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Abstract: ERI and SSZ-13 were subjected to post-synthetic treatments (depending on the zeolite topol-
ogy) to create micro-/mesoporous materials. The results in terms of NH3-SCR-DeNO, show that the
applied treatments improved the catalytic activity of the Cu-containing ERI-based materials; however,
the NO conversion did not vary for the different materials treated with NaOH or NaOH/HNO3.
For the micro-/mesoporous Cu-containing SS5Z-13, a lower NO conversion in NH3-SCR-DeNOy
was observed. Thus, our findings challenge the current paradigm of enhanced activity of micro-
/mesoporous catalysts in NH3-SCR-DeNOy. The modification of the supports results in the presence
of different amounts and kinds of copper species (especially isolated Cu?* and aggregated Cu species)
in the case of ERI- and SSZ-13-based samples. The present copper species further differentiate the
formation of reactive reaction intermediates. Our studies show that besides the u—n2,n2-per0xo
dicopper(II) complexes (verified by in situ DR UV-Vis spectroscopy), copper nitrates (evidenced by
in situ FT-IR spectroscopy) also act as reactive intermediates in these catalytic systems.

Keywords: ERI; SSZ-13; copper species; NH3-SCR-DeNOy

1. Introduction

The selective catalytic reduction of nitrogen oxides with ammonia (NH3-SCR-DeNOy)
is widely applied as an emission control process to eliminate NO, from diesel engines as
well as power plants. NH3-SCR-DeNO, technology, using a commercial V,05-WO3/TiO,
(abbreviated as VWTi) catalyst, has proved to be very effective for removing the NO, in
flue gas from stationary sources. However, SCR catalysts often deactivate when exposed
to sulfurated and moist conditions in waste incineration power plants [1,2]. Also, in the
oxidizing environment of diesel engines, high-temperature excursions in the presence of
water vapor can lead to the deactivation of catalysts, such as the dealumination of zeolite-
based materials [3]. So far, many catalysts have been investigated in NH3-SCR-DeNOy,
including vanadium pentoxide-based catalysts, transition metal-exchanged zeolites (e.g.,
Cu-Y or Cu-§5Z-13), and hybrid catalysts (e.g., Ce-Zn mixed oxides with Fe-ZSM-5 or Zn-Ti
mixed oxides with Cu-SSZ-13, etc.) [4-6]. Furthermore, besides catalysts based on SSZ-13
or ZSM-5, Cu-containing ERI has revealed enhanced catalytic properties in NH3-SCR-
DeNOy. For example, Zhu et al. [7] proved that their fast-synthesized Cu-containing ERI
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achieved a catalytic activity comparable to the commercial Cu-SSZ-13. Moreover, Sultana
et al. [8] reported that Cu-ERI catalysts showed similar catalytic activity to Cu-ZSM-5,
albeit with higher resistance against decane poisoning. Some researchers claimed that the
activity and N selectivity in both NH3-SCR-DeNO, and the selective catalytic oxidation
of ammonia (NH3-SCO) have been enhanced for micro-/mesoporous materials (e.g., Cu-
Z5M-5, Cu-SAPO-34, Fe-ZSM-5) [9-11]. For example, Oord et al. [12] and Wu et al. [13]
applied the post-synthetic modification of SSZ-13 with an aqueous solution of NaOH. They
both found that the catalytic activity and Ny selectivity can be improved for Cu-SSZ-13
(with the support treated with 0.1 M solution). Otherwise, the post-synthetic modification
above 0.1 M led to a drop in the catalytic properties of the materials. On the other hand,
Jabtoriska et al. found that the mesopores introduced into Cu-containing zeolite ZSM-5 [14]
or Y [15] catalysts do not play any direct role in the activity of the NH3-SCR-DeNO,.
Although Tekla et al. [16] introduced mesoporosity into erionite using both acid- and alkali-
leaching treatments, such materials have not been investigated in NH3-SCR-DeNOy or
NH;3-5CO. Given the discrepancies mentioned above, further studies of micro-/mesoporous
materials are required to understand the relationship between mesoporosity, catalytic activ-
ity, and Nj selectivity in NH3-SCR-DeNOy. Thus, ERI and SSZ-13 zeolites were subjected to
different post-synthetic treatments, depending on the zeolite topology, including treatment
with NaOH or sequential treatment with HNOj3, followed by treatment with NaOH. The
structure, texture, elemental analysis, and acidic properties of the copper-containing zeo-
lites were characterized by X-ray diffraction (XRD), solid-state nuclear magnetic resonance
(NMR), N, sorption, inductively coupled plasma optical emission spectroscopy (ICP-OES),
and temperature-programmed desorption of NHz (NH3-TPD). The nature of the copper
species was investigated by temperature-programmed reduction of H, (H;-TPR), as well
as by diffuse reflectance UV-Vis (DR UV-Vis), extended X-ray absorption fine structure
(EXAFS), and electron paramagnetic resonance (EPR) spectroscopy. The activity and Np
selectivity were evaluated via NH3-SCR-DeNOy (4 NH3 + 4 NO + O, — 4 N, + 6 H,O)
and NH3-SCO (4 NH3 + 3 O, — 2 N, + 6 H;O) for the Cu form of conventional zeolites,
post-synthetically treated SSZ-13, and especially, ERI for the first time in the literature.
Furthermore, the reaction pathways were investigated through in situ Fourier transform
infrared (FT-IR) and DR UV-Vis spectroscopy and temperature-programmed studies with
the 180, isotope over both zeolite topologies to deepen our understanding of the reactive
reaction intermediates, and thus, maximize their potential in industrial applications.

2. Results and Discussion
2.1. Structural and Textural Properties

The commercial zeolites ERI (Clariant, n(Si)/n(Al) = 3.5) and SSZ-13 (Clariant,
n(Si)/n(Al) = 6.5) were post-synthetically modified according to previously reported protocols
optimized for any specific zeotype [12,14-16]. Table 1 summarizes the applied modifications.

Table 1. Sample labels and treatment conditions.

Sample Applied Treatment
0.3 M HNOs at 65 °C for 0.5 h followed by 0.2 M
ERI_HNO;_NaOH/0.5_0.5 NaOH at 65 °C for 0.5 h
0.3 M HNOj at 65 °C for 0.5 h followed by 0.2 M
ERI_HNO;_NaOH/0.5_2 NaOH at 65 °C for 2 h
ERI_NaOH/2 0.2 M NaOH at 65 °C for 2 h
SSZ-13_NaOH/0.5 0.2 M NaOH at 65 °C for 0.5 h
SSZ-13_NaOH/2 0.2M NaOH at 65 °C for 2 h

Figure 1 shows the XRD patterns of the parent ERI and SSZ-13, as well as their Cu-
containing forms. The XRD patterns of the commercial calcined zeolites are typical of the
pure erionite (ERI topology) and SSZ-13 (CHA) structure, as reported before [12,14,16]. The
structure of the zeolites is preserved after the post-synthetic treatment (Figure S1) as well
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as after the ion exchange and subsequent calcination. Furthermore, no peaks at 26 = 35.6°
and 38.7° corresponding to copper phases [17] are detected in the diffractograms of the
Cu-containing samples, indicating the crystal sizes of the copper species to be below the
XRD analysis detection limit.
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Figure 1. XRD patterns of the (a) ERI and (b) SSZ-13 samples and their Cu-containing forms (sample
labels as in Table 2).

Table 2. The elemental analysis results of the ERI and SSZ-13 samples and their Cu-containing forms
(wj: mass fractions).

Sample walwWt% wgi/wt% wey/wt.% n(Si)/n(Al) n(Cu)/n(Al)
ERI 8.8 31.5 - 34 -
Cu-ERI 8.2 29.9 6.1 3.5 0.3
Cu-ERI_NaOH/2 7.9 23.7 3.7 29 0.2
Cu-ERI_HNO3;_NaOH/0.5_0.5 7.7 25.5 34 3.2 0.2
Cu-ERI_HNO3;_NaOH/0.5_2 7.6 21.5 3.1 2.7 0.2
SSZ-13 6.1 38.3 - 6.0 -
Cu-SSZ-13 5.8 36.2 4 6.0 0.3
Cu-SSZ-13_NaOH/0.5 6.6 24.6 3 3.6 0.2

Cu-S5Z-13_NaOH/2 6.7 242 3.3 3.5 0.2
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Table 2 lists the results of the elemental analysis determined by ICP-OES. The measured
n(Si)/n(Al) ratio of the parent zeolites (i.e., ERI: 3.4, SSZ-13: 6.0) is close to the one reported
by the supplier (i.e., ERIL: 3.5, SSZ-13: 6.5). However, after the post-synthetic treatment, the
n(Si)/n(Al) ratios decrease in the series of ERI- and SSZ-13-based materials. For example,
for Cu-ERI_HNO3;_NaOH/0.5_0.5 and Cu-ERI_HNO3;_NaOH/0.5_2, the time during the
alkali leaching has a more substantial influence on the n(Si) /n(Al) ratios than the application
of an acid leaching before the alkali one. For the SSZ-13-based samples, the n(Si)/n(Al)
ratios are reduced by ca. 40% after the alkali treatments, although the treatment time (i.e.,
0.5 or 2 h) does not influence the decrease in the silica content. Overall, the post-synthetic
treatments of both the ERI- and SSZ-13-based samples can extract Si species from the
framework and Al species to a lesser degree. In addition, the Cu weight loading does not
significantly vary for the post-treated ERI or S5Z-13 samples.

Figure 2 and Figure S2 show the N; sorption isotherms of the parent ERI, SSZ-
13 samples, and their Cu-containing forms, while Table 3 and Table S1 gather the re-
sults concerning the textural properties of the parent and post-modified forms of the
ERI and SS5Z-13 samples. The isotherms of the Cu-containing ERI-based samples (Fig-
ure 2a) can be categorized as type I isotherms [18], while the samples based on the post-
modified ERI show a higher adsorbed volume of nitrogen, especially at p pp~! > 0.8.
These samples also present higher mesopore volume values than Cu-ERI (increase from
0.04 cm® g~ to 0.05-0.10 cm® g~ !, Table 3). The BJH pore width distribution (Figure 2c)
shows mesopores in the broad range of up to 10 nm for both Cu-ERI_HNO;_NaOH/0.5_0.5
and Cu-ERI_HNO3;_NaOH/0.5_2. The results align with the data reported by Tekla
et al. [16] (on which the preparation steps were based), where minor changes in the type of
the adsorption isotherm or pore width distribution profile were found between the different
treatments of ERI-based samples. Cu-S5Z-13 also shows type I isotherms. However, after
the post-synthetic treatments of the support, the isotherms of the related Cu-containing sam-
ples become a mixture of type I and type IV, with an H4 hysteresis loop, which is a typical
trait of mesoporous materials [18] (Figure 2b). The adsorbed volume increases in the region
of medium relative pressure, which could be related to the rise in the mesopore volume of
these samples (increase from 0.03 cm® g~ to 0.23-0.26 cm® g~1, Table 3). Furthermore, the
pore width distribution results (Figure 2d) show an increase in the mesopores up to 35 nm
independent of the treatment time of the S5Z-13 sample. In line with the studies of Sommer
et al. [19] and Oord et al. [12], we also observed a decrease in the specific surface area of
the post-modified Cu-containing SSZ-13 compared to the other topologies, i.e., ERI [16].
Such changes in the specific surface area arise due to the impact of the demetallation on the
parent ERI and SSZ-13 samples.

Table 3. The results concerning the textural properties of ERI, S557-13, and their Cu-containing forms:
specific surface area (AgggT)), micropore pore volume (Vhic)), mesopore pore volume (V\gs)), total
pore volume (Vtor) and average pore width (dwyp).

A /m? A" Jem?3 \Y fem® V Jem?3
Sample S(BET) MIO) (MES) (ToT) dw./nm
p g1 g1 g1 g1 Wp

ERI 525 0.19 0.04 0.24 2.7
Cu-ERI 396 0.14 0.04 0.18 2.6
Cu-ERI_HNO;_NaOH/0.5_0.5 466 0.17 0.10 0.27 3.9
Cu-ERI_HNO;_NaOH/0.5_2 479 0.17 0.09 0.28 4.0
Cu-ERI_NaOH/2 467 0.18 0.05 0.23 2.7
SS7-13 716 0.26 0.06 0.32 4.0
Cu-SSZ-13 672 0.25 0.03 0.28 3.2
Cu-S5Z-13_NaOH/0.5 526 0.14 0.23 0.37 49

Cu-55Z-13_NaOH/2 560 0.13 0.26 0.39 4.8
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Figure 2. (a,b) N, sorption isotherms collected at —196 °C and (c¢,d) BJH pore width distribution of
the ERI and S5Z-13 samples, and their Cu-containing forms; (a,c) and (b,d) sample labels are identical.

As the physico-chemical characterization revealed no significant contrast between
the various applied post-modified ERI- and SSZ-13-based samples, we narrowed our
studies to the deeper investigation of the copper form of leached ERI and SSZ-13 (under
an aqueous solution of 0.2 M NaOH for 2 h). In order to investigate the influence of the
post-synthetic treatment on the coordination of Si and Al atoms, we applied 2°Si and %7 Al
solid-state NMR (Figure 3 and Figure S3a, Tables S2 and S3). Regarding Cu-ERI, four
types of Si coordination are detected (Figure 3a), with the main coordination structure for
5i(25i,2Al) and Si(1Si,3Al) [20,21], encompassing 36.7% of the spectra’s area (Figure S3). In
Cu-ERI_NaOH/2, the main coordination structure changes to Si(45i,0Al), indicating the
substantial removal of Al species. Moreover, aluminum in the tetrahedral form (A1'V) is
observed as the main Al coordination for all the Cu-containing ERI samples, represented by
the peak at about 62 ppm in the 2’ Al NMR spectra (Figure 3c), together with a minor single
of five-coordinated aluminum. The signal near 0 ppm present in Cu-ERI_NaOH/2 relates
to the presence of extra-framework six-coordinated aluminum. For Cu-S5Z-13, mainly
5i(35i,1Al) and Si(4Si,0Al) appear [22] (Figure 3b), while for Cu-SSZ-13_NaOH/2, two
other signals appear at about —94 ppm and —99 ppm related to Si(15i,3Al) and Si(25i,2Al),
indicating the substantial removal of Si species in this sample (Figure S3a). The 2 Al NMR
spectra (Figure 3d) of both Cu-containing SSZ-13 samples show the characteristic signal
of tetrahedral aluminum species at about 60 ppm, together with a small amount of six-
coordinated aluminum [23], while additionally for Cu_SSZ-13_NaOH/2, the presence of
a signal near 37 ppm indicates the formation of a site with five-coordinated aluminum.
Furthermore, the presence of these AIVT forms in both Cu-ERI_NaOH/2 and Cu-SSZ-
13_NaOH/2 contributes to the Lewis acidity. A schematic diagram of the coordination
environment of Si and Al is shown in Figure S3b.
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Figure 3. (a,b) 2°Si and (c,d) ¥ Al NMR spectra of Cu-containing ERI and Cu-containing SSZ-13
samples; * indicates spinning sidebands.

Figure 54 shows the desorption NH3-TPD profiles of the Cu-containing ERI and SSZ-
13 samples. According to the literature indications [24,25], the NH3 desorption peak at
around 300 °C is characteristic of NH3 adsorbed on the Lewis acid sites (L-NHj3), while
the desorption peak centered at 440 °C is assigned to NH3 adsorbed as NH4* on Brensted
sites (B-NH4"). Thus, our results reveal that the post-synthetic treatment of ERI and
55Z-13 zeolites effectively facilitates the formation of Lewis acid sites. Additionally, for
Cu-ERI_NaOH/2, the peak maximum decreases toward lower temperatures, indicating
their weaker strength.

2.2. Nature of Copper and Oxygen Species

The reducibility of the materials was investigated via Hy-TPR measurements. Figure 4
shows the Hp-TPR profiles of the Cu-containing ERI and S5Z-13 samples. For Cu-ER],
we can distinguish one peak centered at ca. 215 °C, with a broad shoulder between 250
and 300 °C. For Cu-ERI_NaOH/2, this reduction peak is shifted to a temperature higher
by about 50 °C. According to the literature indications [26,27], the first peak is associated
with the reduction of Cu?* species into Cu* and the second one with the reduction of Cu*
species into Cu’. However, in the case of Cu-ER], the first peak could also be related to the
reduction of aggregated forms of the copper species that are more accessible for H, reduction
(Figure S5a, Table S4). This statement is supported by the relatively high loading of copper
in this sample (ICP-OES analysis, Table 2). Thus, both aggregated copper and isolated Cu?*
species are expected to be present in Cu-ERI. Otherwise, regarding the Cu-S5Z-13 sample,
[Cu(OH)]" (paired with Al located in eight-membered rings (8MRs)) and isolated Cu?*
(paired with two Al in six-membered rings (6MRs)) are reported as the main species present
in this material. The [Cu(OH)]* species in the 8MRs are more accessible to H, molecules
than those in the 6MRs, which explains their higher reducibility compared to the other
species [3]. Furthermore, the lower H, consumption of the first peak in Cu-SSZ-13_NaOH/2,
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coupled with the lower Cu species content compared to Cu-SSZ-13 (Table 2), indicates a
lower amount of [Cu(OH)]* species in this sample (Figure S5b, Table S4).

H, consumption / arb. u.

I : Cu-IERI I 3 b
Cu-ERI_NaOH/2 =
Cu-SSZ-13 o
Cu-SSZ-13_NaOH/2 S
S
C
=]
X
C
>
S
(O]
X
D
o)
=)
2 /
200 400 500 600 700 800 200 300 400 500 600 700 800
Temperature / °C Wavelength / nm

Figure 4. (a) Hp-TPR profiles and (b) DR UV-Vis spectra of Cu-containing ERI and SSZ-13 samples;
(a) and (b) sample labels are identical.

The DR UV-Vis profiles of the Cu-containing zeolites (Figure 4b) also vary depending
on the zeolite topology or its post-synthetic modification. According to the literature [27-29],
the oxygen-to-metal charge transfer between the lattice oxygen in the zeolite framework and
the Cu?* and Cu* species appears at around 200-260 nm. The bands in the 260600 nm
range proved the presence of the CuO species and [Cu-O-Cu]?** species. The absorption in
the range of 600-850 nm is related to the d—d transitions of Cu®* ions in pseudo-octahedral
coordination (e.g., Cu(H,0)¢2"). The higher copper content could explain the presence of
aggregated copper species visible in Cu-ERI compared to the other materials.

Figure S6 depicts the EPR spectra of the hydrated Cu-containing zeolites, which can be
interpreted as axially symmetric Cu?* EPR signals with the characteristic hyperfine splitting
pattern (I = 3/2) that slightly resolved at the parallel component (B = 240-300 mT), whereas
the perpendicular component is not resolved. By performing spectral simulation, the hy-
drated spectra are characterized as anisotropic species (species K) with the spin Hamiltonian
parameters of g, = 2.380 and A,, = 460 MHz. However, in the case of the Cu-ERI and
Cu-ERI_NaOH/2 samples, the presence of broader peaks at the parallel position of the EPR
spectra indicates a higher degree of g,,- and A,,-strains for the Cu?>* complexes, thus trans-
lated into higher site heterogeneity [30]. Figure 5a,b show the analysis of the dehydrated
Cu-containing zeolites, while the identified species can be classified according to Table S5.
Table S6 is provided to demonstrate the contribution of several species to describe the experi-
mental spectra. Based on the simulated spin Hamiltonian parameter of each experimental
spectra, the assignment of the species can be deduced by comparing that parameter to the ones
that are associated with fully hydrated Cu?*, partially dehydrated Cu?*, and fully dehydrated
Cu?* according to previous EPR studies of Cu-containing ERI and S5Z-13 [30-34]. The species
K parameters match a fully hydrated Cu?* (six-coordinated Cu?* species with water ligand
[Cu(H,0)6]%). Species L corresponds to isolated Cu?* species located at the 6MRs of the
CHA structure. In addition, species M can be likewise assigned to the isolated Cu?* species.
Species O corresponds to four-coordinated square-planar-like structures, while species N is
assigned to five-coordinated square-pyramid-like structures. Lastly, species P is related to
isolated Cu?* species that are suggested to have an octahedrally distorted geometry. In the
case of the Cu-containing S57-13 samples, the spectral simulations can be derived from two
different species. Species L is the dominant species, contributing 60% to the signal with the
parameters g, = 2.38 and A, = 420 MHz, while the rest is attributed to species M, which can
be observed with the parameters g,, = 2.33 and A,, = 450 MHz. For the Cu-containing ERI
samples, species P and species N (g,, = 2.28 and A, = 545 MHz) contribute to the spectra.
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Although the dominant species in the Cu-ERI case is species P (90 %), for Cu-ERI_NaOH/2,
the dominant species is species N (60 %). It can be concluded from the EPR data that the
post-synthetic modifications conducted for the ERI- and S5Z-13-based samples tend to inflict
a higher strain effect, which implies the relatively higher heterogeneity of the Cu®* species
distribution in the Cu-ERI_NaOH/2 and Cu-SSZ_NaOH/2 samples if compared to Cu-ERI
and Cu-S5Z-13, respectively.
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Figure 5. Experimental and simulated CW-EPR spectra of dehydrated (a) Cu-containing ERI and
(b) SSZ-13 samples at the X-band, including the spectral simulation that adds the contribution of
their respective species, (¢) XANES spectra, and (d) EXAFS Fourier transforms of the Cu-containing
zeolite samples compared with copper references; (c) and (d) sample labels are identical.

The shape and position of the XANES spectra revealed a Cu?* oxidation state in all
the Cu-containing zeolite samples (Figures 5c and S7). Namely, a weak pre-edge feature
located at 8977.3-8977.5 eV and attributed to the 1s — 3d quadrupole-allowed transition is
not observed in the Cu” and Cu* species. Additionally, the position of the rising edge at
about 8987.0 eV, corresponding to the dipole-allowed 1s — 4p transitions, and the presence
of a high-intensity white line at ca. 8996.4 eV, is characteristic of Cu?* species in a highly



Catalysts 2024, 14, 457

90f19

Normalized concentration / arb.u.

1.0

0.8

0.6

0.4

0.2

coordinated form, with a combination of water, framework oxygen, and OH groups in a
coordination sphere [35,36].

The corresponding Fourier transform (FT) of the extended X-ray absorption fine
structure (EXAFS) spectra for the Cu-containing zeolite samples and reference samples are
presented in Figure 5d. As shown, the spectra of the Cu species in the zeolites correspond
the most with the structure of cupric hydroxide. The spectra of all the synthesized samples
exhibit an intense peak at 0.15 nm in the R-space, associated with backscattering from the
oxygen atoms bonded directly to the copper atoms (Cu-O distances in the first coordination
shell). Typically, features above 0.2 nm arise from Cu-Cu scattering (e.g., 0.22 nm in metallic
Cu) and the second-shell Cu-O single scattering. The low-intensity second-shell peak at
0.205 nm, observed in all the zeolite samples, is attributed to the [Cu(H,0)6]* [37,38].
Nevertheless, the FT EXAFS spectra did not show a defined higher coordination shell (the
absence of the distinct Cu-Cu contribution above 0.255 nm). This suggests the lack of
long-range ordering of the copper sites in the studied zeolite samples [35].

It should be noted that there are no significant differences in the XANES and FT
EXAFS spectra profiles between all the Cu-containing zeolite samples. The collected data
confirm the formation of hydrated Cu?* sites in the zeolites, as reported previously in the
broad literature on XAS studies of the untreated hydrated Cu sites in metal-exchanged
zeolites [35,37,38]. Recent studies suggest a dynamic equilibrium between Cu?* sites six-,
five- and even four-coordinated to O atoms from H,O molecules [39,40]. Figure 6 and
Figure S8 present the results of the temperature-programmed isotopic exchange (TPIE)
studies carried out over the Cu-containing ERI and S5Z-13 samples. However, among the
evaluated samples for only Cu-ERI, the TPIE results show that oxygen from the lattice of
the metal oxide catalysts is exchanged with oxygen (}80,) from the gas phase. These results
confirm that oxygen mobility is not decisive in the NH3-SCR-DeNOy over these catalytic
systems (Figure 7a).
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Figure 6. Results of the TPIE experiment obtained for (a) Cu-ERI and (b) Cu-SSZ-13.
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Figure 7. NO conversion of the Cu-containing ERI, SSZ-13, and ZSM-5 samples: (a,c) without H,O in the
feed, and (b,d) in the presence of H,O in the feed. Reaction conditions: mg = 0.1 g, c(NO) = 0.05 vol.%,

c(NH3) = 0.0575 vol.%, c¢(O,) = 4 vol.%, (c(H,0) = 5 vol.% when used), He balance, Fror = 120 ml min 1,
GHSV =30,000 h .

2.3. Catalytic Investigations

Figures 7, S9 and S10 present the results of the catalytic experiments for standard
NHj3-SCR-DeNOy, thus involving the reduction of NO with ammonia in the presence
of excess oxygen with N, and water vapor formation. Among the different topologies
applied, the highest NO conversion (without HyO and in its presence in the feed) was
achieved over Cu-containing SSZ-13 rather than Cu-ERI or Cu-ZSM-5 (Figure 7a,b). Cu-
ZSM-5 was investigated for comparison and was fully characterized in our previous
studies [14]. Similarly, other authors reported transition-metal-containing SSZ-13 to be
more active than other zeolite-based catalysts [41]. Furthermore, the catalytic activity in
NH;3-SCR-DeNOy varied depending on the applied post-synthetic modification of the
zeolites. For example, Cu-ERI_HNO3;_NaOH/0.5_0.5 and both Cu-ERI_NaOH/2 and
Cu-ERI_HNO3;_NaOH/0.5_2 reach complete conversion up to 400-500 °C (Figure S9a).
Furthermore, Cu-ERI_NaOH/2 reaches the highest NO conversion (between 250 and
500 °C) in the presence of 5 vol.-% HO. The significantly higher amount of aggregated
copper species in Cu-ERI led to a drop in conversion above 350-400 °C due to the side
reaction of NHj3 oxidation (NH3-SCO). Indeed, our separate studies of ammonia oxidation
revealed enhanced NHj conversion over Cu-ERI (Figure S10b). Furthermore, the lower
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NH; conversion over Cu-ERI_NaOH/2 compared to Cu-ERI is supported by the Hy-TPR
data, which reveal a lower amount of aggregated copper species in the first material.
Only N, was identified among all the N-containing products in the NH3-SCR-DeNO, and
NH3-SCO over applied ERI-based catalysts.

In the Cu-containing SSZ-13-based catalysts, Cu-SSZ-13 shows higher NO conversion
below 200 °C due to a higher content of highly reducible [Cu(OH)]* species in this sample
compared to the other samples. However, above 400 °C, the NO conversion decreases sig-
nificantly compared to the other materials, again due to the side reaction of NH3 oxidation
(Figure S10b). Again, N, was the only detected product in NH3-SCR-DeNO, and NH3-SCO
over this series of samples. According to several reports [12,13,42], SSZ-13 is predominantly
treated with an aqueous solution of 0.1 M NaOH (as an optimum solution between 0.05
and 0.3 M). Studies by Oord et al. [12] and further by Wu et al. [13] proved Cu-containing
557-13 with such a post-modified support to be the most active catalyst. Thus, to better
compare our samples with the reported ones, we repeated the same post-synthetic modifi-
cation of SSZ-13, with the preparation method for the catalyst as reported above [12,13],
i.e., post-synthetic modification of S5Z-13 in a 0.1 M aqueous solution of NaOH. How-
ever, in our case, the activity of the respective catalyst was lower compared to Cu-S5Z-13
(Figure S10a). Still, it should be noted that the n(Si)/n(Al) ratio (12 and 17.8 versus 6 in our
case), and thus the Cu species content (1.1 and 2.55 versus 3.3 wt.% of Cu in our case), as
well as the related Cu species distribution, varied among our materials and the ones in the
above-reported literature. For these reasons, the comparison is not straightforward. Thus,
our following studies will constitute an investigation of micro-/mesoporous SSZ-13 with
different n(Si)/n(Al) ratios.

In the case of chabazite-based catalysts, which possess a small cage aperture of 0.38 nm,
the development of the mesopores is frequently assigned to overcoming the diffusion
limitations (caused by the presence of micropores) and to enhancing the accessibility of
the catalytically active centers. The determined activation energies, the Thiele modulus,
and the effectiveness factor allow for a more direct assessment of the presence of diffusion
limitations in the mesoporous zeolite-based catalysts compared to conventional reference
materials. The reported activation energies of the Cu-containing ERI and S5Z-13 samples
are 53 and 70-80 k] mol !, respectively [7,43,44]. Interestingly, Zhang et al. [42] investigated
core-shell-structured catalysts composed of an ordered mesoporous aluminosilicate (MAS)
shell and a mesopore-containing Cu-SSZ-13 (prepared using the NaOH solution) core.
In comparison with conventional Cu-55Z-13, the meso-CuSSZ-13@MAS catalyst showed
enhanced NO, conversion due to an increase in the amount of isolated Cu?* ions (based
on Hy-TPR and NH3-TPD analyses) and fewer pore diffusion limitations (based on the
activation energy calculations). They reported that the introduction of mesoporosity into
the system resulted in a higher activation energy than the conventional Cu-55Z-13, which
indicated a reduction in the pore diffusion limitations. In our case, we found 75 and
92 kJ mol~! for Cu-ERI and Cu-ERI_NaOH/2, as well as 77 and 70 k] mol~! for Cu-S5Z-13
and Cu-S5Z-13_NaOH/2 for NH3-SCR-DeNO, without H,O in the feed. However, the
role of the formed mesopores in overcoming the diffusion limitations in NH3-SCR-DeNO,
and NH3-SCO is not excluded.

3. In Situ Spectroscopic Studies

When exposed to molecules with strong basicity (e.g., NHs, H,0O), isolated Cu species
are pulled away from their original position and migrate within the zeolite cages [45]. This
reaction-driven dynamic Cu motion reflects the low-temperature NH3-SCR-DeNO, and
can be monitored by in situ FT-IR and in situ DR UV Vis spectroscopy.

Figure 8 and Figure S11 present the top-down projection of the in situ FT-IR spectra
collected for the Cu-containing ERI and SSZ-13 catalysts contacted with reactants for 1 h
at 125 °C. In Cu-ERI (Figure 8a), the bands of the Cu?*(NO) mononitrosyl (1895 cm™1),
N,O (2224 cm™1) appeared immediately when the NO3;~ /NO, ™~ bands (located at 1300,
1395, 1540, and 1600 cm’l) accompanied by the formation of NO™ ions (2130 cm’l) started
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to dominate the spectrum in the later SCR reaction course. The band at 1624 cm~! can

be attributed to ammonia molecules in a coordination sphere of Cu?* ions consumed in
favor of the production of nitrates/nitrites. The Cu*(NO) species are identified by the 1775
and 1740 cm~! bands. Overall, the most dominant species detected for Cu-ERI, also in the
presence of water vapor, are the nitrates (located at 1395 and 1540 cm~!). The different
positions of the Cu?*(NO) mononitrosyls (1900 and 1905 cm™1) formed on the surface
of the Cu-ERI_NaOH/2 sample (Figure 8b) compared to Cu-ERI indicate the different
nature of Cu?* ions ruled by both their different location in the zeolite framework and
the alteration of the ligand in the copper coordination sphere induced by water presence.
Nitrates (located at 1300 and 1550 cm ') also appeared to a limited extent on the surface
of Cu-ERI_NaOH/2 than of Cu-ERI. The presence of water vapor in the reaction mixture
(Figure S11a,b) influences the SCR reaction that is detected as a decrease in the nitrate
concentration (the lack of the bands at 1540 and 1395 cm 1) in favor of water formation
(1625 cm™1). We also observed the NH,* species (1425 cm 1), but their amount not being
affected during the whole reaction course points to them serving as spectator species
under these reaction conditions, despite serving as a reservoir of adsorbed NHj3 at higher
temperature SCR stage [46].
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Figure 8. In situ FT-IR spectra of (a,b) Cu-containing ERI and (c,d) Cu-containing SSZ-13 samples,
recorded during NH;3-SCR-DeNOy at 125 °C. Reaction conditions: mg = 0.1 g, c(NO) = 0.1 vol.%,
¢(NHj3) = 0.1 vol.%, ¢(O5) = 10 vol.%, He balance, Fror = 120 ml min 1.



Catalysts 2024, 14, 457

13 of 19

The Cu-S5Z-13 catalyst (Figure 8c) is dominated by the Cu®*(NO) mononitrosyls (1895
and 1912 cm™ 1), N,O (2224 cm 1), and amine Cu?* adducts (1623 cm™1). The latter are
converted in water (1655 cm™!) and NO3;~ /NO,~ species (1375 and 1565 cm 1), which is
accompanied by the formation of NO* ions (2130 cm~!). This weak intensity of nitrates,
compared to Cu-ERI, could be indicative of the higher activity of the CHA-based catalysts.
Still, the presence of water vapor in the feed mainly results in a decrease in the nitrate
and Cu?*(NO) mononitrosyls (Figure S11c). Regarding the Cu-SSZ-13_NaOH/2 sample
(Figure 8d), the water (1650 cm ™), Cu?* (NO) mononitrosyl (1895 cm™1), and nitrates (1500
and 1570 cm™1) start to be the dominant species. The appearance of NH,* species is also
detected (1410 cm~!). They are formed in the first reaction period and then disappear with
the depletion of the Cu?*-NHj; (1635 cm™1) and nitrates (1570 and 1500 cm™1), indicating
their intermediary role in the SCR process. The introduction of water in the gas mixture
(Figure S11d) results in changes in the position of the mononitrosyl band (1900 cm™!), as
previously detected for the Cu-containing ERI samples. A high number of NO3~/NO; ™~
species (1575, 1520, 1350, 1310 cm’l) is also confirmed. The results suggest the importance
of the interplay between the copper sitting at different locations and various hydrothermal
stability; thus, NH3-SCR-DeNOy, activity is forced by the zeolite framework type.

Furthermore, the NH3-SCR-DeNOy over the Cu-containing ERI and S5Z-13 samples
was investigated via in situ DR UV-Vis (Figure 9 and Figure S12). The bands previously
mentioned related to the oxygen-to-metal charge transfer and d—d transition of Cu?* are
visible. However, after the catalysts come into contact with the reaction gases, the d—d
transition band experiences a shift to higher wavenumber values from 12,200-12,600 cm !
to 14,200-15,300 cm L. This reflects the interaction of NH3 with copper species. Thus, the
d-d transition band no longer belongs to isolated Cu®* but to the copper present in amine
complexes (e.g., [Cu'(NH3)4]*) [47]. In the further course of the reaction, a new band also
appears at 28,200-28,800 cm !, which is assigned to the [CulTy(NH3),0,]%* intermediates
with a side on the p-n2,n2-peroxo diammino dicopper(Il) structure [46,47]. In the spectra of
Cu-containing ERI (Figure 9a,b), the [Cu,(NH;3),0,]* are clearly visible below 250 °C.
For Cu-ERI_NaOH/2, already at 75 °C a slight band at 28,600 cm ! is present, but the band
related to the d—d transition does not shift to higher wavenumbers. The intensity of the
strong band at 28,600 cm 1 increases between 100 and 125 °C, while at the same time, the
d—d transition band shifts to higher wavenumbers (i.e., indicating the presence of diamino
dicopper species over this sample). Above 125 °C, the band at 28,600 cm ™! decreases
in intensity until its disappearance at 250 °C. At progressively higher temperatures, the
d—d transition signal returns to the wavenumber values previous to starting the reaction.
The difference between 20,000 and 30,000 cm ! in the activation spectra of Cu-ERI and
Cu-ERI_NaOH/2 (arising due to the different nature of copper species in these samples)
explains why the band at ca. 28,600 cm~1 is more pronounced in Cu-ERI_NaOH/2 than in
the other sample.

For Cu-S5Z-13 (Figure 9c), as the reaction mixture comes into contact with the sample
already at 75 °C, a strong band appears at 28,200 cm !, and the d-d transition band shifts.
At 250 °C, this band disappears, and the d—d transition band returns to its original position.
On the contrary, for Cu-55Z-13-NaOH/2, the bands related to the diamino dicopper
complex become visible above 75 °C. Indeed, below 250 °C, Cu-S5Z-13 is more active than
Cu-55Z-13_NaOH/2 for NH3-SCR-DeNOy, (Figure 7). The formation of the [Cul(NH3),]*
intermediate can be hampered by Cu?* pairs coordinated with two Al sites [48], which are
the main species present in the Cu-SSZ-13_NaOH/2 sample. Above 250 °C, the solvation
shell of ammonia around the copper cations is not stable [49], indicating that a different
reaction mechanism is dominant at high temperatures [3,50,51].
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Figure 9. In situ DR UV-Vis DR spectrum of (a,b) Cu-containing ERI and (c,d) Cu-containing SSZ-
13 samples during NH3-SCR-DeNOy, at different temperatures. Reaction conditions: mg = 0.1 g,
¢(NO) = 0.1 vol.-%, c¢(NHj3) = 0.1 vol.-%, ¢(O,) = 10 vol.-%, He balance, Fyor = 120 ml min~;
(a—d) sample labels are identical.

Furthermore, we investigated the influence of 5 vol.% H,O on forming the reaction
intermediates. However, both Cu-containing ERI samples exhibit similar behavior in the
absence of water (Figures 9a,b and S12a,b). This aligns with the results of catalytic studies
(Figure S9b), which do not show any significant differences in NO conversion among these
samples. Regarding the Cu-containing SS57-13 samples under wet conditions (Figure S12¢,d),
the band at 28,800 cm ™! recedes slowly below 250 °C, which could indicate that the reduction
of the complex is slower than in the absence of water. At high temperatures (>350 °C), the
vertical asymptote present at low wavenumber range is caused by spurious black-body radiation
emitted by the heating device.

The Cu-ERI_NaOH/2 and Cu-55Z-13_NaOH/2 samples were also investigated for
NH3; oxidation. The spectra recorded for both samples (Figure S13) are characteristic of
the conventional activation of Cu-containing zeolites under an O, atmosphere [46]. No
appearance of the band related to the diammino dicopper intermediates was found. In
contrast, the structure of the d—d transition band is less resolved, which is unrelated to the
reaction. Indeed, NO molecules are necessary to activate the copper ammine complexes
that precede the diammino dicopper complex [52].
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4. Experimental
4.1. Catalyst Preparation

Briefly, 1 g of calcined zeolite (550 °C for 4 h in static air, 1 °C min~') per 100 mL of
aqueous solution of HNOj; (65 wt.%, Merck, Darmstadt, Germany) or NaOH (>97 wt.%,
Merck, Darmstadt, Germany) was stirred for 0.5-2 h at 65 °C under reflux. After treatment,
the solution was cooled down in a water bath, and subsequently, the sample was thoroughly
washed with distilled water. After drying, the resulting materials were transformed into their
protonic form by three-fold ion exchange with an aqueous solution (0.5 M) of ammonium
nitrate (>99 wt.%, Merck, Darmstadt, Germany) at 60 °C for 1 h. After filtration, washing, and
drying, they were calcined at 550 °C for 4 h in static air (heating rate of 1 °C min~1).

Subsequently, the materials were subjected to ion exchange in an aqueous solution of
(0.05 M) copper acetate (Cu(OOCCH3),, >98 wt.%, Alfa Aesar, Karlsruhe, Germany) for
24 h at room temperature. After the ion exchange, the resulting product was separated
through filtration and then extensively washed. The obtained materials were subsequently
dried at room temperature. Finally, the solids were calcined at 550 °C for 4 h in static air
(heating rate of 1 °C min—1!).

4.2. Catalyst Characterization, Catalytic Experiments, and In Situ Investigations

The physico-chemical characterization of the ERI- and SSZ-13-based samples, as well
as their copper-containing forms, was performed by applying the XRD, NMR, N sorption,
ICP-OES, NH3-TPD, H,-TPR, DR UV-Vis, X-ray absorption spectroscopy (XAS), EPR, and
temperature-programmed isotopic exchange (TPIE) techniques. Subsequently, the associated
catalytic activity and N selectivity were investigated over Cu-containing ERI and S5Z-13
samples for NH3-SCR-DeNOy and NH3-SCO, including in situ FT-IR and DR UV-Vis. The
details of the experimental procedures can be found in the Supplementary Materials.

5. Conclusions

The post-synthetic modifications applied to the ERI and SSZ-13 zeolites have influ-
enced both the physico-chemical properties and the activity of the corresponding catalysts.
The modification of the ERI zeolite (with an aqueous solution of 0.2 M NaOH for 2 h) led
to enhanced activity up to 500 °C of Cu-ERI_NaOH/2 compared to Cu-ERI. Otherwise,
the micro-/mesoporous Cu-SSZ-13_NaOH/2 exhibits a lower catalytic activity than the
conventional Cu-S5Z-13. Characterization methods such as H,-TPR have provided insight
into how the zeolite modifications affected the copper species present in the samples. In
the case of the Cu-containing ERI catalysts, the basic leaching prevented the formation of
aggregated copper species, which are active for the NH3-SCO. For Cu-containing SSZ-13,
the amount of Cu?* coordinated with one Al site, and [Cu(OH)]" is reduced for the post-
modified zeolite-based sample, thus reducing the material's catalytic activity. In situ FT-IR
provides evidence of the formation of copper nitrates, while in situ DR UV-Vis revealed
the formation of u—nz,n2—peroxo dicopper(Il) intermediates. The enhanced activity of Cu-
557-13 is correlated with the more significant reduction of Cu nitrates and its superior
ability to generate Cu dimer species in the reaction. The reduction of Cu dimer species
is hampered in the presence of H,O in the feed, resulting in the lower low-temperature
activity of Cu-containing S5Z-13 samples.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal14070457 /s1, Figure S1: XRD patterns of the parent and
post-modified form of (a) ERI and (b) SSZ-13 samples. Figure S2: (a,b) N, sorption isotherms
collected at —196 °C and c,d) BJH pore width distribution of ERI, SSZ-13 samples; (a,c) and (b,d)
sample labels are identical. Figure S3: (a) Contribution of different Si coordination to the area of
the 2°Si NMR spectra of Cu-containing ERI and SSZ-13 samples and (b) a schematic diagram of the
coordination environment of Si and Al. Figure S4: Results of the TPD-NHj over (a) Cu-containing
ERI and (b) SSZ-13 samples. Figure S5: Deconvoluted H,-TPR profiles of (a) Cu-containing ERI
and (b) Cu-containing SSZ-13 samples. Figure S6: EPR spectra of the hydrated Cu-containing
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conditions: mg = 0.1 g, ¢(NO) = 0.1 vol.-%, ¢(NH3) = 0.1 vol.-%, ¢(O2)= 10 vol.-%, ¢c(H,O) = 5 vol.-%,
He balance, Fror = 120 ml min~}; (a,b) and (c,d) sample labels are identical. Figure S13: In situ DR
UV-Vis spectrum of (a) Cu-ERI_NaOH/2, and (b) Cu-SSZ-13_NaOH/2 applied to the NH3-SCO
at different temperatures. Reaction conditions: mg = 0.1 g, c(NHjz) = 1000 ppm, ¢(O3)= 10 vol.-%,
He balance, Fror = 120 ml min~!. Table S1: The results of the textural properties of the parent and
post-modified form of ERI, SSZ-13 samples: specific surface area (Agggr)), micropore pore volume
(Vmic)), mesopore pore volume (V(vEs)), total pore volume (V(ror)) and average pore width (dwy).
Table S2: Deconvolution of the 2Si MAS NMR spectra. Table S3: Deconvolution of the 2/ Al MAS
NMR spectra. Table S4: Contribution of the different peaks after deconvolution of H,-TPR profiles.
Table S5: Spin Hamiltonian parameters used for spectral simulation of Cu-containing zeolite samples
before and after activation at 300 °C for 1 h under vacuum. Table S6: Composition in percentage for
different Cu species in activated Cu-containing zeolite samples obtained from the spectral simulations
using EasySpin.
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