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INTRODUCTION AND OBJECTIVES

The abatement of the malign nitrogen oxides (Nfdom different emissions is a
major task to protect the environment. Nitrogendesi appearing in the atmosphere come
from moving (vehicles) or stationary (chemical péanr power plants) sources and they are
mostly formed during the high temperature combuastd fossil fuels. The present work is
mainly related to the elimination of nitrogen oxsdeom the emissions of power plants.

The selective catalytic reduction of nitrogen osidgy using cheap and abundantly
available methane (CHNO-SCR) is a feasible process for cleaning thessimn of power
plants fuelled by methane. The selective reductdrNO is however difficult since the
emission contains another oxidizing component,ifDlarge excess. The activation of the
relatively stable methane for the reaction is aldemanding. After surveying the
corresponding literature we can conclude that enfgw metal, such as Pt, Pd, Co, Mn, Ni,
Ga, In, an the combination of these are suitabitettfe preparation of supported catalysts,
which are active in the G/NO-SCR reaction. Recently very promising resul&ewbtained
with cobalt or palladium promoted In-zeolites.

Catalyst development, which aims the design of nactive and selective catalysts for
the CH/NO-SCR reaction can be more effective if the gdimlmechanism is clarified.
Although the mechanism of the reaction is moreesslunderstood, there are number of
details, which have not been clarified yet.

In the present work one of our goals was to ledraua the intermediates and the
unknown mechanistic details of the reductive sstate ion exchange (RSSIE) process in the
In,O3/H-zeolite system. Because of its advantages tt@pgration method was used for the
preparation of our In,H-zeolite catalysts for thd,INO-SCR reaction.

In order to better understand the mechanism oC#HgNO-SCR reaction, we examined
the relation between the structure and catalytoperties of In,H-zeolites applying catalytic
and operando DRIFT spectroscopic examinations. These experimenainly aimed the
identification of the catalytically active centexrsd the active and inactive (spectator) surface
species formed on the catalyst under reaction tondi We also intended to clarify the
promoting mechanism of palladium or cobalt on thélizeolite catalysts.

The increased formation rate of N@hich was observed in the presence of the above
mentioned promoters, was often suggested to comgrito the increased rate of the SCR
reaction on In,H-zeolites. Another objective of lresent work was to find out the role of the

NO, in the reaction mechanism.



EXPERIMENTAL METHODS

In the present work different In,H-, Pd,H-, Pd,ln,HCo,H-, and Co,In,H-zeolite
catalysts were prepared from H-mordenite or H-ZSieblites. Indium was introduced by
the RSSIE method, palladium was introduced by webrégnation, whereas cobalt was
introduced either by liquid phase ion exchangeyosdlid state reaction.

The RSSIE process taking place in the sample amdetthox properties of the metals
introduced were studied by temperature-programmestiiation (H-TPR) and oxidation
(depending on the oxidizing agentz;-OPO or NO-TPO) methods.

Catalytic experiments were carried out in a floadfyh microreactor in the
temperature range of 300- 68D at a space velocity (GHSV) of 30 008, h

The surface species formed on the surface of theysa under reaction conditions
were studied by diffuse reflectance Fourier tramafanfrared spectroscopy (DRIFTS). For
these so calledperando experiments a high temperature and pressure DRpEEtroscopic
cell was used. The concentration of the reactamistlae reaction products was continuously
monitored by an on line mass spectrometer.

XRD method was applied to follow the changes of ¢thgalyst structure. Catalyst
samples were pretreatéd situ in the reactor chamber of the XRD apparatus atdésred
temperature and in the preferred gas atmosphere.s@imples were rendered soluble to

determine the metal content by atomic absorpti@ctspscopy.

NEW SCIENTIFIC RESULTS

1. Preparation of In,H-zeolites by reductive solideian-exchange:

1.1.1t was shown that the reaction between H-zeolited B,O; in the presence of
hydrogen (reductive solid state ion exchange, RE$iEcontrast to the mechanism
suggested in the literature, proceeds via vol&ti@H intermediate formed by the
reduction of I1rO;. The INOH intermediate reacts with the Brgnstedl aute
(proton) within the zeolite pores in an acid-basaction, in which Ih cation,
replacing the proton, is formed together with aexatolecule.

(Published in publication No.4.)

1.2.1t was demonstrated that the In-ion exchange ctalté place by the reaction of
metallic In and the H-zeolite, via, so called, atide solid state ion exchange
(OSSIE). The ion-exchange reaction also proceeasigih the formation of InOH



intermediate. The formation of INOH intermediatguiees the presence of water
(steam). The metallic In is oxidized by water ire theaction resulting in the
formation of B and volatile INnOH. The ion-exchange then takexelan the
reaction between the Brgnsted acid site and In@¢trivediate as disclosed in thesis
1.1 (Published in publication No.4.)
1.3.1t was shown that without hydrogen in the systerty @anlow ion-exchange level
could be reached even at high temperatures (368Q0n the solid state reaction
between H-zeolites andJDs, that is by the so called auto reductive solidestan
exchange (ARSSIE), which reaction most probably gisoceeded via InOH
intermediate. In the process,@y reacts with water formed in the high temperature
dehydroxylation of zeolite resulting in the fornmatiof INOH intermediate and,O
The oxygen formation in the reaction can be detkdig mass spectrometry,
whereas InOH intermediate reacts with the Brgnsiedl sites and thereby
evidently forms Ifi cations in the zeolite. (Published in publication No.4.)
1.4.1t was confirmed that hcenters formed in the solid state ion-exchangeqs®
could be oxidized to [InO]centers with molecular oxygen. It was found thnat t
oxidation temperature was strongly dependent on diesity of the Ih sites
determined by Si/Al ratio of the zeolite and tha-exchange level. The oxidation
with molecular oxygen requires the transfer of dcebns and therefore proceeds
more easily on nearby ‘Ircenters in the zeolite lattice, which explains tleey
different oxidation temperatures (differing by 260300 °C) of the In-zeolites,
having different Si/Al ratio. (Published in publication No.3.)

2. Catalytic effect of In,H-zeolites in the selectiwatalytic oxidation of NO with

methane in the presence of excess oxygen/(GbtSCR):

2.1.1t was shown that when In,H-zeolites prepared M8SIE method were contacted
with NO/O; gas mixture at reaction temperature (300 — 3D)) zeolite bound
nitrosonium (NO) and nitrate (N@) ions were formed. The NQons are formed
in two well separable processes. One of the preseskes place on the Brgnsted
acid sites according to the mechanism known from literature. In the second
process NO and NQ' ions are formed simultaneously on [IA@] active sites
(where Zrepresents a segment of the zeolite lattice withreegative charge).

(Published in publication No. 3.)



2.2.1t was evidenced that from the NGnd NQ ions formed simultaneously on
[INO]*Z active sites only the nitrate ions were able tivate (oxidize) methane, in
which reaction the active intermediate of the rneact(according to the

corresponding literature GNO, can be substantiated) was formed.
(Published in publication No.3.)
2.3.1t was shown that the active intermediate ¢NB,) formed in the reaction of

surface nitrate and methane or the products oftfassformation thereof (nitrite,
isocyanate, or amine groups) react most probablth \AO™ ions. Nitrogen
formation takes place in this reaction. This firglis based on the observation that
NO" ions are consumed in the reaction together with s, whereas NOions
alone can not react with methane. Our suggestionlise with earlier findings that
the formation of nitrogen requires the reactionwb intermediates, in which the
formal oxidation state of the nitrogen atom is 8 a3.

(Published in publication No. 3.)
2.4.1t was substantiated that in the reaction of sarfatdrate species and methane

IN"*OH" was formed, which further reacted with a nearbidiadydroxyl group to
give In" compensating cation. This latter reaction is thme as observed in the
final reaction step of the RSSIE process. It waswshthat Ii was quickly oxidized
to [InOJ", closing thereby the catalytic cycle. (Published in publication No.3.)
2.5.1t was revealed that correlation exists between #o@vity in the methane
combustion side reaction and the oxidability of #hé species with molecular
oxygen. The catalyst sample, in which thé denters can be oxidized into [INO]
species at relatively low temperatures (<200, becomes active in the methane
combustion reaction at lower temperature (the tligif” temperature is lower).
Both indium and methane oxidation are redox reasti@quiring multiple electron
transfer and therefore proceed more easily, itesity of the active sites is higher,

that is the indium centers are located relativédge to each other in the catalyst.
(Published in publication No.3.)

3. Promoting effect of palladium and cobalt in the MMD-SCR reaction over In,H-

zeolites

3.1.1t was demonstrated that the catalytic propertéesi\(ity and selectivity) of In,H-

zeolites could be significantly improved by intration of small amount (0.5 wt%)



of Pd, which was attributed to the concerted actibfinO]" and Pd" sites. It was
shown that, on one hand, in the presence of Pdaheentration of In-bound nitrate
species, which are highly reactive towards methamge increased. On the other
hand, during reaction the 'iiinO]* redox centers prevent the transformation of Pd-
bound nitrosyl species (PdNO) into less reactive isocyanate (-NCO) and Initri
(-CN) species. (Published in publication No.3.)
3.2.1t was shown that Cd and/or [Co-OH] sites in ion-exchange positions do not
provide any promoting effect, whereas Co-oxide teliss formed on the outer
surface of the zeolite crystallites show significaromoting effect. The reason is
that the ionic centers are inactive in the oxidatd NO with oxygen to N@(NO-
COX), whereas Co-oxide clusters, especially thasgaining CgO,, significantly

increase the rate of the NO-COX reaction.
(Published in publication No.1. and in an upconpudlication.)
3.3.1t was confirmed that the reaction requires twdedé@nt active sites. One type of

active sites is responsible for the oxidation of W@h molecular oxygen to NO
(NO-COX reaction), whereas the other type of acsutes catalyze the reaction
leading to the formation of NNO-SCR reaction). It was proved that the NO-COX
reaction is catalyzed by the Brgnsted acid sitesyelver, the Co-oxide clusters,
introduced as promoters, are significantly morevacin this reaction. The N
forming reaction takes place on THCoOH]" or [INOJ/[INOH]?** centers

occupying ion-exchange positions in the zeolite.
(Published in publication No.1. and in an upconpuglication.)
3.4.1t was substantiated that the presence of M@rmediate formed in the NO-COX

reaction is prerequisite for the formation of NRO" active surface species on the
CA?*/[CoOH]" or [InO]'/[INOH]** centers. It was shown that In-bound nitrate
species can react with methane much faster thaboQoe nitrate species, which is

clearly reflected by the significantly higher adtyvof the In-zeolite catalyst.
(Published in publication No.1. and in an upconpuglication.)
3.5.1t was revealed that due to the higher rate ofNlleCOX reaction in the presence

of Co-oxide promoter, the formation rate of In-bdumtrate is also increased, and
thus the rate of the NO-SCR reaction became atgiwehi This relation reveals how

the NO-COX and the NO-SCR reactions are connectedd¢h other.
(Published in publication No.1.)



3.6.1t was substantiated that over a given catalysthN®@eCOX and NO-SCR reactions
should proceed in a concerted manner, so thatate of their rates should be
suitable in order to reach the maximal reactioa matthe overall reaction and avoid
the appearance of N@n the product mixture. (In an upcoming publication.)

3.7.1t was demonstrated that the active sites resplnfibthe NO-COX and NO-SCR
reaction, respectively, can be physically separ&tad each other, but — especially
over 400°C, where the formation of NQis thermodynamically limited — the
catalyst works more effectively, if the two typefstioe active centers are in close
proximity. When these active sites are close tdedber the transport rate of NO
between the active sites of NO-COX and NO-SCR #gtiwill not become the

process, determining the reaction rate. (In an upcoming publication.)
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