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Highlights
e In Cu20HAIBEA mainly extra-framework octahedral Cu(ll) was present.
e In Cu20SiBEA mainly framework mononuclear Cu(l1) was occurred.

e Both Cu2o0HAIBEA and Cu20SIiBEA catalysts showed high activity in SCR NO
with NHs.

e The state of copper as well as the acidity plays an important role in SCR of NO.

Abstract

Copper-containing BEA zeolites, Cu20SIBEA and Cu2oHAIBEA, with 2 wt % of Cu
were prepared by a two-step postsynthesis method and a conventional wet impregnation,
respectively. These zeolites were characterized by XRD, DR UV-vis, EPR, FTIR and TPR
physicochemical techniques. The incorporation of Cu into framework of SiBEA was
evidenced by XRD. The state of copper in both zeolites was investigated by DR UV-vis and
EPR. The acidity of Cu.0SIBEA and Cu2oHAIBEA was determined by FTIR of adsorbed CO
and pyridine. The reducibility of the Cu species present in both zeolites was studied by TPR

and their catalytic properties were investigated in selective catalytic reduction of NO with



NHs. Both Cu2.0SIBEA and Cu.oHAIBEA zeolite catalysts showed very high activity in this
reaction with the NO conversion higher than 80 % and N2 selectivity higher than 95 % in the
temperature range between 473 and 623 K. The higher NO conversion and N2 selectivity in
SCR of NO with ammonia at the high temperature range for the Cu.oHAIBEA than for
Cu2.0SIBEA suggest that the strong Brgnsted and Lewis acidic sites related to the framework

and extra-framework aluminum atoms play an important role in SCR of NO process.
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1. Introduction

Copper containing zeolites have been extensively tested in selective catalytic reduction
of NO with ammonia. Especially high activity and selectivity to N2 were reported for Cu-
ZSM-5 and Cu-BEA zeolites [1-4]. However, recently, zeolites with smaller pores size, such
as SSZ-13 and SAPO-34, have been indicated as the most promising materials for application
in diesel systems SCR unit due to high chemical and thermal stability [5-8]. Nevertheless,
further development in catalytic NOx abatement technologies is necessary due to severe
environmental regulation related to nitrogen oxides emission.

The main obstacles leading to deactivation of copper containing zeolites are
hydrothermal dealumination and poisoning of active species as well as migration and
sintering of copper species over SCR process. A possible solution of those issues is the
improvements in catalysts preparation methods. An optimal catalyst preparation procedure
should allow controlling the speciation of active sites and to obtain isolated species well fixed
to support. Currently used conventional methods, such as ion-exchange and impregnation,
leads to introduction of active species in various forms i.e. isolated framework species,
isolated cations in exchange positions and extra-framework nanoclusters.

Some of scientists involved in DeNOx processes proposed a direct synthesis of Cu
containing zeolites by the addition of organo-copper complexes in the synthesis gel as an
alternative method to conventional ion exchange and impregnation [9]. However, this kind of
method resulted in undesired mixture of copper in framework and extra-framework positions.

On the other hand, Dzwigaj et al. [10-12] have proposed a new method for
postsynthesis modification of beta zeolite which consists of two steps. In the first step, vacant

T-atom sites are created by treatment of parent zeolite with nitric acid solution. In the second



step, the metal ions react with silanol groups of vacant T-atom sites forming framework metal
species with well-defined environment.

In this work it was studied the influence of two different catalyst preparation
procedures, conventional wet impregnation and two-step postsynthesis method, on the nature
and environmental of copper introduced in Cu2oHAIBEA and Cu.oSIBEA, respectively.
Moreover, both copper containing catalysts were applied for selective catalytic reduction of

NO with ammonia and their performances were compared.

2. Experimental Section

2.1. Materials

Copper-containing BEA zeolites (with 2 Cu wt %) were prepared from parent TEABEA
zeolite by a two-step postsynthesis method (Cu20SIBEA) and a conventional wet
impregnation (Cu20HAIBEA) using SIBEA and HAIBEA as the supports whose preparation
was described in our earlier work [13].

Cu2,0SIBEA and CuzoHAIBEA were prepared by impregnation of 2 g of SiBEA and
HAIBEA, respectively, with Cu(NOs). - 6H20 solutions with appropriate concentration of
copper. Firstly, the suspensions were stirred for 24 h at 298 K in excess solvent using 200 mL
of the precursor solutions. Then, the suspensions were stirred in evaporator under vacuum of a
water pump in air at 353 K for 2 h until water was evaporated. Cu.0SIBEA and CuzoHAIBEA
were calcined in air (100 K h) at 773 K for 3 h under static condition and labeled as C-
Cu20SIiBEA and C-Cu20HAIBEA, respectively, where C- stands for calcined.

2.2. Techniques

X-ray Fluorescence chemical analysis was performed at room temperature on
SPECTRO X-LabPro apparatus.

Copper-containing beta zeolites were investigated by chemical analysis, powder X-ray
diffraction (XRD), diffuse reflectance UV-vis (DR UV-vis), electron paramagnetic resonance
(EPR), Fourier transform infrared spectroscopy combined with CO sorption (CO-FTIR) and
temperature programmed reduction (TPR).

XRD experiments were carried out on a PANalitical Empyrean diffractometer using

the CuK,, radiation (A = 154.05 pm). All experiments were performed at room temperature.

DR UV-vis spectra were recorded at ambient atmosphere on a Cary 5000 Varian

spectrometer equipped with a double integrator with polytetrafluoroethylene as reference.



EPR spectra were recorded on a JEOL FA-300 series EPR spectrometer at about 9.3
GHz (X band) using a 100-kHz field modulation and a 5—10 G standard modulation width.
The spectra were recorded at 298 and 77 K. Simulations were performed using the EPRSIim32
software developed by Spalek et al [14].

Analysis of the acidic properties of samples by adsorption of pyridine (Py) followed
by infrared spectroscopy was performed in the same way as is described in [15].

Infrared spectroscopy of CO adsorption/desorption experiments was performed on a
Bruker Vertex 70 spectrometer. Before analysis, self-supported samples were pressed at ca. 1
ton cm into thin wafers of ca. 10 mg cm and set inside the glass cell where they were pre-
treated at 723 K for 2 h in flowing 2.5 % O/Ar and then degassed at 573 K (10~ Pa) for 1 h.

Finally, IR cell was cooled down to 100 K with liquid nitrogen, and CO was added in
small portions up to an equilibrium pressure of 133 Pa. Then, the sample was evacuated up to
102 Pa at room temperature. The spectra were obtained after subtraction of the spectrum
recorded before CO adsorption.

The H>-TPR measurements were carried out on an AutoChem 2910 apparatus
(Micromeretics) equipped with a thermal conductivity detector (TCD) in the temperature
range of 298—900 K with a linear heating rate of 7 K min!, hydrogen stream (5 % Ha/Ar)
flow of 40 cm® min~! and samples weight of 0.1 g. The copper reduction degree in C-
Cu20SIiBEA and C-Cu2o0HAIBEA were calculated in following way. From sample mass and
Cu content were calculated the number of Cu mole and theoretical number of H> moles which

are needed to reduce Cu:

Moy = M) = [%) /M

Cu

where ncy is number of Cu mole in the sample, nw2 is number of H> moles need to
completely reduce Cu in sample, ms is sample mass and Mcy is molar mass of Cu. From total
area under the reduction peaks of standard CuO and the samples were calculated the number

of H> moles consumed to reduce Cu:

Ny () = S, X My, ujfua}/scm
where: nnzry and Ss are the number of Hz mole consumed for Cu reduction and total area
under reduction peaks for the zeolite samples, respectively, nH(cuo) is the number of H> mole
used for reduction of pure CuO and Scuo is the total area of reduction peak, calculated for

pure CuO (standard). Reduction degree of Cu in samples was calculated form equation:
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where Rcy is copper reduction degree.

The activity tests of Cu20SIBEA and Cu2oHAIBEA catalysts in selective catalytic
reduction (SCR) of NO with ammonia were performed in a fixed bed reactor. The
composition of the reaction gas was: 1000 ppm NO, 1000 ppm NHz, 3.5 vol. % O, and He as
balance. The gas mixture was provided with calibrated electronic mass flow controllers
(BETA-ERG). The total gas flow was 0.1 L min! and catalyst mass was 0.2 g. The
concentrations of NO and N2O after reaction were analyzed by FTIR detectors (ABB 2020
AO series). Prior to the reaction the catalyst bed was activated in 3.5 % O./He flow (0.1 L
min~?) in the temperature range of 298-798 K with a linear heating rate of 2 K min~* and then
for 1 h at 798 K. The standard test was carried out over 1 h at 573-773 K with increasing
reaction temperature every 50 K interval. The NO conversion was calculated from the

measured concentration of nitrogen oxide.

3. Results and Discussion
3.1. Incorporation of copper into zeolite framework determined by XRD and FTIR
3.1.1. X-ray diffraction

The experiments of chemical analysis of zeolite samples allowed determine the Si/Al
ratio and Cu content and the results are showed in Table 1.

Both Cu20HAIBEA and Cu20SIBEA zeolites are characterized by similar XRD
patterns as that of HAIBEA and SiBEA supports (Fig. 1). It indicates that introduction of
copper into both type of BEA supports did not affect crystal structure of these materials. The
observations of the zeolites XRD patterns before and after introduction of copper (Fig. 1)
showed that for HAIBEA only negligible shift of the main diffraction peak was observed from
20 = 22.45° to 20 =22.39° after introduction of copper by conventional wet impregnation.
However, for the SIBEA significant shift of the main diffraction peak is observed (from 20 =
22.72° for SiBEA to 20 =22.59° for Cu20SIiBEA) after introduction of copper by the two-step
postsynthesis method. It suggests that upon the latter preparation method copper was
incorporated into framework of BEA zeolite by reaction with silanol groups of vacant T-atom
sites formed in the first step of this procedure as a result of the removal of Al upon nitric acid
treatment, in line with earlier investigations on CuSiBEA materials [16,17]. Moreover, for the
used catalysts differences in their XRD patterns are clearly seen. For spent-Cu,oSIBEA a
large shift of the main diffraction reflection (from 22.72° for SIBEA to 22.28° for spent-

Cu20SIBEA) was observed indicating that sample activation and reaction conditions led to



strong incorporation of copper species into SIBEA zeolite framework. In contrast, for spent-
Cu20HAIBEA the position of the main diffraction peak is almost the same as for HAIBEA
support, it suggest that in the case of latter support the copper was not incorporated in the
zeolite framework and was predominantly present in extra-framework position.

3.1.2. FTIR

The FTIR spectra of HAIBEA Cu2oHAIBEA, SIBEA and Cu,SIiBEA are shown in the
Figure 2. The spectra for HAIBEA and SiBEA supports were thoroughly described in our
earlier works on BEA zeolites [13,18]. The introduction of 2 % of Cu into HAIBEA led to
disappearance of broad band at 3550 cm™, narrow band at 3781 cm™ and decrease in the
intensity of the band at 3608 cm™ suggesting that cooper ions interacts with corresponding
hydroxyl groups and some part of H* was exchanged with Cu?* in cationic positions of
HAIBEA zeolite.

The treatment of organic-free BEA zeolite with high concentrated nitric acid solution
leads to removal of aluminum species and appearance in the spectrum of SIBEA the intense
bands at 3735 and 3520 cm™ of SiO-H groups (Fig. 2) due to the formation of vacant T-atom
sites with hydrogen-bonded silanol groups, as reported earlier [19]. The impregnation of
SIiBEA with aqueous solution of cooper precursor resulted in strong decreasing of intensity of
OH bands of hydrogen bonded silanol groups at 3520 cm™ (Fig. 2) suggesting that Cu(ll)
reacted with these silanol groups leading to the incorporation of copper ions into framework
of SIBEA.

3.2. Nature of copper determined by DR-UV-vis and EPR

In order to describe the chemical nature and the environment of copper in
C-Cu20SIBEA and C-Cu20HAIBEA the DR UV-vis and EPR spectroscopies were used.
3.2.1. DR UV-vis spectroscopy

DR UV-vis spectra of Cu2oHAIBEA and Cu2.0SiBEA samples contained d-d transition
bands at approximately 835 nm and an intense charge-transfer (CT) band at 280 nm (Fig. 3).
These bands could be assigned to the d-d transition of Cu?* (3d°%) and CT 0% = Cu?
transition of isolated mononuclear Cu(ll) being in coordination with lattice oxygen,
respectively [20-23]. The absence of the DR UV-vis band in the range of 300-600 nm
assigned to O% to Cu?* charge-transfer transition of dinuclear [20,21,24] or trinuclear [24,25]
copper-oxygen complex for Cu20SiBEA indicates that such polynuclear complexes were not
present in the latter sample. For Cu2oHAIBEA additionally a DR UV-vis band at 400 nm



occurred typical for octahedral Cu(ll) species [20,21,24,25], suggesting the presence of such
species in this sample.

Calcination of both Cu20HAIBEA and Cu20SIiBEA samples at 773 K for 3 h leads to
important changes in the DR UV-vis spectra. The spectra of C-CuzoHAIBEA and C-
Cu2,0SIBEA are composed of a broad band at around 780-785 nm (Fig. 3) attributed to d-d
transition of Cu(l1) (3d°) and the bands at around 340 and 315 nm (Fig. 3), related to oxygen-
to-copper(ll) charge transfer (CT) transitions involving framework oxygen and copper present
in the zeolite structure as extra-framework octahedral Cu(ll) and framework mononuclear
Cu(lt), respectively, in line with earlier reports [20,26,27].

According to DR UV-Vis results it may be concluded that for C-Cu.oHAIBEA
catalyst copper predominantly occurred as octahedral Cu(ll) species, whereas for C-

Cu2,0SiBEA mainly as isolated mononuclear Cu(ll) species.

3.2.2. Electron Paramagnetic Resonance spectroscopy

The EPR spectrum of Cu2oHAIBEA sample obtained at 298 K (Fig. 4) shows a broad,
featureless and slightly anisotropic signal (axial symmetry). Due to its broadness, its g; and g.
values can only be estimated. The averaged value of this signal (gaver. = 1/3(g) + 2 g1) = 2.20)
is close to that observed earlier [28-32] for hydrated octahedral Cu(ll) species exhibiting
rotational/mobility freedom or a quick change of the elongation axis. Upon cooling down to
77 K, the EPR signal transforms to an axial one presenting hyperfine splitting (A) (Fig. 5).
The simulated EPR parameters (see Table 1) are very similar to those previously published
for CuZSM-5 and Cu-BEA samples [29,32-35], and can be assigned to hydrated octahedral
Cu(Il) species for which the mobility/motion has been severely reduced at 77 K.

As showed in Fig. 4, calcined C-Cu2oHAIBEA sample exhibits at 298 K a similar
EPR signature as that of Cu2oHAIBEA, with an additional weak signal (shoulder around g =
2.08 in Fig. 4) that may be assigned to hydrated octahedral immobilized Cu(ll) species. Such
immobilization could be explained by removal upon calcination of water ligands and
formation strong Cu-Ouatice bond. At 77 K, the EPR spectrum is very similar to that obtained
for Cuz20HAIBEA but more intense and better resolved.

In the case of Cu,0SIBEA sample, the EPR signal obtained at 298 K is featureless and
isotropic (giso = 2.19) (Fig. 4), once again typical of hydrated octahedral Cu(ll) species, but
with a higher motional freedom than that observed for Cu2oHAIBEA. This is confirmed by



the spectrum recorded at 77 K (Fig. 5) when a large portion of mobile hydrated octahedral
Cu(Il) species is still observed.

Upon calcination of Cu20SiBEA sample, the Cu(ll) signals recorded for C-
Cu20SIiBEA at 298 K (Fig. 4) and 77 K (Fig. 5) decreased in intensity, pointing out that a big
portion of copper species has become EPR silent. The remaining EPR signal correspond to
hydrated octahedral Cu(ll) species mainly immobilized or frozen with a small portion of
mobile ones only present at 298 K (see Table 2 for EPR parameters). Such strong decrease of
overall EPR signal intensity has been frequently reported in the literature for Cu-containing
zeolites, especially after outgassing/dehydration [28-30,36—38]. Three possible causes may
explain such EPR intensity drop: (i) reduction of Cu(ll) to diamagnetic Cu(l) species; (ii)
formation of Cu(I1)-O-Cu(ll) species (O referring either to O2" or OH") or (iii) transformation
of octahedral Cu(ll) species into lower coordinated Cu(ll) ones, especially into slightly
distorted Csy trigonal symmetry. In the third case, such Cu(ll) species present very close low
lying excited states allowing for a very fast spin-lattice relaxation and resulting in large
broadening and the associated loss in intensity of the EPR signal so that it may not be
observable even at 77 K.

As Cu20SIBEA being calcined in air, the reduction of Cu(ll) to Cu(l) species seems
unlikely. Also, a good dispersion of Cu(ll) species upon preparation of Cu20SIBEA by two-
step postsynthesis method and the low Cu content may rule out the formation of Cu(ll)-O-
Cu(Il) species or magnetically interacting Cu(ll) centers. A possible explanation of the strong
decrease of the EPR signal intensity for C-Cuz0SIBEA sample would be the formation of a
large amount of isolated and EPR-silent Cu(ll) species with specific Cav symmetry. Such
species would result from the incorporation of copper in the framework of SiBEA zeolite by
reaction with silanol groups of hydroxyl nests created during removal of aluminium from the

zeolite upon acid nitric treatment.

3.3. Acidity of Cu20HAIBEA and Cu20SiBEA determined by FTIR+CO
3.3.1L.FTIR+CO

The FTIR spectroscopy following CO sorption as a probe molecule was applied in
order to study the acidic centers present in both Cu2oHAIBEA and Cu20SIBEA zeolites. It is
well known that CO molecules are more strongly bonded with Cu* than Cu?* ions, however at
low temperature it is possible to observe in the FTIR spectra bands related to both Cu(l) and

Cu(ll) species.



The adsorption of CO on Cu2o0HAIBEA zeolite led to appearance of bands at 2232,
2223, 2201, 2195, 2188, 2173, 2169, 2152, 2141, 2131 and 2131 cm™ (Fig. 6A). Intensity of
all bands gradually increased with addition of following CO doses. The two bands with
highest wavenumbers at 2232 and 2223 cm are due to interaction of CO with framework and
extra-framework Al(I11) species, in agreement with earlier report on BEA zeolite [39]. The
very intense band at 2173 cm™ is related to the adsorption of CO on bridged Si-O(H)-Al
groups possesses strong acidic character [40]. Ascription of remaining bands to particular
species is not easy because of their similar wavenumber positions in infrared spectra. In the
previous investigations of Cu containing materials it was reported that mononuclear Cu(l)
species might form with carbon monoxide mono-, di- and tricarbolyls moieties depending of
temperature, CO pressure and environment of copper centers [41-44]. In the spectrum of
CuzoHAIBEA the bands at 2152 and 2188 cm™ may correspond to Cu*(CO). species and
bands at 2195, 2169, 2141 cm™ may be ascribed to Cu*(CO)s species present in cationic
positions consistent with similar observations of Bordiga et al. and Lamberti et al. [41,45].
Moreover, the high intensity of band at 2169 cm™ may result from overlapping the band
related to copper species by band related to SiO-H [46] which presence cannot be excluded.
In line with recent studies [37,41], band at 2201 cm™ represent Cu(11)-CO adducts, where CO
is adsorbed on isolated copper (I1) species. Gora-Marek et al. [47] indicated appearance of
2122 cm bands as a result of weak Cu(0)-CO interactions, however due to the application of
the oxidative atmosphere for sample pre-treatment we rather opted for Giordanino et al. [48]
explanation, in which they attributed this band to interaction of CO with extra-framework
Cu(l) species.

After introduction of CO up to 133.3 Pa (equilibrium pressure) gradual evacuation was
performed as showed in Figure 6B. It can be seen that the evacuation led to complete
disappearance of the bands at 2193, 2173, 2169, 2140 and 2136 cm™ and a sharp decrease in
the intensity of the bands at 2233, 2224, and 2200 cm™. Furthermore, at low CO coverage
(inset Fig. 5B) the band at 2183 cm™ became clearly visible and the band at 2152 cm™
strongly developed during evacuation suggesting a transformation of tricarbonyl into
dicarbonyl species, in line with earlier report [41]. It is important to stress that the Cu(l1)-CO
adducts were present even after the deep evacuation indicating considerable acidic character
of Cu(Il) species.

FTIR spectra of Cu.oSIBEA zeolite after adsorption of CO exhibit nine bands (Fig.
7A). The most intense one at 2202 cm™ is due to presence of isolated mononuclear copper(l1)

species, whereas bands at 2189, 2168 and 2140 cm™ are related to Cu*(CO)s species in
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agreement with literature data [45]. Moreover the bands at 2129 and 2135 cm™ are ascribed to
copper(l) oxo-species in line with earlier reports on copper containing materials [49]. The
bands at 2175, 2163 and 2161 cm™ are related to acidic bridging hydroxyls, internal and
external silanol groups, respectively, in line with earlier studies [40,46].

Upon evacuation, it was observed complete disappearance of the bands related to
hydroxyls groups and tricarbonyls species. Simultaneously, the band at 2151 cm, typical for
Cu(l)-(CO)., appeared. Additionally, the band at 2135 cm™, which corresponds to relatively
stable interaction between CO and Cu(l) of extra-framework copper compounds, was shifted
to 2141 cm™. These results suggest similar interaction strength of Cu(ll) and Cu(l) species
with CO in Cu20SiBEA. The significant intensity of the band at 2205 cm™ after evacuation
(inset Fig. 7B) may be due to stable and strong interaction between CO sorption on isolated
framework Cu(ll) species. Furthermore, for both studied zeolite the bond at 2157 cm, related
to the monocarbonyl species [43] which normally form after CO adsorption on isolated Cu*,
was not observed even after deep evacuation.

To sum up it may be said that in Cu20SIBEA and Cu2oHAIBEA zeolite occur
alternative copper species — mostly copper ions in the cationic positions for Cu2oHAIBEA

zeolite and predominantly mononuclear framework Cu(ll) species for Cu20SiBEA zeolite.

3.3.2. FTIR + Pyridine

To precisely calculate concentration of acidic sites in supports and copper containing
catalysts the FTIR experiments with pyridine adsorption were carried out for all studied
samples. The results obtained after pyridine desorption at 423 K were summarized and
compared in Table 3.

As we have recently evidenced [13], SIBEA contains very small amount of the Brgnsted
and Lewis acidic centers due to presence of traces of aluminum species remaining after nitric
acid treatment. After the introduction of copper into SIBEA an increase in the number of
Lewis acidic centers was observed (form 3 to 52 pmol g?), probably due to formation of
isolated, framework copper(l1) species. No formation of an additional amount of the Bronsted
acidic sites was reported.

On the other hand, HAIBEA and Cu,oHAIBEA zeolites contained a large amount of
acidic sites. However, after impregnation of HAIBEA support with the copper precursor the
number of strong Bronsted sites decreased with simultaneous increase in amount of Lewis

centers (Table 3). This effect was a result of partial exchange between Cu?* and H* ions at the
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cationic positions in BEA zeolite cavities. Thus, copper occurring in extra-framework

positions resulted in formation of additional amount of Lewis acidic centers.

3.4. Reducibility of copper determined by TPR of H2

TPR experiments were carried out to distinguish reducibility of different copper species
present in C-Cu20HAIBEA and C-Cu20SIBEA samples. Figure 8 exhibits TPR patterns of
copper containing zeolites beta prepared with two different methods. TPR pattern of C-
Cu20HAIBEA exhibits quite broad two peaks at 535 and 690 K probably related to two steps
reduction of copper (1) species, firstly from Cu(ll) to Cu(l), and secondly from Cu(l) to
metallic copper. Similar TPR results were observed for many other copper containing zeolites
like Cu/SAPO-5, Cu-Beta and Cu-MFI [50-52]. However, broad character of both peaks may
indicate presence of different copper species, not only mononuclear Cu(ll) species but also

more complex polynuclear Cu(ll) species [43].

The TPR pattern of C-Cu20SiBEA was significantly different compare to the pattern of
C-Cu20HAIBEA. It exhibits narrow peak at 490 K with a small shoulder at 465 K and
additional low intense peak at 585 K. The signals at 465 and 490 K probably correspond to
the reduction of Cu(ll) to Cu(l) of two types mononuclear, framework copper species. The
presence of two types of copper framework species is related to the appearance of two types
of aluminum framework in the parent BEA zeolite [13,53].

The low intense peak with a maximum at 585 K may arise from the partial reduction of
Cu(l) species to Cu(0). Low integral area of this signal may suggest that the reduction of
Cu(l) species to metallic form was not complete, as a result of a strong interaction between
SIiBEA support and copper.

In order to confirm this statement, it was done the quantitative analysis of TPR results.
As shown in Table 4 copper in C-Cu2o0HAIBEA was completely reduced whereas for C-
Cu20SIiBEA only 65 % of Cu(ll) reduction was achieved. It indicates that copper(ll) in
former catalyst reduces easier to metallic form. On the other hand, copper(ll) species in C-
Cu2,0SIBEA are stronger coupled to the SIBEA matrix and they may remain as Cu(l) species
in large contribution even after reduction at high temperature. Thus, these facts prove
different nature and properties of copper species in the framework and extra-framework

positions.
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3.5. Catalytic activity of Cu20HAIBEA and Cu20SiBEA catalysts

In some of the previous reports [20,54-57] it was mentioned that in NO abatement
reactions such as NO decomposition and HC-SCR of NO, the active centers were copper
species present in zeolites cationic positions. The authors suggested that presence of
aluminum in the zeolites framework is required in order to obtain active and high selective
catalysts. Moreover, in the recent works on the most promising NH3-SCR catalysts (Cu-SSZ
and Cu-SAPO-34) it was indicated that Cu(ll) species localized at 6-MR position of CHA
structure and coordinated with two framework Al atoms are the most effective catalytic sites
in NO reduction with ammonia [58-60].

After careful analysis of physicochemical properties of Cu2.0HAIBEA and Cu»0SiBEA
zeolites the catalytic tests of SCR of NO with ammonia were carried out to investigate the
influence of preparation procedures on the catalysts activity and selectivity in DeNOXx
process. Moreover, the aim of our work was to compare behavior of extra-framework
octahedral Cu(ll) species predominantly present in Cu,oHAIBEA with isolated framework
mononuclear Cu(ll) species occurring mainly in Cuz0SiBEA.

Figure 9 exhibits the NO conversion in NH3-SCR on Cu20HAIBEA and Cu2.0SiBEA
catalysts. At the low temperature range both catalysts gave almost the same NO conversion
(~60 % at 423 K and ~95 % at 472 K). However, when the reaction temperature started to
increase gradual decrease in the NO conversion was observed for Cu20SIiBEA, whereas for
Cu20HAIBEA the activity remained very high (almost 100% of NO conversion) up to 573 K.
Although in the higher temperature range both catalysts lost some activity. For Cuz0SiBEA
decrease in the catalytic activity was more significant than for Cuz2oHAIBEA (around 15 and
20 % lower NO conversion at 723 and 773 K for Cu.0SIiBEA than for Cu2oHAIBEA,
respectively).

Furthermore, the N2 selectivity (Fig. 10) was high for both catalysts in the whole
temperature range. Slightly decrease in the selectivity toward N2 with increasing reaction
temperature was observed from 573 to 723 K. The N2 selectivity did not drop to less that 90
% at any studied temperature. However, for Cu2oHAIBEA it was slightly higher than for
Cu2,0SIBEA. In case of Cu2oHAIBEA particular performance was observed at 423 — 573 K,
when the N2 selectivity was around 100 %. A small drop in selectivity toward N2 might result
from the presence of competitive reactions of the ammonia oxidation to NO and/or N>O. NH3
oxidation is especially strongly promoted by octahedral Cu(ll) species at the high temperature
range, in agreement with earlier works on the application of copper containing zeolites for
NH3-SCR process [61,62].
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The better catalytic properties of Cu2oHAIBEA than Cu20SiBEA may suggest that the
vicinity of Al species improved catalytic activity of copper species leading to a bit higher
activity and selectivity. However, the presence of aluminum in the framework is not
necessary to obtain the efficient zeolite catalyst for NO removal, as it is showed by very high
activity of Cu2oSIBEA. A slightly higher activity of Cu2oHAIBEA than Cu20SIBEA at might
be related to the presence in former much higher amount of strong Brgnsted and Lewis acidic
sites which may play important role in SCR mechanism according to the reports of Eng and
Bartholomew [63] and Stevenson et al. [64]. As we described previously HAIBEA support
contains a large amount of acidic centers, whereas SiBEA support possesses only a very little
amount of acidic centers, as reported earlier [65].

The catalysts stability and activity in the presence of water steam in substrates stream
were also studied. The results showed in Figure S1 indicate that presence of water resulted in
lower NO conversion, however catalyst stability remained high even after three catalytic
cycles. More results about catalyst stability and comparison of our catalysts activity with

literature data may be found in supportive information to this article (Table S1).

Conclusions

Modifications of zeolite beta by two different methods led to obtaining two types of

catalysts with considerable different nature and environment of copper species.

Copper species in Cuz2oHAIBEA zeolite, prepared with conventional wet impregnation
method, were predominantly present as extra-framework octahedral Cu(ll) species, whereas
copper species in Cu20SIiBEA zeolite, obtained by two-step postsynthesis method, occurred

mostly as framework mononuclear Cu(ll) species.

Both Cu2.0SIBEA and Cu20HAIBEA zeolite catalysts showed a very high activity in
this reaction with NO conversion higher than 80 % and N2 selectivity higher than 95 % in the

temperature range between 473 and 623 K.

However, catalyst prepared with conventional wet impregnation method gave better
activity in NO conversion and N2 selectivity in SCR of NO with ammonia at the high
temperature range suggesting a positive effect of the aluminum atoms on catalyst performance
in SCR of NO. Thus, it shown that the state of copper species as well as the acidity plays an

important role in SCR of NO process.
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Figure Captions

Figure 1. XRD patterns recorded at room temperature of TEABEA, HAIBEA, Cu2o0HAIBEA,
spent-Cu20HAIBEA, SIBEA, Cu2,0SIBEA and spent-Cu2,0SIBEA.

Figure 2. FTIR spectra of HAIBEA, Cu.oHAIBEA, SIBEA and Cu20SIBEA in the OH
groups range.

Figure 3. DR UV-vis spectra recorded at room temperature of Cuz oHAIBEA, Cu20SIiBEA, C-
Cu20HAIBEA and C-CuzcSiBEA.

Figure 4. EPR spectra (298 K) of Cu2oHAIBEA and Cu20SIBEA as synthesized then after
calcination.

Figure 5. EPR spectra (77 K) of Cu2oHAIBEA and Cu»0SIiBEA as synthesized then after
calcination.

Figure 6. FTIR difference spectra in carbonyl stretching regions of Cu2oHAIBEA (A) after
adsorption of a small dose (ca. 10 pmol g* (a—d) then 45 pmol g (e—f) of CO at 100 K and
(B) evolution of the spectra in dynamic vacuum at 100 K (a—g).

Figure 7. FTIR difference spectra in carbonyl stretching regions of Cu20SIiBEA (A) after
adsorption of a small dose (ca. 10 pmol g* (a—d) then 45 pmol g (e—f) of CO at 100 K and
(B) evolution of the spectra in dynamic vacuum at 100 K (a—g).

Figure 8. TPR patterns of C-Cu2.0SiBEA and C-Cuz2oHAIBEA.

Figure 9. NO conversion in SCR of NO with NHz on Cu2,0SIiBEA and Cu2o0HAIBEA.

Figure 10. N2 selectivity in SCR of NO with NH3 on Cu20SIBEA and Cu2oHAIBEA.
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Table 1. Chemical composition of BEA samples.

Sample Cu concentration (wt. %) | Si/Al ratio
TEABEA - 17
HAIBEA - 20
Cu20HAIBEA | 2.16 20

SIBEA - >1000
Cu20SIBEA 2.18 >1000
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Table 2. Simulated EPR parameters of Cu(ll) present in Cu2.0HAIBEA and Cu.0SiBEA.

Samples Treatment | Measurement T | g A| (Gauss) | g | Relat. Int.
298 K 2.29 - 2.15 | -
As prepared
77K 2.39 135 2.08 | -
Cu20HAIBEA 2.26 - 2.16 | Major
298 K
Calcined 2.37 135 2.08 | minor
77K 2.39 130 2.08 | -
298 K 2.19 (giso) | - - -
As prepared 2.30 - 2.15 | Major
77K
] 241 125 2.08 | minor
Cu20SIBEA i
2.30 - 2.10 | minor
) 298 K i
Calcined 2.38 120 2.08 | Major
77K 2.39 125 2.07 | -

* Estimated errors : g values (last digit + 3), A|| values (£ 2 Gauss),
* AL is unresolved for all experimental spectra, but estimated to 10-15 Gauss for simulation

purposes
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Table 3. Amounts of Brgnsted and Lewis acidic centers in HAIBEA, Cu20HAIBEA,
SiBEA and Cu20SIiBEA

Bragnsted acidic centers | Lewis acidic centers
Sample
(umol g ™) (umol g ')
HAIBEA 333 137
Cu20HAIBEA | 176 342
SiBEA 8 3
Cu20SIiBEA 3 52
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Table 4. Percentage of copper reduction in Cu2.0SiBEA and Cu2oHAIBEA samples calculated
from TPR data

Sample Cu content, Sample mass, Total surface of TPR Cu reduction
Ccu Ms peaks, Ss degree, Rcy
(%) (9) (a.u.) (%)

Cu20SIBEA 218 0.1150 4975 65

Cu20HAIBEA 2.16 0.1134 7074 100
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