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Abstract

The influence of addition of a series of non noble and noble metals to a manganese oxide
octahedral molecular sieve (OMS) with a cryptomelane structure (K-OMS-2) has been studied
for NO oxidation in view of fast selective catalytic reduction applications. Fe, Cu, Zn, Pt, Pd,
Ru and Ag were selected as dopant metals with a metal loading around 2 wt.%. The catalysts
were characterized in detail by ICP-OES, N> adsorption/desorption at 77 K, XRD, H>-TPR and
HR-TEM. The highest NO conversion was obtained for a K-OMS-2 catalyst modified with
ruthenium, showing a reaction rate up to 5.3 pmol.g"'.s! at 584 K. A markedly higher catalyst
reducibility upon incorporation of ruthenium can be proposed as an underlying reason for the

enhanced catalytic performance.
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1. Introduction

The combustion of fossil fuels is one of the main emission sources of atmospheric pollu-
tants. These pollutants include not only CO; and CHa, but also a panel of nitrogen oxides (e.g.,
N20, NO, NO») that contribute to the greenhouse effect and take part in photochemical reac-
tions leading to tropospheric ozone and acid rain formation [1, 2]. The abatement of nitrogen
oxides (NOx) has been achieved in gasoline cars using the so-called “Three Way Catalysts”
(TWC), but this technology can be hardly employed for Diesel engines due to the high oxygen
concentration in the exhaust gases. To overcome this shortcoming, specific aftertreatment pro-
cesses have been developed, such as the Selective Catalytic Reduction (SCR). In this technolo-
gy, the addition of a reducing agent (most often NH3) combined with a proper catalyst can mit-
igate NOy emissions down to the legal limits in the presence of O,. The main reactions in-

volved in the NH3-SCR process are listed below (Egs. 1-4) [3]:

4 NH; + 4 NO + 0, — 4 N, + 6 HoO (AHC = -1629.8 kJ mol™!) (1)
2 NH; + NO + NO; — 2 N3 + 3 H,0 (AH® = -758.3 kJ mol™!) )
4 NH; + 3 NO; — 7/2 Na + 6 H,0 (AH° = -342.4 kJ mol™) (3)
4 NH; + 2 NO, + 02 — 3 Na + 6 H 0 (AH® = -1335.8 kJ mol™) (4)

Noteworthy, NO; is required in most of these reactions (Eqs 2-4). It is especially im-
portant the contribution of Eq. 2, also known as Fast SCR, showing a reaction rate about 10
times faster than Eq. 1 in the presence of equimolar amounts of NO and NO.. However, since
NOx typically consists of >90% NO under standard combustion conditions [4, 5], reaction (1)
dominates. As an attempt to make NH3-SCR in Diesel engine aftertreatment processes more

efficient, one could think about the combination of a first catalytic step boosting the partial
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oxidation of NO to reach a NO/NO:x ratio close to 1 followed by a fast SCR unit favoring reac-

tion (2).

OMS-2 materials (also termed cryptomelanes or hollandites) are based on edge-shared
MnOs octahedra hosting both Mn(III) and Mn(IV) and 2x2 1D microtunnels with 4.6x4.6 A di-
mensions, an average oxidation state of Mn about 3.8 and incorporating ex-framework compen-
sation cations (usually K+) [6-8]. Cryptomelanes have been widely explored as catalysts due to
their unique porous structure, mild surface acid-base properties and ion-exchange capacity [9-
11]. In particular, cryptomelanes have shown high activity and stability in the total oxidation of
CO [12-14] and VOCs [15-19], as well as in partial oxidation [20-26], epoxidation [27-30] and
selective hydrogenation reactions [31, 32]. The high activity observed in oxidative/reductive
reactions is usually attributed to the presence of Mn in different oxidation states, forming dif-
ferent redox couples (Mn*"/Mn>*; Mn*"/Mn?"), and to the presence of lattice oxygen with high
mobility and reactivity [21, 33], favoring Mars van Krevelen mechanisms [21]. These materials
have also been explored as catalytic supports, showing a tunable morphology and performance
upon addition of noble [12, 13, 18, 26, 31, 32, 34-36] and non noble metals [14, 19, 24, 30, 37-
39] either as cations hosted in the tunnels or partially exchanged into the framework, or in the

form of supported nanoparticles.

The studies focusing on the adsorption and catalytic properties of cryptomelanes with
NOx are scarce. It is known that NO can adsorb in the cryptomelane framework, but only at the
external surface and as a function of the cation loading and water loading [40, 41]. The adsorp-
tion uptake can be promoted by the simultaneous oxidation with lattice oxygen, encompassing
the partial reduction of the cryptomelane framework. This adsorption pattern opposes to that of
NH3, which can adsorb in the cryptomelane channels in strong synergy with cations (preferen-
tially H") and bounded water [42]. The oxidation of NH3 with NO at low temperature (473 K)

was reported to proceed over H-OMS-2, but with low selectivity to N> [43]. The selective NH3
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oxidation into N2 under O; also proceeded over V-substituted K-OMS-2 at 423 K, but only at
very high V loading (V/Mn=10%) [44]. Finally, CuO/OMS-2 afforded the almost complete

reduction of NO into N> using CO as reducing agent at a temperature higher than 500 K [45].

On the guidance of these earlier studies, herein we report the catalytic performance of a
series of metal-functionalized manganese octahedral molecular sieves with cryptomelane
framework (i.e. K-OMS-2) for NO oxidation at exhaust gas conditions in view of fast NH3-

SCR applications.

2. Experimental
2.1. Materials

Manganese sulfate hydrate (MnSO4.H20, 99.5%) and potassium permanganate (KMnOs,
99.5%), both supplied by Sigma-Aldrich, were used as reactants for the synthesis of K-OMS-2.
Manganese oxide (MnO2, 99%) used as catalyst was supplied by Sigma-Aldrich.
La(NO3)3:6H20 (Sigma Aldrich, >99.0%), Mn(NO3)2-4H>O (Alfa Aesar, 98%) and citric acid
(CA) (Alfa Aesar, >99.5%) of analytical grade were used as precursors for the synthesis of

LaMnOs perovskite-type oxides.
2.2. Catalyst synthesis

K-OMS-2 manganese octahedral molecular sieve was prepared by the reflux method
[46]. Briefly, an aqueous solution of KMnOs (5.8 g in 100 mL deionized water) was added to a
solution of MnSO4-H>O (8.8 g in 30 mL deionized water) and concentrated nitric acid (3 mL).
The mixture was refluxed at 100 °C for 24 h. After the synthesis, the dark brown solid was fil-

tered, washed with deionized water until neutral pH, and dried overnight at 120 °C before use.

The parent K-OMS-2 support was subsequently doped with different metals (nominal

loading = 2 wt.%) using the ion exchange procedure (Table 1). A diluted aqueous solution (10
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M) of the corresponding metal precursor, M(NH3)4(NO3)x was mixed with the as-prepared K-
OMS-2 at 80 °C for 2 h under N> atmosphere. Using this method, a series of catalysts contain-
ing Pt, Pd, Ru, Ag, Fe, Cu and Zn were prepared. After the synthesis, the samples were submit-
ted to vacuum evaporation (150 mbar) at 70 °C followed by drying overnight at 100 °C and
calcination at 300 °C for 2 h under air. The different catalysts were labeled as X/K-OMS-2,

where X stands for the metal dopant.

The LaMnO; perovskite was prepared by the citrate sol-gel method. First, an aqueous so-
lution based on equimolar amounts of the nitrate precursors was prepared. Then, citric acid
(CA) was added at room temperature and the molar ratio of CA to total metallic ions (sum of
La**and Mn?") set at 1.2 (pH =1). The final solution was heated to 80 °C for 2 h using magnet-
ic stirring, then the solid was recovered and dried at 120 °C overnight. The resulting solid was
then subjected to thermal treatment in a muffle furnace at 200 °C for 1 h (heating rate of 2 °C
min ') and was finally in situ calcined at 750 °C for 2 h (heating rate of 5 °C min!) in the

quartz tubular reactor under air atmosphere.
2.3. Catalyst characterization

The bulk metal composition of the different samples was quantified by inductively cou-
pled plasma analysis (ICP) using an Activa (Horiba Jobin-Yvon) Optical Emission Spectrome-
ter. Before the measurements, the samples were dissolved using a mixture of inorganic acids

(H2SO4, HNO3 and HF).

The specific surface area and pore volume of the different catalysts was measured from
N> adsorption/desorption isotherms at 77.4 K using a Micromeritics ASAP 2010 Surface Area
Analyzer. The surface areas were calculated by the Brunauer-Emmett-Teller (BET) method in
the relative pressure range 0.05 < P/Py < 0.25, while the pore volumes were measured at

P/Py=0.99. The Barrer-Joyner-Halenda (BJH) method was used for measuring intercrystalline
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mean pore sizes. Prior to the measurements, the catalysts were degassed at 473 K under vacu-

um during 15 h.

The phases present in the different catalysts were analyzed by powder X-ray diffraction
(PXRD). The PXRD patterns were recorded on a Bruker D5005 diffractometer provided with
Cu-Ka radiation (A = 1.5418 A) in the 26 range of 8-80° with a step size of 0.05°. The patterns

were indexed using the Joint Committee on Powder Diffraction (JCPDS) database.

The morphology and structure of the catalysts was inspected by Transmission Electron
Microscopy (HR-TEM) on a JEOL 2010 LaB6 microscope using an acceleration voltage of
200 kV with LaB6 emission and a point resolution of 0.19 nm. Standard holey carbon-covered
copper TEM grids were used for supporting the catalyst samples previously crushed in ethanol.
The mean metal particle size for the K-OMS-2 support and metal nanoparticles was measured
for the different catalysts as a surface-area weighted diameter (d, ) as follows

Z:nidi3
d, =- &)

2
n,d;

where n; represents the number of particles with diameter d; (3 in; > 200).

Temperature-programmed reduction (TPR) experiments were conducted on a home-
made setup equipped with a VG Gaslab 300 quadrupole mass spectrometer. The signal at m/e =
2, corresponding to Ha" ion was recorded during the heating ramp. The samples (ca. 20 mg)
were loaded into a U-shaped quartz tube and pre-treated under He atmosphere at 523 K for 1 h.
After cooling down to room temperature, the samples were ramped from room temperature to

973 K (10 K.min!), using a reducing gas mixture of 1% v/v Ho/He (45 cm® (STP).min!).

2.4. Catalytic activity measurements
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The catalytic tests for NO oxidation over the parent and metal-doped K-OMS-2 catalysts
were carried out in a fixed-bed quartz reactor (¢ = 6 mm, length = 1 cm) at atmospheric pres-
sure using silicium carbide (SiC) as diluent and a catalyst weight ensuring 0.174 mmol Mn (16
mg of catalyst unless otherwise stated). The inlet gas was composed of 1000 ppm NO, 8% O>
and balance Ar. The gas hourly space velocity (GHSV) was set at 35,000 h™! for all experi-
ments. The NO and NO» concentration at the outlet of the reactor was analyzed using a Ther-
moFisher NO/NOx chemiluminescence system equipped with a trap before the detector. Com-
prehensive reproducibility tests were performed for all samples, whereas the stability was sur-
veyed in detail for the most performing catalysts. The catalytic activity was evaluated on the
basis of light off experiments at atmospheric pressure from room temperature to 800 K using a
heating ramp of 2 K min'!. The NO conversion and the reaction rate for NO oxidation as a

function of temperature [rno(T)] were calculated as follows:

outlet molar NO flow (6)
inlet molar NO flow

NO conversion =1—

1)

where V.4 is the bulk volume of catalyst (L) in each experiment, C?\I o is the NO concentration

at the reactor inlet (ppm-10%), mc. is the catalyst weight (0.016 g unless otherwise specified)
and Xno is the NO conversion. A blank experiment carried out with pure SiC showed no NO

conversion under the experimental conditions here considered.

3. Results and Discussion
3.1. Catalyst characterization

3.1.1. Surface area and porosity
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Figure 1 plots the N> adsorption/desorption isotherms at 77 K for the fresh K-OMS-2
catalyst. A Type II-IV sorption pattern can be observed which can be attributed to N> adsorp-
tion at the external surface of the particles, but with negligible adsorption in the microporous
channels due to hindered N> diffusion [10]. A H3-type hysteresis loop is also visible between
the adsorption and desorption branches for P/Po >0.6 which can be associated to mesopores
between nearby particles with non uniform size or shapes. The parent K-OMS-2 shows a BET
specific surface area of 85 m? g!, a total pore volume of 0.393 cm® g'! and a BJH pore size
estimated from the adsorption curve about 16 nm. The measured BET surface areas are in good
agreement with the theoretical values which can be deduced from the crystallite size, about 60
m? g'! assuming a spherical shape and taking a density of 4.3 g cm™ for all samples [47]. No
clear differences are observed in the textural properties between the metal-loaded catalysts and

the parent K-OMS-2 (Table 1).
3.1.2. XRD patterns

Figure 2 plots the XRD patterns of the different catalysts prepared in this study. In all
cases, the XRD patterns exhibit characteristic (110), (200), (220), (310), (211), (301), (411),
(600), (521), (002), (541), (312), (402) and (332) reflections belonging, respectively, to 2-theta
angles 12.7, 18.0, 22.0, 28.7, 37.4, 42.0, 49.8, 56.1, 60, 65.3, 69.3, 73.1, 77.5, 78.7° which can
be attributed to cryptomelane (KMngO16, JCPDS No: 42-1348, [4/m tetragonal unit cell) with
no indication of other phase impurities attributed to manganese oxides. No characteristic re-
flections can be observed for the metal phases, suggesting a good dispersion either as small
metal nanoparticles or as cations integrated into the manganese framework. The mean crystal-
lite size computed using the Debye-Scherrer equation for the strongest reflection (211) (2-
theta=37.4°) is 11.7 nm (Table 1). The mean size of the OMS particles increases after the met-
al addition, especially in the case of Fe, Zn and Pd, whereas the OMS particle size for Ru keeps

almost unchanged.
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3.1.3. HR-TEM images

The morphology of the metal-loaded K-OMS-2 catalysts was inspected by HR-TEM
(Figure 3). In all cases, a good dispersion of the metal phase can be observed. The mean
particle size for the metal nanoparticles measured after a statistical analysis of a representative
number of micrographs for the different samples reveals a mean particle size of 3.9 nm, 4.9
nm, 2.1 nm and 13.3 nm for Pt/K-OMS-2, Pd/K-OMS-2, Ru/K-OMS-2 and Ag/K-OMS-2

(Table 1). In any case, no large metal agglomerates are observed.
3.1.4. H>-TPR profiles

The H2-TPR profiles of the parent K-OMS-2 and Pt, Ru and Ag-loaded K-OMS-2
samples are plotted in Figure 4, while the corresponding H> consumption are listed in Table 1.
The parent K-OMS-2 displays a broad peak in the temperature range 500-700 K which is
composed of two overlapping peaks. These peaks can be attributed to the two-step reduction of
K-OMS-2 to Mn304 and further Mn3O4 to MnO at higher temperature. The maximum rate of
reduction is observed in the temperature range 620-680 K. Although no information regarding
the oxidation state of Mn can be unambiguously inferred from the H> consumption, the
measured value (9.44 mmol g!) is near yet 18% lower than the expected value for complete
reduction of MnO, to MnO (11.5 mmol g™!).

The reduction behavior of K-OMS-2 shows a shift towards lower temperatures after
metal doping. This shift becomes more pronounced for Pt/K-OMS-2, showing a maximum rate
of reduction in the range 390-470 K, but with a comparable H> consumption as for the parent
K-OMS-2 (Table 1). This observation is classically attributed to the formation of hydrides over
noble metal islands (in this case Pt), transferring fast to the MnOx phase by spillover and
favoring accordingly its reduction [48]. The reduction profile of this catalyst shows more
clearly the two overlapped peaks with peak maxima located at 400 K and 450 K, respectively.

The incorporation of Ru also enhances the K-OMS-2 reducibility with a maximum reduction
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rate appearing in the temperature range 490-560 K and a H, consumption of 10.2 mmol g
Finally, Ag/K-OMS-2 displays the largest temperature range for the maximum rate of
reduction (580-645 K) and a slight decline in the H> consumption (9.04 mmol g!) compared to
the value measured on K-OMS-2. In all cases, no reduction peak ascribed only to the metal

phase can be visualized.

3.2. Catalytic activity for NO oxidation
3.2.1. Catalytic activity of K-OMS-2 vs. LaMnOj3 and MnO:

The catalytic activity of the parent K-OMS-2 was first tested and compared to that of
LaMnOs3 and commercial MnO», used here as benchmarks, for NO oxidation into NO> from
room temperature to 800 K. Figure 5 plots the evolution of the NO conversion as a function of
temperature. To our surprise, MnO» exhibits an almost negligible activity. In contrast, for K-
OMS-2 and LaMnOs, the NO conversion increases first with the temperature until a maximum
at about 641 K followed by a fast decline upon reaching the thermodynamic equilibrium (Fig-
ure 5a). Despite this similar behavior, K-OMS-2 shows enhanced reaction rates in the whole
temperature range with a rate up to 4.1 pmol g™ s, whereas the rate for LaMnOs is 1.6 pmol
g’! 571, Further analysis of the Arrhenius plots representing the evolution of the reaction rate
with the inverse of temperature reveals a very similar activation energy for both catalysts (49
kJ mol™! for K-OMS-2 vs. 42 kJ mol™! for LaMnOs) (Figure 5b). The activation energy meas-
ured for LaMnOs agrees well with the value reported by Chen et al. [49] at similar reaction

conditions.
3.2.2. Effect of non-noble metals on the catalytic activity of K-OMS-2

Given the prominent activity obtained for K-OMS-2 for NO oxidation, we assessed the
influence of non-noble metal dopants on the catalytic properties. Figure 6 plots the evolution of

the NO conversion as a function of temperature. In line with the activity pattern of K-OMS-2,

10
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the NO conversion increases in all cases with the temperature until a maximum in the range
600-700 K followed by a fast decline upon reaching thermodynamic equilibrium. The addition
of non-noble metals exhibits a negative effect on the catalytic performance compared to the
parent K-OMS-2 (Figure 6a). While K-OMS-2 shows a maximum NO conversion of about
58% at 625 K, the catalysts loaded with Fe and Zn yield a maximum conversion of 34% and
37%, respectively, at a slightly higher temperature (642 K and 658 K). In the case of Cu/K-

OMS-2, the maximum NO conversion is only 24% at 679 K.

The Arrhenius plots reveals a pronounced decrease of the activation energy for NO oxi-
dation upon addition of Fe, Cu or Zn compared to the parent K-OMS-2, showing values in the
narrow range 26-30 kJ mol! (Figure 6b), which are slightly lower than the values reported in
the literature for Cu and Fe-incorporating zeolites (e.g., Cu/SSZ-13, Cu/CHA, Fe/ZSM-5) [50,
51]. The incorporation of Fe, and in a lower extend Zn, exerts a positive effect on the reaction
rate at low temperatures (<512 K), whereas at higher temperatures the parent K-OMS-2 shows
systematically higher reaction rates. In particular, the reaction rate measured at the maximum
temperature exhibits an almost 50% decrease for the different metal-supported catalysts com-
pared to the reaction rate measured on K-OMS-2 (Table 2). Finally, note that in the case of
Cu/K-OMS-2, the temperature range for Arrhenius behavior shifts to much higher tempera-

tures, which is consistent with the lower activity observed for this catalyst.
3.2.3. Effect of noble metals on the catalytic activity of K-OMS-2

The addition of noble metals to K-OMS-2 results in no appreciable change of the NO
conversion in most cases, compared to K-OMS-2 (Figure 7a). Pt/K-OMS-2 shows a maximum
NO conversion of 54% at 626 K with a slightly higher activity in the low temperature range
(450-600 K) compared to K-OMS-2. After Pd or Ag addition, the activity of the resultant cata-
lysts is surprisingly lower than that of K-OMS-2 with a NO conversion up to 42% and 48%,

respectively, and peak maxima in each case located at 642 K and 633 K. Opposing this behav-

11
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ior, Ru/K-OMS-2 displays a much higher NO conversion (75%) at a comparatively lower tem-
perature (584 K), reflecting a synergistic effect of Ru together with K-OMS-2 on the catalytic
activity. A more clear insight into the positive effect of Ru on the NO oxidation properties of
K-OMS-2 can be gained by comparing the reaction temperature needed to reach 20% NO con-
version (i.e. Tzo). Table 2 lists the values measured for the different catalysts. Overall, Ru/K-
OMS-2 shows the lowest reaction temperature (498 K), whereas the parent K-OMS-2 requires
541 K. On the other hand, Cu/K-OMS-2 is the catalyst that needs the highest temperature (640

K).

Unlike non-noble metals, the Arrhenius plots reveal only a modest decline in the activa-
tion energy for Ru/K-OMS-2 and Ag/K-OMS-2 with values about 42 kJ mol™! and 35 kJ mol !,
respectively, whereas the decline is more drastic for Pt/K-OMS-2 and Pd/K-OMS-2 (29 kJ/mol
and 25 kJ mol™!, respectively) (Figure 7b). Noteworthy, the activation energy for Pt/K-OMS-2
is 25% lower than the values measured on benchmark Pt-supported samples (e.g., Pt/Al2O3,
Pt/Si0y) [52, 53]. The incorporation of noble metals impacts to an important extent on the cata-
lytic activity at lower temperatures, showing higher catalytic activities compared to the parent
K-OMS-2, especially for Pt/K-OMS-2 and Ru/K-OMS-2. This latter catalyst also exhibits the
highest reaction rate for NO oxidation at the maximum reaction temperature, with a value of
5.3 umol g’ s, which is about 25% higher than the reaction rate measured on K-OMS-2 (Ta-

ble 2).

Catalysis for NO oxidation towards NO> on noble metal catalysts is known to be particle-
size dependent with the catalytic activity increasing with the particle size in the case of Pt [54,
55] and Pd [56]. In our case, no clear correlation can be deduced between the OMS particle
size and the catalytic activity. Notwithstanding this fact, the order of catalytic activity observed
for noble metal catalysts can be directly linked with the H> consumption (Table 1), which is

related to the reducible Mn(IV) cations in the K-OMS-2 framework: Ru/K-OMS-2 > Pt/K-

12
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OMS-2 = K-OMS-2 > Ag/K-OMS-2 = Pd/K-OMS-2). The high catalytic performance of Ru-
loaded catalysts in the NO oxidation reaction is consistent with reported studies using Ru as
active phase, either alone [57], or in bimetallic catalysts [58]. Accordingly, the promising cata-
lytic results obtained for Ru/K-OMS-2 can be attributed not only to a higher reducibility of the
K-OMS-2 support upon addition of Ru, but also to the contribution of this metal to the catalytic

activity.

3.2.4. Catalyst stability

Given the prominent catalytic activity observed on Ru/K-OMS-2, a dedicated study on
the stability of this catalyst was conducted and compared to that of K-OMS-2. In this test, the
catalysts were subjected to two consecutive catalytic cycles with an intermediate stabilization
at the maximum temperature for 24 h. As inferred from Figure 8, both Ru/K-OMS-2 and the
parent K-OMS-2 show identical conversion-temperature curves after the first catalytic cycle.
Furthermore, during the 24-h stabilization period, the NO conversion shows almost negligible

fluctuation, reflecting the high stability of the catalyst during operation.

4. Conclusions

The addition of different non-noble and noble metals to cryptomelane (K-OMS-2) has
been evaluated for NO oxidation. The metal-loaded catalysts by the ion-exchange method re-
veal no remarkable changes in neither the textural nor morphological properties compared to
the parent K-OMS-2. However, noble metals clearly impact the redox behavior and the reduci-
bility of the catalysts following the order Ru/K-OMS-2 > Pt/K-OMS-2 > K-OMS-2 > Ag/K-
OMS-2. The parent K-OMS-2 reveals an intrinsically high catalytic activity for NO oxidation,
reaching a conversion of 58% at the maximum reaction temperature (624 K). The addition of
non-noble metals exerts a detrimental effect in the catalytic activity, especially in the case of

Cu/K-OMS-2. In contrast, an enhancement of the catalytic activity by 20% is observed after

13
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addition of Ru, the NO conversion attaining a value up to 75% at 584 K. The enhanced catalyt-
ic properties of Ru/K-OMS-2 can be most likely attributed to a higher reducibility of this cata-
lyst. Ru/K-OMS-2 shows promising credentials for partial NO oxidation into NO2 in view of

fast SCR applications.
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Figure captions

Figure 1. N> Adsorption-desorption isotherm at 77 K for K-OMS-2.

Figure 2. XRD patterns of a) parent K-OMS-2 and K-OMS-2 loaded with non-noble metals,

and b) K-OMS-2 loaded with non-noble metals.

Figure 3. TEM micrographs for: a) Pt/K-OMS-2, b) Pd/K-OMS-2, ¢) Ru/K-OMS-2 and d)

Ag/K-OMS-2.

Figure 4. H>-TPR profiles for: K-OMS-2, Pt/K-OMS-2, Ru/K-OMS-2 and Ag/K-OMS-2.

Figure 5. Catalytic activity in NO oxidation for K-OMS-2, LaMnO3 and MnO.. Reaction con-
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ditions: NO = 1000 ppm, Oz = 8%, Ar balance, total flow rate = 10 L(STP).h"!. Catalyst
weight: 16.0 mg for K-OMS-2, 42.1 mg for LaMnOs3 and 15.1 mg for MnO> corresponding to

0.174 mmol Mn for all samples after density correction.

Figure 6. a) Catalytic activity in NO oxidation for raw K-OMS-2 and K-OMS-2 loaded with
non-noble metals (16 mg, 0.174 mmol Mn), and b) corresponding Arrhenius plots. Reaction

conditions as in Figure 5.

Figure 7. a) Catalytic activity in NO oxidation for raw K-OMS-2 and K-OMS-2 loaded with
noble metals (16 mg, 0.174 mmol Mn), and b) corresponding Arrhenius plots. Reaction condi-

tions as in Figure 5.

Figure 8. a) Catalytic stability for K-OMS-2 and Ru/K-OMS-2 (16 mg, 0.174 mmol Mn) in
NO oxidation for two consecutive cycles, and b) catalytic stability during 24 h continuous op-

eration. Reaction conditions as in Figure 5.
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