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Abstract

Ag/Al,O3 catalysts modified by Si, Ti, Mg and W were stuldie obtain higher N©

SCR activity and potentially also higher S@sistance than the pure silver-based
catalyst for automotive applications. Addition afof Si to the alumina support leads to
a better NQremoval at low temperature i.e. reduces the SCGietaemperature by
about 10 °C under the applied conditions. Howevelges not increase the $0
resistance. The catalysts and the supports havedhegeacterized by BET, conventional
and synchrotron XRD, X-ray absorption spectrosabmyng temperature-programmed
reduction (XAS-TPR) and temperature-programmed rgi¢iem of ammonia (Ngt

TPD). The obtained results suggest a better siliggrersion and better regeneration

capability in the case of Ti- and Si-modified Ag/®} catalysts.
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1. Introduction

Light-duty diesel engines require removal of nigngxides (NG) from the
exhaust at temperatures below 200 °C to meet tbenijmg emission legislation [1].
Among commercial selective catalytic reduction (3C&alysts only Cu-zeolites have
been reported to achieve high Nénversion at so low temperatures [2]. However,
these catalysts are prone to sulfur poisoning i8] @ntil recently to severe
hydrothermal deactivation [4]. There are other lemperature NQremoval systems
including lean NQtraps (LNT), combinations of LNT and SCR catalystsch utilize
the "Fast SCR” effect [5-8] under development.

Ag/Al,O3 catalysts allow NQconversion by ammonia up to 90% at 200 °C
provided hydrogen is co-fed [9,10]. However, sutialerance of the catalyst still
remains an issue [11] that may be overcome by gud@n excess of hydrogen [10].
However, currently, that it is economically notvie.

An alternative way to increase the sulfur tolerancAg/Al,Os is a modification of
the catalyst itself. Park and Boyer [12] observesteased stability using higher Ag
loading in the catalyst. Instead of the commonkgdu%Ag/ALO; catalyst they applied
8%Ag/Al,O3 for NOy SCR by hydrocarbons (HC-SCR). Kumar et al. [13jgasted
alumina modification by 1-5%Mg which resulted ircieased catalytic activity and
stability of Ag/ALO;3 in the presence of 80 ppm S@uring the same process. C.N.
Costa with coauthors [14] suggested using 0.1%A@NeQ-Al O3 as a highly active
catalyst stable towards sulfur for NOCR by ethanol. Li et al. [15] observed a great
enhancement of NOSCR by propene over a 5%Ag/T#AI,O3 catalyst compared to
5%Ag/Al,03, which they attributed to a better Ag dispersioe tb the modified

support. Moreover, this catalyst showed a slow&r o sulfate accumulation than the



reference. Similar observation has been made ithanstudy [16] where a
2%Ag/Al,03 catalyst was doped by 1%Si0r 1%TiQ, (via impregnation of AlO;
with Si and Ti precursors). Together with a sligatrease in NQconversion by
propene a significant increase in S0lerance was demonstrated for the doped
catalysts. Finally, Nb-doping of Ag/ADs; was shown to increase conversion of,N®
low temperatures [17].

In a previous study we showed the existence oéuifft Ag sites with different SO
tolerance [18] which explained the importance ofihg a relatively high Ag load on
high surface area alumina, e.g. 4-6%Ag / 250-30§l,0; to obtain the most SO
tolerant catalyst [19].

In the current study 6%Ag/AD; catalyst was modified by loading Ti, Si, Mg, and
W. Our goal was to improve the stability and atyiaf Ag/Al,O5 for the H-assisted
NOx SCR by NH and unravel the influence of the dopants bothdiglgtic and

characterization studies.

2. Experimental

2.1. Catalyst preparation

Parenty-alumina ($e:=298 nf/g) was prepared via calcination of pseudoboehmite
at 500 °C for 4h in static air.

For the Ti/ALO3z and the Si/AlOs the corresponding dopants were deposited on the
alumina by an incipient wetness impregnation witdmium (IV) isopropoxide
(Aldrich) and TEOS (Tetraethyl orthosilicate, Alchi in butanol, respectively.
1%Mg/Al, O3 was obtained by incipient wetness impregnatiot &t agueous solution

of Mg(NOgs), (Aldrich). 0.9%W/ALO; was prepared by two consecutive impregnations



with an aqueous solution of ammonium metatungghitey)sHoW1.040 (Aldrich). After
impregnation the materials were dried at room teatpee overnight and calcined at
550 °C for 4 h in static air.

Commercially available silica-alumina (Siralox 52% mol.% SiQ, 95 mol.%
Al,0s, Sse1=292 nf/g) containing approx. 3 wt.% Si was also tested eatalyst
support to check whether the results of the lalbboyatoped aluminas are transferable to
the case of the commercial co-precipitated silicamanas. The material was kindly
supplied by SASOL, Germany.

6% Ag was introduced by an incipient wetness impatign of the obtained
supports with an aqueous solution of AgiN@Idrich). After impregnation all catalysts
were dried overnight and calcined at 550 °C forid static air.

As a final step the catalysts (except Ag/Siralod Ag/Al,03-n0SQ) were
presulfated to increase N©onversion at intermediate temperatures (the sdfeet as
observed in ref. [12]). For this purpose, the gestisl were impregnated with an aqueous
solution of (NH)>.SG; (Aldrich) and dried at room temperature. 1 g dabsst required
0.036 g of ammonium sulfite.

The catalysts were denoted Ag/xXX8k, where XX is the dopant and x stands for
a weight loading of the dopant if any, e.g. a gatatloped with 1 wt.% Si is denoted as
Ag/1Si/Al;Os.

The catalyst prepared on the basis of the comniaitiza-alumina was denoted
Ag/Siralox. This catalyst was also studied by syotion-XRD and X-ray absorption
spectroscopy during temperature-programmed redu€dAS-TPR). For comparison
purpose an unsulfated undoped Ag@d (Ag/Al,03-noSQ) reference material was

prepared and characterized.



A catalyst 1Ti/Ag/AbO3; was also prepared to check if it is possible tallég
before loading the dopant (Ti). All the preparatgtages were the same as described
above.

For catalytic measurements the catalysts were gaessushed and sieved to obtain

the fraction 0.18 — 0.35 mm (mesh 80 — mesh 45).

2.2. Catalytic experiments

The catalytic measurements were carried out inedfbed quartz flow reactor
(inner diameter =4 mm) in a temperature programmede while the temperature was
decreased from 400 °C to 150 °C with a rate of 2fi@. The temperature was
controlled using an Eurotherm 2416 temperaturerodat with a K-type thermocouple.
45 mg of catalyst was diluted with 100 mg of SiGéin 60) and placed on a quartz
wool bed. The bed height was ~11mm and the GHSNuleded using the volume of
the pure catalyst was ~ 110 008 Ffhe gas composition normally contained 500 ppm
NO, 520 ppm NH, 1200 ppm of K 8.3% Q, and 7% water balanced with Ar. The gas
feed was mixed from 2000 ppm NO in Ar, 2000 ppmsNHAr, 4000 ppm Hin Ar
(Air Liquide), oxygen and argon (AGA), dosed byiwidual mass flow controllers
(UNIT Celerity). Water was dosed by an ISCO 100DMrsge pump through a heated
capillary. Reaction products were analyzed by ald-isher Nicolet 6700 FTIR
analyzer equipped with a 2m gas cell. Gas capeltaniere heated to ~130 °C and the
FTIR gas cell to 165 °C to avoid condensation ofewand formation of ammonium
nitrate.

NOy conversions were calculated using the followingagpn:

C outlet
_ “NOx

inlet
CNOx

XNO>< :1

(1)



whereXyox denotes total conversion of N@GndCpo,™ andCno " is the NQ

concentrations on the inlet and outlet of the macethere:

Cruox =Cho * CNOZ + CNZO . (2)

Ammonia conversion was calculated accordingly agldvs 350 °C (the region of
interest) corresponds well to N©onversion.

For catalyst “degreening” (i.e. bringing its perf@nce in the presence of poisoning
agents such as $@ a steady-state level) the samples were heat28 °C where 10
ppm SQ was introduced and the activity measurement staftter 2 h at 250 °C SO
was switched off and the temperature was increes6@d0 °C and held there for 15 min
before cooling to 250 °C again. Then the cycle,a B50 °C followed by 15 min at 670
°C, was repeated 7 times (until no difference iivag between the two last sulfation

cycles could be seen).

2.3. Catalyst characterization

Temperature programmed desorption (TPD) okMids conducted in the catalyst
test setup (see above) and with the same amowatali/st (45 mg). Prior to the
experiment, the parent unsulfated catalyst suppastpretreated in a flow of Ar (100
ml/min) for 30 min at 500°C. After that the samplas cooled down, Nfwas then
adsorbed at 90°C (monitored by FTIR), followed ksmatch back to Ar flow to remove
gaseous NE When the NH signal was below 10 ppm the temperature ramp was
started (5 °C/min).

The specific surface areass(p of the supports were measured byadsorption
with a Micromeritics Gemini instrument. 5-point BEETirve was used forggr

determination.



The crystal phase of the materials was investigayed-ray diffraction (XRD) on a
PANalytical X’Pert PRO diffractometer using a Cy tadiation (® range 30 — 90°, 45

min per scan).

2.4. Synchrotron X-ray absorption spectroscopy diffdaction studies

The synchrotron studies were performed at the SMissvegian Beamline
(BMO01B) at the ESRF synchrotron radiation sourdee $torage ring typically operates
at 6 GeV and injection currents of 200 mA in a tgpmode. For the synchrotron XRD
and XAS in terms of X-ray absorption near edgecstme (XANES) and extended X-
ray absorption fine structure (EXAFS) spectroscdpgng TPR the two catalysts
Ag/Al,03-noSQ and Ag/Siralox were placed in 1.5 mm quartz capdls [20] with
0.01 mm thick walls (approx. 1 cm bed length, 7ahg catalyst, sieve fraction 100 —
200 um). The capillary was placed across the Xaegm on top of a hot air blower
(Oxford GSB-1300) [21] and the capillary was gluégith epoxy resin into a special
home made holder connected to the inlet and ogdielines [22]. Catalyst was heated
from 20 to 480°C with 5 °C/min ramp in a flow of $%in He (50 ml/min).

XRD patterns were recorded at 24.538 k&\ (0.50527 A) using a 2D-detector
(Dexela 2D CMOS) and converted to XY-format usingZb software from ESRF
[23]. The beam size for XRD was 1x1 mm and the eXa@y wavelength was
determined by measuring a Laiference. The baseline for the individual pedk&g
metal and AgO was defined by a linear equation in tider@nges 12.1 — 12.45° and
23.2 — 24° correspondently.

X-ray absorption spectra were recorded in transomsgeometry with a Si(111)

double-crystal monochromator and a gold-coatedamfar the rejection of higher



harmonics. Three ionization chambers were usetefmrding the intensities and a third
one for an Ag foil used as a standard. Spectra Wweated and linear combination
analysis was done by using Athena software [24] @ Fourier transformk

weighing and a k-range of 2 — 14'Avith Hanning-type window was used. For the
linear combination fitting first (oxidized) and tgseduced) spectra were used. The
spectra were fit with fixed energy in the rangeXd to +30 eV relative to the threshold

energy.

3. Results

3.1. Catalytic activity of Ti, Si, Mg, and W-dop&glALO3

Fig. 1 shows NQconversion curves for doped Agik; catalysts after degreening.
In spite of being an acidic dopant like Ti and&lidition of 0.9 wt.% W shifted the
SCR onset temperature to higher values and signilic decreased the maximum NO
conversion (gray dashed line). Addition of 1 wt.%g,Mvhich was effective in the case
of HC-SCR [13, 14], did not lead to significant e changes in the catalytic
behavior of Ag/AMg/AIO; during NH-SCR (gray solid line). In the case of
Ag/1.5Ti/Al,O3 (black dashed) and Ag/1Si/A); (black dotted) catalysts a shift of the
SCR onset to lower temperatures was observed.IDhi€ shift in the range of 150 —
180 °C is important for automotive applicationglas exhaust temperature of the light-
duty diesel engine is reported to vary between-1290 °C with an average of 142 °C
during the urban driving [1].

The same increase in the NEnversion was obtained for the Ag/Siralox (gray
dotted) which was prepared using the commercigireaipitated silica-alumina

containing approx. 3 wt.% Si. This catalyst waspreisulfated as described in 2.1 but



was degreened with SOke all other samples. According to additionagyious
experiments (not shown), the lack of presulfatiothis case influences only the
activity of the fresh catalyst but after degreenwith SO, (section 2.2) the difference
disappears.

To evaluate whether the Ag loading and the dopzadihg steps can be
interchanged, a 1Ti/Ag/AD; catalyst was prepared and compared to its cowarterp
Ag/1Ti/Al,Os. The activity profile of 1Ti/Ag/AlO3 was the same as of reference
Ag/Al,Os. Thus, the parent alumina support should be dbger or Si as a first step
and not the already prepared Ag/ad.

Another important parameter of Agi&); catalysts is their sulfur tolerance. This
was evaluated during the degreening procedure witoiprised of cycling between 2 h
periods with 10 ppm S{at 250 °C and 15 min regeneration periods at €& 0rhe last,
7™ S poisoning period is shown in Fig. 2 for Ag/1.5Ti@s; (black dashed),
Ag/1Si/Al,O5 (black dotted), reference Ag/AD; (black solid), and Ag/1Mg/AD3
(gray solid). Ag/Siralox showed similar resultghe Ag/1Si/AbOs. The data suggests
that addition of Mg does not improve the S6lerance of the Ag/AD; catalyst for the
NH3-SCR. Addition of 1 wt.% Si did not change the,3Qerance of the Ag/AD; and
1.5 wt.% Ti — slightly decreased the S@lerance of the Ag/ADs. Both catalysts

preserved a good regeneration capability.

3.2. Dependence of performance of doped A@%dn the Ti or Si loading
The optimal amount of Ti and Si in the Agé@k is governed by the catalyst
performance, e.g. SCR onset temperature and galerance. Therefore, these

parameters were measured for a series of Ti add®&d samples. Fig. 3 shows the
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dependence of SCR onset temperature (shown as rtziomgeof 50% NQconversion)
on the loading of Ti (circles, solid line) and 8igngles, dashed line). The best activity
is achieved by doping with 1.5 wt.% Ti (0.32 mmdlkémd around 1 wt.% Si (0.36
mmol/g). By loading a higher amount of dopant ta&lytic activity decreases
significantly, reflected in a highersdvalue of the N@ conversion. Note that the
presented results were obtained with dopants loadete alumina by impregnation
(the dopant mainly stays on the surface) and thienaploading may differ for co-
precipitated titania- and silica-aluminas (where dopant is evenly distributed in the
bulk).

The sulfur tolerance of the degreened Ti- and $iedccatalysts is presented in Fig.
4 as NQ conversion at the end of the 120 min sulfationewat 250 °C (see 3.1). No
increase in NQconversion is seen and it even decreases awittheTi doping
suggesting that the main effect of the doping ¢seasing the low-temperature activity

of the regenerated catalyst.

3.3. Temperature programmed desorption of ammaara fTi- and Si-doped
aluminas

To explain the observed increase in the low-tentpezaactivity of Ag/Ti/ALOs; and
Ag/Si/Al,O3; we performed physico-chemical studies of the gatal The support
acidity may influence NQSCR by ammonia significantly [25]. Ti and Si acedic
dopants for the alumina [26, 27]. We can, therefexpect increased acidity of the
doped catalysts, which was investigated by tempezgirogrammed desorption of

ammonia (NH-TPD).
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NH3-TPD profiles of the parent unsulfated 1.5Ti®4 (dashed), 1Si/AD;
(dotted), and reference Ab; (solid) are given in Fig. 5 and the amount of agids
calculated from these profiles is given in tabl& e number and strength of acid sites
of the modified aluminas do not change significandlative to the starting material.
Thus, the changes in the alumina acidity with logdi wt.% Si or 1.5 wt.% Ti can

hardly explain the increased activity of Si- aneddped catalysts.

3.4. Conventional XRD and BET characterization iefahd Si-doped aluminas and
the corresponding Ag-catalysts

To investigate if Ti- and Si-doping significantlitexred the crystal structure of the
Ag/Al,O3 X-ray diffraction patterns of the catalysts and tlorresponding supports
were recorded (Fig. 6). When comparing the catalypports (gray curves) a slight
increase in crystallinity could be noticed (alspresented by the crystal size change in
table 1). An increase in the crystal size is ie hmith the decreased surface arggr 8f
the doped aluminas (table 1).

Comparison of the XRD spectra of Agi8k (black curves in Fig. 6) catalysts
shows a noticeable difference between the undaggfedence Ag/AIO; and doped
Ag/1.5Ti/Al,O3 and Ag/1Si/AbOs. There are clear reflections arising from metaige
in the reference sample spectrurh §agles = 38.1, 44.3, 64.5, 77.4, and 81.5°). None
of these silver reflections can be found in thectijaeof doped catalysts suggesting very

small and dispersed Ag particles.

3.5. Synchrotron XRD, EXAFS and XAS-TPR study /&ivatpx in comparison to

Ag/AbO3-n0SQ
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To obtain better quality XRD patterns and to comp#at these data with XAS
results we have conducted in-situ XAS-TPR usindgp tuglliant synchrotron X-rays.
The catalysts were placed in the quartz capillagduas an in-situ cell with a flow of
5% Hy/He. After 3 min in the reducing atomsphere XRDnscavere recorded, followed
by 5 EXAFS scans (approx. 3 min each) at 20 °Ccamtinuous recording of EXAFS
spectra during subsequent heating. After reach®@y°€ the catalysts were cooled in
H./He flow to 30 °C and XRD patterns and EXAFS spgewtere recorded once again.
In-situ XAS-TPR was chosen as a characterizatiohrnigue because Ag/#AD;
catalysts undergo reduction (necessary for parsizke estimation [28]) not under in-
situ SCR conditions but only in more reducing atph@ses, as also observed by
Shimizu et al. [29].

Fig. 7 shows the result of linear combination asislpf XANES spectra obtained
during TPR of Ag/Siralox and Ag/ADs-noSQ catalysts. Unsulfated Ag/ADs-noSQ
was chosen for this experiment to match Ag/Siraltich was originally not
presulfated. The value displayed on Y-axis in Fiis the relative fraction of Ag
(relative contribution of XANES spectrum of the vedd catalyst to the resulting
spectra). The error bars reflect the goodnesseofithOriginal XANES spectra are
available in the supporting material. First and BXAFS spectra of the same catalyst
were used as standards for fitting representingakgl Ad respectively. The reason for
not using the spectra of reference compounds (ggeosting material) is that they are
obtained using highly crystalline materials andvslimgher amplitude of EXAFS
oscillations than the spectra of the catalysts whesults in a bad fit.

As shown in Fig. 7, reduction of Ag/AD;-noSQ starts immediately upon exposure

to Hy/He at 20 °C (first 5 points, black line). Thisnist the case for Ag/Siralox (gray
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line) where higher temperature is needed for rednaif Ag species. Shift of Ag
reduction to lower temperatures have been obsemadously with increase of Ag
content and was ascribed to a formation of bigggOf clusters [30]. Alternatively,
easier reduction of undoped Agi®s-noSQ may be due to lower metal-support
interaction.

XRD patterns of the oxidized catalysts (Fig. 8)whiotense broad signals of
Al,O3 with small sharp signals from metallic Ag and, §ibk/, AgO [31]. The inset in
the top left corner shows enlarged signals withraabed baseline ab2= 12.3°
(reflections from Ag 11 1 and A@ 2 0 O crystal planes) ané 2 23.7° (Ag 31 1).
Higher intensity of Ag and A® signals points to a larger crystal size of Adgipkas in
the case of Ag/ADs;-noSQ relative to Ag/Siralox.

Fourier transformed EXAFS (first scan at 20 °C)cseof Ag/Siralox and
Ag/Al,03-n0oSQ catalysts are shown in Fig. 9. In line with theDXRata, stronger
metallic features (backscattering from the neightzpAg at R = 2.7 A, no phase
correction) for the Ag/AlOs-noSQ is observed relative to Ag/Siralox. The latter, in
turn, shows higher intensity from the oxygen baakister at lower R-values and is,
therefore, more oxidized. Note that these spectne wneasured already in the presence
of H, and, strictly speaking, the state of a catalyss@nt in the beginning of TPR may
be different from the catalyst in air. This couke important in the case of Ag/ADs-
noSQ which showed reduction already at 20 °C.

XRD and EXAFS spectra of the reduced catalysts gredented here, see the
supporting material) are identical and dominatedigpals from metallic Ag indicating
that TPR completely redistributes Ag species tanfametallic Ag of similar size and

shape independent on the support properties.
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4. Discussion

Among the different catalysts used in this studyAhgOs doped with small
amounts of Ti and Si demonstrate higher catalyiividy at low temperatures (after
degreening with Sg. However, they are more prone to deactivatiosudfur
compounds during Hassisted SCR of N(by ammonia. To explain these phenomena
we employed further test studies and several ctarsation techniques. Loading of Ti
and Si did not increase the acidity of the alunsnpport. The changes in the acidity of
the doped aluminas can probably not be seen dile fow amounts of dopants in the
most active catalysts.

The surface area of the doped supports (tabledgdeeased by 10 — 15% relative to
the reference alumina. The decrease in surfaceaftezantroduction of low amounts of
Si and Ti in alumina has been reported earlier 2179,

The most prominent difference between the undopéalyst and its doped
analogues can be noticed in the conventional XREepe and in the results of the
synchrotron X-ray diffraction and X-ray absorptistady. The diffractogram of the
reference catalyst shows reflections originatirgrfrmetallic Ag particles, whereas no
Ag species could be detected in the spectra ofdlspmples suggesting better Ag
dispersion in these catalysts. A similar observatias found by Li at al. [15] — in that
case for HC SCR. The lower Ag dispersion in theaped catalyst can also be
indirectly concluded from the reduction in 5%He followed by X-ray absorption
spectroscopy as the undoped catalyst reduces elgiady at room temperature (see

e.g. similar studies on Pd-based catalysts [32]).
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Indeed, doped aluminas in our case have a relgtoagistant total amount of acid
sites in spite of the decreasing surface area.@iies higher surface density of acid
sites for the doped samples, thus, providing madeation sites for active Ag particles
per surface area. Hence, Ag is utilized more effitty and the metal-support interaction
is stronger in this case preventing Ag species faggilomeration. This fact also
explains why the effect of doping is only obserifedlg is loaded on Ti-doped support
but not if already prepared Ag/AD; is later doped with Ti. In the second case waltrie
to modify a prepared catalyst with already formegparticles which did not lead to the
enhancement of the catalytic properties.

The second effect of Ti and Si doping is the madiibn of the catalyst affinity
towards SQinfluencing catalyst deactivation and regeneratimperties. Several
authors reported lower stability of sulfates on J&dd SiQ relative to the alumina [15,
16, 33] which was also confirmed during our cataltgsts. Fig. 10 shows the amount
of SO, desorbed during the first (top) and the sixth tdro) regeneration stages in the
course of catalyst degreening in dependence o08itbeTi loading.These two
regeneration stages are chosen to indicate thal isitifur uptake by the just-prepared
catalysts and sulfur adsorption-desorption durreg“steady-state” operation of the
degreened catalyst. Two different trends are ptesethe case of the freshly
presulfated catalyst subjected to the regener@tgh.5Ti/Al,O; desorbes nearly three
times the amount of S@s the reference Ag/AD; and this amount increases with the
increase in the dopant loadir&L. the same time, degreened catalysts adsorb autlde
comparable amounts of SQAQ/1.5Ti/Al,O3 stores and releases approx. 1.3 times more
SO, than the undoped sample). Altogether, the dopdiuteinces stronger the catalyst

preparation and the degreening stage than thesfurttalyst operation.
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In spite of the comparable amount of the desorli@ddsiring operation of the
degreened catalyst desorption temperatures diffgr.11 shows evolution of SGrom
Ag/1.5Ti/Al,O3 (black solid) and Ag/1Si/AD; (black dashed) as well as from the
undoped Ag/AIOs (gray solid) in the course of catalyst regeneratinoder SCR
conditions. Addition of Ti and Si to the catalyssulted in S@desorption to the gas
phase at lower temperatures during the catalysinegtion compared to the undoped
Ag/Al,Ozwhich supports the idea of more efficient regenenadf Ti- and Si-doped
Ag/Al,O3 catalysts. Moreover, two S@esorption peaks are observed in the case of
Ag/1.5Ti/Al,O3 suggesting different types and configuration téssfor adsorption of
sulfur species in the case of doped catalysts.

The obtained data allows to draw the mechanismgdARO3 doping is as follows:
First, doping of Ag/AJO; leads to the formation of smaller Ag particles, better Ag
dispersion. The smaller active Ag particles expfaster deactivation during $O
exposure for Ti-doped catalysts compared to theped Ag/AbO3 as smaller Ag
particles are known to be less stable towards isptfisoning [12, 18, 19]. Second, as
seen from the amount of S@esorbed after the first regeneration, the amot80,
irreversibly adsorbed on the doped catalysts i®tomhich leaves less Ag sites
irreversibly poisoned and accessible for the SCR ifithe degreened catalyst. And
last, in spite of adsorbing more sulfur speciesmiuthe degreened catalyst operation,
those species are, bound weaker than to the undepaiyst and easily desorbed during
regeneration.

The changes in the strength and, possibly, the@atiusurface adsorption sites can
influence not only adsorption of S@Out also NQ and NH and, thus, account for the

existence of optimum Ti and Si loadings as sedharfig. 3. While the initial increase

17



of the catalytic activity stems from the better digpersion, further decrease can be a
result of changes in the strength and, probablgygtry of various adsorption sites
(e.g. those adsorbing nitrate and nitrite interratedi [34]). Further insight about this
could probably be obtained using in-situ DRIFT Scéqmescopy.

Last but not least, the activity of the catalysisdd on the laboratory doped alumina
was compared with that of Ag supported on commeksdiaa-aluminas prepared by co-
precipitation. The results demonstrate the saneeedif doping by Si in this case,
though the concentration of Si required for thedpidion of the most active catalyst is
higher in the case of co-precipitated silica-aluasinThis probably stems from the fact
that by impregnating the support we introduce thyeatht mainly on the surface,
whereas co-precipitation yields dopant uniformigtdibuted in the bulk. Thus, a
relatively higher surface concentrations are oletgim the first case. As the catalytic
effect is governed by the surface sites the reduareount of the dopant will be lower if
introducing it via impregnation. Still, as Si andare cheap and readily available, the
usage of commercial co-precipitated supports isfigd by the easyness of the

preparation and, correspondently, the end pricdbetatalyst.

5. Conclusions

Doping alumina support of the Ag/Ad; catalysts by low amounts of Ti and Si
allows gaining higher low-temperature activity bétcatalysts in the #hssisted SCR
of NOy by NH;s under sulfating conditions. From the detailed abtarization we
conclude that this can be mainly traced back ttebétg dispersion in the doped
samples together with the more efficient regenenadf the obtained catalysts from

sulfur. The optimum dopant loading is about 1 —t36 and according to the various
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preparation methods and supports used in the stiediindings can be extended to the
usage of commercial co-precipitated silica-alumimashis case the optimal

concentration of the dopant will be higher, e.g. SP6ompared to 1% Si for the

alumina doped by impregnation.
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Table 1. Textural characteristics of used alumima & (Si)-alumina supports.

Support Support BET Average crystallite | Number of acid sites,
surface area, [fig] | size, [A] [mmol/g]

Al,O3 298 34 0.55

1.5%Ti-AlL,O; | 276 37 0.57

1%Si-Al,O3 253 63 0.51

Siralox 5/230 292 - -
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Figurelegends

Figure 1. NO, conversion profiles obtained over reference AglAlblack solid line),
Ag/1.5Ti/Al,O5 (black dashed line), Ag/1Si/&D; (black dotted line), Ag/Siralox (gray
dotted line), Ag/1Mg/AdOs (gray solid line), and over Ag/1W/ADs;(gray dashed line).
Reaction conditions: 500 ppm NO, 520 ppmNEH00 ppm H, 8.3% Q, 7% HO in

Ar, GHSV = 110 000 1.

Figure 2. Decrease of NOconversion during feeding $@t 250 °C over Ag/AD;
(black solid line), Ag/1.5Ti/AlO; (black dashed line), Ag/1Si/&D; (black dotted line),
Ag/Siralox (gray dotted line), and Ag/1Mg/&s(gray solid line). Reaction conditions:
10 ppm S@, 500 ppm NO, 520 ppm NjH1200 ppm H, 8.3% Q, 7% HO in Ar,

GHSV = 110 000 1.

Figure 3. Dependence of temperature of 50%,NOnversion on dopant loading for
Ag/xTi/Al ;05 (solid line) and Ag/xSi/AlO; (dashed line). Reaction conditions: 500

ppm NO, 520 ppm Nk 1200 ppm H, 8.3% Q, 7% H0 in Ar, GHSV = 110 000 h

Figure 4. Dependence of NCconversion after 2 h exposure to 10 ppm 8©@dopant
loading for Ag/xTi/ALOs (solid line) and Ag/xSi/AlO; (dashed line). Reaction
conditions: 10 ppm S£500 ppm NO, 520 ppm N1200 ppm H, 8.3% Q, 7% HO

in Ar, GHSV = 110 000 1.
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Figure 5. NH3 TPD profiles for unsulfated 1.5Ti/ADs; (dashed), 1Si/ADs (dotted),
and reference AD; (solid). Conditions: 100 mg. of sample, 100 ml/mAinflow, 5

°/min temperature ramp.

Figure 6. XRD spectra of Ag/1.5Ti/AlOs, Ag/1Si/AlL,O3, Ag/Al,O3 catalysts (black),

and the corresponding supports (gray).

Figure 7. Results ofinear combination fitting of XANES spectra obtaiha@uring
temperature-programmed reduction of Ag/Siralox ypemnd Ag/AbOs-noSQ (black).
Showed value is the concentration of’Aglative to the total concentration of Ag in the

catalyst (weight of the spectrum of the reducedlgst).

Figure 8. Synchrotron-XRD spectra of of Ag/Siralox (gray) ahgl/Al,O3-noSQ
(black) before TPR. X-ray wavelength= 0.505268 A. Inset shows peaks near2

12.3° and 8 = 23.7° with subtracted linear baseline.

Figure 9. Fourier transformed EXAFS spectra (first scan) gf@iralox and Ag/AIOs-

noSQ with Ag and AgO reference spectra.

Figure 10. Amount of SQ desorbed from Ag/xTi/AlOs (filled circles) and
Ag/xSi/Al,0O5 (open triangles) catalysts during the first (tapyl the sixth (bottom)
regeneration stages in the course of catalyst dagrg depending on the amount of Si
and Ti. Amount of S@passing through the catalyst during each deativatycle is

5.9umol.
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Figure 11. SO, concentration in catalyst outlet during degreerfingl. the sixth
regeneration stage) of Ag/AD; (gray solid line), Ag/1.5Ti/AIO; (black solid line),

Ag/1Si/Al,O3 (black dashed line). Catalyst temperature is @tb#ts gray dashed line.
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Figure 2.
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Figure 3.
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Figure 4.
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Figure 5.
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Figure 6.
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Figure 7.

Relative concentration of Ag“ during TPR
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Figure 8.
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Figure 10.
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Figure 11.
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