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Abstract

Diesel vehicles are widely used for transportatibpeople and goods, which is responsible for a
significant consumption of diesel, and the assediaklease of mainly GQbut also pollutants
such as CO, hydrocarbons, soot particles and (M@ 1,2). These pollutants threat the health of
humans and negatively affect the environment, hacdkfore, abatement is enforced by legislation,
which is practically handled by installation of exist aftertreatment systems in passenger cars as
well as in heavy-duty vehicles. A crucial componehthe aftertreatment systems is the catalyst
for selective catalytic reduction of NQvith NHsz (NH3-SCR). Current state-of-the-art SCR
catalysts are zeolite-based Cu-CHA materials, wlidcimainly due to their unmatched low-
temperature activity. Unfortunately, the presenée0®-2 ppmv of S@ in diesel exhaust
significantly inhibits the low-temperature activiGu-CHA catalysts, which diminishes the NO
removal efficiency. In order to comply with curreard future N@emission limits, development
of more SQ@ resistant Cu-CHA catalyst systems is necessarghwbquires a better fundamental
understanding of the deactivation of Cu-CHA catislys/ SQ.

In this work, Cu-CHA catalysts have been produasd eéxposed to SOn various gas mixtures

at different temperatures (200-550 °C), and exposares, to investigate the effects of:SDthe
various conditions of an aftertreatment system. Uptake of S, determined from elemental
analysis and adsorption/desorption measurements,bban compared to the impact on the
catalytic performance in the NFBCR reaction after the different @xposures, and after
regeneration at 550 °C in $@ee gas. In parallel, characterization with s¢agriransmission
electron microscopy — energy dispersive X-ray (STEDKX) spectroscopy and electron
paramagnetic resonance (EPR) spectroscopy haveibedito assess the location of S, and density
functional theory (DFT) calculations have beeniedrput to determine possible Cu,S species.

The deactivation is established to be the resdtirofation of Cu,S species, and not a consequence
of ammonium sulfate precipitation, since the S/@tiorhas not been observed to significantly
exceed 1. Some Cu,S species decompose below §5é&Vitsible), while a more stable Cu sulfate
species (irreversible) that decomposes around 65@&n form on a restricted fraction of the Cu.
Formation of the different Cu,S species is dependarseveral conditions such as the oxidation
state of Cu, the temperature, and the presence@fadd SQ. DFT calculations suggested that
SO adsorbs more stably on Cwhile SQ preferably reacts with Guwhich was consistent with
experimental data. At 200 °C it was observed thatformation of Cu,S species is enhanced by
co-feeding S@ whereas at 550 °C there is no measurable impathe same experiments, the
presence of D enhanced the formation of irreversible Cu suléteoth 200 and 550 °C, but had
no impact on the formation of reversible Cu,S sp&ci

While there is no apparent impact of the chemioahosition of the CHA framework @Al nSii-
n02vs HSihAIP1./04), the CUi sites associated with one or two framework Al eeitZ-CuOH
and 2-Cu, respectively, have different resistance tow&@®, as indicated by DFT calculations.
The EPR characterization indirectly showed thatntyaZ-CuOH reacts with S£to formation of
the reversible Cu,S species, whereas certai@Zsites were directly seen to participate in the
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formation of irreversible Cu sulfate. Finally, oth®-Cu sites were inert to S@xposure, which
explains why a 100% deactivation has not been gbder

In terms of the impact of reversible and irrevdesiBu,S species on the MSCR activity, the
deactivation inferred by the reversible Cu,S speaias always disproportionately larger than the
S/Cu ratio, and caused a lowering of the appar@R &Sctivation energy with increasing S/Cu
ratio. In contrast, the remaining irreversible Cg®ecies after regeneration exhibited a 1:1
correlation between the deactivation and S/Cu rasowell as the apparent activation energies
were restored to the same level as the fresh satdljze deactivation occurs by exposure to 1.5
ppmv SQ, and by increasing the S©@oncentration and simultaneously decreasing tpesxe
time correspondingly, similar deactivation levels eeached. Hence, it appears to depend on the
product of the S@concentration and exposure time. Accelerated &(osures showed that the
deactivation occurs fast, reaching at least 80%rkbe5% of the lifetime S£exposure. However,
the deactivation could at all times be loweredliowt 20%, which is probably dependent on the
specific Cu-CHA catalyst. Thus, the applicatiorCai-CHA catalysts in aftertreatment systems is
contingent on regeneration.

A new method to quantify the active amount of C.CimCHA catalysts by measuring the NO
consumption during a temperature-programmed regluati NO+NH; has been developed (NO-
TPR). The method is applicable on regenerated ysttaland potentially also on $@xposed
catalysts.



Dansk Resumé

Person- og godstransport har fort til stor anveselelf dieseldrevne biler og lastbiler, som er
ansvarlige for et anseeligt forbrug af diesel, eg thedfglgende udledning af @O, kulbrinter,
sodpartikler og N@(x = 1,2), som forurener miljget og er skadeligerhenneskers helbred. For
at mindske udledningen, er der indfgrt lovgivningms definerer maksimum greenser for
udledningen af disse stoffer, hvilket har medfgrtlviking og implementering af
udstgdningssystemer. For at imgdekomme de nuvaeregdeemtidige, emissionsgreenser for
NOx, er det ngdvendigt effektivt at kunne anvendeksil&atalytisk reduktion med N&H(NHs-
SCR), hvilket bedst opnas over zeolit-baserede Bi-Katalysatorer, grundet deres saerligt hgje
aktivitet i lav-temperaturintervallet for NFBCR. Tilstedeveerelsen af selv 0.5-2 ppmw. $O
udstgdningsgassen har en negativ indvirkning p&£8a-katalysatorers lav-temperatur aktivitet,
hvilket betydeligt forringer NQfjernelsen. For at kunne leve op til nuveerendéemtidige NQ
emissionsgraenser, er det ngdvendigt at udvikle ®€sgobuste Cu-CHA katalysatorer, hvilket
kreever en bedre grundleeggende forstaelse af hvogdanforarsager deaktivering af disse
katalysatorer.

Det eksperimentelle arbejde udfert i dette projedtinkluderet fremstilling af pulver Cu-CHA
katalysatorer, som er blevet eksponeret tib $f0rskellige gassammensaetninger ved varierende
temperaturer (200-550 °C) og eksponeringstideiflyddisen af svovl er blevet undersggt ved at
male svovlindholdet med elementaranalyse og adsargesorption, og sammenholde dette med
&ndringerne i den Kkatalytiske aktivitet efter deskellige SQ eksponeringer, og efter
regenerering ved 550 °C uden Syassen. Sidelgbende er prgverne blevet kara&tetimed
forskellige spektroskopiske metoder sdsom STEM-ERanning transmission electron
miscroscopy — energy dispersive X-ray) og EPR (sdec paramagnetic resonance) for at
bestemme hvor i Cu-CHA katakysatorerne at svovindef sig, og DFT (density functional
theory) beregninger blevet udfart for at identifeeenulige Cu,S forbindelser.

Arsagen til at Cu-CHA katalysatorer deaktiveréistieédevaerelse af SQskyldes dannelse af Cu,S
forbindelser, og ikke udfeeldning af poreblokereadenoniumsulfat, hvilket bekraeftes ved at der
endnu ikke er malt S/Cu forhold, som er signifikagfere end 1. Nogle af disse Cu,S forbindelser
dekomponerer ved lavere temperaturer end 550 Y@rgible), men ogsa en mere stabil Cu sulfat
(irreversibel) forbindelse dannes pa en mindretioakaf Cu, som dekomponerer ved ca. 650 °C.
Dannelsen af bade reversible og irreversible Cw®iddelser afheenger af betingelserne,
hvorunder de dannes, og bade Cu oxidationstrinelperaturen, og tilstedevaerelsen at 8@
H20 en indflydelse pa dette. Konsistent med eksperietie resultater, viser DFT beregninger at
SQ; har en stgrre affinitet for Cend CU, hvilket er omvendt for S© Temperaturen har en
indirekte indflydelse pa dette, idet Creduceres til Cuaf NO og NH, som primzert findes ved
lavere temperaturer hvor SCR reaktionshastighedévere. Ved lav temperatur (200 °C) farer
SOs-holdig gas til en markant hurtigere dannelse aSdarbindelser, imens det ved 550 °C ikke
har nogen malbar indflydelse grundet den hgjeredatiinshastighed af SOved hgjere
temperaturer. Af samme eksperimenter med ekspanerd 200 og 550 °C, fremgik det at
tilstedeveerelsen af4 fremmer dannelsen af irreversibel Cu sulfat, ingen betydning har for
dannelsen af reversible Cu,S forbindelser.
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DFT viste at indflydelsen af forskellige kemiskersaenseetninger af CHA strukturenn@di,Siz-
nO2vs HSinAIP1./O4) er minimal, men at Cuplaceret i neerheden af ét (Z-CuOH) eller to Ci)
Al centre i zeolitstrukturen, farer til store foedkgheder i affiniteten for SPog SQ. Dette blev
bekraeftet med EPR, som indirekte viste at prima&uDH reagerer med SOg laver reversible
Cu,S forbindelser, hvorimod det direkte kunne $ésia nogle 2-Cu kunne reagere med 3@g
lave irreversibel Cu sulfat. Den resterende dél.a€u forblev upavirket af SQeksponeringen,
hvilket kunne forklare hvorfor en 100% deaktivergrgdnu ikke er observeret.

Effekten af de reversible og irreversible Cu,S fiodelser pd NBSCR aktiviteten var vidt
forskellig. Saledes medfgrte de reversible Cu,®ifimlelser altid en disproportional hgjere
deaktivering end S/Cu forholdet, samt at aktivesargergien faldt med @gede S/Cu forhold.
Modsat var der umiddelbart en 1:1 afheengighed metlen irreversible deaktivering og S/Cu
forhold, og efter regenerering var aktiveringserardilbage pa niveau med aktiveringsenergien
for den friske katalysator.Det blev observeretesldiveringen steg ved eksponering til 1.5 ppmv
SO, og at samme deaktivering kunne opnas ved at ®@jekoncentrationen ved samtidigt at
forkorte eksponeringstiden tilsvarende. Derfor afjes deaktiveringen tilsyneladende af
produktet af S@koncentrationen og eksponeringstiden. Acceleregaecksponeringer viste at
allerede fgr man nar 5%, af det der svarer tiliestitiseksponeringen for en katalysator i et
udstgdningssystem, er deaktiveringen over 80%. Kkdoge deaktiveringen altid mindskes til ca.
20% ved regenerering, hvilket betyder at lav-terapgsaktiviteten af Cu-CHA katalysatorer kan
udnyttes i udstgdningssystemer, safremt de bliffektévt regenereret.

En ny metode til at kvantificere maengden af ak@u i Cu-CHA katalysatorer er blevet
introduceret, hvor forbruget af NO males i lgbeeaftemperatur-programmeret reduktion (NO-
TPR) i NO og NH. Med mindre andringer virker denne metode ogsit tikere anvendelig pa
SO eksponerede og regenererede Cu-CHA katalysatorer.
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Chapter 1

M otivation

During the past thirty years, there has been areasing focus on the impact of energy
consumption on the Earth’s climate and the pule@ltn. The realizations that burning fossil fuels
leads to global warming through accumulation ob@Qhe atmosphere, and has a negative impact
on air quality, have become focus points of envitental concerns around the world. An
important part of the energy consumption lies im titansportation sector, which was responsible
for 23% of the global anthropogenic €@missions in 2010 [1], and therefore a major ¢buator

to the environmental challenges we are facing today

Among the different sectors of transportation, agation, marine, railway, and road, the road
vehicles generate 74% of the £€€missions [1]. Gasoline and diesel are the majelsfused for
light-duty and heavy-duty vehicles, with @nd RO as the major products of fuel combustion.
Furthermore, exhaust gases also contain small amadilbyproducts, which are N@NO and
NO2), unburned hydrocarbons (HC), CO, soot partickesl SQ. The typical concentrations of
these are listed in Table 1. The production of EiQ, and soot particles is a consequence of
incomplete combustion, while S@ formed from oxidation of sulfur bound in theefand engine
lubricants. NQ is formed by oxidation of the nitrogen in the airhigh temperatures during the
combustion of fossil fuels, where air is used fgo@ying oxygen.

Table 1 - Typical composition of diesel vehicleagrdt based on [2].

CO; H20 (o8 Co HC PM NO o)
[vol%]  [vol%] [vol%] [ppmv] [ppmv] [mg/km] [ppmv]  [ppmv]
2-12 2-12 3-17 10-500 20-300 10-100 _ 50-1000 0.5-2

Even though the concentrations of CO, HC, soot, &@ NQ in the exhaust from vehicles are
low, their environmental impact is significant. Teduce the impact of our energy consumption
on the environment, the emission of these compsnentegulated. In Europe, the current
regulations are the EURO 6d-TEMP for light-duty idds and EURO VId for heavy-duty
vehicles, which are listed in Table 2 [3].
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Table 2 — Emission standards for CO, hydrocarbdt@)( particulate matter (PM), particulate humber
(PN), NQ (NO+NGQ,), and SQ for light-duty (EURO 6d-TEMP) and heavy-duty védsg(EURO VId),
which are tested for steady-state and transientssioms in the world harmonized steady-state cycle
(WHSC) and the world harmonized transient cycle WGH

EURO 6d EURO VId
Pollutants (Light-duty) (Heavy-duty diesdl)
Gasoline Diesel WHSC —test WHTC —test
CO [g/lkm] 1.0 0.5 15 4.0
HC [g/km] 0.1 - 0.13 0.16
HC+NOx [g/km] - 0.17 - -
PM [g/km] 0.005 0.005 0.01 0.01
PN [#/km] 6.0 101 6.0- 10 8.0- 104 6.0- 10
NOy [g/km] 0.06 0.08 0.4 0.46
SO, [wt ppm in diesdl] - 10 10 10

For gasoline cars, the emissions of CO, HC, angd &® handled by a three-way catalyst, based
on noble metals (Pd, Pt, Rh), sometimes assisteddsn-NQ trap to further reduce the emission
of NOx. Modern gasoline cars, with direct fuel injecti@iso produce soot [4-6], which has
prompted the implementation of soot filters on djagocars, similar to diesel vehicles [3]. This
regulation has been effective since 01.09.2018imEe.

The technology used for exhaust gas treatmentsolige cars only works for combustion with
fuel/air mixtures close to the stoichiometric camcations. Diesel engines always operate under
fuel-lean conditions with a larger excess of aihickh means that the exhaust gas contains a
substantial amount of oxygen (3-17% [2]), whichipbits the use of the three-way catalyst used
in gasoline cars. Diesel engines are inherentlyemedfective compared to gasoline engines,
leading to lower emissions of G@&rom diesel engines. They find application in @agger cars,
mainly in Europe, trains, off-road machinery, amévy-duty vehicles.

Worldwide, a significant source of N@missions is from heavy-duty diesel vehicles NQx is

a major cause of air pollution, and emissions of kQhe atmosphere contributes to the formation
of smog, acid rain and ozone [7], which threatem likalth of humans as well as the local and
global environment [1,7]. Therefore, it is importan minimize the emissions of NOwhich is
the motivation for this work. Aftertreatment systeare installed in heavy-duty vehicles in order
to limit the emissions of the polluting compoundsni the exhaust. The current technology for
diesel exhaust gas treatment, to comply with tloglired emissions, is shown in Figure 1. The
aftertreatment system consists of a diesel oxidatatalyst (DOC), a diesel particulate filter
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(DPF), a catalyst for selective catalytic reductminNOx with ammonia (NB-SCR), and an
ammonia slip catalyst (ASC). The DOC catalyzestfidation of CO and unburned hydrocarbons
to CO and NO to N@Q, while the DPF captures particulate matter. Acdr®onaceous particulate
matter accumulates on the DPF, regeneration dDBieis necessary. This is done by burning off
the particles in active or passive regeneratioachive regeneration, the temperature of the system
is increased to well over 500-700. This is achieved via the release of heat froenetkothermic
oxidation of additional diesel injected to the DCRassive regeneration exploits that theoNO
formed in the DOC can burn off the soot particleshie temperature range 350-5@) which is

in the normal operating window for a DPF. In botfivzge and passive regeneration, the function
of the DOC is important for an effective operatafrthe DPF.

The most efficient removal of NGrom exhaust gas is achieved with the NFCR reaction. In
this reaction, NH selectively reduces NO toxiind HO in the presence ofaccording to Eq.
(1). Diesel exhaust typically contains NO in the@oentration range 50-1000 ppmv angit©the
range 3-17 vol%, as well as 2-12 vol% ofHfrom the air [2].

4NO + 4NH, + 0, — 4N, + 6H,0 @

In an exhaust aftertreatment system, the removblyftakes place over the NFSCR catalyst.
The NH is usually supplied by injection of an aqueousisoh of urea upstream to the BHSCR
catalyst, which thermally decomposes toNdd CQ above 180 °C. In order to prevent emission
of unreacted ammonia (ammonia slip) from thesNBCR reaction, any excess Blid removed by
the ASC downstream to the SCR catalyst.

Diesel Urea
—
DPF | Z-SCR ASC
—
NO, NO, NO,
NOx PM HC CO NOx PM HC CO NOx PM HC CO NOx PM HC CO NHs

Figure 1 —"lusodiondird tyjoildr ireavy-auty Vel afteruedmiencsysefror-cohiprymigfwitll EURIO
emission standards. The amounts of,N@/, HC, and CO after each component are indicétgthe bars
below each aftertreatment component. Adapted f&m [

The removal of NQin the aftertreatment system takes place in thgpésature range 180-550 °C.
The lower limit of 18C°C is determined by the decomposition temperatureged to generate the
NHs. Catalysts for automotive N+6CR are based on¥s and Fe- or Cu-containing zeolites.
The overall performance of these catalysts is baseitie catalytic activity and robustness in the
harsh conditions of an aftertreatment system. Tdiwity of the catalysts in the 180-550 °C
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temperature window is of course of high importarase this determines the NGemoval
efficiency. Fe-zeolites and@s-based SCR catalysts become active in the-SER reaction
above 250 °C, as seen in Figure 2, while the Clitesaare active already from 180 °C [9]. In
order to comply with current and future N@mission limits, efficient NOremoval in the entire
temperature range is necessary. As the enginegegifi is continuously improved in order to
lower the CQ emissions, consequently, the exhaust becomesrcdlaas, efficient N@removal

in the low-temperature region becomes increasirigiportant. For example, 63% of the
accumulated N@emissions from a EURO VI heavy-duty vehicle durang h mixed drive (48%
urban, 17% rural, 35% highway) occurred duringfifet 23 min where the aftertreatment system
was still heating [10]. Therefore, the unmatched-temperature activity of Cu-zeolites makes
these catalysts the best candidates for achietiagnost efficient N@Qremoval for automotive
aftertreatment systems.

100

NO conversion [%]

T T T T T y T
200 300 400 500

Temperature [°C]
Figure 2 — Steady-state NO conversion as functfaaraperature for catalysts samples of Cu-zeofifes

CHA), Fe-zeolites (F#), and V\Os-based automotive NFSCR catalysts, which serve to illustrate the
differences between these catalyst materials awithesl in Chapter 8 in [9].

Current state-of-the-art Cu-zeolite catalysts fdisMCR are based on the chabazite (CHA)
framework (Cu-CHA) [9,11-14]. The CHA framework reasmall-pore structure consisting of 4-
, 6-, and 8-membered rings (see Figure 3). Thekrest/n materials with CHA structure are the
SSZ-13 zeolite (FAInSii-n02) and the alumino-phosphate based SAPO-3&iAIP1-10a).
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Figure 3 — Molecular structure of the CHA framewdntmn [15]. Each corner represent a T-atom (T = Si,
Al or P). Adapted from [15].

In the SSZ-13 zeolite, the microporous structurgearfrom a certain 3-dimensional combination
of tetrahedral building units of Bicoordinated to 4 oxygen atoms. If 4'S$ substituted with an
Al®*, a local negative charge is induced in the franteyas illustrated in Figure 4. These negative
charges must be compensated by positively chaoye which most commonly are HNa', K*,

or NH4*, but other metal ions are also possiblé.iths in such a framework have strong acidic
properties. These charge compensating ions camadily exchanged, giving the zeolite its ion-
exchange capability. In a Cu-CHA, the negative gharare compensated by Cu-ions, and these
Cu ions are responsible for the activity of thesdarials for the NgtSCR reaction [13,16-25].

The most common oxidation state of Cu i$Cand this allows for two fundamentally different
configurations for compensation of the negativengavork charge. In the first configuration, the
Cu?*ion balances the charge induced by a single fraorie ion, by forming a Cti-OH species

at the ion-exchange site, denoted as Z-CuOH. Ins#e®nd configuration, a single €uon
balances two negative charges simultaneously, wéiieninduced by framework Al sites in the
vicinity of each other. This state is denoted a&€4. It is noted that the actual Cu species in the
CHA zeolite is highly dependent on the conditianis iexposed to, including the combination of
temperature and N¢-| O- and HO concentration [19,26-33].

+ ARt ©

0] (0] (0] (0] 0]
/ “ / v"/ / “ / k2 - Si / k2 / “ / “, / “

Figure 4 — lllustration of the substitution of &Swith an AF* in a zeolite framework, thus generating an
ion-exchange site.

In the NH-SCR reaction, the Cu in the CHA zeolite undergaesdox cycle between Cand
Cu' [16,18,20,34]. The reduction of Cu occurs in actiea with NO and NI3, which leads to the
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formation of a mobile [Cu(NEj2]* species at low temperatures [17-20,25,27,33,35 o
species at higher temperatures. In the oxidation Padissociation occurs under the influence of
NO, and the Cu is re-oxidized to form'6{N,O) species [16,18,20,36,37].

The catalytic activity of Cu-CHA catalysts in thtHNSCR reaction can be divided into a low-
temperature region (180-300 °C) and a high-tempegakgion (>350 °C). These are separated by
a temperature interval from 300-350 °C where thtvig actually drops with increasing
temperature, see Figure 5. The advantageous loweeture activity of these materials are linked
to the chemical properties of Cu in these materiailee current understanding of the low-
temperature activity of Cu-CHA catalysts is tha @ dissociation takes place on Cu pairs. The
formation of Cu pairs is facilitated by the molyiliof the [Cu(NH)2]* species [18,20]. Whether
there is an impact of the Cu originating from a @& or 2-Cu site on the stability or mobility
of the [Cu(NH)2]* species is not clear. At higher temperaturesptbbile [Cu(NH)2] " species is
not stable and Cu pair formation becomes morecditfi which can result in a lower activity with
increasing temperature [20].

The expected lifetime of an NFECR catalyst in a heavy-duty vehicle is 700000 kvhich
corresponds to about 10000 h of operation [2]. Gdtalyst has to be robust enough to maintain a
certain level of activity throughout this periodréason for the great interest in Cu-CHA catalysts
is their robustness, which is largely related ® $imall-pore structure of the CHA zeolite. Thus,
the small-pore structure of Cu-CHA catalysts hamaificantly better hydrothermal stability than
larger pore zeolite structures [38,39], and arectioee better suited for application in exhaust gas
aftertreatment systems. Additionally, diffusionwfburned hydrocarbons into the pores of the
zeolite is more difficult in small-pore zeolitessulting in a better resistance towards deactimatio
by hydrocarbons as well [8]. The hydrolytic stalilhas proved to be an issue for SAPO-34
materials, which is a consequence of its more Eadrframework [40,41]. The issue with the
hydrolytic stability is easily solved by the useitsf structural twin, the SSZ-13. However, there
are some challenges with the use of Cu-CHA cawmliysit are related to their low resistance
towards deactivation by SO

In EU and USA, ultra-low sulfur diesel (ULSD) isagkin order to limit the emissions of 28O

is not removed in the aftertreatment system, batesd the sulfur content in diesel fuels is
regulated. In ULSD, the sulfur content is restricte a maximum of 10 wt ppm in EU [3], and 15
wt ppm in USA [2]. The use of ULSD results in apprf.5-2 ppmv S@in the exhaust gas leaving
the engine [2]. Even at these low concentrationS@f the low-temperature activity of Cu-CHA
catalysts is negatively affected. This is demomastién Figure 5, which shows the NO conversion
of a Cu-CHA catalyst before and after exposure@e. Since the low-temperature activity of Cu-
CHA catalysts is one of their main advantages,thisdadvantage is removed in the presence of
exhaust levels of SO the susceptibility towards deactivation by .S@mains an important
challenge for the application of Cu-CHA catalystgliesel exhaust aftertreatment systems.
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Figure 5 — Steady-state NO conversion as functiciemperature for a powder Cu-CHA catalyst before
(Fresh) and after (S£exposed) exposure to $@dapted from [42].

At the outset of this project, the deactivatiorCai-CHA catalysts by SfOvas suggested to be a
result of ammonium sulfate and copper sulfate [43 which implies an oxidation of SObut the
deactivation mechanism was not known. In termd$iefdeactivation mechanism for ammonium
sulfate, it could be envisioned that extensive d#éjmms in the zeolite pores would lead to a limite
accessibility of reactants and products to and fileerCu sites. Thus, a pore-blocking deactivation
mechanism would be plausible for the deactivatipmimmonium sulfates. For copper sulfate, it
implies a more direct interaction between the sutfpecies and the Cu sites. In that case, it is
plausible that the deactivation occurs via a siteting mechanism where the redox properties,
or the mobility, of the Cu sites are affected by SO

An improved understanding of the deactivation ma@rm(s) could enable new ways of
enhancing the resistance of Cu-CHA catalysts tosv&@-poisoning, and better assessment of
the impact on the SCR performance. The approaahdhkis work to elucidate this includes
investigations with ICP-OES (Inductively-Coupledagiha — Optical Emission Spectroscopy),
TGA (Thermo-Gravimetric Analysis), and $@dsorption/desorption measurements to determine
the amounts of sulfur that is captured by Cu-CH#alyats, and the rate of the sulfur uptake.
Furthermore, spectroscopic methods such as EPRt(&heParamagnetic Spectroscopy) and
STEM-EDX (Scanning Transmission Electron Microscopy Energy Dispersive X-ray)
spectroscopy have been used to detect where gslflocated in the catalyst, and Density
Functional Theory calculations have been used w@ueate possible Cu,S structures. Most
extensively, kinetic measurements of Cu-CHA catabgsvders in the NEHSCR reaction have
been carried out in parallel to all the charactian investigations in order to determine the
impact of the sulfur content and the presence of @Cthe catalytic performance of the catalyst.
Additionally, the impact of temperature and difigregas compositions on the sulfation and
regeneration processes has been evaluated in mi@ctor scale and monolith-reactor scale.
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Objectives

If the deactivation mechanism by $€an be better understood, measures to limit orgmitethe
deactivation of Cu-CHA catalysts may be developed, the impact over the catalyst lifetime can
be more accurately assessed. This could improveftivgency of NG removal from heavy-duty
diesel vehicle exhaust. The primary focus of thiskais, therefore, to develop a solid fundamental
understanding of the deactivation behavior of CuACtatalysts by S& and to assess if the
presence of SOin diesel exhaust is prohibitive for practical Bggtion of these catalysts in
aftertreatment systems of heavy-duty diesel veiclbese aspects of the work are presented in
the different chapters of this thesis.

In Chapter 2, the effect of S@oncentration and exposure time on the deactivatia Cu-SAPO-

34 catalysts is established. Furthermore, the eénite of NO+NH on the sulfation process is
elaborated, and particularly, the possible deatitimanechanisms by ammonium sulfate or copper
sulfate are discussed. This is the only chapteravlel-SAPO-34 has been used, but the role of
the chemical composition of the CHA framework wiglspect to S@poisoning is shown to be of
limited importance.

Chapter 3 focuses on the impacts of temperatw®, BQ and SQ on the deactivation of Cu-
CHA catalysts. In this chapter, the terms reveesibhd irreversible deactivation are introduced
and defined, and the different impacts of thesehenNH-SCR reaction mechanism are first
observed and discussed.

Chapter 4 addresses the distribution of sulfuhe zeolite crystals of an S@xposed Cu-CHA
catalyst using scanning transmission electron m@opy with energy dispersive X-ray
spectroscopy (STEM-EDX).

The impact of S@over the lifetime of a Cu-CHA catalyst is studiedChapter 5, where the
deactivation after long-term SQexposures at 200, 300, 400, and 500 °C, and suéstq
regeneration at 550 °C, are evaluated. In thisteiaghe kinetics for formation of sulfate species
is touched upon by comparing mass uptakes in TQ#emxents to S/Cu ratios determined by
ICP-OES. Furthermore, the apparent dependencesadfréversible S/Cu ratio on the Si/Al ratio
of the Cu-CHA is elucidated.

A more detailed mechanistic investigation and dis@mn of the deactivation by S@ relation to
the current understanding of the NBCR mechanism over Cu-CHA catalysts is described i
Chapter 6. This is enabled by exploiting the apitt EPR to observe specific Cu sites in the Cu-
CHA catalyst to monitor the development of thesessat increasingly extensive S&xposures
in combination with ICP-OES measurements and ditghgrformance in the NHSCR reaction.

A recurring challenge for the investigations ofz2§isoning of Cu-CHA catalysts, and Cu-CHA
catalysts in general, is the measurement of a@iveites. Chapter 7 contains a description of a
newly developed method (NO-TPR) to quantify the bamof active sites in Cu-CHA catalysts
by measuring the consumption of NO during a tentpeggprogrammed reduction of Cu-CHA
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catalysts in NO+Nkl The applicability of this method is explored artain SQ exposed, and
regenerated, Cu-CHA catalysts.

Finally, Chapter 8 summarizes the conclusions feawh chapter into a combined understanding
of how SQ deactivates Cu-CHA catalysts, and describes tpéidations of using these catalysts
in current and future aftertreatment systems ofiratuty diesel vehicles.
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ARTICLE INFO ABSTRACT

Keywords: Cu-exchanged zeolites of the CHA structure are state-of-the-art catalysts for selective catalytic reduction of NOy
NH3-SCR with NH; in diesel aftertreatment systems. However, these catalysts deactivate in the presence of SO,, which is a
SO, poisoning constituent of diesel exhaust gas. In this article, the deactivation behavior and mechanisms of a Cu-SAPO-34
Deactivation catalyst were studied with reactor tests and DFT calculations. Exposure of the catalyst to two different SO,
]():;TCHA concentrations and durations, but with the same total SO, exposure, calculated as the product of partial pressure

of SO, and exposure time, lead to the same degree of deactivation. Exposure of the Cu-SAPO-34 catalyst to SO, in
the presence and absence of NO and NHj at different temperatures between 200-600 °C showed different trends
for the deactivation. Below 400 °C, the S/Cu ratio on the catalyst increased with temperature in absence of NO
and NHj3, while it decreased with increasing temperature in the presence of NO and NHj. This is explained by the
ability of NO and NHj to reduce Cu(II) to Cu(I). DFT calculations show that SO, adsorbs more strongly on Cu(I)
than on Cu (II). Above 400 °C, the S/Cu ratio decreased with temperature irrespective of the presence of NO and
NHs. In all cases, the S/Cu ratio is lower than 1. This is not compatible with extensive deposition of ammonium
sulfate when co-feeding SO,, H,O and NH;. A more likely explanation for the deactivation is that SO, is mainly
related to the Cu sites. This is further corroborated by DFT calculations showing that SO, and SO3, which is

possibly formed by oxidation of SO, over Cu sites, interact similar with Cu in Cu-SAPO-34 and Cu-SSZ-13.

1. Introduction

Diesel engines operate with excess air in the combustion, leading to
production of nitrogen oxides (NO,). NOy emissions from diesel engines
are a source of air pollution and are therefore regulated. To meet leg-
islation requirements for NO, emissions, a modern aftertreatment sys-
tems for diesel engines contain one or more catalysts for the reduction
of NOy to N by selective catalytic reduction with NH3 (NH3-SCR). The
NH;3-SCR proceeds according to the reaction:
4NH; + 4NO + O, — 4N, + 6H,0. Urea injected in the exhaust
gas stream is commonly used as a source for NH3, and, if properly
controlled, the NH3-SCR reaction can reach very high degrees of NOy
removal. The currently applied catalysts for NH;-SCR are based on V-
oxide, Fe-zeolites or Cu-zeolites.

Current zeolite state-of-the-art NH3-SCR catalysts are based on the
CHA structure due to its better hydrothermal stability than other
commercial zeolite structures [1]. The CHA structure exists with an
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overall chemical composition of H,Al,Si; ,0, (SSZ-13) or H,Si,AlP;_
104 (SAPO-34), under the assumption that only P is substituted by Si.
Cu ions are introduced into the ion-exchange positions in these mate-
rials, and these Cu sites are the source of the catalytic activity of Cu-
CHA catalysts. Compared to Fe-zeolites and vanadia-based SCR cata-
lysts, the main advantages of the Cu-CHA catalysts are superior low-
temperature SCR activity and lower N,O selectivity [2,3]. A dis-
advantage of the Cu-CHA catalysts is their susceptibility towards poi-
soning by SO, [4,5]. SO, is an inevitable compound in diesel exhausts,
and even at concentration levels below 15 ppm, as in ultra-low sulfur
diesel [4,6], the resulting SO, in the exhaust gas, typically about 1-2
ppmv, has a significant impact on the performance of Cu-CHA catalysts.
It is therefore important to understand how SO, affects the Cu-CHA
catalysts.

The gas stream that the SCR catalyst is exposed to in a diesel exhaust
system consists of several other compounds than SO,, including but not
limited to O,, H,O, NO and NHj;. These compounds may affect the
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interaction of SO, with the Cu-CHA catalyst. Several SO,-poisoning
studies have been carried out in gas compositions where NO and NHj3
are omitted [4-11]. Such experiments have shown that the deactivation
is due to SO, interactions with Cu, which is dependent on the tem-
perature of SO, exposure. Adsorption of SO, mainly takes place at
temperatures around 200 °C [5], while chemical reactions between SO,
and Cu become more dominating at temperatures around 400 °C [5].
SO, reacts at the Cu sites in the CHA, resulting in (Cu,S) species with S
in oxidation state + 6, which are assigned to isolated Cu-sulfates [4,12].
This assignment is corroborated by their decomposition temperature of
around 650 °C, which is consistent with the decomposition of bulk
CuSOy4 [4,11,13], and by an observed 1:1 correlation between the S/Cu
ratio of these species and the deactivation [11]. The formation of sul-
fates implies that SO, is oxidized over the catalyst, and the rate of
oxidation increases with temperature [10]. The effect of the gas com-
position on the deactivation by SO, is not fully understood, and
therefore, it is important to improve the understanding in order to be
able to transfer results to the SO»-poisoning occurring in real exhausts.

It has been argued that the effect of NO and NH;3 on SO»-poisoning is
the formation of ammonium sulfate, which may infer mass transfer
limitations by pore-blocking [14-16]. However, ammonium sulfate
decomposes at about 350 °C, and can therefore feasibly be removed
[16]. Moreover, the presence of NO and NHg, or release of NH; from
ammonium sulfate, has a suggested beneficial effect on the regenera-
tion of SO,-poisoned catalysts, due to the reducing properties of the
SCR gas mixture and NH; [8,16].

In this article the SO, deactivation behavior of a Cu-SAPO-34 cat-
alyst was investigated. The Cu-SAPO-34 was chosen because of its high
hydrothermal stability so that high-temperature regeneration did not
result in deterioration of the zeolite structure; something that cannot
always be avoided with SSZ-13. We investigated the effect of SO, ex-
posure time, SO, concentration, and the presence of NO and NH;3 on the
deactivation by SO,. DFT calculations were used to evaluate the in-
teractions between Cu, SO, and SOs in order to obtain a better under-
standing of the temperature dependence, and effect of NO and NH3, on
the deactivation.

2. Experimental
2.1. Catalyst material and reactor testing conditions

In this study, we used a Cu-SAPO-34 catalyst with a (P +Al)/Si of
6.5 and a Cu-loading of 1.9wt%, as determined by ICP-OES. The
steady-state conversions of NO in the NH3-SCR reaction were measured
in a fixed-bed quartz reactor with an inner diameter of 2 mm, using
5mg catalyst on dry matter basis, and a sieve fraction of 150-300 pm.
The SCR-feed gas for the activity measurements consisted of 500 ppmv
NO, 530 ppmv NH3, 10% O, and 5% H,O, in N, at a total flow of
225N mL/min- The inlet and outlet gas composition was determined
using a Gasmet CX4000 FTIR analyser. Prior to the NH3-SCR activity
measurements, the catalyst was heated for 1h in the SCR-feed gas at
550 °C. The effect of SO, on the NH5-SCR activity was determined from
a comparison of the NO, conversion before and after exposure of the
catalyst to an SO,-containing feed gas in the same reactor setup.

The catalyst was exposed to SO, in a flow with either SCR-feed gas,
or with 10% O, and 5% H,O, balanced by N, to a total flow rate of
225 NmL/min. The inlet concentrations of SO, were 1.5 or 15 ppmv.
The temperature and duration of SO, exposure were varied and are
stated specifically with the results.

The evaluation of the NH3-SCR activity is based on the rate constant
for the NH3-SCR reaction. The rate constants (k) are derived from
measured steady state NO, conversions, as shown in Eq. (1), assuming
plug flow of the gas and that the NH5-SCR reaction is first order in NO.

F
k= —Wln(l—X) It
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F is the total molar flow rate, W is the total mass of catalyst on a dry
matter basis, and X is the NO, conversion.

The deactivation of the catalyst is calculated from a comparison of
rate constants after SO, exposure or regeneration with the corre-
sponding rate constant of the fresh catalyst. In this article, we define the
deactivation as:

k

-fresh

Deactivation = 1—

(2)

2.2. Computational

Spin polarized Density Functional Theory (DFT) calculations were
used to obtain adsorption energies of O, SO, and SO3 on Cu species in
SAPO-34 and SSZ-13. The calculations were performed with the GPAW
package [17,18] using a real space grid-based projector augmented
wave method. A grid spacing of h = 0.2A and a Fermi smearing of
0.1 K were found sufficient to obtain a satisfactory convergence of the
relative energies. To account for Van der Waals interactions the BEEF-
vdW functional was used [19]. This functional has shown to produce
reliable results for the interaction of molecules with zeolites [20,21].
Both SSZ-13 and SAPO-34 were represented by periodic cells with
hexagonal symmetry containing 36 T-atoms (SSZ-13 cell parameters:
ab =13.886A, c = 15.116 A, a = 120°, B, y = 90° and SAPO-34 cell
parameters: a,b = 14.602 ;\, c = 15.287 A, a =120° B, y = 90°).

3. Results
3.1. Deactivation by SO, exposure and scalability

Fig. 1A shows the measured steady state NOy conversions for the
fresh catalyst, after exposure to SO,, and after regeneration at 550 °C.
For the SO, exposure, 1.5 ppmv of SO, was added to the SCR-feed,
which is in the SO, concentration range expected in automotive diesel
exhaust, and the catalyst was held at 300 °C for 8 h. The regeneration of
the catalyst was performed at 550 °C for 1h in SCR-feed gas without
SO,. Exposure to SO, leads to significantly lower steady state NOy
conversions in the temperature range 150-300 °C. Regeneration at
550 °C restores most of the original NOy conversion in this temperature
range. This behavior has also been observed for an aluminosilicate Cu-
CHA catalyst, and can be understood in terms of irreversible and re-
versible deactivation [11]. According to the definitions in [11], the
deactivation measured after regeneration at 550 °C is the irreversible
deactivation, and the difference in deactivation after SO, exposure and
regeneration at 550 °C is the reversible deactivation.

For practical reasons when investigating SO, deactivation, it is often
useful to accelerate the SO,-poisoning by increasing the SO, con-
centration and proportionally shortening the exposure time. The results
are then interpreted in terms of the total SO, exposure, calculated as the
product of the SO, partial pressure and the exposure time, rather than
the SO, concentration. This interpretation requires that a direct pro-
portionality exists between the exposure time and SO, concentration,
such that these two parameters can be scaled with respect to SO,-poi-
soning. This scalability was investigated by comparing the results of the
non-accelerated SO, exposure, i.e. exposure to 1.5 ppmv SO,, to the
results from a catalyst exposed to an accelerated SO, exposure. For the
accelerated SO, exposure, the SO, concentration was increased by a
factor 10 and the exposure time was correspondingly decreased, thus
exposing to 15 ppmv SO, in SCR-feed gas for 48 min at 300 °C. The
steady state NOy conversions before and after the accelerated SO, ex-
posure, and after 1 h regeneration at 550 °C in SCR-feed gas, are plotted
in Fig. 1B.

The appearance of the NOy conversion curve for the accelerated SO,
exposed catalyst in Fig. 1B, is very similar to that shown in Fig. 1A. The
NOy conversions of the fresh catalyst shown in Fig. 1B are slightly lower
than those of the fresh catalyst in Fig. 1A, which is due to small
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Fig. 1. (A) NO, conversion as function of temperature for the Cu-SAPO-34 catalyst before and after exposure to 1.5 ppmv SO, for 8 h at 300 °C, and after 1h
regeneration at 550 °C. (B) NO, conversion as function of temperature for the Cu-SAPO-34 catalyst before and after exposure to 15 ppmv SO, for 48 min at 300 °C,
and after 1 h regeneration at 550 °C. Gas flow conditions for NO, measurements and regenerations were 500 ppmv NO, 530 ppmv NH3, 10% O, and 5% H,0 in N, at
225 N mL/min. The same gas flow conditions, with addition of SO,, were used for SO, exposures. (C) Deactivation of the sulfated (blue bars) and regenerated (red
bars) states of the Cu-SAPO-34 catalyst evaluated at 180 °C, after exposure to 1.5 ppmv SO, for 8 h and 15 ppmv SO, for 48 min (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article).

differences in the catalyst loads. Therefore, in order to further confirm
the similarity of the impact of the accelerated and non-accelerated SO,
exposure conditions on the SCR performance of the catalyst, the deac-
tivation (evaluated at 180 °C) after SO, exposure and regeneration are
plotted in Fig. 1C. The degree of deactivation after both treatments are
similar, with total deactivations of 80 and 79% and irreversible deac-
tivations of 16 and 18%. This means that the deactivation is the same
for the same total SO, exposure, and indicates that the SO, con-
centration and exposure time are scalable.

3.2. Regeneration of the irreversible deactivation

A possible explanation for the irreversible deactivation is the for-
mation of Cu-sulfates that are stable up to ~650 °C [4,11,13]. If this is
true, a full restoration of the activity of the catalyst by heating to 700 °C
should be possible. This was verified by measuring the SCR activity
over the Cu-SAPO-34 catalyst after SO, exposure and again after re-
generation at 550 °C and 700 °C. Fig. 2 shows that at 180 °C, the SCR
reaction rate constant is lowest for the sulfated state of the catalyst, and
that regeneration first at 550 °C, partially restores the activity, while
subsequent regeneration at 700 °C restores the activity to the original
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Fig. 2. The NH;5-SCR rate constants of the different states of the Cu-SAPO-34
catalyst, i.e. fresh, sulfated, regenerated at 550 °C, and regenerated at 700 °C.
Sulfation was 24 h at 550 °C in 15 ppmv SO,, 500 ppmv NO, 530 ppmv NHs,
10% O,, and 5% H,O in N, at 225 N mL/min. The regenerations were 1h at
550 °C and 2 h at 700 °C, and were carried out with the same flow conditions as
the sulfation, but in absence of SO,.

18

379

level of the fresh catalyst. This result is consistent with Cu-sulfate
species causing the irreversible deactivation, since heating to 700 °C,
which is above the decomposition temperature of CuSO,, restores the
activity of the catalyst completely.

3.3. SO exposure in presence of NO and NH3

The SCR catalyst in a diesel exhaust system is exposed to a wide
range of temperatures up to approx. 550 °C, with typical operating
temperatures between 200-500 °C. Therefore, the impact of tempera-
ture on the deactivation was investigated by exposing the Cu-SAPO-34
catalyst to 1.5 ppmv SO, for 8 h in the presence of SCR-feed gas at 200,
300, 400 and 500 °C. The measured steady state NO, conversions are
shown in Fig. 3A-D before and after SO, exposure, and after 1h of
regeneration at 550 °C in SCR-feed gas. The NOy conversion below
325 °C is lower than for the fresh catalyst in all measurements, for both
the sulfated and regenerated states of the catalyst. Furthermore, the
deactivations in Fig. 4B show that there is a clear trend of more ex-
tensive deactivation of the sulfated state of the catalyst at lower SO,
exposure temperature. The S/Cu ratios of the catalyst shown in Fig. 4A,
which were estimated by integration of the measured decrease in SO,
concentrations in the outlet of the reactor during SO, exposure, also
increase at lower SO, exposure temperature. This is consistent with an
interpretation that larger S-uptakes lead to more pronounced deacti-
vation. A different trend is observed for the deactivation of the re-
generated states of the catalyst, where only the catalyst exposed to SO,
at 200 °C stands out with a significantly larger deactivation than the
rest.

In order to see if there is a significant impact of NO and NH; pre-
sence on the uptake of SO,, the S-uptakes were measured after SO,
exposure in absence of NO and NHj3 as well. This was done in a separate
experiment by measuring the SO, desorption during heating to 700 °C
after 3h exposure to 15ppmv SO, in 10% O, and 5% H,O at
200-600 °C. This is possible because all S species desorb as SO, [4,13],
and the complete restoration of the activity by heating to 700 °C in-
dicates that no sulfur is left on the catalyst (see Fig. 2) [11]. The area of
the SO, desorption peaks in Fig. 5 reveal that there is a maximum S-
uptake at 400 °C, after SO, exposure in absence of NO and NH3, which
is different from the SO, exposure in the presence of NO and NHs.

A comparison of the SO, uptake at different temperatures in the
presence and absence of NO and NHj is shown in Fig. 6. Since the SO,
exposure conditions of the two series are different, the absolute S/Cu
ratios are not directly comparable, but the trends with respect to the
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Fig. 3. NOy conversions as functions of temperature for the Cu-
SAPO-34 catalyst before and after SO, exposure for 8h at (A)
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exposure temperature are. In the presence of NO and NHj3, the S/Cu
ratio decreases monotonically at increased temperature, whereas a
maximum for the S/Cu ratio is observed at 400 °C in the absence of NO
and NHj. A possible explanation for the different trends below 400 °C is
the deposition of ammonium sulfates in the zeolite pores at low tem-
peratures, which decompose above 350 °C to restore catalytic activity
[14-16]. Interestingly, the trends of the S/Cu ratios in the presence and
absence of NO and NHj appear similar above 400 °C. These results in-
dicate that above 400 °C, the SO, exposure conditions are similar de-
spite the different inlet gas compositions. This may be rationalized by
the faster SCR reaction rate at higher temperatures, where NO and NH3
are converted to N, and H,O faster, which means that increasing parts
of the catalyst bed are effectively exposed to SO, in absence of NO and
NH; at higher temperatures.

3.4. Stability of reaction products of Cu sites with SO, and SO3

DFT calculations have been carried out to obtain information about
the stability of possible SO, species that can be formed in reactions
between different Cu sites in the Cu-SAPO-34 catalyst and SO,. Because
we cannot exclude the formation of some SO; when exposing to SO,
only, especially at higher temperatures, reactions between Cu sites and
SO; have also been considered in the calculations. The Cu species that
are present in the catalyst is determined by the conditions of the SO,
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Fig. 5. Outlet SO, concentrations during heating to 700 °C after exposing the
Cu-SAPO-34 catalyst for 3h to 15 ppmv SO, 10% O,, and 5% H,O in N, at
225 N mL/min and at 200-600 °C. The dashed line is the zero-desorption line.

exposure. In presence of NO and NHj, Cu(Il) can reduce to Cu(l)
[22-26], which is modelled as a naked Cu(I) atom charge-balancing a
single exchange site, Z-Cu(I). In presence of O, and H»O, only Cu(Il) is
expected to be present, which can be in two different forms. Either as a
single Cu(II) atom charge-balancing two exchange sites, Z,-Cu(Il), or as

Fig. 4. (A) S/Cu ratios for each SO, exposure temperature of the
Cu-SAPO-34 catalyst after exposure to 1.5 ppmv SO, in SCR-feed
gas for 8h. (B) Deactivation evaluated at 180 °C of the sulfated
(blue bars) and regenerated (red bars) states of the Cu-SAPO-34
catalyst for each SO, exposure temperature with 1.5 ppmv SO, in
SCR-feed gas for 8 h (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of
this article).
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Fig. 6. The S/Cu ratios as functions of the SO, exposure temperature for the
SO, exposures of the Cu-SAPO-34 catalyst in presence and absence of NO and
NH,.

a Cu(Il) atom with a hydroxide ion charge-balancing a single exchange
site, Z-Cu(II)OH. The most stable reaction products from reactions be-
tween the three different Cu sites with SO, or SO3, as determined from
DFT calculations, are listed in Table 1.

The DFT calculations show that both SO, and SO; are able to form
stable species with Z-Cu(INOH and with Z-Cu(I), in agreement with
previous DFT calulations [12]. The calculated change in energy for
adsorption of SO,, SO3 and O, on Z,-Cu(Il) is positive, indicating that
neither of these species adsorb on the Z,-Cu(Il) sites. Interestingly, the
most stable reaction product of the Z-Cu(l) site is in reaction with SO,,
while the Z-Cu(II)OH site forms the most stable species in reaction with
SOs. Fig. 7 shows the calculated structures of the resulting Cu species.
DFT calculations also indicate that neither SO, nor SO; bind to the
mobile [Cu(NH3),]* species, which provides the active centers for
NH;3-SCR at low temperatures [27,28].

The same calculations of reaction products of Cu sites with SO, and
SO; have also been carried out for an aluminosilicate CHA framework,
and the results are similar to those for the silicoaluminophosphate Cu-
SAPO-34 structure, but with a tendency to slightly less stable reaction
products. This indicates that the deactivation of Cu-CHA catalysts by
SO, and SO; is mainly related to the Cu-SOy chemistry, and that the
framework chemistry, therefore, is of lesser importance.

4. Discussion

It appears that the deactivation level by SO, correlates to the total
amount of SO, that the catalyst is exposed to, as shown in Fig. 1, where
the catalyst has been exposed to different SO, concentrations and
durations at 300 °C. However, this result could also be due to a sa-
turation effect. If a SO, saturation level is reached, it means that the S-
uptake cannot get larger. In Fig. 6 all the S/Cu ratios are plotted as
functions of the SO, exposure temperature, and the S-uptakes at 200 °C
in presence of NO and NHj3, and at 400 °C in only O, and H,O, are both
larger than that at 300 °C in presence of NO and NHj. This shows that
larger S-uptakes can be reached at higher and lower temperatures, and,

Table 1
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80,/ Z-Cu(l)

SO/ Z-Cu(ll)OH

Fig. 7. Calculated structures of SO, adsorbed on Z-Cu(I) and SO3 on Z-Cu(I)OH
on Cu-SAPO-34. The atoms are indicated as follows: O (red), P (orange), Al
(light purple), Si (grey), Cu (brown), S (yellow), H (white) (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article).

therefore, the catalyst exposed to SO, at 300 °C in presence of NO and
NHj; is not saturated, which validates the interpretation that the deac-
tivation by SO, is determined by the total exposure to SO,.

The data in Fig. 6 show that exposure to SO, at 200-600 °C results in
different amounts of S-uptake by the Cu-SAPO-34 catalyst, dependent
on the presence of NO and NHjs. These differences can be related to the
different amounts of Cu(I) and Cu(Il) and the formation of SO;. The
DFT calculations presented in Table 1 show, that SO, adsorbs more
strongly than SO3 on Z-Cu(]) sites. Since a mixture of NO and NH; has
reducing properties [22-26], the presence of NO and NH; leads to a
larger fraction of Z-Cu(I) species. This leads to an enhanced driving
force for SO, adsorption on Cu in the presence of NO and NHj. The
fraction of Z-Cu(l) species decreases with increasing temperature, as a
faster SCR reaction leads to lower partial pressures of NO and NH; and
faster re-oxidation of the Cu, and therefore the SO, uptake decreases
with increasing temperature in the presence of NO and NHjz, as shown
in Fig. 6.

In the absence of NO and NH3, more Cu is present as Cu(Il) species,
and therefore, the adsorption of SO, on Cu(I) becomes less important.
The DFT calculations show that the Z-Cu(I)OH site forms the most
stable CuSOy species in reaction with SO3, while neither SO, nor SO3
adsorb on the Z,-Cu(Il) sites. Due to the larger amount of Cu(Il), the
SO, uptake is now determined by the formation of SOz, which then
reacts with the Z-Cu(II)OH sites. The increasing SO, uptake with tem-
perature in the range 200-400 °C is then a consequence of the increased
rate of SO, oxidation [10]. Above 400 °C, decomposition and deso-
rption of the CuSOy species takes place [11], resulting in the lower SO,
uptake with increasing temperature.

It is noted that both in the presence and in the absence of NO and
NHj, the adsorption of SO, or SO3 always occurs on Cu sites. Therefore,
the total SO, uptake is limited by the Cu content, in agreement with the
observation that the S/Cu ratio does not exceed 1, despite excessive
exposure to SO, (total exposure of SO,/Cu is at least 4.8). It has been

The stabilities (AE) of most stable reaction products from reactions of three different Cu sites in Cu-SAPO-34 or Cu-SSZ-13 with either SO, or SO5. *O, does not adsorb
on Z,-Cu(ll) in neither Cu-SAPO-34 nor in Cu-SSZ-13. Adsorption energies and standard deviations have been obtained from DFT using BEEF-vdW.

Cu site + SOy — AE [eV] AE [eV] + SOz — AE [eV] AE [eV]
Cu-SAPO-34 Cu-SSZ-13 Cu-SAPO-34 Cu-SSZ-13
Z-Cu(D) Z-Cu(I)-SO, (ads) -1.07 -1.12 Z-Cu(I)-SO3 (ads) —-0.80 -0.89
(+/-0.44) (+/-0.48) (+/-0.55) (+/- 0.55)
Z-Cu(IDOH Z-Cu(IDHSO3 —0.84 -0.73 Z-Cu(IDHSO4 —-1.80 -1.81
(+/-0.36) (+/-0.29) (+/-0.36) (+/-0.32)
Zo-Cu(ID)* 0,, SO,, and SO3 do not adsorb on this site in neither Cu-SAPO-34 nor Cu-SSZ-13
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argued that deposition of ammonium sulfate in the zeolite pores is the
cause of deactivation of Cu-CHA catalysts [14-16]. This explanation
would be consistent with a larger S-uptake in presence of NO and NH3
below 400 °C, since ammonium sulfate decomposes at around 350 °C
[16]. However, if ammonium sulfate is formed, it is also expected that
the amount of sulfur deposited in the catalyst is not limited by the Cu
content. Since the S-uptake is limited by the Cu content, formation of
ammonium sulfate does not seem to be the cause of the larger SO,
uptake and deactivation in the low temperature range in the presence of
NO and NHs.

Finally, the chemical nature of the CHA framework (silicoalumi-
nophosphate or aluminosilicate) seems not to have a significant influ-
ence on the deactivation by SO,. As argued in the previous section, the
deactivation of the silicoaluminophosphate Cu-SAPO-34 catalyst by SO,
is related to the chemistry of Cu, SO, and SO, and therefore, SO,-
poisoning of the two versions of the Cu-CHA catalysts should be com-
parable. The response of the Cu-SAPO-34 catalyst to SO, exposure and
regeneration at 550 °C in Fig. 1, is very similar to that observed on a
similar aluminosilicate Cu-CHA catalyst [11]. Furthermore, the results
from the DFT calculations in Table 1, show that the Cu-SO, species
formed from SO, and SOs, and the interaction energies of SO, and SO3
with the respective Cu(I) and Cu(Il) species is similar in both CHA
materials. This indicates that the framework chemistry of the two Cu-
CHA catalysts does not affect the SO,-poisoning, and means that SO,-
poisoning is similar on Cu-exchanged aluminosilicate and silicoalumi-
nophosphate CHA materials.

5. Conclusions

The deactivation behavior of a Cu-SAPO-34 catalyst in the NH3-SCR
reaction has been evaluated at simulated operating conditions by
comparing the SCR activity before and after exposing to 1.5 ppmv SO,
in a typical SCR-feed gas feed at 300 °C. The low-temperature activity is
significantly lowered by the SO, exposure, and regeneration at 550 °C
restores the activity to about 80% of the original level. Regeneration at
700 °C restores all activity, which is consistent with decomposition of
Cu-sulfates. The degree of deactivation appears to depend on the total
SO, exposure, calculated as the product of partial pressure and ex-
posure time.

Below 400 °C, the S-uptake increases with temperature in absence of
NO and NH3, and decreases with increasing temperature in the presence
of NO and NH3. This can be explained by the ability of NO and NHj; to
reduce Cu(Il) to Cu(l). DFT calculations show that SO, binds preferably
to Cu(l), while SO3; binds stronger to Cu(Il). This then leads to the
higher uptake of SO, below 400 °C in the presence of NO and NHj, since
a larger amount of Cu(l) is present under these conditions. Above
400°C, the S-uptake decreases with increasing temperature, in-
dependent of the presence of NO and NHa.

The S/Cu ratios are always lower than 1, which indicates that the
uptake of sulfur is related to adsorption of SO, on Cu and that ammo-
nium sulfate does not precipitate in the catalyst when co-feeding SO,,
H,0 and NHs. Furthermore, DFT calculations also show that SO, and
SO; interactions with Cu is similar for Cu-SAPO-34 and Cu-SSZ-13,
indicating that the deactivation by SOy is mainly associated to the
chemistry of the Cu sites. Consequently, the SO,-poisoning mechanisms
for Cu-SAPO-34 and Cu-SSZ-13 are comparable.
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ARTICLE INFO ABSTRACT

Keywords: Sulfur oxides are a common source for the deactivation of Cu-exchanged CHA zeolite based catalysts used for
NH;-SCR NOy reduction in diesel exhausts by selective catalytic reduction with NH3; (NH3-SCR). Since water and possible
Cu-CHA formation of SO affect the deactivation of Cu-CHA catalysts, the deactivation in the presence of SO, or a mixture
DeactivatAion of SO, and SO3 was studied by measuring the SCR activity in wet and dry gas at 200 and 550 °C. The estimated S-
:‘;g:;é’:ﬁ;; content in the catalysts before and after 4 h regeneration at 550 °C in NO, NH3, O, and H,O was related to the

deactivation. The deactivation can be divided into two parts: a reversible deactivation that is restored by the
regeneration treatment, and an irreversible part. The irreversible deactivation does not affect the activation
energy for NH3-SCR and display a 1:1 correlation with the S-content, consistent with deactivation by Cu-sulfate
formation. The reversible deactivation results in a lower activation energy and a deactivation that is larger than
expected from the S-content. The presence of SO3 at 200 °C leads to higher reversible and irreversible deacti-
vation, but has no significant impact at 550 °C. Furthermore, the irreversible deactivation is always higher when
exposed at 200 °C than at 550 °C, and in wet conditions, compared to a dry feed. The deactivation is pre-
dominantly reversible, making regeneration at 550 °C a realistic approach to handle S-poisoning in exhaust

systems.

1. Introduction

Combustion of diesel fuel in automotive engines produces NO, (NO
and NO,). Due to the environmentally negative impact of NOy, emis-
sions of these compounds are subject to strict regulations, which re-
quires NOy reduction from the exhaust gas. The current technology for
the removal of NOy is selective catalytic reduction (SCR) of NOy with
NH;. Apart from an NH3-SCR catalyst, a complete diesel exhaust after-
treatment system also contains a diesel oxidation catalyst to oxidize CO
and unburnt fuel, a particle filter to remove soot, and an ammonia slip
catalyst to remove the ammonia not used in the upstream NH;3-SCR
reaction.

The best known NH;3-SCR catalysts are based on V,0s, or Cu- or Fe-
zeolites. Compared to V,Os-based catalyst systems, Cu-zeolites gen-
erally work well in a broader temperature region (~150-500 °C) [1]. In
particular, the better low temperature activity for Cu-zeolites is of in-
terest for cold-start conditions. Combined with the good hydrothermal

* Corresponding author.
E-mail address: tonv.w.janssens@eu.umicore.com (T.V.W. Janssens).

stability of small-pore zeolites, these traits have led to commercializa-
tion of Cu-zeolites in diesel engine exhaust systems, and Cu-CHA is the
current state-of-the-art Cu-zeolite catalyst for diesel emission control.

Another important requirement for NH3-SCR catalysts is low sus-
ceptibility to SO,-poisoning. Diesel fuels contain a small amount of
sulfur, and even ultra-low sulfur fuel will result in SO, in the exhaust
gas. The performance of NH3-SCR catalysts, however, can be very
sensitive to the presence of SO,, even at low concentrations, as in ultra-
low sulfur diesel [2]. It is therefore important to know the effect of SO,
on the performance of an NH3-SCR catalysts.

Unfortunately, Cu-zeolite catalysts deactivate more in the presence
of SO, in the exhaust gas, while Fe-zeolites are less affected by SO, and
V,0s is not affected [1,3,4]. Consequently, to be able to exploit the
potentially better performance of Cu-zeolite catalysts in an exhaust
after-treatment system, it is important to understand how the presence
of SO, influences the performance of these catalysts. Furthermore, it is
also important to know to what degree the deactivation of Cu-zeolites
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induced by SO, is reversible versus irreversible.

The current understanding of Cu-zeolite catalyst deactivation by
SO,, and Cu-CHA in particular, is that it originates from SO, interaction
with the Cu-sites. This can simply be adsorption of SO, or could involve
a chemical reaction between the SO, and Cu-sites [2,5-13]. X-ray
photoemission and X-ray absorption spectroscopy indicate that the Cu
in the ion-exchange positions reacts to form a CuSOjy-like species [2].
The formation of sulfates suggests that some oxidation of SO, to SO3
takes place. In an after-treatment system, oxidation of SO, to SO3 can
occur on the diesel oxidation catalyst [2,11], and on the NH3-SCR
catalyst [5]. A higher sulfur uptake and stronger deactivation has been
observed in the presence of SO; in the feed gas [2,11]. Therefore, a
better understanding of the effect of SO3 on the performance of NHz-
SCR catalysts is needed.

Another mechanism for deactivation of NH3-SCR catalysts is the
formation of ammonium sulfate on the catalyst, which restricts access
to the active sites. The presence of SO, or SOz in a standard, NHj-
containing SCR-gas causes formation of ammonium sulfate, which is a
solid below 300 °C, and therefore, deactivation by ammonium sulfate
only occurs in the low-temperature range. Ammonium sulfate can be
removed by heating the catalyst to above 350 °C, which means that
regeneration from this type of deactivation is possible in an exhaust
system [5,9,10].

An NH;3-SCR catalyst in a diesel exhaust treatment system is typi-
cally operated between 200 and 550 °C, and in the presence of 5-10%
water vapor. The effect of temperature on catalyst deactivation by SOy
depends on the presence of SO3 [2,11]. With SO, only, the deactivation
is more severe at 200 °C than at 400 °C, while the opposite trend is
observed in the presence of SO5/%11,

Water also interacts with the Cu ions, changing the environment of
and around the active sites in a Cu-CHA catalyst. Water vapor is known
to partially hydrolyze the Cu-sites at temperatures below 250 °C [14],
affecting the performance for NH3-SCR. In a similar way, reactions
between different Cu-sites with sulfur oxides can be affected by water as
well [8,15]. From a mechanistic point of view, the impact of water
vapor on the deactivation by SO, and SO3 should be understood, with
the additional consideration that SO; and H,O combine and form sul-
furic acid below 400 °C [11].

In practice, there are essentially two ways to deal with the presence
of SO, in an exhaust gas. The first one is to design the Cu-CHA SCR
catalysts in such a way that the amounts of SO, and SO; passing
through the system during its lifetime can be accommodated in the
system. Alternatively, periodic regeneration strategies must be designed
that restore at least a part of the catalytic activity. It is therefore im-
portant to know how the presence of SO, and SOj3 in the exhaust gas
stream affects the performance of Cu-CHA catalyst and if regeneration
of a Cu-CHA catalyst is possible. In this article, we focus on the effect of
the temperature and H,O and SO3 on the SO4-induced deactivation of a
monolithic Cu-CHA catalyst for NH3-SCR. The stability of species
formed was studied by comparing the activities of a deactivated catalyst
with that after heating to 550 °C, which is a temperature that can be
reached in an exhaust system.

2. Experimental
2.1. Preparation of the catalysts

In this study we used both a Cu-CHA powder catalyst and a
monolithic Cu-CHA catalyst. For the powdered catalyst, Cu was in-
troduced into the H-CHA zeolite by ion-exchange for 24h with an
aqueous solution of Cu(CH3COO), (5 mmol/kg) at 20 °C, using 20 g H-
CHA zeolite powder in 5kg solution. After ion-exchange the Cu-CHA
was filtered and washed with approx. 20 L MilliQ water, which resulted
in a colorless filtrate. The Cu-CHA powder was then dried overnight at
95 °C, and calcined at 550 °C for 3 h. The Si/Al ratio was 14.7 and the
Cu/Al ratio was 0.5, corresponding to a Cu-loading of 2.8 wt%, as
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determined by ICP-OES.

The monolithic Cu-CHA catalyst was prepared by washcoating a
cordierite monolith with a slurry of H,O, xanthan gum, colloidal silica
and Cu-CHA powder. The Cu-CHA powder was prepared by impreg-
nating 1kg of H-CHA powder (Si/Al = 16.6) with Cu in 1kg of an
aqueous solution of 0.39 mmol/g Cu(NO3)2-3H,0 in a rotary evaporator
for 4h at 95 °C. The Cu-loading of the powder was 2.5 wt%, based on
the amount of Cu added for the impregnation. After impregnation, the
powder was calcined at 550°C for 3h. A cordierite monolith
(D x L =25.4%10.2cm, 300 cpsi, 0.13mm wall thickness) was
washcoated with the Cu-CHA slurry to a washcoat-loading of 151 g/L.
The Cu-CHA/cordierite monolith was dried at 100 °C, and calcined at
550 °C for 3h.

2.2. Catalytic test on powder

The NH;3-SCR activity measurements on the Cu-CHA powder were
carried out in a fixed-bed quartz reactor with a 2 mm inner diameter,
using 5.0 mg catalyst (150-300 pm sieve fraction) on a dry matter basis.
The SCR feed gas composition was 500 ppmv NO, 530 ppmv NH3, 10%
0., 5% H,0 balanced by N,, which we hereafter refer to as “SCR-gas”.
The total flow rate used in the measurements was 0.225 NL/min
(10 mmol/min, standard conditions: T = 0°C, P = 1 atm). The outlet
gas was analyzed by a Gasmet CX4000 FTIR analyzer.

The Cu-CHA powder exposure to SO, was either done in situ in the
reactor at 550 °C for 1 h with 40 ppmv SO,, 10% O,, 5% H,0 balanced
by N, with a total flow rate of 0.2 NL/min (9 mmol/min), or ex situ in a
tube furnace at 550 °C for 16 h with 100 ppmv SO,, 16% O, balanced by
N, with a total flow rate of 0.2 NL/min. Regeneration was always
carried out in situ in the reactor at 550 °C with an SCR-gas flow of 0.225
NL/min. 550 °C was chosen, as this is a typical temperature for re-
generation of diesel after-treatment systems operating with passive
filter regeneration.

2.3. Catalytic test on monoliths

With the purpose of studying the impact of temperature and H,O
and SO3; gas components on Cu-CHA/cordierite monolith catalyst de-
activation by SO,, steady-state NO, conversions were measured before
and after SO exposure, and after regeneration at 550 °C in a laboratory
flow reactor system with a horizontal quartz reactor with an inner
diameter of 25.4 mm. Upstream and downstream tubing inside surfaces
were coated with SilcoNert to minimize adsorption of SO, (and NH3).
Monolith samples of approx. 20 x 27 mm were cut out from the larger
prepared sample (sample masses were between 4.5-5.0 g). The reactor
temperature was measured at the inlet, inside, and at the outlet of the
monolith samples by thermocouples placed in the radial center of the
reactor/sample. The steady-state NOy conversions were measured at
various temperatures (130-250°C), at a flow of 8.0 NL/min
(357 mmol/min). The SCR feed gas composition was 500 ppmv NO, 530
ppmv NH3, 10% O,, 5% H,0 balanced by N,. The outlet gas was ana-
lyzed using a MKS MultiGas 2030 FTIR. SO, exposure was always 3 h in
10% O, with 100 ppmv SOy balanced by N, with a total flow rate of 8.0
NL/min. The variations in the SOy exposure conditions and the assigned
sample names, are listed in Table 1. The SO; for the SO, exposures, was
produced in an upstream reactor by oxidizing SO, over a Pt/Al,O3
monolith catalyst. The temperature of the upstream reactor was ad-
justed to reach a steady-state conversion of SO, of 30%, which was
added to the main feed prior to the inlet of the quartz reactor con-
taining the Cu-CHA/cordierite catalyst. Regeneration was carried out in
the SCR feed gas at 550 °C, heating at 10 °C/min, for 4h. In order to
check if there were S-species remaining on the samples after re-
generation, temperature-programmed desorption (TPD) to 900 °C was
carried out after the final NO, conversion measurement that followed
the regeneration. The SO,-TPD was carried out in N at a flow rate of
8.0 NL/min, and with a temperature ramp at 10°C/min. The
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Table 1
Assigned sample names according to variations in SOy exposure conditions.

SO, exposure conditions 100 ppm SO, 70 ppm SO, + 30 ppm SO3
5% H,0 S02-H20-200 S03-H20-200
T =200°C
Dry S02-200 S03-200
T =200°C
5% H,0 S02-H20-550 S03-H20-550
T =550°C
Dry S02-550 SO3-550
T =550°C

concentrations of H,O, NO, NO,, NH3, SO,, SO; and H,SO, were
monitored during regenerations and TPD measurements.

2.4. Evaluation of activity and deactivation

The activities of the catalysts are evaluated by the rate constants,
which are derived from the steady-state NOy conversion measurements.
If we assume that the NH3-SCR reaction is first order in NO, the rate
constant is given by:

F
k= —Wln(l -X) a
where F is the total molar flow rate, W is the mass of the Cu-CHA
powder in both tested catalysts, and X is the conversion of NO. The
deactivation is expressed as the relative rate constant of a sulfated or
regenerated catalyst with respect to the rate constant for the fresh
catalyst:

k A exp(—}f—;)

Deactivation =1 — —— =1 —
Eafmh)

Kiresn Afyesh exp(— = @

Multiplication by 100 then yields the deactivation expressed as a
percentage.

3. Results
3.1. Powder experiments
The general behavior of a Cu-CHA catalyst upon exposure to SO,

and regeneration at 550 °C is illustrated in Fig. 1 for the powder cata-
lyst, which shows the measured NO, conversions for a fresh catalyst,

100
)
= 80 A4 "
= i
S o
g
o 60-
g Fresh
404 A —m—Fres
. » o —e—sulfated
(o} » / —A— Regenerated
Z 20
{ ]
I..,o/
(ELE T T T T
200 300 400 500

Temperature [°C]

Fig. 1. NOy conversion as function of temperature of a Cu-CHA catalyst (Si/Al = 14.7,
Cu/Al = 0.5, and 2.8 wt% Cu) in fresh, sulfated and regenerated state. SCR conditions:
500 ppmv NO, 530 ppmv NH3, 10% O, 5% H,0, N, balance to 0.225 NL/min on 5.0 mg
catalyst in reactor with an inner diameter of 2 mm. SO exposure conditions: 100 ppmv
S0,, 16% O, N, balance to 0.2 NL/min for 16 h at 550 °C. Regeneration conditions: 4.6 h
at 550 °C in SCR-gas.
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after exposure to 100 ppm SO, at 550°C (sulfated), and after re-
generation at 550 °C in SCR-gas (regenerated).

The most significant effect of exposure to SO, is seen in the lower
temperature range, up to 300°C, where NO, conversion was sig-
nificantly inhibited compared to the fresh sample. Above 300 °C, the
NO, conversion increases rapidly with temperature to slightly above the
conversion measured for the fresh catalyst. After regeneration by
heating to 550 °C, the conversion above 300 °C was slightly higher, but
close to that of the fresh catalyst. Below 300 °C, the conversion re-
mained slightly below that of the fresh catalyst. This shows that ex-
posure to SO, results mainly in deactivation of the low-temperature
(T < 350°C) activity of the catalyst, which is consistent with pre-
viously reported observations [5,9,11], and regeneration at 550 °C does
not fully restore the activity below 300 °C entirely.

To investigate if the incomplete regeneration at 550 °C is due to a
too short regeneration time, the regeneration process was monitored by
heating the samples at 550 °C for a total of 12 h in intervals, where after
each interval the activity at 200 °C was re-evaluated. Fig. 2A shows the
measured activity at 200 °C obtained in this way, which indicates that a
stable activity level is reached at about 75-80% of the original activity
after approximately 4h of regeneration. This means that a complete
regeneration by heating at 550 °C seems not possible.

Fig. 1 shows that the NOy conversion over a catalyst after exposure
to SO, increases slightly with temperature up to 300 °C, followed by a
steep increase. To determine whether the slight increase below 300 °C is
due to a normal temperature dependency of a possible residual activity,
or to a slow regeneration in this temperature range, we checked the
influence of the temperature on activity of a Cu-CHA catalyst at 200 °C.
To do this measurement, a single catalyst sample deactivated by SO,
was sequentially exposed to heating for 2 h in 5% H,0/10% O,/N, at a
chosen temperature between 200 and 450 °C in increasing order, and
then cooled down to 200 °C where the NO, conversion was then re-
measured. Fig. 2B shows the rate constant at 200 °C, determined ac-
cording to Eq. (1) as a function of the heating temperature. The rate
constant at 200 °C does not increase by heating to a temperature of
300°C or lower, which clearly indicates that the regeneration of a
catalyst exposed to SO, does not start below 300 °C, and the slight in-
crease in conversion in Fig. 1 is therefore due to the temperature de-
pendence of a residual activity. This also means that measured SCR
activities after exposure to SO, are not affected by regeneration if the
measurements are done at 300 °C or lower.

The observation that the activity after SO, exposure cannot be
completely restored by heating to 550 °C indicates that there are dif-
ferent forms of deactivation. Based on these data, we define these dif-
ferent forms of deactivation as follows: the part of the deactivation that
can be restored by 4 h heating at 550 °C will be referred to as the re-
versible deactivation, and the remaining part as the irreversible deactiva-
tion. The total deactivation is the sum of these two contributions. An
activity measured after exposure to SOy before regeneration, represents
the total deactivation, the irreversible deactivation is found from the
activity after regeneration. The reversible deactivation can then be
determined as the difference in activity of a SO-treated catalyst before
and after regeneration. The following expression is used to determine
the relative reversible deactivation with respect to the activity of the
fresh catalyst:

ksulfa[ed

) o K
= Reversible deactivation + (1 - M)

kfresh kfresh

3

3.2. Monolith experiments

The effects of SOz, water and SO, exposure temperature on the
catalyst deactivation and regeneration was studied by measurement of
NO conversions over Cu-CHA/cordierite monolith samples after ex-
posure to SOy at the conditions listed in Table 1, and after subsequent
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Fig. 2. Cu-CHA catalyst (Si/Al = 14.7, Cu/Al = 0.5,
and 2.8wt% Cu) A) Relative NH3-SCR activity
plotted as function of regeneration time. NOy con-
versions measured on 5.0 mg catalyst at 200 °C on
fresh catalyst, after SO, exposure, and after every
regeneration step at 550 °C in SCR-gas. SO, exposure
conditions: 40 ppmv SO, 10% O, 5% H,0, N, bal-
ance to 0.225 NL/min for 1 h at 550 °C. B) NH3-SCR
activity at 200 °C plotted as function of regeneration
temperature (2 h at each regeneration temperature).
u NOy conversions measured on 5.0mg catalyst at
200 °C on fresh catalyst, after SO, exposure, and after
every regeneration step at increasing temperature in
SCR-gas. SO, exposure conditions: 100 ppmv SO,,
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Fig. 3. NO, conversion as function of temperature of a Cu-CHA/cordierite catalyst (Cu-
CHA: Si/Al = 16.6, 2.5 wt% Cu) in fresh, sulfated and regenerated state. SCR conditions:
500 ppmv NO, 530 ppmv NHjz, 10% O,, 5% H»O, N, balance to 8.0 NL/min on
20 x 27 mm cylindrical monolith catalyst in reactor with an inner diameter of 25.4 mm.
SO, exposure conditions: 100 ppmv SO, 10% O,, 5% H,0, N, balance to 8.0 NL/min for
3h at 200 °C. Regeneration conditions: 4 h at 550 °C in SCR-gas.

heating at 550 °C. In all these measurements, the deactivation and re-
generation followed the same general trend as observed for the Cu-CHA
powder. Fig. 3 shows the measured NOy conversion in the range
150-250 °C after deactivation in wet SO, without SO3 as an example.
Exposure to SO, leads to a lower NO, conversion, which is mostly re-
stored by heating at 550 °C. It is noted that all activity measurements
shown in Fig. 3 are obtained below 300 °C, and are therefore not in-
fluenced by regeneration during the measurements.

Due to variations in temperature in the different measurements, a
common base for comparison of the measured NO, conversions is
needed. To this end, Arrhenius plots were constructed; Fig. 4 shows the
Arrhenius plot based on the data in Fig. 3, and represents the general
observation for all samples (see supporting information). For all con-
ditions, the slopes of the fresh and regenerated states of the catalyst are
nearly the same, while the slope of the sulfated state of the catalyst is
always smaller. Our interpretation is that the activation energies for the
fresh and regenerated catalysts are the same, and the activation energy
was determined from the combined data points of the fresh and re-
generated states. Consequently, the differences in activity for fresh and
regenerated catalysts are translated to differences in the pre-ex-
ponential factor. The relative irreversible deactivation then becomes
independent of the temperature for the conditions used here. The as-
signment of irreversible deactivation to changes in the pre-exponential
factor implies a mechanism in which deactivation is caused by loss of
active sites, without major changes in the chemistry of the reaction.

The situation is different for the sulfated catalysts, which con-
sistently have lower activation energy than the fresh and regenerated

T T T 16% O, N, balance to 0.2 NL/min for 16 h at 550 °C.
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Fig. 4. Arrhenius plot of a Cu-CHA/cordierite catalyst (Cu-CHA: Si/Al = 16.6, 2.5 wt%
Cu) in fresh, sulfated and regenerated state. SOy exposure conditions: 100 ppmv SO,, 10%
0,, 5% H,0, N, balance to 8.0 NL/min for 3 h at 200 °C. Regeneration conditions: 4 h at
550 °C in SCR-gas.

Table 2
Activation energies of fresh (Eg fresn) and sulfated (Eq, suifacea) States of the tested Cu-CHA/
cordierite catalysts, and the ratios of Eq suyated/Eafresh-

Sample Eq fresh [kJmol™'] Eq sulfated Eq sulfated/ Ea fresn(min-
[kJ mol ~1] max)

SO2-H20-200 91 *= 8 38 £5 0.33-0.53

S02-200 9 =+ 3 53 £ 2 0.50-0.58
SO2-H20-550 90 =+ 7 53 £ 1 0.54-0.65

S02-550 59 =3 30 £ 5 0.41-0.63
SO3-H20-200 80 = 26 15 £ 2 0.12-0.32

S0O3-200 115 = 16 39 £ 4 0.27-0.45
SO3-H20-550 97 =+ 4 39 £1 0.38-0.43

SO3-550 76 = 5 31 £1 0.36-0.45

catalysts. Table 2 lists the activation energies for the fresh and sulfated
samples, and the ratio of the two values. The lower activation energies
of the sulfated catalysts also mean that the measured reversible deac-
tivation depends on the temperature of the SCR activity measurement.
A change in activation energy cannot be due to a loss of active sites
only. Phenomena that could change the activation energy are a change
in the chemistry of the NH3-SCR reaction and diffusion limitations of
the NH;3-SCR reaction rate in the zeolite crystals after exposure to SOy.
In the limit of strong pore diffusion limitations, the observed activation
energy will be half the value of the intrinsic value. In principle, this is
an option for the samples treated with SO, alone. For the samples
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Fig. 5. SO, desorption spectra for sulfated Cu-CHA/cordierite catalysts, A) during heating to 550 °C at 10 °C/min in SCR-gas with a total flowrate of 8.0 NL/min, after sulfation, B) during
heating to 900 °C at 10 °C/min in 8.0 NL/min N,, after sulfation and regeneration for 4 h at 550 °C. Curve-smoothing has been applied on the curves in B, using an adjecent-averaging
method. In both A and B, legends are only provided for the catalysts exposed to SOz at 200 °C. Plots containing legends for all catalysts can be found in supporting information.

treated with SOs, the activation energy ratios are lower than 0.5, which
cannot be explained by internal diffusion limitations alone, suggesting
that chemical effects are more pronounced in this case.

3.3. Desorption of SO,

To determine the amount of sulfur deposited on the catalysts, SO,
concentrations were measured during the regeneration up to and at
550 °C in SCR-gas, and during heating to 900 °C in N, after all activity
measurements. The measured SO, desorption during the regeneration
to 550 °C, shown in Fig. 5A, is related to the reversible deactivation. No
SO; or H,SO, desorption was observed during the regeneration.
Clearly, the two samples exposed to SO3; at 200 °C stand out with a
substantially higher SO, desorption around 400 °C. Since the two cat-
alysts exposed to SO, at 200 °C did not show a similar high SO, deso-
rption around 400 °C, the higher desorption of SO, from the two cata-
lysts exposed to SO3 at 200 °C must be due to decomposition of SO3 or
sulfates [2,11,12]. The desorption temperature of 400 °C is about
200-250 °C lower than the decomposition temperature of bulk Cu sul-
fate [12]. This indicates that only little Cu sulfate is formed from SO; at
200 °C, or that the Cu-sulfate species formed this way in the Cu-CHA
catalysts are less stable than bulk Cu-sulfate.

All other samples, exposed to SO, at 200 °C or SO, + SO3 at 550 °C,
show similar SO, desorption peaks at approx. 300 °C and 475 °C. This
means that exposure to SO3 at 550 °C essentially results in similar sulfur
species as exposure to SO, at 200 or 550 °C, and the influence of water
is limited. The observed desorption temperatures are consistent with
decomposition of ammonium sulfate [5] and sulfuric acid [12,15].
Ammonium sulfates can possibly have been formed by the exposure of
the sulfated samples to NH; during the SCR activity measurement di-
rectly after the SO, exposure [10], which would imply a reaction of the
adsorbed sulfur species and ammonia.

Fig. 5B shows the desorption of SO, during heating in N, to 900 °C
after SO, exposure and regeneration, which represents the sulfur spe-
cies associated with irreversible deactivation. The catalysts exposed to
SO3 at 200 °C show again the largest amount of SO,. The desorption
peak is centered around 675 °C for all samples, indicating that the same
species is formed in all catalysts, but in different amounts, dependent
on the conditions for SO, exposure. The temperature of 675 °C is con-
sistent with the irreversible deactivation being related to formation of
Cu-sulfate [12].

From integration of the curves in Fig. 5, the amounts of sulfur in the
sulfated and regenerated catalysts can be estimated, and we highlight
the differences in sulfur content between the samples exposed to SO3 at
200°C and the other samples. The quality of the measured SO,
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concentrations during regeneration is poor, but the differences between
the samples exposed to SO3 at 200 °C and the other ones are quite clear.
We also note that no SO; was detected during the temperature pro-
grammed desorption, and no sulfur was found in an ICP-OES analysis of
the catalysts after heating to 900 °C. This means that the amounts of
sulfur detected in the desorption measurements accounts for all sulfur
present in the catalysts.

Table 3 lists the SO,/Cu ratios related to the reversible and irre-
versible deactivation as derived from integration of the SO, desorption
curves and the Cu content in the zeolite. The SO,/Cu ratios of all
samples are below 1, which indicates that not all Cu has reacted with
SOy, which would be required for complete formation of Cu-sulfate. The
SO,/Cu ratio after exposure to SO3 at 200 °C in dry gas is 0.58, and 0.90
in the presence of water, and 70-80% of this amount is released during
regeneration at 550 °C. In all other cases, the SO,/Cu ratio is 0.1-0.2.

3.4. Influence of SO»/SO3, water and temperature on deactivation

Having established the general trends in performance and sulfur
content after sulfation, and regeneration of the Cu-CHA catalyst, we
now turn our attention to the effects of temperature of SOy exposure,
and the presence of water or SO3. Fig. 6A and B show the reversible and
irreversible deactivation for the samples exposed to SO, only and
SO, +S0s. The reversible deactivation was derived from interpolation
of the activity data to 180 °C, using the Arrhenius plots given in Fig. 2
and supporting information. The deactivation is given as a percentage
according to Eq. (2).

The effect of SO3 on deactivation is most noticeable with SO, ex-
posure at 200 °C, leading to significantly stronger deactivation, com-
pared to exposure to SO, alone both in dry and wet feed gases. At
550 °C, the there is no apparent influence of SO; in the feed gas. This

Table 3
The reversible, irreversible and total SO,/Cu ratios of all Cu-CHA/cordierite catalyst
samples.

Sample Reversible SO,/Cu Irreversible SO,/Cu Total SO,/Cu
SO2-H20-200 0.07 0.09 0.16
S02-200 0.04 0.05 0.09
SO2-H20-550 0.04 0.12 0.16
S02-550 0.10 0.02 0.12
SO3-H20-200 0.74 0.16 0.90
SO3-200 0.40 0.18 0.58
SO3-H20-550 0.09 0.08 0.17
SO3-550 0.13 0.03 0.16
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shows that the specific deactivation by SO3 is most important in the
lower temperature range, and that the effect of SO3 on deactivation is
related to the pronounced decomposition of SO3 or sulfate at 400 °C, as
shown in Fig. 5A.

The presence of H,O during SOy exposure always leads to higher
irreversible deactivation than the corresponding dry SO, exposure
condition, but appears to have no consistent influence on reversible
deactivation. With respect to the impact of temperature, irreversible
deactivation is always greater in the samples exposed at 200 °C than the
corresponding sample exposed at 550 °C, whereas no consistent impact
of temperature is observed on reversible deactivation. The general
picture that emerges is that the presence of SOz and water at 200 °C has
a stronger effect on the deactivation than at 550 °C, in particular on
irreversible deactivation.

4. Discussion

The similar activation energies in the SCR reaction for the fresh and
regenerated states of the catalysts indicates that irreversible deactiva-
tion is the result of having fewer active sites available, and the deso-
rption temperature for SO, from the regenerated catalysts points to the
formation of Cu-sulfate. If Cu-sulfate formation is the cause of deacti-
vation, a 1:1 correlation should exist between the irreversible deacti-
vation and the sulfur content. Fig. 7 shows the measured irreversible
deactivation as a function of the SO,/Cu ratio, derived from the cor-
responding SO, desorption measurements in Fig. 5B, together with the
line for the 1:1 correlation. The measured irreversible deactivation
actually follows the 1:1 correlation with the sulfur content fairly well,
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Fig. 7. The irreversible deactivation for the Cu-CHA/cordierite catalysts, determined
after SO exposure and regeneration for 4 h at 550 °C, plotted as function of the SO,/Cu
ratio of the irreversible S-species.
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Fig. 6. The reversible deactivation (blue bars), irreversible deactiva-
tion (red bars) and total deactivation (sum of red and blue bars)
plotted for each SO, exposure condition of the Cu-CHA/cordierite
catalysts. A) samples exposed to 100 ppmv SO, B) samples exposed to
70 ppmv SO, and 30 ppmv SOs. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version
of this article.)

Il Reversible
I irreversible

corroborating the idea that Cu-sulfate formation is responsible for the
irreversible deactivation [2,5-13].

A way to envision the irreversible deactivation by formation of a Cu-
sulfate species is a reaction of SO3 with a Cu-ion balanced by a single Al
and a hydroxide ligand (Z-Cu-OH), as in reaction Scheme (4).

Z— Cu — OH + SO; —» Z— Cu — HSO, “4)

In this case, the hydroxide ligand provides the oxygen required for
formation of sulfate. A Cu®>* ion balanced by two Al-sites (Z,-Cu) does
not have the hydroxide ligand, but this does not necessarily mean that
these Cu-species are incapable of sulfate formation. In the presence of
water, a Z,-Cu can react to a Z-Cu-OH and a Brgnsted acid site [14], and
the Z-Cu-OH can then react further with SOz according to reaction
Scheme (4). The overall reaction then becomes:

Z, — Cu + SO; + H, O— Z— Cu — HSO, + Z— H 5)

A similar scenario is a reaction with sulfuric acid (H,SO,4) and a Z,-
Cu site, where the sulfuric acid is formed by reaction of SO; and water.
Either way, the presence of water would facilitate formation of Cu-
sulfate as this leads to a higher amount of Z-Cu-OH-sites compared to
dry conditions. The suggested reaction schemes then offer an explana-
tion for the increase in irreversible deactivation in the presence of
water. This means that a model that describes the irreversible deacti-
vation by formation of Cu-sulfate is also consistent with the observed
effects of the presence of water.

A comparison of measured deactivation and the sulfur content for
the sulfated catalysts reveals a different behavior for reversible deac-
tivation. Fig. 8 shows the total deactivation of the sulfated catalysts as a
function of their total SO,/Cu ratios. Clearly, there is no consistent 1:1
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Fig. 8. The total deactivation for the Cu-CHA/cordierite catalysts, determined after SOy
exposure, plotted as function of the SO,/Cu ratio of the total S-species.
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dependence of the total deactivation on SO,/Cu ratio, with only small
SO,/Cu ratios, between 10 and 20%, leading to degrees of deactivation
as high as 60-80%. This indicates that the loss of activity in this case is
not caused by a direct interaction of a single sulfur atom with a single
Cu ion, as the measured deactivation is 5-10 times higher than ex-
pected from a 1:1 correlation.

The lower activation energies of the sulfated catalysts might be due
to formation of internal diffusion limitations induced by SO, deacti-
vation, which can play a role in the deactivation process. In case of
increased diffusion limitations, the effectiveness factor should become
lower in addition to the loss of sites, resulting in an overall deactivation
that is higher than the fraction of Cu sites in contact with sulfur. This
agrees, at least qualitatively, with the results shown in Fig. 8. To
evaluate a possible effect of diffusion limitations, the effectiveness
factor, n, was calculated for the fresh catalyst, assuming spherical
zeolite crystals and first order reaction kinetics in NO. For the calcu-
lations, the crystal radius was set to 0.5 pm, which is a reasonable value
given that the crystal size of the zeolite is on the order of 1um. A
further description of the calculation of the effectiveness factor is given
in supporting information. Fig. 9 shows the effectiveness factor as a
function of the effective diffusion coefficient, D.g, at 180 °C. By extra-
polation of experimentally determined values for effective diffusion
coefficients for NHs in a Cu-CHA catalyst, using the corresponding ac-
tivation energy [16], we find a diffusion coefficient of 1.210~° m?/s.
Using this diffusion coefficient, Fig. 9 shows that the effectiveness
factor for the fresh catalyst is close to 1. This implies that no internal
diffusion limitation is expected in the crystals of the fresh catalyst.
Because the activation energy of the regenerated catalysts is the same as
for the fresh, diffusion effects can be excluded for the irreversible de-
activation as well.

If the reduction of the effective activation energy to half the intrinsic
value would be due to diffusion limitations, the effectiveness factor
should decrease to be lower than 0.8, where there is a linear relation-
ship between log(;7) and log(D.g) resulting in a straight line in Fig. 9.
According to Fig. 9, to obtain an effectiveness factor of 0.8, a decrease
of the diffusion coefficient by about a factor of 100 would be required.
This would mean that the small amount of sulfur, corresponding to less
than 20% coverage of the Cu-sites, reduces the diffusion coefficient by a
factor of 100. This seems unlikely, also taking into account that a si-
milar sulfur content in the regenerated catalysts does not affect the
activation energy and diffusion.

Alternatively, pore-blocking by possible formation of ammonium
sulfates may be considered as a cause for the reversible deactivation
behavior. We note that the sulfated catalysts are exposed to SO,
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without ammonia present, and therefore, the resulting sulfur species is
most likely bound to the Cu-ions [13]. If ammonium sulfate is formed
by subsequent exposure to ammonia, this implies that the ammonium
sulfate species is also located close to the Cu-ions. The SO,/Cu ratios in
the sulfated catalysts is about 0.15 (except in those exposed to SO; at
200 °C), which is similar to the SO,/Cu ratio in some of the regenerated
catalysts, where it was argued that there is no diffusion limitation.
Therefore, it seems unlikely that the presence of these fairly small
amounts of ammonium sulfate effectively block access to most of the
zeolite. At present, the question of how the limited amount of sulfur can
have such a strong impact on the reversible deactivation remains un-
answered.

Having ruled out diffusion as a cause for reversible deactivation, the
lower activation energy must then be related to changes in the chem-
istry. An interesting concept is Cu being able to form a mobile diamine
species at SCR conditions. These mobile Cu-diamine species are im-
portant for the low-temperature activity of Cu-CHA catalysts [17-20].
Possibly, the reversible deactivation by sulfur oxide species inhibits the
formation of these mobile Cu diamine complexes, thereby lowering the
mobility of Cu and the NH;3-SCR activity, which might lead to the ob-
served high degree of reversible deactivation with low amounts of
sulfur.

Finally, our data clearly show that exposure to SOy at lower tem-
peratures result in the largest deactivation. However, most of the cat-
alytic activity can be regained by heating to 550 °C, even after exposure
to SO3 at 200 °C. This is an interesting result from an application point
of view, since it indicates that regeneration strategies based on heating
to easily obtainable temperatures in exhaust systems are a feasible so-
lution to handle deactivation of Cu-zeolites by SO, and SOz [10,13].

5. Conclusion

To evaluate different aspects of sulfur poisoning of NH3-SCR ac-
tivity, Cu-CHA catalysts were exposed to SO, or a 70:30 mixture of SO,
and SO3, in dry or moist conditions and at low and high temperature,
and were evaluated before and after regeneration at 550 °C. After SOy
exposure, a high degree of deactivation is observed at temperatures
below 300 °C. A major part of this deactivation is reversible by heating
to 550 °C for 4 h, while a smaller, but appreciable, level of irreversible
deactivation remains.

The mechanisms behind the reversible and irreversible deactivation
differs. Irreversible deactivation is proportional to the sulfur content in
the catalyst and consistent with the formation of a Cu-sulfate species.
Reversible deactivation is not proportional to the sulfur content, and
shows a strong deactivation already at low SO,/Cu ratios.

The presence of water always increases irreversible deactivation,
but has no apparent effect on reversible deactivation. Exposure to SOy
at 200 °C, always leads to a higher level of irreversible deactivation
compared to exposure at 550 °C. The presence of SO3 at 200 °C leads to
significantly stronger deactivation; at 550 °C, deactivation by SOj is not
significantly different from that by SO,. Regeneration of Cu-CHA ex-
posed to SO3 at 200 °C is accompanied by a decomposition of SO3 and
release of SO, around 400 °C.

In all experiments, the reversible deactivation accounts for most of
the total deactivation, which makes regeneration by heating to 550 °C,
an easily obtainable temperature in exhaust systems, a realistic ap-
proach to deal with deactivation by SOy.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.apcatb.2017.12.018.
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Chapter 4

STEM-EDX investigation of the S
distribution in the zeolite crystals of an
SO, exposed Cu-CHA catalyst
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I ntroduction

In the previous section of this chapter, the cadisiee reduction of the apparent activation energie
in the SQ exposed catalyst, to about half the value forfthsh catalyst was discussed. Such a
decrease to the apparent activation energy canebesult of diffusion limitation. The possibility
of introducing diffusion limitations to the SCR mtian by the presence of sulfur was assessed by
evaluation of the efficiency factor of the catalyist order to get into a diffusion limited regime
where the activation energy is affected, the diffusoefficient had to be lowered by a factor 100.
Assuming that sulfur was evenly distributed in @ CHA crystals at the Cu sites, it was argued
that the sulfur content corresponding to about 20%erage of the Cu content could not infer such
dramatic changes to the diffusion coefficient. Heare if the sulfur is located in the outer shell of
the zeolite crystals, it may have a larger impacthe diffusion of the reactants into the zeolite.
Therefore, the distribution of sulfur in the Cu-CHeystals is investigated by scanning
transmission electron microscopy with energy disiperX-ray (STEM-EDX) spectroscopy.

Experimental

For the STEM-EDX measurements, a fresh Cu-CHA gstté6i/Al = 14.6 and Cu/Al = 0.42) was
exposed to Sgat 200 °C for 1 h, resulting in a S/Cu ratio ¢f&).as determined by ICP. The same
catalyst was used in Chapter 5, where the &@osure is described in more detail.

STEM-HAADF (high-angle annular dark-field imagnirig)ages and STEM-EDX measurements
were made in a FEI Talos 200FX electron microscope. fresh Cu-CHA catalyst was mounted
on a gold grid, while the S@xposed Cu-CHA catalyst powder was mounted on gridwdue to
some overlap in the electromagnetic spectrum af god sulfur.

Results and discussion

The images of the fresh and S5€xposed Cu-CHA catalysts, and distributions ofa@d S from
the EDX measurements are shown in Figure 1.
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Figure 1 — Top left) STEM-HAADF image of fresh CiH8 catalyst, Top right) Cu distribution in fresh @HA from STEM-
EDX, Middle left) STEM-HAADF image of S®exposed Cu-CHA, Middle right) S distribution in 5&posed Cu-CHA from
STEM-EDX, Bottom left) S and Si distribution in $éxposed Cu-CHA from STEM-EDX and indication of kean area, Bottom
right) relative concentrations of Cu (green), Add), Si (blue) and S (yellow) from the linescaneTklative concentration of S
has been scaled, which is the reason for the higbiee level for that element.
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In the fresh Cu-CHA catalyst, Cu appears evenliridiged in the crystal with small areas of Cu
clustering. Similarly, the S appears to be everstrithuted in the entire zeolite crystal. Thislisca
confirmed by the relative concentrations of S,a®id Al obtained in the linescan. This indicates
that the change in the activation energies of e &posed catalysts is not a result of sulfur
accumulation in the outer shell of the Cu-CHA zeotrystals.

With STEM-EDX the Al/S ratio is measured to be &ha SQ exposed catalyst, and with a Cu/Al
ratio of 0.42, it corresponds to a S/Cu ratio adwth0.3, which is close to the S/Cu ratio of 0.28
measured with ICP. This adds to the verificatiothef STEM-EDX measurements.

Conclusions

The sulfur distribution in an SCexposed Cu-CHA catalyst was measured with STEM-EDX
which showed that sulfur was evenly distributethia Cu-CHA zeolite crystal. This supports the
conclusion in Chapter 3 that the change in thevaittin energy after S{3exposure is not a result
of diffusion limitations.
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Impact of SO,-poisoning over the lifetime
of a Cu-CHA catalyst for NH3-SCR

This chapter has been published in:
Applied Catalysis B: Environmental 238 (2018) 104-110
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ARTICLE INFO ABSTRACT

Keywords: Cu-CHA catalysts for NH;3-SCR in exhaust after treatment systems of heavy-duty vehicles, are constantly exposed

Deactivation to SO, during their lifetime of about 10,000 h. In order to study the development of deactivation by SO,, a Cu-

Cu-CHA CHA catalyst was exposed to SO, at 200, 300, 400 and 500 °C for different durations up to 120 h, resulting in

IS\I(I){Z ScR total SO, exposures that are comparable to that of the lifetime of a Cu-CHA catalyst in an after treatment system.
o

The measured deactivation increases very fast to a steady level in the range 0.85-0.95, dependent on the ex-
posure temperature, which shows the need for frequent regeneration of the catalyst. Regeneration at 550 °C can
restore the activity of the catalyst to 80% of its fresh activity level even after 120 h exposure, suggesting frequent
regeneration as a feasible method for overcoming SO,-poisoning. ICP analyses showed that SO, exposure led to
S/Cu ratios in the range 0.5-1, indicating that sulfur is associated with Cu. After regeneration the S/Cu ratios did
not exceed 0.2, suggesting that only certain Cu sites are able to form Cu,S species that are thermally stable above
550 °C. This together with the observations that the deactivation before and after regeneration impact differently
on the activation energy of the SCR reaction, and that the deactivation never exceeded 0.95, suggests that SO,-
poisoning of Cu-CHA depends on the structural properties of this material. TGA measurements of the mass
uptake during SO, exposure was consistent with a process where SO, is initially adsorbed on Cu, and then slowly
oxidized to SO3 at 200 °C, whereas the mass uptake at 500 °C was consistent with an immediate adsorption of

SO3, which is accredited to a faster oxidation rate at higher temperature.

1. Introduction

Combustion engines in vehicles produce polluting compounds, and
their emissions are restricted by legislation. In particular, the emissions
of NO, (NO and NO,) from vehicles is strictly regulated, which already
has resulted in a significant improvement of air quality [1]. For diesel
engines, the most effective method to reduce NO, emissions to the le-
vels required by legislative regulations, is by selective catalytic reduc-
tion with NH3; (NH3-SCR), and modern diesel exhaust aftertreatment
systems contain one or more catalytic converters for NH3-SCR [2].

A widely used technique for dosing of NHj3 in exhaust aftertreatment
systems is by injection of aqueous urea, which decomposes to NHj3
above 180 °C [2], setting a lower temperature limit for NH3-SCR in an
exhaust system. Furthermore, the improved fuel efficiency of diesel
engines that has been achieved in recent years, in order to lower the
CO, emissions, has resulted in colder exhaust gas. Consequently, it
takes longer time to heat the catalysts in the exhaust aftertreatment
system, and therefore, the low-temperature activity, in particular
around 180 °C, has become more important for the abatement of NOy
emissions.

* Corresponding author.
E-mail address: tonv.w.janssens@eu.umicore.com (T.V.W. Janssens).

https://doi.org/10.1016/j.apcatb.2018.06.039

Currently employed SCR catalysts are V,Os-based or zeolites con-
taining Fe or Cu. Especially Cu-zeolites of the CHA topology are very
active in the low-temperature range 180-300 °C, which in combination
with their high hydrothermal stability and low N,O selectivity, has
made these materials particularly interesting as SCR catalysts for au-
tomotive applications [2-4]. The Al centers in the zeolite framework
generates locations with negative charge, which are balanced by ex-
ternal cations. In the case of Cu-CHA, Cu in these ion-exchange posi-
tions gives rise to the activity of the Cu-CHA catalysts for the NH;-SCR
reaction. Cu-CHA catalysts have two characteristic activity regimes,
namely a low-temperature (approx. 200-300 °C) and a high-tempera-
ture (> 350 °C) [5], which are separated by a region where the steady
state NO, conversion actually can decrease with increasing temperature
[6]. The low-temperature activity of Cu-CHA catalysts is ascribed to the
formation of mobile [Cu(NH3),] * complexes in the presence of NO and
NH3, which enables formation of Cu pairs that efficiently dissociate O,
[7-141, which is a key step in the NH3-SCR reaction.

A drawback of Cu-zeolite catalysts is their sensitivity to SO,. SO, is
formed by oxidation of sulfur-containing compounds in the fuel and
engine lubrication oils. In practice, the formation of SO, is limited by

Received 20 April 2018; Received in revised form 8 June 2018; Accepted 13 June 2018

Available online 03 July 2018
0926-3373/ © 2018 Elsevier B.V. All rights reserved.
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reduction of the sulfur content in diesel fuels, and therefore, the use of
ultra-low sulfur diesel (ULSD) has been implemented in USA and
Europe. The current maximum allowable sulfur concentration in ULSD
is 15wt ppm in USA and 10 wt ppm in Europe [1]. The use of ULSD
results in a typical SO, concentration in the exhaust gas in the range
0.5-2 volume ppm SO,. Even at such low SO, concentrations, a con-
siderable deactivation of Cu-CHA catalysts, particularly in the low-
temperature regime, is still observed [6,15-22].

The differences in the effect of SO, on the performance of the dif-
ferent types of NH3-SCR catalysts is clearly related to the chemistry of
the systems [22]. The high SO, sensitivity for Cu-zeolites, compared to
Fe-zeolites, is possibly due to the higher stability of Cu-sulfate com-
pared to Fe-sulfate [23]. This is consistent with the observed release of
SO, and restoration of activity of Cu-CHA by heating to 700 °C, which is
above the temperature for thermal decomposition of Cu-sulfate
[6,18,22,23]. This suggests that the deactivation induced by SO, is at
least partially due to the formation of some SO3. In an aftertreatment
system, SO3 can form from oxidation of SO,, which can take place over
the diesel oxidation catalyst and also in the Cu-CHA catalyst itself
[6,15,18,20]. Therefore, to understand the deactivation of Cu-zeolite
catalysts by SO,, the formation and interaction of SO; with Cu must be
considered as well. This means that the SO,-induced deactivation of Cu-
zeolites is influenced by many factors, such as temperature, gas en-
vironment, and oxidation of SO, to SO [6,15,18,22], and several Cu,S
species of varying stability that can be formed [6,15-18,22,24,25].

A potentially feasible method for treating SO,-induced deactivation
of Cu-CHA catalysts in an exhaust system is by thermal regeneration of
the catalyst, which is possible due to the different stabilities of the Cu,S
species [6,15,18,20,22,26]. In a typical modern aftertreatment system,
an achievable maximum temperature of the SCR catalyst for re-
generation is about 550 °C. Regeneration of a Cu-CHA catalyst at this
temperature reverses the predominant part of the deactivation [6].
Thus, the total deactivation measured after exposure to SO, can be
divided into a reversible and an irreversible part, by measuring the
irreversible deactivation after regeneration at 550 °C [6].

The required lifetime of an SCR catalyst in an aftertreatment system
of a heavy-duty diesel vehicle is about 10,000 h. Throughout its life-
time, the SCR catalyst is constantly exposed to low concentrations of
SO,, which makes the deactivation a continuous process persisting over
the lifetime of the catalyst. Therefore, it is important to know the im-
pact of these low SO, concentrations over long-term SO, exposure. The
deactivation process can be accelerated by increasing the SO, con-
centration [22], because the deactivation appears to depend on the
total SO, exposure [22], defined as the product of the SO, concentra-
tion and the exposure time. In this way, the development of the re-
versible and irreversible deactivation over the lifetime of the catalyst
can be assessed from experiments of significantly shorter exposure
times, but with higher SO, concentrations.

In this contribution, the deactivation and regeneration of a Cu-CHA
catalyst is investigated for SO, exposures of increasing duration up to
120h and with 50 ppmv SO,, which is comparable to the total SO,
exposure of a commercial Cu-CHA SCR catalyst during its required
lifetime. The deactivation is evaluated by comparing the performance
of the catalysts in the NH3-SCR reaction after SO, exposure at
200-500 °C, and after regeneration at 550 °C, to that of the fresh. This is
important, in order to assess the impact of the reversible and irrever-
sible deactivation development over long-term SO, exposure.
Furthermore, the catalytic performance is compared to the S uptake of
the catalysts exposed at 200-500 °C, as determined by ICP, and to in
situ thermogravimetric measurements of SO, exposure at 200 and
500 °C.

2. Experimental

The zeolite material used in this study is a CHA zeolite with a Si/Al
ratio of 14.6. Cu was introduced in the zeolite by mixing it with the
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appropriate amount of an aqueous Cu(NO3), solution to obtain 2.5 wt%
Cu in the zeolite. After mixing, the slurry was dried at 120 °C and cal-
cined at 550 °C for 3h. The calcined catalyst powder was light blue,
indicating that Cu is located in the ion-exchange positions of the CHA
material. The Si, Al and Cu content were determined by ICP-OES to be
37.5, 2.46, and 2.43 wt%, respectively, corresponding to a Cu/Al ratio
of 0.42, and estimated 2.76 wt% Cu on a dry matter basis.

The SO, exposures were carried out in a flow reactor setup,
equipped with 4 parallel quartz reactor tubes, each with independent
control of the temperature. A sample of 1.6 g of fresh catalyst powder
(sieve fraction 150-300 um) was added to each reactor tube and held in
place by quartz wool plugs. Prior to SO, exposure, all catalyst loadings
were heated to 500 °C for 2h in a flow of 10% O,, 5% H,0, and suf-
ficient N, to obtain a total flow rate of 1.67 N L/min. Then, one reactor
was kept at 500 °C, and the other three reactors were cooled to 200,
300, and 400 °C. For the SO, exposure, 50 ppmv SO, was added to the
reactor feed, while keeping the same total flow rate. In 6 different runs,
the duration of SO, exposure was varied and chosen as 1, 5, 15, 30, 65,
120 h. In this way, a total of 24 catalyst samples were obtained, each
with different SO, exposure duration and temperature. Finally, 0.8 g of
each of these 24 samples was regenerated in the same parallel reactor
setup by exposing to 550 °C for 6 h in a flow of 10% O,, 5% H,0, and N,
to balance the flow to 1.67 N L/min.

This yields a total of 48 treated catalyst samples, 24 exposed to SO,
and 24 regenerated, which were all analyzed for Cu and S content using
ICP-OES in order to determine the S/Cu ratio after each treatment of the
catalyst.

The NH;3-SCR activity measurements were done in a microreactor
setup, by adding 5 mg (dry matter basis) catalyst powder, 150-300 pm
sieve fraction, to a quartz U-tube reactor with an inner diameter of
2 mm, using quartz wool to keep the catalyst in place. The reactor feed
gas consisted of 500 ppmv NO, 533 ppmv NH3, 10% O, 5% H,0, in N,
at a total flow rate of 225 N mL/min. To measure the NH3-SCR activity,
the catalyst was heated stepwise to 160, 180, 190, 200, 210, 220, 250,
300, 325, 350, 400, and 550 °C and kept at these temperatures for
40 min to ensure stationary conditions. The concentrations of NO, NH3,
NO,, and N,O in the reactor exit gas were monitored continuously by a
Gasmet CX4000 FTIR analyzer, connected to the reactor outlet. The
feed gas concentrations were measured by bypassing the reactor, using
the same FTIR analyzer.

To determine the NH3-SCR activity, the steady state conversion was
determined from the activity measurement, and converted to a rate
constant according to:

F
k=—-—In(1-X

=% )
where F is the total molar flow rate, W is the catalyst mass, and X is the
NO conversion. For the deactivation we use our earlier definition [6] in
which the rate constants of the catalysts exposed to SO, before or after

regeneration (k) are related to the corresponding rate constant of the
fresh catalyst (Kpws), as expressed in:

k

-fresh

Deactivation = 1—
2

Finally, the uptake of sulfur at 200 °C and 500 °C was followed by
thermogravimetric analysis (TGA) in two separate measurements. For
these measurements, a sample of the fresh catalyst was heated to 550 °C
for 1 h in 10% O, in N, at a total flow rate of 150 N mL/min, to obtain
the dry mass of the catalyst. The dry masses of the samples used were
25.9252 mg (S uptake at 200 °C) and 37.6135 mg (S uptake at 500 °C).
Then, the catalyst was exposed to SO, at 200 °C or 500 °C, using a feed
gas consisting of 50 ppmv SO,, 3% H,O and 10% O, in Ny, also at a
total flow rate of 150 N mL/min, while monitoring the change in cat-
alyst mass. Changes in catalyst mass during regeneration were obtained
by heating to 550 °C and changing the feed gas to 10% O, in N, while
keeping the same total flow rate. The changes in S uptake are
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Fig. 1. Steady state NO conversions plotted as function of the temperature in
the NH;-SCR reaction over A) the SO, exposed catalysts, and B) the regenerated
catalysts. The measurements were carried out with inlet concentrations of
500 ppmv NO, 533 ppmv NH3, 10% O, 5% H»0 and N, to a total flow rate of
225 N mL/min.

determined from the weight changes in alternating SO, exposure and
regeneration phases at a fixed temperature (200 or 500 °C), where
catalysts are regenerated after the same cumulative durations of the
SO, exposure as used in the deactivation measurements given above.

3. Results

Fig. 1 shows the development of the steady state NO conversions as
function of the temperature over the duration of exposure to SO, at
200 °C, and after subsequent regeneration by heating at 550 °C for 6 h.
In all cases, the NO conversion in the temperature range 160-350 °C is
considerably lower after exposure to SO,, compared to the fresh cata-
lyst. Regeneration at 550 °C mostly restores the NO conversion in that
temperature range. The same trends are observed after exposure to SO,
at 300 °C, 400 °C, and 500 °C, see supporting information. This behavior
can be described in terms of reversible and irreversible deactivation as
defined earlier [6]. The deactivation remaining after regeneration is
then the irreversible deactivation, and the reversible deactivation is
defined as the difference in deactivation of the SO, exposed catalyst
before and after regeneration [6].

The total SO, exposure, which corresponds to the product of the
exposure time and SO, concentration, appears to be a good descriptor
for deactivation by SO, [22], which also allows for estimation of the
deactivation over the entire required lifetime of the catalyst. Fig. 2
summarizes the development of the reversible and irreversible deacti-
vation with SO, exposure for the exposure temperatures of 200, 300,
400, and 500 °C, along with the corresponding S/Cu ratio measured by
ICP. Both the reversible and irreversible deactivation initially show a
fast increase with SO, exposure, and reach a final level after an SO,
exposure of 500-1000 ppmh, after which the deactivation remains
constant. It is noted that the predominant part of the final deactivation
level is reached already after 50 ppm h, which is the first data point in
each SO, exposure series, indicating that the effect of SO, is almost
immediate. The final deactivation after SO, exposure, before re-
generation, is 0.85-0.95 and depends on the temperature of SO, ex-
posure. The irreversible deactivation is about 0.2-0.3, independent of
the temperature for SO, exposure. It is also noted that we have not
found any conditions in which a complete deactivation of the Cu-CHA is
observed.

In order to relate the measured deactivation of the Cu-CHA catalyst
with the sulfur uptake, the deactivation is compared to the measured S/
Cu ratios before and after regeneration. The S/Cu ratios of the re-
generated states of the catalyst mirrors the observed irreversible de-
activation, with a rapid increase during the first 1000 ppm h SO, fol-
lowed by a constant final level of about 0.2, independent of the
temperature of SO, exposure. This value matches the observed deacti-
vation level of 0.2-0.3 quite well, suggesting that the irreversible de-
activation is related to the adsorption of sulfur on the active Cu sites.

The measured S/Cu ratios before regeneration do not appear to
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reach a final level. The S/Cu ratios initially increase fast, which par-
allels the fast increase of the deactivation, but after about 1000 ppm h
SO,, the S/Cu ratio continues to increase at a lower rate, except for the
catalysts exposed to SO, at 500 °C. The measured S/Cu ratios are, in
most cases, lower than the observed levels of deactivation, which in-
dicates that the reversible deactivation cannot be directly explained by
Cu site blocking with sulfur. Nevertheless, the observation that the S/
Cu ratios generally are lower than 1 indicates that the uptake of sulfur is
related to the Cu and is consistent with adsorption of sulfur on Cu.

A more detailed comparison of the measured S/Cu ratios and the
reversible and irreversible deactivation, is shown in Fig. 3. The re-
versible deactivation is always disproportionately larger than the cor-
responding S/Cu ratios, while the irreversible deactivation generally is
closer to a 1:1 correlation with the S/Cu ratio, which would be expected
for deactivation by single site blocking. This shows that the impact of
sulfur uptake on the reversible deactivation is larger compared to the
irreversible deactivation. This also suggests that the reversible and ir-
reversible deactivation are related to the formation of different Cu,S
species or selective adsorption of sulfur on specific Cu-sites.

The difference between reversible and irreversible deactivation is
also reflected in the apparent activation energy for the NH3-SCR reac-
tion. Fig. 4 shows the apparent activation energies for the different SO,
exposures before and after regeneration. Clearly, for the catalysts before
regeneration, the activation energy is lowered from about 70 kJ/mol to
about 30 kJ/mol for an SO, exposure of about 1000 ppm h, which co-
incides with the observed fast increase in deactivation and initial up-
take of sulfur. At longer SO, exposures, the apparent activation energy
remains constant. For the regenerated catalysts, all measured activation
energies are about 70 kJ/mol, which is close to the value of the fresh
catalyst, independent of SO, exposure time or temperature. This means
that the level of deactivation of the Cu-CHA catalyst by SO is not only
the result of a certain amount of S in the catalyst, but also depends on
which Cu,S species that are present. The different trends observed for
the activation energies before and after regeneration are also an in-
dication of different mechanisms for the SCR reaction on the reversibly
and irreversibly deactivated Cu-CHA catalysts, in agreement with an
earlier conclusion [6].

The different influence of the SO, exposure temperature on the
sulfur uptake related to the reversible or irreversible deactivation is
illustrated in Fig. 5, which shows the measured S/Cu ratios as function
of the exposure temperatures. As also noted above, the S/Cu ratios
related to the irreversible deactivation reach approximately 0.2 for all
exposure temperatures, which suggests that the irreversible deactiva-
tion is related to the formation of a Cu,S species at certain Cu sites. The
S/Cu ratios related to the reversible deactivation in Fig. 5 show a
maximum sulfur uptake at 400 °C for short SO, exposure (1 and 5h),
and at 300 °C for the longer SO, exposures. This trend is similar to that
observed on a Cu-SAPO-34 catalyst exposed to SO, in O, and H,O at
different temperatures [22], and reflects a trade-off between the ki-
netics of the formation of the Cu sulfate species and the equilibrium
adsorption concentration [22].

TGA measurements were used to assess the sulfur uptake during SO,
exposure at 200 °C and 500 °C in more detail, to better understand the
effect of SO, at low and high temperature. Fig. 6 shows how the relative
mass of the catalyst (with the dry mass of the catalyst before SO, ex-
posure as basis) changes with the total SO, exposure. Both at 200 °C and
500 °C, SO, exposure leads to a steep increase in the catalyst mass at
SO, exposures below 500 ppm h. At 500 °C, a relative mass of 1.02 is
reached, which remains stable after longer exposures to SO,, while at
200 °C, the relative mass initially increases to 1.01, which then in-
creases further to approximately 1.03 after 6000 ppmh SO, exposure.
This is qualitatively the same trend as found for the S/Cu ratio (Fig. 2),
which is an indication that the observed increase in catalyst mass is
indeed due to the uptake of SO,.

For a more precise interpretation of the observed increase in catalyst
mass upon exposure to SO, at 200 °C and 500 °C, we need to know in
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which form the SO, is adsorbed on the catalyst. The most obvious op-
tions are adsorption of SO, or SO3, and the formation of sulfites and
sulfates on the Cu sites [6,15,16,18,22]. By comparing the observed
increases in catalyst mass measured in the TGA experiments with the
measured S/Cu ratios given in Figs. 2 and 5, it is possible to work out

whether the sulfur is adsorbed as SO, or SOs. First, the observed in-
crease in catalyst mass is converted to a molar amount of sulfur, under
the assumption that the sulfur is present as either SO, or SO, which
together with the known Cu content, 2.76 wt% on dry matter basis,
results in an estimated SO,/Cu and SOs/Cu ratio. In Fig. 7, these
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estimated SO,/Cu and SO3/Cu ratios are compared to the measured S/
Cu ratios determined by ICP, for Cu-CHA exposed to SO, at 200 °C and
500 °C. At an SO, exposure temperature of 200 °C, the SO,/Cu ratios
follow the measured S/Cu ratios to 1000 ppmh of SO, exposure. At

42

108

Applied Catalysis B: Environmental 238 (2018) 104-110

6000 ppm h SO,, the measured S/Cu ratio matches the estimated SO3/
Cu ratio. This indicates that initially it is SO, that is adsorbed on the Cu,
but it is slowly oxidized to SO3;. With an SO, exposure temperature of
500 °C, the estimated SO3;/Cu ratio matches the S/Cu ratio over the
entire SO, exposure duration. This clearly shows that at 500 °C, oxi-
dation of SO, is faster, and adsorption is essentially as SO3. Adsorption
of SO; on a Cu-OH species actually corresponds to the formation of a
bisulfate species, which have been proposed earlier as being the cause
of the irreversible deactivation [6,15,16,18-22,24,25].

4. Discussion

The results presented above clearly show that SO, primarily affects
the low-temperature activity of Cu-CHA catalysts for SCR, and there-
fore, the impacts of SO, on the high-temperature activity will not be
discussed further here.

For an SCR catalyst that has a required lifetime of about 10,000 h, it
is important to be able to estimate the performance for the entire life-
time. One way to do this is by comparison of the total SO,/Cu exposure
for the lifetime of the catalyst in a heavy-duty vehicle to similar con-
ditions in a test. The total SO,/Cu exposure for a Cu-CHA catalyst over
its lifetime is about 44, assuming that the vehicle covers 800,000 km
with a consumption of 30 L/100 km, using 5 wt ppm S diesel, and with a
Cu-loading of 45 g of the Cu-CHA SCR catalyst. The total molar SO,/Cu
exposure in the experiments presented in this article is 41.7 after 120 h,
which is similar to the typical SO,/Cu exposure in an exhaust system.
Therefore, we expect that the development of SO,-poisoning in our
experiments reflect that of a Cu-CHA SCR catalyst in an exhaust after-
treatment system.

The results presented in this study shows that the reversible deac-
tivation increases fast to a high level, independent of the SO, exposure
temperature. This means that the SCR catalyst in an exhaust system
requires frequent regeneration in order to maintain an efficient NHs-
SCR performance, especially in the context of cold start where the low-
temperature activity is particularly important. Based on the presented
results, it is actually possible to restore the predominant part of the
original activity of the catalyst throughout its lifetime, by regeneration
at 550 °C. This shows that SO,-poisoning of Cu-CHA catalysts is oc-
curring over the lifetime of the catalyst, but that it can be managed by
proper regeneration strategies. Furthermore, the irreversible deactiva-
tion seems sufficiently small to be handled by appropriate system de-
sign.

The use of Cu-CHA catalysts in exhaust systems appears to rely on
the efficiency of regeneration, which likely depends on the SO, con-
centration during regeneration. Thus, exposure to 50 ppmv SO, at
500 °C leads to uptake of sulfur by the catalyst, while regeneration at
550 °C in the absence of SO, partially removes sulfur from the catalyst.
Furthermore, reversible and irreversible deactivation of a Cu-SAPO-34
catalyst have been shown to build up when exposed to SO, con-
centrations as low as 1.5 ppmv at 500 °C [22]. Therefore, it appears that
the uptake or removal of sulfur depends on the SO, concentration being
above or below a critical value, which is somewhere in the range 0-1.5
ppmv SO,. This could potentially complicate the regeneration if the SO,
content of the exhaust gas is above the critical concentration, in which
case a regeneration would resemble the SO, exposure at 500 °C. In that
case, the low-temperature activity of Cu-CHA catalysts would be lost
relatively fast, and so would the main advantage of using these mate-
rials compared to Fe-zeolites or vanadia-based systems. The efficiency
of regeneration, and the critical SO, concentration, would have to be
verified in an actual exhaust system, since reducing compounds in the
exhaust gas, such as hydrocarbons and NHj, have been shown to have a
beneficial effect for removing sulfurous compounds from Cu-CHA cat-
alysts [26].

The process for the uptake of sulfur by the Cu-CHA catalyst possibly
proceeds by an initial adsorption of SO, on Cu where the sulfur is
subsequently oxidized to sulfate. This is envisioned because the Cu-CHA
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Fig. 7. SO/Cu ratios plotted as functions of the
total SO, exposure for catalysts exposed to SO
at A) 200 °C, and B) 500 °C. Black solid lines are
S/Cu ratios determined by ICP-OES on catalysts
exposed to SO, in the reactor setup. Dashed
lines are SO,/Cu ratios (blue squares) and SO3/
Cu ratios (red circles) based on the mass in-
crease measured in the thermogravimetric
setup. (For interpretation of the references to
colour in this figure legend, the reader is re-
ferred to the web version of this article).
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catalyst is exposed to SO, which must oxidize in order to constitute the
forms of sulfate that are associated with the Cu,S species causing the
reversible [6,15,16,18,22] and irreversible deactivation [6,22]. The
proposed process is consistent with the results from the TGA experi-
ment at 200 °C (Fig. 7), where the initial mass uptake fits with an up-
take of SO,, and over time changes to fit better with an uptake of SOs.
At this temperature (200 °C), there is a clear difference between the
initial and final uptake, which indicates that the oxidation of SO, is
kinetically controlled. In the TGA experiment at 500 °C, the mass up-
take fits with a constant uptake of SOz, which can be explained by a
faster oxidation of SO, at this temperature [20,22], which both could be
on the Cu sites or in the gas phase.

A possible reason for the disproportionally high reversible deacti-
vation, as compared to the S/Cu ratio, is that the adsorption of SO,
affects the mobility and effective amount of [Cu(NH3),;]" ions in the
Cu-CHA zeolite. The current understanding of the low-temperature part
of the SCR mechanism is that the mobile [Cu(NHs3),] * complexes allow
for the formation of pairs of Cu ions, which are crucial for the dis-
sociation of the oxygen molecules [8,11]. As a consequence, the activity
depends on the square of the Cu density below a certain Cu loading, and
depends linearly on the Cu density above it [8]. This results in two
distinct activity regimes, which may be related to the different impacts
of the sulfur loading on the reversible and irreversible deactivation. In
principle, the mechanism based on mobile [Cu(NHs),]* complexes
implies that all Cu sites are the same, namely the mobile [Cu(NH3),] *
complex, and contribute equally to the activity. Ultimately, the activity
is determined by the amount of Cu pairs that are formed at the given
conditions. The different trends for the activation energy of the SCR
reaction with reversible and irreversible deactivation, as shown in
Fig. 4, and the disproportionately larger reversible deactivation than
irreversible deactivation as compared to the S/Cu ratios shown in Fig. 3
can be understood in relation to the two activity regimes. Since the S/
Cu ratios related to the irreversible deactivation are always lower than
those related to the reversible deactivation, and lower than 0.2, the
amount of deactivated Cu in these cases may be sufficiently small to
keep the amount of non-deactivated Cu in the linear dependence re-
gime. The activity is then not limited by formation of Cu pairs, and the
deactivation would simply correspond to a loss of active sites, which is
also consistent with the values of the activation energies close to that of
the fresh catalyst. For the reversible deactivation, the S/Cu ratios of
0.3-1 could enforce a situation where the effective Cu content becomes
sufficiently low for the activity to be restricted by formation of Cu pairs.
In this situation, the activity depends on the square of the effective Cu
density, and therefore, it would be expected that the deactivation is
disproportionately larger than the S/Cu ratio, as observed in Fig. 3. The
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lower activation energy is then related to the fact that the rate of the
SCR reaction is determined by the limited rate of Cu pair formation.

The observation that similar sulfur contents can result in sig-
nificantly different levels of reversible and irreversible deactivation [6]
is not consistent with the idea that all Cu sites contribute equally to the
rate of the NH3-SCR reaction. Factors like the zeolite structure and Al
distribution can also influence the reactivity or mobility of Cu, even-
tually resulting in Cu sites of different activity. This idea is supported by
two observations of the SO, exposed and regenerated Cu-CHA catalyst
in Fig. 2. The first observation is that the reversible deactivation never
exceeds 0.95, indicating that some Cu does not adsorb SO, or is not
affected by SO,, and the second observation is that the S/Cu ratio re-
lated to the irreversible deactivation is limited to 0.2, suggesting that
the more stable Cu sulfate species can only form at certain Cu sites.
According to this view, the deactivation and regeneration behavior of
Cu-CHA catalysts also depend on the structural properties of the cata-
lyst.

5. Conclusion

A Cu-CHA catalyst for NH3-SCR has been exposed to SO, at different
temperatures in the range 200-500 °C, and at durations up to 120h,
resulting in a total SO, exposure that is similar to what an SCR catalyst
experiences over the entire lifetime in an exhaust aftertreatment system
on a heavy-duty vehicle. Activity measurements after SO, exposure,
and after regeneration at 550 °C, enabled measurement of the extent of
deactivation of the catalyst in these two states. The deactivation of the
low-temperature activity of the Cu-CHA catalyst in the presence of SO,
occurs fast in the entire temperature window 200-500 °C to a final
deactivation level in the range 0.85-0.95, dependent on the exposure
temperature. Heating in SO,-free gas to 550 °C restores the activity to
about 80% of its original level, even after a total S/Cu exposure similar
to that of the lifetime of a Cu-CHA SCR catalyst in a heavy-duty diesel
after treatment system. This suggests regeneration as a feasible method
for handling SO»-poisoning, since proper dimensioning of the catalyst
easily can treat the irreversible deactivation of maximum 0.2-0.3 that
develops over long-term SO, exposure.

Analogous to the deactivation, the S/Cu ratios also increase fast
initially, and the S/Cu ratios of the SO, exposed catalysts reach dif-
ferent levels in the range of 0.5-1, dependent on the exposure tem-
perature. The regenerated S/Cu ratios never exceed 0.2, indicating that
the irreversible Cu,S species are restricted to certain Cu sites. The me-
chanism of the sulfur uptake appears to proceed by an initial uptake of
SO, by the catalyst, followed by oxidation to sulfate on the catalyst, at a
rate that increases with temperature.
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The reversible and irreversible deactivation have a different impact
on the low-temperature SCR mechanism, which is seen by i) a dis-
proportionately larger reversible deactivation relative to the S/Cu ratio
as compared with the irreversible deactivation, and ii) by the reversible
deactivation causing a change in the activation energy of the SCR re-
action, whereas the irreversible deactivation does not. This, together
with the observations of a maximum irreversible S/Cu ratio of 0.2, and
a maximum deactivation level of 0.95, points to a dependence of the
SO,-poisoning of Cu-CHA catalysts on structural properties of the Cu-
CHA material.
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Abstract

The presence of SOn diesel exhaust gases causes severe deactiwdtiba Cu-CHA catalysts
for the reduction of NQ by selective catalytic reduction with ammonia @NBCR). The
deactivation of Cu-CHA catalysts after exposur&@ at 550°C for 0.5, 4, 8, 16 and 32 h, and
subsequent regeneration in Si@ee gas at 550 °C was related to the site-dependteractions
of SG with Cu ions associated with one or two framewaAtlcenters (Z-CuOH or ZCu), as
determined by electron paramagnetic resonance (E3@Rprimarily interacts with the EPR-silent
Z-CuOH sites, but a new, EPR-active @Qu phase develops with $@xposure time as well. A
part of the original ZCu species remain unaffected by,S®hich is associated with a maximum
deactivation level of about 90%. Regeneration & %5 leads to the release of most of the,SO
from the Z-CuOH sites and some relocation of sufiuZ>-Cu sites occurs. The activation energy
for NH3-SCR on the S@exposed catalysts decreases with S content fraut &5 kJ/mol to 30
kJ/mol. For the regenerated catalysts, the actimaiergy is restored to about 65 kJ/mol, showing
the importance of the Z-CuOH sites for the NGLCR reaction.

I ntroduction

The selective catalytic reduction of NONO and NQ) with NHz (NH3-SCR) is the predominant
method for removal of NOfrom exhaust gas of heavy-duty diesel vehicleg Gdtalysts used for
this reaction are based on(%, Fe-zeolites or Cu-zeolites. Future legislatioll wequire tighter
NOx emission limits, and therefore, a more efficiemhoval of NQ in the low-temperature region
becomes crucial. In this respect, the Cu-zeoliti#éls the CHA structure are attracti¥é because

of the significantly higher activity of the Cu-CHeatalysts at low temperatures down to 180 °C,
which is unmatched by Fe-zeolites angDy-based catalysts>*
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According to the current understanding, the lowgerature activity of Cu-CHA catalysts is
related to the ability to form mobile [Cu(N}]* complexes. These complexes facilitate the
formation Cu pairs;? on which the dissociation of oxygen can take pfate

A drawback of Cu-CHA catalysts, and Cu-zeolite basatalysts in general, is their sensitivity to
SO in the exhaust gas that originates from the sydfesent in the fuel. Ultra-low sulfur diesel
contains less than 10 wt ppm (Europe) or 15 wt gd8) sulfur, and the S{oncentration in the
exhaust gas typically reaches a few ppmv, whicheigertheless sufficient to reduce the low-
temperature activity of the Cu-CHA catalysts sigaintly314232415-27g pe able to preserve the
good low-temperature activity, it is important toderstand the impact of S©n the NH-SCR
activity of Cu-CHA based catalysts.

We have recently shown that deactivation of Cu-Qidfalysts depends on the total-%®posure,
which is the product of the S@oncentration and the exposure tith@eactivation by S@is
almost immediate: at about 1% of the total lifetisgosure to S§) the activity is reduced to
about 30% of the original activity, and it stab@lizat about 10% of the original activity after 5-
10% of the lifetime S@exposure?® The sulfur uptake in the Cu-CHA catalyst followsimilar
pattern as the activity and, dependent on the testyre, a maximum S/Cu molar ratio of 0.5-1 is
reached. The observation that the S/Cu ratio usdaks not exceed 1 points to the formation of
Cu,S specie$ > Thermal regeneration at 550 °C, which is feagibtypical EURO VI exhaust
system, can restore most of the activity if caroetiin SQ-free gas>*°During the regeneration,
SO is released from the catalyst, but a certain iwaadf the sulfur is retained in a stable form that
resemble Cu sulfaté1"2° The observations that heating to 53D results both in a partial
regeneration of Cu-CHA catalysts and in the fororabf a certain amount Cu sulfate, indicates
that there are distinct Cu sites with a differesztativity towards Se*31%20.23

The most obvious possibility for distinct Cu sii@sCu-CHA catalysts is that the Cu can be
associated with either one or two Al centers inzbelite framework. This leads to two main'Cu
sites: Z-CuOH and ZCu, and these sites have different chemical ptigs2f2>-=°The relative
amounts of these Cu sites depend on synthesistmorg]ithe Si/Al ratio of the zeolite, and the Cu
loading?® Therefore, it is important to understand whictertile Z-CuOH sites and-Lu sites
play in the deactivation by SO

Electron paramagnetic resonance (EPR) spectrostopy powerful method for selective
monitoring of the Z-Cu sites in Cu-CHA catalysts, and the presencgubitir-species on these
sites can be detected. In this article, EPR is usedmbination with elemental analysis to localize
sulfur in SQ exposed and regenerated Cu-CHA catalysts aftal & exposures up to 3200
ppmh at 550 °C. This is compared to the deactivatiotine catalysts in the N&-SCR reaction,
which reveals how Z-CuOH sites angtQu sites behave in the deactivation of Cu-CHAlgata

by SQ.
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Experimental
Catalyst preparation

The parent CHA zeolite powder used in this studys weepared according to a previously
published proceduré which has been used in other EPR studies as’W&lICu was introduced
by ion-exchange of the parent H-SSZ-13 (Si/Al =& an aqueous solution of Cu(gEDO)

for 24 h at 20 °C. The suspensions consisted gbdr@50 mL Cu(CkCOOQY) solution. To obtain
the different Cu loadings in the Cu-CHA, the cortcation of the Cu(CECOOY) solution was
varied. The concentrations used for the catalystkis study were 0.5, 1.0, 1.5, 2.0, and 5.0 mM,
which resulted in Cu loadings of 0.72, 1.23, 15633, and 2.81 wt%, as determined by ICP-OES
analysis.

SO:2 exposure and regeneration

To study the deactivation of Cu-CHA catalysts by, 8&posure, 0.5 g portions of the Cu-CHA
with 2.81 wt% Cu were exposed to Sfor 0.5, 4, 8, 16, and 32 h at 580 in a quartz tube
furnace. These catalyst samples are referred t8@sexposed”. The gas mixture used in these
treatments consisted of 100 ppmv2SDd 16 % @in N.. Prior to the S@exposure, the catalyst
samples were de-greened for 1 h at 550 °C in teahair. After the exposure to $@ach catalyst
portion was divided in two equal parts, and ond bfakach sample was regenerated in the same
tube furnace at 550 °C for 5 h in a flow of 10 %and 3 % HO in N at a flow rate of 200
NmL/min. These catalyst samples are referred toemgenerated”.

NH3-SCR activity measurements

The NH-SCR activities of the fresh, S@xposed, and regenerated catalysts were determined
from measurement of steady state NO conversionghEse measurements, a 5 mg sample (on a
dry matter basis, sieve fraction 150-300 um) waddal in a fixed bed quartz reactor with an inner
diameter of 2 mm. The reaction feed consisted 6ffgmv NO, 530 ppmv NkI10 % Q and 5

% H.O in N at a flow rate of 225 NmL/min. The concentratioh®NO, NGO, N2O, NHs and HO

were determined online, using a Gasmet CX4000 Fn&yzer connected to the reactor outlet.
For the activity measurements, the reactor temperatas stepwise increased from 160 to 550 °C
and allowed to stabilize for 40 min at each tempeea

The activity of the catalysts was derived from M@ conversion as the first order rate constant,
k, of the SCR reaction:

F
k=—mln(1—){) (1)
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Here,F is the total molar flow ratdy is the dry weight of the catalyst powdAP, is the pressure
drop over the catalyst bed, akids the fractional NO conversion. The deactivatibthe catalysts
is calculated as the relative loss of activity @kfvs:

k

fresh

Deactivation =1 —

)

EPR: measurement of the total Cu content

The EPR spectra were collected on a CW X-band BrekéX EPR spectrometer with an ER
4102ST cavity and a gunn diode microwave sourcemeasure the total amount of Cu in the
zeolite, the total EPR intensity of a 25 mg of @e-CHA sample, placed in a quartz tube, was
compared to the measured intensities for a sefisamples where CuSGs diluted in SOy to
obtain a known Cu concentration in the range 0w&%. In the fresh untreated Cu-CHA samples,
the Cu is present as an EPR active hydrated fofowiag for an accurate measurement of the
total Cu content.

The measurements were done within the field inte228-400 mT, with a microwave power of
6.3 mW, a microwave frequency of 9.4-9.6 GHz, a ubaiibn frequency of 100 kHz, and a
modulation amplitude of 8 G. The spectra were ctdié with 2000 points and averaged over 3
scans. The Q-value was noted and carefully obseo/ed the same for the different samples. The
EPR intensity was calculated as the double integfrdhe measured spectra, after background
correction.

In-situ dehydration with EPR

For selective measurement of the@l species present in the Cu-CHA catalysts, thalysis
must be dehydrated. The dehydration was done liomadf 50 mL/min of 20 % @in He while
heating to 250 °C at a rate of 7 °C/min, using aéreattached to the EPR cavity. The EPR spectra
were continuously collected, using the parametsrgiven above, with a time constant of 20.48
msec and conversion time of 15 msec, which regultpproximately 41-42 seconds between the
start of each spectrum. A final spectrum was ctidlgén pure He atmosphere. All spectra are
background corrected by subtracting the spectrurmnoémpty tube and, if necessary, also by
performing a linear baseline correction. The iniignsf the EPR spectrum is found by double
integration of the background corrected spectrum.

The EPR intensity for the dehydrated samplgs,is determined by relating the EPR intensity,
I(T), to the intensity of the starting (fully hydratdelPR spectrum(Tstar), and corrected according
to the Boltzmann distribution for the temperatuiféedences according t&§:32
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Lo 1(T) T
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EPR spectra were fitted as a sum of contributioms feach Cu species. Each species is modeled
using an axial spin Hamiltoniaf® with 4 parametersy), go, A, and Ag,. The fittings and
simulations are performed using the EasySpin Toolbdatlab3?

Results
NH3-SCR activity and impact of SO2 exposure

The effect of increasing SGexposure time over Cu-CHA on the BHBCR NO conversion is
illustrated in Figure 1. Low-temperature activitgg360 °C) of the Cu-CHA catalyst is strongly
reduced upon exposure to SEigure 1A). The impact of SCat temperatures above 350 °C is
clearly less, indicating that deactivation by :Si® mainly relevant for the low-temperature
performance, in agreement with earlier observattdis?2415-22The |low-temperature activity

after SQ exposure is partially restored by heating the GlACatalysts to 550C in SQ-free gas
(Figure 1B)!3-15

100 — A) SO, exposed
S % \
s —=—32h
5 60 —e—16h
Q —4A—8h
§ 40 4h
o 0.5h
Z 20 —<&—Fresh
0 — T —
I ; 0 ; i ; i
100 — B) Regenerated
< 80 =
= - —8—32h
.% 60 —i —8—16 h
§ - 8h
c 40— 4 h
8 i 0.5h
o
> 20 - —<4—Fresh
0 —= | T | T | T | T
200 300 400 500

Temperature [°C]

Figure 1 - Steady state NO conversion of the fiaeghlyst in comparison with those of A) thex®®posed catalysts after
exposure to 100 ppmv $@nd 16 % Qin Nz at 550 °C for different durations, and B) the regmted catalysts after
regeneration in 10 % ©and 3 % HO in Nz at 550 °C for 5 h.
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The changes in the deactivation of NEICR activity with time of S@exposure are illustrated in
Figure 2A, which shows the deactivation, accordiogEqg. 2, based on the measured NO
conversion at 220C. About 80% of the activity is lost during thestii8 h of S@ exposure, and
after 16 h of S@exposure, the loss of activity stabilizes at 90¥is means that the deactivation
of the SQ exposed catalysts does not reach 100%, but arcélit&-SCR activity, although low,

is maintained even after prolonged exposure ta'3The deactivation of the regenerated catalysts
increases with S£exposure in a similar manner, reaching a maximtiB0® deactivation.

To determine the relation of the deactivation wiith uptake of sulfur, the sulfur contents of the
SO, exposed and regenerated catalysts were measutetiOM-OES. The measured S/Cu ratios
are also included in Figure 2A. For the S&xposed catalysts, a maximum S/Cu ratio of 0.8 is
reached. The fact that the S/Cu ratio does notegkdeis consistent with the deactivation being
related to interactions between sulfur and*&tP After regeneration at 550 °C the S/Cu ratios
remain unchanged in the catalysts exposed tof@@ip to 4 h, while the S/Cu ratios drops for the
catalysts subjected to longer exposures as palteoulfur is released from the catalyst during
regeneratio>!* The highest S/Cu ratio for the regenerated catalg<.5. The similar trends in
the S/Cu ratio and deactivation curves in FiguresRggest a correlation.
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Figure 2 - A) shows the deactivation (full lineg)daS/Cu ratios (dashed lines) of the-3@posed (red) and regenerated (blue)
catalysts as functions of the exposure time ta BPDshows the deactivation as function of the $#fio for the SQexposed (red
squares) and regenerated (blue circles) catalyBte grey dashed line indicates the 1:1 correlabetween the deactivation and
S/Cu. The deactivation in both graphs are at 220 °C
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Figure 2B shows the deactivation as a functiomef3/Cu ratios. The grey dashed line represents
a 1:1 relation between the deactivation and S/@a.r&@here is a distinct difference between the
SO exposed and regenerated catalysts: All of the &Posed catalysts have deactivation levels
that are above the 1:1 proportionality line, wherat of the regenerated catalysts are below the
line, except for a single catalyst sample. Thiswghthat sulfur causes a stronger deactivation
before regeneration than after. This is particylaronounced when comparing the S8 posed
and regenerated catalysts after 0.5 and 4 h efeégfosure. In these catalysts, the deactivation
levels are significantly different, but the S/Cuioa are very similar. This shows that the
regeneration is not just a consequence of the seled sulfur from the catalyst. During
regeneration, the Cu,S species also changes tonawhich affects the NHSCR activity of the
catalyst less. This change could be related tslfation of different Cu site's:?923

The sulfur also affects the activation energy fa#:MNSCR in a different way before and after
regeneration. Figure 3 shows the apparent activatieergies (190-250 °C) for the $€xposed
and regenerated catalysts as a function of thee®@osure time. The activation energies for the
SO exposed catalysts decrease with increasing expdsue, while those of the regenerated
catalysts remain stable and close to the activaimrgy of the fresh catalyst. This is consistent
with a difference in how the sulfur interacts wikle copper before and after regeneration.

Regenerated

E, [kJ/mol]

20
ottt
SO, exposure time [h]

Figure 3 - Activation energies (190-250 °C) for fhesh (black), S@exposed (red), and regenerated (blue) catalysteerNH-
SCR reaction, as function of the S&xposure time.

Recently, it was proposed that the NEICR activity depends on the ability of the catatgform

Cu pairs from mobile [Cu(NE)z]* species>® It was also shown that at low Cu loading, thetiefa
between activity and Cu loading becomes quadratabse it depends on two copper sites to form
the active Cu pair site, and that the activatioergyincreases with increasing Cu loading. In this
situation, if single Cu sites were blocked, theatigation would be disproportionately larger than
the amount of affected Cu sites, as observed &6t exposed catalysts in Figure 2B. A part of
the explanation for the observed disproportiongdatfof sulfur on the activity of the S@xposed
catalysts, seems likely to be related to this bitnaas well as the influence on the activation

energy.

To understand the consequences of a Cu-site biptkiisulfur better, we compare in Figure 4 the
activities and the apparent activation energiehefdeactivated catalysts (both S&posed and
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regenerated) to those of fresh Cu-CHA catalysts warious Cu loadings as a function of the
sulfur-free Cu density. The sulfur-free Cu densitys calculated as the difference between the
total molar Cu content of the fresh catalyst anel tbtal molar S content of the deactivated
catalysts. The general trends of the rate constébisth the S@exposed and regenerated catalysts
are similar to that of the fresh catalysts, butéhere some differences as well. In the higher Cu
density range, the rate constants of the 8&®osed catalysts are slightly lower comparedhé¢o t
fresh catalysts. Furthermore, the rate constamtshi®d SQ exposed catalysts show a quadratic
dependence on the sulfur-free Cu density up to Q44000 &. In contrast, the rate constants for
the fresh catalysts only appear to follow a quacidgpendence up to about 0.33 Cu/1080The
regenerated catalysts generally show a highecoatstant than the corresponding fresh catalysts,
and they do not exhibit a quadratic dependencéeslfur-free Cu density at all.
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Sulfur-free Cu/1000 A®

Figure 4 - A) SCR rate constants at 220 °C forfteeh, SQ exposed and regenerated catalysts as functioheo$alfur-free Cu
density, assuming that a single S occupies a si@gleThe black line is a parabolic fit to the 4dhecatalysts with lowest Cu
densities, and the red line is a parabolic fit tbS0, exposed catalysts. B) Apparent activation energiethe fresh, SPexposed
and regenerated catalysts as function of the sidtee Cu density. In both A) and B), the sulfuef@u density is calculated from
the difference between the total molar Cu contéthe fresh catalyst and the molar S content offéctivated catalysts.

The observed trend in the activation energy for3fke exposed catalysts is similar to that of the
sulfur-free catalysts. At Cu densities above 0.31G00 A&, the activation energy is constant
around 65 kJ/mol. Below 0.3 Cu/1006, Ahe activation energy gradually decreases to taB@du
kJ/mol with Cu density. This indicates that theréase in activity of the SGexposed catalysts
can be explained as a loss of active Cu. The appadivation energies of the regenerated
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catalysts do not show a decrease, but remain @tstant level of about 65 kJ/mol down to 0.22
Cu/1000 R. The change to higher activation energies for shmples with low effective Cu
densities, after regeneration, suggests that cla¢ch@anges has occurred in the Cu phase, or that
certain sites are more affected than others. Alihdhe single site-blocking mechanism does not
describe the deactivation to a full extent, it pde¢ a useful framework to assess the deactivation
behavior.

EPR results

To address the location of sulfur and possible gharin the Cu phase, catalyst samples were
investigated with EPR after S@xposure and regeneration. It has previously skewn that the
amount of EPR active Cu in a hydrated and frestCEW catalyst sample correlates to the total
Cu amount measured by IC®3435The amounts of EPR active Cu in the hydrated fr&h
exposed and regenerated catalysts were obtaingaliye integration of the hydrated EPR spectra
(not shown). The deviations of total amounts of ERE&ve Cu in the S£exposed and regenerated
catalysts are within the expected error of quatitigaEPR results, and we conclude that the SO
exposure and subsequent regeneration have no impatte amount of EPR active Cu in the
hydrated catalysts. Therefore, it is assumed thaamples have all Cu present as EPR active Cu
when fully hydrated at room temperature.

In the dehydrated and oxidized state, Cu-CHA castiio principal Clisites: one that is charge-
balanced by a single framework Al and a hydroxate Z-CuOH, and one that is charge balanced
by two framework Al, 2-Cu. The EPR spectra of the dehydrated catalystsagoinformation
about the identity and amount of-Zu sites: After in situ dehydration only the-Zu sites are
EPR active, whereas any Z-CuOH sites formed are &Rt due to 3-fold coordination around
Cu2%3! Minority species such as Cu dimers and@uoligomers are also EPR silent due to
magnetic coupling between Cu centérdt

The EPR spectra of the fresh, Séxposed, and regenerated catalysts were recorftied a
dehydration, and are presented in Figure 5. Tla itttegrated intensity is collected in the twd lef
columns of Table 2. Two sets of quartet hyperfimecture (due to interaction with the= 3/2 Cu
nuclei) are easily recognized in the parallel ragad the Cu EPR spectrum and reveal the
coexistence of at least 2 different Cu species.liyperfine structure are indicated in Figure 5. All
features of the EPR spectra can be simulated asgumo well-resolved Cluspecies, Al and A2,

a minority species B and an un-resolved broad epe€. The spin Hamiltonian parameters of
each species are determined by simulation in Easy$mnd listed in Table 1. The observed
species have been identified earlier as foll&WEhe Al and A2 species are assigned #€d
species in which the Cu is located near the 6 mesdhéngs (6mr) of the CHA structure forming
4 bonds to oxygen. The B species are assigned &pé&eies forming 5- or 6- bonds. Finally, the
C species are assigned to a distribution of nostaljne Clf specieg®3!

From Figure 5 it is seen that the signal from spe€l (a broad underlying feature) becomes more
prominent for samples that have been exposed td@donger time. Concurrently, the intensity
of the peak related to the Al species decreasde Wig A2 species appears unchanged. A more
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detailed analysis using modeling of the EPR spésttarried out in order to follow the individual
species more quantitatively. Therefore, each specivas fitted as a linear combination of the 4
species Al, A2, B and C.

g value
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Figure 5 - EPR spectra recorded at 25 in a flow of He after in-situ dehydration of 5&xposed and regenerated Cu-CHA

samples. The parallel region of the EPR spectraexgganded in the inset where the quartet hypegaitern of the two most well-
defined Cu species, Al and A2 are indicated.

Table 1 - Fitted spin Hamiltonian parameters ofealiént Cu species from the EPR spectra in Figure 5.

Species Spin Hamiltonian Parameters
. Linewidth (FWHM in
A, (MHz A" (MHz

g 9. 1 (MH2) 1 (MH2) MH2Z)
Al 2.32 2.07 505 45 2.2
A2 2.36 2.07 465 20 1.7-2.8
B 2.26 2.09 490 34 1-2
C g=2.16 A =50 30-42

*These were not well resolved and are based omastins

The fitted intensity of each Gispecies were related to the corresponding tot&® BERensity of
the hydrated catalysts that reflect the total Quteot. Thus, the fractions of the four different'Cu
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species relative to the total Cu content in each 8posed and regenerated catalyst were

estimated and are listed in Table 2 and graphichdlplayed in Figure 6.

Table 2 - Intensities of EPR active Cu after dehtidn in the fresh, S£exposed and regenerated catalysts. The distribatad
EPR active Cu species (Al, A2, B and C) from @i#tito the raw EPR spectra after dehydration are diksted.

Sample  EPR intensity after dehydration

Distribution of EPR active Cu” (%)
(%)

SO2 exposed Regener ated
SO2 exposed Regener ated
Al A2 B C Al A2 B C

Fresh 38 13.2 138 55 5.5

0.5h 41 41 141 147 5.9 5.9 120 135 48 107
4h 42 43 12.6 148 5.9 8.9 84 140 4.2 16.8
8h 44 44 79 132 40 185 76 136 3.0 19.6
16 h 45 50 49 124 12 26.0 6.2 166 2.1 249
32 h 58 55 6.7 150 1.7 34.9 7.2 16.7 2.4 287

*calculated as the amount of Cu in that particsf@cies out of the total Cu content using the amolUBPR active Cu before dehydration.

As seen in Figure 6, the total amount of EPR adliuan the dehydrated spectra (the sum of the
four different Cll species) increases with $6xposure time, from initially 38% of the total Cu
content to about 57%. The amounts of A1 and B ggeslightly decrease, and the amount of A2
species remains constant. The decrease of Al apk&les occurs in parallel to the increase of
the C species. However, the total decrease in AllBaspecies, i.e. from approx. 19% to 9%, is
less than the increase of C species. Thereforénthease of C, at least partially, has to arieenfr
EPR silent Cu species becoming EPR active aftesthesure to S©This is an indirect indication
that SQ interacts with the EPR silent Z-CuOH species. Thisorroborated by comparing the
S/Cu ratios in Figure 2, with the EPR results ef ¢htalysts exposed to for 16 and 32 h. The
S/Cu ratios are 0.8 while the sulfur-free A1 and @2 species constitute about 20% of the total
Cu content, again implying that sulfur is assodatéth the EPR silent Z-CuOH sites leading to
the C species.

The amount of Cu in thexgositions (Al and A2 combined) decreases with &posure time,
and stabilize around 8 h of $@&xposure. From Figure 2A it can be seen that t/Ge &tio follows
the inverse trend. After regeneration of the catalthe S/Cu ratio drops from 0.8 to 0.5, while
there are no major changes to the EPR active Cs.ifitlicates that primarily sulfur associated
with the Z-CuOH sites is released during regenemnati

The A2 species in both the 3@xposed and regenerated catalysts remain at saobhsvel of
about 15% for all exposure times, indicating thas tCu species is not affected by the>SO
exposure. This is also consistent with the S/Cio radt exceeding 0.8, as seen in Figure 2, and is
a possible explanation why a complete deactivasarever observed, even after prolonged SO
exposures®

There is an interesting development of the A1 amsp€cies when comparing the S€xposed
and regenerated catalysts exposed tof8(0.5 h and 4 h. The EPR measurements showtttbat
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amount of the Al species are constant up to 430pexposure, but after regeneration the amount
of Al species has dropped, which occurs in paratiean increase of the C species. The
corresponding S/Cu ratios measured with ICP (Fig)rare similar for the SOexposed and
regenerated catalysts, implying that sulfur isneatoved during regeneration. This indicates that
a relocation of sulfur, or Cu,S species, is talptaxre during regeneration. Such a relocation may
also occur during S£exposure, as indicated by the similar amountslo§pecies that are present
after 4 h of S@exposure + 5 h of regeneration (effectively 9 B%@ °C) and after 8 h of SO
exposure at 550 °C.

60 7 o SO, exposed

4--0-- Regenerated O
50 —
40 —

Cu % of total Cu

0 8 16 24 32
SO, exposure time [h]
Figure 6 - Fractions of Cu species Al, A2, B anckl@tive to the total Cu content of the catalygistted as function of the SO

exposure time. The values are determined by asabfsihe EPR spectra in Figure 5 in the2Sfposed (solid lines with full
symbols) and regenerated (dashed lines with opebgsis) catalysts.

Discussion

In accordance with previous repottsi®the molar S/Cu ratios presented in Figure 2 deroged

1. This supports the conclusion that the; $@eracts with the Cu sites to form Cu,S species.
Density Functional Theory calculations show a ctiiffierence in reactivity of the2ZCu in the 6-
membered ring and the Z-CuOH species towards 8@ SQ. According to these calculations,
SO and SQ form stable Cu,S species on Z-CuOH sites, butatcadsorb on ZCu in the 6-
membered ring? This agrees with our EPR results for the A2 spgaiéhich are not influenced
by SQ. The Al species is also assigned as-&d site, but with another local distribution of. Al
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The evidence points to the fact that sulfur intevyag some extent with this species. Also, A1 was
previously shown to be more reactive than the Aigs:C and this is further demonstrated here.
There is the possibility that water plays a roleha interaction of SOwith Z-Cu and this is
enough to activate the Al species but not the AZisg. Presence of trace water during the SO
exposure is likely, and the regeneration was chwig in the presence of water, while the presence
of water was not accounted for in the DFT calcuoladi In line with the DFT calculations, the EPR
data also indicate that S@referably interacts with the Z-CuOH species.

As argued in the results section, a relocatiorutifisor Cu,S species occurs at extended exposure
to 550 °C. This relocation appears to be partlahatically limited reaction, which leads to more
C species, which are argued to be Cu,S that desta 550 °C. Such stable Cu,S species in Cu-
CHA catalysts are described as certain Cu sulfdté&Thus, it is plausible that the kinetically
limited reaction is an oxidation reaction of 80 SQ, consistent with TGA measurememtshat
involves a relocation of sulfur or Cu,S species] Bads to formation of the “irreversible” Cu,S
species.

The EPR results presented in Figure 6 shows tleaZHCu sites are largely unaffected by S50
exposure and regeneration, constituting about 3Dfteototal Cu in the fresh catalyst and about
20% after 32 h of SPexposure. Simultaneously, the ICP measuremerfgure 2 reveal that
S/Cu ratios as high as 0.8 are reached after &@osure, which then drops to 0.5 after
regeneration. Indirectly, this shows that predomilyehe Z-CuOH sites are associated with sulfur
after SQ exposure, and that the regeneration in-8€e gas mainly liberates the Z-CuOH sites
from sulfur by desorption or relocation. The comeut kinetic measurements show that aftes SO
exposure, the apparent activation energies arerémlyand that subsequent regeneration restores
the apparent activation energies to the same &s/#iat of the fresh catalyst.

We now put these observations in context with timeent understanding of the low-temperature
SCR mechanism over Cu-CHA catalysts. The activatioergy increases with Cu loading, as
shown in Figure 4B. At high Cu loadings and aciiwatenergies, the SCR reaction is limited by
O; dissociation on Cu pairs that are formed by mojiie(NHs)2]* complexes:®123¢At low Cu
loadings and activation energies, the reactioimigdd by the formation of Cu paif$. Applying

this understanding on the $€&xposed catalysts, it suggests that the blocking@uOH sites by
sulfur limits the ability of the catalyst to formuCpairs. This then leads to the lower activation
energies of the S{&xposed catalysts and the quadratic dependenie 8ICR activity of the SO
exposed catalysts on the amount of sulfur-freeRigu¢e 4A). In the regenerated catalysts, where
mainly the Z-CuOH sites have released the sulhg,dctivation energies are back at the same
level as in the fresh catalyst, wherg dssociation limits the SCR activity. Thereforee tability

to form Cu pairs appears to be unaffected in thgemerated catalysts, while this ability is
noticeably hindered in the S@xposed catalysts with the same exposure to Bis implies that
the ability of Cu-CHA catalysts to form Cu pairspdads on the Z-CuOH sites. The observed
differences between the impacts of sulfur in the 8&posed and regenerated catalysts, on the
overall NH-SCR activity, therefore, appear to be linked te sielective deactivation of the Z-
CuOH sites and the significance of these site€topair formation.
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Conclusions

The impact of S@on the catalytic performance of a Cu-CHA cataigsthe NH-SCR reaction
was studied. Exposure of a Cu-CHA catalyst to 0®pSQ at 550 °C, for up to 32 h, results in
deactivation that increases with exposure timeoug limit of 90%, which is accompanied by a
parallel sulfur uptake reaching a maximum S/Cwrafi0.8. Consistently, characterization with
electron paramagnetic resonance (EPR) spectrostapyed that certain,ZCu sites, associated
with 2 Al centers, were unaffected by sulfur, whazkded up to about 15% of the total Cu content.

Regeneration at 550 °C in $@®ee gas lowers the maximum deactivation to 50% the S/Cu
ratio to 0.5. Generally, the impact of sulfur oe #ctivity is higher in the SGexposed catalysts,
compared to the regenerated catalysts.

The rate constants and apparent activation eneofjiitbe SQ exposed catalysts in the MICR
reaction have a similar dependence on the sulag-@u density as fresh Cu-CHA catalysts with
different Cu loadings, indicative of a site-bloaideactivation mechanism.

Parallel measurements with EPR showed thatr8&nly interacts with Z-CuOH sites, associated
with a single Al center, before regeneration. Dgniageneration, the Z-CuOH sites are liberated
from sulfur by desorption and relocation. The rakoan of sulfur or Cu,S species is likely part of

the formation of more stable Cu,S species via atldally limited oxidation of S@

The preference of sulfur adsorption on Z-CuOH shiefore regeneration, and the associated
lowering of the apparent activation energy, indésahat the Z-CuOH are more important for Cu
pair formation in the Cu-CHA catalysts, comparedteCu sites.
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Chapter 7

Abstract

To measure active Cu in Cu-CHA catalysts for selectatalytic reduction of NOwith NHs
(NH3-SCR), we introduce temperature-programmed reductith NO (NO-TPR) as a new
method. In NO-TPR, the NO consumption is measurdtie reduction as it occurs in BHSCR.
reaction (NO+NH) during reduction of an oxidized Cu-CHA catalyBhe reduction shows NO
consumption features at 130 and 230 °C, associgtaca Cu-oxide phase and Cu-nitrate phase,
respectively. For catalysts with high Cu loadirthe,NO consumption at 230 °C is exactly 3 times
larger than the Cu content measured with ICP, stersi with the reduction of Cu-nitrate in BH
SCR. In catalysts with low Cu loading, not all @urhs a stable Cu-nitrate. The BBCR activity
appears to be related with the ability to form Eabu-nitrate. The NO-TPR method was also
directly applicable to SPexposed Cu-CHA catalysts after regeneration, whiéeCu,S species
before regeneration were too unstable to make sistent measurement.

Introduction

The catalytic properties of chabazite zeolite iankanged with Cu (Cu-CHA) have been studied
extensively during the past decade [1-5]. The CiAk®@hpically have a Si/Al ratio in the range 5-
20, and the excess charge of the zeolite is comapathdy H and Cu ions. The Cu ions have the
ability to change the oxidation state betweeh &@wl Cll, dependent on the gas atmosphere and
temperature [6], which implies that these ions hepexific redox properties that can be exploited
for catalysis.

One of the most studied reactions catalyzed by Bé-( the selective catalytic reduction of NO
with ammonia in the presence of oxygen AN&CR) [1-4,7]. For NgtSCR, Cu-CHA materials
are very efficient and robust catalysts, with bathigh activity at around 200C, and a high
hydrothermal stability up to about 70@€. These materials are, therefore, well suited for
application in automotive diesel exhaust aftertresit systems, and are already applied today in
heavy-duty vehicles. The Cu-CHA catalyst make®#igible to meet the latest requirements (e.g
Euro 6/VI) for NG (NO and NQ) emissions from diesel engines [8].

The reduction of NO in the N&-5CR reaction follow the reaction 4 NO + 4 NHO, - 4 Np +

6 HO; this reaction is often called the ‘standard-SC&action. In recent years, significant
progress has been made in understanding the neaogchanism [4,6,7,9-13]. The MSCR
reaction cycle can be performed in steps on Cuiteecdtalysts, by alternating the oxidation and
reduction steps [6,9-11,14,15]. In the reducti@psthe Cu starts in the Catate and is reduced
to Cd in a mixture of NO and N and, dependent on the conditions, a Cu{dtomplex is
formed. In the oxidation part, this Os reoxidized to a Cuspecies by a reaction with an NQ/O
mixture.

The oxidation part of the standard NHCR reaction involves the dissociation of molecula
oxygen, and in the presence of NO, a Cu-nitratdoimed [9,16,17]. According to DFT
calculations, molecular oxygen is expected to dnsxclusively on a Cuspecies [9], which
implies that a Clispecies does not contribute to the activation ofTDe simplest scenario of
oxygen dissociation on a Cu ion is then that argexymolecule adsorbs on a single Cu ion, where
it dissociates. In the presence of NO, this seepwsaible reaction path [9,18].
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If the O molecule can interact with two Gions simultaneously, to form a Cw-Qu type of
species, the dissociation of the li2comes easier [10]. The activation of oxygen aveair of Cu
ions seems to be relevant for the NGCR reaction at low temperatures [10,11]. Undes¢h
reaction conditions, the Cspecies is present as a linear CugHcomplex [6,10,14,19], and
DFT calculations indicate that direct dissociatimhan @ molecule on a single Cu(N4*-
complex does not occur [11,20]. The observatiort tha rate of oxidation of Cu(Ngb*-
complexes in a CHA zeolite with-@hows a second order dependence on Cu-concentiatiber
supports the conclusion that the oxidation of CufHcomplexes in a Cu-zeolite involves pairs
of Cu(NH)2*-complexes [10,11]. The presence of NO also seerasliance the activation 06O
on pairs of bare Cuons or Cu(NH)2*-complexes [20].

An obvious way to form pairs of Cu ions that int#raith a single @molecule is by having two
Cu ions in positions close enough for a directraxtdon with a single ®&molecule. Since the Cu
ions in the ion-exchange positions in a zeolitelareed to the aluminium atoms, the ability to
form Cu pairs increases with decreasing Si/Al ratithe zeolite. This is part of the explanation
why Cu-zeolites with a Si/Al ratio in the range 6;2re generally the preferred catalysts for the
NH3'SCR reaction.

The mobility of the Cu(NKE)2"-complex is another way to form the Cu pairs theat activate the
O molecule. For Cu-CHA, it has been shown that thé\El:)."-complex has a weak interaction
to the zeolite framework [21], and can move uphiowt 9 A away from its Si-O-Al anchor point
in the zeolite framework [10]. This means thatab#ual active sites for{activation in NH-SCR
are formed dynamically under the influence of thésMCR conditions that are necessary to form
the Cu(NR)."-complex. A consequence is that the NFCR reaction necessarily follows a
different mechanism at temperatures where the m@il(NH;).* complex is stable and where it
is not. This change in the reaction mechanism bag proposed as the reason for the decrease in
SCR rate with increasing temperature [9-12,19]ctvig characteristic for Cu-CHA catalysts and
occurs around 300C for Cu-CHA catalysts, in good agreement with theasurement of the
thermal stability of the Cu(Ngk*-complex [19].

The mobility of the Cu and dynamic formation of étive centers in a Cu-CHA catalyst implies
that characterization of the Cu-CHA materials netessarily gives information that is relevant
for the NH-SCR reaction. In this chapter, we present tempezgirogrammed reduction with
NO (NO-TPR) as a new method for exploring the réiducand oxidation properties of active Cu
in Cu-CHA materials that are relevant for NHCR. The NO-TPR procedure is based on the
ability to perform the NBFSCR reaction in alternating oxidation and reducsteps. It has been
shown that the reduction of Cu in the NBCR reaction requires the presence of both Al
NO. By following the consumption of NO under cotiigd heating, the reduction properties of the
Cu in the Cu-CHA catalysts are revealed. Redugtimperties of Cu-CHA catalysts have been
studied earlier with HTPR [6,22—-25], as a method to study the redox gmggs of Cu-CHA
catalysts. Even though the reduction of Cu withgives some information about the oxidation
state of the Cu-CHA materials, and amount of Cisgmg these properties cannot necessarily be
related to the NEISCR reaction. Since the reduction in a mixtur®&©f and NH is also part of
the NH-SCR reaction itself, the reduction as observeldTPR directly reflects the reduction
of the active Cu species as it occurs in the ISR reaction.

65



Chapter 7

In this chapter, we develop and explore the NO-Tifghod in a study of the redox properties for
a series of Cu-CHA catalysts with different Cu lioad on the same parent CHA material (Si/Al
= 15). The reduction properties of these catalgstcharacterized by NO-TPR and we show how
the reduction properties of Cu-CHA change with @ading. The low-temperature activity at 200
°C of the Cu-CHA catalysts is related to the reductproperties of the Cu-CHA catalysts.
Furthermore, the low-temperature activity corredate the ability of forming stable Cu(ND
species, which is affected by the Cu loading. Phizvides a new possible way of measuring active
Cu in Cu-CHA catalysts, as well as a new insighthim NH-SCR activity of Cu-CHA catalysts
with different Cu loading.

The ability to measure the active Cu, and assesseitiuction properties in an SCR related gas
composition, is also relevant for studying the digation of Cu-CHA catalysts by SOAs
elaborated in Chapters 2-6, the deactivation by SQightly associated with the formation of
different Cu,S species. So far, it has only beessitde to relate the sulfur in the catalysts to the
total Cu content and to the impact on the activityportant areas for developing a better
understanding of the deactivation, is thereforeggeertain the amount of active Cu sites that are
affected by sulfur, and to realize how the sulffieets the chemistry of the active Cu sites in
relation to the SCR reaction mechanism. In thipees the NO-TPR method could prove a useful
tool. Therefore, we also explore the applicabibfythe NO-TPR method on S@xposed Cu-
CHA catalyst before and after regeneration in thigpter. We show that NO-TPR in the current
form is directly applicable on the regenerated lgats, while it still may require adjustments for
the sulfated catalysts.

Experimental
NO-TPR: Catalysts

The catalysts used for the development of the N@-Trfethod is a series of six Cu-CHA catalysts
with Si/Al = 15.1 and a Cu loading ranging from @©73.1 wt% Cu. Table 1 gives a more detailed
overview of the catalysts. The Cu content, as nreashy ICP, was corrected with the measured
dry matter content of the catalyst to obtain thec@uitent with respect to the amount of dry zeolite.
The dry matter content of the catalysts was detsgthfrom measurement of the weight loss upon
heating to 200C, using a Mettler Toledo HX204 moisture analyZdre Cu/Al ratio is calculated
on the basis of the Cu-content on a dry-matterskesil the known Si/Al ratio of 15.1 of the parent
material, under the assumption that the Si is pitege SiQ, Al is present as AlgH, and Cu is
present as CuO. The Cu/Al ratio is then given by

Ng;
New Xcu (N_A; Mg;p, + MAZOZH)

Ny, Mey, — xcuMcyo
(@)

whereNs, Na andNcy are the molar amounts of Si, Al, and Cu atorasjs the weight fraction
of Cu on a dry-zeolite basis, aMl indicates the molar mass for a unit of i®l02H, Cu, or
CuO.
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Table 1 - Measured Cu content by ICP and dry matter content, S/Al ratio and the corresponding Cu/Al
ratio and Cu content on dry matter basis for the catalysts used.

Catalyst “ Icggtent m[e)lger Si/Al Cu/Al (dryCrl:]e(l:t?grt %r;sis)
wit% wit% wt% mmol/g

A 0.717 89.7 15.1 0.123 0.799 0.126

B 1.232 90.7 15.1 0.210 1.358 0.214

C 1.629 89.4 15.1 0.284 1.822 0.287

D 1.930 91.9 15.1 0.328 2.100 0.330

E 2.625 91.5 15.1 0.453 2.869 0.451

F 3.142 90.4 15.1 0.554 3.476 0.547

Reactor setup for NH3-SCR activity and NO-TPR measurements

The NH-SCR activity of the Cu-CHA catalysts and NO-TPRasw@ements were done in a
microreactor setup for powder samples, in whichreeetor is mounted via a 4-way valve that
allows for bypassing the reactor. The concentratioh NO, NG, N.O, H.O, and NH are
monitored with an FTIR spectrometer (Gasmet CX4@Q2Qhe reactor outlet; the composition of
the feed gas is measured by bypassing the reactor.

For the activity measurement, a 5 mg sample (basatty matter, sieve fraction 150-300 um) of
the catalysts was filled into a quartz U-tube reaatith an inner diameter of 2 mm. Before starting
the measurements, the catalysts were heated &(bB010% Q/N: for 1 h. Then, the feed gas
was changed to 225 Nml/min N¥SCR feed gas, consisting of 500 ppm NO, 533 ppm, 1Skh
water, 10% @, and balance nitrogen. The temperature was stepaigered to 500, 450, 400,
350, 300, 280, 250, 230, 220, 210, 200, 190, 180, &nd 160C, and at each temperature, the
system was allowed to stabilize for 20 min. To aaté the NESCR activity, the rate constant
for NH3-SCR at 200C is determined from the measured conversion ofdi@at temperature,
under the assumption that thelNNSCR reaction is first order in NO. The rate consisithen given
by:

F
k200 = W In(1-X)

2

For the NO-TPR measurements, a catalyst powderlsashpbout 50 or 100 mg on a dry matter
basis (150-300 um sieve fraction) in a quartz Uettdactor with an inner diameter of 4 mm was
used. Various procedures were used for the NO-TB&norements, which are explained in more
detail below.

SO2-exposed Cu-CHA materials

To determine whether the NO-TPR method can be tesetbnitor the deactivation of Cu-CHA
catalysts by S¢) the NO-TPR method was applied to some of the &{osed and regenerated
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Cu-CHA catalysts that were made for the investayeiof the lifetime impact of SOdescribed

in Chapter 5. The specific catalysts that wereestibfd to NO-TPR are the fresh Cu-CHA (Si/Al

= 14.6, ICP: 2.43 wt% Cu), the $@®xposed and the regenerated catalyst samplebatidieen
exposed to SgXfor 1, 5, 15, and 65 h at 300 °C. Detailed infatioraabout the S@exposure and
regeneration conditions are given in Chapter 5s&leatalyst samples were chosen because they
contain different amounts of sulfur and show défgrdegrees of deactivation.

NO-TPR Method

It has been shown earlier, that the NGCR reaction cycle over Cu-zeolite catalysts can b
executed by alternating oxidation and reductiops{8,13]. In the oxidation step, the Cu-zeolite
catalyst is exposed to a mixture of NO angl &hd the Cu is brought into the 'Coxidation state.
Characterization of this Gtyphase by FTIR, XAS, and EPR indicate that a Cratstspecies is
formed [9,16,17,26,27]. The reduction part of tHésNSCR reaction takes place upon exposure of
this CU' state to a mixture of NO and NHand results in the formation of a'Gate, which is a
Cu(NHs)2" complex at sufficiently low temperature [7,11,1Rgoxidation of the reduced Gaate
with a mixture of NO and ©results in the original Custate.

The basic idea of the NO-TPR experiments is toakthe possibility of performing the NH
SCR reaction in two steps. In the first part, aidimed state of the Cu in the catalyst is prepared,
which typically, but not necessarily, involves egpre of the catalyst to a mixture of NO and O
The reduction step is done by heating the catalyst{predefined rate in a mixture of NO andsNH
while following the NO and NEklconcentrations to give the NO-TPR data. The coipsiom of
NHs due to reduction of the Cu is obscured by adsampaind desorption of Ng-bn the zeolite,
and hence, it is difficult to obtain reliable quigative data on the reduction of the Cu from the
measured Nklconsumption. In contrast, NO interacts weakly wiith zeolite, and therefore, the
reduction of the Cu is clearly observed in the comgtion of the NO during reduction.

To ensure a well-defined state of the catalyshenNO-TPR, the experimental procedure consists
of three parts, namely:

1. the preparation of the ®state.

2. equilibrating the Clistate in a mixture of NgHand NO at 50C, the start temperature for
the temperature ramp.

3. heating of the catalyst sample in the mixture ofslHd NO to 370C with 3?C/min at a
flow of 200 Nml/min.

Variations in the preparation of the 'Cstate are possible, and this actually affectsfitha
consumption of NO in the NO-TPR. For the NO-TPRadatesented here, the exposure to the
NO/O. mixture is preceeded by a reduction step in NQ/B#200°C or by an oxidation in £at
500°C.

We have chosen to start the reduction atG0which is the lowest practical temperature tlzat ¢
be achieved in our equipment. Since thesNBECR reaction, and therefore also the reductighen
NO/NHz mixture, is already very effective at 2U0, the reduction must be started at a significantly
lower temperature, in order to detect the NO conmgion during reduction. To achieve a well-
defined and reproducible state of the catalyst rieefoeating the catalyst, the 'Cstate is
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equilibrated at 50C until the adsorption of NHon the zeolite is completed, and the measured
concentrations of NO and NHorrespond to the inlet concentrations.

Figure 1 gives an overview of the concentrationslof NO;, N2O, NHz and Q during the entire
procedure for NO-TPR, using 55 mg of catalyst Ee Fhaded areas indicate the steps in the
pretreatment of the catalyst, viz. heating to 300reduction in NH/NO at 200°C, oxidation in
02/NO at 50°C to prepare the Cistate, exposure to NHNO at 50°C to equilibrate, and finally
the TPR step in NO/N&during heating to 370C. Before each step, the reactor was bypassed to
mix the feed gas to the appropriate concentratiod,to measure the composition of the feed gas
at each stage. The analysis of the reduction o€th€HA catalysts is based on the consumption
of NO during heating to 370C (blue curve in red shaded area).

Reduction in
NO/NH; at 200 °C
Exposure to

i O2/NO at50 °C
bypass
Exposure to
NH3/NO at 50 °C
TPR in NO/NH3

bypass

1| 0,t0500°C
bypass

(| Heatingin

20 2000 -
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Figure 1 - Concentrations of NO, NHs, NO2, N.O, O, and temperature during the entire procedure for an
NO-TPR measurement.

Before turning our attention to the analysis of #utual NO-TPR data, we first discuss a few
observations that occur during the different reumctand oxidation steps before the actual
reduction is done. When the NO/Mlkhixture is admitted to the reactor at 2Z@in the reduction
step, some NO is consumed, indicating that thesG an oxidized state after heating to 3G0
in Oz. Simultaneously, a much larger amount ofaNglconsumed, even though the reduction of
Cu' to Cd requires equimolar amounts of NO anddNFhe reasons for the larger consumption
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of NHs, compared to NO, is that additional did used for the formation of the linear Cu(jy+i
complex and that Niadsorbs on the Brgnsted sites in the zeolite @f 0

After the reduction at 208C, in which the linear Cu(Ngk* complex is formed, the catalysts are
oxidized at 5C°C in a mixture of 2000 ppm NO and 10 %, @hich yields a Ct+(N,O) phase.
Figure 1 shows that about 60 ppm N®formed in this mixture while bypassing the teacdue

to the gas phase oxidation of NO that occurs imtheéure. Exposing the reduced catalyst to this
NO/Q; at 50°C mixture leads to a further oxidation of NO, telgi approximately 160 ppm of
NO2, due to the known oxidation of NO to M@ the confined spaces of the zeolite [28]. F&s th
work, it is important to note that some Nkas been present during this oxidation step, leudav
not address this formation of N@urther. The presence of N@esults in a complete oxidation of
the Cu(NH)2" complex, without residual Cphase [10]. Spectroscopic analysis using FTIR, EPR
and XANES has shown that a Cu(B)@hase is formed upon oxidation of the CughfHcomplex
with NOz or in a mixture of NO and £[9,16,29,30]. We will present further evidencettha
Cu(NGs) probably is the major constituent of the'@i,0) phase formed at 58C in this
procedure [16].

Finally, before the TPR run can be started, theliagd Cli-(N,0) phase must be exposed to the
mixture of NO and Nkl at 50°C. The ammonia adsorption that occurs under theaditions
leads to the delayed breakthrough of the ammonigth&more, a small amount of NO is
consumed initially, together with a larger releagBlO,. This shows that at least a part of thd-Cu
(N,0) phase reacts with NO and possibly also withs,Nalready at 50C, indicating that already
at 50°C, the Cl-(N,0) species reacts with NHind NO. The release of NChowever, is not
compatible with a complete NFBCR reaction, which only produces &dhd HO. It may indicate
the reaction between a Cu-nitrate species and M@hvean release NOnto the gas phase while
forming Cu-nitrite; this reaction would not chartge oxidation state of the Cu [9].

Results

Figure 2 shows a series of NO-TPR data for thes&i Cu-CHA catalysts A-F with different Cu-
loading, as specified in Table 1. All data wereamtd using the procedure as shown in Figure 1,
which means that the &§N,O) phase is formed in a reaction of*Gpossibly Cu(NH)2*) with

the NO/Q mixture. The reduction was done by heating to 7@t a rate of 3C/min in a mixture

of 800 ppm NO and 900 ppm Nkith 200 Nml/min.

The data in Figure 2 show two distinct temperatargges for NO consumption for the catalysts
with a low Cu loading, with maximum consumptionseiund 130C and 23CC. At higher Cu
loadings, the NO consumption at around 280is not present, and the peak at 280widens
towards the low temperature side, with the maxinN@consumption shifting to just below 200
°C. The disappearance of the NO consumption aro®@d°C with increasing Cu loading is
highlighted in the right panel of Figure 2, cleaslyowing the change in the shape of the TPR
profile with increasing Cu loading. The total argader the curves increases with Cu loading,
which is in line with the expectation that more M@onsumed when more Cu is present. The two
distinct regions where NO consumption takes plackcate that there are at least two different
forms of oxidized Cu that are reduced in the miextoi NO and NH, we designate the Cu species
associated with the peak around 280and 230C as Cua and Cub, respectively.
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Figure 2 - NO-TPR. Consumption of NO during reduction in 800 ppm NO / 900 ppm NHs / N of Cu-CHA
catalysts, after reductionin NO/NHz at 200 <C and exposureto NO/O; at 50 <C. Lettersrefer tothe catalysts
listed in Table 1. Right panel is a magnification of the left panel, highlighting the changes in the reduction

that takes place around 130 <C.

In the following, we show that Cais a Cll species that does not contain nitrogen, and théi C

is a Cu(NQ) species. This assignment is made on the basiddifional NO-TPR measurements,

in which the procedure for the formation of the! Gpecies has been varied, and a further analysis
of the NO-TPR data presented in Figure 2.

The two features corresponding to the &and Cub species obtained after exposure of the
reduced Cu to the INO mixture on catalyst B are also shown in Figair&urthermore, omitting
the exposure to #NO, Figure 3 shows that there is no significant ddsumption over catalyst
B. This is expected, since the catalyst has not lbeelized after the initial reduction at 200,
leaving the catalyst in the reduced state wheroparhg the NO-TPR measurement.

Figure 3 also presents NO-TPR curves for catalgstsnd D, which were measured with and
without exposure to the NOOnixture at 50°C, after oxidation of the Cu at 50C in G. The
NO-TPR profiles change when an oxidized catalysiigosed to the NOAOnixture. Heating of
the Cu-CHA catalyst to 508C in O, results in the formation of Gwspecies [5,6]. Exposure of
this CU' species to the NO/nixture at 50C results in a peak around 12D, and a peak around
230°C in the NO-TPR profile. At low Cu loadings (catstlys, 1.35 wt% Cu), the peak at 23D
remains small, but it becomes clearly visible fatatysts with a higher Cu loading (catalyst D, 2.1
wt% Cu). If the exposure to the NO/@nixture at 50°C is omitted in these cases, only the peak
around 230C disappears, while the peak around i130s not affected.
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Catalyst D
heated in O, at 500 °C

— with O,/NO at 50 °C
- ---no O,/NO exposure

Catalyst B
-500 heated in O, at 500 °C

— with O,/NO at 50 °C
----no O,/NO exposure

Catalyst B
reduced in NO/NH, at 200 °C

4 —— with O,/NO at 50 °C
-1500 4 ----no O,/NO exposure

NO consumption / ppm /g,
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Figure 3 - NO-TPR profileswith and without exposure to the NO/O, mixture at 50 C for oxidized Cu-CHA
(catalysts B (black) and D (blue)) and for reduced Cu-CHA (catalyst B (red)) The curvesin the panelsare
drawn to the same scale.

The results shown in Figure 3 lead to several igmbrconclusions:

1. The Cub species is a nitrogen-containing'Cspecies. This is based on the observation
that the NO-TPR peak around 23Dis only observed after oxidation of the cataigshe
NO/O; mixture, while it is not present after oxidation@. only.

2. The formation of the Cib-species is enhanced when the NO#xture reacts with the
reduced Clspecies, probably Cu(Nj*. This species is formed by reduction in NOANH
at 200°C. Exposure of oxidized Cu to the NQ/@ixture at 50C results in a significantly
smaller NO-TPR peak around 230, indicating a smaller amount of the G$pecies.

3. The Cua species is a Cuspecies that does not contain nitrogen, since pirésent after
oxidation in Q at 500°C, and does not require exposure to the N@OAQture. This result
also indicates that the Guspecies does not react with NO alone. The mosioabv
candidates for the Caspecies are Croxide or hydroxide species.

We have now established that the IEspecies corresponds to a nitrogen-containingspecies.

A quantitative analysis of the NO-TPR peak at 230ndicates that the nitrogen-containing''Cu
species is a Cu(N§D as follows. By integration of the NO-TPR datawh in Figure 2, the total
consumption of NO in the reduction is determinea] @ompared with the Cu content in the
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catalysts, to obtain the number of NO moleculesuared per Cu atom. Table 2 summarizes these
results for the catalysts A-F. We see that the rarmalb consumed NO molecules per Cu atom
equals 3 for the catalysts with a higher Cu coneng, and F). For the catalysts with a lower Cu-
content, the NO/Cu ratio becomes lower. It is ndtet precisely the catalysts where theau-
species is found, are also the catalysts exhibNi@¢Cu ratios lower than 3. A graph of these data
is given in Figure 4, showing that the catalyst&Dand F fall on the dashed line, which indicates
the stoichiometric NO/Cu ratio of 3.

Table 2 - Total NO consumption (mmol/g) in NO-TPR of Cu-CHA catalystsand NO/Cu ratio, after exposure
of oxidized Cu-CHA catalysts to a mixture of 800 ppm NO and 900 ppm NHs.

Cu
content Total NO NO/CU NO NO Total NOx SCR rate
Catalyst (dry consumption ratio consumption  consumption Cul'* conversion  constant
matter TPR 120°C (Cu-a) 230°C (Cu-b) (200°C) (200°C)
basis)
10°
mmol/g mmol/g mmol/g mmol/g mmol/g mol / geat
s bar
A 0.126 0.129 1.02 0.07 0.059 0.090 0.039 0.92
B 0.214 0.446 2.08 0.13 0.316 0.235 0.104 2.78
C 0.287 0.602 2.10 0.11 0.492 0.274 0.194 491
D 0.33 0.990 3.00 0.03 0.96 0.350 0.230 5.98
E 0.451 1.359 3.01 0 1.359 0.453 0.294 8.40
F 0.547 1.630 2.98 0 1.63 0.543 0.316 9.33

* The total amount of Clis calculated as the sum of the NO consumptid2@fC and 1/3 of the consumption at 23D.

2.0 4

Total NO consumption / mmol/g

1.5
1.0

0.5

0.0 1

0.2

0.4

Cu content from ICP / mmol/g

0.6

Figure 4 - Total consumption of NO in NO-TPR as a function of the Cu content in Cu-CHA catalysts, after
exposure of the reduced state of the Cu-CHA catalysts to a mixture of 800 ppm NO and 900 ppm NHs. The
dashed line corresponds to the stoichiometric ratio NO/Cu of 3.
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The stoichiometric NO/Cu ratio of 3 points to tleeluction of Cu(N@). In an earlier publication,
we presented a reaction cycle for NEICR, in which a Cu(Ng) species reacts with NO to form
a Cu-NQ species and an Ndg) molecule, followed by further reduction withiHdland NO to
Cu' [9]. According to that reaction cycle, the netatian for the reduction of the Z-Cu-(Ncan
be written as:

Z—Cu?* —(NO3)~" +3NO+4NH; - 4N, (g) + 6 Hy0 (9) +Z — Cu™*
(©)
If we take the formation of the Cu(N}4* complex into account, then Eqg. (3) is modified to:
Z — Cu?* —(NO3)" +3NO + 6 NH; - 4N, (g) + 6 H,0 (9) + Z — Cu(NH3)}
4)

Both equations show that the reduction of a Z-CO4N\species in a mixture of NO and AIH
requires 3 NO molecules per Cu atom. Thereforeptiserved consumption of 3 NO molecules
per Cu atom indicates that, for the catalysts witbu load above 2 wt% (catalysts D,E,F), all Cu
is present as Cu(Ndp species in the NO-TPR measurement. The NO-TPRlgror these
catalysts show only the presence of thed@Gpecies, which therefore can be assigned to a@g)(N
species.

The assignment of the Guto Cu(NQ) is supported by FTIR results for similar Cu-CH#&taysts
“CHA15 05" and “CHA15 02" in [16], where a Cu(NDphase is detected after an identical
pretreatment. XAS and EPR measurements also iedibat a Cu(N@) species is formed in
reactions of the Cu(N&k* complex with mixtures of NO and (9]. Furthermore, the NO
consumption in a NEFNO temperature-programmed selective reduction oreagent on a Cu-
CHA catalyst with adsorbed nitrates, which is edaiyp the same as the NO-TPR measurements
presented here, shows a consumption of NO thatite gimilar to the curves presented here,
especially when the nitrate phase is formed at®C2[17].

The catalysts with a lower Cu content (catalystBAgnd C) show the presence of theadpecies

in the NO-TPR profiles (see Figures 2 and 3), whigh assign to a Croxide or hydroxide
species. This means that for Cu-CHA catalysts witbwer Cu-loading, not all Cu atoms form a
stable Cu(N®@) species. Since this peak does not correspond QU@ ) species, the
stoichiometric ratio NO/Cu becomes lower than art8ig from a CuO species, which is half of a
Cu-O-Cu dimeric species, the reduction to Cu@)Hin an NO/NH mixture can be written as
follows:

CuO +2NO +4NH; » Cu(NH3)¥ + 2N, + 3 H,0
©)

The reduction of a Cu-OH species, to CughHin the NO/NH mixture follows the reaction
[6,9,31]:

Cu—OH+ NO + 3 NH; » Cu(NH3)¥ + N, + 2 H,0
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(6)

This means that the stoichiometric ratio NO/Cutfa reduction of the Ca-species is expected
to be between 1 and 2, dependent on the type aix@le species in the catalyst. In any case, this
stoichiometric value lower than 3, is in full agmneent with the experimental result (Table 2).
Assuming a stoichiometric factor of 1 for the @species, the total amount of 'Cspecies (see
Table 2) matches the Cu content as measured WRHdCall catalysts, except for catalyst A. For
catalyst A, the total amount of £from NO-TPR is lower, indicating that either ndit@u has
been oxidized, or that there could be anothér ghase that is not reduced in the mixture okNH
and NO up to 370C.

To evaluate the catalytic activity of the catalyAt&, we have measured the NEbnversion in
the temperature range 160-580; the results are shown in the left panel of Fegbr The first
order rate constant for the M$CR reaction at 20TC, calculated according to Eq. 1, is used as
a measure for the activity. The values for the.d@nversion and rate constants are also included
in Table 2. The development of the rate constaitts tive total Cu content, as determined by ICP
is shown by the red squares in Figure 5, right pareese data follow the familiar pattern for Cu-
CHA catalysts, with a disproportionally low actiifor catalysts with low Cu loading [10,11].
This could mean that there exists a critical Culiog for the low-temperature activity of Cu-CHA
catalysts in the NHISCR reaction. There are also indications thalNHe-SCR activity at low Cu
loadings actually is proportional to the squarehaf Cu-loading, which would also explain this
pattern. The latter explanation has led to the lesien that the NBFSCR reaction actually
requires pairs of Cu ions, which are formed throdifusion of mobile Cu-(NH)." complexes
[10,11].

NOx conversion
SCR rate constant 200 ° C/ mol / g ,, s bar

T T T T T T T T T T T T T T T T T
200 300 400 500 0.0 0.1 0.2 0.3 0.4 0.5 0.6
Temperature /°C Cu content / mmol/g

Figure 5 - Left: Measured NO conversion for catalysts A-F, (feed gas: 500 ppm NO, 533 ppm NH3, 5%
H.0, 10% O, balance Ny; flow: 225 Nmi/min, 5 mg catalyst). Right: NH3s-SCR activity expressed as 1%
order rate constants at 200 <C as a function of the total Cu content (ICP, red) and the amount of Cu-b
(Cu(NO3)) from NO-TPR (blue).

The NO-TPR results presented above show that th@kA catalysts with low Cu loading contain
both Cua and Cub species, while catalysts with a high Cu-loadinty tyrave Cub. Based on this
result, it is suggested that only ®wontributes to the low-temperature activity, imptythat only
the Cu that is able form Cu(NDcontributes to the NHSCR activity. This would explain the
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disproportionally low activity of the Cu-CHA catahg with low Cu loading, since only a fraction
of their total Cu loading would be active. To vetifiis hypothesis, we compare the activity of the
Cu-CHA catalysts at 200C with respect to the total Cu content of the gatsl (ICP), and with
respect to the amount of @uSince it requires 3 NO molecules to reduce dsiGg(NQ) group,

the amount of Cip-is given by 1/3 of the NO consumption in the cspending NO-TPR peaks,
shown in Figure 2. The blue dots in the right pandtigure 5 show this comparison of the NH
SCR activity at 200C and the amount of Cloidetermined from the NO-TPR measurement. We
see, that in the catalysts with low Cu loading, dbtivity becomes proportional to the amount of
Cu-b, supporting the hypothesis that only Bwontributes to the NHSCR activity in these
catalysts.

NO-TPR on SO-exposed Cu-CHA

The NO-TPR procedure used for the-®®@posed and regenerated catalysts is differemt frmse
presented above. The first NO-TPR sequence wagasiini the procedure shown in Figure 1,
except that the reduction step, in the pretreatnan200 °C in NO+Nk was omitted, which
implies that the Cu-nitrate phase is formed bytieamf NO + Q at 50°C with oxidized Cu. The
heating ramp during the NO-TPR measurement end2d0atC, and the catalyst is then left in the
reduced state. The end temperature of Z7@as chosen to avoid any unwanted regeneration of
the SQ exposed catalysts. In the second NO-TPR sequémeeeduced catalyst was cooled in
10% G, first to 150 °C where it was kept for 1 h, andrturther to 50 °C; this procedure leaves
the catalyst in the reduced state. From this pminthe sequence is similar to that shown in Figure
1, with a Cu-nitrate formation step and in N@f@llowed by the NO-TPR in NO+N#

10% 0, 1000 ppm NO 10% 0, 10% 0, 1000 ppm NO
2000 ppm NO | 1200 ppm NH; 2000 ppm NO 1200 ppm NH;

270°C 270°C

150 °C

Reactor bypass
Reactor bypass
Reactor bypass
Reactor bypass

50 °C

Figure 6 - Schematic illustration of the NO-TPR procedure used on the sulfated and regenerated catalysts,
showing the temperature profile (black line) and the employed gas mixtures (white and grey areas). The
total flow rate was always 200 Nml/min with N, as carrier gas.
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An additional change in the NO-TPR procedure wadarfar the sulfated catalysts due to the

thermal stability of the Cu,S species. Therefanegrider to preserve the Cu,S species in the SO
exposed catalysts, the initial activation in ®Was lowered to 150 °C. Since the regenerated
catalysts had already been exposed to 550 °C fmralkehours, the activation at 500 °C was

assumed to not to affect the state of the Cu,Sepatthese catalyst samples.

Since the activity of the Cu-CHA catalysts is rethto the NO consumption after exposing the
reduced state of the catalyst to the Next@xture, only the second NO-TPR measurement of the
fresh, SQ exposed and regenerated catalysts is considereddiece this procedure is related to
Cu-nitrate formation on reduced Cu. The resultssaramarized in Figure 7. Qualitatively, the
trend for both the Sexposed and regenerated catalysts is that the dGumption peaks
becomes smaller with increasing S®@xposure time. Table 3 summarizes the total NO
consumption found by integration of the NO-TPR pea#tnd the relation of the total NO
consumption to the Cu content, S content, and nnedgleactivation.
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Figure 7 - NO consumption curves for the second NO-TPR sequence of the fresh (black dashed lines), SO,
exposed (red lines), and regenerated (blue lines) catalysts as functions of the temperature.

The NO consumption in the fresh catalyst correspaadn active Cu loading of 0.359 mmel{g
calculated as 1/3 of the NO consumption. This logdif active Cu in the fresh catalyst accounts
for 73% of the total Cu loading measured with IOR194 mmol/gay).
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The amount of active Cu determined from NO-TPRnd&tr loading, in the S exposed
catalysts are in the range 0.109-0.227 mmalAyhich overlaps with that of the low Cu loading
samples A-C. With this in mind, it is interestingriote that the NO consumption around 130
(Cu-a species) is not present in the sulfated cataligets Figures 2 and 7). This can only be a
consequence of the sulfur preventing reductiomefGua species.

Table 3 - NO consumption, Cu loading from NO-TPR, S content from ICP and deactivation from SCR
activity measurements. The Cu loading for the fresh catalyst as determined by ICP is 0.494 mmol/gca.

. Deactivation
Catalyst NO consumption Cuo-TPR S/Cucp S/Cuwvo-TPrR Cuno-er - Scp

@220 °C
mmol/geat mmol/geat mmol/geat
Fresh 1.077 0.359 0 0 0.359 0
Sulf(1h) 0.682 0.227 0.37 0.51 0.177 0.73
Sulf(5h) 0.598 0.200 0.56 0.77 0.084 0.79
Sulf(15h) 0.351 0.117 0.94 1.30 -0.107 0.94
Sulf(65) 0.326 0.109 1.02 1.40 -0.145 0.96
Regen(1h) 0.929 0.310 0.09 0.13 0.313 0.12
Regen(5h) 0.924 0.308 0.11 0.14 0.307 0.19
Regen(15h) 0.874 0.291 0.14 0.20 0.287 0.19
Regen(65h) 0.840 0.280 0.16 0.22 0.281 0.21

In the SQ exposed and regenerated catalysts, the Cu catwestnot change, but the uptake of
sulfur causes changes to the activity. In Chafegst was concluded that the sulfur is associated
with the Cu, but so far, it has only been posdiblelate the uptake of sulfur to the total Cu eoit
because there was no method available to meastisnthunt of active Cu. This is now possible
with the NO-TPR method.

Under the assumption that a single sulfur speaesgmes a single Cu site, the remaining active
Cu in the SQ exposed and regenerated catalysts can be determnevo ways. It can be
calculated by subtracting the sulfur content (I€8Mn the total active Cu content determined with
NO-TPR on the fresh catalyst (G&irpr,Frest— Scp), Or it can be measured directly with NO-TPR
(Cuno-Trr,sulfiregep 1N Figure 8, these two ways of determining teenaining active Cu are
compared for the SOexposed and regenerated catalysts by plottingcéihaulated remaining
active Cu against the measured. The grey dashedslithe 1:1 correlation; above this line the
amount of measured active Cu is less than antedp&bm the sulfur content, and below the
measured amount is larger than the calculated.tf®mregenerated catalysts, the correlation
between calculated and measured active Cu fallynan the 1:1 line. This suggests that it is
possible to measure active Cu in regenerated Cu-CHtAlysts, and corroborates that the
deactivation in these catalysts occur via a sisigieblocking mechanism.

The SQ exposed catalysts are below the 1:1 correlatimticating that there is more active Cu
than expected from the sulfur content measured With Recalling that the deactivation of the
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SO exposed catalysts was disproportionately largam the S/Cu ratio, it would be expected that
the measured active Cu would be less than the lagcl) or on the 1:1 line. This indicates that
sulfur is not associated with Cu, or that sulfus baen released during the pretreatment. The latter
option is consistent with observations of St@sorption around 270 °C during the first NO-TPR
sequence. Consistently, such-Sf@sorption was not observed for the regeneratidysts. The
quality of the data was not sufficient for quartiiion, but qualitatively the S@esorption was
largest from the S©exposed catalysts with the longest exposure tifff@s.is consistent with the
larger deviation from the 1:1 line of the Sulf(15nd Sulf(65h) catalysts than the Sulf(1h) and
Sulf(5h) catalysts.

0.4 )
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0371 @ Regenerated o® o
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Figure 8 - The calculated active Cu loading assuming 1 S deactivates 1 active Cu, Cuno-trrEresh = Scr,
plotted as function of the active Cu loading of the SO, exposed (black squares) and regenerated (red dots)
catalysts measured with NO-TPR, Cuno-tersuifiregen- The grey dashed line is the 1:1 proportionality line.

For the regenerated catalysts, the deactivatiorsuned in Chapter 5 was slightly higher than the
corresponding S/Ggp ratios, which is shown by the black squares irufég9. The NO-TPR
measurement on the fresh catalyst indicated thigt @%o of the total Cu loading was active,
which may be the reason for the slight offset ef #iCucp from the 1:1 proportionality. Therefore,
the S/Cuwp was corrected for active Cu by dividing by 0.73tdain the S/Cub.-tpr, Which are
the red dots in Figure 9. As seen, this leadstetir 1:1 correlation between the deactivation and
the S/Cu ratio. This emphasizes the applicabifithe NO-TPR method for regenerated Cu-CHA
catalysts, and the importance of relating sulfuheactive Cu content.
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Figure 9 - The deactivation of the regenerated catalysts plotted as function of the S'Cu ratio determined
from ICP (black squares) and the S'Cu ratio corrected for active Cu loading as determined from NO-TPR
(red dots).

Discussion

The NO-TPR results clearly indicates the preseffite/@ types of Cu in Cu-CHA catalysts, that
are distinguished by the reaction product of thiglation of Cud (Cu(NHs)2") with a mixture of
NO and Q. One type of Cu, Cb; forms a Cu(N@) species, and the other type, &derms a Cu-
oxide or Cu-OH species. If the Cu content is sigfidy high, all Cu in a Cu-CHA catalyst is Cu-
b, while in catalysts with a lower Cu content, sothea is present as well. The NFSCR activity
appears to be related to the ability of the Cu-Gtafalyst to form the Cu(N§p phase. Since the
formation of Cu(NQ@) is enhanced on a reduced Cu-CHA (Figure 3, csitd®y red curves)
containing Cu(NH).", it is important that the amount of Cu(}Q@s measured starting from Cu
reduced in NO+NEl

The reason for the relation between iCand the NH-SCR activity is that the formation of
Cu(NGs) from Cu or Cu(NH)2" is part of the NBESCR reaction cycle. In both the formation of
Cu(NGs) and the NB-SCR reaction, the dissociation of @ the Cti or Cu(NH)2* species is an
essential step. Dissociation of On Cu-CHA requires a reduced Cu species, andftrerghe
enhanced formation of Cu(NpPon reduced Cu shown in Figure 3 is due to a nedffieient
activation of Q. This enhanced formation of Cu(NJn reduced Cu-CHA provides additional
evidence for the explanation, that the much higaer of NB-SCR, compared to the oxidation of
NO to NG on Cu-CHA catalysts, is due to the influence @& tixidation state of the Cu on the
dissociation of the © In NHs-SCR, the dissociation of@akes place on a Gand it is therefore
much more efficient than in NO-oxidation. In NO-dation, much less Cuf any, is available, or
the dissociation of ©takes place on a €phase, and is therefore slower.
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The data in Table 2 show that the total amountSufdetermined from NO-TPR, assuming a
stoichiometric factor NO/Ca-of 1 and NO/CW of 3, matches the amounts of Cu found from
ICP, suggesting that all Cu is oxidized in the NBRTmeasurements. Recently, it has been shown
that in the oxidation of the Capecies in oxygen, some of the' @hase persists, while oxidation
in NO; leads to a complete oxidation of the' pecies [10]. Based on this, the conclusion that a
Cu has been oxidized in the NO-TPR measurememosably related to the presence of some
NO: during the oxidation in the ANO mixture (see Figure 1). This means that attlagsart of

the CU phase in the NO-TPR experiments is formed by ectlirraction between Cand NQ.
This means that the oxidic Guspecies in NO-TPR also can be the result of ardposition of a
Cu-(N,0) species, which implies that some Cu in GheCHA catalysts does not form stable
Cu(NGs) or other Cu-(N,O) species. For oxidic Cu spetiesied by decomposition of Cu-(N,O)
species, it can be expected that they do not nedhbt the NO/Q mixture, in line with our
conclusion for the Caar species in the NO-TPR measurements. An excepsiaratalyst A, in
which there can be a larger contribution of a Cth@ge, according to Eq. (4), or some reduced Cu
may be present during the NO-TPR measurement, giece is a difference between the amount
of Cu' in NO-TPR and the total amount of Cu found by ICP.

Measurements with EPR also indicate that, at laakiw Cu loadings, a part of the visible Cu
species are not affected by exposure to NO andal®o indicating that not all Cu in Cu-CHA
catalysts is able to form stable Cu(®@82]. The fact that such a Cu species is obseivé&PR

also means that it is a Ewspecies, since Cispecies are EPR silent. This matches the assignmen
of the Cua species well: it must be a €species, because NO-TPR shows that it can beedduc
in the NO/NH mixture, but it is not affected by the exposur¢hi® NO/Q mixture. Furthermore,
the Cua species is only observed for the Cu-CHA catalysts &low Cu content. Therefore, the
Cu-a species observed in NO-TPR can very well be tinees@u species that does not form a
Cu(NGs) species in EPR.

The dependence of the M3CR activity at 200C on the Cu density, as also shown by the red
dots in Figure 5, is divided in two ranges. At high loadings, the activity depends linearly on the
total Cu loading. This agrees well with the intetation of the NO-TPR data, that only the Cu-
species contributes to the BH3CR activity, since the amount of Cu(B)y@rmed just corresponds
to the Cu-content at higher Cu loadings. At low IGadings, the NEFSCR activity becomes
disproportionally low, and the data indicate thatiical amount of about 0.1 mmol/g Cu is needed
to obtain activity at 200C. For low Cu loadings, it has been argued thatethi® a 2° order
dependence of the NFBECR activity on the Cu loading, which indicateattthe NH-SCR rate
involves the formation of Cu-pairs. The distinctioetween a critical Cu loading and ™ @rder
dependence cannot reliably be made, since it §ntepends on the measured amounts oCu-
and Cub in a single data point (catalyst C). The NO-TPRadhowever, clearly show that the
NH3-SCR activity becomes 0 when the amount ofcthecomes 0, indicating that the ability to
form a stable Cu(N§) species is critical for the N+BCR activity of Cu-CHA catalysts.

We note that the relative amount of the &species becomes smaller, and that all Cu is presen
as a Cub species at higher Cu loadings, probably with ahdlljgower reduction temperature, as
indicated by the widening of the NO-TPR peak atlthetemperature edge. This implies that it is
possible to transform the inactive @wspecies to a Ch-species by increasing the Cu density.
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This suggests that the formation of the I€species follows from interaction of two Cu atorits.

is known that the dissociation of an oxygen molean a Cu-CHA catalyst becomes easier on a
pair of Cu ions [10,18,20], and therefore, pairsCaofions are important intermediates for :NH
SCR. The fact that a Cu(NH" ion is mobile facilitates Cu pair formation, whigltves rise to the
high SCR activity of Cu-CHA at low temperatureswi¢ follow the idea that the activation of
oxygen is the same for both Cu(®)@ormation and for NetSCR, then the amount of Cu(NO

in NO-TPR should reflect the amount of Cu that é@am Cu-pairs. Because formation of Cu-
pairs depends on the mobility of the Cu@ii complex [10], it can be expected that a certain
fraction of the Cu is not able to form the Cu-nigrapecies, and this fraction becomes smaller as
the Cu-density increases. In NO-TPR, we find thatftaction of Cu that is able to form Cu(§)O
increases with Cu content (see Table 2), whiclatideast qualitatively, in agreement with the
scenario that Cu(Ng) formation also proceeds via @ctivation on Cu pairs.

The fact that a clear reduction is observed in N&RGfter exposure of a reduced Cu to a mixture
of NO and Q at 50°C (Figure 3), means that the oxidation of @lieady takes place at that
temperature. The reduction associated with theb Gpecies, which determines the NSCR
activity, starts at around 15, which is close to the light-off of the NFBCR reaction on Cu-
CHA catalysts. This is not consistent with eartienclusions that the dissociation of oxygen is the
rate-limiting step for the NEHISCR reaction. It seems that the unavoidable poesehNQ in the
mixture of NO and @is important here, and that N@cilitates the oxidation of CLin agreement
with the observation that a complete oxidation afi€observed in the presence of N@A lower
temperature for oxidation of Cwith NO,, compared to the reduction in NO/BHhdicates that
the NQ indeed can enhance the rate of thesISIER reaction to give the fast-SCR reaction, with
a more rate-determining character for the reduqgtizm of the NH-SCR reaction [9].

An oxidation of Cliwith NO; would initially lead to a CtNO, species, and the nitrate species
is then formed in a second reaction step with, KtDrelease an NO molecule, according to the
known nitrite/nitrate equilibrium [17,27,33,34]:

Cu—NO; +NO, (g) © Cu— NO3 + NO (g)
(7)

The NO-TPR data indicate that all Cu is presergt @I(NQ) species at high Cu loadings, while
at low Cu loadings, the nitrate is not stable dnCal sites, as also indicated by previous EPR
measurements [32]. Apparently, the Cu@N®pecies can be stabilized by increasing the Cu
loading, suggesting that the formation of Cu paws only facilitates the dissociation ob,(ut
also plays a role in the stabilization of the Cu@N§pecies. Following the results presented in this
chapter, the sites where this stabilization ocauesthen also the active sites for NBCR. The
configurations of the Cu, where the Cu(f)®pecies is not stable, cannot be derived fronNthe
TPR measurements, but are most probably relatéuetavay Cu is bound to the zeolite (e.g. Z-
CuOH vs 2-Cu), and the location of the Cu ions in the zeq@-ring or 8-ring).

NO-TPR on SO2-exposed Cu-CHA

The NO-TPR method applied here appeared to be &ypflicable on the regenerated catalysts,
which is probably due to the stable Cu,S speci¢sase catalysts. This is not the case in the SO
exposed catalysts, which is possibly due to theloation of the employed NO-TPR pretreatment
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and the less stable Cu,S species in 8&posed catalysts. To accomodate this in the NR-TP
method on the Sexposed catalysts, the @ctivation at 500 °C was avoided and the NO-TPR
measurement was stopped at 270 °C instead of 37B6@ever, some SQOlesorption was still
observed around 270 °C during the first NO-TPR saga, indicating some unintended loss of
sulfur. In Figure 2B (Chapter 3) it can be seen tha SCR activity of an SQexposed catalyst is
unaffected by exposure up 300 °C in SCR gas, arfgre 5A (Chapter 3) the S@esorption
from SQ exposed Cu-CHA monolith catalysts in a typical S€&ction gas mixture starts around
270 °C. Furthermore, it has been suggested thatetberption of S@from SQ exposed Cu-CHA
catalysts is enhanced under more reducing condif@2], which are closer to the conditions used
in the actual NO-TPR measurement. Therefore, jilasisible that the unexpected results of the
NO-TPR measurements on the 8posed catalysts is due toS{@sorption during the first NO-
TPR sequence. It may be possible to avoid thisangying out the reduction step at 200 °C, as
presented in the general NO-TPR method, but adudievelopment of the NO-TPR method is
needed to resolve this.

Conclusions

We have introduced temperature programmed reduatitbrNO (NO-TPR) as a method to obtain
direct and quantitative information about the reitucof CU' species as it takes place in theNH
SCR reaction. In NO-TPR a mixture of NO and Bl used to reduce the Eapecies, and the
consumption of NO is measured as a function ofeéhgerature. Since this procedure reflects the
reduction part of the NHSCR reaction, the observed reduction profilesaatgiirect reflection of
the relevant reduction properties of Cu for NG CR.

The NO-TPR procedure consists of three phases, lpdfjehe preparation of the €phase, (2)
exposure of the Cuphase to a mixture of NO and Bt the start temperature for the TPR
procedure, and (3) the reduction of the' @hase in the mixture of NO and BlHuring controlled
heating. The results of the NO-TPR measurementrikpe the way the Cuphase is prepared.
The most relevant results for the NBCR reaction were obtained by first preparing apbase

in a mixture of 800 ppm NO and 900 ppm Nidllowed by oxidation at 50C in a mixture of
2000 ppm NO in 10% £No.

The NO-TPR results for series of Cu-CHA catalystsNHs:-SCR, with different Cu loadings,
ranging from 0.7 to 3.0 wt%, on the same parenent(Si/Al = 15), show a distinction between
catalysts with a low and high Cu loading. At high IBadings, the NO consumption in the NO-
TPR takes place between 150 and 250in a single broad peak with a maximum consunndito
around 23CC. In these cases, the total NO consumption cooredgpto exactly 3 times the Cu
content in the catalysts, which indicate that alli€the catalyst is present as a CugN§pecies.
At lower Cu-loadings the reduction occurs in twagsts, with a reduction peak around 280
and the Cu(N@) species around 23, as also observed at higher Cu loadings. Thectruiu
around 130C is due to the formation of a Goxide or Cll-hydroxide phase in the zeolite. This
means that for at low Cu loadings, not all Cu foarstable Cu(Ng) phase at 56C.

The low-temperature activity of the Cu-CHA catadyst related to the amount of stable CugNO
that is observed in the NO-TPR measurement. FOEBA-with a low Cu-loading, this means
that a certain fraction of the Cu does not contalio the low-temperature NFBCR activity; at

83



Chapter 7

higher Cu loadings, all Cu contributes to thesf&CR activity. The Cu(Ng) phase is apparently
stabilized at higher Cu loadings, indicating thatQu interactions play a role in the formation of
the stable Cu(Ng) phase.

The applicability of the NO-TPR method was alsdgéson SQ exposed and regenerated Cu-
CHA catalysts. For the regenerated catalysts, te#hod appeared to be directly applicable, and
lead to an improved relation between sulfur contamtt deactivation. For the sulfated catalysts,
the NO-TPR method should be changed to accommdigatess of sulfur from less stable Cu,S
species.
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Summary and Conclusions

The important task of efficiently removing N@om diesel exhaust of heavy-duty vehicles is
improved by the use of Cu-CHA NFBECR catalysts. However, the presence of Bdiesel
exhaust significantly deactivates Cu-CHA catalyats] thereby diminish their ability to remove
NOx. With the motivation of developing robust Cu-CHatalysts to ensure the efficient removal
of NOx, a solid fundamental understanding of the deattinedbehavior of Cu-CHA catalysts by
SO was obtained. Supported by this fundamental uteledig, it was concluded that the impact
of SG over the lifetime of the catalyst is not prohiagifor practical application. The anchor of
the investigations was the assessment of the ingpadferent SQ treatments on the performance
of the catalysts in the N&=BCR reaction, further supported by several charaettion techniques.

As Cu-CHA catalysts are exposed toS@articularly the low-temperature SCR activitytbé
catalysts is affected. It has been establishedhleadeactivation of Cu-CHA catalysts by 8©a
consequence of chemical interactions between&@ Cu sites, leading to formation of various
Cu,S species. Consistently, the S/Cu ratios afjgogure of Cu-CHA catalysts to $@r mixtures

of SO and SQ, never exceeds 1 in any of the experiments coeduturing this PhD work. This
indicates that S@ selectively interacts with Cu sites in the cataysand precipitation of
ammonium sulfate is not considered responsibléi®deactivation of Cu-CHA catalysts by 50
The direct Cu,S interactions also mean that thenats composition of the zeolite framework
(HrhAIWSiz-nO2vs HhSinAIP1.nO4), has little impact on the deactivation behavior.

The affinity of SQ for Cu depends on the oxidation state of Cuz &@orbs more stably on Cu
than on Cli, while SQ has a higher affinity for Cuthan for Cli In the relevant temperature
interval for SCR in heavy-duty vehicles (180-550,°6G is formed via oxidation of SO The
rate of the oxidation increases with temperaturgutth an extent that the effect of admittingsSO
together with S@is only measurable at lower temperatures. Furtbegnsince the presence of
NO and NH determines the oxidation state of the Cu, thecefieSQ and the formation of Cu,S
species also depend on the reaction conditions.

In Cu-CHA catalysts, the main €sgites are Z-CuOH ancd.Zu, which are Cu charge-balancing
one or two framework Al atoms, respectively..Sddd SQ mainly interacts with the Z-CuOH
sites, while certain ZCu sites are unaffected by $OTrhe SQ resistant ZCu sites are
conceivably the reason why a 100% deactivatiorheflow-temperature activity has not been
observed.

During exposure to S{xoncentrations as low as 1.5 ppmv, Cu,S specgegranarily formed on

the Z-CuOH sites. The majority of the formed Cip8cies are unstable at 550 °C, and these Cu,S
species are denoted reversible. Heating to 550 “®3-free gas for minimum 4 h liberates the
Z-CuOH sites fully from the reversible Cu,S speciBse decomposition of the reversible Cu,S
species begins close to 300 °C.

In parallel to the formation of the reversible Cgf$cies, a more thermally stable Cu sulfate
(denoted irreversible) is also formed, which hadeaomposition temperature around 650 °C.
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Hence, a full restoration of the low-temperaturtvity can be achieved by heating to 700 °C.
Formation of the irreversible Cu sulfate appearsdeur via a kinetically limited reaction that is
enhanced by the presence ofCH The formation involves a relocation of sulfuorfr Z-CuOH
sites to certain 2Cu sites, and chemical changes to the Cu,S spenie&CuOH sites. The
irreversible Cu sulfate is only formed on a resgrcfraction of the total Cu content.

Both the reversible and irreversible Cu,S spediesaggested to deactivate Cu-CHA catalysts by
a single site-blocking mechanism. However, the n&fée and irreversible Cu,S species have
significantly different impacts on the low-tempen&t SCR activity of Cu-CHA catalysts.
Comparing the deactivation with the amount of Csp8cies in the catalyst, the reversible Cu,S
species induces a disproportionately large dedmivdor a single site-blocking mechanism. In
contrast, the irreversible Cu,S species cause$ eotrelation between the deactivation and S/Cu
ratio. Furthermore, the reversible Cu,S speciadsi¢éaa change in the apparent activation energy
for NH3-SCR, whereas the apparent activation energy iffaatead by the irreversible Cu,S
species. These different impacts are explained g significant contribution of the Z-CuOH
sites than the ZCu sites to Cu pair formation that is important foe low-temperature SCR
activity of Cu-CHA catalysts.

The deactivation of Cu-CHA catalysts by $@ppears to depend on the totab®&posure, which

is calculated as the product of the Ss@ncentration and the exposure time. It implieg the
formation rate of the deactivating Cu,S species &asimilar dependence on the exposure
conditions. This dependency can be exploited tmest the development and impact of Cu,S
species via accelerated S€xposures with higher S@oncentrations. During SGexposures
similar to those expected within the full lifetinoé a Cu-CHA catalyst in a heavy-duty vehicle
aftertreatment system, the formation of reversihleS species occurs fast. The formation rate has
a volcano-like dependence on the exposure temperatLithin the range 200-500 °C, the fastest
formation rates are at intermediate temperatur@90f400 °C. Despite this influence of exposure
temperature, S/Cu ratios 0.5 are reached for plbexre temperatures within the first 13% of the
lifetime SG exposure. Due to the disproportionately large ichjpd the reversible Cu,S species
on the low-temperature activity, the deactivatianlds up even faster than the reversible Cu,S
species. Thus, deactivation levels of at least 80%ll exposure temperatures, are reached already
within 5% of the lifetime S@exposure. The formation of irreversible Cu sulfateimilarly fast,

but restricted to a minor fraction of Cu. Thiségjardless of exposure time and independent of the
exposure temperature, which is likely a consequehtee similar regeneration treatments at 550
°C that all catalyst samples were exposed to bafeasurement of the irreversible Cu sulfate
amounts. The deactivation by the irreversible Cifiatl is therefore, restricted to about 30%
throughout the lifetime S£exposure.

In terms of the applicability of Cu-CHA catalystséxhaust aftertreatment systems of heavy-duty
vehicles, the results presented in this thesis ghatthe significant impact of low concentrations
of SO on the low-temperature activity is a present isJueerefore, Cu-CHA catalysts are best
employed when diesel with low sulfur content, aslira-low sulfur diesel, is used as fuel. Despite
the use of ultra-low sulfur diesel, deactivatiorcurs fast, and hence, application of Cu-CHA
catalysts are contingent on effective regenerattoategies in order to maintain efficient use of
the catalysts’ good low-temperature activity. Ttogemtial impact of S@exposure, formed via
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SO oxidation on upstream aftertreatment componerppeas only to be concern at low
temperatures. However, under SCR conditions atéomperature, a significant fraction of Cu will
be present as Can which SQ@ adsorbs more stably, and therefore, the impaStaimay also be
of little importance at low temperatures.

Finally, temperature programmed reduction of NO {IlNER) has been developed as a new
method to measure the active amount of Cu in Cu-Glaialysts in NBFSCR. The NH-SCR
activity depends on the ability of the Cu-CHA cgsd to form a stable Cu-nitrate species. Initial
explorative tests of the NO-TPR method on.S2posed Cu-CHA catalysts indicate that the
irreversible deactivation that remains after regatien at 550°C, most likely caused by the
formation of Cu sulfate, can be monitored by the-NER method. For the S@xposed samples,
the method needs to be developed further, sincehttieges to the reversible Cu,S phases and the
interactions with the ammonia and NO in the redurctire not well understood yet.

Future per spectives

The use of Cu-CHA catalysts for N¥SCR is especially promoted by their better agtiuit the
low-temperature region for SCR in automotive afesatment systems, compared to other SCR
catalysts. Maintaining the better low-temperatwivdy in the presence of SGs contingent on
efficient regeneration. In this work regeneratias liypically been carried out for at least 4 h at
550 °C in SG-free gas, to achieve the maximum possible regénerat 550 °C. However, these
regeneration conditions are unrealistic in an detftartreatment system. Therefore, several topics
within regeneration should be explored to estaliiisiv efficiently regeneration in aftertreatment
systems can be carried out. The first topic, whiwy be the most important, is to identify the
“critical” SO2 concentration for regeneration. As shown in thissts, even at 500 °C the
deactivation builds up in the presence of 1.5 p@@y, but is lowered in S@free gas. This means
that somewhere in the S@oncentration range 0-1.5 ppmyv, there is a ctiioacentration of S©
where regeneration occurs, which would be an ingpdnbarameter for developing regeneration
strategies. It is possible that this concentraisolower than what is practically achievable, and
hence, other approaches for efficient regeneraloould be explored. Furthermore, as engine
operating temperatures are generally lowered, takeregeneration may not be an option in the
future. An alternative approach could be to inceeihi® reduction properties of the exhaust gas,
since there are indications that more reducingajamspheres promote the decomposition of
deactivating Cu,S species. This could potentiadlyabhieved by tuning the concentrations gf O
CO or NH, but requires further investigations.

The results presented in this work strongly poitatsa certain influence of the coordination
environment of Cu on the stability of the formed,€8pecies, and some Cu sites even appeared
to be entirely inert to SOexposure. Therefore, an increased understandifgpwfthe zeolite
structure, and the Al-distribution, affects the €interactions would be beneficial for developing
and tailoring more S&xesistant Cu-zeolite catalysts. This may be redligither by controlling

the locations of Al or by employing other zeoliteustures.
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Appendix A

Monolith experiments - NOx conversion data and Arrhenius plots of fresh, sulfated and
regenerated catalysts

Steady state NOx conversions were measured on 8 samples of the same Cu-CHA/cordierite monolith catalyst,
which were exposed to 8 different SOy treatments. The measured NOx conversions of fresh, sulfated and
regenerated states of the tested catalysts are shown as functions of temperature in Figure S1 and the

corresponding data points are listed in Table S1 below.
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Figure S1 — Steady state NOx conversions as functions of temperature for Cu-CHA catalysts in their fresh, sulfated and regenerated
states. The SOy treatment conditions are displayed in each plot. The regeneration conditionswere the same for all catalysts, i.e. heating

to 550 °C for 4 h in SCR gas.
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Table S1 — Data for measured NOx conversions of fresh, sulfated and regenerated states of the catalysts.

SO« Fresh Sulfated Regenerated
treatment Temperature [°C] NOy conversion Temperature [°C] NOy conversion Temperature [°C] NOy conversion
SO2-H20- 126 0.043 143 0.101 134 0.064
200 134 0.082 152 0.135 143 0.132
142 0.145 161 0.172 149 0.161
150 0.236 170 0.203 152 0.213
169 0.517 189 0.277 192 0.706
183 0.722 209 0.375
208 0.879
S02-200 139 0.095 143 0.132 139 0.091
143 0.125 153 0.187 143 0.119
152 0.216 163 0.253 152 0.204
161 0.346 172 0.320 161 0.326
168 0.491 192 0.472 168 0.474
SO2-H20- 139 0.133 142 0.140 138 0.116
550 143 0.169 153 0.204 142 0.147
151 0.269 163 0.277 151 0.236
160 0411 173 0.356 159 0.344
168 0.563 192 0.545 167 0.484
212 0.777
S0O2-550 114 0.061 126 0.084 113 0.051
119 0.070 136 0.110 121 0.072
124 0.084 148 0.131 130 0.110
135 0.124 158 0.161 144 0.179
157 0.308 243 0.753 155 0.283
241 0.966 238 0.962
SO3-H20- 140 0.103 143 0.048 141 0.122
200 144 0.136 153 0.052 150 0.197
152 0.235 162 0.054 160 0.305
161 0.365 172 0.062 168 0.438
166 0.490 193 0.074
S03-200 137 0.066 145 0.016 137 0.062
141 0.095 154 0.021 141 0.084
145 0.134 163 0.028 144 0.111
153 0.232 172 0.035 153 0.188
170 0.516 192 0.050 170 0.418
241 0.890 211 0.068 241 0.889
231 0.096
241 0.105
250 0.112
SO3-H20- 139 0.071 143 0.088 139 0.065
550 144 0.099 153 0.114 143 0.085
152 0.167 162 0.143 151 0.147
161 0.272 172 0.177 159 0.230
170 0.404 193 0.269 167 0.337
S0O3-550 136 0.125 137 0.127 146 0.189
144 0.183 146 0.156 153 0.292
153 0.271 156 0.184 163 0.393
161 0.388 166 0.218 171 0.527
168 0.506 176 0.260 190 0.770
240 0.942 252 0.811 241 0.934
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Based on the measured steady state NOx conversions of the tested catalysts, rate constants were calculated in
order to make Arrhenius plots. For the elaboration of the Arrhenius plots, the rate constants for NOx
conversions below 70 % for the fresh and regenerated states of each of the catalysts, were first combined to
determine a common slope. Thereafter, the intersect was determined individually for the fresh and regenerated
states of the catalysts with fixed slopes. The slopes and intersects of the sulfated states of the catalysts were
determined simultaneously. The resulting Arrhenius plots for the fresh, sulfated and regenerated states of the

tested catalysts are shown in Figure S2.
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Figure S2 — Arrhenius plots of fresh, sulfated and regenerated states of al tested catalysts.
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Desorption of SOz — detailed SOz desorption plots

During heating for regeneration at 550 °C in SCR gas and during heating to 900 °C in N2, SO desorbed from

the catalysts, and the outlet concentration of SO2 was measured, which is plotted in Figure S3 and Figure S4.
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Figure S3 — SO desorption from SOy exposed catalysts during heating to 550 °C for regeneration in SCR gas.
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Figure S4 — SO, desorption from regenerated catalysts during heating to 900 °C in Na.
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Discussion — calculations for determination of the internal effectiveness factor

In order to assess if internal diffusion limitations can be responsible for the drop in activity that is observed
after exposure to SO, the internal effectiveness factor, n, is calculated. For a first order reaction in a spherical

crystal the internal effectiveness factor can be expressed as a function of the Thiele modulus, ¢, as shown in

Eq. (S1) [1].

n= %(ﬁ— 1) (s1)

For afirst order reaction, the Thiele modulus can be expressed by a relation between the crystal radius, R, the
intrinsic volume based rate constant, ky,, and the effective diffusion coefficient, D, which is shown in Eq.
(S2) [1]. The volume based rate constant is obtained by multiplying the catalyst weight based rate constant by
22.4-1073m3 /mol and by the density of the catalyst, p.,; = 1544 -103g/m3, which has been calculated

based on the CHA framework density and the Cu-loading of the catalyst.

L
kV _r k - 22.4-m—01 *Peat (82)
Desr Desr

The crystal radius is approximately 0.5-10-¢ m, as verified with scanning electron microscopy. The rate

¢=R

constant at 183 °C for the fresh state of the catalyst before exposure to SO at 200 °C with H.O present is used
in the calculations for the intrinsic rate constant, which is 390 s-1. Effective diffusion coefficients of NHs in a
Cu-CHA catalyst have been measured with quasielastic neutron scattering at 0, 50 and 100 °C [2]. Using the
activation energy for the diffusion (4.4 kJ mol1) [2], extrapolation of the experimental diffusion coefficients to
180 °C has been done to obtain the value 1.2-10° m2 s, for the effective diffusion coefficient used here to

calculate the effectiveness factor for the fresh Cu-CHA catalyst.
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