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ABSTRACT: Commercial zeolite Y with different n(Si)/n(Al) ratios modified with copper cations were evaluated in the selective
catalytic reduction of nitrogen oxide with ammonia (NH;-SCR-DeNO,). Among the investigated catalysts, the highest activity was
achieved over CuY CBV100 with 7.7 wt % of Cu. The activity of this sample was further confirmed in the feed of the tail gases
stream from the pilot HNOj; plant. The highest N, selectivity possesses CuY CBVS00 (3.7 wt % of Cu). To improve catalytic
properties, both zeolites were mixed before ion exchange with copper, as well as in a more effective approach, both Cu-containing
catalysts were physically mixed (in different weight ratios, 1:1, 1:9, 3:7, 7:3). CuY_CBV100 is more active due to the presence of

more active sites, available in reduction/oxidation half-cycles.

1. INTRODUCTION

Nitrogen oxides (NO,; NO and NO,) are some of the air
pollutants that cause serious human and environmental
problems, such as bronchitis, asthma, acid rain, and photo-
chemical smog, etc."”” NH;-SCR-DeNO, is the most efficient
NO, removal technology over the Cu-containing catalysts,
including Cu-SSZ-13, Cu-SAPO-34, Cu-ZSM-S$, etc.”* Among
them, Cu-containing zeolite Y or ultrastable zeolite Y (USY)
has been less intensively investigated regarding its catalytic
properties and the reaction mechanisms in this reaction.
However, Ochonska et al.* reported more than 80% NO
conversion between 150 and 500 °C over Cu-USY (n(Si)/
n(Al) = 4.5, 2.4 wt % of Cu). Furthermore, Zhou et al.”®
optimized commercially available USY regarding copper
content (with the optimum of S wt % among 1—12 wt %)
and the addition of Ce promoter (8 wt %). Also, the USY-
based catalysts revealed enhanced activity and stability in the
selective catalytic oxidation of ammonia (NH,-SCO).” Our
recent results”’ revealed enhanced activity over Cu-containing
zeolite Y-based catalysts. Furthermore, as prepared (n(Si)/
n(Al) = 1.6, 8.2 wt % of Cu) and commercially based (n(Si)/
n(Al) = 2.29, 6.5 wt % of Cu) zeolite Y catalysts revealed
comparable NO conversion. Therefore, intensive studies over
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commercially available zeolite Y are worth investigating to
optimize its activity in NH;-SCR-DeNO, at extended
operation temperature windows. Moreover, the investigation
of the reaction mechanisms over Cu-containing zeolite Y
samples needs further exploration.

Thus, in the present studies, a series of commercially
available zeolite Y samples were modified with copper cations,
fully characterized in terms of their physicochemical properties,
and further evaluated for the NH;-SCR-DeNO, activity and N,
selectivity.

Besides conventional zeolite Y (CBV100), mildly or severely
steamed as well as acid treated materials were applied
(CBV500, CBV720, CBV760, CBV780, and CBV901).
Steaming facilitates the dealumination of the framework
while maintaining the bulk n(Si)/n(Al) ratio unchanged,
while treatment with acid is applied to remove extra-framework
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Al from the steamed zeolites. Furthermore, by steaming and
subsequent acid leaching, mesopores are formed, which
enhances the adsorption of copper species on the surface of
porous zeolite Y (e.g,'”""). The activity and stability of the
selected sample were evaluated in the feed of the tail gas
stream from the pilot HNO; plant. The reaction mechanism
was evaluated via temperature-programmed methods, steady-
state isotopic transient kinetic analysis (SSITKA), and in situ
FT-IR. Thus, this work intensifies the development of
competitive zeolite Y-based catalysts with high application
potential.

2. EXPERIMENTAL SECTION

2.1. Catalyst Preparation. Commercially available zeolite
Y samples were purchased from Zeolyst (Table 1). Before

Table 1. Data Declared by the Producers of Commercially
Available Zeolites Applied in These Studies”

n(Si)/

Sample Form n(Al) Treatment'®

CBVIO0O  Na* 2.55  parent zeolite

CBVS00 NH," 2.6 ion-exchanged, mildly steamed

CBV720 H* 15 ion-exchanged, severely steamed, acid
treated

CBV760 H* 30 ion-exchanged, severely steamed, acid
treated

CBV780 H' 40 ion-exchanged, severely steamed, acid
treated

CBV901 H* 40 ion-exchanged, severely steamed, acid

treated, heat treated

“n(Si)/n(Al) values are provided by the producer.

modification, the as-received zeolite Y samples (CBVX) were
calcined (at 550 °C for 4 h in static air with a heating rate of 1
°C min™!). Our approach was dictated by economic
considerations, i.e., the use of zeolites available commercially
without any other modification. After that, they were ion-
exchanged using a 0.05 M aqueous solution of copper(Il)
acetate (>98 wt %, Alfa Aesar) at room temperature (ca. 25
°C) for 24 h (1 g of zeolite per 100 mL of copper precursor
solution). After 24 h of stirring, the copper-containing zeolite Y
samples were filtered and thoroughly washed until pH 7 was
reached, then dried and calcined at 550 °C for 4 h in static air
(with a heating rate of 1 °C min™"), resulting in the samples
named CuY_CBVX. In the further approach, calcined Cu-
containing CuY_CBV100 and CuY_CBVS00 samples were

mixed in the weight ratio of 1:1, 1:9, 3:7, and 7:3. As prepared
materials were mixed in a mortar, pressed, and crusted to the
size of 200—400 ym. For comparative purposes, calcined pure
zeolites CBV100 and CBV500 were mixed in the same weight
ratios (1:1, 1:9, 3:7, and 7:3) and then subjected to an ion-
exchange procedure using a 0.05 M aqueous solution of
copper(II) acetate. After modifications with copper species, the
samples were washed, dried, calcined, and finally crusted to a
size of 200—400 pum. Samples are called CuY-
(CBV100+CBV500).

2.2. Granulates Preparation. For the catalytic studies in
the feed of tail gas stream from the pilot HNO; plant in
Pulawy (Poland), the CuY-CBV100 catalyst powder was
processed into granules. Therefore, 60 g of the catalyst powder
was mixed in a mortar with 15 g of AIO(OH) sol (solid
fraction 24.0 wt %), 1.8 g of ethylene glycol (Merck,
Germany), 0.9 g of Optapix (poly(vinyl alcohol) compound,
Zschimmer & Schwartz, Germany), and water until a
homogeneous, paste-like mass was obtained. The sticky paste
was molded into thin stripes on a glass plate using a syringe.
After drying, the stripes were cut down into small granules and
sieved to a particle size fraction between 1.0 and 1.5 mm.
Finally, the granules were calcined for 1 h at 400 °C at a
heating rate of 2 °C min™. The used AIO(OH) sol was
prepared in advance by mixing 270 g of boehmite powder
(Dispersal, Sasol Germany) with 576 mL of water and 54 mL
of 2 M HNO;. The suspension was dispersed at 8000 rpm for
10 min by an Ultra turrax. A highly viscous gel was obtained
after a few days of resting at room temperature under ambient
conditions with a solid fraction of 24.0 wt %.

2.3. Catalyst Characterization and Catalytic Experi-
ments. The zeolite Y and Cu-containing zeolite Y samples
(CuY) were characterized concerning the structure and
morphology (XRD, NMR and SEM), elemental analysis
(ICP-OES, XPS), surface composition (ToF-SIMS), texture
(N, sorption), and the nature of copper species (DR UV—vis,
TPR-H,, EPR), and examined for their catalytic activity and N,
selectivity in the NH;-SCR-DeNO,. The most active catalyst
was evaluated in the form of granulates in the real tail gases
from the pilot nitric acid plant. Additional tests of selective
ammonia oxidation (NH;-SCO) and N,O decomposition
(deN,O) were also implemented. Furthermore, the reaction
mechanism was thoroughly evaluated via in situ spectroscopy
(rapid scan FT-IR), temperature-programmed, and transient
techniques (steady-state transient isotopic analysis, SSITKA).
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Figure 1. a) XRD patterns and b) N, sorption isotherms of Cu-containing zeolite Y samples.
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Table 2. Elemental Composition and n(Si)/n(Al) and n(Cu)/n(Al) Ratios of Cu-Containing Zeolite Y Samples”

Sample W a1/ W% g/ Wt.-% W/ W% Wcy/Wt-% n(Si)/n(Al) n(Cu)/n(Al)
CuY_CBV100 8.2 21.2 2.2 7.7 2.5/2% 0.4
CuY_CBV500 9.1 24.5 3.7 2.6/2% 0.2
CuY_CBV720 2.7 37.0 2.4 13.2/20% 0.4
CuY_CBV760 14 37.2 2.8 25.5/35% 0.8
CuY_CBV780 0.9 38.0 3.4 40.6/40* 1.6
CuY_CBV901 1.6 389 2.3 23.4/25% 0.6

“w;: mass fractions; * obtained from XPS analysis.
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Figure 2. a) Al MAS, b) *°Si MAS spectra of Cu-containing Y samples.

The details of the experimental procedure can be found in the
Supporting Information.

3. RESULTS AND DISCUSSION

3.1. Structural, Morphological, and Textural Proper-
ties. The powder XRD patterns of the Cu-containing zeolite Y
materials (Figure 1a) match well with the patterns of the
respective calcined zeolite Y samples (Figure Sla) in terms of
the position of characteristic peaks corresponding to FAU-type
framework materials at 26 of 6.3°, 10.3° 12.2°, 16°, 19.1°,
20.7°, 23.3°%, 24.1°, 27.6°, etc., as well as preserved intensity of
the diffraction patterns. This indicates the high crystallinity
degree of the prepared Cu-containing materials (Figure la,
Figure Sla). Similarly, the values of micropore volume of the
Cu-modified zeolite Y samples match well the ones
corresponding to the respective parent samples, once again
suggesting that the crystal structure and pore structure of the
materials are preserved upon Cu-exchange (Table S1, Figure
1b, Figure S1b-d). On the other hand, a difference exists in the
mesopore volume and specific surface area between the
starting and treated materials, likely due to the partial
dissolution of certain less ordered fragments within the zeolite
particles in the weakly acidic solution of copper(II) acetate.
This phenomenon can be attributed to zeolite framework
demetalation, specifically dealumination, as reported in the
early days of zeolite science; another important outcome of
this process is the formation of intracrystalline mesopores.'*
Furthermore, studies have shown that even with low degrees of
dealumination in mildly acidic media, zeolite Y exhibits
significant changes in mesoporosity.'’ The results from the
chemical analysis of the Cu—Y samples conducted in this study
support these conclusions, as the measured n(Si)/n(Al) values
closely resemble those of the initial materials (Table SI2 and
Table 2). This once again supports the conclusion that
modification with the Cu species does not significantly affect
the zeolite Y material. However, please note that the values for
CBV910 and CuY_CBV901 deviate significantly from the data
declared of the manufacturer.'” The observed n(Si)/n(Al)
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values obtained by XPS mainly confirm the ICP results.
However, due to the overlap of core levels and rather large
differences in the individual quantities the values have large
error bars (about +20% of the values). The amount of Cu for
most samples (except the CuY_CBV100) is at the edge to be
seriously quantified. SEM images of the Cu-containing samples
(Figure S2) show that the zeolite Y particles are composed of
intergrown crystals with sharp edges. The tendency toward
agglomeration seems to be more expressed in the samples
CuY CBV100, CuY CBV500, and CuY CBV720, while in
the samples CuY CBV760, CuY CBV780, and CuY CBV901
more isolated crystals are observed. In addition, the latter
samples present larger intergrowths with less pronounced
edges of the forming crystals. The size of the majority of the
particles lies in the range of 600—1100 nm, whereas the
maximum of the curve varies without a clear trend, can be
explained by the uncertainty of the particles size determination
on the grounds of the image analysis. Namely, the number of
particles analyzed in this way is around 100.

Furthermore, *’A1 MAS NMR spectra (Figure 2a) display
that most Al atoms in all the Cu-containing samples reside in
framework T positions, as revealed by the signal at ca. 62 ppm.
However, additional resonances for other four-coordinated
signals (CuY_CBVS500, CuY CBV720, CuY_ CBV760, and
CuY_CBV901), five-coordinated signals (CuY_ CBV100,
CuY_CBVS00, and CuY_CBV720) as well as six-coordinated
signals in CuY_CBVS00) demonstrate that a certain amount
of Al is extracted from the zeolite framework tetrahedral
positions by postsynthetic modifications of native zeolite Y, yet
retained within the material upon treatment with copper(II)
acetate. *’Si MAS NMR spectra shown in Figure 2b, reflect the
framework positions of Si in the FAU-type material. Samples
CuY_CBV100 and CuY_CBVS00 show the expected signals at
—94, =99, and —104 ppm for Q*(2Al), Q*(1Al), and Q*(0Al),
respectively.”'® Although both samples have similar n(Si)/
n(Al) ratios, the relative intensities of the three peaks differ
significantly. This is due to the fact that in the sample
CuY_CBVS500 a significant portion of Al moieties are not fully
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Figure 3. a) DR UV—vis spectra, b) TPR-H, profile for Cu-containing zeolite Y samples, and c¢) CW-EPR spectra of the activated samples recorded
at —196 °C; (a,c) the sample names are the same; d) TPIE profile for selected Cu-containing zeolite Y samples.

attached to the framework, as confirmed by the *’Al MAS
NMR spectrum, which shows several additional signals (*’Al
MQMAS spectrum, Figure S3) corresponding to tetrahedral
sites with well-defined environment as well as five- and six-fold
coordinated Al species. All of the other samples show a single
2Si peak at —107 ppm. Since these samples have a high n(Si)/
n(Al) ratio a slight shift of the Q*(0Al) feature to more
negative values occurs.'” One possible explanation for the
observed behavior could be attributed to the CBV100 sample
serving as the parent sample for all other CBV samples
examined in this study. However, they vary in the extent of the
steaming treatment they underwent."

3.2. Nature of Copper Species. The nature of copper
species varied significantly, depending on the applied zeolite Y.
Figure 3a shows the DR UV-—vis spectra of the analyzed
samples. CuY_ CBV100 possessing the highest amount of
copper revealed also the highest amount of isolated Cu species.
Relatively narrow peaks, indicating isolated Cu species, appear
also for the CuY_CBVS00 sample. Other samples possessed
mainly more aggregated copper species. Nevertheless, EPR
studies excluded the presence of [Cu—O—Cu]** species. Also,
in our previous studies about Cu-containing zeolite Y we did
not observe NO to NO, oxidation over [Cu—O—Cu]** species
during TPD-NO.® The heterogeneity of these species is also
reflected by the TPR-H, profiles (Figure 3b). The copper
species in CuY_CBV100 are reduced in three clear stages,
while in CuY_CBV500 only one reduction peak appears,
whereas, for other samples, mainly two stages of reduction
appeared. According to Kieger et al,'® the copper species
located in supercage are reduced below 300 °C, while the
species located in sodalite cages are reduced above 300 °C. On
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the other hand, Wang et al.'” reported that the Cu®* species
are reduced below 300 °C, while Cu* species are reduced
above 300 °C. However, according to the data gathered in
Figure 3b, the reduction of the copper species varied
significantly among applied zeolites, and thus, the reduction
stages cannot be clearly assigned. Such differences in DR UV—
vis and TPR-H, profiles among other samples are connected
with their modification procedures (Table 1), and thus,
resulting in variation in n(Si)/n(Al) ratios (i.e., increasing
amount of Si) as well as textural properties (i.e., introduced
mesopores). Overall, both steamed and acid treated samples
possess a higher amount of aggregated copper species. Though,
based on DR UV—vis and TPR-H, profiles, we found that
CuY_CBV100 possesses mainly isolated Cu*/Cu** and Cu,O,
species, while the Cu" and Cu,O, species are the main centers
in CuY_CBVS00, which is also supported by our previous
studies (including room temperature CO and NO adsorption
experiments).””’ Furthermore, EPR studies (see below)
confirmed the coordination of Cu®" with the oxygen zeolite
lattice. Due to the low Cu content, XPS data cannot contribute
to the assignment of Cu species, except for CuY_CBV100 for
which contributions of both Cu* and Cu®" are observed.
Figure 3¢ and Figures S4 and SS display a series of CW-EPR
spectra of calcined (Figure S4) and activated (Figure 3c and
Figure SS) samples, while Table S3 provides the comparison of
relative EPR intensities for all calcined samples. Upon the
activation procedure at 200 °C for 2 h under a high vacuum
(ie., 107® mbar), Cu®" speciation evolves differently for all Cu-
containing zeolite Y samples. The summary of Cu** spin
Hamiltonian parameter according to the spectral simulation
(Figure S4) analysis is given in Table S4 and the composition
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of each species are collected in Table SS. Specifically, for the
most active sample (CuY_CBV100 (n(Si)n(/Al) ratio of 2.5,
Cu content of 7.7 wt.-%) in the NH;-SCR-DeNO,, the line
width is still very broad (g, = 2.17) with a tiny portion of
unresolved hyperfine lines (Figure 3c). The isotropic species E
arises from the dipole—dipole exchange interactions between
Cu** ions in high local concentrations.” The most N, selective
in NH;-SCR-DeNO, (CuY_CBVS500 sample with a n(Si)/
n(Al) ratio of 2.6 and total Cu content of 3.7 wt.-% exhibits
more anisotropic species (contribution of around 70%) which
can be identified as fully dehydrated Cu®" species (here is
labeled as species D, g,, = 2.33 and A,, = 520 MHz). However,
well-resolved hyperfine lines at both g, and g, region are
observed for lesser Cu content and higher n(Si)/n(Al) ratio
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samples (n(Si)/n(Al) ratio of 23.4, 25.5, and 13.2 for
CuY CBV901, CuY CBV760, and CuY_ CBV720, respec-
tively). In this case, species C (<15% contribution) should also
be considered in the spectral simulation of the CuY CBV901,
CuY_CBV760, and CuY CBV720 samples. Bruzzese et al.*'
attributed this spin Hamiltonian parameter of species C to
four-fold [Cu(OH)(Og);]" species on the eight-membered
ring. Please note that this species also appeared in their case
only if the n(Si)/n(Al) ratio is >12 in Cu-containing chabazite
zeolites. Last, CuY _CBV780 with the highest n(Si)/n(Al) ratio
of 40.6 exhibits around 25% of species C (also the highest
species C contribution if compared to the rest of the samples),
as indicated from the spectral simulation. Specifically, the Q-
band CW-EPR result in Figure.SI4e for the activated
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Figure 5. Time-resolved rapid scan FT-IR differential spectra presenting the gaseous and surface-bonded species involved in NH;-SCR-DeNO,, at
125 °C over CuY_CBV100 (a,b) and CuY_CBVS00 (c,d) in the presence of water vapor in 950 s reaction course in the stretching N—H modes
(a,c) and the frequency region typical for deformation modes of the NO,~ and NH;-originated species (b,d).

CuY_CBV100 sample ruled out the presence of [Cu—O—
Cu]** species since the spectral pattern only shows a broad
peak centered at 1118 mT (g, = 2.16) due to species E and
the minor Cu®>* monomer (species D) in line with the result of
CW-EPR at X-band frequency. Figure 3d presents the results
of temperature-programmed isotopic exchange (TPIE) studies
carried out over selected samples. The TPIE results revealed
that oxygen from the lattice of CuY_CBV100 is exchanged
with oxygen ('*0,) from the gas phase. A significantly lower
effect is observed over CuY_CBVS500, which can be attributed
to the restricted mobility of lattice oxygen in this sample.

3.3. Catalytic Studies. Cu®" species serve as active centers
for low temperature during NH;-SCR-DeNO,, while CuO
species cause NH; oxidation above 350 °C. The presence of
Cu* and CuO species lead to lower NO conversion during
reaction; however, their lower reducibility enhances material’
selectivity to N,. Thus, Cu** and Cu" species present in the
sample boost low-temperature activity together with N,
selectivity in the high-temperature range. This can be achieved
in one materials by appropriate synthesis steering, as we have
shown in our previous studies,”> or by the preparation of
mixed materials.

Figure 4 presents the catalytic activity results over Cu-
containing zeolite Y samples in the NH;-SCR-DeNO,. Among
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the investigated Cu-containing Y catalysts, the sample with a
n(Si)/n(Al) ratio of 2.55 reached more than 80% NO
conversion in the temperature range of 175—400 °C. The
NO conversion significantly drops above 300 °C due to NH;
oxidation (Figure S6a,b). This effect is less pronounced for
CuY_ CBV500, which also showed the highest N, selectivity
among the investigated materials (Figure 4b). Thus, NO
conversion was favored over materials containing isolated Cu**
species, while N, and N,O selectivity was favored over
catalysts containing Cu” and Cu,O, species, respectively. The
formation of N,O below 250 °C primarily results from the
decomposition of NH,NO,.” Above 350 °C, N,O is produced
due to the nonselective oxidation of NH; (Figure S6b).
Compared to Cu-SSZ-13, Cu-ERI, and Cu-ZSM-S§ reported in
our last studies, Cu-containing zeolite Y possess lower NO
conversion and N, selectivity between 100 and 500 °C.

The activity of the CuY CBV100 catalysts was further
evaluated in the feed of the tail gas stream from the pilot
HNO; plant in Pulawy (Poland). The industrial application
requires the shaping of this catalytic material. After the sample
was aged in the feed (including NH;) for 1 week, the
measurements were carried out. As can be seen from Figure
4c¢,d, and Figure S7, in addition to the NO, conversion, N,O
formation was monitored. The comparison of the NO,
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conversion for the different flow rates revealed higher
conversion at a gas flow rate of 10,500 h™! than at 13,300
h7% In the latter case, the contact time of reactants with the
catalyst surface was shorter for effective reduction of the
amount of NO, with ammonia. The change in N,O
concentration in the tail gas stream indicates that the oxidation
of ammonia occurred in the presence of the catalyst, i.e., the
amount of N,O formed was proportional to the amount of
ammonia added to the feed (Figure 5d, Figure S7b). The
structure and textural properties of zeolite Y were not affected
after catalytic tests under pilot plant operating conditions
during the two week test (Figure S8), indicating its high
stability.

Table S6 shows the intensity ratios of selected ions
calculated on the basis of the collected ToF-SIMS spectra.
The obtained results indicate an increase in the intensity of
copper in relation to those of silicon and aluminum for the
sample after the reaction. Moreover, in the same case, a slight
decrease in the intensity of aluminum relative to silicon can
also be observed, which can indicate partial segregation of Cu
species on the zeolite surface. Still, there are no significant
differences between the fresh granulates and after the reaction
(Figure S8c). Furthermore, the catalytic studies over fresh and
used granulates (Figure S9) revealed no significant differences
in conversion or selectivity in NH;-SCR-DeNO, and NH;-
SCO.

Furthermore, to seek a balance between NH;-SCR-DeNO,,
activity and N, selectivity, in the next step, we mixed
CuY CBV100 and CuY CBVS500 in weight ratios of 1:1,
1:9, 3:7, and 7:3, respectively. Also, for comparative purposes,
we mixed pure calcined CBV100 and CBVS500 with the same
weight ratios of 1:1, 1:9, 3:7, and 7:3. Such mixed zeolite
samples were further modified with copper species. The
activity and N, selectivity depend on the applied methods of
introducing Cu species (Figure 4e,f, for mixed
CuY_CBV100+CuY_CBVS00 samples and Figure S10 for
Cu-exchanged CuY(CBV100+CBVS500) samples). However,
as a more efficient approach, the physical mixture of Cu-
containing samples is recognized, which is represented by the
higher activity and N, selectivity of the samples compared to
the analogous samples obtained by the physical mixture of pure
calcined zeolites and subsequently ion exchanged with Cu
species. Overall, the mixtures with a higher content of
CuY CBV100 than CuY CBVS500 revealed higher activity
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and N, selectivity above 300 °C in comparison to pure
CuY_CBV100. The same conclusion is given for the catalysts
based on mixed pure zeolites, which are subsequently Cu-
exchanged (Figure S10).

Figure S displays the FT-IR spectra of the zeolites
CuY_CBV100 and CuY_CBVS500 during NH;-SCR-DeNO,
at 125 °C (c(NH;):c(NO):c(0,):c(H,0) = 4:4:1:8). The
spectra were collected over a 950 s reaction course in rapid
scan mode by collecting one spectrum in 0.8 s. The spectral
region of the O—H stretching vibrations (Figure Sa,c) arises
due to the vO—H symmetric mode and its splitting by
adsorption on active sites. The interaction of NO with copper
sites and its subsequent conversion are detected in the lower
wavenumber range (2300—1250 cm™") (Figure Sb,d). Solely,
the copper(II) mononitrosyl bands appear at 1945 and 1912
em™" in CuY_CBV100 (Figure 5b). Both nitrosyl species are
overlapped by the oscillation-rotational spectrum of gaseous
NO, which is also easily identified by the 1875 cm™" band. The
Cu®*(NO) bands at 1945 and 1912 cm™' are assigned to
isolated Cu’* cations possessing an adjacent OH™ anion (i.e.,
the structure of the adsorption site is [Cu(OH)]*).”**** The
Cu(II) mononitrosyl band at 1945 cm™' is rapidly eroded
within the first 120 s of reaction duration while the lower
frequency mononitrosyl band at 1912 cm™" develops in time
until 400 s. Then its decline is observed, accompanied by
gaseous NO consumption. Solvation by ammonia confers
mobility to Cu(Il) significantly, thus enhancing the accessi-
bility of Cu®* cations for the reagent molecules. The Cu®**
cations, if withdrawn by ammonia from sodalite cages to the
supercages, react with NO molecules forming [Cu(OH)-
(NH;),]* complexes. In the case of CuY CBV100, an obvious
time dependence is observed: Only [Cu(OH)(NH,),]*
adducts located in supercages can ligate NO molecules
immediately (1945 cm™), and they are consumed in NH;-
SCR-DeNO, as the first. The [Cu(OH)(NH;),]* species
formed on the Cu®" cations originally located in sodalite cages
and being withdrawn by ligation to ammonia are represented
by the increase of the band intensity at 1910 cm™" over the first
450 s, and then they are also consumed over a time. The
ligation of NO to [Cu(OH)(NHj;),]" is also reflected in the
development of the nitrate/nitrite bands in the 1636—1250
cm ™' wavenumber region. The bending modes of NH;-Lewis
adducts also contribute to these by the complex bands. In
parallel with the bands at 1945 and 1912 cm™, the Oasym NHj
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band appears at 1628 cm™', so it can be assigned to the
ammine ligands in [Cu(OH)(NHj;),]* complexes. This band
increases for the first 450 s of the process, and then its gradual
decrease is observed, associated with consuming mononitrosyls
and NO in the gas phase. At the same time, the position of the
Jysym band of NHj is shifted to the higher wavenumbers (i.e.,
1636 cm™"). This allows for anticipation of the mixed complex
[Cu(NH,), ;(NO;)]* formation. The nitrites are identified by
the NO,™ bands at 1410 and 1265 cm™". These results indicate
that during NH;-SCR-DeNO,, nitrates/nitrites coexist with
the copper-ammonia cage complexes in the form of mixed
ligand adducts already at the low-temperature stage. Indeed,
the [Cu®*(NH;);(NO;)]* intermediates were recently re-
ported for Cu-CHA at low reaction temperatures.”*” In the
course of the reaction, —NH, (1385 cm™'), NO* (2146 cm™),
and N,O (2224 cm™) coexist with the [Cu®*(NH,),(NO;)]*.
The domination of nitrates and nitrites in the low-temperature
regime (i.e,, 125 °C) can be explained by the interaction of
NO with isolated Cu®** and Cu?’,, sites. The dissociative
insertion of NHj; into these species can be anticipated from the
presence of the band at 1385 cm™, characteristic for -NH,. All
these findings indicate that in CuY_CBV100, the isolated Cu*
and mono Cu,O, species are responsible for the NH;-SCR-
DeNO, as they participate in the easy dissociation of NHj;,
which is the dominant process at 125 °C.

The IR spectrum of CuY_CBVS500 in contact with the SCR
reactants at 125 °C (Figure Sc,d) is dominated by the bands
around 1634—1622 cm™' discussed above. The situation is,
however, different than that in the case of CuY CBV100
(Figure 6b). The band [Cu(OH)(NH,),]" at 1912 cm™,
detected as the only mononitrosyl forms, along with the NO;~
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bands around 1525—1452 cm™" which are created in the very
early reaction stage, are stable over the SCR process (which
was also confirmed via TPD, Figure 6b). Unlike
CuY_CBV100, in CuY_CBVS00, the intensity of the band at
1634 cm™' characteristic for the mixed ligand adducts
[Cu®"(NH,);(NO,)]* gradually increases, while the concen-
trations of the other adsorbed species remain unchanged over
time. The contribution of water molecules in this band must be
excluded. This can be verified by the intensity of the stretching
bands of adsorbed water (Figure Sc), which is only about half
that of CuY CBV100. The declined conversion of nitrate and
nitrite complexes [Cu?*(NH;);(NO;)]* in final SCR products
is responsible for the lower activity of the CuY CBVS500 under
these conditions. There are also no bands of -NH, (at 1380
cm™) and NO* (at 2146 cm™, NO* is produced on Brensted
acid sites from NO/O, mixture with water production),*®
suggesting that the CuY_CBVS00 is a less reactive catalyst
under these conditions.

The CuY CBV100 and CuY CBVS500 samples are further
investigated regarding the reaction mechanism of NH;-SCR-
DeNO,. Figures S11 and S12 present the results of the
temperature-programmed studies (for details, see SI), while
Figure 6 shows the formation of N, during these studies.
Regarding the CuY CBV100 sample, N, is formed below 250
°C as a result of the reaction between adsorbed NH; and NO
(from the gas phase) (Figure 6a). Also, as N, is formed below
150 °C, nitrates act as reactive intermediates in the
CuY CBV100. Finally, N, formation between 250 and 400
°C occurs mainly due to unselective NH; oxidation over this
sample. This is also supported by the higher level of formation
of N,O above 250 °C during NH; oxidation (Figure S11b).
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Concerning the CuY CBV500 sample, N, is formed in a broad
temperature range (Figure 6b), mainly as a result of the
reduction of adsorbed nitrates by NH; from the gas phase, as
well as due to the reduction of adsorbed NH; by NO from the
gas phase. The sharp peak appearing during the reduction—
oxidation cycle (ie, NH;+NO_NO+0O,) over this material
indicated that the NH;-SCR-DeNO, reaction may proceed via
the HONO intermediates. According to Tronconi et al,”’ an
intense N, peak formation during the switch from NH; to NO
appears as a result of the reduction of Two-P (i.e,
[Cu"(OH)(NH;);+-Cu"(OH)(NH,);] complex) with NO
and thus the formation of HONO intermediates. These
species further react with NH;-ligands, forming NH,NO, that
decomposes finally into N, and H,O. In the case of the
CuY CBV100 sample, the HONO intermediates appeared
below 100 °C and, thus, are not visible.

Figure 7 and Figures S13 and S14 present the results of the
SSITKA analysis between 100 and 150 °C for CuY_ CBV100
and CuY_CBVS00. The delay observed between Ar and '*NH,
(or between Kr and '*NH,) points out the reversible
adsorption of NH; on the surface of both catalysts. The
average-surface lifetime of NHj; and its surface concentration
(Figure 7a,c) decrease with the increasing temperature.
However, the rate of value changes of these two kinetic
parameters is different for the studied catalysts. In the case of
CuY CBV100, the value of the average-surface lifetime of
reversibly adsorbed ammonia decreases very slowly from 100
to 125 °C, and then faster to 150 °C, while for CuY_ CBVS500,
a stable decreasing trend is observed. Moreover, at 150 °C, the
average-surface lifetime of reversibly adsorbed ammonia is
shorter on the surface of CuY CBVS00 compared to values
obtained at lower temperatures, where it is longer than on
CuY_ CBV100. However, the differences in the values of the
average-surface lifetime of reversibly adsorbed ammonia for
both catalysts are not large, whereas the surface concentration
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of reversibly adsorbed ammonia is significantly higher on the
surface of CuY_CBVS00 than on CuY_CBV100, especially at
125 and 150 °C. This behavior appears due to the different
rates of ammonia consumption in the NH;-SCR-DeNO,.

Based on the delay between Ar and '*N, (or Kr and
"N'N), the average-surface lifetime and surface concentration
(Figure 7b,d) of nitrogen and intermediates leading to the
formation of nitrogen were calculated. The values of average-
surface lifetime on the surface of CuY_CBV100 are very
similar in the whole range of the studied temperature, while for
CuY_CBVS500 they varied depending on the reaction temper-
ature being the highest at 125 °C. Moreover, the average-
surface lifetime of nitrogen and intermediates leading to the
formation of nitrogen is shorter on the surface CuY CBV100
than on CuY_CBVS500, suggesting a higher NH;-SCR-DeNO,,
reaction rate. The surface concentration of nitrogen and
intermediates leading to the formation of nitrogen (Figure 7d)
calculated for CuY_CBV100 is significantly higher, indicating
that there is a higher number of active sites. The differences in
the number of active sites between both catalysts are much
greater than the differences in their values of average-surface
lifetime. This suggests that the higher activity of CuY_CBV100
is mainly due to the larger number of active sites and, to a
lesser extent, their higher reactivity. Moreover, the number of
active sites is not a constant value but depends on temperature
changes.

Figure 8 summarizes the time dependence of the N,
concentration in a logarithmic plot. In the case of
CuY CBVS500, the convexity for the initial N, signal after
isotopic switching is clearly visible, while for CuY_CBV100 it
is less visible. The model of the surface of the CuY catalysts
probably consists of pools in series, according to the SSITKA
theory.””’" This model suggests that more than one
intermediate (active sites) is present on the catalyst surface
between NH; and N,. The subsequent dehydrogenation of
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ammonia over catalysts may led to surface nitrogen atoms as
follows NH; — NH, - NH — N. Indeed our IR studies
revealed presence of -NH, form which confirms the
dehydrogenation of NH; over CuY_CBV100 and
CuY CBV500. Overall, in the case of CuY CBV100, the
pools (well-mixed subsystems within the reaction paths) are
larger, while in the case of CuY_CBVS00, the time between
pools is longer, as shown in Figure 8c.

4. CONCLUSIONS

A series of copper-modified commercial zeolite Y samples were
investigated in the NH;-SCR-DeNO,. Among the investigated
samples, the CuY_CBV100 and CuY_ CBVS00 catalysts
revealed high NO conversion and N, selectivity, respectively.
Both samples possessed the highest amount of isolated copper
species, resulting in enhanced catalytic properties.
CuY CBV100 indicated stability in the tail gases stream of
the pilot nitric acid plant. The catalytic properties above 300
°C were improved for mixed CuY_CBV100 and
CuY_CBVS00 catalysts and CuY(CBV100+CBVS500) samples.
In situ FT-IR and TPD studies revealed that nitrites and
nitrates also acted as reactive intermediates in NH;-SCR-
DeNO,, while their lower reduction rate proceeded over that
of CuY_CBVS500.
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