturator, which was
kept at 298 K. The flow of all reactants was controlled by
flow meters; their concentrations used are summarized
in table 1. During the adsorption X-ray absorption spec-
tra were recorded with a time resolution between 200
and 400s.

The position of the absorption edge was determined
at the maximum of the first derivative and aligned with
the edge of the corresponding bulk metal. A third-order
polynomial function was used to approximate the varia-
tion of the total absorption coefficient due to the back-
ground scattering. The scattering of the edge metal was
calculated from the Victoreen coefficients up to 500 eV
above the edge [13]. The XANES were normalized to the
mass areal loading, representing the product of metal
concentration and sample thickness [14]. To estimate the
area of the peak above the absorption edge the cont-
inuum step was modeled by an arctan function [15]. The
inflection point of this function was positioned at the
half height of the absorption edge. The height of the
modeled step was aligned to the spectral region starting
40 eV above the edge and the intrinsic width was
obtained by adjusting the model function to the shape of
the absorption edge of the corresponding bulk metal.
The step function was subtracted from the XANES and
the resulting peak was integrated numerically. An exam-
ple of the simulation of the continuum step is shown in
figure 1.

EXAFS analysis was carried out using standard anal-

Table 1
Concentration of reactants during the experiments
Reactant Concentration
(balance He)
NO 3000 ppm
CH,4 4 vol%
0, 10 vol%
H,0 2.5 vol%
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Figure 1. Simulation of the continuum step for XANES analysis.

ysis procedures as described, e.g., in refs. [16,17]. The
background was removed by using a polynomial func-
tion for the baseline and the contributions of the first
coordination shell were isolated by a Fourier transfor-
mation of the k?-weighted oscillations (k = 3-16 A~").
The structural parameters were determined under the
assumption of single scattering and plane waves using
phase shift and amplitude functions obtained experi-
mentally from the corresponding bulk metals.

3. Results

The results of the EXAFS analysis of the reduced sam-
ples are summarized in table 2. For Co/MCM-41 and
Pt/MCM-41 a similar number of nearest neighbors was
observed, while for Rh/MCM-41 this number was sig-
nificantly lower. Assuming cuboctahedrally shaped par-
ticles, the average cluster sizes for Co/MCM-41 and for
Pt/MCM-41 were about 60 metal atoms and for Rh/
MCM-41 about 10 metal atoms [18]. Note that changes
in the particle sizes after the adsorption/reaction were
not observed in the EXAFS, therefore, we could assign
the variations in the XANES entirely to changes of the
oxidation state of the metal [19]. However, for the inves-
tigation of the sintering behavior of the metal particles
the time at reaction temperature (2-3 h) was too short.

Table 2
Results of the EXAFS analysis of the reduced samples
Sample Me NMe-Me 'Me—Me Ade me
(Wt%) A) (A%
Co/MCM-41 1.0 8.4 2.56 22 x 107
Pt/MCM-41 32 7.9 2.78 3.5 %1074
Rh/MCM-41 1.7 4.2 2.68 1.2x 1074
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The XANES during adsorption of 3000 ppm NO at
673 K on Rh/MCM-41 as a function of time are shown
in figure 2. The changes in the area of the peak above the
absorption edge during adsorption of NO with and with-
out the presence of H,O are compared in figure 3a for
Rh/MCM-41 and in figure 3b for Pt/ MCM-41, respec-
tively. The XANES of Co/MCM-41 after adsorption of
NO, H,O and after co-adsorption of NO and H,;0
together with that of bulk Co are shown in figure 4.

During adsorption of NO on transition metal con-
taining MCM-41 the intensity of the peak above the edge
increased. For Rh/MCM-41 and for Pt/ MCM-41, inde-
pendently of the presence of water, the same increase of
the area of the peak above the edge was observed; how-
ever, the time needed to reach the partially oxidized state
was significantly shorter when water was present. In
contrast, Co/MCM-41 was fully oxidized after the
adsorption of H,O only and the co-adsorption of NO
and H,O on this sample led to a further increase of the
oxidation state compared to the adsorption of NO.

The XANES after reduction, after adsorption of NO
and after co-adsorption of NO and CHy4 with and with-
out H,O and of the corresponding bulk metal are shown
in figure 5 for Rh/MCM-41, in figure 6 for Pt/ MCM-41
and in figure 7 for Co/MCM-41. The addition of 4 vol%
CHj into the carrier gas led to a complete reduction of
Rh/MCM-41 and Pt/MCM-41, independently if H,O
was present or not. In contrast, Co/MCM-41 was only
slightly reduced when CH4 was added into the reaction
gas mixture, but similar to the other samples, the oxida-
tion state was independent of the presence of H,O vapor.
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Figure 3. Changes in the area of the peak above the absorption edge
during adsorption of NO with and without the presence of H,O (a) Rh/
MCM-41, (b) Pt/MCM-41.

Note that during these experiments 3000 ppm of NO
were present in the reaction gas.

For Pt and Rh the XANES of the metal foils was
almost identical to that of the reduced catalysts, while
for Co a slight increase of the peak above the edge was
observed for the reduced Co/MCM-41 sample com-
pared to the bulk metal. We already observed this differ-
ence for Co and Ni containing ZSM5 zeolites [20] and
have assigned them either to the presence of small con-
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Figure 2. Time-resolved XANES during adsorption of 3000 ppm NO  Figure 4. XANES of Co/MCM-41 after adsorption of NO, H,O, after

at673 KonRh/MCM-41.

co-adsorption of NO and H,O and of bulk Co.
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Figure 5. XANES of Rh/MCM-41 after reduction, after adsorption
of NO, after co-adsorption of NO and CH4 with and without H,O and
of bulk Rh.

centrations of unreduced species or to the interaction of
the small metal clusters with the walls of the molecular
sieve [21]. However, these changes are only a minor
effect compared with the changes in the XANES after
adsorption of the reactants.

The XANES of Rh/MCM-41 after exposure to the
mixture of all reaction gases, i.e., after adding 10 vol%
O, into the reaction gas mixture, are shown in figure 8.
For all samples the increase of the peak above the
absorption edge indicated an oxidation of the metal.
Moreover, the oxidation state was identical when water
was pre-adsorbed on the catalyst or when the water
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Figure 6. XANES of Pt/MCM-41 after reduction, after adsorption of
NO, after co-adsorption of NO and CHy4 with and without H,O and of
bulk Pt.

A. Jentysetal. / Oxidation state of transition metal containing M CM-41

1000
NO+CH,+H,0

800 NO+CH,

600 NO+H,0

NO

Absorption

e

reduced
bulk Co

400

200

T

7700 7750 7800 7850

Energy [eV]

Figure 7. XANES of Co/MCM-41 after reduction, after adsorption
of NO, after co-adsorption of NO and CH,4 with and without H,O and
of bulk Co.

vapor was added as the last component into the carrier
gas.

Note that in the X-ray absorption spectroscopy
experiments for Pt only the Ljj-absorption edge
(11564 eV) was accessible, while for Co and Rh K-
absorption edges (7709 and 23220 eV) could be investi-
gated. Conceptually, the Lyjj-edge results from transi-
tions from the p3/, state into unoccupied s; >, d3/» and
ds/, states and the K-edge from transition from s into p
states. Most reduced transition metals already exhibit a
strong peak above their Lyjjj-edges, while on K-edges of
reduced metals this peak is usually not present [22].
Therefore, the changes in the XANES were much more
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Figure 8. XANES of Rh/MCM-41 after exposure to all reaction
gases.
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pronounced on the Co and Rh K-absorption edges than
on the Pt Lyj-edge.

4. Discussion

Exposure to 3000 ppm NO at 673 K led to an oxida-
tion of all samples investigated. On Rh/MCM-41 and
Pt/MCM-41 the presence of water vapor strongly
decreased the time needed to reach the new oxidation
state, but did not lead to a different level of oxidation
compared to the exposure of the catalysts with NO only.
This indicates that on these catalysts water is not block-
ing sorption sites during the reaction and that an inter-
mediate complex between NO and water was formed,
which facilitates the oxidation of the metallic species.

Co/MCM-41 was oxidized by the presence of water
in the carrier gas stream by the following reaction:

Co + H,O — CoO + H,

Note that the equilibrium of this reaction is almost com-
pletely on the right-hand side when water vapor is pres-
ent[23]. On Co/MCM-41 the co-adsorption of H,O and
NO led to a higher oxidation level of the metal compared
to the adsorption of NO only. For Co/MCM-41 the role
of H,O is entirely different compared to the other two
catalysts investigated. Metallic Co is thermodynami-
cally not stable in the presence of water vapor and, there-
fore, the Co/MCM-41 sample was rapidly oxidized
during the co-adsorption of H,O and NO.

CHy acts as a reducing agent under the reaction con-
ditions. Even in the presence of NO Rh/MCM-41 and
Pt/ MCM-41 were reduced when CH4 was added into
the carrier gas. Water did not have any influence on the
reduction of these two samples by CHs. Co/MCM-41
was only partially reduced by the presence of CHy; how-
ever, the fully reduced metallic state of Co could not be
reached. After adding O, into the reaction gas mixture
all catalysts were oxidized and the resulting oxidation
state was independent of the presence of water vapor. It
is interesting to note that the addition of water vapor as
first or as last component into the mixture of the reaction
gases did not lead to a different chemistry on the metal
surface.

Therefore, we would like to speculate that the
decrease of activity during the catalytic reduction of NO
over these catalysts caused by water vapor results from
the interaction between water and the reactants. When
water is present under reaction conditions the metal sur-
face is still accessible for NO. For the noble metal cat-
alysts the presence of water facilitates the partial
oxidation of the metal surface, but did not lead to an
additional oxidation of the metal. For Co/MCM-41 the
presence of water vapor caused an oxidation of the
metallic component, however, the oxidation state of Co
was the same when oxygen was present in the carrier
gas.

5. Conclusions

Transition metal containing MCM-41 catalysts
showed significant changes in the oxidation state of the
metal during co-adsorption of NO, CH4 and O,. The
presence of NO led to an oxidation of the catalysts. For
the noble metal containing MCM-41 catalysts a com-
plete reduction of the metal clusters was observed during
the co-adsorption of NO and CHy, while Co/MCM-41
was only partially reduced under these conditions. All
catalysts were oxidized when O, was added into the gas
mixture. The presence of water vapor did not influence
the oxidation state of the noble metal containing MCM-
41 catalysts, but led to an increased rate of the oxidation
in NO atmosphere, while Co/MCM-41 catalyst was
already fully oxidized by the presence of water vapor at
reaction temperature.

The influence of water on the metal sites in molecular
sieves depends on the type of the metal. For precious
metals, water forms an intermediate with the other reac-
tion gases, which facilitates the oxidation of the metal
clusters, while for non precious metals, e.g., Co, it influ-
ences directly the oxidation state of the metal clusters.
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