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Abstract

The two-step postsynthesis method allows obtaiAIBIBEA zeolites with different degree of
dealumination (Si/Al=100 and 200). Physicochemimalperties (crystallinity, hydroxyl group
coverage, acidic sites and nature of silver sppcasAISIBEA and AgAISIBEA were
investigated by XRD, DR UV-vis, XPS, TEM and FT-With CO and pyridine as probe
molecules. Catalytic properties of the zeolitesengudied in the process of selective reduction
of NO with ethanol in the presence of hydrogenh@ teaction mixture. It was shown that level
of H,-promoting effect on the SCR-process depends onddeumination degree of Ag-
containing BEA zeolites and greater effect is obaseifor the catalysts with higher concentration

of Lewis acidic sites.



1. Introduction

Nitrogen oxides (N¢) abatement in exhaust gases of lean-burn and | desggnes
remains a target for environmental catalysis resedvietal-containing zeolites are known to be
promising catalysts for selective catalytic reductiSCR) of NQ with hydrocarbons and
oxygenates [1]. Activity of zeolite catalysts dedsron the nature of added metal (Cu, Fe, Co,
Ag) as well as on the framework type (MFI, BEA, MORAU) [2-4]. Interest in silver-
containing catalysts was stimulated after the figdihat addition of hydrogen into the reaction
mixture enhances the selective reduction ofs ). The origin of this effect is still under
debate,i.e, the role of H in the reaction mechanism and structural chandgesher active
sites [6-15]. It is most likely that in order tochease the rate of N@onversion hydrogen must
accelerate a rate-determining step of the rea¢@gf]. The enhanced activity after, ldddition
was assigned to the formation of the nitrite spetmat are more reactive than adsorbed nitrate
species in gHg-SCR reaction on Agil,03 [7,8]. Other way of hydrogen effect was suggested
be the formation of active oxygen species on Agtelis on Ag/AIO; and Ag-MFI catalysts
[9,10], which promote partial oxidation of hydrobans to surface acetate [11] or enolic species
[12]. Formation of the key intermediate of isocy@niom cyanide was also considered as the
rate-determining step and was suggested to be peonby hydrogen [6,13-15].

However, silver ions and clusters were considenmdg as active sites of the hydrogen-
promoted SCR of NOwith hydrocarbons or oxygenates and influencéefdcidic sites has not
been taken into consideration. It was only propd4étithat variation in catalytic activity of Ag-
containing zeolites in §Hg-SCR of NO in the presence of, Brises from the support effect on
the ratio of Ag species, which was shifted to catoside with the increase of amount and
strength of acidic sites in zeolites. The effectoidic properties of Agil,O3; catalysts on their
activity in the SCR of NQwith hydrocarbons or oxygenates was highlightedeweral recent

studies [17-19].



In a previous work [20], we have shown that promgti,-effect in the SCR of NO with
ethanol is observed in the presence of AQBEA (VtrAl ratio equal to 12.5), whereas it is
almost absent on Ag-containing catalysts based ealuthinated BEA (Si/Al=1000). It was
concluded that a necessary condition foreffect is the presence of silver clusters in close
proximity to strong Lewis acidic sites (LAS) in tkeolite catalysts. Therefore, it is expedient to
study the influence of intermediate degree of dealation (12.5 < Si/Al < 1000) on the
appearance of }effect.

For this purpose Ag-containing partially dealumathBEA zeolites (with Si/Al ratio of
100 and 200) were prepared using the two-step yubissis method [21-24The present work
aimed to investigate the influence of partial deahation of AgBEA zeolites on their
physicochemical properties (crystallinity, aciditpature of silver species) and catalytic

performance in the Horomoted SCR of NO with ethanol.
2. Experimental

2.1. Catalysts preparation

Silver containing BEA zeolite was prepared by the-step postsynthesis method: in the
first step, TEABEA zeolite provided by RIPP (Chinajps treated in 6 or 8 mol*LHNO;
aqueous solution (353 K) to obtain partially deahated supports AISIBEA (Si/Al = 100) or
AISIBEA (Si/Al = 200) with the vacant T-atom sitd$ = Al). Then the suspension was
recovered by centrifugation, washed with distilledter and dried at 353 K. The resulting
partially dealuminated zeolites were labeled asiB#2(100) and AISIBEA(200), where Si/Al
ratio was marked in parenthesis.

To prepare Ag-containing zeolites, 2 g of AISIBE&/Al = 100) and AISIBEA (Si/Al =
200) was firstly stirred under aerobic conditions 2 h at 298 K in 200 mL of AgN§XFluka
silver nitrate with high Ph Eur purity with Ag >396) aqueous solution (pH = 2.3) with

different concentrations of 0.9, 2.7 and 5.4° hol- L' to obtain the zeolites with various Ag



content. Then the suspension was stirred in evagronader vacuum of a water pump for 2 h in
air at 353 K until the water was evaporated. Thliltang solid containing 0.5, 1.5 and 3.0 Ag wt
% were labeled as A@AISIBEA(100), Aq sAISIBEA(100) and AgAISIBEA(100) or
AgosAISIBEA(200), Ag sAISIBEA(200) and Ag oAISIBEA(200), respectively, with Si/Al ratio
marked in parenthesis.

Preparation and physicochemical properties of Ag&Band AgSIBEA were described
earlier [25,26]. To prepare AgAIBEA zeolite, fingtthe TEABEA zeolite was calcined at 823 K
for 15 h to obtain AIBEA (Si/Al=12.5) and secondtie latter was impregnated with AghlO
agueous solution. AgSIBEA zeolite was prepared bg two-step postsynthesis method:
treatment of TEABEA zeolite in 13 mol"tHNO; aqueous solution (4 h, 353 K) in the first step
to obtain a dealuminated (Si/AlI=1000) and organe@fSIBEA support and stirring of SIBEA
under aerobic conditions for 2 h at 298 K in 200ahlaqueous AgN@solution followed by
stirring in evaporator under vacuum of the watempuor 2 h in air at 353 K until evaporation

of the water.

2.2 Catalysts characterization

X-Ray Fluorescence chemical analysis was performedroom temperature on a
SPECTRO X-LabPro apparatus.

Powder X-ray diffraction (XRD) was recorded at roaemperature and ambient
atmosphere on a Bruker D8 Advance diffractometarguhe Cuky radiation § = 154.05 pm).

Analysis of the acidic properties of samples wasopmed by adsorption of pyridine and
CO followed by Fourier transform infrared spectagsg (FT-IR). Before analysis, the samples
were pressed atl ton-cn¥ into thin wafers of ca. 10 mg- émand placed inside the IR cell.

Before CO adsorption experiment, the wafers wetieated by calcination at 723 K for 2
h in flowing 2.5 % G/Ar and then outgassed at 573 K t1Pa) for 1 h. Following thermal
treatment, the samples were cooled down to 100Kw@s introduced in increasing amounts up
to an equilibrium pressure of 133 Pa. Infrared Bpewere recorded using a Bruker Vertex 70
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spectrometer (resolution — 2 ¢ml28 scans). The spectra were obtained afteramtlun of the
spectrum recorded after calcination and prior todci®orption.

Before pyridine adsorption/desorption experimenise wafers were activated by
calcination in static conditions at 773 K for 1 i @, (2-1d Pa) (or in H flow) and then
outgassed under secondary vacuum at 673 R Pi) for 1 h. The wafers were contacted at 423
K with gaseous pyridine. The spectra were recoiaféer pyridine desorption at 423, 573 and
673 K using Spectrum One FT-IR spectrometer (résmiu- 1 cnt, 12 scans). The reported
spectra were obtained after subtraction of the tep@crecorded after calcination and prior to
pyridine adsorption.

Diffuse reflectance (DR) UV-vis spectra were re@arét ambient atmosphere on a Cary
5000 Varian spectrometer equipped with a doublegnator with polytetrafluoroethylene as

reference.

2.3 Catalytic tests

Catalytic activity tests were carried out in a tixeed flow quartz reactor at atmospheric
pressure. Samples with grains of 0.5-1.0 mm (0.3 3 g) were loaded into the reactor. Gas
feed for the reaction was 500 ppm NO, 1000 ppiisOH, 10 % Q, 0.5% H in He with the gas
hour space velocity of 24,000'h The gas feed was adjusted by mass-flow contsoller
(Chromatek-Crystal FGP). Before reaction, the gatalvas heated to 773 K at a heating rate of
20 degrees-min in a flow of Q/He (or H/He when hydrogen was added to the reaction
mixture) and held for 1 h, then cooled to 453 Khvatfurther step-heating in reaction gas feed to
a temperature of conversion measurement. The statey activity was measured after 30 min
reaction at a certain temperature. The temperatase controlled through an Autonics TZN4S
temperature controller using a chromel-alumel tlommaple. The concentration of NO was
continuously monitored using a chemiluminescence gaalyzer (344HL04, Ukraine). The
products were analyzed by gas chromatograph (T&Bgtallyuks 4000M, Metachrom, Russia)
with a CaA column (for NO, i CO) and a Polisorb-1 column (for®, CQ, C,H,4, ethanol).
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Catalytic activity was characterized by NO convamsito N and temperatures of its

achievement.
3. Results and Discussion

3.1. Characterization of AISBEA and AgAISIBEA

3.1.1. Crystallinity of the samples

X-ray diffractograms of AISIBEA(100) and AISIBEA(RD, i.e., after partial removal of
aluminium atoms, are similar with TEABEA zeolitela@aed at 823 K for 15 h (AIBEA(12.5))
[25,26], suggesting that the dealumination does sighificantly affect the structure and
crystallinity of BEA zeolite are preserved (Fig. 1)

A narrow diffraction peak near 22.5° is generalgkdn as evidence of lattice
contraction/expansion of the BEA structure [27,28he &0, spacing, calculated from the
corresponding @ value, decreases from 3.950 A (AIBEA with &f 22.48°) [26] to 3.947 A
(AISIBEA(100) with & of 22.50°) and to 3.940 A (AISIBEA(200) witl® &f 22.54°) suggesting
a matrix contraction, consistent with the removadlaminium from the zeolite framework.

Upon introduction of 1.5 and 3.0 Ag wt % into AI&EB(100) the gy, spacing increases
from 3.947 A to 3.950 A (AgAISIBEA(100) with B of 22.48°) and to 3.956 A
(Ags cAISIBEA(100) with B of 22.45°) (Fig. 1A). For the sample with the Sifatio equal to
200 (Fig. 1B), eh, spacing increases after silver introduction fron948 A to 3.945 A
(Ag1.5AISIBEA(200) with 28 of 22.51°) and to 3.947 A (AgAISIBEA(200) with 2 of 22.50°).
This increase can be taken as an evidence of frarkegxpansion of the BEA structure and
suggests incorporation of silver iors—inte—the—vack-atom—sites—of in the framework of
AISIBEA zeolite, in line with earlier reports [2BPR
3.1.2. FT-IR characterization of the hydroxyl groups

AISIBEA(100), Ag sAISIBEA(100), AISIBEA(200) and AgsAISIBEA(200) zeolites

have been investigated by FT-IR spectroscopy inrdhge of vibration of OH groups (Fig. 2).



As was shown earlier [25,26], the FT-IR spectrumnABEA(12.5) exhibits four main IR bands
due to the OH stretching modes of Al-OH (bands a813and 3667 cil), zeolite acidic
hydroxyls Al-O(H)-Si (band at 3615 ¢thand Si-OH groups (band at 3750 tmith a shoulder
at 3740 crif). The treatment of TEABEA zeolite by aqueous auiic solution leads to the
partial dealumination of the framework as evidenbgdhe absence of bands at 3781 and 3667
cm’® and presence of the band at 3615-3630" amn the spectra of AISIBEA(100) and
AISIBEA(200) (Fig. 2). Bands at 3709-3714 ¢melated to terminal internal silanol groups and
broad bands at 3490-3520 ¢rdue to H-bonded Si-OH groups evidence creatiomacfnt T-
atom sites associated with silanol groups uponghagmoval of framework aluminium, in line
with earlier assignments [21,29].

Upon introduction of 1.5 Ag wt % in AISIBEA(100) drAISIBEA(200) intensity of the
bands at 3615-3630 ¢hand 3490, 3529 cthdecreased indicating that some of the Al-O(H)-Si
and hydrogen bonded Si-OH groups have been consumedg their reaction with silver
precursor.

3.1.3. Characterization of acidic sites: FT-IR spectroscopy with CO and pyridine

To determine the nature, number and strength di@sites in the partially dealuminated
BEA samples FT-IR spectra of adsorbed CO (Figs. & pyridine (Fig. 5) as probe molecules
were taken.

Difference spectra between FT-IR spectra in OHtdtieg region recorded after and
before CO adsorption on AISIBEA(100), A@\ISIBEA(100), AISIBEA(200) and
Ag1sAISIBEA(200) at 100 K are given in Fig. 3. The agdmn of CO at 100 K (100 Pa
equilibrium pressure) leads to appearance of ietgpssitive bands at 3645, 3595, 3445,
3290 cm' and negative bands at 3739, 3715 and 361%. Gthe intensity of the bands at 3645
and 3595 cr quickly decreases during outgassing of CO, whitekiands at 3739 and 3715 cm
! are restored. The observed shift of 94 dnom 3739 to 3645 cihfor isolated external Si-OH

groups and 120 cinfrom 3715 to 3595 cthfor terminal internal Si-OH groups indicate that



these silanol groups in all samples have weak @abaracter. The low intensity of positive
bands at 3445 and 3290 ¢melated to red shifted bands of perturbed Al-OSif)groups [30-
32], suggests that only a little amount of theseliadydroxyls groups occur in the partially
dealuminated zeolites.

For Agi sAISIBEA(100) and AgsAISIBEA(200) lower intensity of the bands at 3645,
3595, 3445 and 3290 (absence for, AJSIBEA(200)) cm’ indicates reaction of Al-O(H)-Si
and hydrogen bonded Si-OH groups with silver preaur

Figure 4 shows the changes in the carbonyl regidrerwCO is adsorbed on
AISIBEA(100), Ag sAISIBEA(100), AISIBEA(200) and AgsAISIBEA(200). In the case of
AISIBEA(100) and AISIBEA(200) under CO equilibriupressure of 100 Pa, carbonyl bands are
detected at 2175, 2157, 2140 and 2134-2133 (fig. 4, spectrum a). The bands at 2140 and
2134-2135 crit are assigned to weakly bonded physically adsof@d33,34] and disappear
first upon outgassing. The next band to disappe#at at 2157 cih It changes simultaneously
with the band at 3645 challowing assigning 2157 cfband to CO bonded to silanol groups
present in vacant T-atom sites [24]. Further sanopigassing provokes disappearance of the
band at 2175 cfh (Fig. 4, spectra b-f), typical of CO interactingtiwbridging Al-O(H)-Si
hydroxyls. Low intensity bands at 2185 and 2225c(apectra f) correspond to #4CO
vibrations with Al in framework and extraframewqksitions remained in the zeolite structures
after dealumination.

For Ag sAISIBEA(100) and AgsAISIBEA(200) four main bands at 2184, 2157, 2140
and 2135-2137 cthappear. The positions of three bands at 2157, 2A486-2137 ciare the
same as those observed for AISIBEA(100) and AISIBIA) and can be assigned to CO
interacting with silanol groups (band at 2157 %@and to physically bonded CO (bands at 2140
and 2135-2137 cif). In contrast, the intensity of the band at 216v* dor Ag sAISIBEA(100)
and Ag sAISIBEA(200) is much lower than that observed foves-free zeolites. It proves the

consumption of silanol groups as a result of reactvith silver ions.—upen-incorperation of



stivertons—in-thevacant T-atom-sites—of thezesli The decreasing of the intensities of the
bands of silanol groups afterincerporation of teacwith silver ions-in-the-vacant F-atom-sites
is accompanied by the appearance of the band @ @18 which could be assigned t¢CO)
stretching vibration of AGCO complexes.

Difference spectra between FT-IR spectra recordint and before pyridine adsorption
on AISIBEA(100), Ag AISIBEA(100), AISIBEA(200) and AgoAISIBEA(200) are shown in
Fig. 5. For AISIBEA(100) and AISIBEA(200), the bandypical of pyridinium cations are
observed at 1638 and 1547 ‘tnindicating the presence of Brgnsted acidic sifégse sites are
related to the acidic proton of Al-O(H)-Si groups,line with earlier data obtained for BEA
zeolite [24,29].

The bands at 1622 and 1455 tmre related to pyridine interacting with strongnie
acidic sites (A1) while the one at 1600 ¢corresponds to pyridine interacting with weak
Lewis acidic sites, the band 1448 tmould be related to pyridine interacting with weawis
acidic sites and/or physisorbed pyridine. The bandl1491 crit corresponds to pyridine
interacting with both Brgnsted and Lewis acidiesit

Desorption at increasing temperatures resultethenappearance of a new band at 1463
cm* (Fig. 5, spectra c), which was assigned to iminians formed by the attack of protons on
the pyridine complex bonded to Lewis acidic sit85][ However, there is also other possible
explanation for the presence of the bands at 14851463 crit — the band of higher frequency
represents Lewis sites of a higher relative agiehsith [36]. The adsorption bands of pyridinium
cations and pyridine bonded to LAS are presenh@ RT-IR spectra even after outgassing at
673 K (Fig. 5, spectra c), suggesting the presefhstrong Brgnsted and Lewis acidic sites. The
difference between FT-IR spectra of pyridine adsdrbn AISIBEA(100) and AISIBEA(200) is
lower intensity of the bands for AISIBEA(200) spectindicating the lower concentration of
Brgnsted and Lewis acidic sites, which are relatedumber of Al atoms remaining in BEA

zeolite after dealumination.
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The incorporation of silver in"AISIBEA(100) and ABEA(200) leads to appearance of
new bands with high intensity at 1605 and 1450"cas shown for AgoAISIBEA(100) and
Ags AISIBEA(200) in Fig. 5, suggesting the formationsiiver Lewis acidic sites. Formation of
new LAS after the introduction of silver was aldaserved for AIBEA(12.5) and SIBEA(1000)
zeolites [25,26]. Lower intensity of the bands @88, 1547 and 1491 chindicates decrease in
concentration of Brgnsted acidic sites due to comgion of some AI-O(H)-Si and hydrogen
bonded Si-OH groups during their reaction with ailyprecursor. Increase in concentration of
Lewis acidic sites after introduction of silver 3wt %) in AISIBEA(100) is greater than that
observed in AISIBEA(200) (Fig. S1 in Supplementargterial). It is likely that higher amount
of Lewis acidic sites are formed when they includsaturated aluminum and silver species.

Fig. 6 shows FT-IR spectra of adsorbed pyridineABIBEA(100), Ag AISIBEA(100)
and AgAISIBEA(200) zeolites reduced in Hflow. As could be seen for AISIBEA(100)
reduction in hydrogen almost does not change timeldaorresponding to Brgnsted and Lewis
acidic sites (Fig. 5A, a and Fig. 6). For reducegs AISIBEA(100) and AgAISIBEA(200)
decrease in intensity of the bands at 1450 and t605is observed as well as increase of band
at 1491 crit. It is probable that not all Ag species are redusith H, and some amount of

silver-containing LAS is remained.

3.1.4. Nature of silver species

Silver state in the zeolites was investigated by DR-vis, X-ray photoelectron
spectroscopy (XPS), and transmission electron eamoy (TEM).

Fig. 7 shows the DR UV-vis spectra of A4ISIBEA(100) and AgAISIBEA(200)
zeolites after pre-treatment in the conditions gfprbmoted SCR of NO with ethanol. For both
samples there are four main bands at 225, 2602886412 nm. The absorbance in the region
below 250 nm is generally attributed to electrotiansitions from 4t to 4d'5s of highly

dispersed Afions [37-39]. The bands observed at 260 and 28&nenassigned to AY clusters
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(2<'n<4) [40]. The absorption at wavelengths >390 nm is attribtwedanoparticles of metallic
silver (Agy”) [38]. Intensity of the band at 225 nm is higher AgscAISIBEA(100) zeolite,
whereas bands at 260 and 286 nm are more inteasivay AISIBEA(200) spectrum, which
may indicate that AQAISIBEA(100) contains more Agions and less A" clusters than
Ags AISIBEA(200). It is likely that some silver ionsmain incorporated in the framework of
partially dealuminated zeolite even after the SC&@ss. Higher amount of Agons in
Ags0AISIBEA(100) explains greater increase of Lewisdégi upon introduction of silver in
AISIBEA(100) than AISIBEA(200) (Fig. S1 in Supplentary material), since silver ions act as
Lewis acids.

The presence of well dispersed oxidized silver igsedn AgAISIBEA(100) and
AgAISIBEA(200) is confirmed by XPS (Fig. S2 in Supmentary material). Peak at binding
energy of 368.4-368.5 eV (Ag g¢ and 374.4-374.5 eV (Ag 3¢) are close to values reported
earlier for silver well dispersed in zeolites [44],4

Nanoparticles of silver with the average size & 8m were detected on TEM images of
Ags.0AISIBEA(100) and Ag AISIBEA(200) zeolites after pre-treatment in thendiions of H-
promoted SCR of NO with ethanol (Fig. S3 in Sup@eatary material). The interplanar spacing
equal to 3.958 A for AgAISIBEA(100) and 3.943 A for AgAISIBEA(200) can be attributed
to the do, spacing of BEA zeolite, which corroborate the XRBults. For AgoAISIBEA(100),
dna Spacing, equal to 1.141, 2.051 and 2.802 A, caatbibuted to (222), (200) planes of the
face-centred cubic metallic silver and (111) plafeAg.O, respectively. Diffraction rings on
pattern of AgoAISIBEA(200) (with dy of 0.800 and 1.154 A) can be assigned to (331) and

(222) planes of the face-centred cubic metalliesiand (211) plane of AQ (dw=1.934 A).

3.2 Catalytic properties of AGAISIBEA zeolites

Figures 8 A, B show the temperature dependencé¢Oofconversion in the SCR with
ethanol on AgAISIBEA(100) and AgAISIBEA(200) zedalitatalysts. It should be noted that
N>O, the undesirable by-product of the SCR of NO treac(due to its large greenhouse gas
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potential) was not formed in the conditions of taalytic experiments. The SCR-activity of
AISIBEA(100) and AISIBEA(200) supports is lowe., NO conversion does not exceed 10 % in
all temperature range of the reaction (curves 1, e maximally achieved NO-to:N
conversion at 725 K after the introduction of % and 3.0 wt % of Ag in AISIBEA(100) is
equal to 12, 24 and 36 %, respectively (Fig. 8Ayes 2-4).

For AISIBEA(200)-based samples, NO conversion iases to 24 and 26 % at 625 K
after the incorporation of 1.5 and 3.0 wt % of sihband almost the same for AGISIBEA(200)
and AISIBEA(200) catalysts (Fig. 8B). Conversionathanol to CQ CO and ethylene in the
SCR-process is shown in Fig. 9. When silver loadsnmcreased from 0.5 to 3.0 wt % in both
AgAISIBEA(100) and AgAISIBEA(200) catalysts, ethdmonversion to CQis enhanced (curve
1) and to CO and ethylene is notably decreasedids2, 3). Obviously, at higher Ag content
ethanol activation by oxidation on silver speciesdpominates over dehydration on acidic sites,
which leads to higher NO-toJ\tonversion (Fig. 8). The main C-containing proddeting the
SCR of NO on AgoAISIBEA(100) and AgoAISIBEA(200) is CQ, however for the catalyst
with higher concentration of acidic sites (Si/Al€)0ethylene is observed in the reaction
products up to 675 K. Decrease in ethanol conversiethylene with temperature rising for all
catalysts may be caused by less rate g#1sOH dehydration with ¢H, formation and/or by
ethylene participation in the SCR of NO. Thus, amp AISIBEA(200) (Fig. 9, curve 3) sharp
decrease in ethanol conversion tgHgis observed at 625 K, when the maximal NO conwersi
is achieved (Fig. 8, curve 7).

Almost the same NO conversion is achieved for semplith different degree of
dealumination and equal Ag content at temperatupe$o 625 K (Fig. 8). However at higher
temperatures (> 625 K) NO conversion on AgAISIBEAEL still increases and on
AgAISIBEA(200) decreases. Apparently, in the presenf sample with lower Brgnsted and
Lewis acidity the rate of reductant oxidation by ® increased with temperature rising and

participation of ethanol in reduction of NO is demsed.
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Role of silver species (Agcations and Ag" clusters) consists in the activation of
alcohols, adsorbed on silver LAS, by their parbaldation with formation of more reactive
intermediates (enolic species) [18,20,43]. Actmatof NQ, occurs on Lewis acidic sites [44]. In
the presence of AgAISIBEA(100), containing higheraant of acidic sites on which enolic and
nitrate intermediates are adsorbed, with tempegatsing the rate of NO SCR is increased.

The increasing of NO conversion in the SCR withaatil after hydrogen addition is
observed from 10% to 26% on AGAISIBEA(100), from 24% to 50% in the presence of
Ag1 sAISIBEA(100) and for AgoAISIBEA(100) — from 34% to 56% at 675 K (Fig. 8A)he
effect of hydrogen is less significant for AISIBE2X0)-based samples, namely, NO conversion
increased from 6% to 17% on AISIBEA(200), from 23% to 28% on AgAISIBEA(200)
and from 25% to 40% on A@AISIBEA(200) (Fig. 8B). H effect on the SCR-process on
AgAISIBEA catalysts is reversible — after removéhgdrogen from the gas feed, conversion of
NO is decreased to the value achieved beforaddition. Moreover, hydrogen is not a selective
reductant of NO (reduction does not occur in theeabe of ethanol in the reaction mixture).

Therefore, it seems that level op-Hromoting effect depends on both silver loadind an
zeolite component of the catalyst; and higher ¢feobserved for the catalysts with lower Si/Al
ratio. This assumption is supported by our previousstigations [20]i.e., promoting H-effect
on the SCR of NO with ethanol was observed in thesgnce of AgAIBEA(12.5) catalysts,
whereas was almost absent on AgSIBEA(1000). FigshHdws increase in NO conversion after
hydrogen addition in the presence of the silvern@mmg BEA zeolites with different Si/Al
ratio. This Figure reveal an extreme dependencEedffect on silicdalumina ratio,i.e., the
promoting effect is enhanced when Si/Al increasanfrl2.5 to 100 and then diminish with
further increase of this ratio. This tendency may daused by the similar change of the
concentration of Lewis acidic sites, which are presn studied BEA supports as a result of

silver introduction in the zeolites.
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The addition of hydrogen in the reaction mixturearmpes the distribution of ethanol
conversion products in the SCR of NO (Fig. 9, carwearked with asterisks). For all catalysts,
CO, content is increased and amount of products digbasxidation (CO) and dehydration
(ethylene) is decreased in,Hresence. The most noticeable changes are obseamwed
Ag1sAISIBEA(100): ethanol conversion to G@ increased from 15 to 56% with simultaneous
decreasing to £, in the temperature range of the reaction. It shda underlined that in the
presence of AgAISIBEA(100) the highest enhancement of NO conwerss observed after H
addition (Fig. 8A, curves 3,8 Thus, in the conditions of our experiments hggm addition
increases the rate of ethanol oxidation, while #iameously inhibits the process of ethanol
dehydration. The similar effect of promotion of atlol partial oxidation and suppression of
ethanol dehydration and dehydrogenation was obdefwethe SCR process after hydrogen
addition on Ag/A}Os [45].

Promotion of SCR process with,Hnay be caused by the formation of peroxide-like
species on silver clusters after dissociation afrbgen with subsequent formation of H-Ag
H, where activation of ©occurs, followed by formation of hydrogen peroxsjeecies (HOO-
Ags?*-H) [11]. During the reaction of reductant molecules with HOrtially oxidized
intermediates are formed. The suggestion thataobleydrogen in the mechanistic pathways of
the SCR process consists in the generation of yigdactive hydroxyl and hydroperoxy species
is supported by the fact of increasing NO conversiothe SCR with decane after addition of
hydrogen peroxide [46].

Furthermore, in the presence of id the reaction mixture the stability of surfageate
species is strongly decreased and they are readihgformed on silver sites to the reactive
nitrite complexes [8,47-50]. However if only thetigation of reagents with formation of more
reactive intermediates (enolic and/or nitrite) alves clusters was a reason of hydrogen
promoting effect, the same increase in NO convarswould be observed on both

AgAISIBEA(100) and AgAISIBEA(200).
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We can assume that the presence of Lewis aci@is sit the catalyst surface is necessary
to Hy-effect occurrence in the SCR of NO. It was shoetently* that for B activation or-
Al,05(110)-supported Ag clusters the interfacial coofregamechanism between the Ag cluster
and Lewis acid-base pair site (AlI-O site) is reldydbecause Hdissociation at the silver-
alumina interface is thermodynamically preferrednpared with silver clusters. The reason of
greater promoting effect on partially dealuminafegAISIBEA(100) with higher LAS content
than AgAISIBEA(200) may be connected with enhaniggdctivation. Alternatively, the higher
surface concentration of nitrite-nitrate speciessoalded on Lewis acidic sites of
AgAISIBEA(100) is sufficient to react with productef ethanol activation. For the
AgAISIBEA(200) catalysts with lower LAS concenti@ti higher rate of reagents activation in
the presence of hydrogen may be annihilated by tieficient surface concentration.

Thus, the design of active Ag-containing catalyfsts the H-promoted SCR process
should include creation of two types of active siesilver nanoclusters and Lewis acidic sites

with the optimal concentration on the surface.

Conclusions

The two-step postsynthesis method used in this \athokvs obtaining BEA zeolites with
different degree of dealumination (with Si/Al ratmf 100 and 200) without lost of their
crystallinity and incorporating Ag ions inte-thecamt T-atom-sites-of-the zeolite framework.

Introduction of silver in partially dealuminatedatiée leads to the formation of new
Lewis acidic sites as shown by FT-IR spectroscojtly adsorption of pyridine and CO. Increase
in concentration of Lewis acidic sites after silaeidition (3.0 wt %) in AISIBEA (Si/Al=100) is
greater than in AISIBEA (Si/Al=200).

The presence of well dispersed silver speciesdsilins incorporated in the framework
of the zeolites, small A§’ clusters (& n<4) and nanoparticles with the average size of &9 n
in AgAISIBEA samples is evidenced by combined ukeéifiuse reflectance UV-vis, XPS and
TEM.
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The temperature range of increasing conversion@fitNthe SCR process with ethanol
on AgAISIBEA(100) catalysts is wider compared toAMSIBEA(200). This may be caused by
the excess of rate of deep reductant oxidation byo@er selective NO reduction with
temperature rising above 625 K in the presenceaaipée with lower Brgnsted and Lewis
acidity.

Level of H-promoting effect on the process of SCR of NO vethanol depends on the
dealumination degree of Ag-containing BEA zeolitgatysts and greater effect is observed for

the catalysts with higher concentration of surfaclic sites.
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Figure captions
Fig. 1 XRD patterns recorded at room temperature.
Fig. 2 FT-IR spectra recorded at room temperature ofsdraples calcined at 773 K (3 h) in
flowing air and then outgassed at 573 K{Hx, 2 h).
Fig. 3 FT-IR difference spectra (OH stretching region)samples after adsorption of CO at
100 K: equilibrium CO pressure of 100 Pa (a) angetigoment of the spectra during evacuation
for about 0.5 h at 100 K up to i®a (b-).
Fig. 4 FT-IR difference spectra (carbonyl stretching oediof CO adsorbed at 100 K on
samples: equilibrium CO pressure of 100 Pa (a) dadelopment of the spectra during
evacuation for about 0.5 h at 100 K up t6’ Fa (b—f). The spectra are background corrected.
Fig. 5 FT-IR difference spectra recorded at room tempegadf the samples after calcination at
773 K for 1 h in @ (2-1d Pa), outgassing at 673 K (1®a) for 1 h, adsorption of pyridine at
423 K and desorption of pyridine at 423 K (a), K@), 673 K (c).
Fig. 6 FT-IR difference spectra recorded at room tempegadf the samples after reduction at
773 K for 1 h in H flow, outgassing at 673 K (fOPa) for 1 h, adsorption of pyridine and
desorption 423 K.
Fig. 7 DR UV-Vis spectra of the samples after pre-treatmenthe conditions of the SCR-
process.
Fig. 8 Temperature dependences of NO conversion in the 8ith ethanol (*— in the presence
of H, in the reaction mixture) on: (A) 1 — AISIBEA(100R - AgAISIBEA(100),
3 — AgsAISIBEA(100), 4 - AgoAISIBEA(100), (B) 5 — AISIBEA(200),
6 — Ag sAISIBEA(200), 7 — Ag sAISIBEA(200), 8 — Ag AISIBEA(200).
Fig. 9 Temperature dependences of ethanol conversiohenSCR of NO to C®O(1-m-0-),
CO (2--0-) and GH4 (3-A-A-) (*~ in the presence of Hn the reaction mixture).
Fig. 10 Dependence of increase in NO conversion in the p&ieess on the Si/Al ratio of

AgBEA catalysts after pHaddition.
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- Two-step postsynthesis allowed obtaining catalysts with Si/Al ratio of 200 and 100.
- Ho-promoting effect on the SCR of NO depended on dealumination degree of zeolite.

- Greater H,-effect observed on catal ysts with higher amount of acidic sites.



