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Ag-exchanged Y zeolites (Si/Al = 2.5; Ag/Al = 0.30-0.95) have been tested in the NH3-SCO reaction, the most
promising method for the elimination of ammonia emissions, and deeply characterized before and after reaction
by using a variety of techniques (XRD, TEM, UV-Vis, ®?Ag NMR, XAS spectroscopies). The most active centres
for the NH3-SCO reaction are Ag0 nanoparticles (NPs) formed under reduction conditions and both activity and
selectivity to Ny increase with the silver loading. The Ag® NPs are dramatically modified under reaction con-

ditions, being most of them dispersed resulting in small clusters and even atomically Ag" cations, the latter
accounting for around half silver atoms. The presence of water into the reaction feed promotes the dispersion and
oxidation of silver nanoparticles, but the catalyst performance is only slightly affected. The results are fully
consistent with the previously proposed i-SCR mechanism for NH3-SCO reaction on silver catalysts.

1. Introduction

Ammonia is one of the four main atmospheric pollutants besides
NOy, SO5 and volatile organic compounds (VOCs), is harmful to human
health and has detrimental effects on the environment. Most ammonia
emissions come from fertilizes used in agriculture, but it is also released
to the atmosphere in biomass burning, fuel combustion and industrial
processes [1,2]. In the last years, more strict environmental regulations
have intensified the use of selective catalytic reduction units for the
depletion of NOx emission using ammonia in the form of urea as a
reducing agent (NH3-SCR-NOy) in heavy-duty diesel vehicles, as well as
in power plants and other industrial facilities [3,4]. In this process,
unreacted ammonia slips to the atmosphere in the exhaust gases, which
has motivated an increasing interest in the development of new methods
for the elimination of this contaminant. The most promising technology
is the selective catalytic oxidation of ammonia (NH3-SCO) to nitrogen
and water using noble metal [5-7] or transition metal ions [8-12]
supported on oxides or zeolites as catalysts, being Ag/Al;03 among the
most effective [13-17]. Ag/Al,03 is also of interest for the elimination of
another atmospheric pollutant, NOy, as it has been reported to be one of
the best catalysts for the SCR-NOx reaction using hydrocarbons as re-
ductants (HC-SCR-NOx), especially when Hj is added into the reaction
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feed [18-22].

Ag-zeolites have been extensively studied because of their unique
properties with potential applications in different fields such as photo-
chemistry [23,24], as fungicide for bacteriological control [25,26], and
catalysis [27-35]. Some of these remarkable properties reside on the
formation of small clusters consisting of several atoms, which are sta-
bilized by its confinement in spatially distant cages of the zeolite host
hindering the tendency of silver to agglomerate. Some examples of the
uses of Ag-zeolites as catalysts are the oxidation of ethylene [32] or
VOCS [35], the aromatization of hydrocarbons [33], the HC-SCR-NOy
[28-31], etc. However, in spite of the number of studies on silver-based
catalysts, the works concerning the use of Ag-zeolites as catalysts for the
NH3-SCO reaction are very limited [36-38].

The NH3-SCO reaction is usually accompanied by the formation of
other gaseous pollutants due to undesired overoxidation of ammonia
giving NO or N5O [2]. Therefore, besides the activity also the selectivity
of the NH3-SCO reaction is a very important issue to avoid the emission
of atmospheric contaminants. Despite the number of investigations
carried out, neither the active site nor the mechanism for the NH3-SCO
reaction on silver-based catalysts are clearly established yet. Atomically
dispersed Ag™, neutral or charged silver clusters and metal nanoparticles
(NPs) have been identified in Ag-based catalysts, but the species formed
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depend on the temperature, the activation atmosphere and the charac-
teristics of the support [13,23,32,36,37,39]. In general, it is assumed
that Ag™ participates in the NH3-SCO reaction at high temperatures and
that small metal NPs are the active sites at low temperatures, whereas
the selectivity to N in Ag-zeolites appears to be improved by large
particles [13]. Moreover, the presence of Brgnsted acid sites on the
support has been reported to play a key role in facilitating oxidation and
reduction of silver species and stabilizing ammonia as NH4 against
deeper oxidation to NO/N»O [13,14,16,36,37]. Regarding the reaction
mechanism, it is generally accepted to occur through the so-called in-
ternal SCR (i-SCR), especially for temperatures above 160 °C. According
to the i-SCR reaction pathway, the ammonia is first oxidized to NO
which is then reduced by unreacted ammonia giving N and water
following the NH3-SCR reaction [2,13-15,36,40]. With this general
idea, combination of noble metal based catalysts with transition metal
ions active for the SCR reaction can be an alternative for achieving high
activity and selectivity in the NH3-SCO reaction, as reported for
Ag/Al;03 doped with copper [41,42].

This work aims at investigating the influence of silver loading and
the atmosphere used on the thermal activation of AgNaY zeolites on the
species formed and their performance in the NH3-SCO reaction. The
catalytic tests are carried out under dry and more realistic conditions in
the presence of water, which is usually a component in the exhaust gas.
Our results clearly indicate that Ag™ sites are not active for the reaction
in the whole temperature range, whilst the AgNaY zeolites treated under
H, are catalytically active. The silver NPs predominant in the reduced
AgNaY catalysts are dispersed during the catalytic test to form neutral
and/or charged clusters and atomically dispersed Ag*, which must also
participate in the reaction. The characterization of the Ag species is fully
consistent with a two steps reaction pathway, involving the proposed i-
SCR reaction mechanism for NH3-SCO reaction.

2. Experimental
2.1. Catalysts preparation

AgNaY zeolites with Ag/Al = 0.95, 0.56, 0.30 molar ratios were
prepared by ion exchange of NaY (Si/Al = 2.5) (CBV-100, from Zeolyst)
with an aqueous solution of AgNO3 with the desired amount of Ag™ to
get a liquid/solid (m/m) ratio of 100 and mechanically stirred at room
temperature for 24 h avoiding light. AgCsY75 zeolite was prepared from
a CsY zeolite with a Cs/Al = 0.9 molar ratio obtained by ion exchange of
NaY (CBV-100, Zeolyst) with a 1 mol/L aqueous solution of CsNO3
mechanically stirred at room temperature during 24 h seven times. The
resulting sample was subsequently exchanged with AgNO3 under the
conditions described above to obtain 75% exchange by silver on the
zeolite. After the exchange, the samples were filtered out, washed with
distilled water and dried at 100 °C overnight. The zeolites are denoted as
AgNaY and AgCsY followed by a number that indicates the Ag/Al molar
ratio and _as for the as-prepared samples. Table 1 shows the chemical
composition of the Ag-zeolites with Ag/Al molar ratios ranging from
0.30 t0 0.95 and M* (Na™ or Cs™) resulting (Ag*+ M*)/Al molar ratios

Table 1
Chemical composition of Ag-exchanged NaY zeolites. BET and micropore vol-
ume (pV) were estimated on the reduced zeolites.

Sample® Ag/Al  MT/AI"  (Agt +MT)/Al  BET (m*g?)  pV (em®gh)
NaY® 0 1 1 668 0.32
AgNaYy30  0.30 0.80 1.10 615 0.23
AgNaY56  0.56 0.52 1.08 606 0.23
AgNaY95  0.95 0.18 1.13 352 0.13
AgCsY75  0.75 0.32 1.07 - -

@ Si/Al molar ratio is about 2.5 in all zeolites.

b M* = Na* or Cs*.

¢ NayY is the commercial zeolite CBV-100 used as starting zeolite for all Ag-
containing samples.
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about 1. The X-ray diffraction patterns (not shown) are typical of the
FAU type structure, with only small changes in the relative intensity of
some diffraction peaks, probably due to modifications in the electronic
densities of the hkl planes by the presence of Ag" at exchange position
[43]. The occurrence of Ag™ is further confirmed by a band at 220 nm in
the UV-Vis spectra (not shown) [43,44]. Prior to the catalytic test in the
NH3-SCO reaction, all AgNaY and AgCsY zeolites were reduced at
400 °C for 3.5 h under Hy, using a heating rate of 10 °C-min’! in order to
ensure the complete reduction to Ag0 [38]. The catalytic activity of the
AgNaY95 zeolite was also tested on the sample treated under similar
conditions but wusing N (AgNaY95Nj) or Oy (AgNaY95 0;)
atmospheres.

2.2. Characterization techniques

Morphological and compositional analysis of the Ag-containing ze-
olites was performed by FESEM using a ZEISS Ultra-55 microscope. The
sample powder was deposited in double-sided tape and analyzed
without metal covering. The elemental composition and distribution of
silver have been determined by using an EDX probe.

X-ray Diffraction (XRD) patterns were measured on a Cubix’Pro
diffractometer from Panalytical equipped with an X’Celerator detector
and automatic divergence and reception slits (constant irradiated area of
3 mm), operating at 45 kV and 40 mA, and using Cu Ka radiation (A =
1.542 A). The XRD patterns of Ag-containing zeolites were compared to
reference zeolite Y, Ag0 and AgyO patterns reported in the JCPDS
database (files: 00-039-1380, 00-004-0783, 00-012-0793) [45]. The
UV-vis spectra of Ag-loaded FAU zeolites were measured on a UV-Vis
Cary 5000 spectrometer equipped with a Prying-Mantis® diffuse
reflectance accessory. Metallic particle sizes were evaluated by electron
microscopy in a JEOL-JEM-2100F microscope operating at 200 kV in
transmission mode (TEM). Prior to TEM microscopy analysis, the sam-
ples were suspended in isopropanol and submitted to ultrasonication for
approximately 1 min. Afterwards, a drop was extracted from the top side
and placed on a carbon-coated nickel grid. Metal particle size histograms
were generated upon measuring more than 200 particles from several
micrographs taken at different positions on the TEM grid. Textural
properties of the reduced AgNaY zeolites were determined by measuring
Ny adsorption isotherms at 77 K using a Micromeritics ASAP 2420
volumetric instrument. 1°°Ag NMR spectra were recorded with a Bruker
Avance III HD 400 MHz spectrometer at vo(1°°Ag) = 18.6 MHz using a 7
mm MAS probe at 5 kHz, with a Hahn-Echo sequence with n/2 pulse
length of 14 ps and recycle delay of 3 s, using as a secondary reference
AgsPO4 (51%°Ag = 342.5 ppm) [46]. The quantification of the 1%°Ag
NMR spectra was done by using a calibration curve constructed using
kaolin samples mixed with different amounts of silver metal (Sig-
ma-Aldrich) and a series of Ag-FAU zeolites with different Ag/Al ratios,
quantifying Ag by SEM-EDX.

X-ray absorption spectroscopy (XAS) experiments at the Ag K-edge
(25514 eV) were performed at the BL22 (CLASS) beamline of ALBA
synchrotron (Cerdanyolla del Valles, Spain) [47]. The white beam was
monochromatized using a Si (311) double crystal cooled by liquid ni-
trogen; harmonic rejection has been performed using Rh-coated silicon
mirrors. The spectra were collected in transmission mode by means of
the ionization chambers filled with appropriate gases (88% N3 + 12% Kr
for Iy and 100% Kr for I;). Samples in the form of self-supported pellets
of an optimized thickness (normally to obtain a jump of about 1,
approximately), have been located inside an in-house built multipurpose
cell described by Guilera [48] allowing in situ experiments. Three scans
were acquired at each measurement step to ensure spectral reproduc-
ibility and good signal-to-noise ratio. The data reduction and extraction
of the y(k) function have been performed using Athena code. EXAFS data
analysis has been performed using the Artemis software [49]. Phase and
amplitudes have been calculated by FEFF6 code.
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2.3. NH3-SCO experiments The outlet gases were analyzed by three on-line detectors: UV-based
detector for monitoring the NH3 (EMX400 Tethys Instruments), an

The NH3-SCO catalytic activity measurements over the AgNaY zeo- infrared N2O analyzer (4900 Servomex) and a chemiluminescence de-
lites were carried out in a fixed-bed quartz tubular reactor using a gas tector which allows the quantification of NOx concentration (42C

mixture of 500 ppm of NH3, 7 vol% O, and N as a balance, for selected Thermo).
samples a 3% of water vapour was introduced. The total flow rate and
the amount of catalyst were 800 mL min~" and 0.25 g respectively, the
resulting WHSV for these catalytic experiments was 192.000 mLh~1g1.
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Fig. 1. X-ray diffraction patterns (a) and UV-Vis spectra (b) of the AgNaY95 zeolite as prepared (AgNaY95_as) and treated at 400 °C under O, (AgNaY95_0-), Ny
(AgNaY95_N») or H, (AgNaY95). (* diffraction peaks of Ag0 metal).
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3. Results

Table 1 shows the chemical composition of the AgNaY zeolites with
Ag/Al molar ratio in the range between 0 and 0.95, obtained from an
aluminium rich NaY zeolite (Si/Al = 2.5 molar ratio) by chemical ex-
change. In all zeolites, the framework negative charge due to aluminium
is compensated by Na* and Ag™ and therefore, the as-prepared samples
do not contain Brgnsted acid sites. In order to check the influence of the
gas atmosphere used in the thermal activation on the nature of silver
species and their catalytic activity, AgNaY95 zeolite was submitted to
different treatments and tested in the NH3-SCO reaction.

Fig. 1 shows the XRD patterns and UV-Vis spectra of the AgNaY95
zeolite as prepared (AgNaY95_as) and heated at 400 °C under O,
(AgNaY95_05), N» (AgNaY95 Nj) and Hy (AgNaY95). The X-ray dif-
fractograms of AgNaY95_as, AgNaY95_0, and AgNaY95_N, are similar
and characteristic of the FAU type zeolite (Fig. 1a). The UV-Vis spec-
trum of the AgNaY95_as shows a band at 220 nm assigned to the pres-
ence of isolated Agt, which practically does not change after heating
under Oy (AgNaY95_O,), while only a very weak band at 310 nm
attributed to [Agn]0 clusters emerges when Ny is used (AgNaY95_N»)
[37,43,50] (Fig. 1b). However, when the sample is heated under Hy, the
X-ray diffractogram shows intense peaks of Ag® (Fig. 1) and the UV-Vis
spectrum contains two broad bands (Fig. 1b), one with the maximum at
275 nm attributed to [Agm]8+ and [Agn]0 clusters and another one
around 400 nm assigned to AgO metal particles [13,37,43,50,51]. The
complete reduction of Ag® cations (further confirmed by *Ag
MAS-NMR, see below) to silver clusters and NPs in AgNaY95 is neces-
sarily accompanied by the appearance of Brgnsted acid sites, needed to
compensate the negative charges associated with aluminium isomor-
phically substituting for silicon in the zeolite framework.

Fig. 2 represents the NHs conversion of the AgNaY95 Ny,
AgNaY95_O; and AgNaY95 zeolites in the NH3-SCO reaction as a
function of the reaction temperature. The AgNaY95 zeolite converts
almost 100% NH3 at 250 °C, indicating that silver NPs are active for the
reaction. However, the activity curves of AgNaY95_N, and AgNaY95_0,
are very similar to the thermal reaction (red line), giving 50% NHj
conversion at 550 °C approximately (Tsgy, = 550 °C). According to
previous studies, the fully exchanged Ag-FAU (Si/Al = 2.5) possesses the
43% of the Ag™ exposed to the supercavity, indicating that almost half of
silver atoms are accessible to reactant molecules [52,53], and then, the
catalytic results suggest that Ag™ is nearly inactive for the reaction. To
check if this behaviour is related to the absence of Brgnsted acid sites an
AgHY (CBV500, zeolyst) zeolite, containing Ag"™ (Ag/Al = 0.30) and

100 - .
;\3 80 -
= i
o 60 _A_AgNaY95_OZ
g —e—AgNaY95_N,
2 ) —s—AgNaY95_H,
o 40 ——Thermal test
) AgHY_O,
o -
I
Z 20 -
0 T $ : ; T T T

100 200 300 400 500 600 700
Temperature (°C)

Fig. 2. NH; conversion in the NH3-SCO reaction for the AgNaY95 and AgHY
zeolites treated under different atmospheres.

Microporous and Mesoporous Materials 323 (2021) 111230

acid groups, was activated in Oy or Ny atmosphere and also tested in the
reaction. As shown in Fig. 2, the NH3 conversion slightly increases (Ts00,
~ 475 °C), but it is still far from the reduced AgNaY95 zeolite (Tsq, ~
200 °C) confirming the lack of activity of Ag+ for this reaction [14].

According to these results, the catalytic tests on AgNaY and AgCsY
were carried out on the materials reduced under H, at 400 °C.

3.1. Influence of silver loading on the characteristic and catalytic
performance of AgY zeolites in the NH3-SCO reaction

The XRD patterns and UV-Vis spectra of all AgNaY zeolites (reduced
at 400 °C) with varying amounts of silver are shown in Fig. 3. The X-ray
diffractograms display the peaks of zeolite Y and Ag® metal. As expected,
the relative intensities of the characteristic X-ray reflections of the
metallic silver increase with the silver loading (Fig. 3a) [14]. The shape
of the UV-Vis spectra of the AgNaY zeolites, shown in Fig. 3b, are
slightly different but all display two broad bands with two maxima, one
in the 270 nm-300 nm region assigned to positively charged [Ag;,]%"
and neutral [Agn]o clusters and another in the region 370 nm-425 nm
attributed to bulk Ag® NPs [37,51].

Transmission electron microscopy (TEM) was used to get informa-
tion on the size of the metal particles formed on AgNaY30 and AgNaY95
zeolites with the lowest and highest silver loadings, respectively, and the
TEM images and the corresponding particle size distribution (PSD) are
shown in Fig. 4. Most silver NPs in AgNaY30 are smaller than 20 nm,
while AgNaY95 zeolite exhibits a bimodal size distribution with some
particles smaller than 10 nm (median at around 4 nm) and the second
group of larger particles in the 20-70 nm range (median at around 48
nm). The presence of very small and of large particles could explain the
relatively low Ny adsorption capacity observed for AgNaY95, as they
partially blocks the pore openings of the zeolite decreasing the BET area
and micropore volume (see Table 1). Due to the lower Ag content, Ag°
NPs on the surface of AgNaY30 and AgNaY56 zeolites do not block the
structural microporosity of the zeolite and BET area and micropore
volume are closer to the values found for NaY (CBV100 commercial
zeolite, Table 1). Note that the maximum diameter of a sphere which can
be allocated within the fau supercages is around 1.1 nm, so that the Ag
NPs formed upon the H; treatment and detected by TEM are placed at
the external surface of the zeolite and therefore fully accessible to
reactant molecules.

Further information on the degree of aggregation of silver atoms in
clusters consisting of few atoms and in NPs was obtained by X-ray Ab-
sorption Spectroscopy (XAS). The XANES spectra of the AgNaY30,
AgNaY56 and AgNaY95 zeolites and the silver metal foil used as a
reference for Ag®, shown in Fig. 5a, appear at the same energy value, at
25514 eV typical of metallic silver [54]. The XANES spectrum of Ag foil
is characterized by two well-defined EXAFS oscillations immediately
after the edge (negative and positive peaks at 25538 eV and 25549 eV,
respectively) due to the well-arranged fcc structure of the metal, where
the central Ag atom is coordinated to 12 Ag atoms at 2.86 A [55]. The
intensity of these features contains intrinsically information on the Ag
particle size, decreasing the amplitude of the EXAFS oscillation for small
particles because of a large fraction of low coordinated atoms on the NPs
surface [56]. The spectra of the AgNaY zeolites are similar to the
reference foil, indicating that the coordination of a large fraction of Ag
atoms in the Ag-zeolites is like in bulk metal [54].

The Fourier transformed (FT) k®-weighted EXAFS data of all AgNaY
zeolites, shown in Fig. 5b, display one intense peak between 2 and 3 A
(not corrected in phase) due to Ag—Ag contribution and three more at
longer distances, between 4 and 6 A, due to higher shells of metallic
domains. Both regions have similar intensity and phase than those of
silver metal of reference pointing out to the formation of quite ordered
silver NPs in AgNaY. As reported in Table 2, the analysis of the first shell
of EXAFS data gives, as for metal foil, an average coordination number
(Nag—ag) of 12 and Ag-Ag distances (Rag.ag) of approximately 2.86 Aor
slightly shorter (within errors). The well-known correlation between
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Fig. 3. X-ray diffraction patterns (a) and UV-Vis spectra (b) of AgNaY30, AgNaY56, AgCsY75 and AgNaY95 zeolites. (* diffraction peaks of Ag® metal).

Debye-Waller (D-W) factor (62) and amplitude has been minimized
adopting a co-refinement approach leaving only one Debye-Waller fac-
tor for the same dataset. Fitting individual Debye-Waller factors resulted
in similar values for Nag-ag but higher error bars. Meanwhile, consid-
ering a common D-W factor (0.0103 ;\2) i.e., assuming that all samples
have the same static disorder, give good quality fits and correlation
factor below 0.7 for all Ag-zeolites. Although the Nag—ag and Rag.ag point
out to the formation of bulk silver, that is, particle sizes larger than about
5 nm [57], the D-W factor is slightly higher than that of the metal
reference indicating higher static disorder, often observed for similar
systems based on noble metal NPs [58].

The observation of metal particles smaller than 10 nm by TEM and of
[Agm]5+ and [Agn]0 clusters by UV-Vis in the AgNaY95 zeolite could
appear to be in contradiction with the EXAFS results. However, since
XAS is a bulk technique, the signal is dominated by metal Ag particles
covering the signal coming from existing nanoclusters, which has been
demonstrated in the literature [57].

Fig. 6a and b shows the activity and selectivity to Ny of Ag-zeolites in
the NH3-SCO reaction as a function of the temperature. The results of
Fig. 6a indicates that the NH3 conversion increases with the silver
loading, reaching almost 100% at 300 °C for AgNaY95 and AgCsY75
zeolites. Assuming that silver particles are the active sites for the
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Fig. 4. TEM images (left) and particle size distribution (right) of AgNaY95 and AgNaY30 zeolites.

reaction, this result indicates that zeolite AgNaY95 with the higher silver
content has more surface metal sites active for the reaction in spite of the
smaller metal dispersion. The activity per surface silver atom was
roughly estimated at 20% NH3 conversion considering the NPs size using
the method described previously [13,14]. Similar TOF values were
calculated for AgNaY95 and AgNaY30 zeolites (4.9 and 4.1 s,
respectively), suggesting that the intrinsic activity of surface silver sites
does not greatly depend on the particle size. This is further supported by
the linear decrease of the Tsgy (the temperature for 50% ammonia
conversion) of the AgNaY zeolites with the silver content (represented in
Fig. 6¢). Fig. 6b shows that the selectivity to Ny in the NH3-SCO reaction
increases with the temperature for all Ag-zeolites, being accompanied
mainly by N2O and less than 5% of NO in the temperature range
350 °C-400 °C. Considering AgNaY zeolites, the selectivity to Ny de-
creases with the silver content as follows: AgNaY95 > AgNaY56 >
AgNaY30. The activity and selectivity on AgCsY75 are only slightly
lower than those on AgNaY95.

The catalyst stability during the NH3-SCO reaction was tested on the
more active AgNaY95 zeolite at 300 °C (95% ammonia conversion) with
a used catalyst, showing a decrease of about 5% after 16 h of catalytic
reaction time. The selectivity to N, was kept at 60% indicating that the
catalytic performance is very stable.

3.1.1. Influence of the compensating cation on the AgY based catalysts for
the NH3-SCO reaction

In the as prepared AgY zeolites the negative charges from the
framework are compensated by Ag* and the alkaline cation (Na* or
Cs™). Upon the treatment under hydrogen, Ag" is reduced to Ag® or
positively charged clusters, generating Brgnsted acid sites while the
alkaline cation act as compensating cation stabilizing the zeolite

structure. In order to check if the use of Na™ or Cs* may affect the
characteristic and performance of AgY based catalysts, the AgCsY75
zeolite containing Cs* instead of Na® was studied (see chemical
composition in Table 1). The XRD patterns and the UV-Vis spectra of the
AgCsY75 zeolite are included in Fig. 3 and the catalytic results in Fig. 6.
The X-ray diffractogram indicates the presence of metal particles and the
UV-Vis spectrum show that, as the AgNaY, the AgCsY75 zeolite also
contains positively charged and neutral clusters as well as metal NPs.
The shape of the UV-Vis spectrum of the AgCsY75 zeolite, with an in-
termediate silver content between AgNaY56 and AgNaY95, is closer to
the latter suggesting that the relative content of the different species are
closer to the AgNaY with higher silver loading. This is supported by the
catalytic activity for the NH3-SCO reaction shown in Fig. 6, since the
AgCsY75 gives a 50% NHgs conversion at Tso = 210 °C, much closer to
AgNaY95 (Tsp = 200 °C) than to AgNaY56 (Tso = 250 °C). The same
accounts for the selectivity to N of the AgCsY75 catalyst, as it follows a
similar trend than that of the AgNaY95 sample. These results point out
that the larger size of Cs™* favour the formation of metal NPs, which are
the actual active sites for the NH3-SCO reaction, on the outer surface of
the AgCsY zeolite, giving somewhat higher activity than the analogous
AgNaY zeolite. As the general features are similar for AgCsY and AgNaY
zeolites, a more detailed study is focused on the AgNaY catalysts.

3.2. Transformation of silver species in AgNaY zeolites during the
NH3-SCO reaction

The silver species are sensitive to the gases used for thermal treat-
ments [14,36,37] and then, it may be of interest the characterization of
the AgNaY zeolites after the catalytic testing at 400 °C in order to assess
the changes that may experience the Ag species during the NH3-SCO
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Table 2
Summary of optimized parameters by fitting EXAFS data of catalysts after
reduction in Hy".

Sample Nag-ag Rag.ag (A) 6% (A?) AEo (eV)  Rfactor
Ag metal 12 2.863 = 0.0097 + 2.7 + 0.0018
0.006 0.0003 0.3

AgNaY30 12.0 £ 2.859 + 0.0103 + 2.7 + 0.0034
0.3 0.002 0.0001 0.1

AgNaY56 12.0 £ 2.861 + 0.0024
0.2 0.001

AgNaY95 11.7 £ 2.860 + 0.0025
0.3 0.002

2 The fits were performed on the first coordination shell (AR = 2.0-3.0 &) over
FT of the k®-weighted y(k) functions performed in the Ak = 2.3-14.0 A~! in-
terval, resulting into a number of independent parameters of 2ARAk/n = 28.2 (7
for Ag metal). Non-optimized parameters are recognizable by the absence of the
corresponding error. S3 = 0.81 from Ag metal.

reaction.

The XRD patterns of the used AgNaY zeolites show only a decrease in
the intensities of the characteristic X-ray diffraction peaks of metallic
silver (not shown) suggesting a diminution in the number of metallic
NPs. The modification of the silver species present in the AgNaY zeolites
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was confirmed by UV-Vis spectroscopy as shown in Fig. 7a (compare
with Fig. 3). After the catalytic tests, all AgNaY zeolites show an UV
band at 220 nm assigned to atomically dispersed Ag®. This band is
accompanied by other absorption bands at 275 nm and 300 nm attrib-
uted to the presence of [Agm]6+ and [Agn]o clusters respectively, and a
very broad component at 430 nm of Ag® assigned to metallic NPs [30,
51]. The relative intensities of these bands change in the different
samples, indicating that the proportion of these species varies with the
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Ag content of the AgNaY zeolites. As an overall conclusion from the
UV-Vis spectra, it can be said that the metallic NPs and Ag clusters
species present in the reduced Ag-zeolite catalysts are re-dispersed and
oxidized to isolated Ag™ species during the NH3-SCO reaction. This is
further supported by '°°Ag MAS NMR spectroscopy as illustrated in
Fig. 7b for the AgNaY56 zeolite. The spectrum of the as-prepared zeolite
(AgNaY56_as) consists of a unique peak at 5 1°°Ag ~ 42 ppm assigned to
Ag", whilst the reduced catalyst (AgNaY56) gives a peak at 5 1%°Ag ~

5570 ppm attributed to Ag® [39,59]. The spectrum of the used zeolite
shows the contribution of both Ag® and Ag" species, confirming that
silver has been oxidized to Ag" during the reaction. The quantitative
analysis of the spectrum indicates that approximately 60% of total silver
appears as cationic Agt species in the Ag-zeolite catalyst used.

Fig. 8 shows the TEM and the PSD of AgNaY30 and AgNaY95 zeolites
after reaction. Comparison with Fig. 4 shows that the particle size dis-
tribution of the used AgNaY30 zeolite is very similar to that of the
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Fig. 8. Representative TEM images (left) and particle size distribution (right) of AgNaY95, AgNaY30 zeolites after the catalytic test.

reduced sample. However, the PSD of the AgNaY95 is strongly modified
during the course of the NH3-SCO-reaction. Indeed, the bimodal dis-
tribution of the reduced AgNaY95 zeolite (Fig. 4) practically disappears
after reaction (Fig. 8). The very small Ag particles of sizes around 4 nm
in the original sample becomes broader and slightly larger, but signifi-
cantly, the big particles of >20 nm practically disappear in the used
catalyst. Thus, after reaction, the PSD of both used AgNaY catalysts have
very similar profiles regardless of the Ag loading of the catalyst.

The changes in the state of aggregation of silver in the AgNaY95 and
AgNaY30 zeolites during the NH3-SCO reaction was investigated by in
situ XAS spectroscopy recording the spectra in the presence of the
reactant mixture at 300 °C and 550 °C and then, after cooling down to
room temperature under He to increase data quality minimizing thermal
vibrations. As can be observed in Fig. 9, the XANES spectra and the |FT|
of the EXAFS signals of the AgNaY95 and AgNaY30 zeolites are very
different from the reduced catalysts where metal is dominant (Fig. 5).
The |FT| of the Ag-zeolites show two peaks at ca. 1.6 A and 2.6 A
(without phase correction) of Ag—O pair from cationic Ag species and of
Ag-Ag from clusters and metallic silver respectively. The peak of the
Ag-Ag pair is weak when compared with the metal (see the multipli-
cation factor), asymmetric because of the overlapping with higher shells
of cationic species and neutral clusters of silver and the shape (see split
in the |FT| of Fig. 9b) changes with the temperature. The slight decrease
in the peak intensity by heating from 300 °C to 500 °C is due to thermal
disorder, as proved by the intensity recovery observed at room
temperature.

The combination of thermal effects and the overlapping between
Ag®, Ag clusters and Ag™ signals make a quantitative estimation of
Nag—ag during and after reaction conditions very difficult and not reli-
able. Anyhow, the results reported here indicate that silver particles are

certainly re-dispersed and re-oxidized to atomically dispersed Ag* spe-
cies during the NH3-SCO reaction.

Finally, to check the reversibility of the changes suffered by the silver
clusters and particles, the AgNaY95 zeolite used in the reaction was
again reduced under Hjy at 400 °C, named as _REG, as shown in Fig. 10,
the catalyst recovers the intensity of the X-ray diffraction peaks of Ag®
and the profile of the UV-Vis spectrum reveals the agglomeration of
silver atoms.

3.3. The influence of water in the catalytic performance of AgNaY zeolites
in NH3-SCO reaction

The catalytic performance of the AgNaY95 and AgNaY56 zeolites in
the NH3-SCO reaction has been tested in the presence of water in the
reaction feed in order to simulate a real exhaust conditions. The results
are shown in Fig. 11a which also includes the catalytic test without
water for comparison purposes. As can be observed, the catalyst activity
only slightly decreases under humid conditions, so that Tsq shifts about
70 °C to higher temperature for the AgNaY95 (to Tso ~ 275 °C) and only
about 25 °C (to Tsp ~ 275 °C) for the AgNaY56 zeolite. Also small
modifications are observed for the selectivity to Np (Fig. 11b). The
changes in the catalytic behaviour are in the range of those previously
reported for other silver-based catalyst, indicating that AgNaY zeolites
are relatively stable catalysts for the NH3-SCO reaction in the presence
of water [13,36,41].

The UV-Vis spectra of the AgNaY95 and AgNaY56 zeolites recorded
after the reaction in the presence of water are included in Fig. 7. All the
spectra contain the same bands than those recorded after the reaction in
the absence of water, indicating the occurrence of similar silver species:
Ag" (220 nm), [Agm]®" (275 nm), [Ag,]° (300 nm) and metallic Ag® NPs
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(400 nm), while the different shape indicates that they are in different
concentration. The results reported in Fig. 7 indicate that the addition of
water into the reaction feed decreases the amount of metal NPs and
increases the formation of cationic silver species during the catalytic
test.

4. Discussion

The results reported here indicate that isolated Ag" species in as-
prepared AgNayY zeolites are not reduced upon the treatment under Oy
or Ny. Inspection of the data reported in the bibliography points out that
the reducibility of Ag" strongly depends on the zeolite structure and
chemical composition such as the Si/Al ratio or the presence of Brgnsted
acid sites [29,36,39,50,51]. In the case of this study, it can be concluded
that aluminum-rich AgNaY zeolites, with high silver loading ranging
between 10 wt % and 30 wt % and not possessing acidic protons, require
a treatment under Hj to sensitively reduce Ag" resulting in the forma-
tion of [Agm] 5+ and [Agn]0 clusters and metallic NPs, being their particle
size distribution highly dependent on the Ag loading.

Our results demonstrate that atomically dispersed Agt (with or
without the presence of Brgnsted acid sites) are essentially non-active for
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the NH3-SCO reaction and indeed, the catalytic activity of AgNaY
zeolite before reduction, which contains exclusively Ag*, is similar to
that found for the thermal reaction without any catalyst. However, the
Ag-containing zeolite catalysts develop a noticeable catalytic activity for
the NH3-SCO reaction when they are reduced under Hj, giving rise to
the formation of metallic silver.

In the most active AgNaY95 zeolite, the metallic Ag® NPs are
partially blocking the pores aperture diminishing the diffusion of gas
molecules within the zeolite channels and cavities where most clusters
must be placed. This supports the idea that Ag® NPs are the active sites
for the reaction or at least are the precursors of the Ag active species for
the first step in NH3-SCO reaction. In spite of having larger metal par-
ticles, the higher activity of the AgNaY95 catalyst is due to its higher
metal loading and to a larger number of surface metal active sites
accessible for the reaction. The selectivity to Ny on AgNaY catalysts is
increased at high reaction temperature (300-400 °C) and with the silver
content, supporting that the Ny selectivity is enhanced on large metal
particles [10,11,26]. For the most active AgNaY95 zeolite, 100%
ammonia conversion is reached at 300 °C (T199 = 300 °C) with a Ny
selectivity of about 60%, whereas the less active AgNaY30 requires a
temperature of 400 °C for total conversion with a N» selectivity of 70%.
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Considering the Ny selectivity, this is within the range 71%-79% at
400 °C and 61%-69% at 350 °C for all AgNaY catalysts, being only for
the AgNaY95 sample relatively high ~60% when lowering the tem-
perature at 300 °C. Therefore, high silver loading on AgNaY zeolites
improves the catalytic conversion of ammonia and the selectivity to Ny,
being especially relevant at 300 °C or lower temperatures [16,37]. The
presence of bulkier Cs™ instead of Na™ as compensating cation favours
the formation of metal NPs, slightly increasing the activity for the
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NH3-SCO reaction. It must be noted that the most active AgNaY95
catalyst maintains its activity for 16 h of continuous reaction.
Characterization of the used catalyst evidences deep changes in the
speciation of silver in the AgNaY zeolites during the NH3-SCO reaction.
Silver metal particles are re-dispersed to give neutral or positively
charged Ag clusters and even oxidized to monoatomic Ag™" cations. The
presence of these Ag' has been fully proved employing UV-Vis and
1OgAg NMR spectroscopies, and the latter shows that about 60% of silver
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is in the form of Ag™ in the used AgNaY56 zeolite catalyst. Meanwhile,
EXAFS results show that the average particle size has largely decreased
according to the intensity decrease of Ag-Ag contribution, being
consistent with particle size distribution calculated from TEM images.
Therefore, it comes out that although some silver particles remain, most
have been dispersed forming neutral and charged clusters and more than
half Ag atoms are oxidized to dispersed Ag*.

The most accepted mechanism for the NH3-SCO reaction, especially
for temperatures above 200 °C is the i-SCR which occurs on two steps,
first the NHj3 is oxidized to NO and then the NO is reduced with non-
reacted NH;3 to give No and HoO (NH3-SCR-NO), as shown in equa-
tions (1) and (2). However, ammonia can also be oxidized to NoO, which
is the main by-product in the reaction within the temperature range

Microporous and Mesoporous Materials 323 (2021) 111230

studied here, according to equation (3).

4 NH; + 50, - 4NO + 6 HO (€D)]
4 NO + 4 NH; + O, - 4N, + 6 H,O (2)
2 NH; + 2 0, - N,O + 3 H,O 3)

The Ag speciation observed for the AgNaY catalysts is fully consistent
with previous publications on the NH3-SCO reaction pathways on Ag-
based catalysts which is shown in Scheme 1:

During the activation step of the AgY catalyst by heating under H,
the compensating Ag™ cations are reduced to metallic Ag NPs resulting
in the formation of Brgnsted acid sites (H") for charge compensation.
The formation of metallic silver NPs is fully probed by X-ray diffraction,
109A¢ MAS-NMR, TEM and XAS spectroscopy as previously discussed.

The NH3-SCO-reaction may be split into two consecutive steps: i)
The first one consists on the catalytic oxidation of NH3 by oxygen giving
rise to the formation of adsorbed nitrate anions, which have been pre-
viously observed on silver-based catalysts [14,36], and positively
charged Ag species. Nitrates are stable reaction intermediates which are
assumed to be formed by oxidation of NO coming from the oxidation of
NHs. Our results prove that the presence of metallic Ag® is mandatory for
achieving nitrate formation since non-activated AgFAU catalysts were
inactive and XAS and UV-Vis spectroscopies indicate that no Ag"
reduction occurs by heating the Ag'-exchanged faujasite catalyst pre-
cursor under an inert atmosphere. This strongly supports that Ag® are
the active sites for the first ammonia oxidation step, while Ag™ is cata-
lytically inactive for this first reaction step. Ammonia oxidation can also
form N3O especially at low reaction temperatures that is released to the
product gas stream. The absence of NO in the reaction products suggests
that NO readily evolves to nitrate species, which has been proposed as
the initial step of an i-SCR mechanism of the NH3-SCO reaction on
Ag-alumina and AgY zeolite catalysts [14,36] resulting in the oxidation
of Ag® to Ag™ species. ii) In the second step, adsorbed nitrate and
ammonium ions are selectively transformed to molecular nitrogen and
water on the cationic Ag” sites, which are reduced to metallic Ag, being
ready for starting a new catalytic cycle.

This mechanism is fully consistent with our results. Indeed, in situ
XAS experiments show that Ag* and metallic Ag° species are present in
the catalysts during the NH3-SCO reaction as discussed before. Also, Ag™
and Ag’ have been clearly identified in the used-AgNaY catalysts by
UV-Vis and 1°°Ag-NMR techniques. Then, both Ag species must coexist
in the active catalyst during the course of the NH3-SCO process.

The results obtained with water in the reaction feed leads to the
conclusion that humidity favours the re-dispersion and oxidation of the
silver metal NPs that are the actual active sites for the initial oxidation of
NH; to NO, and accordingly the activity and selectivity of the AgNaY
catalyst decrease. Nevertheless, the changes observed in the catalytic
performance of the AgNaY catalysts prove that they are relatively stable,
comparable to other silver based catalysts reported in the bibliography
[13,36].

Therefore, the redox properties of silver-based catalysts, which
depend on the loading and the characteristic of the support, must be

H, NH3 O
®
Ag \l Ag°
Zeo Zecg9 H69
Activation

~

NH;-SCO-reaction

¥—~.> Ags+---NOX8—:>—-<:

v

Y
N,O

N, + H,0

ze&® NHP Ag®, zeP H®

Scheme 1. NH3-SCO reaction pathway using Ag-Zeolites.
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very relevant for the NH3-SCO reaction. For Ag-zeolites, the redox
behaviour of silver will be determined by the framework topology, the
Si/Al molar ratio and the presence of Brgnsted and Lewis acid sites. All
these parameters should be optimized for developing a catalyst active
and selective for the NH3-SCO process [60]. Although this reaction has
been investigated on Ag/Al»Oj3 catalysts, there are only very few studies
on Ag-zeolites and then there is still a place for further research.

5. Conclusions

To summarize, our results on the NH3-SCO reaction over AgNaY
catalysts with silver contents in the range (Ag/Al = 0.30-0.95) indicate
that the zeolites must be reduced with Hs to form Ago, which are the
active centres for the reaction. Ag", which is the only silver species
present in the AgY zeolites as-prepared or after being activated in the
presence of Oy or Ny are inactive for the ammonia oxidation. The
reduced catalysts contain mainly neutral and/or charged clusters and
metal NPs with an average size that increases with the silver content.
The catalyst activity and the selectivity to Ny increase also with the
silver loading. The AgNaY zeolites are dramatically modified during the
NH3-SCO reaction being metal particles dispersed so that more than half
silver is in the form of atomically dispersed Ag". Assuming the i-SCR
mechanism, the ammonia would be first oxidized to NO3 on the metal
particles, accompanied by partial oxidation of silver. The NO3 would
then react with ammonia to be reduced to Ny and water, which should
be accompanied by the reduction to Ag® ready to start a new catalytic
cycle. Several silver species with different oxidation states, Ag® NPs, and
Ag™, besides [Agm]®" or [Agn]° are present during the NH3-SCO reac-
tion on Ag-zeolites. The addition of water in the feed promotes the
dispersion of metallic silver and the appearance of cationic silver spe-
cies, slightly decreasing the catalyst activity and selectivity. Neverthe-
less, the AgNaY zeolites are relatively stable under reaction condition. In
this way, the redox properties of the silver species, which depend on the
loading and the characteristic of the zeolite support, take a great rele-
vance on the NH3-SCO reaction.
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