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Abstract

The up-coming strict emission legislation demands new and improved catalysts for diesel
vehicle deNOy. The demand for low-temperature activity is especially challenging. H»-assisted
NH3-SCR over Ag/Al;03 has shown a very promising low-temperature activity and a combination
of Ag/Al;03 and Fe-BEA can give a high NOx conversion in a broad temperature window without
the need to dose H; at higher temperatures. The aim of this study has been to investigate the
combined Ag/Al;03 and Fe-BEA catalyst system both at laboratory-scale and in full-scale engine-
bench testing. The catalysts were combined both in a sequential dual-bed layout and a dual-layer
layout where the catalysts were coated on top of each other. The Ag/Al;O3 catalyst was also
investigated with the aim of improving the sulphur tolerance and low-temperature activity by
testing different alumina-supports. A large focus of this study has been the preparation of
monolithic catalyst bricks for the catalyst testing.

A high Sger and higher Ag loading gave a high sulphur tolerance and activity. It was believed that
the high Sger is needed to give a higher NH3 adsorption capacity, necessary for the SCR reaction.
A higher Ag loading gives more Ag sites and probably a favourable Ag dispersion. Testing with
sulphur gave an increased activity of the catalysts. Testing of monolithic catalysts showed a
similar activity enhancement after a few standard test cycles. A change in the dispersion or state
of Ag can be possible reasons for the activation seen and the activation was believed to be
related to Ag and not the alumina.

Small-scale laboratory testing showed that it was preferred to have Ag/Al;03 either upstream or
as the outer layer of Fe-BEA. This was attributed to complete NH3 oxidation over Fe-BEA giving a
deficit of NH3 over the Ag/Al;03 if it was placed downstream or as the inner layer. Full-scale
engine testing, on the other hand, showed the opposite for a dual-brick layout. High NO;
concentrations are believed to give fast-SCR over the Fe-BEA when it was placed upstream of the
Ag/Al;03. The activity of the combined catalyst layouts were higher than the activity for
individual catalysts when less or no H; was co-fed in the small-scale case showing that there
were synergistic effects by combining them. The dual-layer layout showed the best performance
which is believed to be attributed the short diffusion distance between the layers allowing
diffusion of reaction intermediates between them.

Ag/Al;03 only and the combined Ag/Al;03 - Fe-BEA systems were active during the transient
NEDC. The NOy conversions were not very high which is related to the very low temperature of
the NEDC and the lower than expected activity of the Ag/Al;O3z catalyst seen in stationary
testing. The most interesting result was that the catalyst systems showed NOy conversion
already from the start of the cycle, before any NH3; or H, was dosed. NOx storage over the
Ag/Al;03 was believed to be the most likely explanation for this. The NOx conversion could be
enhanced by dosing of NH3 and H; at temperatures lower than 150°C that was used as standard
starting temperature of dosing. However, dosing too early inhibited the NOx conversion.

ii
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Dansk resumé

De fremtidige restriktioner i miljglovgivningen for dieselbiler kreever nye og forbedrede
katalysatorer, iser i lav-temperaturomradet. H,-assisteret NH3-SCR over Ag/Al>O3 har vist stort
potentiale, og en kombination af Ag/Al,O03; og Fe-BEA kan give en hgj NOx omsaetning i et stort
temperaturomrade uden der er behov for at dosere H; ved hgjere temperaturer. Malet med
denne afhandling har veeret at undersgge det kombinerede Ag/Al;03; og Fe-BEA system bade i
laboratorieskala og i fuldskala motortest. Ag/Al>Oz blev ogsa undersggt med det formal at
forbedre svovletolerancen og lav-temperatur aktiviteten. Der blev fokuseret pa praeparation af
monolitter til testning.

En hgj Sger og en hgjere Ag-koncentration gav en hgj svovltolerance og aktivitet. Den hgje Sger
gav en hgj NHs-adsorptionskapacitet, og hgj Ag-koncentration gav flere sites og muligvis en
mere optimal Ag-dispersion. Frisk Ag/Al,0; aktivitet blev hgjere efter testning bade med svovl
og NO;. Aktiveringen formodes at veere koblet til Ag og ikke alumina. En eendring i Ag-
dispersionen kan vere en sandsynlig forklaring.

Monolitforsggene viste synergieffekter ved at kombinere Ag/Al;0s og Fe-BEA sammenlignet
med de individuelle katalysatorer. Det var en fordel at have Ag/Al;O;z i en opstrgms eller ydre
position i forhold til Fe-BEA i laboratorietest i lille skala. Test i fuldskala gav de modsatte
resultater. Forskellen var at Fe-BEA gav en fuldsteendig NH3; omsaetning i de fgrste test, og at NO;
i feeden gav sdkaldt "fast-SCR” over Fe-BEA i fuldskala testene. En dual-layer layout gav den
bedste aktivitet da H, niveauet blev saenket. Det forklares med den korte diffusionsafstand, der
giver mulighed for diffusion af reaktionsmellemprodukter. Transiente motortest viste aktivitet
helt fra starten af cyklussen, leenge inden nogen NH3 eller H, var doseret. Den bedste forklaring
pa det er NOy lagring over Ag/Al0s.

iii



2013-05-14

Papers

L.

I1.

[11.

IV.

VL

S. Fogel, D.E. Doronkin, P. Gabrielsson, S. Dahl, 2012, “Optimisation of Ag loading and
alumina characteristics to give sulphur-tolerant Ag/Al,O; catalyst for Hz-assisted NH3-
SCR of NOy”, Appl. Catal. B, 125, 457-464.

S. Fogel, D.E. Doronkin, ].W. Hgj, P. Gabrielsson, S. Dahl, 2013, “Combination of Ag/Al,03
and Fe-BEA for high-activity catalyst system for H;-assisted NH3-SCR of NOx for light-
duty diesel car applications”, Top Catal., 56, 14-18.

S. Fogel, P. Gabrielsson, 2013, “H-assisted NH3-SCR over Ag/Al;O3: An engine-bench
study”, in manuscript.

D.E. Doronkin, T.S. Khan, T. Bligaard, S. Fogel, P. Gabrielsson, S. Dahl, 2012, “Sulfur
poisoning and regeneration of the Ag/y-Al,O3 catalyst for Hz-assisted SCR of NOx by
ammonia”, Appl. Catal. B, 117-118, 49-58.

S. Tamm, S. Fogel, P. Gabrielsson, M. Skoglundh, L. Olsson, 2013, “The effect of the gas
composition on hydrogen-assisted NH3;-SCR over Ag/Al,03”, Appl. Catal. B, 136-137, 168-
176

D.E. Doronkin, S. Fogel, S. Tamm, L. Olsson, T.S. Khan, T. Bligaard, P. Gabrielsson, S. Dahl,
2012, “Study of the “Fast SCR”-like mechanism of Hz-assisted SCR of NOx with ammonia
over Ag/Al;03”, Appl. Catal. B, 113-114, 228-236.

Contribution report

L.

I

II1.

I\'A

VL

I performed most of the experimental work and evaluated the results with my co-
authors, especially D. Doronkin. I also wrote the manuscript.

[ prepared the catalyst and evaluated the results with my co-authors. I also wrote the
manuscript.

I performed all experimental work, interpreted the results and wrote the article.

[ participated in the in the planning of experiment strategy and the interpretation of the
results, discussion and evaluation of the results. I also performed calculation of required
tolerance to sulphur.

[ prepared the catalysts and prepared that section of the manuscript and participated in
the discussion of the results.

[ participated in the discussion and evaluation of the results.

Papers not included in the thesis
D.E. Doronkin, S. Fogel, P. Gabrielsson, S. Dahl, 2013, “Ti and Si doping as a way to increase low
temperature activity of sulfated Ag/Al,O3 in H; -assisted NOx SCR by NH3”, in manuscript.

iv



2013-05-14

Table of Contents

PIrEEACE ettt ettt ettt sttt s bbb eSS R ER AR AR R i
ADSEIACT co.uv ettt ees ettt es s ss bbb bR R £ R AR SRR AR AR bbb ii
DANSK TESUITIE .....ooevureescteerseessesssessseessesess s s s ssse s es b s £ RsEE R R R Rt iii
PAPETS et R R e e e s iv
(0703 01010 Ua 10 s 1 1) o ) o P00 PSR iv

B 00 /o e L1 Tod n (o) o VOOV 1
1.1 BaCKEIOUNM ..ottt ss e esss bbb s bbb 1
1.2 AZ/ALDO3 ettt SRR AR R R R 3
1.3 MOTIVALION et s 6

2 CatalySt dEVEIOPIMENT ....ueueeeeeriteceeesee et seesseeeesse b s ssses s sse bbb b s bR bbb st 7
2.1 Materials and METNOd . ...t ss bbb 7
2.2 RESUILS aNd AISCUSSION..c.iuuieeereriereisnesss ettt s s bbb 7
2.3 L0000 Tod 1D ) () o 100 TP 12
R 010 00 - | oy 13

3 Monolith preparation: effect of SIUTTY PrOPErties ... seesssesseeseesssesssessseesseesseeenns 14
3.1  Theoretical DACKGIOUNG. ..o eeeeeereesreesseesseeseesseesseesssessessseesseessessssssssesssessssssssssssesssesssssssssssssssssssaees 14
3.2 Materials and MEthOd . ... bbb 16
3.3 ReESUILS ANd diSCUSSION....ucuieurireeereeeee et seessssee e ss s s s 17
3.3.1 TOPSBE AIUIMINA. . .ceeereeereeeeeeeee e s s s bbb s s 17
3.3.2 SITAIOX AIUIMINA ..ot esee s esss bbb s bbbt 22

3.4 CONCIUSIONS .vureerireereeeteesssessesse st sessse b ssss bbb bR bbb e 24

T U () 0 U0 B o B 0] 0 PP 25
4.1 Materials and MEthOd . ... ss s s s aees 25
4.1.1 Small-scale laboratory testing: Ag/Al>03 and Fe-BEA combinations..........ccoceeeeeneeen. 25
4.1.2 Medium-scale 1aboratory tEStING ... e ssersesssess s sesssssssesssesssssssessseess 25
4.1.3 ENgine-Dench tEStING ... e sesssess s s sssesssssssessseees 26

4.2 RESUILS ANd diSCUSSION....ucuieurieeeretsecereeret ettt ss s s s b 27
421 Small-scale laboratory testing: Ag/Al>03 and Fe-BEA combinations.........ccoceeeeeneeen. 27
4.2.2 Stationary engine-bench teSting ... 30
423 Transient engine-bench tESTING ... eeeeenereeee s seessesssseass 36

4.3 000 0 Vol 10 ) () o100 39

5  Overall conclusions and future OULIOOK ... sssesssessssssnns 40
5.1 000 Lol 1D ) () o 1000 TSP 40
5.2 FUBUTE ottt s s s s s bR R e 40

6 RELBIEIICES ..ttt bbb s s R AR 42
2N 0] 07=) 416 DTN a
WAV Y TS o - 1] o) i1 B Lo (o) 4 s TP O TP a



2013-05-14

1 Introduction

1.1 Background

Diesel engines are completely dominating for heavy-duty vehicles such as trucks and busses. In
Western Europe gasoline has had the main market share for light-duty vehicles with an
increased share for diesel since the 1990’s. The increase in diesel share of new registration was
dramatic from the end of the 1990’s to the middle of 2000’s where it levelled out at around 50%
of the market share [1]. One of the reasons for the increased popularity is the lower fuel
consumption compared to gasoline vehicles. Diesel is also less costly than gasoline in most
European countries. Together, this gives substantially lower operational costs for the owner
even though the diesel technology is more costly than the gasoline technology. Many countries
e.g. Germany and the UK also have tax incentives to increase sell of low CO; emitting cars which
include many smaller diesel vehicles [2]. EU legislation that limits the fleet average emitted CO;
for new vehicles to 130 g/km will be gradually implemented from 2012 to 2015 with a long-
term target of 95 g/km in 2020 [3]. This could further increase the incentive for small diesel
engines.

Emissions are harmful, both for the environment and for humans. NOy and especially NO; are
toxic. Exposure to NO; can give respiratory and cardiovascular diseases. NOx are powerful
greenhouse compounds, NOx is 7-10 times [4] and N»O is 270 times more powerful than CO,. NOy
also contributes to acid rain, photochemical smog and ground-level ozone [5]. PM can give
asthma and other respiratory effects [6]. CO is highly toxic by blocking the O, uptake in the
lungs.

Emission legislation was implemented in Europe in the beginning of the 1990’s to improve air
quality and minimise adverse health effects. The legislation has been revised several times since
then, becoming stricter and stricter. The emissions that are limited are CO, HC, PM and NOx (NO
and NOy). Figure 1 shows the legislative levels for NOx and PM. Going from the present Euro 5 to

0.6 T T T T T
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0.3

NO, (g/km)

0.2

0.1

0 il §
0 0.01 0.02 0.03 0.04 0.05 0.06
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Figure 1 Allowed NOx and PM levels for European emission
legislation for light-duty vehicles, Euro 3 (2000), Euro 4 (2005),
Euro 5 (2009) and Euro 6 (2014).
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the coming Euro 6 will demand a 56% NOy reduction. New for PM is that the number of particles
will be limited and not only the PM mass. Other countries such as USA have similar legislation

[7].

Emission control for gasoline engines is a mature technology and the emissions can be handled
relatively easy by a three way catalyst (TWC) that simultaneously removes HC, NOy and CO. The
TWC consists of precious metals Pd and/or Pt combined with Rh. TWC cannot be used in diesel
exhaust due to its lean operation with excess oxygen present; reduction of NOy is especially
difficult. Engine improvements and measures are believed not to be sufficient in the future and
more advanced aftertreatment technologies are needed to meet upcoming NOx emission limits.
The most promising are selective catalytic reduction (SCR) by NHz and NOy storage and
reduction (NSR). The advantage of SCR is that it is a well-known technique that has been used
for heavy-duty vehicles for the last 10 years. The disadvantages are the need of storage and
refilling of reductant (urea) and limited low-temperature operation. NHz are injected to the
exhaust prior to the SCR catalyst where they react with NOx that is reduced to No.

4NH; +4NO + 0, —» 4N, + 6H,0 Equation 1
2NH3; +NO + NO, —» 2N, + 3H,0 Equation 2
8NH3; + 6NO, —» 7N, + 12H,0 Equation 3

HC has been explored as an alternative reductant to NH; but the use is so far limited. The
advantage with HC would be that it is already available on board the vehicle. However, diesel
fuel has a boiling point of ~175-350°C [8] and 20% of the diesel has not evaporated at 300°C [9].
This makes the use of diesel as the reductant at lower temperatures difficult.

The advantage of NSR compared to SCR is that no reductant that needs periodic refilling is
needed. The disadvantages are the advanced engine operation related to rich periods and the
cost of precious metals. NO is oxidised to NO; over e.g. Pt during normal operation and stored as
nitrate on the NOx storage catalyst. The engine is then operated rich (low oxygen level) during
short periods of time and the nitrates are decomposed to NO that is reduced over e.g. Rh as in a
TWC. Sr- and Ba-oxides are typical NO, storage materials [10]. Exhaust gas recirculation (EGR) is
a complement to SCR and NSR but not sufficient on its own for the upcoming legislation. EGR
lowers the oxygen concentration and temperature in the engine cylinder which reduces NOy
formation. The disadvantage of EGR is increased production cost, fuel consumption and higher
PM levels [11]. EGR is widely used for heavy- and light-duty vehicles [12].

HC and CO are oxidised over Pt or Pd catalysts. PM or soot which is formed by agglomeration of
small carbon particles is removed by filtration. The filter has to be regenerated to avoid build-up
of the back-pressure in the exhaust system due to the accumulated soot on the filter. This can
either be made in a passive or active way. If the temperature is high enough (250-400°C) NO;
can react with the soot and oxidise it giving a passive filter regeneration.

C+2NO, - CO,+2NO Equation 4
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Figure 2 Example of exhaust aftertreatment layout.

The NO can come from up-stream NO to NO; oxidation over precious metals, e.g. in a DOC. In
active regeneration extra diesel fuel is periodically injected and oxidised over an oxidation
catalyst to raise the temperature to 450-600°C which is sufficient to burn off the soot at the filter
[10], [13]. Figure 2 shows an example of a layout of a diesel atertreatment system. Included
components are an oxidation catalyst (DOC) and a particulate filter (DPF) before and an NHj3 slip
catalyst (ASC) after the SCR-catalyst. HC and PM can poison the SCR catalyst and the DOC and
DPF are important to prevent this. Urea is often overdosed to maximise the NOx reduction over
the SCR and the ASC is necessary to prevent too high NH3 concentrations in the tailpipe exhaust.

One of the biggest challenges for NO, (and other pollutants) removal is, as mentioned above, the
low temperature of light-duty exhaust systems. The temperature is typically below 200°C during
the standardised new European driving cycle (NEDC) meaning that a lot of NOy is emitted at very
low temperatures [10]. Figure 3 shows an example of accumulated NOyx and engine out
temperature during a NEDC for a 1.9 1 diesel engine. Today’s SCR catalysts, e.g. vanadia-based
and Fe-zeolites, are efficient at temperatures above 200-250°C [14]. Cu-zeolite type catalysts
have been reported to have very promising low-temperature activity [15-17]; chabazite or
chabazite-like structures are especially interesting due to their excellent hydrothermal stability
[18-20]. Platinum group metal based catalyst also been proposed but suffer from low selectivity
to Nz and low activity at higher temperatures [21], [22]. Another possible candidate is Ag/Al;03
which has been widely investigated during the last decade.

1.2 Ag/A|203

The possibility of using Ag/Al,03 as a catalyst for HC-SCR was first reported in the beginning of
the 1990’s by, among others, Miyadera [23]. HC-SCR is an attractive alternative to conventional
urea/NH3-SCR since the HC reductant already is present and no extra storage is needed.
Ag/Al;03 has been widely investigated since the first reports. The effect of e.g. Ag loading [24-
28], different HC [29-31] and different support and preparation methods [26], [31-34] have
been investigated. However, the limited low-temperature activity is a problem for real life
applications. The performance when real diesel fuel is used as reductant can also be questioned
[35].
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Satokawa [36] was the first to report a dramatic increase in low-temperature activity over
Ag/Al;03 by co-feeding H». Several reports have confirmed the effect which is now well accepted
and widely investigated [37-43]. Richter et al. [44] also showed that Ag/Al;O3 is active for H»-
assisted NH3-SCR and that the catalyst is almost completely inactive without H,. Hz-assisted NH3-
SCR can even be more active than H;-assisted HC-SCR. Since the first report there have only been
a limited number of reports investigating H-assisted NH3-SCR. The same group that first saw
the H; effect for NH3-SCR also investigated the mechanism [45], [46]. They concluded that the
role of H, was to reduce oxidised Ag species to allow formation of activated oxygen species.
These activated oxygen species dehydrogenates NH3; which reacts with and decompose NO.
Shimizu and Satsuma [47] also investigated the mechanism and reached a similar conclusion as
the previous authors with H; reducing Ag which in turn activates oxygen. They concluded that
H: facilitated partial reduction and agglomeration of Ag* to Ag.5*-clusters which activated O to
02 Oz activated NH3z to NHx and NO to NO; which reacted with each other. In another study the
same authors showed a high tolerance towards SO; poisoning of the Ag/Al;0O3 catalyst [48].
More recently Chansai et al. [49] investigate the role of H, and used NH3-SCR to avoid
interference of HC in their measurements.

The mechanism behind the positive effect of H is still debated and several solutions have been
proposed. It is likely that the mechanism is very similar both for HC- and for NH3-SCR. H; has
been proposed to reduce Ag which then activates O, [39], [45-47]. Ag reduction has also been
seen in the presence of CO [41] and conventional SCR [50], [51] and was related to the SCR
reaction itself and not the presence of H,. The proposed effect on Ag reduction could thus come
from the enhancement of the SCR reaction by H,. It is, therefore likely that H, participates
directly in the reaction. It could either be to enhance formation of some reaction intermediate or
removal of some poison [38]. Homogenous gas phase reactions have also been reported to give
an important contribution to the overall NO, conversion and have to be taken into consideration
[40], [52-55]. H2 has been proposed to activate the HC [37], [40], [56] or NOx [40]. Removal of
surface nitrate is another proposed effect [38], [49], [57], [58]. Recently it was shown that the
effect of H; is very short-lived [49]. Nitrate species was identified to form and disappear at the
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same rate as the enhancement of the SCR reaction by short time DRIFT experiments [49]. The
nitrate species is probably adsorbed on or close to the active Ag site. It is well known in
literature that H, enhances the NO to NO- oxidation over Ag/Al;03 [38], [50], [56]. Reports both
show a positive [24], [59] and a negative effect [39], [50], [56] of replacing NO with NO; as the
NOy species. It is then rather NO oxidation to adsorbed NOy species (ad-NOy) that is the relevant
step and not NO to NO; oxidation. NO; can directly form these ad-NOy species [57], [59]. These
ad-NOy species could also poison the active sites on Ag and the removal of these by H» [49], [57]
seems as a reasonable explanation for the H-effect seen.

The sulphur tolerance of a potential automotive catalyst needs to be investigated since sulphur
is present in all fuel. SO; is the main gas phase sulphur species present in the engine exhaust.
Part of the SO; is oxidised to SO3 which can poison the Ag/Al;0s; catalyst by forming Ag-
sulphates, the oxidation occurs at temperatures above 230°C. Ag-sulphates become unstable and
decompose at temperatures above 400°C [60]. Ag/Al;O3; has been investigated with respect to
sulphur tolerance. The activity is severely decreased at temperatures of 200-450°C [30], [43],
[48], [60-62]. At higher temperatures no or low deactivation was seen [60], [61]. Some reports
show a severe deactivation even at higher temperatures [59], [63]. Sulphur has also been
reported to increase the activity [63], [64]. This has been attributed to formation of Ag>S0.
which is believed to be more active than highly dispersed Ag-ions [61], [63]. Higher Ag loaded
catalysts are reported to show higher sulphur tolerance [63] [43]. The effect of sulphur is also
dependent on the reductant (HC) used [30], [62], [64].

Doping of the alumina with SiO; [65] or TiO; [65], [66] is reported to increase the sulphur
tolerance, which was related to increased acidity of the support which gave less sulphur
adsorption. It is widely reported that the activity can be, at least partly, regained by high-
temperature treatment (500-650°C) in the presence of H, [43], [48], [59], [60]. H2 in general is
reported to have a positive effect on the sulphur tolerance by increasing the sulphur desorption
form the catalyst surface [30], [43]. Whether or not Ag- and alumina-sulphates or only Ag-
sulphates affects the activity is not clear. Reports have concluded that the poisoning by sulphur
is believed to occur on the Ag and that alumina-sulphates does not affect the activity [43], [59],
[60]. Alumina-sulphates could even enhance the activity by inhibiting excessive HC combustion
[60]. Others have reported that the formation of alumina-sulphates has a negative influence on
the activity [63], [66]. Differences in Ag loading and presence of H, might explain the differences
seen.

A number of studies have tested Ag/Al;0z in real engine exhaust, both in stationary [29], [54],
[55], [67], [68] and in transient tests [55], [69]. HC was used as reductant in all reports.
Relatively high NOx conversions were reported. The activity was highly dependent on GHSV
[67-69]. Viola [69] reported that a GHSV below 10000 h-! was needed to get a sufficiently high
NOy conversion during transient test cycles (HYWFET, US06 and cold start FTP). Sitshebo et al.
[67] reported that the HC present in the exhaust was enough to give a substantial NO
conversion when H; was co-fed. They also showed that the H, can be produced on-board via fuel
reforming. Lindfors et al. [54] showed a slight deactivation of the Ag/Al;0O3 catalyst during
testing in a real engine exhaust, no deactivation was reported in the other reports.
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1.3 Motivation

The ever stricter emission legislation demand new and improved catalysts for deNOy and
innovative ways of utilising them. The low exhaust temperature of modern cars is especially
demanding and makes it difficult and costly to meet the demands with today’s commercial
catalysts. NOx reduction in a broad temperature window can be obtained by combining low-
temperature active Ag/Al;0O3 and high-temperature active Fe-BEA [70]. A high NOx conversion
could be obtained already at 150-175°C. The benefit of combining the two catalysts was that
less H, was needed to reach a high NOy conversion, even at low temperatures. Another
advantage was that the tolerance against sulphur poisoning was increased compared to
Ag/Al;03 only. The Ag/Al;03 and Fe-BEA system has the potential to meet upcoming legislation
with a high low-temperature activity combined with a lower cost related to the use of H». This
study has been part of a larger research project aimed at further investigated the possibilities of
the Ag/Al;03 and Fe-BEA system. The research project included catalyst development on
powder-scale, kinetic modelling, theoretical calculations, monolith preparation and testing, full
size engine-bench testing and development of a NH3 and H dosing system for the engine-bench
testing.

Most catalyst screening and testing are done in small-scale powder form because of practical
reasons. The most important reason for this is that very small amounts of catalysts can be used
giving smaller and cheaper testing equipment and easier handling. An important factor when
investigating mechanistic aspect is that factors such as mass transfer limitations can be avoided
by using small particles. Powder-scale testing was also used in this study to screen different
alumina as support for the Ag/Al;03; catalyst. However, to fully evaluate the potential of a
promising catalyst it has to be tested as close as possible to real conditions. In the case of
automotive catalysts this means as monolithic bricks. A successful transfer of the desired
properties found at powder-scale of a catalyst to monolithic-scale is therefore crucial. This can
be a key to commercial success of a catalyst and the exact formulations and methods are well
guarded secrets of the catalyst companies.

A large focus of this study has, therefore, been the preparation and testing of monolithic catalyst
bricks. Small-scale bricks were first prepared followed by scale up of the process to full size 2 1
bricks. Different preparation methods and the influence of parameters such as dry-matter and
viscosity of washcoating slurries were investigated. The catalytic bricks were both tested in
laboratory-scale and on a full size light-duty engine test-bench. The Ag/Al;0; and Fe-BEA was
combined both in a sequential dual-bed layout and a dual-layer layout where the catalysts were
coated on top of each other. The engine-bench test gave valuable insight into the catalyst
performance during real conditions with e.g. poisoning. Laboratory-scale testing with well-
defined and controllable conditions was used for an initial test of the different catalyst layouts
and to further evaluate the results from engine testing. The Ag/Al,O3 catalyst has also been
investigated with the aim of improving the sulphur tolerance and low-temperature activity by
testing different alumina-supports.
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2 Catalyst development

The results presented in this chapter are mainly from Paper I with small parts from papers IV
and VL.

2.1 Materials and method

All catalysts were prepared by incipient wetness impregnation to give the desired Ag loading (1-
6 wt%). Four different pseudoboehmite alumina precursors that were precalcined at 550, 750 or
1000°C for two hours were compared to commercial y-Al,03 (Puralox SCFa or TH from Sasol) as
a reference sample. The alumina precursors were one from Topsge, Catapal and Pural from
Sasol, and Versal from UOP.

The catalytic activity was tested in a fix-bed quartz flow reactor. Standard test conditions were,
500 ppm NO, 520 ppm NHs3, 1200 ppm Hy, 8.3% 02, 7% H20 and balance Ar. 10 ppm SO; was
added to the feed for sulphur testing. The total flow was 120 Nml/min giving a GHSV of ~50000
h-1 based on the whole bed volume (catalyst + SiC). The tests were performed as a ramp down of
the temperature from 475 to 130°C at a rate of 2°C/min. For the sulphur testing, the samples
were first heated to 475°C and held there for 30 min before being ramped down (2.5°C/min) to
250°C, where SO, was introduced and the activity measurement started. The SO, was switched
off after 1 h at 250°C and the temperature was increased to 670°C and held there for 10 min
before being ramped down to 250°C again. The cycle, 1 h at 250°C followed by 10 min at 670°C,
was repeated until no difference in activity between the sulphation cycles could be seen. All
outlet gases were monitored by FTIR. NOx conversion was calculated as,

CNOy,in~CNOy,out :
Xno, = — 2% Equation 5

CNOy,in
where NOx was the sum of NO, NO; and N;O.

The Sger, pore volume and pore size was measured by N»-adsorption. NH3;-TPD was conducted in
the catalyst test set-up where NH3 was adsorbed at 90°C in a flow of NH3 and Ar.

2.2 Results and discussion

XRD showed that the crystallinity of the needle shaped alumina increased when it was calcined
at higher temperatures. All samples calcined at 1000°C had, at least partly, transformed from
the parent eta/gamma alumina to other, more crystalline, forms such as alpha, delta and/or
theta alumina. The test samples showed a wide variety of pore size, volume, size distribution
and surface area (Sger). Addition of more Ag did not significantly change the properties.

A series of 1 wt% Ag catalysts with different parent alumina were tested. Figure 4 a) shows an
example of temperature dependency of NOx and NH3s conversion for fresh 1 wt% Ag/Al;O3 from
Catapal alumina calcined at 550, 750 and 1000°C. The N0 level was at most 10 ppm and
typically below 5 ppm for all the catalysts tested. The temperature of 50% NOx conversion (Tso)
and the NOy conversion at 250°C were used to compare the samples. Figure 5 shows a clear
correlation between Tso (a) and NOx conversion at 250°C (b) and Sger. The optimal Sggr for the
fresh 1 wt% Ag catalyst tested was found to be 140-220 g/m2. No clear correlation between
activity and other catalyst characteristics were seen. Depending on the Sger of the alumina the
catalytic activity was either enhanced or declined when the Ag loading was increased. The NOy
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Figure 4 a) Example of NOx conversion as function of temperature for 1 wt% Ag/Al203 from Catapal
precursor calcined at 550, 750 and 1000°C; b) Comparison of NOx conversion for Ag/Al203 with different Ag
loading from reference alumina. Reaction conditions: 500 ppm NO, 520 ppm NH3s, 1200 ppm Hz, 8.3% 02, 7%
Hz0 and balance Ar, GHSV ~50000 h-1 (based on bed volume).

conversion at 250°C increased for samples with Sger >180 m2/g until it reached its maximum; for
lower Sger it was decreased. Figure 4 b) shows an example for the reference catalyst. The activity
was the same up to ~170°C for all the Ag loadings. The activity for the 4 wt% Ag sample
decreased rapidly at above 170°C and the activity of the 3 wt% Ag sample decreased rapidly at
above 200°C. Other catalysts also showed an shift in activity at the lowest temperatures; e.g. 4
wt% Ag/Al;03 from Topsge-alumina calcined at 550°C had a Tso of 170°C compared to 210°C for
the same catalyst with 1 wt% Ag. This is discussed more in detail in Chapter 2.3 Conclusions. It
was, therefore, concluded that it is the Ag loading/Sger that was the key to activity and not the
Sger in itself. Different Ag loadings will therefore correspond to different optimal Sger and vice

a) 215 : : : . b) 1 : : : .
ok o - 0.95|- o p»‘ ¢\ ,
7 N,
o 9 o 0 |
205 !} - (@) q/ \o
\ K 08 0.85- / \ -
200 / 1 < [} o
= \\ / % 08 / ‘\\ 4
3) \ ¥ c 7/
— 195~ \‘\ O o /O N % 0.75 / p‘ i
|_8 N I/ 5] 9’ \
\, >
10 O N\ / - s o1 g i 7
o b ° / \
&\ % o*oes [ o) -
185 R al E z / v
TYeaaos - o6l \ 1
o \
180 o . 05| o o |
175 : : : : 05 : : : :
50 100 150 200 250 300 50 100 150 200 250 300
2 2
Sger (M) Sger (M/9)

Figure 5 a) Tso (temperature of 50% NOx conversion); b) NOx conversion at 250°C; for fresh 1 wt% Ag/Al203
with respect to Sger. Reaction conditions: 500 ppm NO, 520 ppm NH3, 1200 ppm Hz, 8.3% 02, 7% H20 and
balance Ar, GHSV ~50000 h-! (based on bed volume).
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Figure 6 TPD profiles for Ag/Al:03 with 1-4 wt% Ag from
reference alumina. Conditions: 100 Nl/min Ar, 5°C/min ramp.

versa. This was also concluded by Zhang et al. [71] for HC-SCR reaction. It should be emphasised
that Sger only is a way of quantifying the factors affecting activity such as acidity. Acidity affects,
among other things, the NH3 adsorption capacity of the catalyst which was found to be
important. Figure 6 shows that the NH3z adsorption capacity decreased at temperatures above
200°C as the Ag loading increased for the reference sample series. A lack of NH3 available for the
SCR reaction was believed to be the reason for the loss of activity for the higher Ag loading
samples.

The catalysts were tested in the presence of 10 ppm SO to further investigate their applicability.
The SO; feed was turned off after 1 h at 250°C and the temperature was ramped up to 670°C in
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Figure 7 NOx conversion for one sulphur tolerance test cycle at steady-state (no change
in activity profile between cycles) for samples with different Ag loading (1-6 wt%) and
Sger (64-270 m2/g). Reaction conditions: T = 250°C, 500 ppm NO, 520 ppm NH3, 1200 ppm
Hz, 10 ppm SOz, 8.3% 02, 7% H:0 and balance Ar, GHSV ~50000 h-1 (based on bed
volume).
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order to regenerate the catalytic activity. The cycle was repeated until deactivation stabilised
and no difference in activity profile between the cycles was seen, steady-state. Figure 7 shows a
comparison of steady-state activity profiles for different samples. The catalysts were deactivated
by the presence of SO, but could be regenerated and part of the activity regained. The results
differed from those of the fresh catalysts with a shift in optimum Ag loading to higher values. It
was also clear that a higher Sger was beneficial. The sample that showed the highest NOy
conversion at the end of the deactivation cycle was a high Sger alumina (270 m2/g) with 4 wt%
Ag. The low Ag loading and Sger samples showed poor overall conversion. This was attributed to
the higher NH; adsorption capacity of the higher Sger alumina since the number of acid sites is
proportional to the Sger.

Figure 8 shows a comparison of the temperature dependency of NOx conversion for fresh
catalysts and catalysts after extended testing with sulphur followed by regeneration. A large
increase in activity was seen at temperatures above 200°C. However, the activity at lower
temperatures decreased and could not be regenerated. Part of the explanation for the increase in
activity is believed to be that sulphation of the alumina surface enhances the intensity of Lewis
acid sites [66] that increases the NH3 adsorption capacity of the catalysts; this was also shown by
TPD. Another reason was that sulphur poisoned the sites responsible for the unselective NH3
oxidation seen for fresh high Ag loading catalysts at temperatures above 250-300°C. It is also
possible that sulphur poisoning and the high-temperature regeneration affect the Ag dispersion
[61].

Dispersion and state of the Ag is believed to be important for the catalytic activity of the Ag
catalyst. Both highly dispersed ions [24], [26], [28], [32], [50], [72] and Ag-clusters [34], [73],
[74] have been proposed to be the active species for HC-SCR and H, promoted HC-SCR. Ag-
clusters are reported to form during the SCR reaction by reduction and migration of Ag ions
[50], [51], [73]. Ag-clusters [47] and metallic Ag [45], [46] have been reported to be the active
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Figure 8 Comparison of NOx conversion as function of temperature for Ag/Al:03 with different Ag loading
from a) reference alumina and b) Topsge alumina, before and after testing with sulphur. Reaction conditions:
500 ppm NO, 520 ppm NH3, 1200 ppm Hz, 8.3% 02, 7% Hz0 and balance Ar, GHSV ~50000 h-1 (based on bed
volume)
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Figure 9 UV-vis spectra for 2-4 wt% Ag/Al203 from reference
alumina. The major peaks attributed to Ag? Ag.%* and Ag* are
indicated.

species for NH3-SCR.

An increased Ag-loading will affect the state of Ag. An ex-situ study of a number of Ag/Al;03
catalysts from different alumina series with different Ag loadings was performed. When
comparing catalyst with the same parent alumina but with different Ag loadings it was seen that
the amount of Agné*-clusters and Ag particles increased as expected from literature. Figure 9
shows an example for 2-4 wt% Ag/Al,03 from reference alumina. It has to be stressed that a
higher Ag loading also will give a higher total number of Ag sites. The increased activity seen for
high Ag loading samples could, therefore, be related to the increased amount of active sites
rather than different types of Ag present. From the tests it was concluded that it is not feasible to
get quantitative results from UV-vis studies, nor to compare different series of catalysts. UV-
visible spectroscopy is a method that has been widely used to investigate the state of Ag in
literature [24], [26], [28], [32], [34]. However, the signal from the alumina itself might interfere
with the results from UV-vis [24], Ag is also mobile and can easily form clusters and be re-
dispersed as smaller Ag ions on the alumina surface during SCR-conditions [28], [50]. Large Ag
particles are, on the other hand, not affected by reduction-oxidation [28]. Ex-situ measurements
are, therefore, not necessarily representative for what happens during reaction conditions and it
is difficult to identify the active Ag species. Well dispersed Ag ions have been reported to be
poisoned by sulphur species on the alumina and Ag-clusters have been reported to give a higher
sulphur tolerance [43]. Large Ag particles oxidises NH3 to a larger extent than Ag ions and
clusters [75], [76]. Ag-clusters are, therefore, believed to be preferred over Ag-ions and larger Ag
particles as the main Ag-species to get a sulphur tolerant and highly active catalyst. However, it
is not possible to fully distinguish between Ag ions and clusters as they might form and
disappear during SCR. It could be that sulphur favours the presence of a specific form of Ag and
that is what is responsible for the permanent loss in low-temperature activity. Further studies
are needed to clarify this.
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2.3 Conclusions

The results seen for powdered catalysts with an optimum of high Sgrr with a high Ag loading can
be explained as follows (schematically shown in Figure 10): As Ag loading is increased for a
given surface area more active sites will form and the catalytic activity will increase (Figure 10
a). As more metal is loaded the surface will get more and more crowded by Ag-species that form
larger and larger clusters/particles. The activity at medium to high temperature (>200-250°C)
will start to decrease when the Ag loading becomes higher than the optimal loading since the
increased Ag loading will block NH3; adsorption sites leading to shortage of NH; for the SCR
reaction (Figure 10 b). From 250-300°C unselective NHz oxidation will further decrease the
amount of available NH3, which leads to a reduction of activity. The low-temperature activity is
kept constant since NH3 adsorption still is high and it is, thus, only dependent on the number of
available sites. This can also explain the results seen for 1 wt% Ag/Al;03 in Figure 5. The
samples with a Sger below 140 m2/g suffer from low NH3 adsorption capacity and too crowded
Ag giving larger Ag particles. The high Sger samples have too well dispersed Ag and a low amount
of sites per Sger. The right balance between amount of Ag and Sger is thus important.

Sulphur, as ad-SOx species, will poison the catalyst. Part of the poisoning effect is reversible by
regeneration at >600-650°C in the presence of H,. Three main phenomena are seen for the
irreversible effects; first, a loss of low-temperature activity; second, an increase in activity above
200-250°C; and third, a decrease in unselective NH3 oxidation. The loss of low-temperature
activity is believed to be related to SO bound to the alumina support blocking the sites active at
low temperature. By treatment at 950°C this activity can be regenerated but with large loss of
higher temperature activity likely related to sintering of Ag particles [28]. SOx adsorbed on Ag
will, unlike SO, bound to the alumina, be desorbed at 600-650°C [61], [77], thus, allowing these
sites to be regenerated. It is thus concluded that there are two different Ag sites present at the
catalyst. The increase in activity for the sulphur poisoned catalysts above 200-250°C is related to
increased NH3 storage capacity from more acid sites and also the decreased unselective NH3
oxidation which is believed to come from blocking of these sites on larger Ag particles. This can
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Figure 10 Schematic explanation of influence of Ag loading on activity for a) Ag loadings lower than the
optimal Ag loading and b) Ag loadings higher than the optimal Ag loading for any given Sger.
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explain why a higher Sger is an advantage; a high Sger can hold more Ag, i.e. more sites, before it
becomes too crowded (to large Ag clusters/particles). It could also be that the sulphur influences
Ag dispersion towards a dispersion with higher activity at temperatures above 200-250°C and a
lower activity at lower temperatures. An addition of Si or Ti will likely affect the Ag dispersion
allowing more Ag to be loaded without the negative effects.

2.4 Summary

An optimal Sger of 140-220 m2/g was found for a series of fresh 1 wt% Ag samples. By testing
higher Ag loading samples it was concluded that it was the Ag loading/Sger that was the
important measure. By testing the catalysts in the presence of SO; followed by regeneration it
was found that sulphur irreversibly poisoned the activity below 200°C but also gave a large
increase in the activity above 200°C; the activity could be regenerated by high-temperature
treatment in the presence of H». It was beneficial to have a high Sger since it allowed a higher NH3
adsorption which is needed for the SCR reaction. A high Sger also allows a higher Ag loading. A
high Ag loading will give more available sites and possibly also an optimal dispersion of Ag. A too
high Ag loading is believed to give a deficit of NH3 adsorption capacity on the alumina surface for
the SCR reaction at temperatures above 200°C lowering the deNOy activity. Acidic sites related to
sulphur increases the NH3 adsorption capacity of the catalyst giving an increased activity above
200°C.
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3 Monolith preparation: effect of slurry properties

3.1 Theoretical background

The principle of the preparation process of coated catalytic monoliths, so called washcoating, is
as follows [78]:

1. The powder catalyst is mixed with water or some other solvent and binder into slurry.

2. The catalyst particle size is reduced in e.g. a ball mill.

3. The catalyst slurry is coated onto the monolith. Different techniques can be used, e.g.
a. The monolith can be partly or fully immersed into the slurry.

b. The slurry can be drawn through the monolith either by gravitational forces or
by suction.

4. Excess slurry is removed with e.g. pressurised air.
5. The monolith is dried.
6. Steps 3-5 are repeated until the desired catalyst loading is reached.

7. The monolith is calcined to fixate the coat to the monolith and remove any residue
solvent or pH adjuster. The monoliths can also be calcined after each single coat layer if
steps 3-5 are repeated.

During the coating process the pores in the support wall take up the liquid in the slurry while
the solid particles are too big to enter the support and are deposited on the wall forming a filter
cake [78], [79]. A viscous film will form outside the filter cake when the excess slurry is removed
from the channels. The thickness of the film is dependent on the properties of the slurry, such as
viscosity, and the speed at which the excess liquid is removed, i.e. dependent the external force
used [79]. The liquid uptake will be larger in subsequent coats since the previous coat layer also
will absorb liquid, in addition to the substrate material. To avoid channel blocking the solid
content or dry matter (DM) has to be lowered to get less viscous slurry. Binders are used to
increase the interparticle adhesion of the catalyst and the anchoring to the substrate wall [78],
[80]. The properties of the slurry can be adjusted with different additives such as dispersion or
wetting agents to give the desired properties [80].

The DM of the slurry will directly affect the catalyst loading on the substrate. A high DM of the
slurry is preferred since it will give a higher coat loading per impregnation [81]. The substrate
can only take up a certain amount of liquid and a higher DM of the slurry will give a higher
amount of catalyst deposited related to the liquid uptake. The amount deposited is also related
to the viscosity and yield stress of the slurry. Useful slurries are normally Bingham plastic:

o= 0pg+ Uy Equation 6

where o is the shear stress, o is the yield stress, | is the viscosity and y is the shear rate. Figure
11 schematically shows the shear stress as a function of shear rate for a Bingham plastic fluid.
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Figure 11 Schematic figure of shear stress as function of shear rate
for a Bingham plastic fluid.

The yield stress is marked in the figure and the viscosity is represented by the slope of the curve.
If the DM is low the yield stress will be close to zero and the slurry will be Newtonian [82]. If the
shear stress is lower than the yield stress the medium (in this case the slurry) is immobile [79].
This happens in the monolith channels; as the substrate walls take up the liquid the DM will
increase together with viscosity and yield stress, eventually making the catalyst to deposit on
the substrate wall. Thus, by increasing the yield stress it is possible to manipulate the amount of
catalyst deposited on the wall. This can be done by adding thickener agents which has a very
high yield stress in comparison to viscosity, enough to affect the yield stress of the whole slurry
[83].

Too viscous slurry will lead to channel blocking of the monolith substrate. pH and DM are the
most important factors for controlling the viscosity of the slurry [79]. The effect of pH is
connected to the surface charge of the alumina. An increased pH will give a more negatively
charged surface from the equilibrium

sOH+ OH™ 2s0™ + H,0 Equation 7

where s denotes the surface. A decreased pH gives a more positively charged surface according
to

SOH + H* 2 sOHj Equation 8

If the particles have low or zero charge they will agglomerate and the slurry will become more
viscous. A larger charge, either positive or negative, will lead to repulsion between the particles
[82]. The isoelectric point of alumina is at a pH of 7-8 [81]. A lower or higher pH is, therefore,
appropriate for alumina [78], [81]. Changing pH can be enough to ensure stable slurry with an
appropriate viscosity. The viscosity can also be lowered by using a dispersion agent that hinders
particle agglomeration [81]. The effect of the dispersion agent can e.g. be electrostatic by
charging the surface (as with pH) or steric by adding a polymer that hinders the particles to
come into contact with each other [82]. The length of the monolith is also of importance. A
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longer monolith will give a higher DM and viscosity at the end of the channel due to more and
more liquid being absorbed by the monolith, which may lead to channel blocking.

Desired properties of the coated monoliths are high mechanical strength (so that the catalyst is
not lost due to vehicle vibrations) and low diffusion resistance (so that the whole catalyst layer
is utilised). Particle size is a crucial parameter in order to get a catalyst coat with good
adherence to the monolith (high mechanical strength). The particle size should be in the same
size range as the macropores of the cordierite support (5 um) to allow anchoring to the support
[78], [84]. Interfacial forces between the particles also play an important role [84]. Too small
particles can give a very dense coat with diffusion limitations and too large particles can give
irregular coats with poorer adherence [78], [84]. Smaller particles also leads to a higher
viscosity of the slurry which will affect the coating process [81]. Cracks can form in the coat
layer during drying. The cracks will form where the coat is thickest, typically in the corners of
the monolith channels [85].

The target of the washcoating and slurry studies was an as high as possible coat loading of the
monolith bricks to minimise the number of repeated coatings. The parameters that could be
tuned were DM and viscosity. Viscosity is linked to DM and a change in DM will affect the
viscosity. The viscosity could also be adjusted by pH and additives such as thickening and
dispersion agents. Particle size was not believed to affect the coating properties to any larger
extent. It does, however, influence the mechanical stability of the coat. The effect of slurry
properties and different additives on coating capability was investigated in an empirical way and
the success was evaluated based on if the monolith channels were blocked or not. If the coating
tests were successful the DM or viscosity was increased up to the point when coating became
unsuccessful. The effect of modifying agents is very complex and very much based on empirical
work.

3.2 Materials and method

Based on the results in Chapter 2 Catalyst development a Topsge high surface area alumina (300
m2/g) was chosen as the catalyst carrier material. The catalysts were, except for the first
washcoating tests, prepared by incipient wetness impregnation. Wetness impregnation followed
by spray dying was investigated as an alternative method to incipient wetness impregnation for
catalyst preparation. The difference of scale between catalyst powder tests and monolith test are
significant, from a couple of grams to several kilograms of catalyst and wetness impregnation
was believed to be a more effective way of preparing larger amounts of catalyst. For the first
washcoating test a wetness impregnation method was used instead. The alumina was mixed
with excess H,0 and ball-milled to a typical dso of 2.5-3.0 um. AgNOs; was added to the slurry
under intense stirring in sufficient amount to give the desired load of 6 wt% Ag and the slurry
was spray-dried to produce fine catalyst powder. The small alumina particles agglomerated
during spray drying giving a dso of 17 um. No further particle size reduction was made. The Sger
of the prepared catalyst was 270 m2/g. The catalyst also had a high pore volume (0.9 cm3/g), i.e.
high ability of the catalyst powder to take up liquid, and it was not possible to get a DM higher
than approximately 35%.
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XRD showed no traces of Ag and that the alumina was eta/gamma phase with approximately
20% alpha phase. ICP analysis showed a content of 6.1 wt% for the first batch and 6.6 wt% for
the second batch prepared.

All slurries and monoliths were prepared following the scheme described in Chapter 3.1
Theoretical background, unless stated otherwise. The Fe-BEA monoliths were prepared using a
Topsge standard recipe. The particle size was reduced by shaking the slurry with glass beads (2-
3 mm) in a paint shaker. Depending on the size of the monolith they were either dipped in the
slurry (d=2 cm monoliths) or the slurry was poured from the top and allowed to flow through
the monolith. The support material was 400 cpsi cordierite that was cut to the desired size when
necessary. Three different sizes of cylindrical monoliths were prepared; small size, 21x20 mm
(dxh) (V=7 mL), medium size, 49x76 mm (dxh) (V=140 mL) and full size, 140x130 mm (dxh)
(V=2 L).

pH was adjusted either by using HNO3; or NH4OH. The binder used was colloidal silica (Levasil
200N) in 14-18 wt% of total DM. Particle size was measured by laser diffraction with a Malvern
Mastersizer 2000 (Malvern Instruments, UK). The viscosity was measured with a cup and bob
Bohlin Visco 88 Viscometer (Malvern Instruments, UK). The yield stress and viscosity was
calculated by varying the shear rate and measuring the shear stress. The dry matter (DM) or
solid content of the slurries was measured using a Mettler Toledo HB 43 (the sample was heated
by a halogen lamp to evaporate all liquid and the weight loss was measured). Scanning electron
microscope (SEM) image was acquired on a Philips XL30 ESEM-FEG. The sample was mounted
in epoxy and ground to reveal the cross section.

3.3 Results and discussion

3.3.1 Topsge alumina

The activity of the catalyst prepared by wetness impregnation and spray-drying was lower
compared to a 4 wt% reference catalyst (Figure 12). Spray-drying is known to give a very good
metal distribution which is often desired. However, the catalyst development showed that the
optimal Ag/Al;O3 also needs some larger clusters of Ag to retain a high activity when the catalyst
was sulphur poisoned (Chapter 2 Catalyst development). It is believed that the spray-drying
gave too dispersed Ag on the catalyst surface giving a lower activity. More Ag was also likely
trapped in the bulk of the catalyst and not directly available for SCR compared to the incipient
wetness impregnated catalyst where more Ag is present on the catalyst surface. By increasing
the amount of Ag added and by investigating the process further it should be possible to get the
same activity on a spray-dried catalyst. This was, however, beyond the scope of this study and it
was decided to use the conventional incipient wetness impregnation method instead. It was also
shown that the gain in time and simplicity was not as large as expected for the wetness
impregnation and spray-dry method. Incipient wetness impregnation was, therefore chosen for
the further catalyst preparation.

Figure 13 shows the influence of pH on viscosity, pH of the as prepared slurry was 7. The highest
viscosity was found at pH close to 7 as expected from literature. A decreased pH gave a
substantially lower yield stress while an increase in pH had no significant effect. The viscosity
was not affected to the same extent by pH. Based on the higher yield stress it was decided to use
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Figure 12 Comparison of NOx conversion as function of
temperature for wetness impregnated (WI) 6 wt% Ag/Al:03 and
incipient wetness impregnated (IWI) 4 wt% Ag/Al203 from Topsge
alumina (Sger 270m2/g). Reaction conditions: 500 ppm NO, 520
ppm NH3, 1200 ppm H:, 8.3% Oz, 7% H20 and balance Ar, GHSV
~50000 h-1 (based on bed volume).

a pH of around 10. The DM had to be somewhat lower than the maximum since the slurry
sedimented within a few minutes at the highest DM. A thickener agent (Kelzan) was added to
compensate for the lower viscosity and yield stress and to stabilise the slurry. The polymer
based agent increased the yield stress without affecting the viscosity to any larger extent;
allowing more catalyst to be deposited in each coating.

Washcoating of a small test series of monoliths (Table 1) showed that it was rather complex to
interpret the results. Other factors such as the time that pressurised air is used to remove the
excess slurry from the monolith channels will also affect the amount of catalyst that is deposited;
as will small differences in pH. Slurries prepared in identical manners could also display
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Figure 13 Influence of pH on viscosity and yield stress for 6 wt%
Ag/Al203, DM 35%.
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different properties showing that they were not completely stable. As seen for sample 1 and 2 in
Table 1 similar slurry properties can give different results. However, a clear correlation between
DM, viscosity and loading was seen. DM and viscosity is not independent of each other. E.g.
sample 4 had a DM that was almost half of that of sample 5 with yield stress in the same range
and showed a loading that was only % of that of sample 5. Sample 6 showed that it was possible
to compensate for a lower DM by increasing the yield stress (compared to sample 5).

Table 1 Catalyst loading as function of slurry properties for 5 cm length
monoliths, pH 10.

Sample 1 2 3 4 5 6
oo (Pa) -0.13 -0.12 0.091 1.6 1.8 4.7
n (mPas) 6.5 7.7 12 7.4 13 16
DM 29 29 32 16 31 27

Loading(g/l) 21 27 33 79 31 31

Visual inspection of the slurry was an important method to evaluate its potential for
washcoating in complement with viscosity measurements. It was also evident that the length of
the monolith played an important role. The slurry had to be made thinner in order to avoid
channel blocking when 8 cm monoliths were used instead of the 5 cm monoliths used before. On
the other hand, the amount of catalyst deposited was in general higher. It was concluded that a
high yield stress (up to 5 Pa) was possible if the viscosity was kept below approximately 25
mPas. The monoliths had to be coated three times to reach the desired catalyst load of 120-140
g/1. To avoid channel blocking the DM was lowered to approximately 19 wt% in the second and
to 17 wt% in the third washcoat to get less viscous slurry. The catalyst loading in the subsequent
steps was higher than in step 1, also reported in literature [83], in contrast to [81] who showed a
lower loading in subsequent steps. The difference seen might be explained by differences in
viscosity; a low viscosity will give a smaller contribution from viscous film formation which
might explain why the loading per coating decreased for Ref [81].

During particle size reduction in the paint shaker the viscosity tended to increase dramatically
making the slurry more gel-like then liquid due to a lowering of pH and the smaller particles
themselves [81]. The change in pH is likely due to new alumina surfaces being formed which will
change pH towards that of neutral powder [83]. A high viscosity during shaking makes the
particle size reduction ineffective since the catalyst particles are not able to move freely in the
slurry and come in contact with the glass beads and are, therefore, not crushed. By carefully
monitoring and adjusting pH during the shaking it was still possible to obtain a reasonable
particle size distribution (dso=3.2 um). The slurry was diluted to a DM of 20-23% to decrease
viscosity to make it possible to separate the glass beads used for crushing and to be able to later
coat the monoliths.

A series of small size monoliths (21x20 mm) were prepared from the wetness impregnated and
spray-dried catalyst. The desired loading could be reached in two coatings instead of three as in
the initial tests since the monoliths were shorter and thicker slurry could be used. When the
same slurry was used for several monoliths it became visibly thicker since the monolith
substrate took up proportionally more water than catalyst; giving the remaining slurry a higher
DM. This gave an increase in loading for the monoliths dipped after each other in the same
slurry. The same trend could be seen both for the first and the second coating. The Ag/Al,0O3
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catalyst can be made more active by sulphur treatment (Chapter 2 Catalyst development). The
monoliths were, therefore, impregnated with sulphur by a pore volume impregnation method.
The monoliths were submerged in an ammonium sulphite solution; the pores of both the
catalyst and the monolith substrate were, thus, filled with liquid. The amount of sulphur
impregnated was determined by the amount of liquid that was taken up by the monolith and the
sulphur concentration of the liquid. Excess water was removed with pressurized air. The
monoliths were frozen (-30°C) and the water was removed by sublimation in a vacuum
chamber. Freeze drying is believed to prevent formation of sulphur concentration gradients in
the monoliths during drying and has also been used for catalyst preparation, giving a high
dispersion of the metal on the catalyst support [31]. The amount of sulphur added could be
controlled close to the targeted amount. The monoliths were used for the development of a
kinetic model (Paper V). Dual-layer monoliths were prepared from incipient wetness
impregnated Ag/Al,O3 to investigate different possibilities of combining Ag/Al,03 with Fe-BEA.
They were denoted as dual-layer-X/Y where X was the outer layer and Y the inner layer catalyst,
Ag means Ag/Al;03; and Fe means Fe-BEA. The ratio between the two catalysts was 1:1 on
weight basis with the same total loading as the single catalyst bricks. Catalysts with Ag loading of
both 6 and 4 wt% were prepared. 4 wt% Ag loading was prepared since that was believed to be
a more optimal loading than 6 wt%. The 4 wt% Ag monoliths were used for activity testing in
Paper II (Chapter 4.1.1 Small-scale laboratory testing: Ag/Al;03 and Fe-BEA combinations).
Unlike the previous test three coatings were needed to meet the targeted loading for Ag/Al,O3
monoliths (Ag-only) and two coatings of Ag/Al;O3 for the dual-layer bricks. The targeted slurry
properties were met without addition of thickener for the 4 wt% Ag samples. This again shows
that it was challenging to work with the present alumina and that the reproducibility is
questionable. More details about the slurries and monoliths can be found in Appendix B.

The adhesion of the coat layer of the first catalyst series was somewhat poor and parts of the
coat had fallen off in the catalyst container. If the coat falls off even when no extensive force is
placed on the monolith even more might fall off from the vibrations and high gas flow behind an
engine. A likely explanation for the poor coat adherence was believed to be the large particle size
(dso = 17 um). However, the catalyst prepared by incipient wetness impregnation followed by
particle size reduction in the paint shaker (to dso=3.2 pm) did not show any significant
improvement compared to the ones prepared by wetness impregnation and spray-drying.

A SEM study of the incipient wetness impregnated 6 wt% Ag samples was conducted to
investigate the condition of the coat and adherence of it. Figure 14 shows SEM images of dual-
layer-Fe/Ag and -Ag/Fe. The damages and mayor cracks seen in the pictures are believed to
come from the preparation process of the samples for the SEM study. The faint vertical line for
Ag/Al;03 in Figure 14 e) might be the boundary between layers. No clear boundaries or
separation from the multiple coatings layers could, however, be seen for any other sample. The
coat thickness was larger for dual-layer-Ag/Fe compared to dual-layer-Fe/Ag as expected from
the somewhat higher catalyst loading (165 and 150 g/1). The boundary between Ag/Al,O3 and
Fe-BEA showed no tendency to separate which means that there was a good adherence between
the two. There was a clear difference in density between the Ag/Al;03 and Fe-BEA layers; the
smaller particles of Fe-BEA allowed a much denser structure. Fe-BEA also showed a better
interaction with the cordierite support compared to Ag/Al;0s. This is likely related to the
smaller Fe-BEA particles being able to more freely enter the macro-pores of the cordierite
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allowing better anchoring of the coat layer (Figure 14 c, e and f). The smaller cracks seen likely
comes from shrinkage of the thick coat layers during drying, this was especially frequent in the
corners where the layer was thickest. The difference in density between the Ag/Al;0s and Fe-
BEA layers mean that they might shrink to different extents; further adding stress to the coats,
leading to crack formation (Figure 14 f).
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Figure 14 SEM images of 6 wt% Ag catalyst combined with Fe-BEA, a-c) dual-layer-Fe/Ag and d-f) dual-layer-
Ag/Fe.
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The conclusion from this test was that the alumina used was not optimal for washcoating. First
the catalyst was somewhat difficult to work with since the large pore volume restricts the DM of
the slurries and the reproducibility of results was low. This will make it challenging to scale up
the procedure to full size samples. Second, the mechanical stability of the coat on the monoliths
was believed to be a bit too low for engine tests with vibrations and periodical high flows.
Different alumina was, therefore, used for later monolith preparation.

3.3.2 Siralox alumina

Catalyst development showed that the low-temperature performance of the catalyst could be
improved by impregnation of small amounts of Si or Ti (1-2 wt%) [86]. Tso was improved by
10°C and sulphur tolerance was more or less similar compared to the previous best Ag/Al;0s.
The same result was shown for commercial Si-alumina (Siralox 5/230, Sasol Germany, 3 wt%
Si). Cordierite monoliths were washcoated with Ag/Si-Al,0; to further investigate the
performance of the doped catalyst. The monolithic catalysts were both prepared and tested at
lab-scale (140 ml) and in full-scale engine tests (2 1) (Paper Il and Chapter 4 Monolith testing).

The catalyst could not form completely homogenous slurry when mixed with water due to hard
catalyst agglomerates. These agglomerates sedimented in a matter of a few minutes and stirring
in a dissolver were not enough to break them apart. A few minutes (~3) in the paint shaker were
enough to break the agglomerates and create more homogenous slurry. Table 2 shows the
particle size reduction as an effect of shaking time. There was a large decrease in particle size
after 9 min of shaking. The most dramatic decrease in particle size is believed to occur in the
very first minutes (not measured). There was also a reasonable decrease between 9 and 12 min.
More than 12 min only gave a small particle size decrease. There is a limit to how small the
particles in the slurry can become which is dependent on the size and the hardness of the glass
beads. An even longer time in the shaker will, therefore, not reduce the particle size any further.
12 min seems to be a reasonable time for further studies based on these results since it gives
small enough particles and a reasonable particle distribution. The slurry should give good
adhesive capabilities of the coat.

Table 2 Effect of time in paint shaker (2-3 mm glass beads) on
particle size of the prepared washcoat slurry for Ag/Si-Al20s.

Time (min)  do4 (um) do.s (um) do.o (Lm)

0 10.9 45.5 119
9 1.51 4.29 11.18
12 1.42 3.62 8.96
15 1.42 3.49 8.14
18 1.35 3.17 7.04

Different dispersion agents were tested to allow a higher DM in the slurry, thus simplifying the
washcoating process. Compared to the previously used alumina the Si-alumina had a smaller
pore volume and was easier to work with. A basic dispersion agent was preferred over an acidic
since the thickener used (Kelzan) could not be used at a too low pH.

Four basic dispersion agents were tested; BYK-E-420, Darvan 8214, Dispex A40 and AMP-90.
Darvan and Dispex gave fast sedimentation and BYK gave no visible effect on the slurry
viscosity; neither was, therefore, considered any further. AMP-90 gave visibly thinner slurry.
However, the results could not be repeated and the large effect seen in the beginning is believed
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to be due to a pH rise by adding the AMP-90 which has a high pH of 13. Moreover, AMP-90
caused formation of foam in the slurry; addition of an anti-foam agent (Silfoam SE47) could not
fully prevent this. AMP-90 was, therefore, discarded as a viable dispersion agent.

Instead, an acidic dispersion agent (AI(NO3)3) was tested. The agent lowered the viscosity
significantly when pH was kept below ~4.5. The slurry actually became too thin to give a high
catalyst loading. The viscosity could be altered by increasing the pH. However, the viscosity was
too sensitive too small changes in pH for this to be a feasible method. This is also why a
thickening agent was used previously since it stabilizes the slurry. As mentioned above, the
thickening agent could not be used at the low pH as it was not completely dissolved. This was
compensated by the higher possible DM. The higher possible DM comes both from the use of the
dispersion agent and from the smaller volume of the catalyst.

The catalyst was added in three steps to try to maximise the DM without getting too thick slurry
from very small particles. The main part was added in the first step and shaken for 6 min. A
smaller portion (around 11% of the total catalyst amount) was then added and the slurry was
shaken another 3 min before a third portion (around 7% of the total catalyst amount) of catalyst
was added. This was followed by an additional 3 min in the shaker giving a total time of 12 min.
By adding the catalyst in different steps and allowing different shaking times a wide size
distribution, while at the same time maintaining a small particle size for the main part, can be
obtained which should ensure good adhesive properties of the coat. The particle size was
d10=1.69, d50=4.92 and dyp=13.3 pm which was similar to after 9 min of shaking in Table 2 but
with a higher DM. The resulting slurry was thin enough to allow a good separation from the
beads while still maintaining a DM of 37-39 wt% which was substantially higher than that of the
previous catalyst tested (20-25 wt%). Table 3 shows the properties for three prepared slurries.
A higher DM gives a higher viscosity but does not seem to affect the yield stress which only
varied slightly between the samples. A viscosity above ~30-34 mPas was too thick and led to
blocking of the monolith channels.

Table 3 Slurry properties for three slurries where
the catalyst was added in three steps (after 0, 6 and
9 min of shaking). The total shaking time with glass
beads in a paint shaker was 12 min.

Slurry1 Slurry2 Slurry 3

pH 4.3 4.0 4.6
oo (Pa) 0.785 0.878 1.14
p (mPas) 34.6 27.3 27.1
DM (wt%) 39.0 37.4 37.3

Medium and large size monoliths were prepared and tested (Paper Il and Chapter 4 Monolith
testing). Even with the higher DM than in previous studies (37 compared to 20-25 wt%) it was
not possible to get the desired loading (120-140 g/1) in one coating and the monoliths had to be
coated twice. For the second coating the slurry had to be thinner. Some channel blocking could
not be avoided for the full size monoliths due to the length (127 mm) of them. More details
about the monoliths can be found in Appendix B.

The adhesion of the coat layers was much better than for previous samples. By simply visually
examining the samples it could be seen the coat had a more “glossy” finish which is an indication
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of a denser and thus more adhesive coat. This is attributed to the smaller volume and the
particle size distribution of the catalyst.

3.4 Conclusions

Two different alumina were used as carriers for the Ag/Al,03 based on the results from catalyst
development; a Topsge high surface area alumina and a commercial Si-alumina. A wetness
impregnation method combined with spray drying was first used as an alternative to standard
incipient wetness impregnation for the Topsge alumina. The goal was to simplify the catalyst
preparation when the process was scaled up from small-scale powder tests (a couple of grams)
to full size monolith washcoating (several kilograms). However, catalyst activity tests indicated
that some of the activity was lost compared to reference catalyst. This likely comes from a
different Ag dispersion on the catalyst. The gain in time and simplicity was also lower than
anticipated. Incipient wetness impregnation was, therefore, used for the further catalyst
preparation.

The highest possible DM of slurries prepared from the Topsge alumina was low since the
alumina had a high pore volume. A low DM leads to low coat loadings and the washcoating
process had to be repeated two to three times to meet the desired loading (120-140 g/1). One
way to increase the loading for a given DM is to increase the yield stress of the slurry. This
should be made without increasing the viscosity which may lead to channel blocking of the
monoliths. A thickener agent was successfully used. The thickener also stabilised the slurry
which was very sensitive to small changes in pH. However, it was difficult to work with the
alumina due to the high pore volume (“fluffiness”) and it was difficult to fully reproduce the
results making it challenging to scale up the results to larger monolith bricks. The adherence of
the coat layer, both seen as parts of the coat falling off and by a SEM study, was also considered a
bit low.

The Si-alumina had a smaller pore volume and was easier to handle and a higher DM was
possible. To improve the properties of the washcoat slurries a series of dispersion agents was
tested of which AlI(NOs3)3 gave positive results. The thickener agent used previously could not be
completely dissolved at the low pH of the acidic dispersion agent. Without addition of a
thickener the slurry was too thin to get a high coat loading. Instead the DM was increased by
adding catalyst in three steps during particle size reduction. Even though a higher DM was
possible, two subsequent coatings were needed to meet the desired loading. It was difficult to
prepare full size monoliths since there was a tendency for channel blocking at the end of the
channels. The monoliths had a visible better adherence compared to the previous ones.
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4 Monolith testing

The results presented in this chapter are from Papers II and III.

4.1 Materials and method

Catalytic monoliths in three different sizes were prepared and tested. The smallest size was
21x20 mm and they were tested in the “small-scale” laboratory test set-up with flows around 1.7
NI/min. The monoliths became more challenging to prepare as they got bigger and the next size
was 49x76 mm monoliths that were tested in the “medium-scale” laboratory test set-up at flows
around 70 Nl/min. The last size was full-scale 2 1 monoliths tested after a passenger car engine
with flows around 132 Nm3/h during stationary tests.

4.1.1 Small-scale laboratory testing: Ag/Al,O; and Fe-BEA combinations

The tested small size (21x20 or 10 mm) cylindrical monoliths were prepared by washcoating
cordierite, according to the process described in Chapter 3.3.1 Topsge alumina. The catalyst
activity was tested in a stainless-steel tubular flow reactor with a feed of 250 ppm NO, 275 ppm
NHs, 0, 250 or 600 ppm Hz, 12% O, 6% H»0 and balance N». The total gas flow was adjusted to
give the desired GHSV (15000, 30000 or 60000 h-1). The tests were performed as a ramp down
of the temperature from 400 to 150°C; NOy and ammonia concentrations were allowed to
stabilize at each step. All outlet gases were monitored by FTIR. NOx conversion was calculated
according to Equation 5. More details can be found in Paper II.

4.1.2 Medium-scale laboratory testing
The tested medium size (49x76 mm) cylindrical monoliths were prepared by washcoating
cordierite according to the process described in Chapter 3.3.2 Siralox alumina.

In a conventional test set-up an oven/furnace is used to heat the feed gases before entering the
reactor. The whole reactor with feed lines can alternatively be placed inside the oven/furnace.
This is a robust technique that is well proven. However, it suffers from slow heating and cooling
rates when the dimensions of the system increase, mostly due to the large mass of the piping, the
reactor and of the surrounding air that has to be heated. In a real vehicle exhaust system the
only heat comes from the hot exhaust gas itself. A “new” test set-up was, therefore, designed
with the intention of building a more compact unit with fast heating and cooling rates. The
ultimate goal was to be able to perform transient runs to more closely mimic the operation of an
engine during real-life driving.

Figure 15 shows a schematic picture of the set-up, all gases and liquid H20 were controlled with
mass flow controllers. All lines after the heater were made of steel. Nz and air were first heated
in a small gas heater before the desired feed gases was added to the hot stream. Steam was
produced by passing liquid H2O to a heated metal block were it rapidly evaporated. The distance
between the heater and the reactor was not large enough to allow a sufficient mixing to get a
homogenous gas feed and a metal mixer was added which proved satisfactory. However, the
heating and cooling rates became significantly slower due to the relatively large mass of the
mixer. During heating a large part of the energy was used to heat the mixer and once heated the
mixer heated the cool gas when the system was meant to cool down. It was, thus, not possible to
run the system transient. The mixer may be omitted if the distance between the heater and the
reactor is increased and/or the dimensions of the tubes are smaller to give an increased
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Figure 15 Schematic layout of laboratory set-up.

turbulence (Re = vd/u). Another issue with the test set-up was the too narrow temperature
operating window of the heater. The heater could not provide sufficient power to reach the
desired temperature of ~650°C without breaching the low flow limit. There are more robust gas
heaters available on the market which is believed to be able to provide the desired power and
operate with a larger temperature window. Nonetheless, the principal design of the test set-up
proved satisfactory and by replacing the heater and re-building the lines slightly it is believed
that close to transient testing is possible.

A standard feed of 500 ppm NO, 500 ppm NH3, 1000 ppm Hz, 8% 02, 12% H;0 and balance N;
was used for activity testing. NO was mixed with air to allow oxidation to NO; in order to
investigate the influence of NO; on the reaction. NO/NOx ratios of 0.25, 0.5, 0.75 and 0.95 was
tested and compared to the standard feed (NO2/NOx=0). Tests were also performed without
adding H. The outlet gas was analysed by a FTIR after the catalyst. Inlet concentrations were
taken from the given set-points (verified by empty reactor tests). The GHSV was 30000 or 33000
h-1 depending on the size of the tested catalyst brick. More details can be found in Paper III.

4.1.3 Engine-bench testing

The tested full size (140x130 mm) cylindrical monoliths were prepared by washcoating
cordierite according to the process is described in Chapter 3.3.2 Siralox alumina. Four different
layouts were tested; Ag/Al,03 (Ag-only), Fe-BEA (Fe-only), Fe-BEA upstream of Ag/Al,03 (dual-
brick-Fe/Ag) and Ag/Al,0; upstream of Fe-BEA (dual-brick-Ag/Fe). Figure 16 shows a
schematic layout of the test set-up. The engine was a Euro 5 rated 2.0 1, 120 kW, five-cylinder
direct-injected Volvo diesel engine equipped with EGR. Two catalyst bricks, either two of the
same type (Ag- and Fe-only) or one of each type (dual-brick-Fe/Ag and dual-brick-Ag/Fe), with a
total volume of 4 1 were placed after the engine. Both stationary and transient tests were
performed. The NOyx and NH3z levels were allowed to reach steady-state during the stationary
testing. For transient tests the New European driving cycle (NEDC) were used. NOx (NO and
NO), N20, NH3; and H,0 was measured by FTIR and HC by Horiba MEXA. Conversions were
calculated by switching the sample point between inlet and outlet of the catalyst bricks.

NH3 was supplied from a gas bottle by a mass flow controller. H, was supplied by feeding NHs to
a cracker were it was converted to H; and N»; some unreacted NH3 also remained in the stream
(Figure 16). NH3 flow to the cracker was controlled by a mass flow controller. The NH3 and H»
dosing system with NH3z cracker was supplied by Amminex A/S Denmark. During stationary
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Figure 16 Schematic layout of engine bench test set-up.

tests the amount of reductant (NH3 and H) dosed was controlled by online calculations from the
actual NOx concentrations (NOx sensors) with fixed NHz (ANR) and H, (HNR) to NOy ratios.
During transient testing reductant dosing was either controlled by online calculations as in the
case of stationary testing with dosing starting when the exhaust gas temperature was above
150°C or as pre-calculated values based on NOy and flow inlet values from previous reference
tests. Tests with dosing from 120°C were conducted to investigate if the total cycle NOx
conversion could be enhanced by earlier reductant dosing. ANR of 0.8 and HNR of 2 or 0 (no H:
co-feeding) were used for all test. More details can be found in Paper III.

4.2 Results and discussion

4.2.1 Small-scale laboratory testing: Ag/Al,O; and Fe-BEA combinations

Paper II investigated different combinations of Ag/Al,O3; and Fe-BEA. Fe-BEA is known to be
highly active for NH3-SCR above 250°C [87-90]. By combining Ag/Al;03 and Fe-BEA a catalytic
system with a high activity in a broad temperature window (200-500°C) could be obtained;
without the need to dose H; necessary for the Ag/Al,03 at higher temperatures [70]. The two
catalysts were both combined in a sequential dual-brick layout and in a dual-layer layout. The
dual-brick layouts are denoted dual-brick-Ag/Fe (Ag/Al;0z brick upstream of a Fe-BEA brick)
and dual-brick-Fe/Ag (Fe-BEA upstream of Ag/Al;03). The dual-layer layouts were denoted
dual-layer-Ag/Fe (Ag/Al;0s on top of Fe-BEA) and dual-layer-Fe/Ag (Fe-BEA on top of
Ag/Al;03). They were compared to Ag/Al;03 (Ag-only) and Fe-BEA (Fe-only) only bricks. Figure
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Figure 17 The different monolith layouts tested a) dual-brick-Fe/Ag,
b) dual-brick-Ag/Fe, c) dual-layer-Fe/Ag and d) dual-layer-Ag/Fe.
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Figure 18 Dependency of GHSV on activity for a) Ag-only and b) Fe-only. Reaction conditions: 250 ppm NO,
275 ppm NH3, 600 ppm Hz, 12% 02, 6% H20 and balance N2, GHSV ~15000, 30000 or 60000 h-1,

17 shows a schematic picture of the tested layouts. The GHSV was in all cases identical for the
whole catalytic system.

Ag/Al;03 has been reported to be sensitive when it comes to GHSV [8], [68], [69]. Viola [69]
showed that a GHSV above 10000 h! negatively affected the activity over Ag/Al;03 for HC-SCR in
an engine bench test. Figure 18 shows the influence of GHSV on activity for a) Ag-only and b) Fe-
only. The catalysts were tested at GHSV of 15000, 30000 and 60000 h-1. Ag/Al,O3 was, as seen,
more sensitive to GHSV than Fe-BEA. Fe-BEA showed a slightly lower NOx conversion when the
GHSV was increased from 15000 to 30000 h-! while Ag/Al;O3; showed a larger decrease at
temperatures below approximately 220°C. Both catalysts showed a lower NOyx conversion at a
GHSV of 60000 h-1, here the difference was even more pronounced between the two. It was,
therefore, decided to use the lowest GHSV of 15000 h-! in this study.

Figure 19 a) shows a comparison of the activity for the tested layouts. It was clear that it was
preferred to have Ag/Al;0;z in the upstream or outer layer position compared to Fe-BEA and the
NOx conversion was close to that of Ag-only. Dual-brick-Fe/Ag and dual-layer-Fe/Ag, on the
other hand, showed a performance close to that of Fe-BEA. The poorer performance of dual-
brick-Fe/Ag and dual-layer-Fe/Ag was attributed to unselective NH3 conversion over the Fe-BEA
leading to a deficit of NH3 for the downstream/bottom-layer Ag/Al;0s, Figure 19 b). H; oxidation
might also be contributing, it was, however, not possible to measure this with the equipment
available.

Figure 20 shows the influence of H, concentration on the performance of the Ag/Al,O;
upstream/outer layer layouts, Ag-only and Fe-only was included for comparison. Ag-only lost a
lot of its activity when the H, concentration was lowered and it was completely inactive without
H, present. However, the combined layouts retained their activity above 200°C when H; was
lowered from 600 to 250 ppm. Dual-layer-Ag/Fe even retained most of its activity from 300°C
and up without any H; present and it out-performed Fe-only. This is remarkable since the
Ag/Al;03 was shown to be inactive without H; and that only half the amount of Fe-BEA was
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Figure 19 a) comparison steady-state NOx conversion as function of temperature for dual-brick-Ag/Fe, dual-
brick-Fe/Ag, dual-layer-Ag/Fe, dual-layer-Fe/Ag, Ag-only and Fe-only (600 ppm H:); b) steady-state NOx and
NH3 conversion as function of temperature for Fe-only. Reaction conditions: 250 ppm NO, 275 ppm NHs3, 600
ppm Hz, 12% 02, 6% H20 and balance N2, GHSV ~15000 h-1.

present compared to Fe-only. The latter might be explained by the fact that the Fe-BEA layer was
very dense, as seen in Figure 14, which might give diffusion limitations through the layer which
could mean that it was only the top part of the layer that was utilized for SCR-reaction.

Metkar et al. [18] proposed that it was beneficial to have a thinner layer Fe-BEA in a dual-layer
layout compared to a thicker layer in a shorter brick. Diffusion limitations due to the Fe-BEA
layer being too dense might also inhibit the reaction over Ag/Al;03 in dual-layer-Fe/Ag reducing
the positive effects of combining the two. A simple way of investigating this is to prepare
monolithic catalyst with different Fe-BEA loading (coat thickness) and investigate the effect of
GHSV. If an increase in GHSV can be compensated by a thicker coat this indicates that there are
no diffusion limitations. On the other hand, if the activity only is dependent on GHSV regardless
of coat thickness there might be diffusions limitations. The temperature has to be chosen so that
the overall reaction is in the kinetically controlled regime (lower temperature) to be able to

NO conversion
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Figure 20 Steady-state NOx conversion as function of temperature for dual-brick-Ag/Fe, dual-layer-Ag/Fe, Ag-
only and Fe-only with a) 600 ppm Hz, b) 250 ppm H:z and c) 0 ppm H:. Reaction conditions: 250 ppm NO, 275
ppm NH3, 0, 250 or 600 ppm Hz, 12% 02, 6% H20 and balance Nz, GHSV ~15000 h-1.
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Figure 21 Steady-state NOz formation over Ag-only with different
Hz concentrations. Reaction conditions: 250 ppm NO, 275 ppm
NHs, 600 or 250 ppm Hz, 12% 02, 6% H20 and balance N2, GHSV
~15000 h-1.

evaluate any effect of the coat layer being too dense. This was, however, beyond the scope of this
study.

[t is well known in literature that H, enhances the NO to NO; oxidation over Ag/Al,Os3 [38], [50],
[56]. NO; formation was also seen for the fresh catalysts in the previous powder tests (Paper I).
Prolonged exposure to sulphur reduced the NO to NO; oxidation. Figure 21 shows NO> out from
Ag-only when 600 or 250 ppm H; was used; without Hz, NO, was only seen at 400°C (8 ppm).
The NO; formed over Ag/Al;O3 was believed to react over Fe-BEA according to the so called
“fast-SCR” reaction [18], [91] when the latter was placed downstream. The fast-SCR reaction
over Fe-BEA makes it more active than Ag/Al;0s. The formation of NO; and fast-SCR was
believed to be one of the reasons why it was beneficial to have Ag/Al,03 upstream/as outer layer
of Fe-BEA. However, since H, was a prerequisite for excessive NO to NO; oxidation over
Ag/Al>03 this could not fully explain the results seen for dual-layer-Ag/Fe in Figure 20 c). Here it
was speculated that the short diffusion distance between the two catalyst layers was the key and
that some reaction intermediate, which could still be NO,, migrates between the layers. The tests
conducted in this study did not give any conclusive answers to the observed synergistic effect of
the dual-layer layout. To investigate this more advanced ways of measuring is needed compared
to just measuring before and after the monolith bricks as in this study. It might be possible to
identify potential reaction intermediates by e.g. measuring inside the monolith channel.

4.2.2 Stationary engine-bench testing

Paper Il investigated the performance of Ag/Al;03, Fe-BEA and a dual-brick combination of the
two in an engine-bench. A core sample of the tested Ag/Al;03 and a fresh Ag/Al,03 sample were
tested in a laboratory test set-up to further evaluate the results from the engine tests.

Figure 22 shows the steady state NO, conversion for the tested layouts (Ag-only, Fe-only, dual-
brick-Fe/Ag and dual-brick-Ag/Fe) as function of temperature in the engine-bench. Ag-only
showed an unexpectedly low NOx conversion in the whole temperature range and Fe-only a
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Figure 22 Engine bench stationary steady-state NOx conversions as
function of temperature for the different catalyst layouts. The
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Fe-only with only NH3 dosing.

higher than expected NOy conversion at 150°C and a 90% NOx conversion at 340 and 400°C. The
combined catalyst systems (dual-brick-Fe/Ag and dual-brick-Ag/Fe) showed an activity profile
that was a combination of that of Ag/Al,0; and Fe-BEA with a local maximum at 180°C
corresponding to that over Ag/Al;03 and a sharp increase in activity above 270°C related to Fe-
BEA. The performance of the combined systems was better than that of the individual catalysts
at the lowest temperatures. Above 270°C Fe-only was preferred over the combined systems. It
was also preferred to have Fe-BEA as the upstream catalyst (dual-brick-Fe/Ag) compared to
having Ag/Al;03 upstream. This contradicts the previous results (Figure 19), where there was a

clear advantage of having Ag/Al,O3 upstream.

No unselective NH3z oxidation was seen in the engine tests in contrast to the small-scale
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laboratory tests. Figure 23 shows the NO, NO;, NOx and NH3 concentrations for Ag-only. The high
NO2/NOx levels was believed to give fast-SCR over the Fe-BEA [18], [91], which would further
explain why Fe-BEA was preferred in an upstream position; having Ag/Al;03 as the upstream
catalyst will lower the NO levels, thus reducing the system deNOy activity. Typically it is
expected that some 10% of the total NOx is NOz. Here, the levels were up to 60% at the lowest
temperatures and 18-20% at 400°C. The high NO; concentrations seen were attributed to the
high EGR rates (20-60%) [11], [92-94]. NO was produced over Ag-only from 220°C and up from
NO: to NO reduction and there seems to be a connection between NO; concentration and NOy
conversion.

The NH3 to H; cracker was used as a way of providing on-board H: to eliminate the need of an
extra storage tank for the H,. The NH3 could either come from urea decomposition prior to the
cracker or from NHj stored in a metal ammine salt [95]. The maximum cracking capacity of the
system limited the amount of NH3 and H: that could be dosed which affected the maximum
possible NOy conversion negatively. It was mainly H; that was limited and the amount dosed was
estimated to be 1-1.6 times the NOy, compared to the set-point of 2. The lower than expected H;
dosing would have affected the performance of the catalyst negatively; especially in the 200-
300°C range (Paper V). The overdosing of NH3 seen (Figure 23 b) came from the NOx sensors,
used for controlling the amount NH3; and H; dosed, measuring a NOx level that was slightly
higher than the one measured by FTIR and MEXA systems. This could be accounted for by the
dosing algorithm in future tests. In-situ NH3 formation over the Ag/Al;03 could also contribute
to the higher than expected NH3 concentration seen in Figure 23 b.

In-situ NH3; formation was observed in a preliminary test and it was concluded that it was
formed over the Ag/Al,0s. NH3 formation over Ag/Al;03 has been reported in literature [9], [40],
[58], [96], [97]. The NH3 formation in these studies was attributed to the reaction of NO with H;
[58], [96], hydrolysis of N-containing hydrocarbons (without Hz) [40] or reaction of HC and NOy
[97]. Figure 24 shows the NH3 out of the catalyst together with the HC concentration. When the
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Figure 24 NHs concentration out of the catalysts compared to HC out from the engine (in to
the catalysts) during NEDC for dual-brick-Ag/Fe and dual-brick-Fe/Ag. Black vertical line
represents start of NHs and Hz dosing.
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Fe-BEA was placed downstream of the Ag/Al,03 less NH3 was initially seen which is related to
NHj3 storage over the Fe-BEA. When the temperature was increased in the end of the test cycle a
larger NH3 desorption could be seen. No conclusive NH3 formation was seen in the test presented
here. The difference between the preliminary tests and the test presented here, is likely related
to different HC levels in the exhaust (the HC level was up to 2-2.5 times higher in the preliminary
test) [97].

An interesting question when testing Ag/Al;O3 in a real engine exhaust is if the unburned HC
present in the exhaust can enhance the activity via HC-SCR. Sitshebo et al. [67] reported a
noticeable NOy conversion from the HC present in the exhaust; especially if H, was present. The
HC conversion was low in the tests reported here for Ag-only and given the low NOy conversion
it is difficult to evaluate whether HC-SCR contributed to the overall NOx conversion or not. The
HC conversion was higher in a preliminary test which also showed a higher NOy conversion, this
might indicate that HC-SCR plays a role in the total NOx conversion. The preliminary test had HC
concentrations that were 2-2.5 times higher than in the present tests. The amount reacted NH3
to amount reacted NOx was low in the test presented here which indicates that something
besides NH3-SCR was responsible for the NOx conversion. Contribution from HC-SCR can thus
neither be concluded nor excluded.

Three possible explanations for the low activity over Ag/Al,03; were proposed.
e A H; deficit of over the Ag/Al;03, only allowing NOy reduction via NO.

e The catalyst was deactivated, not allowing the expected H;-assisted NHz SCR to
commence.

e NO: inhibits the activity when NO; is present in larger concentrations even when H; is
present. This could be indirect due to NO; poisoning of NO active sites [39].

Figure 25 shows the results from laboratory testing of a core sample from the Ag/Al,O3 brick
used in the engine tests. The catalyst was completely deactivated. In the figures it is seen the
activity was regained in a second test directly after the first. The activity was not further
enhanced by in-situ treatment at 500°C and treatment at 500°C in a furnace in an atmosphere of
air. Possible reasons for the deactivation are oxidation of the Ag and poisoning from soot.
Oxidised Ag can be reduced at temperatures below 450°C by Hy, i.e. during the first standard
deNOy test [39], [50]. Soot can be oxidised by NO; in the temperature range of 250-400°C [10]
and NO; from H; induced NO oxidation could explain the reactivation seen in Figure 25. Soot
oxidation by NO, might also explain the increase in NO out during engine testing. Soot poisoning
or Ag oxidation were believed to be the reasons for the deactivation seen.

Several reports have replaced NO with NO,, either partly or completely, for HC-SCR with varying
results. Replacing the NO by NO; has been reported to enhance or to not affect the activity and
make bare Al;03 active [24], [59] or to reduce the activity [39], [50], [56]. A difference between
the cited reports are the HC species used, the reports showing a positive effect [24], [59] both
used propene while those showing no or negative effect ([39], [50], [56]) used saturated alkanes
(propane or decane), which might affect the results. The HC present in the exhaust is a close
match to the composition of the diesel fuel with mainly longer straight HC species. Richter et al.
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Figure 25 a) NOx and b) NHs conversion as function of temperature
for core sample from engine tested Ag/Al203. 1st test and 2nd test
were before and 3rd test and 4t test were after regeneration (in-
situ at 500°C and in oven at 550°C). Reaction conditions: 500 ppm
NO, 500 ppm NHs, 1000 ppm Hz, 8% Oz, 12% H20 and balance Nz,
GHSV ~33000 h-1,

[39] attributed the negative NO; effect to NO, poisoning the catalyst. Literature suggests that H,
enhanced the NOx reduction also when NO; was used instead of NO [39], [50], [56].

Figure 26 shows the influence of NO2/NOy ratio for a 4 wt% Ag/Al,03; sample tested in the
laboratory set-up (without any HC present). The activity was enhanced after the NO,/NOy
testing campaign compared to before during a standard test (without NO;) and it is in good
agreement with the results from the small-scale test with the same GHSV (Figure 18). Paper I
and IV (Chapter 2 Catalyst development) showed that the catalyst was activated by testing with
sulphur present in the gas, which was attributed to increased NH3 adsorption capacity and a
decreased unselective NH3z oxidation. Since no sulphur was present in Figure 26 another
mechanism had to be responsible for the catalyst activation. Possible reasons might be a change
in the dispersion or state of Ag. Such changes during the SCR have been reported in literature

[47], [50], [51].

Addition of NO; had no significant impact on NOx conversion for the catalyst at medium
temperatures (250-300°C) when H, was co-fed as seen in Figure 26. However, the activity was
increased at both lower and higher temperatures. The activity increase was most enhanced at
the lowest and highest temperatures. Since 0.5 NO;/NOy was the first test (after the standard
test) the lower activity seen are believed to be related to the sample not being fully activated.
The catalyst did not show any activity for a pure NO feed when no H; was present. Addition of
NO; gave a low activity which was largely independent on the NO; level. A difference was only
seen for the highest concentrations at the lowest temperatures. It is not unreasonable to have
25% NO; a in the exhaust; either from the engine as in this study or after a DOC [12]. The
negative effect of NO; reported in literature for HC-SCR ([39], [50], [56]) seems to be related to
the HC-SCR reaction itself and is not believed to be relevant for NH3-SCR even in the presence of
HC in the engine exhaust.
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Figure 26 NOx conversion as function of temperature for different NO2/NOx ratios (indicated in legend); a)
with Hz and b) without Hz. Reaction conditions: 500 ppm NO, 500 ppm NH3z, 0 or 1000 ppm Hz, 8% 02, 12%
H20 and balance N2, GHSV ~30000 h-1,

To discuss and understand the effect of NO», the view of the SCR mechanism has to be roughly
outlined. The perception for this work is that NO is activated over Ag sites to ad-NOx species that
is reduced to N, with NH3 at sites on the alumina. NO; can directly form these ad-NOy species
which could explain why deNOy activity was seen over bare alumina in Paper VI, which is also
reported in literature [24], [59]. Without H, the NO is too strongly bound as ad-NOy to the Ag
sites poisoning them [49], [57] and no deNOx activity can be seen. Too much NO; will poison the
sites on the alumina responsible for ad-NOy to N2 reduction [39] and H; are able to reduce this
effect which explains the limit for deNOx when no H; was present (Paper VI and Figure 26 b). In
Paper V a global SCR reaction stoichiometry was found to be 1:1:2 for NO:NH3:Hz, one of the H;
molecules is believed to be related to removal of the strongly bound ad-NOy to Ag sites while the
other on is related to inhibition of the NO; poisoning effect. One difference seen between the two
tests without NO; in Figure 26 was that the more active sample showed up to ten times more
NO: at the outlet, which again points to NO oxidation being a key parameter for the mechanism.
This enhanced oxidation might also be the effect of the activation seen. The enhancing effect of
NO: seen in this study can thus be explained as follows.

e At temperatures below 250°C the activation of NO is the rate determining step and the
presence of NO; is able to react directly over the alumina increasing the total conversion.

e At medium temperatures activation of NO is no longer the rate determining step and NO-
does not affect the global conversion.

e Above 300°C a high unselective H; oxidation [39](Paper V) gives a deficit of H; available
for removal of the NO ad-NOy species from Ag sites [49], [57] which is compensated by
the presence of NO..

Based on the results in Figure 26, a complete lack of H; over the catalyst does not seem to be the
cause for the low NOx conversion seen for Ag-only in the engine testing (Figure 22). If no H; was
present the NOyx conversion below 250°C should have been lower and it should have been higher
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Figure 27 NOx temperature distribution on mole basis measured
directly before the catalysts for transient NEDC.

at higher temperatures given the NO,/NOj ratios in the engine tests. The tested core sample also
had a lower catalyst loading than expected (60% of the expected), indicating a non-uniform
loading which will affect the activity negatively by giving a higher relative GHSV for the catalyst
(Figure 18). It is concluded that the lower than expected deNOy activity seen for Ag/Al;03, both
in Ag-only and the combined systems, comes from catalyst deactivation related to soot or Ag
oxidation, the lower than intended H; and low specific catalyst coat loading.

4.2.3 Transient engine-bench testing

Paper IlII also investigated the performance of the Ag/Al;O3; and Fe-BEA during transient testing.
Figure 27 shows the NOy distribution over different temperature intervals for the NEDC. The
conditions were, as seen, very demanding for SCR with more than 50% of the total emitted NOy
being emitted below 150°C and only 32% above 200°C. A further implication of the low
temperature was NH3 and H; dosing. In the standard case NH3; and H, was dosed when the
temperature was above 150°C. The temperature was stable above 150°C after around 830 s. In
another case, dosing started when the temperature was above 120°C (after 250 s) to investigate
the potential benefit of earlier NH3; and H; dosing. Urea dosing is normally started at 180-200°C
which would severely limit the possibility for SCR during the NEDC. To be able to dose NH3 at
lower temperatures can, therefore, be a key to meeting the strict legislation targets.

Figure 28 shows the accumulated NOy over the NEDC used for transient tests. The total NOy
conversion over the cycle were 22, 15, 18 and 22% for Ag-only, Fe-only, dual-brick-Fe and dual-
brick-Ag, respectively, the conversion was adjusted for differences in inlet amount. Figure 29
show the total NOx conversion as function of time during the NEDC. The large increase in NOx out
(Figure 28) and drop in NOy conversion (Figure 29) seen after approximately 1100 s coincides
with the highest temperature. Unfortunately, that also meant that the GHSV increased from
maximum 30000 h-! during urban driving to 70000 h-1, which will affect Ag/Al,03 negatively
(Figure 18). The high flow also gave a NH3 and H: deficit due to the maximum NH3 cracking limit
of the dosing system, further limiting possible NOyx conversion. The low maximum NOy
conversion over Ag/Al;03; seen in the stationary tests obviously also limited the deNOy
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Figure 28 Accumulated NOx during NEDC for Ag-only, Fe-only, dual-
brick-Fe/Ag and dual-brick-Ag/Fe compared to inlet NOx, NH3 and
Hz dosing (only NH;s for Fe-only).

performance of the catalyst system. The advantage of having Ag/Al,03 upstream of Fe-BEA could
be related to HC-SCR over the former and that HC oxidation over Fe-BEA inhibits the deNOy
reaction if Ag/Al;03 is placed downstream. Another possible reason could be NH3 adsorption
over Fe-BEA since the Fe-only layout showed very little NHz out during the NEDC. This would
give a NH3 deficit over the downstream Ag/Al;0s.

The NEDC was roughly divided into three parts based on the performance of the catalysts.
During the first part which was the first 250 s of the cycle the performance was dual-brick-
Ag/Fe = dual-brick-Fe/Ag > Ag-only >> Fe-only. The second part was 250-1000 s and the
performance was dual-brick-Ag/Fe > dual-brick-Fe/Ag > Ag-only > Fe-only. During the last part
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Figure 29 Total NOx conversions as function of time during NEDC
for Ag-only, Fe-only, dual-brick-Fe/Ag and dual-brick-Ag/Fe, NHs
and H: dosing, (only NHs for Fe-only).
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(>1000 s) Ag-only did instead show the best deNOy performance and the performance order was
Ag-only > Fe-only = dual-brick-Ag/Fe = dual-brick-Fe/Ag. The main advantage of Ag-only was
seen at the highest temperatures (220-240°C), see Figure 29.

NH3 and H; dosing started after 830 s which led to the conclusion that SCR could not account for
the activity seen during the first parts of the cycle. Instead it is believed that NOy storage is
responsible for the NOx conversion seen at low temperatures. Tsukamoto et al. [98] showed that
NOy storage could be enhanced by addition of TiO; to the catalysts and they attributed this to the
formation of more storage sites due to a better Ag dispersion. It is believed that the SiO; content
in the catalyst used in this study will improve NOyx storage in the same way as TiO: since SiO;
doping done in conjunction to this work showed similar improvements as TiO, with respect to
activity [86]. NO-TPD during dry conditions showed a relatively large NOy storage capacity of the
Ag/Al;03, however, the presence of H,0 will lower the capacity. Brosius et al. [57] has shown
that the NOx adsorption capacity was dramatically enhanced by replacing NO with NO; in the
presence of H,0. NOy storage, therefore, seems to be the best explanation for the NOx conversion
seen at the low temperature when no NH;z or H; was dosed. Figure 30 shows no excessive NOx
desorption during the cycle. The expected NOx desorption when the temperature increased in
the later part of the cycle was believed to be compensated by increased SCR activity. The
difference between the Ag/Al,03 containing catalysts and Fe-only was clear. The former showed
NOy conversion directly from the start of the cycle while the latter showed a NOyx out that was
closer to the NOy in.

No overall effect on NOx conversion was seen by dosing NH3; and Hz from 120°C compared to the
standard temperature of 150°C. A closer inspection of total NOx conversion as function of time
(Figure 31) showed that the decline in NOx conversion was more rapid up to approximately 400
s of the cycle when dosing started at 120°C (after 250 s) compared to at 150°C (after 830 s). The
NOy conversion then increased for the 120°C dosing case while it remained almost constant for
the 150°C dosing case and in the end they showed the same conversion. This is explained as
follows: Up to 400 s NH3 inhibits NOy storage and possibly fast-SCR [99]. When the catalyst has
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Figure 30 NOx before (NOx in) and after (NOx out) catalysts during NEDC; a) Ag-only, b) Fe-Only, c) dual-
Fe/Ag and d) dual-Ag/Fe, NH3 and Hz dosing (only NH;3 for Fe-only).
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Figure 31 Total NOx conversions as function of time during NEDC
for Ag-only, dual-brick-Fe/Ag, dual-brick-Ag/Fe with NHsz and H:
dosing from 120°C. Dual-brick-Ag/Fe with NHs and H:z dosing from
150°C is included for comparison.

been warmed up there is some SCR activity in addition to NOy storage, seen as the increase in
NOy conversion. When dosing also starts in the original dosing case both strategies show the
same NOy conversion. By starting to dose NHz and H: a bit later the negative effect could be
avoided while the positive is retained. The increased activity seen when dosing started earlier
shows that there are some SCR activity even at temperatures as low as 120°C.

4.3 Conclusions

Laboratory testing of small monolith bricks showed synergistic effects of combining Ag/Al,O3
and Fe-BEA. It was preferred to have Ag/Al;0; as the upstream brick in a dual-brick layout and
as the outer layer in a dual-layer layout. The dual-layer layout was preferred when the H:
concentration in the feed was lowered. The positive effect of having Ag/Al,0; as the
upstream/outer layer catalyst was attributed to formation of NO; over the Ag/Al,O3; giving fast-
SCR over Fe-BEA and unselective NH3 oxidation over Fe-BEA giving a NH3 deficit over the
Ag/Al;03 when it is placed downstream.

During stationary engine-bench testing on the other hand, no unselective NH3 oxidation was
seen over Fe-BEA. The level of NO; out from the engine was also very high and it was preferred
to have Fe-BEA in an upstream position in a dual-brick layout. Ag/Al,03 showed a very low
activity which was attributed to deactivation related to soot or Ag oxidation of the catalyst, the
lower than intended H; level and low catalyst coat loading.

Transient tests (NEDC) showed high NOx conversion from the start of the cycle, before any NH3
or H, was dosed. The most likely explanation is believed to be NOy storage over the Ag/Al;0s.
The overall cycle conversion was, however, low which is mainly attributed to very demanding
conditions with a lot of the NOx being emitted at very low temperatures (<150°C).
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5 Overall conclusions and future outlook

5.1 Conclusions

From the catalyst development it was concluded that a high Sger and higher Ag loading gives a
high sulphur tolerance and a high deNOx activity. A high Ag loading gives more active sites and
probably a more favourable Ag dispersion. A too high Ag loading reduces the NH3 adsorption
capacity while sulphur increases it due to formation of acid sites. The high Sggr is believed to
allow more Ag and give a higher NH3 adsorption capacity, necessary for the SCR reaction. The
high Ag loading and high Sger catalyst showed a high tolerance towards sulphur poisoning.

A similar activity enhancement (de-greening) was seen from laboratory-scale testing of
monolithic catalysts as was seen for powder catalysts during testing with sulphur. NO, was
present in the feed for the monolithic tests which might affect the results. It might also be that
the observed activity enhancement for the powder catalyst is more related to the testing itself
than the presence of sulphur. It is believed that the activation is related to Ag and not the
alumina as an increased NO to NO; oxidation was seen for the monolithic catalyst after it was
activated. Possible reasons for this activation might be a change in the dispersion or state of Ag.

Ag/Al,03 was combined with Fe-BEA to give a catalyst with a high activity in a broad
temperature range without the need to continuously having to dose H; to get activity over the
Ag/Al>03. Small-scale monolith tests showed that it was preferred to have Ag/Al;Os either as the
upstream brick in a dual-brick layout or as the outer layer in a dual-layer layout. The opposite
could give complete NH3 oxidation over Fe-BEA leading to a NH3 deficit over Ag/Al,0s. Full-scale
engine testing contradicted these results and showed that Fe-BEA was preferred as the
upstream brick in a dual-brick layout. The presence of NO; in the feed giving fast-SCR over Fe-
BEA and no unselective NH3 oxidation in the engine tests are believed to explain the observed
difference between the two tests. The activity of the combined catalyst layouts were higher than
the activity for individual catalysts when less or no H; was co-fed showing that there were
synergistic effects by combining them. The dual-layer layout showed the best performance
which is believed to be attributed the short diffusion distance between the layers allowing
dispersion of reaction intermediates between them.

Transient engine bench testing showed that Ag/Al;03 and a combined Ag/Al,O3; - Fe-BEA system
was active during the NEDC. The NO conversion was not very high which is related to both the
very low temperature of the NEDC and the low activity of the Ag/Al;03 catalyst seen from
stationary testing. The most interesting result was that the catalyst systems showed NOy
conversion already from the start of the cycle before any NHz or H, was dosed. NOx storage over
the Ag/Al;03 was believed to be the most likely explanation for this. The NOx conversion could
be enhanced by dosing of NHz and H: at temperatures lower than 150°C that was used as the
standard dosing temperature. Dosing at too low temperature, however, inhibited the NOy
conversion.

5.2 Future

The mechanism behind the synergistic effects of combining Ag/Al;03 and Fe-BEA is not fully
investigated. Especially the effect of the dual-layer layout is not completely understood and
further studies are needed. The de-greening seen for the high Ag loading and high Sggr catalysts
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was first attributed to the effect of sulphur poisoning. A similar effect was seen for the later tests
when no SO; was present and the possible mechanism should be further investigated. The
sulphur tolerance was only tested for powder catalyst and the possible impact of sulphur on
monolithic catalysts needs to be evaluated. It would also be interesting to further investigate
which state of Ag and which Ag dispersion that is the most optimal over Ag/Al;03; and if it is
affected by sulphur.

The preliminary engine tests showed NH3z formation over the Ag/Al;0Os. This could potentially
enhance the low-temperature activity for combined catalyst system with a downstream catalyst
that can store the formed NH3. The main explanation for the NOy conversion seen at the start of
the NEDC (before any NH3 or H, was dosed) was believed to be NOy storage over Ag/Al;03. NO-
TPD during dry conditions also showed a substantially storage capacity. More NOy
storage/adsorption tests with H,0 present are needed to fully evaluate the potential of Ag/Al;03
for NOx storage. It was believed that the Ag/Al,O3 catalyst was poisoned by soot during the
engine testing. Future test should, therefore include DPF prior to the SCR catalysts. More
catalyst, either by increasing the catalyst loading or adding more/larger bricks, is also needed to
reduce the GHSV. It is also believed that the results can be improved by tailor-made dosing
algorithms that take the possible NOy storage and other mechanism into consideration.
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Appendix

A. List of abbreviations
Y Shear rate

1 Viscosity

o Yield stress

o Shear stress

ad-NOyx Adsorbed Nox species

ASC  Ammonia slip catalyst

d Diameter

DM Dry matter - solid content

DOC Diesel oxidation catalyst

DPF  Diesel particulate filter

dx Particle size distribution, x denotes the percentage of particles that is of a size less than the
stated value

FTIR Fourier transform infrared spectroscopy

GHSV  Gas hourly space velocity

HC Hydrocarbons

NSR  Nox storage and reduction

PM Particulate matter

Re Reynolds number

Seer Surface area calculated using the Brunauer, Emmet and Teller method

SCR  Selective catalytic reduction

SEM  Scanning electron microscope

Tso Temperature for 50% Nox conversion

TPD Temperature programmed desorption

TWC Three way catalyst

\% Velocity

XRD  X-ray diffraction

Ag-only Catalyst brick with only Ag/Al;03

Dual-brick-Ag/Fe Dual brick layout with Ag/Al;03 upstream of Fe-BEA
Dual-brick-Fe/Ag Dual brick layout with Fe-BEA upstream of Ag/Al;03
Dual-layer-Ag/Fe Dual layer layout with Ag/Al,O3 as the outer layer of Fe-BEA
Dual-layer-Fe/Ag Dual layer layout with Fe-BEA as the outer layer of Ag/Al;03
Fe-only Catalyst brick with only Fe-BEA
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B. Monolith preparation
Topsge alumina (6 wt% Ag/Al,O;) — catalyst for
Paper V

Table B-1 Properties of slurry used for coating
monoliths

Washcoatno. 1 2

pH 95 -
oo (Pa) 5.12 3.66
u (mPas) 26.0 19.3

DM (Wt%) 21.9 203

Table B-2 Properties of small-scale monoliths
(21x20 mm). Monoliths A-C was dipped after each
other in the same slurry during coat 1 and D-E in
another slurry. During coat 2 A-B and C-E was dipped
in different slurries.

Monolith A B C D E

Coat1

(g/L) 53.0 60.8 718 53.5 52.2
(wt.%) 13.8 154 18.0 143 138
Coat 2

(g/L) 70.2 749 655 624 657
(wt.%) 154 159 141 143 1438
Final

(g/L) 112 125 126 105 107
(wt.%) 253 27.1 279 24.7 24.7

Table B-3 Amount sulphur in the monoliths after
sulphur impregnation.

Monolith B C D E

S[wt%] 0.65 053 0.64 0.59

Topsge alumina - 6 wt% Ag/Al;0s catalysts
for SEM images

Table B-4 Slurry properties for 6 wt% Ag/Al203. The
slurry for coat 2 was made by diluting slurry 1. The
slurry for coat 3 was the same as for coat 2.

Washcoatno. 1 2 3

pH 10.7 - -
oo (Pa) 558 5.09 -
u (mPas) 27.0 156 -

DM (wt%) 183 168 18.3

Table B-5 Properties for 6 wt% Ag/Al203 small-scale
monoliths (21x20 mm). A-B are Ag/Al203 and C-E are
dual-layer monoliths with C with Ag/Al:03 as the
inner layer and D-E with Fe-BEA as the inner layer.

Monolith A B C D E
Coat1
(g/L) 385 412 392 62.5* 75.8*

(wt.%) 13.7 14.6 14.0 22.2* 26.9*
Coat 2

(g/L) 483 514 484 89.6 99.7
(wt.%) 15.1 159 152 261 279
Coat 3

(g/L) 57.8 61.2 99.0* - -
(wt.%) 15.7 163 26.9*% - -
Final

(g/L) 128 135 165 129 149

(Wt.%) 455 478 59.0 457 5238

* Fe-BEA

Topsge alumina - 4 wt% Ag/Al;03 catalysts
for Paper II

Table B-6 Slurry properties for 4 wt% Ag/Al20s. The
slurry for coat 2 was made by diluting slurry 1 and
slurry 3 by diluting slurry 2.

Washcoatno. 1 2 3

pH 10. - -

oo (Pa) 584 3.75 3.01
p (mPas) 12.1 8.62 8.69
TS (wWt%) 23.6 17.8 14.9

Table B-7 Properties for 4 wt% Ag/Al203 small-scale
monoliths (21x20 mm). A is Ag/Al203 and B-E are
dual-layer monoliths with B-C with Ag/Al:03 as the
inner layer and D-E with Fe-BEA as the inner layer.

Monolith A B C D E
Coat1
(g/L) 422 46.5 40.8 35.7% 36.8*

(wt.%) 14.6 16.2 14.6 12.5% 12.4%*
Coat 2
(g/L) 41.2 503 45.0 43.6* 46.4*
(wt.%) 12.5 15.1 14.0 13.6* 13.9*
Coat 3
(g/L) 36.8 86.8* 76.5* 544 60.8
(wt.%) 9.89 23.8* 20.7* 149 16.0
Coat4

(g/L) - - - 36.5 36.5
(wt.%) - - - 8.72 7.41
Final

(g/L) 120 173 163 170 177

(Wt.%) 294 356 341 374 373

*Fe-BEA
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Siralox alumina - catalysts for Paper II1

Table B-8 Properties for 4 wt% Ag/Si-Al203 medium
size monoliths (140 ml), A-B are Ag/Al:03 and C-D
are dual-layer monoliths with Fe-BEA as the inner
layer.

Monolith A B C D
Coat1
(g/L) 80.6 70.5 60.1* 63.8*

(wt.%) 274 228 19.9* 20.7*
Coat 2

(g/L) 954 107 78.2 60.8
(wt.%) 25.5 282 217 16.7
Final

(g/L) 161 162 126 111

(Wt.%) 354 343 295 266

*Fe-BEA

Table B-9 Properties for 4 wt% Ag/Si-Al20s3 full size
monoliths (2 1).

Monolith A B

Coat1

(g/L) 71.1 57.6
(wt.%) 23.8 19.2
Coat 2

(g/L) 86.2 74.1
(wt.%) 20.1  24.0
Final

(g/L) 132 119

(wt.%)  30.6 285
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A series of Ag/Al,05 catalysts with different alumina precursors and different Ag loadings were tested
for H, assisted NH3-SCR of NO. The catalysts were characterised (BET, XRD, NH3-TPD, ICP-OES, TEM
and UV-vis spectroscopy) and tested as fresh catalyst, during long-term cycling tests with SO, present
and after the sulphur testing. The aim was to find an optimal configuration of the Ag/Al,03 catalyst for
automotive applications. Catalysts with a high sulphur tolerance during long-term SO; cycling (1 h with
10 ppm SO, at 250°C followed by 10 min regeneration at 670 °C, repeated until no difference between

i?/lx/l:gi:: cycles was seen) were demonstrated. The high sulphur tolerance and activity was attributed to high
NHs surface areas of the catalyst supports, together with a high Ag loading. The high surface area allows a
SCR larger NH3 storage on the surface which is previously reported necessary for the SCR reaction. A higher Ag
H, loading will affect the state of Ag by increasing the ratio of Ag-clusters and particles to highly dispersed

Ag ions. SO,-poisoned Ag-clusters and particles can be regenerated by the high temperature treatment
in the deNOy feed, highly dispersed Ag ions cannot.

Sulphur tolerance

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Up to now it has been possible to meet the ever stricter emission
limits for light-duty diesel vehicles by direct engine management
and tuning and use of diesel particulate filters (DPF) and/or oxida-
tion catalysts (DOC). This will not be possible in the future, to meet
the upcoming legislation an aftertreatment system will be needed
for NOy reduction [1]. Options for such reduction are selective cat-
alytic reduction (SCR) by urea, lean NOyx trap (LNT) and further
tuning of the engine like exhaust gas recirculation (EGR). SCRis very
effective and is today being widely used for heavy-duty trucks and
seems like an attractive way to go, since its high efficiency makes it
possible to tune the engines for better fuel efficiency [2]. The first
applications with SCR for passenger cars are already on the road in
Europe and the USA.

The critical point for all applications is, however, the low-
temperature (100-250 °C) activity of the catalyst. In order to reduce
NOy in the cold part of the test cycles, the engine manufactur-
ers have to take measures to increase the exhaust temperature by
engine management, which reduces the overall efficiency of the
system. Hydrocarbon (HC)-SCR over Ag/Al,03 has been known for

* Corresponding author at: Haldor Topsee A/S, Nymellevej 55, 2800 Kgs. Lyngby,
Denmark. Tel.: +45 2275 4125.
E-mail address: sefo@topsoe.dk (S. Fogel).

0926-3373/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.apcatb.2012.06.014

quite some time [3] and is widely investigated. Addition of hydro-
gen is known to enhance the low-temperature activity [4,5]. Richter
etal.[6] have showed that Ag/Al; 03 alsois active for NH3-SCR when
H, is co-fed; with NOx conversion starting at 150 °C. However, since
then there have been only few reports about NH3-SCR on Ag/Al;Os.

Although not entirely unambiguous, most studies show that the
activity of Ag/Al,0Os3 is decreased by sulphur which is normally
present in automotive exhaust. Those showing the opposite may
be attributed to the reaction conditions, reductant, temperature,
etc. According to the results of Breen et al. [ 7], catalyst deactivation
by SO, only occurs at temperatures of about 230-400°C for HC-
SCR. At lower temperatures, the oxidation of SO, to SO3 supposed
to be crucial for the catalyst deactivation does not occur. At higher
temperatures, the formed Ag-sulphate becomes unstable. The same
results have been showed by Shimizu and Satsuma [8] with deac-
tivation at 250°C but not at 200°C for Hy-assisted NH3-SCR. H,
is reported to facilitate activity regeneration after sulphur poison-
ing [9]. Different sulphur tolerance for different HC reductants has
been shown [10,11]. Testing the sulphur tolerance is therefore very
important when evaluating Ag/Al, 03 catalysts for automotive SCR.

This study aims to find the optimal formulation of the Ag/Al,03
catalyst for Hy-assisted NH3-SCR for automotive applications under
realistic conditions. A series of different alumina precursors were
thermally pretreated to give alumina supports with varying charac-
teristics to see how the different characteristics influence catalyst
performance. Different Ag loadings were also tested. Emphasis of
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this study is on the sulphur tolerance and the regeneration possi-
bilities of the sulphated catalyst.

2. Experimental
2.1. Catalyst preparation

Four different pseudoboehmite alumina precursors were tested:
one from Topsge, Catapal and Pural from Sasol, and Versal from
UOP. The alumina precursors were precalcined at 550, 750 and
1000°C for 2 h. The resulting alumina samples were then impreg-
nated with AgNO3 (99.8% purity) by the incipient wetness method
to give the desired amount of Ag (1, 2, 3, 4 or 6 wt%). Following the
impregnation, the samples were first dried in air at room tempera-
ture and then at 100 °C over night. They were thereafter calcined at
550°C for 2 h. Reference catalysts based on y-Al,03 (Puralox SCFa
or TH from Sasol) were prepared by the same method. Before test-
ing, the samples were pressed, crushed and sieved to give fractions
of 150-300 pm.

The catalysts were designated, A, C, P, R and V for Topsge, Cat-
apal, Pural, reference and Versal alumina, respectively. The letters
are followed by the intended Ag loading and by the alumina pre-
calcination temperature, e.g. A1-550 (1 wt% Ag on Topsge alumina
precalcined at 550°C).

2.2. Catalyst characterisation

The specific surface areas (Sggr) of the catalysts were measured
by N;-adsorption by single point or by multipoint BET using either
a Quantachrome Monosorb or Autosorb. The difference between
results obtained by single and multipoint BET was less than 10%
for seven samples tested by both methods; Sggr is therefore given
regardless of method used. Multipoint BET was also used to get
information on pore volume and pore size distribution.

The crystal phase of the catalysts was investigated by X-ray
diffraction (XRD) on a Philips PW3040/60 diffractometer using Cu
Ko radiation. The alumina crystal size was estimated applying the
Scherrer equation to the reflex from the 440 crystal plane (260 =67°).

Inductively coupled plasma-optical emission spectroscopy (ICP-
OES) with a Perkin Elmer Optima 3000 was used to verify the Ag-
content of the catalysts.

TEM measurements were carried out in a TECNAI T20 trans-
mission electron microscope equipped with an Oxford Instruments
EDX detector. For the measurements the catalyst powder was dis-
persed on a copper TEM grid covered with a lacey carbon film.
Images were acquired using DigitalMicrograph from Gatan Inc.

UV-visible reflectance spectroscopy on a Varian Cary 300 was
used to investigate the state of Ag in the catalysts. The spectra were
converted into the Kubelka-Munk function (F(Rw)).

Temperature programmed desorption (TPD) of NH3 was con-
ducted in the catalyst test setup (see below) and with the same
amount of catalyst (45 mg). Prior to the experiment, the catalyst
was pretreated in a flow of Ar (100 N ml/min) for 30 min at 500°C.
After that the sample was cooled down and NH3 was then adsorbed
at 90 °C (monitored by FTIR), followed by a switch back to Ar-flow
to remove gaseous NH3. When the NH3 signal was below 10 ppm,
the temperature ramp was started (5 °C/min).

2.3. Catalyst activity testing

The catalyst activity was tested in a fixed-bed quartz flow reac-
tor (inner diameter 4 mm). 45 mg of the catalyst was diluted with
100 mg of SiC giving a bed height of ~12 mm. The catalyst was held
in place by quartz wool plugs.

A standard deNOy feed of 500 ppm NO, 520 ppm NH3, 1200 ppm
H,, 8.3% 03, 7% H,0 and balance Ar was used for activity testing. For

V1-1000

V1-750

V1-550

0 20 40 60 80
20

Fig. 1. XRD of Versal, calcined at 550, 750 and 1000 °C, respectively.

sulphur testing, 10 ppm SO, was added to the feed. The total flow
was 120 N ml/min giving a GHSV of ~50,000 h~! based on the whole
bed volume (catalyst+SiC) and a GHSV of ~100,000 h~! based on
the catalyst volume. The gases were controlled by mass flow con-
trollers, and water was fed by a syringe pump (ISCO 100 DM). The
gases were either supplied by AGA (Ar and O,) or Air Liquide.

During activity testing, the samples were heated to 475°C and
held there for 30 min before being ramped down to 130°C at arate
of 2°C/min during which the activity was measured. For sulphur
testing, the samples were first heated to 475 °C and held there for
30 min before being ramped down (2.5°C/min) to 250°C, where
SO, was introduced and the activity measurement started. After 1 h
at 250°C, SO, was switched off and the temperature was increased
to 670°C and held there for 10 min before being ramped down to
250°C again. Then the cycle, 1h at 250°C followed by 10 min at
670°C, was repeated until no difference in activity between the
sulphation cycles could be seen.

Outlet gases were analysed using a Thermo Fisher Nicolet 6700
FTIR analyzer, equipped with a 2-m gas cell. All gas capillaries and
the FTIR gas cell were heated to >130°C to avoid condensation of
water and formation of ammonium nitrate.

NOyx conversion was calculated as (cnox,in — CNOxout)/CNOxin»
where NOy was the sum of NO, NO, and N,O.

3. Results
3.1. Catalyst characteristics

Characteristics for the different 1 wt% Ag loading catalysts are
listed in Table 1. The A- and the V-series had surface areas in the
same range for each pretreatment temperature (4-11% variation),
the C-series had somewhat lower (11-16%) and the P-series had
significantly lower surface areas (48-62%) compared to A. The P-
series had a higher pore diameter as compared to the others (3-5
times). The C-series showed a much narrower pore-size distribu-
tion than therest of the samples. The measured Ag loading was close
to the target value for the samples tested. The target Ag loading will
therefore be used throughout this report.

Increasing the Ag loading did not significantly alter the char-
acteristics as can be seen for P1-1000 and P2-1000. This is in
accordance with previously reported results [12,13]. The Sggr for
1 wt% Ag samples will therefore be used for higher Ag loading sam-
ples.

The crystallinity of the samples increased with increased pre-
calcination temperature of the samples seen by XRD spectra. Fig. 1
shows the XRD spectra for the V-series. V1-550 and V1-750 was a
mixture of eta and gamma phase and V1-1000 was a mixture of eta
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Table 1

Characteristics (surface area (Sger), pore volume (Vpore), pore diameter (Dpore ), Ag loading, crystal phase of the alumina, crystal size and NOy conversion at 250 °C before and
after testing with sulphur) for the four boehmite alumina-series tested, Topsge alumina (A), Catapal (C), Pural (P) and Versal (V), together with the reference y-alumina (R).
The alumina designator is followed by the Ag load and by the temperature at which the boehmite was calcined.

Catalyst Sger (m?[g) Vpore (cM?/[g) Dpore (A) Ag loading (wt%) Alumina phase Crystal size (A) NOy conversion at 250°C
Target Measured Fresh After sulphur
testing
A1-550 272 - - 0.99 - eta/gamma 37 0.56 -
A1-750 214 0.94 171 0.99 - eta/gamma 43 0.86 -
A1-1000 124 - - 1.1 0.92 eta/gamma (traces - 0.92 -
of alpha and theta)
C1-550 242 0.49 75 1.0 - eta/gamma 42 0.77 -
C1-750 179 0.48 101 1.0 1 eta/gamma 51 0.94 0.51
C1-1000 104 - - 1.0 - eta/theta - 0.81 -
P1-550 111 - - 1.0 - eta/gamma 85 0.90 -
P1-750 82.2 1.2 514 1.0 0.99 eta/gamma 96 0.72 -
P1-1000 64.4 - - 1.0 - theta and delta - 0.54 0.73
P2-1000 62.2 - - 2.0 1.8 - - 0.081 0.56
V1-550 262 - - 1.0 - eta/gamma 36 0.64 0.42
V1-750 206 0.92 178 1.0 - eta/gamma 45 0.83 -
V1-1000 110 - - 1.0 - eta/theta - 0.87 -
R1 142 - - 1.0 0.87 eta/gamma 57 0.95 -

-, not analysed.

and theta phase. The same trend as for the V-series can be seen for
the A-, C- and P-series as well. All the samples calcined at 1000 °C
were, at least partly, converted from eta or gamma-alumina to more
crystalline phases, alpha, delta and/or theta, Table 1.

The surface areas of the gamma-alumina were proportional to
the reciprocal crystal size (Fig. 2). This indicates either a cylindrical
or “needle” shape or a spherical shape of the alumina crystals. TEM
images of R1 were used to confirm a “needle” shape of the alumina
crystals (supporting information, S1).

In conclusion, the aluminas chosen had “needle” shape and dis-
played a wide range of Sggr, pore volumes and sizes. We therefore
had a representative series of alumina precursors for our tests.

3.2. Catalyst activity of 1wt¥ Ag samples (without SO5)

The catalysts were tested in the standard deNOy feed (without
SO,), the temperature was ramped down from 475 to 130°C at
a rate of 2°C/min. Fig. 3 shows the temperature dependency of
NOx conversion for the C-series. C1-750 was almost identical to
the reference sample (not shown) and they both showed a very
promising activity; comparable to those reported in the literature
for Cu- and Fe-zeolites [2]. The NH3 conversion followed the NOx
conversion close to stoichiometry at temperatures up to 250 °C. The
N, O level was at most 10 ppm and typically below 5 ppm for all the
catalysts tested.
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Fig. 2. Correlation between Sggr and crystal size.

The light-off temperature (Tsg), temperature of 50% NOy con-
version, was used to display the low-temperature activity. Fig. 4a
shows a clear correlation between Tsg and the Sggr for 1 wt% Ag cat-
alysts. Adecrease in Tsg, i.e. anincrease in low-temperature activity,
was seen when the Sger was increased from its lowest values. It lev-
elled out at Sger ~140 g/m2. When Sggr got higher than ~200 g/m?2,
Tso started to increase. Thus, for fresh catalysts there was an opti-
mum Sggr range of about 140-220 g/m?2. The same trend with an
optimal Sggr, in the same range, can be seen for NOx conversion at
200 (not shown) and 250 °C (Fig. 4b).

No direct correlation between activity and pore volume or pore
size distribution could be seen.

3.3. Sulphur tolerance of 1 wt% Ag-samples

Since all diesel fuels normally contain small amounts of sul-
phur we conducted tests with SO, in the feed. A realistic level of
SO, in low-sulphur diesel exhaust is below 1ppm [7]. Our data
for 0.5-10 ppm SO, (not shown) indicate that the degree of sul-
phur poisoning of Ag/Al, 05 is cumulative and depends on the total
SO, exposure rather than on SO, concentration. Therefore, we used
10 ppm of SO, in the tests to decrease the testing time. Most modern
diesel vehicles are equipped with a DPF [2]. The DPF is regenerated
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Fig.3. Dependence of NOy conversion on the reaction temperature for fresh Catapal-

series. Reaction conditions: 500 ppm NO, 520 ppm NH3, 1200 ppm Hy, 8.3% 02, 7%
H,0 and balance Ar, GHSV ~50,000 h-' (based on bed volume).
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by burning off the soot at elevated temperatures at regular inter-
vals. To mimic real life conditions and to investigate whether the
catalyst could be regenerated by an increased temperature or not,
like during DPF regeneration, the catalysts were first subjected to
sulphur for 1h at 250°C. This roughly corresponds to the amount
of sulphur a typical catalyst is subjected to between DPF regener-
ations, about 900 km of driving [14]. Sulphur was then turned off,
and the temperature was increased to 670°C and held there for
10 min to simulate regeneration of the catalyst. When the temper-
ature once again had reached 250 °C, sulphur was again turned on
and the cycle started all over again (Fig. 5). This was repeated 20
times giving a total time on stream with sulphur of 20 h.

The sulphur tolerance was tested for three of the samples repre-
senting low, medium and high surface areas to see if the same trend
as for fresh catalysts with an optimal Sggr around 140-220 g/m?
could be seen. The samples tested were P1-1000, C1-750 and V1-
550. Fig. 5 shows the first eight cycles for P1-1000; the trends for
C1-750 and V1-500 (not shown) were similar. All catalysts were
severely deactivated by SO, and it was possible to regenerate part
of the activity. Both P1-1000 and V1-550 showed a higher SCR activ-
ity at the start of cycle two (regenerated activity) compared to at the
start of cycle one (fresh activity). The regenerated activity declined
after cycle two before it reached a steady value. C1-750, on the
other hand, did not show this increase in activity between the start
of cycle one and cycle two.

After 3-6 cycles, the regenerated (after 10 min at 670 °C without
SO,) and sulphated activity (after 1h with SO,) became sta-
bilised and the deactivation profile was identical for subsequent
cycles, this will be referred to as “steady-state”. Fig. 6 shows
one sulphation cycle at this steady-state for the three catalysts
tested. The low surface-area sample (P1-1000) showed the highest

regenerated activity followed by the medium and high surface area
samples (C1-750 and V1-550). P1-1000 showed a much more rapid
decrease in NOx conversion. At the end of the sulphation cycle all
samples had the same activity.

An interesting and surprising observation was that P1-1000 had
a higher NOx conversion after exposure to SO, and regeneration
(at steady-state) than it had as a fresh sample under the same

P1-1000
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Fig. 6. NOx conversion for one sulphur tolerance test cycle at steady-state (no
change in deactivation profile between cycles) for P1-1000, C1-750 and V1-550,
representing low (64 m2/g), medium (180 m?/g) and high (260 m2/g) surface areas,
respectively. Reaction conditions: T=250°C, 500 ppm NO, 520 ppm NH3, 1200 ppm
H,, 10 ppm SOy, 8.3% 02, 7% H,0 and balance Ar, GHSV ~50,000 h—! (based on bed
volume).
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conditions; 72 and 54%, respectively (Figs. 4b and 6). The cata-
lyst was activated by sulphur. The activity was also increased for
about 30 min during cycle one, before decreasing (Fig. 5). An initial
increase of activity upon sulphur poisoning was also reported for
propane and propene-SCR by Shimizu et al. [9] and Park and Boyer
[12], the latter attributed it to the formation of silver-sulphate.

The higher regenerated NOx conversion of P1-1000 indicates
that a high Ag loading/Sger is advantageous for higher sulphur tol-
erance for the catalyst. Higher Ag loading samples were therefore
prepared.

3.4. Catalytic activity of higher Ag loading catalysts

Fig. 7a compares the NOx conversion for fresh R-catalyst with
2, 3 and 4wt% Ag in the standard deNOy feed during temperature
ramping (475-130°C). The activity curves follow each other closely
up to ~170°C for the three samples. The NOx conversion for the
higher Ag loading catalysts was significantly lower at higher tem-
peratures. This cannot entirely be explained by unselective NH3
oxidation since NH3 conversion followed the NOx conversion up to
250°C for the 3 and 4 wt% Ag-samples (through the whole temper-
ature range for the 2 wt% Ag sample). At temperatures above 250 °C,
NH3 oxidation could contribute to the decrease in NOx conversion.
A lack of NH3 adsorbed on the catalyst surface, which is thought
to be necessary for the NH3-SCR of NOy [15,16], can be a possible
explanation for low NOx conversion for high Ag loading catalysts.
NHj3 adsorption capacity was estimated by NH3-TPD for R1, R2, R3
and R4 (Fig. 7b). The ammonia adsorption capacity at temperatures
above 200 °Cdecreased when the Agloading increased above 2 wt%.
It can be seen as a general trend that a higher amount of Ag led to
lower activity at higher temperatures due to lower NH3 adsorption
capacity, possibly due to Ag blocking the strongest NH; adsorption
acid sites on the alumina.

3.5. Sulphur tolerance of higher Ag loading catalysts

P2-1000,R2,R3, R4, A4-550 and A6-550 catalysts were prepared
and tested for sulphur tolerance in the same way as previously done
with 1wt% Ag catalysts (10 ppm SO, for 1h at 250°C followed by
10 min regeneration at 670 °C). This was repeated until no differ-
ence could be seen between the cycles (steady-state), at least ten
cycles (10 h on stream with SO;) were run.

All tested catalysts showed a similar behaviour as that of P1-
1000 (Fig. 5) with an initial increase of the activity during cycle
one and an increased activity after regeneration at the beginning
of cycle two. The regenerated and sulphated activities became sta-
ble after a few cycles and no differences could be seen between

subsequent cycles, steady-state. Fig. 8 shows the deactivation
during one of these steady-state sulphation-cycles; P1-1000 was
included for comparison. Increasing the Ag loading did not increase
the regenerated activity for the low Sggr-sample (P1- and P2-1000).
P2-1000 did, on the other hand, show a slower deactivation than
P1-1000 when SO, was present in the feed. The higher Sggr-samples
all showed a similar regenerated activity around 93-94% NOy con-
version. R2 showed a slightly higher regenerated activity but at the
same time a more rapid deactivation; i.e. lower sulphur tolerance.
A4-550 was the most sulphur-tolerant catalyst and showed a very
low deactivation during the test. NOx conversion dropped from 94
to 88%, corresponding to a decrease in NOx reduction rate of 25%
(assuming first order kinetics and the reactor being an ideal plug-
flow-reactor). R3, and R4 showed an almost identical deactivation
profile; this together with the fact that A6-550 showed lower sul-
phur tolerance than A4-550 points to that there is an optimum Ag
load for each alumina type (likely linked to different Sggr giving
different amounts of acid sites).

Fig. 9a shows a comparison of the activity during temperature
ramp-down in standard deNOy feed (no SO-,) for R3 and R4 before
and after sulphur testing. R3 and R4 showed very similar behaviour
up to ~170°C for fresh and up to ~240°C for sulphated catalysts.
At higher temperatures the NOy conversion profiles deviated a lot.
This stresses the necessity to combine different testing, in this case

0.9 ""?-‘l\.-bw: A4-550
. /\ ‘l\.‘_‘_:~::-- ....................... AB-550
0.8 S R

R Ra Mo SR
0.7 SeaoR2

NO, conversion
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Fig. 8. NOx conversion for one sulphur tolerance test cycle at steady-state (no
change in deactivation profile between cycles) for higher Ag load samples, P1-
1000, P2-1000, R2, R3, R4, A4-550 and A6-550, representing low (64 m2/g), medium
(140 m?/g) and high (270 m?/g) surface areas, respectively. Reaction conditions:
T=250°C, 500 ppm NO, 520 ppm NHs3, 1200 ppm H, 10 ppm SO, 8.3% O, 7% H,0
and balance Ar, GHSV ~50,000 h-! (based on bed volume).
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sulphur testing at 250°C and temperature ramping (475-130°C),
to be able to distinguish the performance of different catalysts. By
subjecting the catalyst to SO, followed by regeneration there is
a huge gain in maximum and higher-temperature activity. At the
same time, the low-temperature activity cannot be fully regained.
Fig. 9b shows the difference in NH3 adsorption capacity before and
after testing with sulphur for 3 wt% Ag reference catalyst. Sulphur
increased the NH3 adsorption capacity which could be part of the
explanation for the increase in activity after testing with sulphur.

3.6. UV-vis spectra

Many reports show that increasing the Ag loading will affect
the state of Ag[17-21]. An increase in Ag loading will give more Ag
clusters/nanoparticles relative to highly dispersed Ag-ions. UV-vis
spectroscopy is a widely used method to investigate the state of Ag
[17-21]. Spectra were taken for P1- and P2-1000, A4- and A6-550
and R2, R3 and R4. Fig. 10 shows the spectra for the latter series.
Broad peaks were seen at bands of around 21,000-23,000, 28,000,
34,000-35,000 and above 40,000 cm~"'. The band at 22,000 cm™!
has been attributed to larger metallic Ag nanoparticles (~10 nm),
the peaks at 28,000 and 34,000-35,000cm™"! to Ag,%* -clusters and
above 40,000 cm~! to dispersed Ag*-ions [22,23]. From Fig. 10 it is
clear that the intensities for the bands attributed to Ag-clusters and
nanoparticles increased as the Ag loading increased from 2 to 3 and
4 wt%.The same trend with an increase in the amounts of Ag present
as clusters or nanoparticles in the catalysts with higher Ag loading
was also seen for the A- and P-series (not shown). Thus, the UV-vis

Ag*

2.5 Ra

R3

Ag° Ag*:

10000 20000 30000 40000

Waveno. [cm™']
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Fig. 10. UV-vis spectra for reference-series with 2-4wt% Ag. The major peaks
attributed to Ag?, Ag,’* and Ag* are indicated.

results qualitatively indicate that the samples with higher Ag load-
ing had a higher ratio of cluster and particles to dispersed ions.
These indications are in agreement with those previously reported
in the literature.

4. Discussion

The correlation between Tsg and NOx conversion at 250 °C (near
maximum) and Sggt (Fig. 4) is clear. It should be emphasised that
the different Sggr stems from different calcinations temperatures
of the alumina precursor and that other characteristics like crys-
tal phase also is affected (Fig. 1). Different crystal phases of the
alumina may affect the Ag and alumina interaction. Zhang and
Kaliaguine [13] concluded that impregnation of AIOOH with Ag
gave a Ag-0-Al bond whereas impregnation of Ag on a y-Al,03
gave more dispersed Ag due to less —OH groups available. In our
study all precursors were precalcined and the alumina were dehy-
drated meaning the effect of surface —~OH groups would be small. It
was only the samples calcined at 1000 °C that showed any signif-
icant change in crystal phase of the alumina. The results for those
samples did not stand out from the others. We, therefore, attribute
the difference in deNOy activity for the different catalysts to differ-
ences in surface area between the precursors rather than an effect
of difference in crystal phase and crystallinity. However, Sggr and
crystallinity (Fig. 2) are closely related to each other so influence on
the performance from different crystallinity of the samples cannot
be ruled out. We also found no correlation between other textu-
ral characteristics, such as pore volume or pore size distribution
and activity. This supports the hypothesis that it is the correlation
between Ag loading and surface area of the alumina catalysts car-
rier that is the influencing parameter. A higher Ag loading/Sggt will
affect the dispersion and state of Ag as well as the acid-basic prop-
erties of the alumina support. Different Ag loadings will therefore
correspond to different optimal Sger and vice versa, this was also
concluded by Zhang and Kaliaguine [13] for HC-SCR reaction.

Fig. 6 shows the importance of Ag loading/Sggr for sulphur toler-
ance, the low Sggr sample (P1-1000) shows the highest regenerated
activity. However, there was a limit to the maximum possible activ-
ity for low Sggr catalysts, shown by a lower regenerated activity for
P2-1000 (Fig. 8). We attribute this to a lack of available NH3 on the
surface due to fewer acid sites available for NH3 adsorption. The
latter was demonstrated by TPD (Fig. 7b) for reference catalyst cat-
alysts with different Ag loading (1-4 wt%). Alumina carriers with
higher Sggr are therefore of more interest for production of cata-
lysts with higher activity. The higher number of acid sites stems
from the higher geometrical area and the amounts of acid sites are
proportional to the Sggt. To obtain similar or higher Ag loading/Sggt
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as for the most sulphur-tolerant 1 wt% sample (P1-1000), more Ag
was loaded on to the high Sggr alumina. The samples (R2, R3, R4,
A4- and A6-550) all demonstrated much higher regenerated NOy
conversion (93-97%) compared to any of the 1wt% Ag/Al,03. R4
showed a sulphur tolerance very similar to the one for R3, and A6-
500 showed a lower tolerance than A4-550 indicating that there
is an optimal Ag loading for sulphur tolerance; the same trend
that could be seen for fresh catalysts. Ag loading/Sggr is a trade-
off between having as many stabilised active Ag-sites as possible
and having acid sites available for NH; adsorption.

We attribute the large difference in sulphur tolerance between
low and high Ag loading catalysts to the different types of Ag
present, highly dispersed Ag-ions and partly charged Ag-clusters
and metallic Ag-nanoparticles. Similar conclusions were made by
Shimizu et al. [9], who investigated sulphur tolerance for propane-
SCR over Ag/Al, 03 with different Ag loadings. They concluded that
H, promotes removal of Ag-sulphates and that higher Ag load-
ing samples gave higher sulphur tolerance. The samples with the
highest Ag loading had a larger part of the Ag present as partly
charged Ag-clusters compared to lower loading samples. For HC-
SCR dispersed Ag is believed to be most active for NO SCR with a
high selectivity towards N,. Ag-clusters and particles are, on the
other hand, more active for HC combustion and NO reduction to
unwanted N, 0 [18]. We observed that the NH3 conversion deviated
from that of NO at temperatures above 250-300°C and a some-
what higher N,O production over fresh catalysts with higher Ag
loading in agreement with findings for HC-SCR. After sulphation
and regeneration, however, no unwanted NH3 oxidation and N,O
levels below 3-5 ppm were seen. Any NH3 oxidation is unwanted,
since it means that less NH3 is available as reductant. Moreover,
oxidation of NH3 to NO or N, O lead to negative NOy conversion.

When the catalyst is subjected to SO, both the Ag and the
alumina support will be affected [24]. The difference is that Ag-
sulphates can be decomposed at the regeneration temperature
used in this report (670°C) whereas alumina sulphates cannot
[25,26]. We suggest in a previous study [14] that it is only the
Ag-clusters and particles, and not the dispersed Ag-ions that can
be regenerated. After a few sulphation cycles all alumina is per-
manently sulphated, leading to blockage of the dispersed Ag-ions.
This would then explain why the activity in the lowest temper-
ature range, where Ag-ions are believed active, are permanently
lost (Fig. 9a). The Ag-clusters and particles are, on the other hand
regenerated. When SO, once again is switched on, the activity starts
to decrease as Ag-sulphates are formed. Meunier and Ross [24]
reported that sulphation of alumina only to a small extent affects
the catalyst activity at high temperatures (486 °C) for HC-SCR and
that it is the sulphation of Ag that is responsible for the decrease in
activity reported. They also suggested that the reaction takes place
in a different way over dispersed Ag-ions and over metallic (clus-
ters and particles) Ag which could also be part of the explanation
of the higher activity of the catalysts with more Ag-clusters and
particles seen after exposure to SO,. The fact that the sulphation
of alumina only plays a minor roll in the total decrease in activity
at higher temperatures (above 200°C) is supported by the results
in this report with high NOx conversion over sulphated catalysts
(Fig. 9a). However, the sulphation of alumina will severely affect
the catalytic activity at lower temperatures, possibly by blocking
active dispersed Ag-ions.

One reason for the increase in high-temperature activity seen
for sulphated catalysts (Fig. 9a) is that sulphation of the alumina
leads to formation of strong Lewis acid sites on the catalyst sur-
face [27] and, thus, a higher NHs-adsorption capacity at higher
temperatures which was also shown by NH3-TPD (Fig. 9b). The
increase in NH3 adsorption capacity is believed to explain the
initial increase in activity during the first 30 min of the first sul-
phation cycle. It is also believed to partly explain the increase in

regenerated activity between the first and the second sulphation
cycle for the high Ag loading/Sggr samples, e.g. P1-1000 (Fig. 5). The
fresh catalyst was limited by the availability of adsorbed ammo-
nia. When the catalyst was subjected to sulphur, the ammonia
adsorption capacity and thus the activity increased, seen as the ini-
tial (30 min) activity increase. Reduction of Ag-ions to Ag-clusters
could also contribute [9]. Yoon et al. [21] showed that the amount of
Ag-clusters/nanoparticles increases as the calcination temperature
was increased for their 2 wt% Ag-catalyst (550-800°C). The high
regeneration temperature of 670°C we used will therefore likely
lead to the formation of more Ag-clusters on the catalyst surface as
well as other structural changes. These changes are stabilised after a
few sulphation and regeneration cycles and are believed, beside the
increased NH3 adsorption capacity, to be another reason for to the
enhanced activity of the sulphated samples. Sulphation also seems
to block NH3 oxidation sites, since NOx and NH3 conversion profiles
were close to stoichiometric during the whole temperature range
tested for sulphated catalysts. The suppression of NH3 oxidation
is, however, only of importance at temperatures above 250-300°C
where fresh high Ag loading catalysts started to show unselective
NHj3 oxidation. Similar conclusions were made by Demidyuk et al.
for HC-SCR [28].

Our results indicate that having a larger part of Ag present as
Ag-clusters is favourable over having larger Ag-nanoparticles. The
oxidation of NH3 increased for all the fresh catalyst series as the Sggr
was decreased; the samples with the highest Ag to Sggt ratio proba-
bly had the highest amounts of Ag nanoparticles. The NH3 oxidation
was also most prominent over P2-1000 and R4; the samples with
the highest Ag loading/Sggt. Large Ag-particles have been reported
to be more active for NH3 oxidation [29,30]. A4-550, showing the
best performance, had a medium Ag to Sggr ratio indicating less
Ag-nanoparticles. It still had, as indicated by the UV-vis spectra, a
favourably higher ratio of clusters and particles to highly dispersed
Ag-ions when compared to the lowest Ag loading samples. This
indicates that Ag-clusters are more active for NOx SCR than metal-
lic Ag-particles. Formation of larger Ag-particles will also reduce
the relative amount of available Ag-sites which also is likely to give
a lower activity.

5. Conclusions

A series of Ag/Al,05 catalysts with different alumina precur-
sors and different Ag loadings giving a wide range of characteristics
was prepared. Most of the samples tested were gamma alumina;
those precalcined at 1000 °C were of higher alumina phases. Alu-
mina phase changes are not believed to affect the performance
to any larger extent. The catalysts were tested as fresh catalysts,
during and after sulphation. Catalysts with high sulphur tolerance
were demonstrated (NOy conversion ~90% at 250°C with 10 ppm
SO,). At T>200°C catalysts with high Ag loading were activated
after short sulphur exposure. Low-temperature activity (<200 °C)
was, however, lost after exposure to sulphur with a shift of Tsg by
15-20°C towards higher temperatures for the best catalysts. The
completely different results obtained for fresh and sulphated cat-
alysts stresses the importance to include sulphur in the activity
testing; or at least as a type of “de-greening” process.

To obtain high activity and sulphur tolerance we found that the
important characteristic of the support is a high Sggr which is pro-
portional to the amount of acid sites. This together with a high Ag
loading gives a sulphur tolerant and active catalyst. Having as many
stabilised active Ag-sites as possible (a high Ag loading) and hav-
ing acid sites available for NH3 adsorption (Sggr) is a trade-off. A
high Sger is needed because it gives a higher overall NH3 adsorp-
tion capacity (more acid sites) compared to low Sggr catalysts. A
high Ag loading/Sget is wanted since it affects the state of Ag by
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increasing the ratio of Ag-clusters and particles to highly dispersed
Agions. SO,-poisoned Ag-clusters and particles can be regenerated
by treatment in the deNOy feed at 670 °C, highly dispersed Ag ions
cannot. In practise this regeneration should coincide with the DPF
regeneration in an engine exhaust.
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Abstract Low-temperature active Ag/Al,O; and high-
temperature active Fe-BEA zeolite were combined and
tested for Hj-assisted NHj-selective catalytic reduction
(SCR) of NO,. The catalysts were either washcoated onto
separate monoliths that were placed up- or downstream of
each other (dual-brick layout) or washcoated on top of each
other in a sandwiched layout (dual-layer). Our results
showed that it is highly preferred to have Ag/Al,O3 as the
upstream or outer layer catalyst. Fe-BEA showed a high
NH; oxidation giving an NHj deficit over the Ag/Al,O3.
Ag/Al,O5 formed NO, which enhanced the activity over
Fe-BEA through the “fast”-SCR reaction when Fe-BEA
was placed downstream or as inner layer. When no H,,
which is needed for the SCR reaction over Ag/Al,03, was
added, the dual-layer layout was preferred. The shorter
diffusion distance between the layers is a probable
explanation.

Keywords
SCR

Ag/AL,O5 - Fe-BEA - Monoliths - H, - NHj; -

1 Introduction

Two of the most promising alternatives to meet the
upcoming strict NO, emission regulations for diesel cars in
Europe and the USA are lean NO, traps (LNT) and
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selective catalytic reduction (SCR) [1, 2]. One disadvan-
tage of the LNT over SCR is the need to run the engine rich
for shorter periods of time to regenerate the LNT. NH;-
SCR is widely used for heavy-duty trucks and also for
light-duty passenger cars. It is a proven and well-known
technique.

State-of-the-art light-duty engines generate exhaust with
very low temperatures (below 200-250 °C) during a large
part of the standardized test cycles [2]. Applying the SCR
catalyst technology for light-duty passenger cars therefore
requires that the catalyst is able to reduce NO, at these low
temperatures. The currently used Fe-zeolites or V-based
catalysts work well at higher temperatures [1]. One way to
increase the NO, reduction performance in the low-tem-
perature part of its operation is to increase the exhaust
temperature by engine measures or to heat the catalyst
electrically. This will, however, give an undesirable fuel
penalty.

A promising candidate for low-temperature NH3-SCR is
Ag/Al,O3, which has shown high activity when H, is
co-fed [3]. Without H,, Ag/Al,O3 is inactive for NH3-SCR.
Ag/Al,O3 is reported to be deactivated by sulfur, both for
hydrocarbon (HC) and NH3-SCR [4, 5]. By tuning the Ag
loading and surface area of the Ag/Al,O3; we have shown
that it is possible to get a high sulfur tolerant catalyst [6].
H,-SCR over metal-oxide supported Pt or Pd catalysts is
another option that shows a high activity at temperatures as
low as 100-150 °C [7, 8]. However, the low activity at
temperatures above 200 °C and rather poor selectivity
(Pt-based catalysts) limits its practical use.

An obvious drawback of NH3-SCR over Ag/Al,O; is the
necessity to co-supply H,, which will give an increased
fuel penalty as compared to using only NHj for other SCR
catalysts. By combining the low-temperature active Ag/
Al,O3 with Fe-BEA active at higher temperatures, it is
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possible to get a system that shows high low- and high high-
temperature activity; without having to dose H; at the higher
temperatures. This decreases the fuel penalty of the com-
bined system compared to a Ag/Al,O; system. Fe-BEA is a
well-known and tested catalyst that shows high hydrother-
mal stability [9-11] and sulfur tolerance [9, 12].

There are several ways of combining the low-tempera-
ture (Ag/Al,03) and the high-temperature (Fe-BEA) cata-
lysts, e.g. as two (or more) separate bricks (monoliths),
as washcoated on each end of a single monolith brick, as
multiple layers washcoated on top of each other or as
combinations of the mentioned layouts. In a recent publi-
cation, Cu-zeolite as the low-temperature and Fe-zeolite as
the high-temperature active catalyst were combined and
tested as separate bricks and in a two-layer layout [13].

This study aims to investigate a combined NH;3-SCR
system for automotive applications comprising a combi-
nation of Ag/Al,O; active at low temperatures and Fe-BEA
active at higher temperatures. We tested a dual-brick layout
(two separate monoliths) and a dual-layer layout (a single
monolith with two sandwiched catalyst layers).

2 Materials and Methods

Ag/Al,O5 catalyst (4 wt% Ag) was prepared by incipient
wetness impregnation of AgNO; (99.8 % purity) of pre-
calcined (500 °C) Topsge boehmite-alumina. A commer-
cial Fe-BEA (1 wt% Fe) was used as the high-temperature
catalyst. The catalysts were washcoated onto cordierite
monoliths (400 cpsi) to give the desired total loads of
catalysts of 120-140 g/l. After washcoating, the monoliths
were dried and calcined at 500 °C for 2 h. In the case of the
two-layer washcoat layout, the Ag/Al,O5;:Fe-BEA ratio
was 1:0.9-1 based on mass.

The catalyst activity was tested in a stainless-steel
tubular flow reactor (id = 22 mm). The tested monoliths
had a diameter of 2.1 cm and a height of 2 or 1 cm (dual-
brick layout) to get the same shape and total volume for all
tested layouts. The monoliths were wrapped in a thick layer
of quartz wool to avoid gas slip between the reactor wall
and the catalyst. The feed gas was pre-heated in the oven in
a 160-cm-long capillary. A deNO, feed of 250 ppm NO,
275 ppm NH3, 600, 250 or O ppm H,, 12 % O,, 6 % H,O
and balance N, was used for activity testing. Technical air
was used after purification with a Parker K-MT 3 LAB
adsorption dryer. The gases were controlled by UNIT
Celerity mass flow controllers, and water was fed by a
syringe pump (ISCO 100 DM) through a heated capillary.
The total flow was 1,730 Nml/min giving a GHSV
of ~15,000 h™! based on the monolith volume. During
activity testing, the samples were heated to 400 °C and
held there for 60 min before stepwise decrease to 150 °C.
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NO, and ammonia concentrations were allowed to stabilize
at each step. Outlet gases were analyzed using a Thermo
Fisher Nicolet 6700 FTIR analyzer, equipped with a 2-m
gas cell. All gas capillaries and the FTIR gas cell were
heated to >130 °C to avoid condensation of water and
formation of ammonium nitrate. NO, conversion was cal-
culated as (CNOX,IN — CNOX,OUT)/CNOX,IN, where NO, is the
sum of NO, NO, and N,O.

Scanning electron microscope (SEM) image was
acquired on a Philips XLL30 ESEM-FEG. The sample was
mounted in epoxy and ground to reveal the cross section.

3 Results and Discussion
3.1 Comparison of Layouts

Figure 1 shows the four different layouts tested; dual-brick
with either Fe-BEA or Ag/Al,O5; as upstream monolith
(dual-brick-Fe and -Ag) and dual layer with either Fe-BEA
or Ag/Al,O3 as the outer layer (dual-layer-Fe and -Ag). In
addition, single monoliths with Ag/Al,O; (Ag-only) or
Fe-BEA (Fe-only) were tested. Figure 2 shows the tem-
perature dependency of NO, conversion for the tested
monoliths. The best performance was achieved by dual-
layer-Ag, dual-brick-Ag and Ag-only; the performance was
comparable for these three up to ~350 °C. Dual-layer-Fe
and dual-brick-Fe showed much lower NO, conversions,
comparable with Fe-only, dual-layer-Fe showed a small
advantage over Fe-only at temperatures above ~ 250 °C.

One thing worth noting from Fig. 2 is the relatively low
maximum NO, conversion of Fe-only (0.8); it would be
expected to reach closer to 1 at the highest temperatures
tested in this study. Since sufficient time was allowed to
saturate the Fe-BEA at each temperature tested, NHj
storage [14] could be ruled out. Excess amount of NHj3 in
the feed gas may inhibit the activity of Fe-BEA. With an
NO:NHj; ratio of 1:1.1 in the tests, this might explain the
somewhat lower than expected maximum NO, conversion
of Fe-BEA.

NH; conversion for Ag-only followed the NO, conver-
sion closely, meaning that the unreacted NH; and NO,

Flow ( ) Flow
B33 a3ssassassay 3
@Y (¥ S RN %0 N
\Q (d)—ov Flow Fe-BEA E§§§
Monolith -
S A channel wall
I i

Fig. 1 The different monolith layouts tested a dual-brick-Fe, b dual-
brick-Ag, ¢ dual-layer-Fe and d dual-layer-Ag
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Fig. 2 Comparison of temperature dependency of NO, conversion
for dual-brick-Ag, dual-brick-Fe, dual-layer-Ag, dual-layer-Fe, Ag-
only and Fe-only (600 ppm H,)

would pass to any downstream catalyst brick or layer.
Fe-only, on the other hand, showed close to 100 % NH;
conversion (not shown) at temperatures above 200 °C,
indicating excessive NHj; oxidation. In the dual-brick
configuration the GHSV for each brick is twice as high as
the GHSV for the single monoliths tested. To investigate
whether the GHSV would influence NH3 conversion over
the Fe-only, a test with a GHSV of 30,000 h™! was per-
formed; the result was the same with complete NH; oxi-
dation at temperatures above 200 °C. A lack of NH; over
the downstream (inner layer) Ag/Al,Os5 is, therefore, a
likely explanation for the lower NO, conversion over the
dual-brick-Fe and dual-layer-Fe systems. Another possible
explanation could be H, oxidation over the Fe-BEA. Ag/
Al,O3 is, as will be discussed later (Fig. 4), sensitive when
it comes to H, level.

Metkar et al. [13] reported that diffusion limitations
could be an issue for Fe-BEA at temperatures above
250-300 °C, meaning that the entire catalyst layer is not
utilized for SCR activity. They proposed that a thinner
Fe-BEA catalyst layer in a dual-layer layout could be more
efficient than a shorter separate monolith in a dual-brick
layout with the same catalyst mass. This could help explain
the difference seen in Fig. 1 for dual-layer-Fe and dual-
brick-Fe. SEM images of monoliths comparable to the ones
tested (6 wt% instead of 4 wt% Ag/Al,03) (Fig. 3) showed
that the Fe-BEA layer is much denser than the Ag/Al,O3
layer, this could further indicate that gas diffusion occurs
more readily in the Ag/Al,O3 layer compared to in the
Fe-BEA layer.

It is also well-known that the SCR reaction over Fe-
zeolites is much faster when equimolar amounts of NO and
NO, are fed to the catalysts, so called “fast”-SCR [13, 15].
The Ag/Al,O3 only test showed a maximum of 25 ppm
NO, in the effluent at 200 °C; at the other tempera-
tures tested the level was between 10 and 15 ppm. The

—20 pm—

Fig. 3 SEM image of a dual-layer 6 wt% Ag/Al,O5 (darker material
on the right) and Fe-BEA (lighter material on the left)

“fast”-SCR reaction over Fe-BEA is therefore likely con-
tributing to the positive effect of having Ag/Al,O5 as the
upstream/outer layer catalyst.

The use of H, as a co-reductant in addition to NH3; will
increase the fuel penalty. It is therefore of interest to
minimize the H, usage. Figure 4 compares the NO, con-
version for dual-layer-Ag, dual-brick-Ag and Ag-only at
different H, levels (600, 250 and O ppm); Fe-only is
included for comparison. For Ag-only, the NO, conversion
dropped drastically when the H, level was lowered to
250 ppm, when H, was removed the catalyst was com-
pletely inactive. The dual-layer-Ag and dual-brick-Ag
layouts compensated the lack of activity of Ag/Al,O3 due
to H,-shortage with activity of the Fe-BEA and kept the
same activity with 250 ppm H, as with 600 ppm at 250 °C
and above. No clear difference could be seen between the
dual-layer-Ag and dual-brick-Ag. However, when H, was
removed, the dual-layer-Ag showed a higher NO, conver-
sion compared to dual-brick-Ag. At 350 and 400 °C the
NO, conversion of the dual-layer-Ag was very close to that
with 600 and 250 ppm H,. It can therefore be concluded
that the total H, usage can be lowered by optimizing the
amount of H, dosed at different temperatures.

For the Ag-only the NH; conversion closely follows the
NO, conversion when the H, level was lowered from 600
to 250 and to O ppm (no activity seen). For the combined
system this will mean that NO, and NH; will pass to the
Fe-BEA layer/brick with the same NH3:NO, ratio as over
the Ag/Al,O; layer/brick. As mentioned previously the
“fast”-SCR reaction over Fe-BEA is likely to contribute to
the high NO, conversion over the combined system. When
H, was lowered to 250 ppm, NO, levels of between 10 and
30 ppm were seen over Ag-only, as with 600 ppm H, the
highest level was seen at 200 °C. Without H,, NO, was
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Fig. 4 Temperature dependency of NO, conversion for dual-brick-Ag, dual-layer-Ag, Ag-only and Fe-only with a 600 ppm H,, b 250 ppm H,

and ¢ 0 ppm H,

only seen at 400 °C with a level of 10 ppm. The NO, effect
is, therefore, also a viable explanation for the positive
effect of the combined catalyst layout with lower H, levels
present. However, NO to NO, oxidation cannot fully
explain the positive effect of the dual-layer layout com-
pared to Fe-BEA-only (Fig. 4c) when no H, is dosed.

In our previous study of the mechanism of Hj-assisted
NH;-SCR [16] we found that NO to NO, oxidation is a
vital step in the reaction. NO, is continuously formed on
the surface and is reacting with NO and NHj;. The shorter
diffusion distance between Ag/Al,O; and Fe-BEA in the
dual-layer layout could therefore mean that more NO, is
available for the “fast”-SCR reaction over the Fe-BEA
than in a dual-brick layout where only the NO, not reacted
over the Ag/Al,O3 is available. NO to NO, oxidation is
believed to be dependent on the presence of H, [16] and
might, therefore, not be able to fully explain what is seen in
Fig. 4c. Formation of some other unknown intermediate
over Ag/Al,O5; or over Fe-BEA which, due to the short
diffusion distance, is then available for the other catalyst,
might, therefore, also be a contributing factor to the syn-
ergistic effect seen for the dual-layer layout with Ag/Al,05
as the outer layer. This will need more research; as will the
effect of the HC present in a real exhaust gas, which will
also work as NO, reductant over Ag/Al,0O;.

4 Conclusions

Different layouts of combined Ag/Al,0; and Fe-BEA
catalyst systems were tested and compared to Ag/Al,O3
and Fe-BEA-only systems. The systems tested were dual-
brick, one monolith brick in front of the other, and dual-
layer, the catalysts washcoated on top of each other.
Having Ag/Al,O; as the outer layer or upstream brick
yields the best performance. The performance was as good
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as, or better than Ag/Al,0O; or Fe-BEA-only systems. We
attribute this to two different things. First, having Fe-BEA
in front of Ag/Al,O3 suppresses the activity of the latter
due to complete NH; oxidation without having full NO,
conversion leading to a NHj deficit on the Ag/Al,Os.
Second, formation of NO, over Ag/Al,Oj3 is believed to
enhance the activity over Fe-BEA through the “fast”-SCR
reaction when Fe-BEA is placed downstream (or as inner
layer) of the Ag/Al,Os.

To minimize the fuel penalty due to H, dosing, different
levels of H,, necessary for Ag/Al,O3 to be active, were
tested. When less H, than in the standard case (600 ppm)
was used, the combined Ag/Al,O3 and Fe-BEA systems
outperformed Ag/Al,03-only, since the loss in activity over
Ag/Al,O3 was compensated for by the activity of Fe-BEA.
When no H, was used, the dual-layer-Ag layout outper-
formed dual-brick-Ag. It also outperformed Fe-only at
temperatures above 250 °C clearly indicating synergistic
effects of the combined system compared to one catalyst
only systems. We believe that the shorter diffusion distance
in the case of dual-layer layout explains why it outperforms
the other layouts. NO, or other intermediates formed over
either of the layers are able to diffuse to the other layer and
thus enhancing the activity of the layout as a whole.
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Abstract

A combined catalyst system of Ag/Al,O; and Fe-BEA was tested in a light-duty engine bench for H,-assisted
NH;-SCR. Ag/Al,O; was used to provide a high low-temperature activity, while Fe-BEA can provide a high
activity at higher temperatures without the need to co-feed H,. The catalysts were combined in a
sequential dual-brick layout and compared to Ag/Al,O; and Fe-BEA only. The aim of the study was to
investigate the performance of the catalysts in real life exhaust in contrast to synthetic gas. The catalysts
were both tested during stationary and transient conditions. Transient testing was carried out with the New
European Driving Cycle (NEDC). Laboratory tests were performed to complement the results from engine
tests. Ag/Al,O; showed a lower NO, conversion in stationary engine tests than expected. This was
investigated further in a laboratory test set-up and was attributed to deactivation by soot and/or Ag
oxidation, low H, levels and low specific catalyst loading. NO, increased the catalytic activity at below 250
and above 300°C. For the combined systems, it was preferred to have Fe-BEA in an upstream position of
Ag/Al,0; compared to the opposite. The high engine out NO,/NO, ratio, giving fast-SCR over the Fe-BEA,
was believed to be the reason. At low temperature, the activity over the combined systems was higher than
that for the individual catalysts showing that there were synergy effects of combining Ag/Al,O; and Fe-BEA.
The transient tests also showed that there were synergistic effects of combining Ag/Al,O; and Fe-BEA.
However, the overall cycle NO, conversion was low due to very demanding conditions with a lot of the NO,
being emitted at below 150°C. The order of performance based on an overall conversion during the NEDC
was dual-brick with Ag/Al,O; upstream = Ag/Al,03 only > dual-brick Fe-BEA upstream > Fe-BEA only. The
Ag/Al,0O; containing layouts showed a noticeable NO, conversion from the start of the cycle, i.e. before any
NH, or H, was dosed. We believe that the NO, conversion seen came from NO, storage on the Ag/Al,Os.

Keywords: Ag/Al,05; SCR; NH3; H,; Fe-BEA, engine bench testing

1 Introduction

The upcoming Euro 6 and Euro VI emissions legislation for light- and heavy-duty diesel vehicles in Europe is
very strict. It calls for large reductions of, among others, NO,. It is well accepted that some type of exhaust
aftertreatment will be needed for light-duty vehicles, as has been the case for heavy-duty vehicles for many
years. For heavy-duty vehicles selective catalytic reduction (SCR) has almost completely penetrated the
market. For light-duty vehicles there are other options in addition to SCR, with lean NO, traps (LNT) being
the main one; SCR catalyst and LNT can also be combined [1]. Today there are light-duty passenger cars
equipped with SCR being sold in Europe that meet Euro 6 standards. Another wide-spread technique is
exhaust gas recirculation (EGR) which often is used together with SCR on heavy-duty vehicles or as a single



measure to reach present NO, legislation (Euro 5) on light-duty vehicles. EGR lowers the oxygen
concentration and temperature in the engine cylinder which reduces NO, formation [2].

The main challenge for the NO, removal both for light- and heavy-duty vehicles is the low-temperature
activity (<200-250°C). Today’s SCR catalysts, e.g. vanadia-based and Fe-zeolites, are efficient at higher
temperatures [3]. Cu-zeolite type catalysts have been reported to have very promising low-temperature
activity [4-6] ; chabazite or chabazite-like structures are especially interesting due to their excellent
hydrothermal stability [7-9]. Platinum group metal-based catalyst has also been proposed but suffers from
low selectivity to N, and has a limited temperature window of operation since they oxidize the NH; at
temperatures above 200°C [10], [11]. Ag/Al,O; is a promising candidate that has been reported to have
high low-temperature activity, when H, is co-fed with either hydrocarbons (HC) [12-14] or NH; as the
reductant [15], [16]. We have previously investigated the mechanism [17], [18] and sulfur tolerance [19],
[20] of NH5-SCR with H, over Ag/Al,0; and showed a promising low-temperature activity and stability of the
catalyst. A large draw-back of NH;-SCR over Ag/Al,O; is that the catalyst is inactive without H, in contrast to
HC-SCR which is active from 250-300°C even without H, [12—14]. Thus, we combined Ag/Al,O; with Fe-BEA
in a previous study and showed that the amount of H, needed can be reduced without sacrificing the
activity over the combined catalyst system [21]. Fe-BEA shows high activity from 250-300°C [5], [6], [22].
Since diesel exhaust contains a lot more compounds than are possible to include in simulated exhaust, the
catalyst system has to be tested under real conditions to fully evaluate the potential of it. Compounds, such
as unburned hydrocarbons, particulates, residues from engine lubricant oil and even traces of metal from
engine wear [23] could potentially affect the catalyst performance. There is a number of reports that test
Ag/Al,O; in real diesel exhaust for HC-SCR [24-29]; to our knowledge, there are none using urea/NH; as the
reductant. The reported NO, conversions were dependent on the type of HC species used, HC/NO, ratio,
GHSV and amount of H, used.

In this study, we aim to investigate the performance of Ag/Al,O;, Fe-BEA and a combination of the two in
the exhaust of a light-duty engine mounted on an engine dynamometer for H,-assisted NH5;-SCR. We tested
the catalysts both under stationary and transient conditions. Transient testing was made with the New
European Driving Cycle (NEDC). Laboratory tests were performed to complement results from the engine
tests.

2 Materials and method

2.1 Catalyst preparation

Ag/Al,0; catalyst (4 wt% Ag) was prepared by incipient wetness impregnation of Si-Al,O; (Siralox 5/320,
courtesy of Sasol Germany) with AgNO; (99.8% purity). The prepared catalyst was dried at room
temperature and at 100°C and later calcined at 500°C. The Fe-BEA was a commercial 1 wt% Fe catalyst. The
catalysts were washcoated onto cordierite monolith bricks (400 cpsi) to give the desired catalyst loading
(120-160 g/1). We used 5.6x5.0” (dxh) (2 1) bricks for engine testing and 4.9x7.6 cm (dxh) (0.14 ml) bricks for
laboratory tests. The catalyst bricks were dried at room temperature in flowing air and calcined at 500°C for
2 h after the washcoating. Core samples, 4.9x7.4 cm (dxh), were taken from the Ag/Al,O; catalyst used in
the engine tests and were tested in the laboratory test set-up.



2.2 Engine dynamometer testing

A 2.0 1, 120 kW, five-cylinder direct-injected Volvo diesel engine equipped with EGR was used for engine
dynamometer testing. The engine was rated to Euro 5 emission standard. A standard low-sulfur (<10 ppm)
diesel was used. The engine was mounted on a Horiba DYNAS; HT250 engine dynamometer test rig. The
two catalyst bricks (4 | in total volume) were placed directly after each other, approximately 75 cm after the
engine. NH; and H, were dosed approximately 30 cm before the catalysts. The temperature was measured
before and after the catalysts. The exhaust gas was analyzed by two Horiba MEXA 7170D and one FTIR
(Gasmet 4000). Together, they can measure NO, NO,, N,O, NH3, CO, CO,, H,0, O, and hydrocarbons (HC).
HC was measured as total HC based on C;-equivalents.

One MEXA was placed directly after the engine and used as a reference of engine out concentrations. The
second MEXA and the FTIR were coupled to the same sample line; sampling could either be carried out
before or after the catalysts by switching the sample point in the engine dynamometer control program.
Figure 1 shows a schematic picture of the set-up. NO, (NO and NO,), N,O, NH; and H,O were measured by
FTIR and HC, O,, CO and CO, by MEXA (unless stated otherwise). Conversions (NO,, NH; and HC) were
calculated by comparing catalyst inlet and outlet levels by switching the sample point.

NH; was supplied from a gas bottle by a mass flow controller. H, was supplied by feeding NH; to a cracker,
where it was converted to H, and N,; some unreacted NH; also remained in the stream. NH; flow to the
cracker was controlled by a mass flow controller. During stationary tests, the amount of NH; and H, dosed
was controlled by online calculations from the actual NO, concentrations (measured by NO, sensors) and
flow with fixed NH; (ANR) and H, (HNR) to NO, ratios. During transient testing, NH; and H, dosing were
either controlled by online calculations, as in the case of stationary testing with dosing starting when the
exhaust gas temperature was above 150°C, or as pre-calculated values based on NO, and flow inlet values
from previous reference tests. The pre-calculated values were used to allow dosing from 120°C by
circumventing the low-temperature limit of reductant dosing below 150°C due to an electronic shut down
of the NO, sensors used for calculating the amount NH; and H, to be dosed. The same ANR and HNR, 0.8
and 2, respectively, were used in all tests.

Table 1 shows the engine settings and relevant data for the six stationary points tested. The points were
chosen to give comparable NO, concentrations and total flows. The inlet NO, levels varied significantly, they
were in general lowest in the first test (Ag-only). At each point, temperature, NO, level and NH; level were
allowed to reach steady-state before changing the conditions. Tests were performed with (NH; and H,
dosing) and without co-feeding of H, (only NH; dosing) and without any reductant dosing at all.
Measurements were made before and after the catalysts. For transient tests, the New European Driving
Cycle (NEDC) was used. It comprises four urban cycles and one extra urban cycle (highway cycle) and has a
total road distance of 11 km and takes 1180 s to complete. Figure 2 shows the road speed during the NEDC
and the engine out temperature. The engine was operated under high speed and low throttle conditions
(3500 rpm/0%) for approximately 20 min prior to the start of the NEDC to cool down the exhaust system.
The inlet gas temperature at the start of the cycle was 60°C.

Four layouts were tested: Ag/Al,O; (Ag-only), Fe-BEA (Fe-only), Fe-BEA upstream of Ag/Al,O; (dual-brick-
Fe/Ag) and Ag/Al,0O; upstream of Fe-BEA (dual-brick-Ag/Fe). A total of two bricks (4 | of catalysts) was used



in all cases; either two of the same type (Ag- and Fe-only) or one of each type (dual-brick-Fe/Ag and dual-
brick-Ag/Fe).

2.3 Laboratory testing

Testing was also carried out in a laboratory set-up. Figure 3 shows a schematic picture of the set-up. N, and
air were first heated in a gas heater before the desired feed gases were added. The resulting feed was
passed through a mixer to ensure a homogenous composition before entering the reactor and the
monolithic catalyst. All gases and liquid H,0 were controlled with mass flow controllers. All lines after the
heater were made of steel. H,0 was evaporated by passing liquid H,0 to a heated metal block, where it was
rapidly evaporated; the lines after the evaporator was heated to 180°C to avoid condensation. The
temperature was measured by thermocouples before and after the catalyst.

A standard feed of 500 ppm NO, 500 ppm NH3, 1000 ppm H,, 8% 0,, 12% H,0 and balance N, was used for
activity testing. NO was mixed with air to allow oxidation to NO, in order to investigate the influence of NO,
on the reaction. NO,/NO, ratios of 0.25, 0.5, 0.75 and 0.95 were tested and compared to the standard feed
(NO,/NO, = 0). Tests were also performed without adding H,. The outlet gas was analyzed by a FTIR
(Gasmet 4000) after the catalyst. Inlet concentrations were taken from the given set-points (verified by
empty reactor tests). The FTIR-lines were heated to 180°C to avoid H,0 condensation and NH;NO;
formation. The GHSV was 300000r 33000h™* depending on the size of the tested catalyst brick.

2.4 TPD

NH; and NO-TPD were carried out in a fixed-bed flow reactor, where 0.5 g of the powder catalyst (of a
particle size of 150-300 um) was used. The catalyst was treated in N, at 500°C for 30 min. prior to
adsorption of NO or NH;. NO was adsorbed at 40°C (2000 ppm, 10% O,, balance N,) and NH; at 150°C (2100
ppm, balance N,). Excess NO or NH; was removed by switching back to pure N,, before the temperature
was ramped up (2°C/min) to 500°C (NO-TPD) or 650°C (NH3-TPD) in a pure N, atmosphere.

3 Results and discussion

3.1 Stationary tests

Figure 4 shows NO, conversions for the four layouts tested (Ag-only, Fe-only, dual-brick-Fe/Ag and dual-
brick-Ag/Fe) as a function of temperature for the NH; and H, dosing case during stationary tests. Ag-only
showed an unexpectedly low NO, conversion in the whole temperature range, and Fe-only showed a higher
than expected NO, conversion at 150°C and a 90% NO, conversion at 340 and 400°C. The combined catalyst
systems (dual-brick-Fe/Ag and dual-brick-Ag/Fe) showed an activity profile that was a combination of that
of Ag/Al,0; and Fe-BEA with a local maximum at 180°C corresponding to that of Ag/Al,O; and a sharp
increase in activity at above 270°C related to Fe-BEA. The performance of the combined systems was better
than that of the individual catalysts at the lowest temperatures. At above 270°C, Fe-only was preferred
over the combined systems. It was also preferred to have Fe-BEA as the upstream catalyst (dual-brick-
Fe/Ag) compared to having Ag/Al,O; upstream. This contradicts our previous results, where there was a
clear advantage of having Ag/Al,O; upstream [21]. We attributed this, among other things, to a complete
NH; conversion over Fe-BEA giving a deficit of NH; over the downstream catalyst. In this study, no such
unselective NH; oxidation was seen (Figure 5). Figure 5 shows that there were very small differences in NO,



conversion between NH; and H, dosing and only NH; dosing for Ag-only and the combined systems. Since
the effect of H, is very pronounced [15], this was highly unexpected and will be discussed later. There was
even some NO, conversion, when no NH; or H, was dosed below 200°C for Ag-only (not shown).

The ratio between the amounts of converted NH; and converted NO, over the catalysts varied between 0.8
and 1.2 and in most cases it was close to 1 for the Fe-BEA containing layouts, in good agreement with the
expected results [5], [6], [22]. Most of the deNO, activity is believed to occur on the Fe-BEA (Figure 4) for
the combined systems. Thus, the somewhat low NH; conversion seen for the combined system (Figure 5)
can be explained by an overstoichiometric dosing of NH; due to unreacted NH; present in the H, stream
from the NH; to H, cracker (Figure 1). Ag-only, on the other hand, showed lower values at up to 270°C (0.4-
0.6); at higher temperatures, the NH; conversion was negative and the NO, conversion was slightly negative
giving large positive values. The low NH3/NO, ratio for Ag-only indicates that it is not only the main SCR
reactions that were responsible for the NO, conversion.

Figure 6 shows the NO, NO,, NO, and NH; concentrations for Ag-only. NO, concentrations in and out were a
bit higher, and NH; in was a bit lower relative to total NO, compared to the other layouts. The inlet NO,
level was very high, it is typically expected that some 10% of the total NO, is NO,. Here, the levels were up
to 60% at the lowest temperatures and 18-20% at 400°C. The high NO, levels are attributed to the high EGR
rate, 60, 50, 40, 30, 20 and 20% seen for the six temperature points, respectively (low to high temperature).
The air fuel ratios (AFR) roughly had the same values as the EGR rate. EGR lowers the peak temperature in
the engine cylinders and thus the NO, level [2]. However, NO, has been reported not to be affected to a
larger extent which will increase the NO,/NO, ratio [30-32]. NO, was primarily removed as NO, at the
lowest temperatures (<250°C) (Figure 6). NO was produced over Ag-only from 220°C and up by NO, to NO
reduction. A close resemblance between NO, conversion and NO, level for Ag-only (Figure 4 and Figure 6)
can be seen. Figure 7 shows the NO,/NO, ratio and NO, conversion for Ag-only; there was a clear likeness of
the two at temperatures above 200°C, indicating a relation between the two. This was not seen for any of
the other layouts (not shown).

Fe-BEA has, as other Fe-zeolites, been reported to be very active when equimolar amounts of NO, and NO
are co-fed, so called “fast-SCR” [6], [22]. The high NO,/NO, ratio allowing fast-SCR, which makes Fe-BEA
more active than Ag/Al,Os, is believed to be the reason for the high deNO, activity seen for Fe-only and why
Fe-BEA was preferred as the upstream catalyst (dual-brick-Fe/Ag) in the combined systems. Having
Ag/Al,O3 upstream will mean that less NO, is present for fast-SCR over the Fe-BEA with a lower system
deNO, activity as the consequence. Fast-SCR has also been reported to suppress NH; oxidation [22]. Our
previous study [21] did, in contrast to this study, only have NO present as the NO, compound. NO to NO,
oxidation over Ag/Al,0; which could later react over the Fe-BEA was, together with unselective NH;
oxidation over Fe-BEA, believed to be the reasons why Ag/Al,O; was preferred as the upstream catalyst in
the previous study. The difference in feed gas composition is believed to explain the difference seen
between the two studies.

The NH; outlet concentration was higher than the inlet concentration at above 300°C, indicating NH;
formation. Since all points are taken at steady-state and that the same analysis equipment was used for
both inlet and outlet measurements, experimental errors can be excluded. Still, a simple N-balance
between inlet and outlet NO, and NH; shows an excess of N-containing species at the outlet, this can be
considered close to the experimental uncertainty. NH; formation over Ag/Al,O; has been reported in the



literature [33—37]. The NH; formation was in these studies attributed to the reaction of NO with H, [33],
[34], hydrolysis of N-containing hydrocarbons (without H,) [35] or reaction of HC and NO, [36]. In a
preliminary test prior to the one reported here, NH; formation was observed during transient testing. No
conclusive NH; formation could be seen in the present test. The difference between the preliminary test
and the present test was the HC level. DiMaggio et al. [36] showed that NH; formation is dependent on H,
level, temperature and C:N ratio. The higher HC level in the preliminary test (up to 2-2.5 times higher) could
therefore be the reason why NH; formation was seen in that test and not in the present one. NH; formed
over an upstream catalyst and then stored on the downstream catalyst, e.g. Fe-BEA, is similar to what has
been proposed for combined LNT and SCR systems [38]. It can be a very interesting way to boost low-
temperature activity and the potential problem of urea decomposition and formation of deposits at
temperatures <190°C [3]. Thus, further investigation of the potential NH; formation over Ag/Al,O; is
interesting but beyond the scope of this study.

This study also wanted to investigate if the hydrocarbons present in the exhaust could contribute to the
total NO, conversion by HC-SCR. Sitshebo et al. [28] reported that unburned HC present in the exhaust
could give a noticeable NO, conversion; especially when H, was present. It should be noted that the 4 wt%
Ag catalyst used here might not be suited for HC-SCR. An optimal Ag loading for HC-SCR is often reported to
be around 2 wt% [14], [25], [26]. No larger HC conversion over Ag/Al,O; (Ag-only) was seen. Fe-BEA (Fe-
only), on the other hand, showed a higher HC conversion, and it is reasonable to believe that the HC
conversion seen for the combined systems comes from the Fe-BEA. Given the low NO, conversion over Ag-
only and the low ratio of reacted NH; to NO,, HC-SCR might still contribute. The low NO, and HC conversion,
however, makes it hard to clearly see this.

The set-points for ammonia (ANR) and hydrogen dosing (HNR) were 0.8 and 2, respectively. The actual
amount of NH; dosed was higher (Figure 6), especially when both NH; and H, were dosed due to the
unreacted NH; in the stream from the cracker. It was even a bit higher for the combined systems (not
shown). An overdosing of NH; is believed not to affect Ag/Al,O; [18]. However, it might affect Fe-BEA and
thus the combined systems [4—6], [39]. Since no measurement of H, was possible, the actual amount dosed
can only be estimated indirectly. The H, level was estimated both based on the given set-point to the H,
dosing system and the amount of unreacted NH; in the stream from the cracker. Both estimations gave
similar results. The difference in NH; concentration seen when both NH; and H, was dosed compared to
only NH; is also an evidence that H, was in fact dosed. The estimated H, level dosed was a bit low due to
the maximum NHj3 cracking capacity limit of the cracker system. In the worst cases (at 220°C), the H,/NO,
ratio was 1 (set-point HNR 2), in most other cases 1.4-1.6. The lack of H, will affect the activity, since
Ag/Al,O; is sensitive to H, concentration; especially in the region 200-300°C [18] and can partly explain the
low activity over Ag/Al,Os;.

As stated above, the performance of Ag/Al,O; was lower than expected, both in Ag-only and in the
combined layouts. It was also unexpected that the NO, conversion was very similar whether or not H, was
co-fed. There was also an apparent relation between NO,/NO, ratio and NO, conversion. Three possible
explanations can be proposed: 1) a H, deficit of over the Ag/Al,O3, only allowing NO, reduction via NO, [17];
2) the catalyst was deactivated, not allowing the expected H,-assisted NH; SCR to commence; and 3) the
presence of NO, inhibits the performance of the catalyst. The latter could indirectly be due to NO,
poisoning of NO active sites [14].



The H, concentration was low, as stated above, which will affect the activity of Ag/Al,O; in a highly negative
way. However, it should be high enough to show a higher difference in activity between NH; and H, dosing
and only NH;3 dosing. Whether H, was available over the whole catalysts or not cannot, however, be
concluded from these tests. Excessive H, oxidation in the first part of the catalyst brick would give a H,
deficit downstream. Several reports have shown that replacing NO with NO,, either completely or partially,
as the NO, compound reduces the NO, conversion for HC-SCR, with or without H, present [13], [14], [40].
Other reports, on the other hand, have shown the opposite, they also showed that bare Al,O; was active
when NO, was fed [41], [42]. A difference between the cited reports is the HC species used. The reports
showing a positive effect [41], [42] both used propene, while those showing no or negative effect ([13],
[14], [40]) used saturated alkanes (propane or decane), which might affect the results. The HC present in
the exhaust is a close match to the composition of the diesel fuel with mainly longer straight HC species.
We have recently shown that Ag/Al,O; (and Al,Os3) was active for NH;-SCR (without H,), when mixtures of
NO and NO, are used [17]. The activity was, however, much lower than for H,-assisted NH;-SCR of NO and
limited to a maximum of 30% NO, conversion regardless of NO,/NO, ratio. The stability of the catalyst
during operation is of course crucial for it to be of any real interest, and the possibility of deactivation of
the Ag/Al,O; has to be considered. The catalyst in the study had been used in a previous preliminary test
sequence and it had then been stored in air.

To investigate the possible reasons for the low NO, conversion seen, a core sample of the brick used for
engine testing was taken. The first noticeable thing was the low weight of the sample which corresponded
to a coat loading of only 60% of the expected weight. This points to the monolith brick having a non-
uniform coat (the sample was taken from the inlet of the brick); there was some channel blocking that will
contribute to this meaning that the coat loading of the part of the monolith available for SCR, excluding
blocked channels, was low giving a low specific coat loading of the monolith. The low specific coat loading
will in itself affect the deNO, performance, since Ag/Al,O; is sensitive to GHSV. Figure 8 shows a
comparison of standard tests, before and after attempted regeneration. The standard test in the lab-scale
reactor showed that the catalyst was almost completely inactive; it only started to show activity at 400°C.
However, a second test following the first one showed that the catalyst had been reactivated. The activity
was still low; NO, conversion below 15%. The catalyst was heated to 500°C in the reactor in the presence of
1000 ppm H,, 9% O, and balance N, to further try to regenerate it. No difference was seen in activity, and
the catalyst was heated to 550°C for 4 h in an oven in an atmosphere of air to burn off soot. After the
treatment, the catalyst was completely “clean” and showed no visible traces of soot. The first standard test
after the oven treatment showed a small gain in NO, conversion. A second test showed a somewhat lower
NO, conversion comparable to that before the regeneration attempts of the sample. Prior to the lab-scale
and the engine bench testing, the catalyst had been stored in air for some weeks. Oxidation of Ag could be
one of the deactivation mechanisms seen. Oxidized Ag can be reduced at temperatures below 450°C, i.e.
during the first standard deNO, test [14], [40]. Soot is oxidized by NO, in the temperature range of 250-
400°C [43], which could explain the increase seen in NO out during engine testing. NO, from H, induced NO
oxidation being able to oxidize soot might be the reason for the reactivation seen in Figure 8.

Figure 9 shows the influence of NO,/NO, ratio for a 4 wt% Ag/Al,O; sample. The activity of the sample
during a standard test (no NO,) was enhanced after the NO,/NO, testing campaign compared to before.
The higher activity was also seen in later tests and the activation is considered permanent. It is, therefore,
concluded that the catalyst needs to be activated before it reaches its maximum activity, similar to what



was found in our previous study [20]. In that study we investigated the sulfur tolerance of Ag/Al,O;
catalysts and related an increased activity for high Ag loading samples to activation by sulfur. The results of
this study show that testing under standard deNO, conditions is, in itself, enough to activate the catalyst. It
is speculated that this need for de-greening is related to dispersion and possibly the state of Ag on the
catalyst. Further investigations with a similar protocol as in [20] is needed to fully understand the de-
greening effect. The presence of NO, increased the activity below 250°C and above 300°C when H, was co-
fed, the effect was largest at the lowest and highest temperatures tested. The first test conducted was the
one with an NO,/NO ratio of 0.5 which showed a lower activity than the other tests. This lower activity is
believed to be related to the sample not being fully activated, it might be that the activation is related to or
enhanced by the presence of NO,. We have previously speculated that NO to NO, oxidation is an important
step in the reaction mechanism of NO reduction [17]. The results in this study seem to support that
conclusion. The deNO, activity was very low, when no H, was co-fed, and it was not dependent of the NO,
level, except at 150°C, where the NO,/NO, ratio of 0.95 showed a much higher conversion, and 0.75
showed a somewhat higher NO, conversion (Figure 9 b). Since the difference in activity was larger between
no NO, at all and 0.25 or 0.95 NO,/NO it is concluded that smaller quantities of NO, is enough to enhance
the activity. It is not unreasonable to have 25% NO, in the exhaust; either from the engine as in this study
or after a DOC [1].

Based on the results in Figure 9 a complete lack of H, over the catalyst does not seem to be the cause for
the low NO, conversion seen for Ag-only in the engine testing (Figure 4 and Figure 7). If no H, was present
the NO, conversion below 250°C should have been lower and it should have been higher at higher
temperatures given the NO,/NO, ratios in the engine tests. It is concluded that the lower than expected
deNO, activity seen for Ag/Al,0;, both in Ag-only and the combined systems, comes from catalyst
deactivation related to soot and possibly Ag oxidation, the lower H, than was intended and low specific
catalyst coat loading giving a high GHSV. The presence of NO, in the engine exhaust is believed to explain
the relatively high NO, conversion seen when no H, was fed.

3.2 Transient tests

Figure 10 shows the NO, distribution over different temperature intervals for the NEDC. The conditions
were, as seen, very demanding for SCR with more than 50% of the total NO, emitted being emitted below
150°C and only 32% above 200°C. Table 2 shows the gas composition during the NEDC. A further
implication of the low temperature was NH; and H, dosing. In the standard case, NH; and H, were dosed
when the temperature was above 150°C. The temperature was stable above 150°C after around 830 s. In
another case, dosing started when the temperature was above 120°C (after 250 s) to investigate the
potential benefit of earlier NH; and H, dosing.

Figure 11 shows the accumulated NO, at the outlet of the tested catalyst layouts. The inlet NO, amount
(measured with the reference MEXA) varied somewhat compared to the reference test. With the difference
in the inlet NO, taken into account, the total NO, conversion over the cycles was 22, 15, 18 and 22% for Ag-
only, Fe-only, dual-brick-Fe and dual-brick-Ag, respectively. This was a small change compared to what is
reported in Figure 11. However, the difference can be assumed to be within the margin of experimental
error. There was a large increase in emitted NO, after around 1100 s of the cycle corresponding to highway
driving and the highest engine load (Figure 2). Since this large increase in emitted NO, corresponds to the
highest temperatures, a large NO, conversion can be expected. However, the high load resulted in a large



increase in GHSV, from maximum 30000 h™ during urban driving to 70000 h™* during the highway part.
Ag/Al,O; is sensitive to GHSV [27], [29], [44], and a GHSV of 70000 htis high. Another issue was NH; and H,
dosing. Due to inconsistent measurements from the NO, sensors, the level dosed varied. The amount of
NH; dosed varied between 0.3 and 2 times the NO, concentration between the start of dosing (after around
830 s) and 1100 s and down to 0.2 of NO, at the highest flows and temperatures (the set-point was 0.8). H,
dosing was estimated (no H, analysis was available) to be between 0.8 and 2 times the NO, concentration
between the start of dosing and 1100 s and down to 0.2 of NO, at the highest flows and temperatures (the
set-point was 2). Thus, there was a clear shortage of NH; and H, available for the SCR reaction, when the
temperature and emitted NO, was at their highest, severely affecting the SCR activity. Figure 12 shows this
as the drop in the total NO, conversion after 1100 s.

By looking more closely at the accumulated NO, profiles (Figure 11) and instantaneous total NO, conversion
(Figure 12) they can roughly be divided into three different parts: The first part was 0-250 s of the NEDC,
which is almost one and a half urban cycles. In this part the performance was dual-brick-Ag/Fe =~ dual-brick-
Fe/Ag > Ag-only >> Fe-only. The second part was 250-1000 s, urban driving and first part of high-way
driving, the temperature was <180°C; performance was dual-brick-Ag/Fe > dual-brick-Fe/Ag > Ag-only > Fe-
only. The last part was >1000 s; in this part dual-brick-Ag/Fe did no longer perform better than the other
layouts; the order was instead Ag-only > Fe-only = dual-brick-Ag/Fe = dual-brick-Fe/Ag. The difference
mainly occurred when the temperature was at its highest (220-240°C). Given the fact that no NH; or H, was
dosed until the temperature reached 150°C (after 830 s) and the low temperatures during the NEDC, it
seems unlikely that SCR was responsible for the relatively high NO, conversion seen in the early stages of
the cycle. A 37% total NO, conversion was e.g. seen for dual-brick-Ag/Fe after 250 s with a temperature
that only reached maximum 140°C. Even though NH; was present on the catalyst surface at the start of the
NEDC from previous testing, it seems unlikely that any H, would be present. The fact that NH; was present
at the start of the cycle could be seen as a slow but steady release of NH;, as the temperature was
gradually increased (not shown). NHs-TPD confirmed that NH; would still be present at both Fe-BEA (not
shown) and Ag/Al,O; (Figure 13 b) given the temperatures seen by the catalysts prior to the NEDC (160-
270°C). With the high NO,/NO, ratios shown (Table 2) and the presence of NH; over the catalysts, SCR over
Fe-BEA is a possibility. The low activity of Fe-only contradicts this theory. Another possible explanation to
the NO, conversion seen at low temperatures is NO, storage over the catalysts.

Even though Fe-BEA has been reported to store small amounts of NO, [5], [45], the H,0 present in the
exhaust is believed to inhibit the storage making this insignificant [5]. Ag/Al,O; has also been reported to be
able to store NO, [46-50], it has even been considered as NO, storage catalyst due to its supposedly good
storage capabilities [51]. It is vital that O, is present during adsorption to allow oxidation of NO to ad-NO,
species. NO-TPD was performed for Ag/Al,O; to investigate the potential of NO, storage (adsorption at
40°C), Figure 13 a). Since all catalysts had been used in NO, containing streams at relatively low
temperature (160-270°C), peak 2 can be assumed to be filled at the start of the cycle and it is only NO,
adsorption peak 1 that is considered to play a larger role during NEDC. The NO, adsorption capacity from
the TPD-results was enough to explain the results seen during NEDC. However, the TPD was performed
under dry conditions and H,O will lower the NO, storage capacity. Brosius et al. [46] showed a noticeable
adsorption capacity when NO was replaced by NO, even when H,0 was present. With the results
presented in literature [46], [51], NO, storage over Ag/Al,O; is believed to be a valid explanation of the NO,
conversion seen at temperatures below 140-160°C during the NEDC in this study.



Figure 14 shows the inlet and outlet NO, levels for the tested systems. The NO, level was in all cases higher
or equal at the catalyst inlet compared to the outlet, i.e. no excessive desorption of NO, during the cycle.
The difference between Ag/Al,0; and Fe-BEA was emphasized. It is clearly seen that Ag-only and the
combined layouts showed NO, conversion right from the start of the NEDC, whereas Fe-only showed NO,
outlet levels closer to the inlet levels. Again this indicates NO, storage over Ag/Al,O; as the main
mechanism behind the NO, conversion seen. The temperature never reached higher than 250°C during the
cycle, meaning that part of the NO, stored on the catalysts likely remained even after the cycle. However,
the main part of the NO, stored will be desorbed during the ramp up in temperature starting after around
950 s. When the temperature increases, so does the activity of the catalysts; this should be seen as a lower
NO, level after the catalysts. However, the NO, level after the catalyst was similar to the level before the
catalysts from 1000 s of the cycle. We believe that two facts are responsible: 1) the GHSV increases with
the temperature which will lower the activity of the Ag/Al,Os; and 2) the NO, desorbed from the catalysts
gives a higher NO, level over the catalyst than that of the feed; this excessive NO, reacts over the catalysts
meaning that the NO, level over the catalyst was higher than expected but still not higher than the inlet
level. In other words, the increase in NO, from desorption was compensated for by the SCR reaction. A NO,-
level that is higher than the feed will also lead to shortage of NH; and H,, since these are dosed based on
inlet NO,-level, further limiting possible NO, conversion. Catalyst models and advanced dosing algorithms
can compensate for this but is beyond the scope of this study.

While NO, storage is believed to be the main cause of NO, conversion during the first two identified parts
of the NEDC (0-250 s and 250-1000 s), SCR of NO, seems to be the best explanation for the NO, conversion
seen in the last phase, since the rapid temperature rise would desorb NO, rather than adsorb and store it as
believed at the earlier phases. This implies that Ag/Al,O; not only stores NO, better than Fe-BEA, it also
shows a higher SCR activity under NEDC conditions. However, the results indicate synergistic effect of
combining Ag/Al,0; and Fe-BEA during parts of the cycle. HC was stored on Ag/Al,O; during the low
temperature parts of the cycle and then released, as the temperature increased during the latter part of
the NEDC. The total HC conversion over the cycle was 27, 73, 14 and 29% for Ag-only, Fe-only, dual-brick-
Fe/Ag and dual-brick-Ag/Fe, respectively. HC-SCR might therefore contribute to the NO, conversion seen.
HC-SCR could be one reason for the advantage of having Ag/Al,O; upstream of Fe-BEA. Another could be
that excessive NH; adsorption on Fe-BEA hinders the activity over the downstream Ag/Al,O; due to a NH;
deficit. A step response test in the laboratory set-up (0 to 300 ppm NH;) showed that the NH; adsorption
capacity of Fe-BEA was large enough to give a large delay in NH; exiting the catalyst which could potentially
affect the performance of the Ag/Al,O;, when the latter was placed downstream of the former.

Dosing of NH; and H, already from 120°C (after 250 s) compared to dosing from 150°C (after 830 s) did not
give any difference in the total NO, conversion for the combined layouts. Again, indicating that it was not
the SCR reaction that was responsible for the NO, conversion during the main part of the NEDC. However, a
detailed investigation of total NO, conversion as a function of time (Figure 15) showed interesting results.
The decline in NO, conversion was more rapid up to approximately 400 s of the cycle, when dosing started
at 120°C as compared to at 150°C; also seen as a steeper increase in the accumulated NO, curves (not
shown). After approximately 400 s, the NO, conversion increased, and in the end it reached the same value
as in the 150°C dosing case. This is explained as follows: Up to 400 s, NHs; inhibits NO, storage and possibly
fast-SCR [39]. When the catalyst has been warmed up, there is some SCR activity in addition to NO, storage,
seen as the increase in NO, conversion. When dosing also starts in the original dosing case, both strategies
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show the same NO, conversion. We believe that by optimizing the dosing further, the negative effect of
NH; can be removed, and a higher total NO, conversion could be reached. It can thus be concluded that
there is some SCR activity even at temperatures down to 120°C.

4 Conclusions

Stationary engine tests showed that a combination of Ag/Al,O; and Fe-BEA gave the highest deNO, activity
below 270°C, while Fe-BEA only was preferred at higher temperatures. For the combined systems, it was
preferred to have Fe-BEA in an upstream position of Ag/Al,0; compared to the opposite. The high engine
out NO,/NO, ratio giving fast-SCR over the Fe-BEA was believed to be the reason. At low temperatures, the
activity over the combined systems was higher than that of the individual catalysts showing that combining
Ag/Al,O; and Fe-BEA gave synergy effects. Ag/Al,O; showed an unexpectedly low activity which we
attribute to deactivation by soot and/or Ag oxidation, low H, levels and low specific catalyst loading. Fresh
Ag/Al,O; catalysts showed a high activity in laboratory scale tests. The catalyst was activated by subsequent
test runs pointing to the need to de-green the catalyst prior to using it. The mechanism and a more precise
de-greening protocol need to be investigated further. The catalytic activity below 250 and above 300°C was
enhanced by addition of NO, as part of the NO,. An NO, level of 25% was enough to give the enhancement;
increasing NO, only showed a small effect.

Transient NEDC tests also showed synergistic effects when combining Ag/Al,O; and Fe-BEA. However, the
overall cycle NO, conversion was low. It should be noted that the conditions for SCR were very tough during
the NEDC with 50% of the total emitted NO, being emitted below 150°C and only 32% above 200°C, which
severely affects the possibility for SCR. The order of performance based on overall conversion was dual-
brick-Ag/Fe = Ag-only > dual-brick-Fe/Ag > Fe-only. The performance varied during different parts of the
NEDC. The dual-brick layouts performed best at the lowest temperatures and before any NH; or H, was
dosed, and Ag-only performed best when the temperature was highest. The latter was related to a higher
SCR activity. The low overall NO, conversion seen is partly related to the same reasons as those for the
stationary tests: deactivation by soot and/or Ag oxidation, low H, levels and low specific catalyst loading of
the Ag/Al,0;. The high GHSV during the highway part of the cycle also contributed to the low SCR activity.
The Ag/Al,O; containing layouts showed a noticeable NO, conversion from the start of the cycle, i.e. before
any NH, or H, was dosed. We believe that the NO, conversion seen comes from NO, storage on the
Ag/Al,Os;.

The Ag/Al,O; — Fe-BEA system shows potential, but further studies are needed. Tests with a higher catalyst
volume and DPF filter should be conducted to obtain a lower GHSV and avoid poisoning by soot. An
advanced dosing algorithm should also be developed that includes NO, adsorption and desorption for a
more accurate NH; and H, dosing.
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Table 1 Data for stationary points, GHSV based on a total of 4 | catalyst.

Engine settings
T Speed Torque GHSV NO, 0, H,0 Co, CcOo HC?
(°C) | (rpm) (Nm) (h?) (ppm) | (%) (%) (%) (ppm) (ppm)
160 2800 15 33000 140-150 | 16 4.0 3.4 1000 240-280
180 2800 30 34000 160-180 | 15 4.6 4.5 840 170-220
220 2800 50 36000 190-230 | 14 5.5 5.3 560 100-150
270 2740 75 34000 150-210 | 11 7.0 6.9 280 60-100
340 2330 125 33000 130-160 | 7.8 9.2 9.6 200 30-60
400 1835 200 33000 160-210 | 5.2 11 11 480 16-25

® The level was in the higher range for Ag-only.

Table 2 Typical gas composition during NEDC.

Component Concentration (%) Component Concentration (ppm)
0, 10-20 co 300-1200

H,0 2-8 HC 150-400°

O, 0-9 NO,/NO, 0.3-0.6"

?Level was down to 50 ppm in shorter periods of time, ° Lower at end of cycle (<0.3).

H2
NH,
s NH,
NH,/H,
Exhaust
NO, sensor
MEXA FTIR/

MEXA

Figure 1 Schematic layout of engine bench test set-up
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Sulfur poisoning and regeneration mechanisms for a 2% Ag/y-Al,05 catalyst for the H,-assisted selec-
tive catalytic reduction of NO, by NH3 are investigated. The catalyst has medium sulfur tolerance at low
temperatures, however a good capability of regeneration at 670°C under lean conditions when H; is
present. These heating conditions can easily be established during soot filter regeneration. Furthermore,
two types of active sites could be identified with different regeneration capabilities, namely finely dis-

persed Ag and larger Ag nanoparticles. The most active sites are associated with the finely dispersed Ag.

These sites are irreversibly poisoned and cannot be regenerated under driving conditions. On the other

K ds: . . . . . . .
A;}/lx:g: hand the larger Ag nanoparticles are reversibly poisoned by direct SO, adsorption. The interpretation of
S0, the data is supported by DFT calculations.

NOx SCR © 2012 Elsevier B.V. All rights reserved.
Poisoning

Regeneration

1. Introduction

Selective catalytic reduction (SCR) is the leading NOy control
technique for diesel vehicles with ammonia used as a reductant.
Commonly used catalysts are vanadia-based catalysts and Cu and
Fe-containing zeolites. However, none of the systems demonstrate
high thermal durability together with a good activity throughout
the broad temperature region from 150 to 550 °C which is needed
for vehicle applications [1]. Therefore, research of novel non-toxic,
inexpensive and durable catalytic systems for NH3-SCR is still an
important focus area.

Recently two research groups suggested to use Ag/Al,03, which
is a well-known catalyst for NOx SCR by hydrocarbons (HC-SCR), for
SCR of NOyx by ammonia or urea with co-feeding hydrogen, result-
ing in nearly 90% NOy conversion at temperatures as low as 200°C
[2,3].Still, one of the major obstacles for the application of Ag/Al, 05
for NOx SCR by ammonia is its rather poor sulfur tolerance [4]. A
catalyst of 2% Ag/Al,03 demonstrated a decrease in Hj-assisted
NOy conversion by urea from 50% to 30% after 20 h on stream in
the presence of 50 ppm SO, at 250 °C. This is a rather good result

* Corresponding author. Tel.: +45 4525 3275.
E-mail addresses: dmdo@fysik.dtu.dk, dmitriy.doronkin@gmail.com
(D.E. Doronkin).

0926-3373/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.apcatb.2012.01.002

considering the very high GHSV=380,000h-! in the tests. How-
ever, the large amount of hydrogen (0.5%, 5:1 H,:NO) used in this
study is probably unacceptable for application in diesel vehicles
because such a large consumption of hydrogen leads to a high “fuel
penalty” [5].

A significant amount of data on sulfur tolerance of Ag/Al,O3
catalysts exists for NOy SCR by hydrocarbons. Meunier and Ross
[6] observed strong deactivation of a 1.2% Ag/Al,03 catalyst for
propene-SCR by 100 ppm SO, in the feed. It is noteworthy that the
authors were able to recover most of the catalyst activity by treat-
ment in 10% Hy/Ar at 650°C or heating in the reaction mixture at
750°C. Park and Boyer [7] compared the catalytic behavior of 2%
and 8% Ag/Al,03 catalysts in the presence of SO, and concluded
that high Ag loadings may be preferential for making a sulfur tol-
erant catalyst. The authors demonstrated prominent activation of
8% Ag/Al,03 by SO, in the feed and ascribed that to the formation
of a very active silver sulfate phase.

When estimating the SO, tolerance of Ag/Al, 05 catalysts atten-
tion should be given also to the process temperature. Satokawa et al.
[8] showed a clear dependence of the propane-SCR temperature
on the deactivation degree with permanent catalyst deactivation
at T<500°C and furthermore the ability to partially regenerate the
catalyst by heating to 600 °C, even without removing low amounts
(1 ppm) of SO, from the feed. Further studies [8] of sulfation-
regeneration mechanisms included obtaining SO, TPD profiles and
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attribution of peaks to different types of adsorbed SO, bound to
Ag and alumina. The catalyst regeneration temperature was lower
than any of the SO, desorption peaks, observed in the study, which
did not allow drawing a clear conclusion about the deactivation and
regeneration mechanisms.

Breen et al. [9] also demonstrated a drastic dependence of the
catalyst degree of poisoning on the temperature of NOyx SCR by
octane and toluene. The following was observed; at low tempera-
tures (<235 °C) little deactivation, between 235 and 500 °C - severe
deactivation and at T>590°C - activation due to a suppression of
unselective oxidation of hydrocarbons. The low temperature sulfur
tolerance was ascribed to low catalyst activity in SO, oxidation to
SO5 with the latter considered to be the main poisoning agent for
Ag/Al,05. The authors have evaluated a few regeneration options
of which heating to 650°C in hydrogen-containing lean mixture
showed promising results rather than regeneration under oxidizing
conditions without H,. The fastest regeneration technique included
heating the catalyst in a rich mixture containing CO and hydrogen.

The results of other research groups [10,11] agree with Breen’s
results in SO, oxidation to SO3 by NO, being the major step in the
sulfur poisoning of Ag/Al,03 catalysts. Partial regeneration of the
catalyst was observed after heating to 600°C in a hydrocarbon-
containing feed.

In this work we have attempted to reveal the Ag/Al,03 sulfa-
tion and regeneration mechanisms, which will allow us to develop
an efficient regeneration strategy for the ammonia SCR catalyst
in question. Special attention was given to the catalyst operation
below 300 °C, since for applications in light-duty diesel vehicles low
temperatures are of great importance [10]. The suggested mecha-
nism was supported by DFT calculations. A regeneration strategy
using the high temperatures developed during Diesel Particulate
Filter (DPF) regeneration in diesel cars was evaluated.

2. Experimental
2.1. Catalyst preparation

Parent y-alumina (Puralox TH 100/150, Sger=150m?/g) was
kindly provided by SASOL. 1-3 wt.% Ag/Al,03 were obtained by
incipient wetness impregnation of parent vy-alumina by AgNO3;
(Sigma-Aldrich) dissolved in deionized water. After impregna-
tion the catalyst was dried at room temperature overnight and
calcined at 550°C for 4h in static air. The calcined catalyst was
tableted, crushed and sieved to obtain a 0.18-0.35mm fraction
(mesh 80-mesh 45) used in the catalytic tests. A new batch of cat-
alyst was sulfated and used to test every new regeneration recipe.

2.2. Determination of the specific surface area

The specific surface areas (Sggr) of the catalysts were mea-
sured by Nj-adsorption with a Micromeritics Gemini instrument.
Untreated catalysts were measured in powder form and for the
catalysts after testing a 0.18-0.35 mm fraction of particles (as in
catalytic tests) was used for the BET measurement.

2.3. Catalysis

Temperature-programmed activity tests were carried out in a
fixed-bed flow reactor (quartz tube with 4 mm inner diameter)
in a temperature programmed mode while the temperature was
decreased from 400°C to 150°C with a rate of 2 °C/min. Prior to
the temperature ramp the catalyst was heated to 470 °C for 30 min
in the gas mixture used for the tests. The temperature was con-
trolled using an Eurotherm 2408 temperature controller with a
K-type thermocouple. 45 mg of catalyst was diluted with 100 mg
of SiC (mesh 60) and placed on a quartz wool bed. The bed height

was ~11mm and the GHSV, calculated using the volume of the
pure catalyst was ~110,000 h~—1. The gas composition normally con-
tained 500 ppm NO, 520 ppm NH3, 1200 ppm of H;, 8.3% O, and 7%
water balanced with Ar. For sulfur poisoning tests 10 ppm SO, was
admixed to the feed. Water was dosed by an ISCO 100DM syringe
pump through a heated capillary. Reaction products were analyzed
by a Thermo Fisher Nicolet 6700 FTIR analyzer, equipped with a
2m gas cell. Gas capillaries were heated to ~130°C and the FTIR
gas cell to 165 °C to avoid condensation of water and formation of
ammonium nitrate.
Conversions were calculated using the following equations:

outlet

NOx
Xnox =1 - cinlet 1)
NOyx
and
Coutlet
_ NH;
XNH3 =1- Cinlet 2)
NH;

where Xno, denotes the conversion of NOy to N, and Cli\]“(')‘;t and

Cﬁ‘(‘)txlet are the NOy concentrations at the inlet and outlet of the
reactor respectively, where:

Cnoy = Cno + Crno, + Cy0 (3)

and CI{I“PI{? and Cﬁ‘fget are NH; concentrations at the reactor inlet and
outlet.

2.4. DFT calculations

The plane wave density functional theory (DFT) code DACAPO
was used to calculate the adsorption energies and the gas phase
energies of the adsorbates [12]. A plane wave cutoff of 340.15eV
and a density cutoff of 680eV were used in the calculations. The
core electrons were described by Vanderbilt ultrasoft pseudopo-
tentials. The RBPE functional was used for describing the exchange
correlation energy [13].

The adsorption energies of the SO,, SO3, and SO4 species were
studied over the Ag (111) terrace and (21 1) step surfaces, on a
v-Al;03 model step surface, and two single atom Ag sites.

For the Ag (111) and (211) surfaces, we used a 4x4x1
Monkhorst-Pack k-point sampling in the irreducible Brillouin zone.
We employed a 3 x 3 surface cell for the Ag (111) and 3 x 1 sur-
face cell for the Ag (211) surfaces. For the (11 1) surface we used
a four-layer slab where the two top-most layers were allowed to
relax, whereas for the (21 1) surfaces we used a slab model with
nine layers and the topmost three layers are allowed to relax. In all
the model calculations, neighboring slabs were separated by more
than 10 A of vacuum.

For the calculation of y-Al;03 and the adsorption of different
species on y-Al,03 we also used the DACAPO code with a plane
wave cutoff of 340.15 eV and a density cutoff of 680eV. A4 x4 x 1
Monkhorst-Pack k-point sampling in the irreducible Brillouin zone
was used for y-Al,03. The y-Al,03 surface was modeled by a step
on a non-spinel y-Al,03 structure which was derived from bulk
v-Al,03 model in [14]. The cell parameters for the y-Al, 03 model
step surface are a=8.0680A and b=10.0092A and o =p8="y=90°.
For the y-Al, 03 surface the bottom two layers were fixed whereas
the top-most three layers were allowed to relax. In all the model
v-Al, 05 surfaces, the neighboring slabs are separated by more than
10 A of vacuum.

Single atom Ag sites were constructed by replacing one Al atom
for Ag in the alumina step surface and by attaching one Ag atom to
the y-Al, 03 step (see Supplementary material for the geometries).

SOy and HSOx adsorption energies were calculated relative to
gas phase energies of SO,(g), O2(g) and H(g).
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For calculation of desorption temperatures for SO, and SO3 we
used the following procedure. Starting from the chemical equation:

SOy + % <> SOy, (4)
SO, +1/205 +% < SO3% (5)

where * is the free surface site and SO, * is the adsorbed species. We
can write down the ratio of occupied and free adsorption sites:

fso, AG
;2 = KydsPso, = exp (—ﬁds) Pso,
—(AG®,_—KkT InP
= exp( (ACaqs T SOX)) (6)

We assume that at the desorption temperature the numbers
of occupied and free adsorption sites will equal (6sg, = 6*), which
gives:

AGY — kT InPso, =0 (7)
or
AEadS — AZPEadS - TASadS — kT In PSOX =0 (8)

We calculate the ZPE (zero point energy) and the entropy of the
SOy in their adsorbed state and so it is possible to calculate the
desorption temperature for a given partial pressure of SOy:

AEads

~ kInPso, — ASgs ©)

The SO entropy and ZPE found for the y-Al,03 model surface
were also used for the single Ag atom sites on the y-Al,03. Stan-
dard entropy values for SO, and SO3 from [15] (neglecting entropy
change with temperature) and a partial pressure of SOy 4 x 10~7 bar
(0.4 ppm in Ref. [9]) and partial pressure of O, is 0.07 bar [9] were
used in the calculations.

3. Results and discussion

3.1. Catalyst choice: stability of Ag/Al,03 and options for the
regeneration

3.1.1. The catalyst choice

Temperature dependence of NOy and NH3 conversions for the
fresh 1-3% Ag/Al, 03 catalysts is shown in Fig. 1a and b, respectively.
1% Ag|Al, 03 exhibits SCR onset at 130 °C reaching 80% NOx conver-
sion at 200 °C and leveling NOy conversion at 90% at T> 300 °C. This
is in agreement with previous studies [2]. 2% and 3% Ag/Al, 03 cata-
lysts demonstrate SCR onset shifted by 7 °C to lower temperatures
compared 1%, but lower maximum conversion and generally lower
SCR activity at higher temperatures, unlike results of Shimizu and
Satsuma [3]. The NH3 conversion follows the NOy conversion at
T<270-300°C. At higher temperature NH3 becomes oxidized and
the NH3 conversion is higher than NOy conversion. Thus, NH3 oxi-
dation plays some role in the decrease of high temperature NOy
conversion but this is not the main reason. The reason for observ-
ing conversion maxima for 2% and 3% Ag/Al,03 catalysts at 200°C
with subsequent drop in NH3 and NOy conversions could be direct
oxidation of H, by oxygen taking over. As it was shown earlier no NO
and NHj3 is converted over an Ag/Al, O3 catalyst in the absence of H;
[16]. Another possible reason is the lack of strong acid sites for NH3
adsorption in the 2-3% Ag/Al,03 catalysts which is demonstrated
in [17].

Noteworthy, the tested catalysts demonstrate very high stabil-
ity at temperature up to 700 °C which has also been shown in the
number of papers on HC-SCR [3,9]. To further check the thermal
stability of the 1% Ag/Al,O5 catalyst it was subjected to hydrother-
mal deactivation at 750°C for 16 h. The activity of the obtained

catalyst is reported in Fig. 1a and b as gray dotted lines. The low-
temperature conversion is only slightly shifted by 3°C, whereas
at T>300°C one may observe a decrease in NOy and NH3 conver-
sions similar to that observed for catalysts with higher Ag loading.
This may indicate sintering of Ag particles leading to the increased
unselective oxidation of hydrogen. At the same time, the relatively
small decrease in the catalyst specific surface area (Sggr) does not
indicate any significant change in the alumina support (Table 1).

Contrary to the hydrothermal aging, sulfur poisoning of
Ag/Al,03 leads to significant catalyst deactivation. Preliminary
experiments on the choice of sulfur poisoning temperature showed
no catalyst deactivation with SO, in the feed at 500°C and the
most severe deactivation in the temperature range 200-300°C
in very good agreement with the earlier reported results for HC-
SCR [8,9]. Therefore, preliminary SO, deactivation studies of 1-3%
Ag/Al;,03 were performed at 200-227°C and all the following
deactivation-regeneration studies of 2% Ag/Al,03 were done at
240-250°C (Fig. 1c). For the comparison of regeneration methods
the SO, poisoning was obtained by introducing 10 ppm SO, to the
SCR feed for 4 h.

Catalytic performance of 1-3% Ag/Al;03 in NOx SCR after such
sulfur treatment at 200-227 °Cis shown in Fig. 1d. Lowering deacti-
vation temperature from 250 °C to 200 °C leads to a very small shift
of the low-temperature activity within 5°C, therefore, the tem-
perature difference is not the determining factor for the observed
activity difference. 1% Ag/Al, 03 was poisoned to the highest degree,
whereas higher Ag loading led to better sulfur tolerance with
3% Ag/Al,03 showing the highest NOy conversion at T<300°C. It
should be noted that after exposure to SO, (and even after regenera-
tion of 1% and 2% Ag/Al,03 catalysts at 670 °C) the NH3 conversion
profiles coincided with the NOx conversion profiles for all tested
samples. That indicates quenching of NH3 unselective oxidation
over 1-3% Ag/Al,03 by SO,. Due to the similarity of NOy and NH3
conversion curves for the sulfated catalysts only NOy conversions
will be reported throughout the article.

Sulfation of 2 and 3% Ag/Al,03 leads not only to a shift of the
maximum NOy conversion to higher temperatures but also to an
increase to significantly higher values than demonstrated over the
fresh catalysts. The shift of the maximum activity of 2% Ag/Al,03
along with “activation” of the catalyst at 227 °C (near the conver-
sion maximum of the fresh catalyst) and at 250°C can be seen in
Fig. 1c. Higher SO, exposure leads to a shift of the maximum NOy
conversion to higher temperatures along with deterioration of the
low-temperature activity. The activity gain induced by sulfation
has been observed earlier and attributed to the redistribution of Ag
species [4]. However, as we have observed the decrease of unselec-
tive NH3 oxidation after SO, exposure, we suppose the SO, blocking
of sites active in NH3 and H, oxidation to play a major role in the
increased NOy conversion over 2 and 3% Ag/Al,03 catalysts. At the
same time SO, adsorption increases the alumina acidity which can
also play the role for the SCR activity as discussed in a separate
publication [17].

Several options for the catalyst regeneration under hydrocar-
bon (HC) SCR have been suggested in the literature. All of them
include heating sulfated Ag/Al,03 in different media - oxidizing
[9], hydrogen (or hydrocarbon)-containing lean exhaust [6,8-10]
or rich exhaust [6,9].

Heating sulfated 2% Ag/Al,03 to 670°C for 10 min in the NOx
SCR feed without hydrogen leads only to a small 10°C shift of
T50% to lower temperatures (not shown). Therefore, regeneration
of Ag/Al,03 for NOy SCR by NH3 without co-feeding hydrogen is
ineffective. Thus, regeneration at 670 °C in the reaction gas mixture
was used to test the regeneration capability of 1-3% Ag/Al, 03 cata-
lysts. Activity of the catalysts regenerated during 40 min is reported
inFig. 1e. All catalysts partially regained the low-temperature activ-
ity, however, the high-temperature activity of 3% Ag/Al;,03 was
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Table 1
Specific surface areas of tested catalysts as measured by BET.
Catalyst Treatment Sger (M?[g)
1% Ag/Al,03 - 142
1% Ag/Al, 05 Hydrothermal aging (750°C, 16 h) 126
2% Ag|Al,03 Catalytic test (w/o deactivation) 130
2% Ag[Al; 05 Sulfation and 10 min regen. @ 670°C 129
2% Ag[Al, 05 Sulfation and 80 min regen. @ 670°C 113
2% Ag[Al,05 30 cycles of 1 h sulfation and 10 min regen. @ 670 °C, followed by heating to 950°C 121
3% Ag/Al, 05 - 141
1 1
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Fig. 1. NO, (a) and NH3; (b) conversion profiles obtained over fresh 1-3% Ag/Al, 05 (black) and hydrothermally aged 1% Ag/Al, 03 (gray dotted) catalysts. (c) Evolution of NOy
conversion at 227 and 250 °C over 2% Ag/Al,03; with 10 ppm SO, in the feed. (d) NOy and NH3 conversion profiles obtained over sulfur poisoned 1-3% Ag/Al, 05 catalysts. (e)
NOy and NH3 conversion profiles obtained over 1-3% Ag/Al, 05 catalysts after 40 min regeneration at 670°C. Reaction conditions: 500 ppm NO, 520 ppm NH3, 1200 ppm H,,
8.3% 0y, 7% H,0 in Ar, GHSV=110,000h~'.
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decreased compared to the sulfated catalyst. At the same point this
catalyst demonstrated a higher conversion of NH3 compared to NOy
at T>350°C, indicating NH3 oxidation. 2% Ag/Al,03 showed the
highest NOy conversion throughout the whole temperature region
and will, therefore, be used for the further study. For the simplic-
ity in the text below and the following figures 2% Ag/Al,03 will be
referred as Ag/Al,0s.

3.1.2. Regeneration options

To simulate regeneration in rich exhaust the catalyst was heated
to 670 °C for 1 min with oxygen removed from the feed. The activity
following from this rich regeneration is presented in Fig. 2a as a
solid line. The profile is significantly shifted to lower temperatures
compared to the non-regenerated sample. Another feature is the
maximum NOy conversion (96%), which is now higher than that of
both the fresh and the non-regenerated catalysts. Still, regeneration
under rich conditions did not allow regaining the low-temperature
activity completely.

However, obtaining rich exhaust from diesel engine leads to
high fuel consumption and is, therefore, undesirable. Thus, we have
preferred relatively fast catalyst regeneration under lean conditions
with co-feeding hydrogen. The NOy conversion profile for Ag/Al,03
regenerated 10 min at 670°C in the standard NOx SCR feed (with
hydrogen) is shown in Fig. 2a as a dashed line. The catalyst shows
the same activity below 200 °Cas when regenerated under rich con-
ditions and at higher temperatures even higher conversion (up to
100%). At the same time the surface area of the catalyst regener-
ated for 10 min is not deteriorated compared to the fresh catalyst
(Table 1). This kind of regeneration is very easy to implement in
diesel vehicles because it can coincide with regeneration of the DPF,
which requires a similar heating strategy.

3.2. Influence of the regeneration time on the catalyst activity

Regeneration time is of high importance for automotive cata-
lysts, as heating the catalyst requires a lot of energy, i.e. fuel to be
spent. Influence of the regeneration time (for regeneration under
lean conditions with co-feeding hydrogen) on the activity of the
regenerated catalyst is shown in Fig. 2b. The value on the Y-axis is
the shift of temperature for 50% NOy conversion over the regener-
ated catalyst relative to the fresh catalyst:

T50% shift = T50% regenerated — T50% fresh (10)

Zero at the timescale stands for non-regenerated catalyst. Heat-
ing to 670°C for 1 min leads to the shift of T50% by 24 °C towards
lower temperatures, which is already very good. Heating for 10 min
allows us to get 6°C lower T50%, but further treatment at high
temperatures does not lead to significant further activation of the
catalyst. The best T50%, we could get by regenerating Ag/Al, 03, is
15°Chigher than T50% of the fresh Ag/Al,03. That result is obtained
after 40 min of regeneration. Higher regeneration time does not
yield better activity but causes loss of the catalyst surface area
(Table 1) and is, therefore, undesirable. It is worth noting that we
were not able to match the low-temperature activity of the fresh
catalyst after regeneration.

3.3. Developing a deactivation-regeneration strategy to mimic
automotive catalyst operating conditions

Typical lifecycle of an automotive light-duty Ag/Al,03 NOx SCR
catalyst comprises normal driving, during which the catalyst oper-
ates at low temperatures 150-350°C[10] and is poisoned by sulfur,
and regeneration which optimally coincides with regeneration of
the DPF. To be more precise, useful vehicle running time accord-
ing to the modern Euro 5 and Euro 6 standards is 160,000 km [18],
and typical intervals between DPF regenerations are 300-900 km

(with the modern Volvo D5 light-duty diesel engine as an example)
[19], which gives a minimum of 160 catalyst regeneration cycles.
Using average fuel consumption of this engine during urban driving
(6.71/100 km with a manual gearbox), an average diesel fuel den-
sity approx. 850 g/1[20], and a maximum allowed sulfur content of
10 ppm in the diesel fuel [21], the total sulfur passed through the
catalyst will amount to 91 g or 2.85 mol. Using available data on the
volume of monolith catalyst for the mentioned engine (91) and the
monolith density 2.5 g/in3 [10], the weight of the washcoat for an
automotive catalyst (15% of the total) and the relative weight of the
powder catalyst in the washcoat (80%) [22], we get a total of 0.47 g
(14.7 mmol) sulfur per gram of powder catalyst during the vehicle
lifetime. Therefore, the amount of sulfur per one deactivation cycle
will be 83 wmol/g of catalyst, assuming adsorption of all sulfur. In
reality, however, not all sulfur will be adsorbed partly due to very
high or low temperatures [9].

In our tests we have chosen the scheme involving catalyst poi-
soning with 10 ppm SO, at intermediate temperature of 240°C
for 1h which gives us a sulfur exposure before regeneration of
65 wmol/g of catalyst, which is close to the theoretical maximum
value calculated above. Thus, we will use this protocol as “worst
case” scenario.

Fig.3aand b shows two different ways of testing sulfur tolerance
with the same total sulfur exposure (4 h with 10 ppm SO, corre-
sponds to 260 p.mol/g catalyst) and the same regeneration time, but
split by four relatively small regeneration segments in the second
case.

The comparison of the catalyst activity after these two tests is
givenin Fig. 3c. Evidently, the low-temperature activities of the two
poisoned catalysts are identical. Different SCR activity at T>200°C
does not allow us to state that the regenerated catalyst activity
observed in Fig. 3c represents “steady state” automotive catalyst
activity in both cases. Further testing is needed to reveal “steady
state” catalyst activity during sulfation-regeneration cycles.

3.4. Cycling deactivation-regeneration

In order to clarify if the catalyst will be further deactivated after
several 1h. SO, poisoning - 10 min regeneration cycles we have
carried out 30 deactivation (at 240°C) - regeneration (at 670°C)
cycles. Evolution of the NOyx and NH3 conversions during the first 9
cycles of the experiment is shown in Fig. 4.

During the sulfation of the fresh catalyst (first 60 min) NOx con-
version steadily increases. During heating the catalyst to 670 °C the
NOy conversion drops to slightly negative values. According to Eq.
(1) in Section 2.3 this is due to a higher NOy concentration at the
reactor outlet than at the inlet. The latter is caused by oxidation
of part of ammonia to NOy at the regeneration temperature which
can be seen by the higher conversion of NH3 compared to NOy at
T>500°C. To prevent ammonia oxidation in the real life applica-
tion it is possible to switch off ammonia supply during regeneration
without compromising regeneration efficiency.

The NOy conversion following regeneration is maximal (97%)
after the first regeneration and decreases only a little (to 95%)
with further regeneration cycles. However, sulfur poisoning of the
regenerated sample leads to a decrease in the NOy conversion at
the end of each of the first deactivation cycles. This decrease in NOy
conversion could indicate that during each of these first regener-
ations the SOy adsorbed during the preceding deactivation cycle
is not completely removed from the catalyst surface. After seven
sulfation-regeneration cycles NOyx conversion is stabilized, so each
new testing cycle yields the same profile as the previous. Thus,
further sulfation and regeneration do not change the catalyst per-
formance.

Integration of the SO, signal measured by FTIR during 10th-20th
cycles (they are all equal) gives the amount of SO, equal to the
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amount of SO, passed through the catalyst during these cycles.
Therefore, using FTIR data we can estimate the amount of SO,
which was accumulated in the catalyst and not desorbed during
the first regenerations to be 0.11 mmol/g catalyst.

Our data (not shown) suggests that the SO, poisoning effect is
cumulative in the range of SO, concentrations 0.5-10 ppm, i.e. the
catalyst deactivation degree depends only on total SO, exposure.
Therefore, with the same SOy exposure between DPF regenerations
as in this study real catalyst performance will be high enough even
in the end of a sulfation cycle before the next regeneration.

3.5. Mechanism of Ag/Al;03 sulfation and regeneration

The results obtained in the previous Section 3.4 set the ground
for a few conclusions regarding the sulfation and regeneration
mechanisms for Ag/Al,03 catalysts of hydrogen-assisted NOy SCR
by NH3.

First of all, some amount of SOy is not desorbed after regen-
eration. This amount was estimated in the previous section and
is reproducible. At the same time we cannot regenerate the full
low-temperature activity of Ag/Al; 03, no matter if lean hydrogen-
containing or rich mixtures were used for the regeneration. The SCR
reaction onset for the sulfated and regenerated catalyst is always
shifted to higher temperatures. Therefore, we suppose that a cer-
tain type of active sites exists (name it “Type I"”), which stand
for Ag/Al,03 activity at low temperatures (<200 °C) that are irre-
versibly poisoned by SO, and cannot be regenerated using standard
techniques. Taking into account the very low sulfur tolerance of
low-loaded Ag/Al;,03 [6,7], we can attribute Type I active sites to
highly dispersed silver e.g. Ag®* atoms or Ag* ions [23,24] (see
Fig. 5).

SOy adsorption on the alumina surface (where dispersed silver
is localized) blocks these Type I active sites. SOy can be adsorbed on
single-atom Ag sites on the alumina as well as on the neighboring
Al atoms. It is impossible to desorb SO, from the alumina surface
by heating the catalyst to 670°C [25] and, therefore, Type I active
sites could not be regenerated.

Another evidence of irreversibly poisoned active sites is the for-
mation of excess of nitrogen dioxide over the fresh catalyst (Fig. 6b,
solid line), a catalytic function which s irreversibly poisoned by SO,
and cannot be regenerated (Fig. 6b, dotted line). Therefore, we also
attribute the increased NO oxidation capacity to Type I active sites.

However, the possibility of regeneration of the most of the
SCR activity of Ag/Al,05 hints on the existence of “Type II” active
sites. As they are more abundant in more SO, tolerant high-loaded
Ag/Al, 05 [7] we attribute them to the surface of Ag nanoparticles. It
has been shown that it is possible to desorb SO, from the Ag surface
at temperatures near 600 °C [25]. Thus, we assume that sulfation
and regeneration of these Type II active sites determines the SCR
activity of Ag/Al,03 with sulfur-containing fuel in diesel vehicles.
According to the SCR mechanism suggested in [16] these Type Il
species are also capable of oxidizing NO to NO, which further reacts
with NH3 over alumina. However, Type Il sites are less active which
leads to the deficit of NO, and prevents observing it in the gas phase
when NH3 is present.

Our assumption about the existence and function of Type I active
sites can be verified by the following. As follows from the SO, TPD
profiles in Refs. [11,25], it is possible to desorb SOx from alumina
surface at ca. 1000 °C. Of course, the alumina will undergo partial
restructuring at this temperature [26] accompanied by the forma-
tion of the a-Al,03 phase, which will partially ruin the catalyst.
However, this may help to test the principle.

The results of heating of sulfated Ag/Al;05 to 950°C in the SCR
gas mixture with further immediate cooling are shown in Fig. 6a
and b as dashed lines. By removing SOy from the alumina surface
(observed by FTIR) we were able to regain SCR onset at the same

temperature as for the fresh Ag/Al,; 03 (Fig. 6a). At the same time we
were able to regenerate excessive NO, production (Fig. 6b) which
was impossible to get by any kind of regeneration at lower tempera-
ture. Still, the maximum activity of the catalyst was lower than that
of the fresh catalyst resembling the activity of 3% Ag/Al, 053 (Fig. 1a).
The specific surface area of the catalyst regenerated at 950°C did
not change significantly compared to the fresh sample (Table 1),
therefore, it is rather sintering of Ag particles which caused a drop
in the maximum activity. Thus, we consider possibility of regener-
ating low temperature activity as an evidence for the existence of
several types of active sites in Ag/Al,03 as was previously stated
for HC-SCR Ag/Al, 03 catalysts [27].

The fact that SOy irreversibly adsorbed on the alumina surface
does not hinder that the SCR reaction can be explained if we assume
that Ag species participate in the oxidation of NO to NO, and the
alumina facilitates further reaction of NO, NO, and NH3 according
to the “Fast SCR” mechanism [28]. Since “Fast SCR” occurs over a
number of acidic surfaces, sulfated alumina should catalyze SCR as
well if SOx-free Ag surface is left to oxidize NO.

3.6. Evaluation of the proposed sulfation and regeneration
mechanism of Ag/Al;03 by DFT

Adsorption energies of SO,, SO3, and SO4 for the most energeti-
cally favorable adsorption geometries for different adsorption sites
are summarized in Table 2 and the corresponding geometries for
the y-alumina model step surface are shown in Fig. 7. It should
be noted that SOx can be adsorbed on the y-alumina in different
configurations with similar energies and only the lowest energies
(strongest adsorption) are shown. The DFT calculation shows that
the SOy adsorbs strongly on the step sites which is expected from
the low coordination of these sites and the steric freedom avail-
able at the step sites [29-31]. At the same time the surface step
is representative of small 1-3 nm nanoparticles containing mostly
under-coordinated surface atoms [32].

Two trends can be identified from these values. First global trend
is thatall types of SOy bind significantly stronger to the alumina sur-
face than the metal surface. The adsorption sites also include single
Ag sites at the alumina surface with Ag atom built in the surface
substituting Al is binding SOy most strongly (see Supplementary
material for the exact site geometry). This can be explained by a
thermodynamically unfavorable defect structure of this site. Sec-
ondly, the oxidation of SO, to SO3 is thermodynamically favorable,
with subsequent poisoning of the catalyst surface by the resulting
SOs3. This has been suggested in Ref. [9] and probably involves reac-
tion with NO, [11]. SO, alone cannot be adsorbed on the studied
metallic Ag surfaces under reaction conditions and SOy can, thus,
only poison the alumina support or single Ag sites on this surface.

The calculated desorption temperatures (Table 2) are low but
the order, at which regeneration of Type Il (Ag surface) and Type |
(highly dispersed Ag on the alumina) occurs is in agreement with
the mechanism of Ag/Al, 05 poisoning and regeneration suggested
in Section 3.5. The difference between calculated and experimental
desorption temperatures [11,25] might indicate the formation of
bulk silver sulfate [7,33,34].

At the same time addition of hydrogen significantly enhances
catalyst regeneration i.e. removal of SOx which could be due to
the formation of the correspondent HSO, species with their subse-
quent desorption. Table 3 shows the energies of the HSOx species
in the gas phase and adsorbed on the most energetically favorable
sites. According to the given numbers, the formation of HSOy is
highly favorable on Ag (211). As the adsorption energies of the
HSO, species with respect to the gas phase species H,SO3 (g) and
H,S04 (g) are very small they are easily desorbed. The formation
of HSOxy is not favorable on the model y-Al, 053 step surface and at
the site with Ag built into the y-Al,03 model step surface. Thus,
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Table 2
Adsorption energies and desorption temperatures of SO, for the most energetically favorable adsorption geometries in case of different adsorption sites.
Type Il (metallic Ag) Type I (dispersed Ag)
Ag(111) Ag(211) v-Al,03 Ag built in the y-Al, 03 Ag on the step of
surface v-Al,03
Eads (EV) Tdes (K) Eads (EV) Tdes (K) Eads (EV) Tdes (K) Eads (EV) Tdes (K) Eads (EV) Tdes (K)
SO, Not adsorbed - -0.26 81 -1.43 558 —2.06 791 -1.29 506
SO3 —-1.61 390 -1.82 458 —2.66 630 -3.34 781 —2.64 625
SO4 —2.65 454 -2.97 597 -1.15 222 -1.77 331 -3.14 572
Table 3
Energies of HSO, species in the gas phase and adsorbed on the most energetically favorable adsorption sites.
Energy? (eV) HSO, HSO3 H,S03 HSO4 H,S04
Gas phase 0.21 -0.75 -2.15 —1.48 -3.39
Adsorbed on y-Al,03 Dissociates -2.84 -2.18 -3.16 Dissociates
Adsorbed on Ag built in the y-Al,05 Dissociates —-4.10 —-3.38 —-3.61 Dissociates
Adsorbed on Ag (211) 0.02 —2.56 -2.22 -3.94 -3.57

2 Energy of the HSOy species is given with respect to SO, (g), Oz (g) and H; (g).
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(dotted line) and after additional regeneration at 950 °C (dashed line). (b) Temperature dependence of NO, concentration at the reactor outlet obtained over fresh 2% Ag/Al, 03
(solid line), 2% Ag/Al, 05 after 4 h with 10 ppm SO; at 240 °C, followed by 40 min regeneration at 670°C (dotted line) and after additional regeneration at 950 °C (dashed line).

Reaction conditions: 500 ppm NO, 520 ppm NH3, 1200 ppm Hj, 8.3% 05, 7% H,0 in Ar, GHSV=110,000h-"'.
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SO,@y-Al,Oy: -1.43 eV
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Fig. 7. The most energetically favorable adsorption geometries for adsorption of SO, SO3, and SO4 on the y-Al,03 model surface (with corresponding adsorption energies).

presence of H, will promote the desorption of SO, species from the
Ag (21 1) surface via formation of H,SO3 (g) and H,SO4 (g) but not
for y-Al,03 surface and the single Ag sites on the y-Al, 03 surface.

4. Conclusions

Sulfur tolerance and regeneration options of 2% Ag/y-Al,03 cat-
alyst for Hy-assisted NOx SCR by NH3 have been tested. The catalyst
has medium sulfur tolerance at low temperatures, however a good
capability of regeneration. This regeneration should include heat-
ing to 650-700°C for 10-20 min, provided the SCR gas feed is
unchanged (ammonia may be removed) and hydrogen is co-fed.
Regeneration of Ag/Al,03 without oxygen (rich mixture) leads to
essentially the same effect, but requires less time.

Heating to 650-700°C does not allow full regeneration of low-
temperature activity and does not allow recovery of NO, formation
over Ag/Al; 03 in the course of SCR.

During the long-term tests with cycling poisoning-regeneration
periods the catalyst activity is regenerated during each regenera-
tion cycle, but at least for the first 6-7 cycles sulfur species are
accumulated on the catalyst. Presumably, SOy is removed from Ag,
but not from the alumina surface during standard regeneration,
which allows us to make a conclusion on the existence of different
active sites in Ag/Al,03, namely finely dispersed Ag ions and Ag
nanoparticles.
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In addition to high activity in hydrocarbon-SCR, Ag/Al, 05 catalysts show excellent activity for NO, reduc-
tion for Hy-assisted NH3-SCR already at 200 °C. Here, we study the influence of different gas compositions
on the activity of a pre-sulfated 6 wt% Ag/Al, 05 catalyst for NOy reduction, and oxidation of NO and NHs.
The catalyst displays high initial activity for NO, reduction with a maximum of about 85% at 250°C.
Increasing the concentration of H; results in further increased NOy reduction. Moreover, a global stoi-
chiometry between NO:NH3:H; equal to 1:1:2 is established during selective NOy reduction conditions.

,I:;J/}xogiS: When increasing the concentration of one of the reducing agents only an increase of the H, concentration
Hz_efi‘e;t leads to an increase in NOy reduction, while an increase of the NH3 concentration only is beneficial to a

limit of an equimolar ratio between NO and NHs. Under transient conditions at constant temperature, the
Influence of gas mixture concentration of NO reaches steady state fast, whereas it takes longer time for NH3 due to accumulated
H,-assisted NH3-SCR surface species, probably on the alumina. The oxidation of NO to NO; is sensitive to the H, concentration
Urea in similarity to the SCR reaction, while higher amounts of H, suppress the oxidation of NH3. Moreover,
the dependency on the O, concentration is much higher for the NO and NH3 oxidation than for the SCR
reaction. To explain all these features a reaction mechanism is proposed in which the role of H; is to free
silver from single oxygen atoms. Ammonia and nitric oxygen can adsorb on these sites and react probably
on the border between the silver and alumina or on the alumina surface to N».

© 2013 Elsevier B.V. All rights reserved.

Reaction mechanism

1. Introduction

Fuel-efficiency in vehicles has become increasingly important
owing to increasing oil prices and the concern about climate
changes. A more efficient utilization of the energy in the fuel is
achieved by combustion in excess oxygen. However, these condi-
tions favor the formation of NOy as a by-product which needs to be
abated due to its negative impact on the environment. Strict emis-
sion regulations and low exhaust gas temperatures of fuel efficient
engines result in a need for catalysts which can reduce NOy in oxi-
dizing exhausts already below 200 °C. One concept to reduce NOy
in excess oxygen is selective catalytic reduction (SCR) with either

* Corresponding author at: Chemical Reaction Engineering, Competence Centre
for Catalysis, Department of Chemical and Biological Engineering, Chalmers Univer-
sity of Technology, SE-412 96 Goteborg, Sweden. Tel.: +46 31 772 4390;
fax: +46 31 772 3035.
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0926-3373/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.apcatb.2013.01.064

hydrocarbons (HC-SCR) or ammonia/urea (NH3-SCR) as reducing
agent for NOy.

Silver/alumina is known as a promising catalyst for HC-SCR and
shows good catalytic activity at fairly low temperatures when small
amounts of hydrogen are added as co-reductant to the feed [1,2].
One major hinder for the practical application of silver/alumina
catalysts was the sensitivity to sulphur. However, recently, it was
shown, that sulphur poisoned Ag/Al,03 catalysts can be regen-
erated under conditions which are similar to those during the
regeneration of a soot filter [3]. The same authors show, that the
activity of an Ag/Al,03 catalyst which has been exposed to sul-
phur stabilizes after a few exposure and regeneration cycles [3].
Moreover, they showed, that the activity of a silver/alumina cata-
lyst can be higher after sulphur regeneration than freshly prepared
[3]. The activity for NOy reduction varies considerably with the type
of hydrocarbon [4]. However, when NHj3 is used as reducing agent
90% conversion can be achieved already at 200 °C [5-7]. In contrast
to HC-SCR where H; lowers the temperature at which the Ag/Al,03
catalyst is active, Ag/Al,03 is only active for NH3-SCR in the
presence of H,. The role of this co-reductant as well as the
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mechanism for HC-SCR have been intensively investigated dur-
ing the last years [2], since the addition of the reducing agent H,
unexpectedly leads to an increase of oxidized products as observed
both for hydrocarbons [1,8] and nitrogen containing species [4,5].
It has been proposed that the formation of more oxidized prod-
ucts is owing to a change of the state of silver. An increase of the
number of small silver clusters has been observed by the addition
of H, but even by the addition of other reducing agents [9,10].
Moreover, reduction of silver species is discussed but cannot be
clearly attributed to the presence of hydrogen [11-13]. Another
suggestion is that the reaction mechanism changes by the addition
of Hy, which has been exemplified by changing rates of forma-
tion and consumption of several carbon-containing intermediates
[14,15]. Moreover, NH3 is proposed to be an intermediate in HC-SCR
over Ag/Al,03 [16-18]. This implies, that findings on H,-assisted
NH3-SCR over Ag/Al,03 also are valid for HC-SCR over the same
catalyst. Another area, where similarities might be expected is
H,-SCR over precious metal catalysts [19-22]. However, a sub-
stantial difference is that silver/alumina is not active for H,-SCR;
instead, hydrogen acts only as a co-reductant together with either
NH3 or hydrocarbons over silver/alumina catalysts. According to
Burch et al. [17] different reaction mechanisms occur over precious
metal-based catalysts and oxide based catalysts. One type of reac-
tion mechanism occurs over high loaded silver/alumina catalysts
and over precious metals, where substantial amounts of N,O can
be observed. Over low loaded silver/alumina catalysts, the same
reaction mechanism has been proposed as over other oxide based
catalysts, where the amount of formed N, O is low.

Although silver/alumina has been studied for a long time, there
are no studies available that examine the effect of varying the gas
composition on the individual steps in Hy-assisted NH3-SCR over
Ag/Al,03, which is the objective of this work. This is performed
in order to achieve fundamental insight into the reactions in this
system and propose a mechanism for the H, effect. In order to study
a highly active catalyst, which is stabilized with sulphur and thus
is relevant for real applications, a pre-sulphated catalyst was used
in the present study.

2. Materials and methods

Topsge boehmite alumina was calcined at 500 °C for 2 h. The alu-
mina was then mixed with water and a sufficient amount of AgNO3
was added under intense stirring to give the desired silver loading
of 6 wt%. The alumina-Ag slurry was then spray dried and calcined
at 400 °C for 2 h. The catalyst was washcoated onto monolith sub-
strate by dipping the monolith in the catalyst slurry. The substrate
was a 400 cpsi cordierite monolith with a diameter and a height of
20 mm. After washcoating the monolith was calcined in flowing air
at 550°C for 2 h. The total catalyst load of the monolith was 130 g/L.
After calcination the monolith was submerged in an ammonium
sulfite solution (sulfite concentration =2.8 mg/g) for ~10s. Excess
liquid was removed with pressurized air and the monolith was
frozen (—30°C). The water was then removed by sublimation in
a vacuum chamber. The amount of sulfur was estimated to 0.7 wt%
by weighing the monolith before and after sulfur impregnation.

The specific surface area was 270m?/g as measured for the
Ag/Al, 03 catalyst by Nj-adsorption by single point BET using
a Quantachrome Monosorb. The final Ag load was measured to
6.1 wt% by inductively coupled plasma - optical emission spec-
troscopy (ICP-OES) with a PerkinElmer Optima 3000. Results [3]
show that Ag/Al, 03 catalysts can be activated by sulfur treatment
with SO, in the deNOy feed (O, H,0, NO, NH3 and H5). Our results
(not published) show that samples also can be activated by impreg-
nation of the catalyst with a sulfur solution (e.g. ammonium sulfite)
followed by high-temperature treatment (>600 °C) in deNOy feed.
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Fig. 1. NO, conversion and outlet concentrations during H,-assisted NH3-SCR over
an Ag/Al,03 catalyst as a function of temperature as steady state points. Feed
composition: 250 ppm NO, 250 ppm NH3, 750 ppm H;, 10% O3, 5% H,O0 in Ar. The
concentration of H, has been divided by 3.

The samples were freeze dried to ensure that there were no sulfur
concentration gradients in the monoliths [23].

Catalytic activity tests were performed in a horizontally
mounted quartz tube flow reactor. The quartz tube was 800 mm
long with an inner diameter of 20 mm and was externally heated
by a heating coil. The monolith was sealed against by-pass flows
between the monolith and the wall of the tube with quartz wool and
placed in the end of the heated zone. The temperature of the reac-
tor was measured inside a center channel of the monolith sample
and controlled 10 mm before the catalyst by a Eurotherm con-
troller. Gases were supplied by separate mass flow controllers and
water was added by a controlled evaporation and mixing system
(all Bronkhorst Hi-Tech). The outlet gas composition was analyzed
using a gas phase FTIR (mks-instruments, MultiGas2030) with the
gas cell heated to 191 °Cand by a mass spectrometer (Hiden HPR-20
QIC).

All activity tests were carried out using a total flow of
3500 ml/min, resulting in a GHSV of 33 100h~!. The fresh cata-
lyst was first activated for 5min at 670°C in 5% water and then
de-greened in 250 ppm NO, 250 ppm NH3, 10% O, and 5% H,0 in
Ar at 600 °C for 3 h. In each subsequent experiment the sample was
initially pretreated in a flow of 10% O, in Ar at 500°C for 20 min.
Afterwards, the catalyst was cooled in 5% water in Ar to 70°C and
exposed to the reaction mixture for 40 min. Then, the tempera-
ture was increased in 8 steps with 20°C/min to 500°C (100, 150,
200, 250, 300 and 400 °C). Each step lasted at least 20 min to obtain
steady state conditions. Moreover, a transient experiment was per-
formed at 200°C, where NO, NH3 and H, were switched on and
off by opening and closing the respective MFC. For the evaluation,
the conversion is defined as X conversion [%], which is calculated
as (1 —[Xout]/[Xin]) x 100%. X consumption [ppm)] is calculated as
[Xin] — [Xout], where X is NOyx (NO +NO,), NH3 or Hy. Moreover, we
calculated the part of NH3 which is oxidized to NOy during NH3 oxi-
dation experiments called NH3 to NOy as [NOx,out]/[NH3 i, ]) x 100%.

3. Results and discussion

From previous studies it is known, that Ag/Al,03 is active for
H,-assisted NH3-SCR [5,6]. In contrast to these studies, we here
use washcoated monolith catalysts.

3.1. Activity for NOy reduction

Fig. 1 shows the conversion of NOy between 70 and 500°C as
a function of temperature during steady state conditions and the
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Fig. 2. Outlet concentration of NH; during NH; oxidation in different gas mixtures
as a function of time while increasing the temperature stepwise from 300 to 500 °C
with 20°C/min. Base inlet gas composition: 250 ppm NHs, 750 ppm H;, 10% O,
5% H,0 in Ar. Modifications are indicated in the figure. The numbers in the figure
indicate the order in which the experiments were conducted.

outlet concentrations of NO, NO,, NH3, N,O and H,. The NOy con-
version starts already at 150°C and reaches a maximum of 85% at
250°C. In accordance with Ref. [6] the selectivity to N, is very high
which is indicated by the absence of N,O throughout the entire
temperature range. Moreover, the formation of NO, is very low.
This is unusual for NH3-SCR over Ag/Al, 03 but can be attributed to
the pre-sulfating of the catalyst. Hydrogen, which was shown to be
essential for the reaction to occur [5], is completely consumed from
400°C, limiting the NO, conversion at these high temperatures. At
500°C, significant amounts of NH3 are unselectively oxidized to NO
resulting in a negative NOy conversion in Fig. 1.

The information of Fig. 1 is extracted from a transient exper-
iment, where the catalyst is initially exposed to the reaction gas
mixture at 70 °C. Subsequently, the temperature is increased step-
wise and the increase of the temperature is accompanied by
desorption of NH3 until 250 °C (see supporting information). In par-
allel, the NO conversion increases and some NO, is initially formed
already at 100°C. From 300°C, the NH3 and NO concentrations
increase again due to shortage of H,. Increasing the temperature
from 400 to 500°C causes initially a parallel increase of the NO
and NH3 concentrations until 425 °C, where oxidation of NH5 starts
causing a temporary steep decrease by 90 ppm of the NH3 concen-
tration accompanied by a further increase of the NO concentration.
The NH3 concentration increases thereafter again and reaches its
original level after about 30 min. This transient effect is connected
to the presence of NHs since it is not observed in NO oxidation
experiments. Fig. 2 shows the NH3 concentration during NH3 oxi-
dation. When heating the catalyst from 250 to 300°C, and from
300 to 400 °C small amounts of ammonia desorb from the catalyst.
At 300°C, practically no NH3 oxidation occurs. This observation
is similar for all tested gas compositions. At 400°C, the ammo-
nia concentration stabilizes after the desorption peak on a stable
level in most of the experiments. However, in the first NH3 oxi-
dation experiment conducted after an SCR experiment, the NH3
concentration decreases rapidly followed by a slow increase dur-
ing and after heating from 300 to 400°C. A similar effect is also
observed in the absence of H, though not as pronounced. More
details of NH3 oxidation will be discussed later. The transient effect
observed between 400 and 500 °C under NH3-SCR conditions and
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Fig. 3. NOy conversion after aging of the catalyst with number of experiments. Feed
composition: 250 ppm NO, 250 ppm NH3, 750 ppm Hy, 10% O, 5% H,0 in Ar.

the effect observed between 300 and 400°C during NH3 oxida-
tion are quite similar. One possible explanation for this effect is
a slow change in the oxidation state of Ag by a competing reac-
tion between NH3 and NO, or adsorbed NOy. During NH3 oxidation
small amounts of NO, (less than 2 ppm) are formed in the absence
of Hy. However, no NO, was detected in the presence of more than
750 ppm H;. In previous studies, Ag/Al, 03 catalysts showed good
resistance against hydro-thermal treatment below 700 °C [24-26].
Although the Ag/Al,03 catalyst was de-greened at 600°C in this
study, it was not completely stable, and the activity for NOy reduc-
tion improved with time. Fig. 3 shows the activity for NOx reduction
under standard conditions. This activity increased with the num-
ber of experiments where one experiment took 8 h. During the first
experiments, mainly the activity for NH3 oxidation decreased as
indicated by less negative conversion at 500 °C. This effect can be
explained by a loss of loosely bound sulfur, since trace amounts
of SO, have been detected in the exhaust during the first couple
of experiments. However in the following experiments, the activ-
ity for NOy reduction increased in the entire temperature interval
between 200 and 500 °C. One explanation for the improved activity
could be the loss of further sulfur from the catalyst. However, after
the first experiments, no SO, was detected in the gas phase after
the catalyst. In addition, the largest changes were observed after
NH3 oxidation experiments (between the 30th and 48th experi-
ment) in the absence of NO. After the 59th experiment, the catalyst
appears to be stable. Breen et al. [24] report an increase in activity
for NOy reduction in octane-SCR after aging of an Ag/Al,Os catalyst
at 600°C for 16 h and attributed this to coalescing of Ag into small
clusters of an average of three atoms. This effect is also reasonable in
the present study. Since each experiment started by a pretreatment
at 500°C for 20 min and finished at 500°C as the highest reaction
temperature, the catalyst was in total exposed to 500°C for more
than 30 h during the course of more than 50 experiments. Another
possible explanation of the increase in activity is the formation of
Ag,S04, which can be expected to occur after the de-greening of
the sample. Silver sulfate is reported to decrease low temperature
activity [27]. During experiments the less stable Ag,SO4 may be
converted into more stable Al,(SO4)3 like species [28], which could
explain the gain in low temperature activity.

3.2. Influence of the gas composition on the activity for NOx
reduction

Fig. 4 shows the influence of the concentration of water, oxygen,
ammonia and nitric oxide on the NOy conversion as a function of
temperature. Since all the experiments shown in one graph were
performed consecutively, changes due to ageing do not need to be
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250 ppm NO, 250 ppm NH3, 750 ppm H;, 10% O, 5% H, 0 in Ar. Modifications are indicated in the figure.

taken into account for the interpretation. In the presence of water
higher activity for NOy reduction is observed at 200, 250 and 400 °C
but the maximum conversion is somewhat lower. Moreover, less
NH3 oxidation occurs at 500 °C. However, no trend can be observed
when 4 to 8% of water is present in the feed (not shown). Sev-
eral roles have been proposed for water. The presence of water can
reduce the amount of adsorbed NOyx and reducing agent on the cat-
alyst due to competition of adsorption sites and thus reduce NOy
conversion [29,30]. For long hydrocarbons, this effect is beneficial,
since it prevents the formation of coke and thereby increases the
NOy conversion [30]. Ammonia is known to adsorb strongly on the
catalyst surface. Therefore, reduction of the amount of NH3 could
be beneficial for NOy reduction at low temperatures, as it is the
case in NH3-SCR over Fe-zeolites [31]. From 250 °C where the NOy
conversion is high, this effect reduces the overall NOx reduction.
Moreover, it has been proposed, that NO is activated by interaction
with hydroxyl groups [32]. In the presence of water, the amount of
OH-groups will be higher and could therefore contribute to a higher
NOy conversion.

Fig. 4b shows the effect of different oxygen concentrations on
the activity for NOy reduction. Even when O, is provided in large
excess, the NOy conversion increases with increasing of O, con-
centration. This is in accordance with previous results for HC-SCR,
where it has been proposed that partial oxidation of the reducing
agent (hydrocarbon) is an important part of the reaction mecha-
nism [30,33]. In addition to the partial oxidation of hydrocarbons,
partial oxidation of NO and NH3 have been proposed as initial steps
in the reaction mechanism [16,17,34]. These steps also benefit from
higher O, concentrations. This is further supported by the very low
activity with only 0.1% O,. Although there is still an excess of O,
present in the feed, the NOy conversion stays below 5%, demon-
strating that O, is needed in the SCR reaction. With 0.5 and 1%
0, in the feed, the maximum conversion occurs at 300 °C, which is
higher than for the experiments with higher O, concentrations. It is

possible that at low O, concentrations, less Hy is unselectively
oxidized than at high O, concentrations and more hydrogen is
thus available for the SCR reaction. Also the effect of changing the
NO concentration was studied as shown in Fig. 4c. Decreasing the
amount of NO in the feed gas while keeping the concentrations
of all other gases constant results in an increased NOy conversion
between 150 and 400 °C. This is in accordance with previous results
from HC-SCR and H;-assisted HC-SCR as reported in Ref. [30] and
[35], respectively. At 500 °C, a negative NOy conversion is observed.
The additional NOy is formed by oxidation of NH3 to NO. Moreover,
the sum of the NH3; and the NOy concentrations is about 60 ppm
below the inlet values revealing that about 30 ppm N, is formed at
500°C independent on the NO inlet concentration. The N, might
be formed in the very beginning of the catalyst, where H; is avail-
able for NH3-SCR or during the oxidation of NH3. Since considerable
amounts of N, are formed during NH3 oxidation over the present
catalyst (see below) the major part of the N, formation can be
attributed to the NH3 oxidation. Assuming that N, is formed dur-
ing the NH3 oxidation and this amount of formed N,, moreover,
is independent of the NO inlet concentration indicates that NH3
oxidation is independent of the NO concentration in the studied
concentration interval.

The change in the NOy conversion with different NH3 con-
centrations is plotted in Fig. 4d. An NH3 concentration which is
significantly lower than the NO concentration in the feed leads to
a lower NOy conversion above 200°C compared to the NOx con-
version with equal amounts of NOy and NH3 in the feed. Higher
concentrations of NH3 than NOy in the feed, however, do not result
in higher NOy conversion. The limit in NOy reduction seems to
contradict the results in Fig. 4c on the variation of the NOy con-
centration. However, in Fig. 4c the ratio of both NO to NH3 and NO
to H, changes, while in Fig. 4d the ratio between NH3 to NO and
NHj3 to Hy changes. We can therefore conclude that the limit of NOy
conversion observed in Fig. 4d is caused by the ratio of NO to Hj.
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function of temperature for different hydrogen concentrations in a feed gas mixture
of 250 ppm NO, 250 ppm NHj3, 0-1500 ppm H3, 10% O, and 5% H;0 in Ar.

The dependence of NOy conversion on the H, concentration will
be discussed in detail in the following section. The influence of the
amount of reducing agent on the NOx conversion has previously
been studied for HC-SCR in the absence of H, and gave different
results. A constant increase of NOy reduction with increasing con-
centration of hydrocarbon was observed [33] while other groups
report an increase in NOy conversion with higher concentrations
of hydrocarbons which approaches a limit at high hydrocarbon to
NO ratios above certain temperatures [30,36]. This observation is
in accordance with our results in Fig. 4d. Moreover, Arve et al.
[35] report a higher increase in NOy conversion with increasing
hydrocarbon concentration at high than at low H; concentrations.

Fig. 5a shows the NOy conversion as a function of the inlet H,
concentration for different temperatures. Without H,, the catalyst
cannot reduce NOy. However, with increasing H, feed concentra-
tion the NOy conversion increases in the entire temperature range,
in which the catalyst is active. This increase in NOy reduction is
different at different temperatures. At 250 and 300 °C, the NOy con-
version increases steeply at low H, concentrations and approaches
slowly 90%. At both lower (150 and 200°C) and higher (400°C)
temperatures the NOx conversion increases continuously in the
studied concentration interval. Similar trends have previously been
reported for NH3-SCR as well as HC-SCR over Ag/Al,03 catalysts
[4,6,35,37].

In addition to the NOy conversion, the outlet H, concentration
and H, conversion is shown as a function of temperature in Fig. 5b.
Hydrogen conversion starts at 150 °C and from 400 °C complete H,
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Fig. 6. (a) NO, consumption as a function of NH; consumption for different gas
mixtures. Standard inlet gas composition: 250 ppm NO, 250 ppm NH3, 750 ppm H;,
10% O3, 5% H,0 in Ar (light grey solid line). Modifications are indicated in the figure.
(b) NOy consumption as a function of H, consumption in different gas mixtures.
Inlet gas composition: 250 ppm NO, 250 ppm NH3, 250-1500 ppm H,, 10% O, and
5% H,0 in Ar.

conversion is seen independently of the H, concentration in the
feed. In fact, the level of hydrogen conversion (in %) is indepen-
dent of the hydrogen concentration in the feed revealing that the
H, conversion is independent of both the NO and the NH3 concen-
tration. This is valid for a variation of H, concentrations at fixed NO
and NH3 concentrations (Fig. 5) and also for variations of the NO,
NH3 and O, concentrations (Fig. 4). At 300 °C, about 95% of the H,
is converted, which might result in a shortage of H, in some parts
of the catalyst leading to a slightly lower NOx conversion at 300 °C
compared to 250 °C. At even higher temperatures the shortage of
H, appears to become even more severe, resulting in a clearly lower
NOy reduction. Previously it has been shown that the temperature
where complete H, conversion is reached is shifted to lower tem-
peratures with increasing silver loading for HC-SCR over Ag/Al,03
[38]. In accordance with the present study, total H, conversion was
achieved close to 300 °C for the most active sample [38].

In Fig. 6a the NOy consumption at different NO (Fig. 5c) and
NH3 (Fig. 5d) feed concentrations are combined and the NOy con-
sumption is plotted as a function of the NH3 consumption. This
type of presentation shows, that there is a fixed molar ratio of 1:1
between NH3 and NO conversion, which is independent of the NO,
NH3 and H; inlet concentrations. Only at 500 °C, where unselective
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oxidation of NH3 to NO takes place, this ratio is changed and the
points below the main straight line are from these cases. Oxida-
tion of NH3 to NO results in an NO concentration, which is higher
than the inlet NO concentration leading to negative NOy conversion.
Moreover, these results show that below 500 °C all the converted
NHj3 is exclusively involved in NOx reduction. No loss of NH3 by
oxidation to N, or N,O is observed during H;-assisted NH3-SCR
below 500°C. In order to establish a ratio between H; and NO in
the SCR reaction the NO, consumption is plotted as a function of
H, consumption. These results are shown in Fig. 6b. From a careful
comparison of the values in Fig. 6 with Fig. 5b it is clear that below
250°Cthe conversion of H, stays below 30% and a linear correlation
between NO and H; of 1:2 can be established. From 250 °C, unse-
lective oxidation of some H; occurs, indicated by a flattening of the
curve in Fig. 6b. Here, the unselective oxidation of H, is not limiting
the NOy conversion, since the highest NOy conversion is achieved at
250°C, where also some unselective oxidation of H, occurs. From
300°C, the unselective oxidation apparently leads to shortage of
H, in some parts of the catalyst leading to a decrease in the overall
NOy reduction while the H, conversion is high. This feature is even
more pronounced at higher temperatures. The ratio between NO
and H; of 1:2 can be explained by assuming that the silver surface
is covered by oxygen at low temperatures. This assumption is in
accordance to previous results obtained by XPS [13,23]. Hydrogen
removes single oxygen atoms from the silver surface freeing single
sites which subsequently can be occupied by either NO or NH3. The
adsorbed NO and NH3 species react and form N,. This N, forma-
tion likely occurs on the interface between silver and alumina or
on the alumina support, since it has been shown that Al,03 plays
an important role in silver/alumina catalysts [5]. OXygen cannot re-
occupy the free single sites on the silver, since it needs two sites
to dissociatively adsorb on. This process is limited by the reaction
of Hy with surface oxygen. At somewhat higher temperatures, the
reaction of hydrogen with the surface oxygen atoms becomes faster
and there is a higher probability that two adjacent oxygen atoms
are removed from the silver surface with a short time lag. These
sites can be filled with oxygen disturbing the ratio between NO
and H, of 1:2. At high temperature this process is so fast that the
NOy conversion drops due to a lack of free adsorption sites for the
NO and NH3 on the silver.

Fig. 7 shows the transient behavior of the catalyst upon fast
removal of one component from the gas mixture. After reaching
steady state conditions for Hy-assisted NH3-SCR, H; is removed
from the feed, rapidly halting the NO, conversion. The NH3 concen-
tration starts to increase at the same time as the NO concentration.
However, it takes almost 5 min for the NH3 concentration to reach
steady state after removal of Hy. A similar behavior is observed,
when H; is switched on again. The NOx concentration drops imme-
diately to steady state levels, while this takes longer time for the
NH3 concentration. The different times needed to reach steady state
condition for NH3z and NO indicate different amounts of stored
surface species. Previously, we have shown that NHy species are
the predominant species during NH3;-SCR conditions. However, the
major parts of the nitrates formed on the surface are stable and will
not be removed by NH3 and H; [5]. In accordance with Fig. 1, some
NO, is formed at 200 °C during H,-assisted SCR. In the absence of
H,, however, no NO, is detected. In the absence of NO, some minor
NHj3 conversion occurs in the presence, but not in the absence of Hy,
indicating that the presence of H, even has a promoting effect on
the NH3 oxidation. This effect will be discussed later in more detail.
Removing NH3 from the feed results in oxidation of about 2/5 of the
NO to NO, (90 ppm) at steady state. It is interesting to notice, that
the NO, concentration increases steeply, when NH; is switched
off and reaches its highest value just after the NH3; concentration
in the outlet has declined to zero. Thereafter, the NO, concentra-
tion decreases and reaches steady state levels about 5 min after the
NHj3 supply has been switched off. No transient effects are observed
when H, is added to the feed of NO, O, and H;O in Ar. However,
the NO, production increases significantly. The higher concentra-
tion of NO, when switching off NH3 indicates that adsorbed parts
of ammonia, like hydrogen, can have a promontory effect on the
oxidation of NO to NO,. However, this effect is only observed when
switching out NH3 from a mixture of NO, NHs3, H, O, and water. A
possible explanation is that the adsorbed NH3-fragments continue
to react with the NOy and free additional sites, on which NO can be
oxidized to NO,. Finally, some tailing of NO, is observed when H; is
removed from the above mentioned feed while NO reaches steady
state more rapidly. All the discussed phenomena of the transient
experiment can be explained by the previously proposed mech-
anism, when assuming that most of the desorbed NH3 had been
adsorbed on the Al 03. Alumina as the main NH3 storage compound
isin accordance with Ref. [39]. Moreover, the tailing of the NO; can
be assigned to adsorbed NO species on the silver.

In summary, variation of the O,, NO, NH3 and H; concentration
in Hy-assisted NH3-SCR has similar effects as in Hy-assisted HC-
SCR over Ag/Al, 05 catalysts. For HC-SCR over Ag/Al,03, a reaction
of adsorbed NHy species with adsorbed NOy species has previously
been proposed as a last step before N, formation [16,17,40,41]. This
is possibly also the last step in hydrogen-assisted NH3-SCR over
Ag/Al,;03.The difference in the reaction mechanisms between NH3-
and HC-SCRis, thus, in the formation of adsorbed NHy species. Since
a similar increase in activity is observed by adding hydrogen to
the gas mixture in HC- and NH3-SCR, it can be assumed that H;
promotes steps that are either common or at least similar in both
reaction mechanisms.

3.3. Influence of the gas composition on the oxidation of NO and
NH3

The promotional effect of H, on the NO oxidation over Ag/Al,03
catalysts has been shown in several studies [1,5,11,42]. Fig. 8 shows
the influence of the H,, NO and O, concentrations on the NO oxi-
dation. Similar to NOy conversion, the oxidation of NO to NO,
increases with increasing H, concentration (Fig. 8a). The shape
of the NO, concentration in Fig. 8a resembles in shape that of
the NOx conversion during H;-assisted NH3-SCR (see supporting
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information). Therefore, the molar ratio between reduced NOy dur-
ing NH3-SCR and oxidized NO, during NO oxidation was calculated
for identical H, inlet concentrations and temperatures:

([NOy,in ]-[NOx,out])scr conditions/(INO2,0ut)NO oxidation at fixed NO,
0,, Hy concentrations and temperatures

In Fig. 8b these results are plotted as a function of tempera-
ture for the different H, inlet concentrations used. For all H; inlet
concentrations, one mole of NOy is reduced during SCR for two
moles of NO, produced during NO oxidation at 150°C. This ratio
increases reaching a value of about 2.5 moles reduced NOy per one
mole formed NO, at 400 °C in the presence of at least 750 ppm H.
For 250 and 500 ppm H,, the ratio reaches limits of 1.5 and 2.1,
respectively, which are observed already below 400 °C. Since more
NO, is formed in NO oxidation than NO is reduced during SCR con-
ditions at 150 °C, NO, is also expected in the outlet during NH3-SCR.
However, no NO, is detected, which can be explained by blocking
of the active sites by NH3 during SCR. Another explanation can be
obtained from the mechanistic model proposed above. Assuming
that identical concentrations of H; free the same amount of sites at
a certain temperature NO can occupy twice as many sites during NO
oxidation than during SCR, when NHj3 is present. As already stated
in the discussion about Fig. 6, more sites are available at higher
temperatures leading to a higher ratio of reduced NOy during SCR
to oxidized NOy during NO oxidation.

In Fig. 8c, the effect of the NO concentration on the NO oxida-
tion is shown. The amount of NO, increases as the NO concentration
increases but reaches a limit at a H,:NO ratio of 3:1 in the feed. A
higher NO concentration results in the same NO, formation. This
resultisinteresting since a similar limit has been observed in Fig. 4d
for the influence of NH3; on the NOy conversion and can be inter-
preted as a certain amount of H, can only activate a certain amount
of NO (probably by oxidation to NO, ) which then can be reduced
by an NHj3 derived species. These results do not contradict the ratio
between converted Hy:NO of 2:1 established in Fig. 6 since this ratio

is only observed for low conversions and is independent of the feed.
However, also this result can be explained by H freeing a certain
number of sites, on which NO can adsorb. When all these sites are
filled higher concentrations do not change the result.

In the insert in Fig. 8c the formation of NO, is shown as NO
conversion in percent. This insert illustrates that conversion of NO
by oxidation increases with decreasing NO concentration mainly as
an effect of a higher H; to NO ratio. This confirms our results from
Fig. 5a, where we showed that the NOy conversion increases with
higher H, to NO ratio. Finally, Fig. 8d demonstrates that the NO
oxidation is clearly dependent on the O, concentration between
150 and 500 °C. This dependency is stronger than the dependency
of the NH3-SCR reaction although the NH3-SCR reaction appears to
be closely related to the oxidation of NO.

To investigate the influence of the NO, concentration, activity
tests with equimolar amounts of NO and NO, as NOy in the feed
were performed (see supporting information). The NOy reduction
is only slightly higher when 50% of the NOy is NO, than when all the
NOy is NO. The largest difference in NOy conversion is observed at
200°C were 71% NOx conversion occurred with only NO in the feed
and 85% with a mixture of NO and NO,, corresponding to 20% higher
NOy conversion at this temperature. This result is in accordance
with the study by Doronkin et al., where it was shown that Ag/Al, 03
is active for NH3-SCR without H, providing some NO, in the feed
[5]. Moreover without H,, the conversion of NOy is limited to about
30%. This limit is removed by the addition of H, showing that H;
has an important role in NH3-SCR even in the presence of NO, as
NOy. This observation also fits into the framework of the proposed
reaction mechanism.

The activity of the catalyst for oxidation of the reducing agent is
an important parameter as well. In the literature it has been shown
that NH3 can be oxidized to N3, N,O and NO over Ag/Al,03 cata-
lysts [5,43]. The ignition temperature and product distribution vary
with the catalyst composition (e.g. Ag loading). Fig. 9 shows the NH3
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oxidation in different feed compositions as a function of tempera-
ture. Without H,, the oxidation of NHj starts at 400 °C and reaches
76% at 500°C, where 48% of the NH3 in the feed is oxidized to NOy
over the catalyst, revealing that about two thirds of the oxidized
NH3 forms NOy and about one third N, (Fig. 9a). However in the
presence of 750 and 1250 ppm H, the oxidation of NH3 is consid-
erably lower, reaching about 50% at 500 °C. Moreover, only about
25% of the NHj3 in the feed is oxidized to NOy, i.e. one half of the oxi-
dized NH3 forms NOy in comparison to one third in the absence of
H,.These results are reasonable, since NH3 oxidation is proposed to
start by the consecutive braking of N—H bonds over Ag/Al,03 [34].
Assuming equilibrium reaction, the presence of additional hydro-
gen from H, in the feed will shift the equilibrium to the ammonia
side. Another explanation for the lower NH3 oxidation in the pres-
ence of H, is that hydrogen will decrease the concentration of
adsorbed oxygen, which is needed for the oxidation of NH3. The
temperature at which NH3 oxidation starts in the presence of H,
is higher in Fig. 9 than expected from the transient experiment in
Fig. 7, where some minor NH3 oxidation is observed at 200°C in
the presence but not in the absence of hydrogen. These contradic-
tory results can be explained by the fact that the catalyst changes
during the first NH3 oxidation experiment as shown in Fig. 2. More-
over, from the reaction mechanism presented above, adsorption of
NH3 also on the silver species can be expected already at 200°C.

However, the reaction mechanism does not predict any reactions
on the surface or desorption of species.

Moreover, the oxidation of NH3 increases at higher O, concen-
trations in the feed (Fig. 9b). Similar to NO oxidation, also NH3
oxidation is stronger dependent on the O, concentration than the
SCRreaction. This phenomenon can be rationalized when assuming
that higher NO oxidation promotes the SCR reaction while oxida-
tion of NH3 removes necessary compounds for the reaction. The
dependence of these two conflictive effects can explain the minor
dependence of the NH3-SCR reaction on the O, concentration.

4. Conclusions

The influence of different gas compositions on the activity for
NOy reduction, and oxidation of NO and NHj3 of a pre-sulfated 6 wt%
Ag/Al, 05 catalyst has experimentally been studied. It has been
shown that:

e The catalyst is initially highly active for NOy reduction with a
maximum of about 85% at 250 °C. The activity increases through-
out the course of the experiments due to mild aging of the catalyst
at 500°C.

® An increase in the feed concentration of hydrogen results in
increased NOy reduction. This increase is linear at 150 and 200°C
in the studied H, concentration interval but approaches a limit
of more than 90% NOy conversion at 250 and 300°C.

¢ Anincrease of the NH3 concentration is beneficial to a limit of an
equimolar mixture of NO and NHs. A further increase of the NH3
concentration above this ratio does not result in further improved
NOy conversion.

e A global stoichiometry between NO:NH3:H, equal to 1:1:2 is
observed during selective NOy reduction.

e Under transient conditions at a constant temperature, the
concentration of NO reaches steady state fast, whereas the sta-
bilization of the NH3; concentration takes longer time due to
accumulation of surface species. In the presence of NHy surface
species, the concentration of NO, takes as long to stabilize as the
NHj3 concentration and exhibits a maximum, while in the absence
of NH, surface species the NO, concentration stabilizes as fast as
the NO concentration.

e The NO oxidation to NO, is sensitive to the H, concentration in
similarity to the SCR reaction. However, the dependence on the
0, concentration is much higher for the NO oxidation and the
NH3 oxidation than for the SCR reaction. The addition of small
amounts of hydrogen during NH3 oxidation results in decreased
NHj3 oxidation and leads to a higher degree of N, formation.

All the observations concerning changes in the feed composition
can be explained by assuming that the silver surface is covered by
oxygen. Oxygen adsorbs dissociatively and competes with NO and
NH3 for the same adsorption sites. Hydrogen can remove single
oxygen atoms from that surface freeing adsorption sites for NO or
NHs. These adsorbates can react on the surface forming N, proba-
bly in the interface between silver and alumina or on the alumina
surface. This explains the observed ratio between NO:NH;3:H; of
1:1:2 and why there is a limit to which NOx conversion increases
for the NH3 concentration, but not for the H, concentration. More-
over, this reaction mechanism explains that twice as much NO; is
formed during NO oxidation than NO is reduced during SCR at the
same temperature and H, concentration.

Acknowledgements

This work is financially supported by the Danish Council for
Strategic research and was performed at the Competence Center



176 S. Tamm et al. / Applied Catalysis B: Environmental 136-137 (2013) 168-176

for Catalysis, Chalmers University of Technology and Haldor Topsge
A/S. The collaboration with Haldor Topsge, Amminex and DTU is
gratefully acknowledged.

Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.apcatb.
2013.01.064.

References

[1] R.Burch, ].P. Breen, C.J. Hill, B. Krutzsch, B. Konrad, E. Jobson, L. Cider, K. Erdnen,
F. Klingstedt, L.E. Lindfors, Topics in Catalysis 30-31 (2004) 19-25.
[2] J.P. Breen, R. Burch, Topics in Catalysis 39 (2006) 53-58.
[3] D.E. Doronkin, T.S. Khan, T. Bligaard, S. Fogel, P. Gabrielsson, S. Dahl, Applied
Catalysis B: Environmental 117 (2012) 49-58.
[4] S. Satokawa, ]. Shibata, K. Shimizu, S. Atsushi, T. Hattori, Applied Catalysis B:
Environmental 42 (2003) 179-186.
[5] D.E. Doronkin, S. Fogel, S. Tamm, L. Olsson, T. Khan, T. Bligaard, P. Gabrielsson,
S. Dahl, Applied Catalysis B: Environmental 113-114 (2012) 228-236.
[6] M. Richter, R. Fricke, R. Eckelt, Catalysis Letters 94 (2004) 115-118.
[7] K.I. Shimizu, A. Satsuma, Applied Catalysis B: Environmental 77 (2007)
202-205.
[8] J. Shibata, K. Shimizu, S. Satokawa, A. Satsuma, T. Hattori, Physical Chemistry
Chemical Physics 5 (2003) 2154-2160.
[9] J.P. Breen, R. Burch, C. Hardacre, C.J. Hill, Journal of Physical Chemistry B 109
(2005) 4805-4807.
[10] J. Shibata, Y. Takada, A. Shichi, S. Satokawa, A. Satsuma, T. Hattori, Journal of
Catalysis 222 (2004) 368-376.
[11] P. Sazama, L. Capek, H. Drobna, Z. Sobalik, ]. Dedecek, K. Arve, B. Wichterlova,
Journal of Catalysis 232 (2005) 302-317.
[12] R.Brosius, K. Arve, M.H. Groothaert, ].A. Martens, Journal of Catalysis 231 (2005)
344-353.
[13] H. Kannisto, H.H. Ingelsten, M. Skoglundh, Topics in Catalysis 52 (2009)
1817-1820.
[14] S. Chansai, R. Burch, C. Hardacre, J. Breen, F. Meunier, Journal of Catalysis 276
(2010) 49-55.
[15] X.L. Zhang, Y.B. Yu, H. He, Applied Catalysis B: Environmental 76 (2007)
241-247.
[16] S. Tamm, H.H. Ingelsten, A.E.C. Palmqvist, Journal of Catalysis 255 (2008)
304-312.
[17] R.Burch, ].P. Breen, F.C. Meunier, Applied Catalysis B: Environmental 39 (2002)
283-303.
[18] A.Obuchi, C. Wogerbauer, R. Koppel, A. Baiker, Applied Catalysis A-General 19
(1998) 9-22.

[19] CN. Costa, AM. Efstathiou, Journal of Physical Chemistry B 108 (2004)
2620-2630.

[20] Z. Liu, J. Li, S.I. Woo, Energy and Environmental Science 5 (2012) 8799-
8814.

[21] C.N. Costa, P.G. Savva, C. Andronikou, P.S. Lambrou, K. Polychronopoulou, V.C.
Belessi, V.N. Stathopoulos, P.J. Pomonis, A.M. Efstathiou, Journal of Catalysis
209 (2002) 456-471.

[22] P.G. Savva, A.M. Efstathiou, Journal of Catalysis 257 (2008) 324-333.

[23] H.Kannisto, H.H. Ingelsten, M. Skoglundh, Journal of Molecular Catalysis A 302
(2009) 86-96.

[24] ].P.Breen, R. Burch, C. Hardacre, CJ. Hill, B. Krutzsch, B. Bandl-Konrad, E. Jobson,
L. Cider, P.G. Blakeman, L.J. Peace, M.V. Twigg, M. Preis, M. Gottschling, Applied
Catalysis B: Environmental 70 (2007) 36-44.

[25] V.Houel, D.]James, P. Millington, S. Pollington, S. Poulston, R. Rajaram, R. Torbati,
Journal of Catalysis 230 (2005) 150-157.

[26] L. Kylhammar, A. Palmqvist, M. Skoglundh, Topics in Catalysis 42-43 (2007)
119-122.

[27] A. Abe, N. Aoyama, S. Sumiya, N. Kakuta, K. Yoshida, Catalysis Letters 51 (1998)
5-9.

[28] S. Satokawa, K.-i. Yamaseki, H. Uchida, Applied Catalysis B: Environmental 34
(2001) 299-306.

[29] Y. Miyahara, M. Takahashi, T. Masuda, S. Imamura, H. Kanai, S. Iwamoto,
T. Watanabe, M. Inoue, Applied Catalysis B: Environmental 84 (2008)
289-296.

[30] K.Shimizu, A.Satsuma, T. Hattori, Applied Catalysis B: Environmental 25 (2000)
239-247.

[31] H.Sjovall, RJ. Blint, A. Gopinath, L. Olsson, Industrial & Engineering Chemistry
49 (2010) 39-52.

[32] A.lIglesias-Juez, A.B. Hungria, A. Martinez-Arias, A. Fuerte, M. Fernandez-Garcia,
J.A. Anderson, ].C. Conesa, ]. Soria, Journal of Catalysis 217 (2003) 310-323.

[33] H.W. Jen, Catalysis Today 42 (1998) 37-44.

[34] E.V. Kondratenko, V.A. Kondratenko, M. Richter, R. Fricke, Journal of Catalysis
239 (2006) 23-33.

[35] K. Arve, H. Backman, F. Klingstedt, K. Erdnen, D.Y. Murzin, Applied Catalysis
A-General 303 (2006) 96-102.

[36] K. Arve, F. Klingstedt, K. Erdnen, ]. Warn4, L.E. Lindfors, D.Y. Murzin, Chemical
Engineering Journal 107 (2005) 215-220.

[37] K. Shimizu, A. Satsuma, Journal of Physical Chemistry C 111 (2007)
2259-2264.

[38] M. Richter, U. Bentrup, R. Eckelt, M. Schneider, M.M. Pohl, R. Fricke, Applied
Catalysis B: Environmental 51 (2004) 261-274.

[39] Q.Y.Liu, Z.Y. Liu, J.H. Su, Catalysis Today 158 (2010) 370-376.

[40] K. Erdnen, F. Klingstedt, K. Arve, L.E. Lindfors, D.Y. Murzin, Journal of Catalysis
227 (2004) 328-343.

[41] R. Matarrese, H.H. Ingelsten, M. Skoglundh, Journal of Catalysis 258 (2008)
386-392.

[42] N.A. Sadokhina, D.E. Doronkin, P.V. Pributkov, V.I. Bukhtiyarov, R.I. Kvon, A.Y.
Stakheev, Topics in Catalysis 54 (2011) 1190-1196.

[43] L. Zhang, H. He, Journal of Catalysis 268 (2009) 18-25.


http://dx.doi.org/10.1016/j.apcatb.2013.01.064
http://dx.doi.org/10.1016/j.apcatb.2013.01.064

Paper VI



Applied Catalysis B: Environmental 113-114 (2012) 228-236

journal homepage: www.elsevier.com/locate/apcatb

Contents lists available at SciVerse ScienceDirect

Applied Catalysis B: Environmental

Study of the “Fast SCR”-like mechanism of H-assisted SCR of NO, with ammonia

over Ag/Al,03

Dmitry E. Doronkin?*, Sebastian Fogel?, Stefanie Tamm %4, Louise Olsson 9, Tuhin Suvra Khan¢,

Thomas Bligaardf, Pir Gabrielsson®, Seren Dahl?

a Center for Individual Nanoparticle Functionality (CINF), Department of Physics, Technical University of Denmark, Fysikvej 307, 2800 Kgs. Lyngby, Denmark

b Haldor Topsee A/S, Nymellevej 55, 2800 Kgs. Lyngby, Denmark

¢ Competence Center for Catalysis, Chalmers University of Technology, SE-412 96 Géteborg, Sweden

d Chemical Reaction Engineering, Chalmers University of Technology, SE-412 96 Goteborg, Sweden

¢ Center for Atomic-scale Materials Design (CAMD), Department of Physics, Technical University of Denmark, Fysikvej 307, 2800 Kgs. Lyngby, Denmark
f SUNCAT Center for Interface Science & Catalysis, SLAC National Accelerator Laboratory, Menlo Park, CA 94025, USA

ARTICLE INFO ABSTRACT

Article history:

Received 22 September 2011
Received in revised form

15 November 2011

Accepted 24 November 2011
Available online 3 December 2011

It is shown that Ag/Al, 05 is a unique catalytic system for H,-assisted selective catalytic reduction of NOy
by NH3 (NH3-SCR) with both Ag and alumina being necessary components of the catalyst. The ability of
Ag[Al;03 and pure Al,03 to catalyse SCR of mixtures of NO and NO, by ammonia is demonstrated, the
surface species occurring discussed, and a “Fast SCR”-like mechanism of the process is proposed. The
possibility of catalyst surface blocking by adsorbed NOy and the influence of hydrogen on desorption of

NO, were evaluated by FTIR and DFT calculations.

Keywords:
Ag/Al,03
Alumina
NOy SCR
Fast SCR
FTIR

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Nitrogen oxides (NOx) are the most challenging pollutants
to address for light-duty diesel vehicles and sophisticated tech-
niques like advanced fuel injection, exhaust gas recirculation (EGR),
turbocharging, etc., are used by engine manufactures to reduce
emissions. But NOx removal by exhaust aftertreatment is still
required due to stricter emmision regulations and the trade off
between fuel consumption and NO, emmision, i.e., the price for
reducing fuel consumption and CO, emission by ~15% equals to
~50% increase in NOy emissions [1].

Selective catalytic reduction (SCR) is the leading NOy control
technique with ammonia as a reductant. Commonly used cata-
lysts are vanadia-based catalysts, Cu and Fe-containing zeolites.
However, none of the systems demonstrates high thermal durabil-
ity together with a good activity throughout a broad temperature
region from 150 to 550°C [1]. This fact explains the reason for the
on-going research of novel catalytic systems for NH3-SCR, which
are supposed to be non-toxic, inexpensive and durable.

* Corresponding author. Tel.: +45 4525 3275.
E-mail addresses: dmdo@fysik.dtu.dk, dmitriy.doronkin@gmail.com
(D.E. Doronkin).

0926-3373/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.apcatb.2011.11.042

Alumina supported metals, such as Ag, In, Sn, etc., [2-5] are
known to catalyse NOy SCR by hydrocarbons under the conditions
of lean-burn engine exhaust. The major drawback of these cat-
alytic systems is their very poor activity at low temperatures. It
has been found that addition of hydrogen to the gas feed can sub-
stantially improve the low-temperature activity of Ag/Al,03 [6-8].
Interestingly, several groups have also demonstrated the possibil-
ity of Ag/Al,03 to facilitate SCR of NOy by ammonia or urea with
co-feeding hydrogen, resulting in nearly 90% NOy conversion at
temperatures as low as 200°C [9,10].

Hydrogen for this reaction can be provided on board of the
vehicule by two means depending on the used reductant. The
required amount of hydrogen can be produced in an on-board fuel
reformer without the necessity to change the existing fuel infras-
tructure. This is convenient for hydrocarbon SCR systems utilizing
Ag|Al, 04 catalysts and currently leads to fuel penalties from 5 to
10% [11,12] which might be improved by the optimisation of the
system. For the NH3 SCR applications hydrogen can be produced
by cracking of part of the ammonia. Pure NH3 required for this
purpose can be stored on board in form of solid metal ammine
salts [13]. The suggested system allows accurate and indepen-
dent dosing of ammonia to the SCR catalyst and to the cracker
where it can be decomposed to form the required hydrogen. Using
ammonia for hydrogen storage has earlier been suggested for fuel
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cell applications but can also be applied for NOy SCR applications
[14,15].

There is no general agreement about the necessary concentra-
tion of hydrogen for the effective reduction of NOy by ammonia
over Ag/Al;03. One can find H,:NOy ratios varying from 5 to 10
in the literature [9,10,16-18] which is a rather high value. How-
ever, Shimizu and Satsuma have demonstrated ever increasing NOy
reduction rate in the interval of Hy:NOy ratios from 0 to 50 [17]
which makes the choice of H, concentration a matter of finding the
optimum between the amount of ammonia spent on hydrogen pro-
duction and the SCR efficiency. We are considering a H,:NOy ratio
2.4 as an optimum in this work.

Hydrogen has also been considered as the only reductant in H;-
SCR of NOy, however, currently available catalysts allow effective
removal of NOy only when using H:NOx>10 and such amount
of hydrogen cannot be produced on board at an affordable price
[19-21].

In this work we studied several catalysts: Ag supported on dif-
ferent carriers (y-Al,03, TiO, and ZrO;), Sn and In supported on
v-Al;03 and pure alumina under the conditions of H,-assisted SCR
of NOx with NH3. The aim of this study is to investigate the possi-
bility of replacing traditional NOy SCR catalysts by Ag/Al,05 thus
obtaining high catalyst activity even at low temperatures. Another
goal of the study is to give insight to the mechanistic aspects of
Hy-assisted NOy SCR by ammonia.

2. Experimental
2.1. Catalyst preparation

Parent vy-alumina (Puralox SCFa-140, 59 ppm Fe,03 content)
was kindly provided by SASOL. Prior to its study as a catalyst it
was calcined at 550 °C for 4 h in static air.

1%Ag/Al, 05, 3%Sn/Al,03 and 3%In/Al,03 were obtained by
incipient wetness impregnation of parent -y-alumina by corre-
sponding amounts of AgNOs, SnCly-5H,0 and InCl3-4H,0 (all
from Sigma-Aldrich) solutions in deionised water. 1%Ag/TiO, and
1%Ag/ZrO, were obtained by incipient wetness impregnation of
TiO, (anatase containing 10%Si0O, ) and ZrO, (E10, Magnesium Elek-
tron Ltd.) by the aqueous solution of AgNOs. After impregnation all
catalysts were dried at room temperature overnight and calcined
at 550°C for 4 h in static air.

The calcined catalysts were pressed, crushed and sieved to
obtain the fraction 0.18-0.35 mm (mesh 80-mesh 45).

2.2. TEM measurements

TEM measurements were carried out in a TECNAI T20 trans-
mission electron microscope equipped with an Oxford Instruments
EDX detector. For the measurements the catalyst powder (in a dry
form) was dispersed on a copper TEM grid covered with a lacey
carbon film. Images were acquired using DigitalMicrograph from
Gatan Inc.

2.3. Catalytic studies

The catalytic measurements were carried out in a fixed-bed
quartz flow reactor (inner diameter =4 mm) in a temperature pro-
grammed mode while the temperature was decreased from 400 °C
to 150°C with a rate 2°C/min. The temperature was controlled
using an Eurotherm 2416 temperature controller with a K-type
thermocouple. 45 mg of catalyst was diluted with 100 mg of SiC
(mesh 60) and placed on a quartz wool bed. The bed height was
~11 mm and the GHSV, calculated using the volume of the pure cat-
alyst was ~110,000 h~1. The gas composition normally contained
500 ppm NO, 520 ppm NH3, 8.3% O,, and 7% water balanced with

Ar. During some tests 1200 ppm of H, was added to the gas feed.
The gas feed was mixed from 2000 ppm NO in Ar, 2000 ppm NHj3
in Ar, 4000 ppm H; in Ar (Air Liquide), oxygen and argon (AGA),
dosed by individual mass flow controllers (UNIT Celerity). Water
was dosed by an ISCO 100DM syringe pump through a heated cap-
illary. Mixtures of NO and NO, were obtained by feeding NO and
oxygen through along capillary, giving NO, with 26-47% NO,. Reac-
tion products were analysed by a Thermo Fisher Nicolet 6700 FTIR
analyser, equipped with a gas cell (2 m optical pathlength). Gas cap-
illaries were heated to ~130°C and the FTIR gas cell to 165°C to
avoid condensation of water and formation of ammonium nitrate.
To simplify experimental procedure we are not using CO, in the
study as we have not observed CO, effect on the NOy SCR by NH3
during the preliminary experiments with Ag/Al, O3 catalysts.
Conversions were calculated using the following equations:

C]g]l(l)tlet
XNOX =1- Cll\?olxet (1)
X

where Xyo, denotes total conversion of NO, and C}\]“(l)it and Cﬁfg)}ﬂ
is the NOy concentrations on the inlet and outlet of the reactor,
where:

Cnoyx = Cno + Cno, (2)

NH3 conversion (total), NH3 conversion to NOx (when no NOy
is fed) and NO conversion to NO, (when no NH3 was fed) were
calculated correspondingly:
CI(\’“L}[t;Et

inlet
CNH3

(3)

XNy =1 -

outlet
CNOX

- (4)
leet

NH3

XNH;>Nox =

outlet
CNOZ

inlet
CNO

(5)

XNo-NO, =

and the ratio of converted NO to converted NO, in the experiments
with NO and NO, mixtures:

conv. inlet outlet
CNO _ CNO _CNO

ceonv. — ~inlet _ outlet
NO, CN02 CN02

(6)

NH3:NOy conversion ratio below 400 °C was always 1:0.95-1.05
for all tested catalysts, therefore we are presenting only NOy con-
version values in the discussion.

2.4. DRIFTS studies

In-situ diffuse reflectance infrared Fourier transform spec-
troscopy (DRIFTS) experiments were performed using a BioRad FTS
6000 FTIR spectrometer equipped with a high-temperature reac-
tion cell (Harrick Scientific, Praying Mantis) with KBr windows.
The temperature of the reaction cell was controlled with a K-type
thermocouple connected to a Eurotherm 2416 temperature con-
troller. Gases were introduced into the reaction cell via individual
mass flow controllers (Bronkhorst Hi-Tech). The gas composition at
the outlet of the DRIFTS cell was analysed by a mass spectrometer
(Balzers QuadStar 420).

Each experiment was performed using approximately 100 mg
of v-Al,03 powder, using new powder for each experiment. The
powder was initially pretreated in a flow of 8% O, in Ar at 500°C
for 30 min, subsequently a background spectrum (60 scans, res-
olution 2cm~! at 4000cm~!) was recorded in a flow of Ar. At
500°C, 185 ppm NO,, 315 ppm NO, 520 ppm NHj3 and 8.3% O, were
added to the feed. Then the catalyst was cooled with a ramp rate of
10°C/min in the reaction mixture to reaction temperature, where
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the temperature is held for 10 min for stabilisation. Subsequently,
NH3 is removed from the feed gas mixture for 30 min and added
again to it for 10 min. This procedure was repeated once. There-
after, 1250 ppm H; were added for 10 min to the feed gas and,
subsequently, NH; was removed again. The evolution of absorp-
tion bands in the spectra was followed using the kinetic mode
(9 scans/spectrum, 6 spectra/min,) at a resolution of 2cm~! at
4000 cm~!, The data are presented as absorbance, which is defined
as the logarithm of the inverse reflectance (log 1/R). All DRIFTS
experiments were carried out using a total flow rate of 100 ml/min
which corresponds to a space velocity of about 62,000h~1.

2.5. DFT calculations

Plane wave DFT code DACAPO is used to calculate the adsorp-
tion energies and the gas phase energies of the adsorbates. Plane
wave cutoff of 340.15 eV and density cutoff of 680eV are used for
the calculations. The core electrons are described by the Vander-
bilt ultrasoft pseudopotential [22]. RBPE is used as the exchange
correlation energy function [23]. Fermi population of the Kohn-
Sham statesis k,T=0.1 eV.The convergence limit is set as maximum
change in force constant fiax =0.03 eV.

The adsorption energies of O, NO, NO, and NOs are studied over
six different transition metals (Ag, Cu, Pd, Pt, Rh, Ru) on both the
(111) terrace and the (211) step surfaces. We use a 2 x 2 sur-
face cell for O and NO for (111) terrace, 2 x 1 surface cell for O
and NO for (21 1) step surface, 3 x 3 surface cell for NO, and NO3
adsorption study on (111) terrace and the 3 x 1 surface cell for
NO, and NO3 adsorption study (21 1) step surfaces, with 8 x 8 x 1
Monkhorst-Pack k-point sampling in the irreducible Brillouin zone
forall the 2 x 2 surface cells, 8 x 6 x 1 Monkhorst-Pack k-point sam-
pling in the irreducible Brillouin zone for all the 2 x 1 surface cells
and 4 x 4 x 1 Monkhorst-Pack k-point sampling for both 3 x 3 and
3 x 1 surface cells. For all the (11 1) surfaces we use a four-layer
slab where the two topmost layers are allowed to relax whereas
for the (21 1) surfaces with 2 x 1 surface cell we use a slab model
with twelve layers where the topmost six layers are allowed to
relax and for (21 1) surfaces with 3 x 1 surface cell we use a slab
model with nine layers where the topmost three layers are allowed
to relax.

For the calculation of y-Al;03 and the adsorption of different
species on y-Al,03 we also used the DACAPO code with a plane
wave cutoff of 340.15 eV and a density cutoff of 680eV. A4 x 4 x 1
Monkhorst-Pack k-point sampling in the irreducible Brillouin zone
was used for y-Al,05. The y-Al, 03 surface was modelled by a step
on a nonspinel y-Al,03 structure which was derived bulk y-Al;03
model [24]. The cell parameters for the y-Al, 03 step closed packed
surface are a=8.0680 Aand b=10.0092 A and a = 8=y =90°. For the
v-Al, 03 surface the bottom two layers were fixed where as the top
three layers were allowed to relax.

In all the model surfaces, the neighboring slabs are separated by
more than 10 A of vacuum.

NOy and HNOy adsorption energies were calculated relative to
gas phase zero energy points of these species.

The energy minimum adsorption geometries used in the calcu-
lations are presented in the supplementary material.

3. Results and discussion
3.1. Unique activity of Ag/Al,03 in Hy-assisted NH3-deNOy

NOy conversions obtained over the prepared catalysts at 380°C
tested under the conditions of SCR of NO, with NH3, without and
with H; in the exhaust, are given in Table 1. In the absence of H; all
the catalysts are inert with respect to NOy reduction or ammonia

Table 1

Studied catalysts and NO, conversions obtained at 380 °C without and with H; in
the feed gas. Reaction conditions: 500 ppm NO, 520 ppm NHs, 8.3% O,, 7% H,0 in
Ar, GHSV=110,000h".

Catalyst Metal loading, Support BET NO, conversion
wt% surface area, m2/g
OppmH, 1200ppm H;
Al,03 - 140 0 0
Ag/AlL,0; 1 140 0 94
Ag/TiO, 1 110 1.5 25
Ag/Zr0; 1 14 0 0
Sn/Al,0; 3 140 0 0
In/Al,03 3 140 0 10.5

oxidation at temperatures below 400 °C. The hydrogen effect was
observed only for Ag/Al,03, Ag/TiO, and In/Al,03 (Fig. 1). The for-
mer catalyst demonstrates extremely high performance with NOy
conversion exceeding 80% at 200 °C at GHSV =110,000 h—1.No more
than 5 ppm N, O was observed in the products. Ag/TiO, is much less
active with maximum NOy conversion of 25% at 380 °C. The activity
of In/Al;03 below 400 °C is only marginal. Therefore only Ag/Al,03
may be considered for practical applications among the tested cat-
alysts. Futhermore, it is evident that both silver and alumina are
nesessary components of the catalyst to obtain a high performance
in deNOy. Removal or change of each of these components lead
to almost inactive catalysts. Therefore, it is likely that both silver
and alumina take part in the catalytic cycle or the active site is
positioned on the interface between Ag and Al;Os.

3.1.1. TEM data on Ag/Al,03 and Ag/TiO,

In order to clarify if it is the catalyst morphology that deter-
mines the drastic difference in the SCR performance of Ag/Al,03
and Ag/TiO,, TEM images of the samples were obtained. These
micrographs are compared in Fig. 2. The choice of the catalysts
in question is dictated by their common properties (Ag loading,
BET surface area of the support, preparation technique), which is
in contrast to their very different catalytic activity.

EDX shows the presence of ~1% Ag in the both depicted cata-
lyst grains. However, we were unable to locate any metal particles
with diameters larger than 2-3 nm in both catalyst samples. This
confirms a high dispersion of Ag in both Ag/Al,03 and Ag/TiO,
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Fig.1. NO, conversion profiles obtained over Ag/Al, 03, Ag/TiO;, and In/Al, O3. Reac-
tion conditions: 500 ppm NO, 520 ppm NH3, 1200 ppm Hy, 8.3% O3, 7% H,O0 in Ar,
GHSV=110,000h-!.
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Fig. 2. TEM images of Ag/Al,0s (left) and Ag/TiO, (right) calcined at 550°C in air.

catalysts, which might be in the form of clusters of 4-8 Ag atoms
as suggested by Kondratenko et al. [16]. Therefore the large differ-
ence in SCR activity of Ag/Al,03 and Ag/TiO, is not due to a large
difference in Ag dispersion.

3.2. Study of the mechanism of H,-assisted NH3-deNOy

3.2.1. Experiments with Ag/Al,03 where components of the feed
are omitted

Studies of the mechanism of hydrogen-assisted NOyx SCR by NH3
on Ag/Al;03 were already performed before [16,17], where the
attention was drawn to the state of silver. Our catalytic experiments
show a uniqueness of the Ag/Al, 03 catalytic system, in which both
components play a vital role.

To have a notion of the individual reactions occuring during NOx
SCR by NH3 we consequtively run catalytic tests with one of the
components absent in the feed.

According to the results obtained so far it is already clear that
the removal of hydrogen leads to a completely inactive catalyst
with regards to NH3-deNOy (Table 1) or ammonia oxidation. The
concentration of all monitored gases remained constant during
temperature ramping from 400 to 100°C when no H, was in the
feed. The same is true for the removal of oxygen from the feed - no
NO reduction or NH3 oxidation was observed without O,.

When NH3; was removed from the gas feed, a pronounced oxi-
dation of NO to NO, starting from 100 °C was observed (Fig. 3, solid
line). Together with that a very low NOy to N, conversion (dotted
line, max. 4%) was observed indicating that hydrogen normally acts
not as the main reductant but as a co-reductant. When both ammo-
nia and hydrogen were removed from the feed, no oxidation of NO
to NO, was observed.

The latter observation agrees with the data obtained in [6,16].
As suggested in [6], hydrogen addition promotes oxidation of NO.
However, we observed no oxidation of NO to NO, during the exper-
iments with Ag/TiO, and Ag/ZrO, catalysts. This shows once again
that not only Ag, but also the support plays an important role in
the catalytic activity of Ag/Al,03 which also agrees with the data
on C3Hg-SCR reported in [6].

The mechanism of O, activation by hydrogen has been sug-
gested earlier [25,26] as follows. On the first step hydrogen
dissociates on active Ag,+ sites on alumina to form an acidic proton
and hydride Ag,-H. This hydride later reacts with oxygen to form
a reactive oxidant, such as hydroperoxy radicals (HO,), peroxide
(0227), or superoxide ions (0O, ™) all of which later oxidise NO to
NO,.

When removing NO from the NO, NHs, H, O and H,0 con-
taining feed, NH3 oxidation to N, (Fig. 4, solid line) and to NOy
(Fig.4, dotted line) occurs at temperatures higher than 200 °C. Com-
parison of the data in Fig. 3 and Fig. 4 suggests that NO oxidative
acivation starts at significantly lower temperature (corresponding
to the NH3-deNOy light-off temperature) than NH3 oxidative acti-
vation. Therefore it is more likely that oxidative activation of NO is
an important step in the overall catalytic mechanism of NOy SCR
over Ag/Al;0s.

The data does not support a hypothesis of oxidative dehydro-
genation of NH3 (or NH3-assisted NO decomposition) being the
main catalysed step of H,-assisted NH3-deNOy over Ag/Al,05 [18].
Ag/Al, 03 rather participates in NO activation and possibly in the
reaction of NH3 with NOy intermediates [16].

The hydrogen promoted oxidative activation of NO has been
already reported by Satokawa et al. for NOx SCR by C3Hg [6]. How-
ever in that study oxidative activation of NO was not enough to
initiate SCR and activation of C3Hg by H; has been reported to be
necessary which makes it different from SCR by NHs.
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Fig.3. NO conversion to NO; (solid line) and NO, conversion to N, (dotted line) over
Ag/Al, 03 without ammonia in the feed. Reaction conditions: 500 ppm NO, 1200 ppm
H,, 8.3% 03, 7% H,0 in Ar, GHSV=110,000h~".
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Fig. 4. Total NH3 conversion (solid line) and NH; conversion to NOy (dotted line)
over Ag/Al, 03 with no NO in the feed. Reaction conditions: 520 ppm NH3, 1200 ppm
Ha, 8.3% 02, 7% H,0 in Ar, GHSV=110,000 h~".

3.2.2. Experiments with feeding NO and NO, mixtures over
Ag/Al,03 and Ag/ZrO,

After realizing that the hydrogen promoted oxidation of NO to
NO, may be the first step in the Hy-assisted NH3-deNOy we decided
to do catalytic tests with a feed containing a mixture of NO and
NO, as NOy. Since H; facilitates reversible NO-NO, tranformation,
undesirable for these experimens, no H, was co-fed.

Fig. 5 shows NOy conversions to N, obtained over Ag/Al,03
when a NO and NO, mixture is fed as NOy (containing 26, 34 and
47% NO,) and over Ag/ZrO, with 34% NO, in NO as NOy. Surpris-
ingly for all three cases we observe nearly equal, maximum 30%,
NOy conversion which changes only slightly with temperature. NH3
conversion profiles follow the NOy conversion profiles and they are
therefore not shown. This observation allows us to conclude that
oxidation of NO to NO, over Ag/Al,03, at least, partially accounts
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Fig. 5. NO, conversion over Ag/Al,03 and Ag/ZrO, without H, in the feed, when
NO and NO, mixture is fed as NOy (NO, content is specified, NO is the rest of
500 ppm NOy). Conditions: 500 ppm NOy, 520 ppm NHs, 8.3% O, 7% H,O in Ar,
GHSV=110,000h—".
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Fig. 6. Ratio of consumed NO to consumed NO, for simultaneous NO + NO; reduc-
tion by NH; over Ag/Al,0s. Reaction conditions: 500 ppm NOy (NO; fraction is
stated near the corresponding curves), 520 ppm NHs, 8.3% O,, 7% H,0 in Ar,
GHSV=110,000h1.

for the activity of this catalyst in the NOy SCR. This agrees with
previous works, evidencing oxidation of NO to NO, involving H;
[25] and supposing it to be crucial for low-temperature NOy SCR by
hydrocarbons [27].

Moreover, SCR of the NO and NO, mixture by NHs3 is not a
unique feature of Ag/Al, 03 but was also observed for other supports
though to a less extent, e.g. with 15% maximum NOy conversion in
the case of Ag/ZrO,, (see Fig. 5, gray dotted line). Thus, metal oxides
other than alumina can catalyse NO + NO, SCR by NH3 but Ag/Al,03
with H, co-feeding is required to oxidise NO at low temperatures.
Therefore, we are focusing our study on Ag/Al, O3 catalysts and the
corresponding alumina support.

The effect of increasing the NOx SCR rate by feeding NO and
NO, mixture has already been noticed for other catalytic systems
including vanadia-based catalysts [28] and zeolites [29]. The effect
is called “Fast-SCR” and characterised by a well-defined stoichiom-
etry of NO:NO, being 1:1.

To check if the NO:NO, conversion without H; in the feed can
be ascribed to “Fast SCR” [29], we calculated the ratio of consumed
NO to consumed NO5, (Fig. 6). In our case the ratio of consumed NO
to consumed NO, changed with temperature from negative values
(only NO, is consumed and a small amount of NO is produced from
it) to positive values up to 1 in case of feeding 26% NO, (Fig. 6).
Interestingly, the temperature at which NO starts to be consumed
(~150°C) coincides with the onset temperature of H,-assisted SCR
(Fig. 1). Therefore, we can suppose that parts of the mechanisms
of both Hj-assisted NO SCR by NH3 and NO +NO, SCR by NH3 are
similar. But in case of NO + NO, SCR we observed a conversion limit
at ~30%, when almost 100% conversion is obtained in H,-assisted
NOx-SCR. This could be explained by blocking of the catalyst sur-
face by adsorbed nitrate species [25]. The poisoning effect of surface
nitrates for propane-SCR was observed in [26], where the authors
also demonstrated the ability of hydrogen to effectively remove
adsorbed nitrate species. Thus, introduction of hydrogen may facil-
itate not only NO to NO, conversion, but also regeneration of the
catalyst surface, which removes the 30% conversion limit.

In general, the ratio of converted NO to converted NO, depends
on the total amount of NO5, in the feed and decreases with increase
in NO, content. The higher the NO, content - the larger is the part
of NO, in the NOy that is converted to N,. Independent on this,
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Fig. 7. NO, conversion over Al,0; (solid line) and Ag/Al,03; (dotted line, for a
comparison) without H; in the feed, when NO and NO, mixture is fed as NOy.
Reaction conditions: 500 ppm NOy (37% NO), 520 ppm NH3s, 8.3% 02, 7% H,0 in
Ar, GHSV=110,000h"1.

the ratio of converted NOy to converted NH3 was always 1:1 and
maximum conversion remained constant at ~30%.

3.2.3. Experiments with feeding NO and NO, mixtures over pure
y-Alb03

In some of the papers on Hy-assisted NO SCR by NH3, published
earlier [16,17], alumina was considered only as a support for the
active Ag nanoparticles. In this case, the properties of alumina could
influence the catalyst activity indirectly by tuning the Ag particle
size and distribution. In the following we test this assumption.

With or without hydrogen «y-alumina stays inactive under the
experimental conditions of NOy SCR by ammonia when NO is the
only component of NOy in the feed. This changes when NO, is intro-
duced. Fig. 7 shows a comparison of NOy (26% NO, of total NOy at
thereactorinlet) conversion by NH3 obtained over pure Al, 03 (solid
line) and Ag/Al, 03 (dotted line) with no H; in the feed. The profiles
are almost identical indicating that presence of Ag in the catalyst
is important only for the Hy-assisted reaction. Taking into account
the overall quantity of NO,, which can be produced from NO in
presence of H, over Ag/Al,03 (Fig. 3), it is evident that alumina can
significantly contribute to the overall H,-assisted NO SCR mecha-
nism. Thus, it cannot be neglected that alumina is an active part
of the catalyst. Moreover the stoichiometry of NO+NO, SCR con-
version over alumina follows the same trend as for the Ag/Al,053
(Fig. 8), which may demonstrate the same mechanism is work-
ing in both cases. Running NO + NO, SCR with H; in the feed over
pure Al, 03 yield almost the same NOy conversion as as for the test
without H; (Fig. 7, solid line).

Thus, the presence of Ag and H is mostly important for oxidative
activation of NO and possibly removal of adsorbed species blocking
the catalyst surface. The reaction of NO and NH3 with the obtained
NO, can proceed further over pure Al,03 yielding N,. This result
agrees with theresults of Lee et al. [30], who demonstrated the abil-
ity of pure alumina to catalyse the reduction of NO, activated over
Ag/Al, 03, by partially oxidised hydrocarbons. At the same time,
Meunier and Ross [31] observed the ability of pure alumina to run
the propene SCR of NO, (but not of NO).

From the analysis of the stoichiometry of the NO + NO, SCR reac-
tion (Figs. 6 and 8) it can be concluded that at temperatures lower
than 150°C only NO, reacts with NH3. The production of NO from
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Fig. 8. Ratio of consumed NO to consumed NO, for NO + NO, simultaneous reduc-
tion by NH3 over Al;03 (solid line) and Ag/Al,05 (dotted line, for a comparison).
Reaction conditions: 500 ppm NOy (26% NO;), 520 ppm NH3, 8.3% O,, 7% H,0 in Ar,
GHSV=110,000h".

NO, can also be observed, which is thermodynamically not possible
and is likely due to an uncomplete SCR reaction between NO, and
NH3. Above 350 °C NO, decomposition to NO is thermodinamically
favorable, and this may be a reason of decreasing apparent amount
of consumed NO [32]. Only between 150 and 350 °C NO consump-
tion is significant and almost equal to NO, consumption in the case
of 26% NO, in NOy feed. Based on the knowledge of the “Fast SCR”
[29] the following reactions can be proposed:

2NH;3 +H,0 < 2NH4* + 0% (7)
2NO, < N304 (8)
N504 + 0%~ <+ NO,~ +NO3~ (9)
NO,~ +NH4" < [NH4NO,] — N, +2H,0 (10)
NO3~ +NH4 " < NH4NO3 (11)
NH4NO3 < N0 + 2H,0 (12)
NO + NO3~ < NO, +NO,~ (13)

According to the scheme, at temperatures higher than 150°C
reactions (7)-(11) take place yielding nitrogen and surface nitrate
species. Disproportionation of adsorbed NO, (8), (9) was also
suggested by DFT calculations earlier [33]. A small part of the sur-
face nitrates is decomposed to N,O (12), trace amount of which
(<5 ppm)is observed in the reaction products at high temperatures.
NO production from NO, (negative NO¢onverted/NO2converted Tatio at
T<150°C on Fig. 6) and the observation that the higher the NO,
content - the larger is the part of NO, in the NOy that is converted
to N, in the NO/NO; experiments can be explained by reverse (13).
NO reacts with surface nitrates according to (13) to form NO, and
nitrite, which is readily decomposed to nitrogen (10). With that
nitrates are partly removed from the catalyst surface and higher
NOy conversion is obtained.

With decreasing reaction temperature from 400 to 200°C an
increase in the NOx conversion is observed. The effect is particularly
evident for the 47% NO, + NO mixture (Fig. 5, solid curve) and may
be due to the formation of surface NH4NO3. NH4NO3 formation is
also consistent with decreased NO¢opverted/NO2converted Tatio below
180°C (Fig. 8) due to reaction stoichiometry:

2NH; + 2NO, — NH4NO; + N, + H,0, (14)



234 D.E. Doronkin et al. / Applied Catalysis B: Environmental 113-114 (2012) 228-236

600
NH;
500 1 NO§
£ 400 1 /
aQ
o .
< NO i
-g 300 wwe [
g __.‘--onano¢qnuo“~-.-v"‘§ ")'l-'
3 Yoo
€ 2004 NO: PV
° [pececccetencee :
o
100 i -.oc--n----"
0 T T T T T T
Inlet 0o 20 40 60 80 100
concentrations Time, min NH; off

Fig. 9. Change of NO, NO, and NOy concentrations after removing NH3 from the
feed. Catalyst: Al;03. Reaction conditions: 500 ppm NOy (37% NO3), 520 ppm NH3,
8.3% 0,, 7% H,0 in Ar, GHSV=110,000 h~!, temperature 210°C.

which is, in fact, a combination of (7)+(8)+(9)+(10)+(11), but
without (12) and (13), which are too slow at this temperature. It
is also rather indicative of NH4NO3 formation that below 200°C
we do not observe N,O evolution, while above this temperature
its decomposition (12) yields N, O. Therefore, below 200 °C nitrate
formation and subsequent blocking the alumina surface limits NOy
conversion.

To check the reaction scheme during an Al, O3 activity test, tem-
perature ramping was stopped at 500, 210 and 100°C. After the
concentrations of the outlet gas components were stabilised, NH3
was switched off from the feed. Following the removal of NH3 from
the inlet gas at 500 and 100 °C the concentrations of NO and NO,
equalled these concentrations at the reactor inlet (no reaction with
adsorbed nitrates (13) was observed). However, the removal of
NH; from the feed at 210°C (Fig. 9) resulted in consumption of
NO and release of NO,. This is in agreement with NO consump-
tion in the NOy SCR over alumina, which takes place between 150
and 350°C (Fig. 8). The ratio of evolved NO, to consumed NO was
approximately 1.7. This ratio can be achieved by combination of the
competing reactions (10), which gives no NO,, reverse (9) and (8),
which give 2 NO, molecules, and, of course (13), which initiates the
NO consumption and yields 1 NO, molecule. Thus the mechanism
of NOy SCR by NH3 over Al,03 and Ag/Al,03 could share most of
the reaction steps with “Fast SCR”.

3.2.4. Surface species during NH3-SCR over Al,03

Diffuse reflectance infrared spectroscopy is a powerful tool to
complement observations from catalytic experiments with obser-
vations of surface species. Fig. 10 shows the evolution of species
on the Al, 03 surface, when switching off NHs from a feed contain-
ing NO, NO,, NH3 and O, at 150°C and at 500°C. Similar spectra
were observed at 300 and 400 °C but not shown. The first spectra
are taken in a feed containing NH3; and the following spectra 5,
10, 15 and 25 min after the NH3 was switched off. When all gases
are present in the first spectra, bands at 1690, 1623, 1533, 1474,
1398, 1314 and 1236 cm™! can be distinguished at 150 °C. Accord-
ing to literature, the bands at 1623, 1533 and 1236 cm~! which are
accompanied by bands at 3355, 3271 and 3173 cm~! (not shown)
can be assigned to deformation vibrations and stretching vibrations
of ammonia, respectively [34-37]. Bands at 1690 and 1474 cm™!
have previously been assigned to deformation vibrations of NH*

1551 150 °C

Absorbance

1700 1600 1500 1400 1300 1200 1700 1600 1500 1400 1300 1200
Wavenumber, cm™”

Fig.10. Change in surface species after removing NHj for the first time from the feed
over a fresh Al, 03 catalyst. Reaction conditions: 500 ppm NOy (37% NO3), 520 ppm
NH3, 8.3% O, in Ar. Spectra were taken from gray to black: with NHj in the feed, and
5,10, 15 and 25 min after switching off NH3;.

or NH3 [34,35,37]. At 500°C all the bands are much smaller. But
even there, mainly bands due to NH3 or NH4* can be observed. Thus
under NH3-SCR conditions, mainly ammonia is adsorbed on Al30,
and very little nitrates and nitrites are adsorbed. When turning off
ammonia in the feed first the bands of adsorbed NH3 at 1236, 1623,
3355,3271 and 3173 cm~! decrease at 150 °C. Somewhat later, the
NH,4* bands at 1690 and 1474 cm~! start to decrease and two new
bands at 1612 and 1585 cm~! grow. At the same time, the bands
around 1551 and 1308 cm~! shiftin wavenumber and increase. The
shifts in wavenumber as well as the new bands are all caused by
the stretching of the N=0 bond of differently bound nitrate species
[35-45] which start accumulating in the absence of NHs3. That the
bands of adsorbed NH3 diminish before the bands of adsorbed NH4*
species start to decrease is in accordance with reaction (14). Switch-
ing back to SCR reaction conditions, the NH3 and NH4* species start
growing again at 150 °C while the nitrate species decrease but do
not completely disappear, even in the presence of H, as shown by
the first spectra in Fig. 11.

At 500°C, the bands of adsorbed NH4* at 1690 and 1464 cm™!
disappear previous to the bands of adsorbed NH3; between 3355 and
3173 cm~! (not shown), while the nitrate band at about 1551 cm™!
increases. The remaining nitrates may be regarded as inactive.
However, whether the accumulation of these species reduce the

1551 150 °C 300 °C
1591; 1551
1615 o 1610 |
1582

1304

Absorbance

25 min
1931500 °C

H

0 min

25 min. T | T 25 min
| |

1700 1600 1500 1400 1300 1200 1700 1600 1500 1400 1300 1200
Wavenumber [cm'1]

Fig. 11. Change in surface species after removing NHs; from the hydrogen-
containing feed over Al,03. Reaction conditions: 500 ppm NO, (37% NO), 520 ppm
NH3, 1250 ppm Hy, 8.3% O3 in Ar. Spectra were taken from gray to black: with NH3
in the feed, and 5, 10, 15 and 25 min after switching off NHs.
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Fig. 12. Potential energy surface diagram for the formation of NO, via the oxidation of NO over (11 1) and (21 1) surfaces of the selected transition metals.

activity for NOy reduction and, thus, poison the surface or only act
as spectator species, cannot be answered by the available data.
Fig. 11 shows, moreover, the evolution of bands when switch-
ing off NH3 from a H, containing feed at different temperatures. At
all temperatures, the spectra are dominated by nitrates with bands
at 1551, around 1585, 1612 and around 1304 cm~!. The amount
of adsorbed species decreases with increasing temperature as indi-
cated by fewer and smaller peaks at higher temperatures. When the
ammonia is switched off from the feed containing H, at 150°C the
bands assigned to NH3 and NH4* species on the surface decrease
while the nitrate bands around 1615, 1585, 1551 and 1301 cm™!
increase. This evolution of the bands is similar to the case with-
out H; in the feed. At 300°C, only the nitrate band at 1585 cm™!
increases, while the other nitrate bands are stable or decrease. At
even higher temperatures, all NHy bands are very tiny or hardly
visible while all nitrate bands clearly decrease showing that the
addition of H, to the feed has an influence on y-Al,03 without
silver. For this observed effect of hydrogen at high temperatures
(400 and 500 °C) there are two reasonable explanations: hydrogen
may either itself reduce the nitrates as observed by [26,31,46] on
Ag/Al,03 or it partially reduces some of the NO, to NO which in
turn can reduce nitrates to nitrites (reaction (13)). Moreover, less
new nitrates will be formed on the catalyst surface when the NO,
concentration is decreased by partial reduction to NO.

3.3. DFT calculations

3.3.1. Oxidation of NO to NO, and NO3 on the surface of
transition metals

Fig. 12 shows the potential energy surface diagram for the
absorption of NO and O, leading to NOy, i.e., NO, and NO5 calculated
for 6 different transition metal catalysts Ag, Cu, Pd, Pt, Rh and Ru.

For all six different transition metal catalysts both the (11 1) ter-
race surface model and (2 1 1) step surface model were investigated
and the results are similar for both surfaces. The diagram shows that
among the transition metals studied the formation of NO, on(111)
terraces is favorable for both Ag and Cu, whereas the formation of
NOs is favorable only on Ag. On (21 1) step surface the formation
of NO, and NO3 via oxidation of NO is significantly favorable only
on Ag. For other metals NO adsorption without oxidation to NOy
is preferred. That supports the idea of Ag being necessary catalyst
component for the oxidation of NO to NOy species as potentially
first step of NO SCR.

3.3.2. Adsorption of NOx and HNOx on the step y-Al,03 surface

The model of the step on the y-Al,03 (representing uncoordi-
nated Al sites) was used for calculations of NOy adsorption energy
as the most abundant surface of y-Al, 03 crystals is the step surface
[24]. It has been demonstrated by Mei et al. [33] that NO3 adsorbs
rather strongly on the y-Al;03 (100) and y-Al,03 (11 0) surfaces
than compared to NO and NO,.

A clear decrease of concentration of surface nitrates has been
observed by FTIR after addition of hydrogen at high temperatures
(experiments at 400 and 500 °C in the Section 3.2.4). Such removal
of strongly bound nitrates which block the alumina surface can
partly explain the positive effect of H, on the activity of Ag/Al,03
catalysts in NOy SCR.

Though authors of [33] have done extensive calculation for the
adsorption of NOy on y-Al;03 (100) and y-Al;03 (1 10) surfaces,
however, no effect of H, on the stability of surface nitrates on y-
Al;03 has been considered.

We have calculated the adsorption energy of NO3 and HNOs3
on our model y-Al,03 step surface representing uncoordinated
Al surface sites. Five different uncoordinated Al sites are present

NO,@y-AlLO;: -0.90 eV

HNO,@y-AL,0;: 0.02 eV

Fig. 13. NO; and HNO; adsorption geometries and adsorption energies on the model step closed packed gamma alumina surface. All the adsorption energies are given with

the reference to the gas phase zero energy points of the respective species.
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in our model alumina surface as derived from the bulk y-Al;03
geometry in [24]. These have all been used for the calculations,
however, only the most energetically favorable (energy minimum
among studied) adsorption geometries with two oxygen atoms of
NO3 and HNOj3 bridging with two Al sites of y-Al,03 are reported
here. See supplementary information for more details on the used
geometries.

The calculated adsorption energy of HNO3 (Fig. 13) on the model
surface of y-alumina is considerably smaller than that of NO3
(which agrees with [33]), which increases the probability of HNO3
removal from the alumina surface compared to NO3 in the absence
of hydrogen. This supports the suggestion of H, facilitating removal
of strongly bound NO3 from the alumina.

The mechanism of reduction of adsorbed NOy species by hydro-
gen with the formation of N, has been previously suggested for
Pt/MgO-CeO,, catalysts for H,-SCR of NOy [20,21]. This mechanism
includes dissociative adsorption of hydrogen on the metal nanopar-
ticle, spillover of the formed atomic hydrogen on the support to the
two neighboring NO, species and their reduction with subsequent
release of surface sites. However, this is not a major pathway of
the SCR in our case because SCR in the absence of NH3 is insignif-
icant (Fig. 3, dotted line). Here we suggest that atomic hydrogen
reacts rather with a single nitrate or nitrite group with subsequent
release of HNO, and adsorption sites on alumina. The evolved HNOy
can recombine with the formation of water and nitrogen oxides.

4. Conclusions

Ag supported on y-Al,03 is a very promising catalytic system
which can be used for the removal of nitrogen oxides from the
exhaust of diesel engines in the presence of Hy. It is vital that both
Ag and alumina are present in the catalyst formulation. The pri-
mary role of Ag is the H,-assisted oxidative activation of NO and the
reaction of oxidised NO and NH3 can proceed further on alumina.
Hydrogen also facilitates removal of nitrates from the alumina sur-
face, as supported by DRIFTS experiments and DFT calculation.

The studied catalysts facilitate NO+NO, mixture reduction
without Hs in the feed with the Al,03 support defining the cat-
alytic activity. Therefore, tuning the alumina support, not only the
metal, is vital for obtaining active Ag/Al,03 catalyst.
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