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Abstract. In spite of their similar structures, the catalytic properties of natural and synthetic (SSZ-13) Chabazite
during the selective reduction of NO with NH; have a different dependence on the Cu exchange level when
tested under conditions equivalent to those found in Diesel vehicles. At low (1-2 wt.%) and high copper loadings
(6-14 wt.%), their activities differ, because there are variations in the different species of Cu (Cu*, Cu?*, Cu-O-
Cu) detected by UV-Vis. At intermediate Cu loadings (2-3 wt.%) they have similar high activities, reaching
100 % conversion. High deNOx activity per Cu site appears to correlate with the predominance of charge
compensation Cu?* species over CuOx moieties. There are changes in the distribution of Cu moieties during
operation of both catalysts, evidenced by DR-UV-Vis.
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Resumen. A pesar de sus estructuras similares, las propiedades cataliticas de Chabazita natural y sintética (SSZ-
13) durante la reduccion selectiva de NO con NH3 dependen de manera diferente frente al nivel de intercambio
con Cu cuando se prueban bajo condiciones equivalentes a las de vehiculos Diesel. A bajos (1-2 % p/p) y altos
contenidos de Cu (6-14 % p/p) la reducciéon de NO es diferente debido a variaciones en las distintas especies
de Cu (Cu', Cu?*, Cu-O-Cu) observadas por UV-Vis. Por su parte, los catalizadores intercambiados con 2-3 %
p/p de Cu tuvieron alta actividad por sitio de Cu, alcanzando 100 % de conversion de NO, lo que parece deberse
a la predominancia de especies de Cu®" sobre especies CuOx de acuerdo con el analisis por DR-UV-Vis, el que
también muestra la existencia de variaciones en la distribucién de especies de Cu debido a la reaccion.
Palabras clave: Reduccion catalitica selectiva de NO; Cu-CHA,; chabazita natural; SSZ-13; UV-Vis.

Introduction

Diesel engines are important because of their fuel efficiency and high power. They compare favorably
with gasoline engines in terms of their raw NOx emissions, but they do so under highly oxidative conditions,
where the well-established 3-way converters are not operational. The main technology capable of operating
under such conditions is the selective catalytic reduction of NO, particularly with ammonia (NH3-SCR-NO).
The preferred catalysts are Cu-Zeolite or Fe-Zeolite [1-4]. The zeolites with a Chabazite structure (CHA) have
shown high activity and selectivity to N, in a wide temperature range, in addition to having high hydrothermal
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stability, caused by the small size of their pores [5,6]. The recent technological trends involve the use of catalysts
containing synthetic Cu-chabazite with different Si/Al ratios and metallic loads (SSZ-13, SSZ-39, and SAPO-
34) [5,7-11], and that has left natural chabazite aside, in spite of its possible use in retrofitting emission control
systems. There are practically no studies aimed at clarifying the differences between natural and synthetic
zeolites and their application in SCR-NO with NH3.

In this work, we compare the activity and selectivity during NH3-SCR-NO of natural chabazite (CHA)
and synthetic chabazite (SSZ-13) by varying the metallic loading of Cu. We tested the performance of the
resulting catalysts at high space velocities (SV) and studied the distribution of Cu species using UV-Vis diffuse
reflectance spectroscopy.

Experimental

Catalyst synthesis

The natural zeolite used in this study was provided by St. Cloud Zeolite from their Bowie (Arizona)
natural chabazite deposit and is denoted as CHAraw. The composition of CHAraw is: 68.1 wt.% SiO,, 18.59
wt.% Al>O3, 0.27 wt.% CaO, 0.75 wt.% MgO, 8.32 wt.% Na,0, 1.12 wt.% K»O and 2.84 wt.% Fe,Os. It has a
Si/Al ratio of 3.5. In the following, this sample will be denoted as CHAnat. The SSZ-13 was synthesized using
a procedure similar to that described by Zones and the Lobo group to obtain a material with a Si/Al ratio of 12.
[5,6,12]

Cu-CHAnat was prepared using two-step solution ion exchange. First, CHAnat was exchanged to Na-
CHAnat in 1 L of a 0.1 N NaNOj solution at room temperature for 12 h. It was then washed with deionized
water and dried at 120 °C to obtain the Na-CHAnat powder. A second ion exchange to produce the Cu-form of
the zeolites was carried out at room temperature for 12 h in aqueous solutions containing different
concentrations of Cu ((CH3;COO) 2.H,0;5.6x10*, 2.25x1073, and 9x10- M) in order to obtain final Cu loadings
in the 1.3-6.5 wt.% range. After ion exchange the samples were filtered, washed with 250 mL of deionized
water, dried at 110 °C for 3h and calcined in static air at 600°C for 3h.

In the case of Cu-SSZ-13, the Cu-form was prepared starting from H-SSZ-13 and Cu (CH3COO), H,O
aqueous solutions with different concentrations (2.25x1073, 0.05, and 0.1 M). Ion exchange was carried out at
room temperature for 12 h at a pH of ~3.5. After the exchange, the samples were filtered, washed with deionized
water, and calcined in static air at 600 °C for 3 h. The final Cu loading ranged between 1.2 and 14.8 wt.%. All
catalysts were stored at room temperature in a desiccator afterwards. The samples were named xx/CHAnat o
xx/SSZ-13, where xx indicates the Cu % content.

Catalyst characterization

Atomic Absorption Spectroscopy (SprectAA 20 FS, Varian) was used to determine Si, Al, Cu and Fe
content in the natural chabazite, SSZ-13 and catalysts. The Si/Al ratio was determined to be ~ 3.5 for CHA
catalysts. In the literature, it is mentioned that the Si/Al ratio of the natural chabazite is 3.1 [13], but we explain
the difference as caused by the variability in the composition of the mined material. SSZ-13 catalysts had a
Si/Al ratio of 12. The natural zeolite had a significant amount of Iron (Fe) which remained constant after
exchange; table 1 shows the elemental composition of the calcined catalysts.

The crystalline structure of the zeolites was obtained from powder X-ray diffraction (XRD) using a
Bruker AXS D8 diffractometer with Cu Ka radiation. (1=1.542 A). The tube voltage was 40 kV and the current
was 20 mA. The XRD patterns were collected in the 4 to 50° 20 range at a scan speed of 4 degrees min™.

The specific surface area and pore volume of the catalysts were obtained from N> adsorption-
desorption analysis at 77.2 K (Autosorb-1, Quantachrome). Before the N, physisorption, each sample was
degassed at 300°C for 12 h under vacuum to remove adsorbed water. The surface area and mesopore volume
were determined by using the Langmuir isotherm. The micropore volume was estimated with the t-plot method.

UV-Vis diffuse reflectance spectra were recorded in a Cary 5000 (Agilent) spectrophotometer and a
Praying Mantis setup (Harrick). The range studied was 200—800 nm at a 1 nm resolution and a 600 nm/min
scan rate. The spectra were converted to Kubelka-Munk units.
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Table 1. Composition of catalysts Cu-CHA.

Catalysts Si/Al Cu (wt. %) Fe (wt. %) Cu/Al
CHAraw 3.5 -- 33 -
CHAnat 3.5 -- 2.8
1.3/CHAnat 3.5 1.3 2.8 0.22
2.8/CHAnat 3.5 2.8 2.8 0.51
6.5/CHAnat 3.5 6.5 2.8 1.15
1.2/SSZ-13 12 1.2 -- 0.15
2.1/SSZ-13 12 2.1 -- 0.26
14/SSZ-13 12 14 -- 1.81

Results and discussion

Effect of Cu loading in NH3;- SCR-NO

Fig. 1 shows the results for the NO conversion during reaction with CHAnat and SSZ-13 catalysts.
Catalytic tests show that CHAnat without Cu has activity only at high temperature, i.e. a 30 % conversion of
NO was obtained at 600 °C. This is probably caused by the presence of Fe species in the material [13]. In the
case of SSZ-13 without Cu, the NO conversion was negligible in the full range of temperature studied.

With natural materials, there is the question of which is the zeolitic phase that is active for deNOx. Our
natural Chabazite contains about 16 % Clinoptilolite and 7 % Erionite. The literature has a report on the activity
for SCR-NO with NH3 of another natural zeolite containing 75 % clinoptilolite in which Fe was exchanged
[14]. In the absence of Fe, the activity was low (20 % conversion at about 300 °C). With exchanged Fe the
natural material had good activity in the region where our Cu/CHAnat catalyst was also active. Its activity was
at the most similar to that of our material. In the case of Erionite, there is one report of a synthetic material
exchanged with Cu as a deNOx catalyst with NH; [15]. The activity results are difficult to compare with ours
because the authors used much lower NO and NH3 concentrations and space velocity in their study. The material
was also unstable under high temperature treatments. To summarize this topic, it is possible that part of the
deNOx activity of our Cu-CHAnat material stems from the Clinoptilolite and Erionite phases, but we are
confident to assert that their contribution does not surpass their fractional content.

The exchange of 1.3 wt. % Cu in CHAnat led to a maximum in NO conversion of 58 % at 300 °C and
the conversion remained above 50 % until 600 °C. The ignition temperature was roughly 200 °C. In the case of
SSZ-13, the addition of 1.2 wt.% Cu resulted in a 100 % NO conversion at 420-520 °C. A closer look at the
conversion-temperature trace in this case shows that there are 3 different regimes, the first one between 150 and
200 °C where a NO conversion of 35 % is reached; the second regime extends from 220 to 300 °C (similar to
the one observed with 1.3/CHAnat), where the conversion reaches 80 %; a third regime is seen between 340
and 500 °C, where NO conversion rises to 100 %. With both catalysts the conversion of NO decreases as the
temperature is further increased. That is observed to occur around 400 °C for 1.3/CHAnat and 500 °C for
1.2/SSZ-13. The decrease in NO conversion appears to be caused by a shift in the NH3 reaction selectivity as a
result of its direct oxidation with O, to NO and NO,.

The low activity of 1.3/CHAnat at temperatures above 300 °C, when compared with 1.2/SSZ-13 is
probably caused by the presence of inert cations and metal oxides in the zeolite limiting exchange or blocking
active sites for SCR-NO. The 1.2/SSZ-13 does not have those limitations.

An increase in the Cu content to the intermediate range caused an increase in the activity of both
zeolites. That was evidenced by a 50 °C decrease in the ignition temperature and a 100 % NO conversion
between 250-400 °C for the 2.8/CHAnat catalyst. With 2.1/SSZ-13, the NO conversion was 100 % between
240-450 °C, with a single ignition temperature.

When Cu increased to 6.5 wt.% in CHAnat, the maximum conversion decreased to 93 % between 250-
400 °C. In the case of 14/SSZ-13, the NO conversion was 100 % between 230-400 °C. At higher temperatures,
the NO conversion decreased rapidly probably because of the formation of Cu moieties that favor the oxidation
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of NH3 by O under those conditions. The loss in activity for the CHAnat sample suggests either site blockage
and/or the formation of dimers or proto-oxides of Cu in the zeolite. These Cu species may be located inside or
outside the main zeolite framework depending on their size.

Our results point out to the existence of an optimal Cu loading in the chabazite zeolites, this being
around 2 wt.%. This coincides with literature reports that place the optimum between 2 and 3.4 wt.% Cu [1,3,4].

It is important to mention that all our catalysts showed low production of N,O (<5 ppm) in the temperature
range studied.
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Fig. 1. NO conversion versus reaction temperature for standard NO-SCR. a) SSZ-13 and CHAnat, b) 1.2/SSZ-

13 and 1.3/CHAnat, ¢) 2.1/SSZ-13 and 2.8/CHAnat & d) 14/SSZ-13 and 6.5/CHAnat. Reaction feed: 500 ppm

NO, 500 ppm NH3, 2.5% O», and balance No.

Cu-based average rate of reaction

To further analyze the effect of Cu on the catalytic behavior of our samples, we estimated the average
reaction rate per mole of Cu and present those results in Fig. 2.

For the low and medium Cu loading catalysts the trend is similar, the catalysts based on SSZ-13 have
higher average rates throughout the whole temperature range than those synthesized with CHAnat. Fig. 2a)
shows the results for 1.2/SSZ-13 and 1.3/CHAnat, and Fig. 2b) has the results for 2.1/SSZ-13 and 2.8/CHAnat.
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Interestingly, the low loaded zeolites have higher average rates per Cu site than the medium loaded materials,
suggesting that the Cu species are more readily accessible for NO-SCR when small amounts of active sites are
present in the catalyst. The absolute value of the rate also has that trend as the Cu loading increases. It appears
that a trade-off is reached with the medium-loaded catalysts, where accessibility and number of sites are
balanced. At high Cu loading, the average rate per Cu site decreases significantly (Fig. 2¢)), and there is a flip
between SSZ-13 and CHAnat-based catalysts. In this case, the amount of Cu present in SSZ-13 is twice as large
as in CHAnat, leading to the presence of Cu species that are presumably inactive for SCR in SSZ-13. A note of
caution is warranted, as in part of the temperature range some of the catalysts caused 100% conversion and the
measurement of their actual activity was hence limited by the experimental conditions. We are analyzing the
role of higher space velocities, but the results presented here are globally correct.
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Fig. 2. Global reaction rate versus reaction temperature for standard SCR-NO with NH3. a) 1.2/SSZ-13 and
1.3/CHAnat, b) 2.1/SSZ-13 and 2.8/CHAnat & ¢) 14/SSZ-13 and 6.5/CHAnat. Reaction feed: 500 ppm NO,
500 ppm NHj3, 2.5% O,, and balance N».

Catalyst characterization
To determine a possible effect of the structure upon the reactivity of our catalysts, we analyzed them
using X-ray diffraction, N, adsorption and UV-Visible diffuse reflectance spectroscopy.
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X-ray diffraction

Fig. 3a) shows XRD patterns for SSZ-13 and Cu-exchanged SSZ-13. The characteristic reflections of
Chabazite are present and the samples have high crystallinity, 89 % for CHAnat and 96 % for SSZ-13 [21].
Catalysts with 1.2 wt.% and 2.1 wt.% Cu do not present CuO peaks (26 = 35.6° and 38.8°), an indication that
Cu species are either well dispersed or exist as ions at the exchange sites.

The intensity of the diffraction peak at 9.5 ° (diffraction from the (100) plane of the CHA structure) of
14/SSZ-13 is much lower than those of the other catalysts, indicating that more Cu?" ions are located inside the
CHA cages next to the 8-membered rings over 14/SSZ-13. It has been reported that Cu?" ions cause the
deformation of the 8-membered rings, which leads to a weakening of diffraction from the (100) plane of the
CHA structure [21,22].

Fig. 3b) shows the XRD patterns for CHAraw,(as-received) and Cu/CHAnat catalysts, which includes
diffraction lines at 9.4 °, 12.8 °,20.4 °, 30.4 °, and 30.7 ° corresponding to (100), (-100), (-210), (-311) and (310)
crystal planes characteristic of chabazite (JCPDS 52-0784). The powder X-ray diffractogram of CHAraw (as-
received) also shows characteristic reflections of Clinoptilolite and Erionite with a good degree of
crystallization. The crystallinity of Chabazite decreased after washing, from 89.8 to 84.8 %, as well as that of
Clinoptilolite (85.0 to 57.01 %), whereas that of Erionite increased (40.5 to 43.3 %). Zeolites present in natural
chabazite were quantified using the MAUD software. After washing and calcining the chabazite increased its
percentage from 60 to 77 %, the clinoptilolite decreased from 32 to 16 % and the erionite remained at 7%. These
changes, as well as those in crystallinity reflect the labile nature of the clinoptilolite during calcination. Fe
species reflections were not observed probably because of their high dispersion or poor crystallinity. Catalysts
with 1.3-6.5 wt. % of Cu did not show reflections for CuO, Cu,0, or Cu, due to its low content (when is the
case) or high dispersion. One must remember also that most Cu was presumably present as charge balance
cations in the zeolites. The incorporation of Cu did not affect the structure of the CHA.
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Fig. 3. XRD patterns for a) SSZ-13 and b) CHAnat with different copper loadings.

Textural properties

The N adsorption-desorption isotherms of the calcined samples are given in Fig. 4. There were
differences in the adsorption capacity between SSZ-13 and CHAnat.

SSZ-13 had a type IA isotherm, typical of microporous materials [16]. There was no hysteresis loop
because of the homogeneous porosity of this type of material. For relative pressures P/Pg <0.1, the amount of
adsorbed N> increases rapidly and levels off, it increases only slowly in the relative pressure range 0.1<P/P¢<0.9
as expected for a typical microporous structure. The surface area of SSZ-13 was 640 m?/g with a micropore and
mesopore volume of 0.366 cm*/g and 0.020 cm®/g, respectively.

79



Article J. Mex. Chem. Soc. 2021, 65(1)
Special Issue

©2021, Sociedad Quimica de México

ISSN-¢ 2594-0317

The isotherm for CHAnat was a type I and IV according to the [UPAC classification, which indicates
the presence of both microporosity and mesoporosity. Steep uptake of the physisorption isotherm of CHAnat
at relative pressure of P/P¢<0.1 is caused by the micropore filling. There was a hysteresis loop at relative
pressure of P/Py>0.3, an indication of a secondary capillary condensation process taking place in the mesopores.
The shape of the hysteresis loop in the CHAnat is type H4.

The mesoporosity of CHAnat may be caused by presence of different phases in the natural zeolite,
some which may not be zeolitic, as well as by its production process, that involves grinding and milling of the
mined material. CHAnat has a surface area of 629 m?/g, micropore volume of 0.184 cm?/g and mesopore volume
of 0.165 cm3/g. (Fig. 4). The micropore volume of SSZ-13 is definitively higher that of CHAnat (0.366 cm3/g
vs. 0.184 cm®/g), while the mesopore volume of the CHAnat is substantially higher (0.164 cm3/g vs. 0.02 cm’/g).
Part of the difference between CHAnat and SSZ-13 lies in their different purity and crystallinity.
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Fig. 4. N> adsorption isotherms of CHAnat and SSZ-13 at 77 K.
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Ultraviolet-visible diffuse reflectance spectroscopy

For the Cu/SSZ-13 catalysts the UV-Vis DR-spectra with different copper loadings before reaction
(fresh) and after reaction are presented in figures 5a), 5¢), and 5e). The 1.2/SSZ-13 fresh catalyst presents two
absorption bands, one between 200-260 nm centered at ~217 nm assigned to the ligand to metal charge transfer
(LMCT Ozcna 2 Cu?"), and the other band in the spectral range 600-1200 nm (d-d transition for Cu?"). Both
bands increased in intensity as the Cu loading increased from 1.2 to 2.1 wt. % due to an increase in the
population of Cu absorption sites [17]. This observation agrees with Negri et al. and Ipek et al. [17,18] and it is
linked to a homogeneous distribution of -OH coordinated to Cu ions in their hydrated state. The first absorption
band appears at 230 nm in the 2.1/SSZ-13 catalyst and shifts after reaction towards 250 nm (Cu?" species). That
signal and the band between 500-800 nm increase in intensity after the catalyst is used in the reaction, signaling
a structural change presumably via a redistribution of the Cu?* sites. After reaction, the spectra for the 14/SSZ-
13 catalyst had, in addition to a similar signal shift at high energy, a new band with strong absorption between
300 and 870 nm, which suggests the appearance of Cu nanoparticles, as well as large size CuOx. This
assignment agrees with our XRD results. These species have been reported to play a role in the non-selective
oxidation of NHj3 at high temperatures [19-21].

The spectra of Cu/CHAnat catalysts with different copper loadings before (fresh) and after reaction
are presented in figures 5b), 5d), and 5f). The fresh 1.3/CHAnat catalyst shows bands between 200-300 nm,
which could correspond to the LMCT Oxcua—Cu?* observed in Cu/SSZ-13 catalysts; the bands between 300-
600 nm correspond to O-Cu-O and Cu-O-Cu dimeric species and possibly Cu® nanoparticles and the band
between 600-1200 nm has been assigned to d-d transition of Cu?" [22-24]. When the loading of Cu increased
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to 2.8 wt. % all bands increased in intensity also suggesting a change in the distribution of Cu species [17,18].
It corresponds to a homogeneous distribution of -OH coordinated to Cu ions in their hydrated state. The high
energy band in the 200-600 nm region (Cu?" and Cu dimers) of 2.8/CHAnat increased in intensity after reaction,
and so did the d-d band transition of Cu?" between 500-800 nm. suggesting a possible redistribution of the Cu?*
species. When the loading of Cu was 6.5 wt.%, the band of Cu?* was similar in intensity to that of 2.8/CHAnat.
While the bands of Cu-O-Cu and O-Cu-O dimeric species had low intensity and the d-d transition bands of Cu?*
increased further. The presence of copper oxide nanoparticles of large size was not observed in Cu/CHAnat nor
in Cu/SSZ-13 catalysts with low and intermediate Cu loading, because there was no band at 650 nm, a signature
for those nanoparticles.
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Fig. 5. UV-Vis DR-spectra for fresh and spent catalysts after NH3-SCR-NO reaction. Arrows correspond to

bands associated with O->Cu?* (1), O-Cu-O (2), Cu-O-Cu (3), Cu® nanoparticles (4), d-d transitions in Cu?" (5)

and CuO (Bulk) (6).

After using the chabazite catalysts in reaction there were changes in Cu?" coordination and variation
in the intensity of absorption. The bands of Cu/SSZ-13 catalysts increased in intensity while the bands of
Cu/CHAnat catalysts decreased, in both cases the variations in the absorption bands may be explained by the
redox cycle undergone by Cu during the reaction of NO with NHj3.
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Catalysts 1.2/SSZ-13 and 1.3/CHAnat only reached high conversion at high temperatures, what may
be correlated with the small presence of Cu?" signals. There was no evidence of dimeric species in the UV vis
spectra. Catalysts 2.1/SSZ-13 and 2.8/CHAnat presented high activity in NH3-RCS-NO in a wide temperature
range that can be explained by the increased concentration of isolated of Cu?" ions and low population of Cu
dimers. That is not the case of the catalysts with high Cu loading as 14/SSZ-13 and 6.5/CHA. These catalysts
have high activity at lower temperatures (150-300 °C), but after 300 °C the activity decreases sharply, probably
caused by the presence of bulk CuO evidenced by spectral bands in the 600-800 nm range.

Effect of Si/Al ratio in NO-SCR with NH3

Asreported in Table 1, there was a significant difference in the Si/Al ratio for the two zeolitic materials.
It is well known that the Si/Al ratio plays an important role in zeolites because it determines the exchange
capacity, Cu speciation, acidity, and thermal stability [21]. Those differences may result in variations in the Cu
species exchanged in every zeolite. For example, it is reported that with a low Si/Al ratio and at low Cu loading,
Cu?' ions are expected to be close to the 6 MR windows and bind to 2 Al sites. Conversely, with high Si/ Al
ratio, the possibility of finding 2 Al sites in a 6 MR ring is unlikely. In that case, it is possible that Cu®* ions
interact with two distant Al sites (e.g. 2 Al sites in 8MR). According to other reports [21,22], there could be
another alternative: Cu ions at high Si/Al ratio zeolites can balance only one Al site, but in this case Cu species
like Cu" or Cu complexes like [Cu ?* (OH)]" are required to balance the negative charge in the framework
[21,23]. The UV-Vis spectra indicate that CHAnat catalysts had different Cu species, not only Cu?* as in the
case of Cu/SSZ-13 catalysts. The same occurred at high Cu contents, where we have more than one type of Cu,
which are not necessarily active for the NO-SCR reaction [21,24]. At close Cu contents (2.1 and 2.8 wt %), we
observe that the catalytic activity was comparable, probably resulting from a similar population of Cu 2" sites.

Conclusions

We compared two zeolites with a similar structure but of a different nature (natural and synthetic). The
textural analysis showed that natural chabazite has mesopores and micropores and the SSZ-13 only has
micropores.

The Cu/CHA and Cu/SSZ-13 catalysts had high activity to reduce NO in the presence of NH3. At a
low copper content of 1.2 wt. %, the activity was higher for the catalyst based on SSZ-13, reaching a NO
conversion of 90 % at high temperatures (300-600°C), while natural chabazite only attained 50 %. The best
results were obtained with copper loadings in the 2-3 wt.% range for both materials, attaining complete NO
conversion in the temperature range adequate for SCR-NO. A high Cu loading allowed a good conversion of
NO at low temperatures, 150-300 °C with SSZ-13, but that affected negatively the activity of the natural zeolite
catalyst.

The catalytic activity was different because of variations in the population and distribution of Cu
species present as evidenced by ex-situ DR-UV-Vis. Cu species were identified in the 2.8/CHA catalyst as Cu®",
0O-Cu-0, Cu-O-Cu, and the possible presence of Cu’ nanoparticles. The 2.1/SSZ-13 material, on the other hand,
had primarily Cu?" species and low presence of CuOx moieties. The presence of Cu?" ions in Cu/CHAnat and
in Cu/SSZ-13 suggests that these sites are responsible for the activity. After the reaction, there were changes in
the intensity of the bands corresponding to Cu?" in all the catalysts, suggesting their possible restructuring.
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