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A Consistent Reaction Scheme for the Selective Catalytic Reduction
of Nitrogen Oxides with Ammonia

Ton V. W. janssens, Hanne Falsng, Lars F. Lundegnrd Peter N. R. Vennestrom,” Soren B. Rasmussen,’
Poul Georg Moses, Filippo Glorc.lamxm,t Elisa Borfecchia,* Kirill A. Lomachenko,*¥ Carlo Lamberti, 1
Silvia Bordlga,* Anita Godiksen,* Susanne Mossin,*¥ and Pablo Beato*"

*Haldor Topsee A/S, Nymollevej 55, 2800 Kgs. Lyngby, Denmark
#*Department of Chemistry, INSTM Reference Center, University of Turin, Via Giuria 7, 10125 Torino, Italy

ISouthern Federal University, Zorge Street 5, 344090 Rostov-on-Don, Russia

¥Centre for Catalysis and Sustainable Chemistry, Department of Chemistry, Technical University of Denmark, Kemitorvet 207, 2800

Kgs. Lyngby, Denmark

ABSTRACT: For the first time, the standard and fast selective catalytic reduction (SCR)
ofNObyNH,mdesa'ibedmammplzbecanlyuccydnthansabl:lopmdmethe
correct stoichiometry while allowing adsorp ion of stable molecules only.

The standard SCR reaction is a coupling of the amvztwn of NO by O, with the fast SCR
reaction, enabled by the release of NO,. According to the scheme, the SCR reaction can be
divided into an oxidation of the catalyst by NO + O, and a reduction by NO + NH;; these
steps together itute a complete catalytic cyde. h both NO and NH; are
required in the reduction, and finally, oxidation by NO + O, or NO, leads to the same
state of the catalyst. Thszpomum:hmupennmtaﬂyfutaCuCHAahlystby

bining in situ X-ray y (XAS), electron

(EPR), and Fourier transform infrared speclrosco‘py (FTIR). A conseqnexw: of the
reaction scheme is that all lnlermedm:s in fast SCR are also part of the standard SCR
cycle. The activation energy d by density fu 1 theory (DFT) indicates that
the oxidation of an NO molecule by O, to a bidentate nitrate ligand is rate-determining for

4N

6 H,0

2

standard SCR. Finally, the role of a nitrate/nitrite equilibrium and the possible influence of Cu dimers and Bronsted sites are
discussed, and an explanation is offered as to how a catalyst can be effective for SCR while being a poor catalyst for NO oxidation

to NO,.

KEYWORDS: SCR, fast SCR, rate-determining step, mechanism, Cu-CHA, NO oxidation, EPR, EXAFS, FTIR, XANES, DFT

1. INTRODUCTION

The selective catalytic reduction (SCR) of NO to N, by
ammonia (NH;-SCR) plays an important role in the abatement
of NO, emissions in the exhausts of diesel engines and power
plants. With environmental legislation becoming more stringent
in many places in the world, this macuon is going to play an

role in the develop of logies to meet the
emission requirements for exhaust gases. The commercially
available catalysts for exhaust gas cleaning by NH,-SCR are
based on vanadium oxide supported on titanium oxide, Fe-
exchanged zeolites, or Cu-exchanged zeolites. The traditional
zeolites applied in SCR are ZSM-5, and zeolite f. More
recently, Cu-exchanged chabazites (CHA), in particular SSZ-13
and SAPO-34, have become more lmpnrtznl because these
materials are more stable under high temperature conditions.
Other known Cu- or Fe-exchanged zeolites with SCR activity
are $SZ-39," ferrierite, and mordenite.™*

The composition and temperature of the exhaust gas from
which the NO is to be removed depends on the source. In an
automotive diesel engine, a typical exhaust gas contains up to a
few hundred parts per million of NO,, 5=10% water vapor, 5=

< ACS Publications — © 015 Amercan Chemical society

2832

10% O, hydmcarbons, CO, and CO,. Ammonia is usually
dt d ofureatoa level of
typically 1.0=12 times the NO concentration; the slight excess
of ammonia ensures an efficient removal of the NO. In a typical
exhaust aftertreatment system, the hydrocarbons and CO are
removed upstream from the SCR catalyst, and hence, the SCR
catalyst is exposed to a mixture of NO,, O,, H,0, and NH, in
an inert gas (N; and CO,). The temperature at the SCR
catalyst varies, and it is generally required that the SCR catalyst
performs well in the temperature range 200=500 °C. This gas
composition and temperature range define the general
operation conditions for an SCR catalyst system.
The key reaction in the NH;-SCR is the formation of
nitrogen from NO and NH; according to the equation

4NH, + 4NO + O, — 4N, + 6H,0 )

Received:  October 29, 2014
Revised:  February 22, 2015
Published: March 19, 2015
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The National
Open Access Indicator**

20,59% 14,17%

Forskningsresultater

Publications

Scientific articles with referee in ISl-indexed joumnals

Scientific articles with referee

Contributions to conferences with referee

Books and contributions to books

Monographs

Contributions to books and reports

Scientific dissertations (after 2001)

Dr. Thesis

Ph.d. Thesis

Publications with no referee

Scientific publications, articles and conference contnbutions
with no peerreview

Contributions indicated as popular

Other publications

Scientific reports

Citations

Citations 2010-2014 for all publications indexed in 2010-14

Citations 2014 for all publications indexed in 2010-14

Open Access

Open Access to peer-reviewed journal articles and conference
contributions from the previous year
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pure.report

A) OPEN ACCESS: Artikler fra tidsskrifter uden postprint
A report made in Pure. Prepared by: Cascilie Berg Heising (chei@dtu.dk), 22/08/2018 14:34

1. Publications
Analysis of Count on Publications

Type 2017 2018
Contribution to journal - Journal article 19 24
CO mr |bu1|0n IOJOU m a‘ Comerenoe amde .............................................................................................. R
Total 20 24

The above report is produced using the following setup

Limited by: Associated organisational unit = Department of Bio and Health Informatics; With internal affiliation; Current
publication status > Status is one of E-pub ahead of print, Published, Accepted/In press; Calendar year(s) (1 Jan 2017 -
31 Dec 2018); Open Access status is not one of Open, Embargoed; Type is one of Journal article, Conference article,
Review; Publication category is one of Research, Commissioned; Set

Grouped on: Type; Submission year

2. Publications

Listing of Publications

Alvarez, B., Barra, C., Nielsen, M., & Andreatta, M. (2018). Computational Tools for the Identification and Interpretation of
Sequence Motifs in Immunopeptidomes. Proteomics, [1700252]. DOI: 10.1002/pmic.201700252

Andreatta, M., Trolle, T., Yan, Z., Greenbaum, J. A., Peters, B., & Nielsen, M. (2018). An automated benchmarking
platform for MHC class Il binding prediction methods. Bicinformatics, 34(9), 1522-1528. DOI:
10.1093/bicinformatics/btx820

de Barros Damgaard, P., Martiniano, R., Kamm, J., Moreno-Mayar, J. V., Kroonen, G., Peyrot, M., ... Willerslev, E. (2018).
The first horse herders and the impact of early Bronze Age steppe expansions into Asia. Science, [eaar7711]. DOI:
10.1126/science.aar7711
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