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Abstract

The influence of cobalt environment on the catalytic properties of CosSIBEA zeolite in
selective catalytic reduction of NO with ammonia was studied. Catalysts were prepared by a
two-step postsynthesis method which consists, in the first step, of dealumination of parent
BEA zeolite to obtain aluminum-free SIBEA support and then, in the second step, of
contacting the obtained material with an aqueous solution of cobalt nitrate. DR UV-Vis and
XPS results showed that cobalt was successfully incorporated into zeolite beta framework as
isolated mononuclear Co(ll). The presence of only isolated framework mononuclear Co(ll)
was evidenced in CosSIBEA with cobalt content lower than 2 wt % and both isolated
framework mononuclear Co(ll) and extra-framework octahedral Co(ll) for Co3,SIBEA
catalyst. FTIR investigation of pyridine adsorption revealed that the incorporation of cobalt
into zeolite framework led to a creation of new Lewis acidic sites which are responsible for
high activity in SCR of NO with ammonia. The catalytic activity of CoxSIBEA in selective
catalytic reduction of NO with ammonia as reducing agent strongly depends on the nature and
environment of cobalt in BEA structure. The single-site Co,(SIBEA zeolite catalyst was the
most active among tested, with maximum NO conversion about 80 % at 673 K. In contrast,
Co30SIBEA catalyst containing a mixture of framework and extra-framework Co(ll) had
lower activity in SCR of NO process than Co0,,SIBEA at higher temperature due to a

competitive reaction of ammonia oxidation to NO.



1. Introduction

Despite of numerous publications and much scientific research on selective catalytic
reduction of NOy with ammonia [1-7] or hydrocarbons [8-11] as reducing agents, there is
still a lot of questions about the reaction mechanism, as well as the formation of by-products
as a result of competitive reactions of ammonia and hydrocarbons oxidation.

Moreover, improvements in currently used SCR technology are required. Another
important factor from the point of view of industrial application in power plants and
automotive engines is longtime catalyst stability and durability.

To obtain a very efficient catalyst for the removal of nitrogen oxides, excellent
dispersion of active species is needed which will allow to hinder side reactions [12,13]. To
achieve this, new methods of catalyst preparation should be developed because conventional
ones result in the formation of different metal species. In the case of cobalt-containing
zeolites isolated framework cobalt species, cobalt ions in ion-exchange positions, cobalt oxide
clusters and crystallites and Co3O4 were found, depending on the conditions of preparation
procedures [12,14,15].

Recent works on the application of cobalt-containing materials for selective catalytic
reduction of NOy with ammonia [16-19] or methane [20,21] gave promising results and
established cobalt as an attractive active material for the removal of NOy from exhaust gases,
but further investigation of cobalt speciation and optimal loading should be carried out.

In our work we obtained single-site cobalt zeolite catalyst due to the application of two-
step postsynthesis method which consists of the creation of a vacant T-atom sites with
associated silanol groups by dealumination of parent beta zeolite by treatment with nitric acid,
and the following incorporation of cobalt in the framework of resulting SiBEA zeolite by its
reaction with silanol groups [22]. With the combined use of various spectroscopy techniques,

we have proved the formation of isolated framework mononuclear Co(ll).



The subject of this research was to study the influence of the nature and environment of

cobalt present in Co-BEA zeolites on the selective catalytic reduction of NO with NH3.

2. Experimental Section

2.1 Materials

The two type of zeolite BEA samples were prepared. First series of Co,SIBEA
catalysts was prepared by two-step postsynthesis procedure. In the first step, 2 g of parent
TEABEA zeolite was treated with 0.2 L of nitric acid aqueous solution (13 mol L™) at 353 K
for 4 hours in order to remove aluminum from zeolite framework. The obtained Al free
SIBEA solid was washed several times with distilled water and dried overnight at 363 K.

In the second step, 2g of SIBEA zeolite was contacted with 0.2 L of cobalt nitrate
solution with an appropriate concentration and kept for 24 hours under vigorous stirring. After
this time the suspension was transferred into an evaporator and dried for two hours under
vacuum pump. In this way, a set of zeolites was prepared and labeled: Co;(SIBEA,
Co,,0SIBEA and Co30SIiBEA, where the number following the element symbol stands for the
weight percentage of introduced cobalt.

HAIBEA zeolite was prepared by conventional ion exchange of AIBEA with 0.1 mol
L dm™ NH4NO; solution following calcination of TEABEA for 15 h at 823 K as described
earlier [23].

Co,oHAIBEA were obtained by conventional wet impregnation of 2 g of HAIBEA
with appropriate concentration of agueous Co(NOs3), solution [24]. This sample was prepared

as reference for Co,SIiBEA zeolites.

2.2. Apparatus and Procedures



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

XRD analysis was carried out on a PANalitical Empyrean diffractometer using the
CuK,, radiation (A = 154.05 pm). All experiments were performed at room temperature. XRD
relative crystallinity of the samples was calculated using the main diffraction reflex area form
XRD patterns considering the TEABEA zeolite as 100 % crystalline.

Low temperature nitrogen sorption experiments were carried out on a Micromeretics
ASAP 2010 apparatus. All samples were outgassed, first at room temperature, then at 623 K
to a pressure lower than 0.2 Pa. The specific surface areas were determined using BET
method. The microporous pore volume was determined from the amount of N, adsorbed up to
P/Py=0.2

FTIR spectra in transmission mode were registered on PerkinElmer Frontier
spectrometer. The mixture of KBr and zeolite sample (200:1) was carefully ground and
pressed into a wafer under pressure of 2 tons cm 2. The framework vibrational spectra were
recorded between 400 and 4000 cm™" with a resolution of 4 cm ™.

DR UV-vis experiments were carried out at ambient atmosphere on a Cary 5000
Varian spectrometer equipped with a double integrator with polytetrafluoroethylene as
reference.

XPS measurements were carried out with Omicron (ESCA+) spectrometer, using an
Al Ka (hv = 1486.6 ¢V) X-ray source equipped with a flood gun. The sample area used for
analysis was 3 mm?. Zeolite samples were pressed into an indium foil. Binding energy (BE)
of Co, Si and O was calibrated to the Si 2p peak at 103.3 eV. Before analysis, the samples
were degassed at room temperature to a pressure of 10~ Pa. A number of components were
determined with a Voigt function (a 70/30 composition of Gaussian and Lorentzian

functions).



Infrared spectroscopy of CO adsorption/desorption experiments were performed on a
Bruker Vertex 70 spectrometer. Before analysis, self supported samples were pressed at ca. 1
tons 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
10 Pa at room temperature. The spectra were obtained after subtraction of the spectrum
recorded before CO adsorption.

The quantity of Brgnsted and Lewis acidic sites was determined by adsorption of
pyridine followed by infrared spectroscopy, using the parameters calculated by Emeis [25].
The samples were prepared in the same way as for the CO sorption experiments. The wafers
activation procedure was performed as described before [22]. Bruker Vector 22 spectrometer
(resolution 2 cm™', 128 scans) was used to record the spectra after desorption from 423 and
573 K for 1 h. The final spectra were obtained after subtraction of the spectrum recorded
before pyridine adsorption from the spectrum recorded after pyridine adsorption.

The activity tests of cobalt containing catalysts in selective catalytic reduction (SCR)
of NO with ammonia were performed in a fixed bed reactor. Temperature was measured
inside the reactor with a thermocouple and controlled with an electronic controller (LUMEL
RE19). The composition of the reaction gas was: 1000 ppm NO, 1000 ppm NH3, 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 N,O after reaction were analyzed by FTIR detectors (ABB
2020 AO series). Prior to the reaction the catalyst bed was activated in 3.5%0,/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 nitric oxide.
Catalytic tests of ammonia oxidation were carried out in exactly the same way but

without the presence of NO in the substrates stream.

3. Results and Discussion

3.1. Structural stability of Co,SiBEA zeolites as evidenced by XRD and low temperature N,
sorption

Table 1 exhibits the chemical composition of all samples mentioned in this work. The
Si/Al ratio of the parent zeolites TEABEA was 17 and for dealuminated samples was higher
than 1000. The final contribution of Co was very close to theoretical one, calculated before
sample preparation.

The X-ray diffractograms of TEABEA, HAIBEA, Co,oHAIBEA, SIiBEA,
Co,,0SIBEA and Co3SIiBEA catalysts are shown in Figure 1. All of them correspond to the
pattern of zeolite beta structure [26,27]. As we reported before [23,28] shifts of narrow
diffraction reflection located around 22.5 ° are generally taken as evidence of lattice
contraction or expansion. In the Table 2 structural characteristic of BEA samples are
collected. The position of the main diffraction peak increase from 22.326 ° for TEABEA to
22.493 ° for HAIBEA, and to 22.662 ° for SiBEA indicating some relaxation of beta matrix
related to removal of aluminum species form the framework. Introduction of cobalt into
SiBEA zeolite led to the opposite shift of the main diffraction reflection from 22.662 ° for
SIiBEA to 22.536 ° for Co,,SiBEA and to 22.530° for Cos,SiBEA suggesting incorporation
of cobalt into the framework of zeolite.

Diffractograms of the Co,SIBEA recorded after SCR of NO with ammonia were

almost identical of those before this reaction (result not shown), indicating that upon SCR



process the structure of the studied catalysts was not affected. No oxide phases were detected
for spent-C-Co,(SIBEA and spent-C-Co3,SIBEA, confirming that sintering of cobalt species
did not take place during the reaction.

As shown in Table 3, the textural properties of studied samples are typical for zeolite
beta [29,30] and did not significant change neither over calcination for 15 hours at 823 K nor
after treatment with nitric acid. Also formation of additional mesoporosity was not observed.
Furthermore, the introduction of cobalt into SIBEA did not involve change of pore volume
and specific surface area of zeolite.

An additional evidence of cobalt incorporation into the zeolite framework is strong
modification of IR band at 950 cm™" assigned to the stretching vibration of Si-O belonging to
the uncoupled SiO, tetrahedra with a hydroxyl group, in line with earlier work on BEA zeolite
[31-33].

As it is seen on Figure 2, FTIR spectra of parent TEABEA zeolite do not exhibit peak
at around 950 cm™ indicating absence of structural damages. Calcination of the parent zeolite
led to the appearance of low intense bond at 950 cm™ on HAIBEA spectrum and the treatment
with nitric acid involve a considerable increase in the intensity of this band suggesting the
formation of vacant T-atom sites, in agreement with earlier reports [31-33].

After the contacting of SIBEA with cobalt precursor (aqueous solution of Co(NOs3),)
the significant decreasing of the intensity of FTIR band at 950 cm™ was observed and new
band at 955 cm™ was appeared indicating reaction of Co precursor with silanol groups of

vacant T-atom sites and incorporation of cobalt into zeolite framework.

3.2. Nature of cobalt in Co,SIBEA zeolites as determined by DR UV-Vis and XPS
The DR UV-vis spectrum of the calcined Co,cSIBEA (C-Co,,SIBEA) zeolites (Fig.

3) exhibits two characteristic bands at 600 and 670 nm, ascribed to isolated framework



mononuclear Co(ll), in agreement with the earlier reposts [34,35]. The DR UV-Vis spectrum
of C-Co3(SIBEA catalyst containing 3.0 wt % of cobalt, besides the bands at 600 and 670 nm,
contains an additional one at 510 nm, related to Co(ll) species of octahedral coordination, in
agreement with the earlier work on CoAPO-5 [36] and CoMOR [37] materials. Thus, for C-
Co30SIBEA catalyst, apart from the isolated framework mononuclear Co(ll), extra-framework
octahedral Co(ll) may also be present, influencing its properties in the catalytic reaction.

DR UV-Vis spectrum of C-Co,oHAIBEA displays additional bond at 765 nm in
comparison to C-Co3(SiBEA sample. This signal may be ascribed to oxygen-to-metal charge
transfers for Co(lll), in line with earlier studies for cobalt containing materials [38—40]. So,
the presence of two types of Co(ll) species in C-Co,oHAIBEA, first one as isolated mono-
nuclear Co(ll) and second one as polynuclear Co(ll) in octahedral environment as well as
Co(ll1) species is confirmed.

The XPS experiments were carried out in the BE ranges corresponding to O 1s, Si 2p,
and Co 2p to elucidate the types of surface cobalt species present in CoxSiBEA catalysts.

The XPS chemical composition of studied samples is summarized in Table 4. The
Si/Al ration of C-Co,oHAIBEA is very similar to the one calculated from XRF experiments.
The lower Co/Si ratio for all Co-containing samples may be due to very high dispersion of
cobalt species in whole zeolite grains.

The XP spectrum of C-Co;(SIBEA zeolite was described recently in our work [22]
and it reveals signals of Co 2ps, and Co 2p;, at 780.5 and 796.0 eV respectively,
corresponding to cobalt present in the framework of BEA zeolite as isolated mononuclear
Co(ll), in line with the earlier reports on cobalt-containing zeolites [41,42]. The satellite peaks
at 785.5 and 800.9 eV are the evidence of shake-up electrons typical for cobalt(ll).

In comparison, XPS spectrum of C-Co3SIBEA (Fig. 4) contains pair of peaks in both

Co 2ps, and Co 2py, ranges, suggesting the presence of two types of cobalt surface species.



Besides the peaks at 780.4 and 796.1 eV related to isolated framework mononuclear Co(ll),
additional ones at 781.7 and 797.7 eV appeared, which might be linked to octahedral Co(ll)
in extra-framework positions in agreement with the study on cobalt modified LTL zeolite
[15].

XPS spectrum of C-Co, oHAIBEA zeolite reveals three values of BE of Co 2ps, and of
Co 2py, at 779.8, 781.3,784.2 eV and 795.9, 797.5, 800.3 eV, respectively. The values of Co
2p32 at 781.3 eV and of Co2py, at 797.5 eV may be assigned to very well dispersed extra-
framework mononuclear Co(ll), in line with earlier observations on Co-ZSM5 and Co-beta
zeolites [35,43]

However, the second values of BE of Co 2ps;; and Co 2p/, peaks at 784.2 and 800.3
eV, respectively, may be ascribed to polynuclear Co(ll) [13,41]. Furthermore, the presence of
additional peaks at 779.8 and 795.9 eV suggests the presence of Co(lll). It indicates that some
amount of Co(ll) introduced into HAIBEA was oxidized to Co(lll) over thermal treatment at

773 K in air.

3.4. The nature and strength of acidic centers as determined by FTIR of adsorbed pyridine

and CO

Figure 5 displays the FTIR spectra of HAIBEA, Co,,HAIBEA, SiBEA, Co,,SIBEA
and Co30SIBEA after adsorption of pyridine at room temperature and the following

desorption at 423 K for 1 hour.

The acidic properties of HAIBEA and Co,oHAIBEA were precisely describe in our
earlier work [24]. HAIBEA contains large amount of strong Bronsted and Lewis acidic sites
related to presence of Si—O(H)-Al groups and unsaturated AI(IIl) centers, respectively.

Introduction of Co ions into HAIBEA leads to formation in Co, o HAIBEA additional amount

10



of Lewis acidic centers related to Co(ll) and/or Co(lll) species confirmed by appearance of

intense bands at 1449 and 1611 cm .

For SIBEA a very low amount of Brgnsted and Lewis acidic centers was proven
(Table 5) by the appearance of low bands at 1546 and 1638 cm™ typical for pyridine cations,

and at 1455 cm™, attributed to coordinatively bonded pyridine [28].

The introduction of cobalt into SIBEA led to the formation of high amount of Lewis
acidic centers with a moderate strength, confirmed by the presence of high intense band at
1450 cm™, in line with a similar observation for NiSiBEA zeolite [44]. However, for
Co0,,0SIBEA, the amount of acidic centers is higher than for Coz,SIBEA which may suggest
that only Co incorporated into zeolite framework as isolated framework mononuclear Co(ll)
resulted in the creation of Lewis acidic centers, whereas the introduction of higher amount of
cobalt led to the formation of extra-framework Co oligomers without further creation of
Lewis acidic centers (Table 5). A lower amount of Lewis acidic centers determined by
pyridine adsorption for CosSIBEA than for Co,,SIBEA may also be the result of blocking
the access to the cobalt framework centers by Co oligomers located in the extra-framework
positions of BEA zeolite. Table 5 additionally shows changes in the concentration of acidic
centers after recording the spectra at the different temperatures. For Co,,SIBEA and
Co30SIBEA zeolites, after increasing temperature from 423 to 573 K, a decrease in Lewis
acidic centers concentration is about 38% and 42%, respectively, suggesting a moderate

acidic strength of isolate framework mononuclear Co(ll).

In order to characterize the nature of cobalt species and the strength of acidic centers

in CoSIiBEA, CO adsorption following FTIR experiments was carried out.

FTIR spectra of carbon monoxide adsorbed on activated Co, (SIBEA zeolite (Fig. 6A)
exhibit five different bands in the carbonyl region at 2133, 2160, 2174, 2185 and 2215 cm™.

The bands at 2160 and 2174 cm™ are assigned to CO interacting with SiO-H group and

11



bridged Si-O(H)-Al, respectively, in line with earlier reports [23,45]. The latter appeared due
to a small amount of framework aluminum remaining in SiBEA after treatment of TEABEA
with nitric acid in the first step of the preparation procedure. According to the investigation of
Hadjiivanov et al. on Co-ZMS-5 [46,47], and cobalt containing BEA zeolite [48] as studied
by Mihaylova et al., the bands at 2185 and 2215 cm™ are assigned to two types of
monocarbonyl species formed after CO adsorption on the framework Co(ll) species.
Comparing the intensities of the two mentioned bands, the former cobalt species had much
higher concentration. The remaining band at 2133 cm™ is correlated with physically adsorbed

CO molecules [7].

To describe the strength of hydroxyl groups present in Co,0SIBEA, the analysis of

FTIR spectra in OH groups vibration range after CO sorption were performed.

The difference spectra (Fig. 6B) reveal four positive bands at 3653, 3435, 3345 and
3261 cm™, as well as one negative band at 3738 cm™. The FTIR band at 3738 cm™ is
attributed to internal silanol groups in line with earlier works [49]. The positive bands at
3653, 3435 and 3345 cm™ appeared as the shift of bands related to internal SiO-H, AlO-H and
acidic hydroxyl groups present in BEA zeolite, respectively, in agreement with earlier report

[23].

A small shift from 3738 cm™ to 3653 cm™ (blue shift, 85 cm™) for the isolated silanol
groups indicates that they posses very weak acidic character. The band at 3435 and 3345 cm™
resulted from a shift of bands primarily located at 3660 and 3608 cm™, respectively. The
considerable shifts of AIO-H (225 cm™) and Si-O(H)-Al (263 cm™) indicate a very strong
acidic character of both Lewis and Brgnsted centers. However, because of low intensity of
these bands, a very low concentration of acidic centers related to aluminum sites is confirmed

in Co,0SIBEA catalyst.

12



Fig. 7A shows the changes in the carbonyl region after gradual evacuation. The first
bands present at 2140 and 2133 cm™, which disappeared upon outgassing, correspond to very
weakly coordinated CO. Then 2160 cm™ band was removed, indicating weak interactions
between silanol groups and carbon monoxide. Further evacuation led to a partial
disappearance of the bands at 2174, 2215 and 2185 cm™. These results show that the most
stable interactions occurred between CO and acidic hydroxyls, as well as cobalt(ll),

confirming strong acidic character of both species.

Similar conclusion may be drawn after the analysis of hydroxyl region of the spectra
recorded on gradually evacuated Co,0SIBEA sample (Fig. 7B). The first band which
disappeared is that at 3660 cm™, confirming very low acidic strength of SiO-H groups. The
bands at 3379 and 3257 cm™ related to aluminum species forming strong Lewis and strong

Brensted acidic centers, remained the longest during outgassing of Co, (SiBEA sample.

3.5. Catalytic activity of Co,SIBEA zeolites
The Co1,0SIBEA, Co0,,0SIBEA, Co30SIBEA and Co,oHAIBEA zeolites were tested in
selective catalytic reduction of NO with ammonia. SCR reaction on cobalt containing catalyst
goes according to following scheme:
4NHs +4NO + O, = 4N, + 6H,0 (1)
However, often secondary reaction
4NH3 + 4NO +30, = 4N,0 + 6H,0 @)

or competitive ammonia oxidation reactions

2NH3 + 20, = N,O + 3H,0 (3)
ANH; + 50, = 4NO + 6H,0 @)
ANH; + 30, = 2Nj + 6H,0 ©)

13



occur due to non-selectivity of the applied Co-catalysts, resulting in the formation of different
kinds of Co(ll) and Co(lll) species, thus leading to low efficiency, especially at high
temperature range [12,16,19].

NO conversion for Co,SIBEA is presented in Figure 8. SIBEA support showed very
low activity in the whole temperature range. Maximum NO conversion was achieved at 623
and 673 K and did not exceed 15 %. The application of catalysts containing cobalt species
resulted in the increase in NO conversion. Depending on the cobalt content, different activity
was achieved at a given temperature. Co; ocSIBEA and Co,,SIBEA catalysts present a typical
volcano-like activity in selective catalytic reduction of NO with ammonia. The highest
activity for these catalysts was achieved at 623 — 723 K with the maximum NO conversion of
79% at 673 K for Co,(SIBEA catalyst. Such high activity is related to the presence of isolated
framework mononuclear Co(ll) whose presence was confirmed by XPS, DR UV-Vis and
FTIR results.

In contrast, Co3cSIBEA catalyst behaved differently. For this catalyst, NO conversion
quickly decreased with the increasing temperature from 50 % at 573 K to 4 % at 773 K. This
behavior may be related to catalyst deactivation or competitive ammonia oxidation reactions.
The similar behavior with the increasing of Co content was observed earlier for Co-ZSM-5
zeolites and cobalt containing mesoporous silica [12].

For Co,oHAIBEA catalyst, NO conversion increased with temperature and reached
maximum of 65% at 773 K. Much lower activity in the 573 — 723 K temperature region for
this sample compare to Co,SIBEA indicates that extra-framework cobalt species present in
Co,0HAIBEA are less active sites in SCR of NO with ammonia than isolated framework
mononuclear cobalt(ll) present in Co,0SIBEA.

As shown in Figure 9 for all studied catalysts the formation of N,O was observed,

however at very low level in whole temperature range. The highest nitrous oxide

14



concentration — 42 ppm — was detected for Coz(SIBEA catalyst at 773 K. This by-product
may come from both NH3 oxidation (reaction (4)) and SCR process itself.

In order to check the occurrence of side ammonia oxidation reaction, the catalytic tests
were carried out without NO and the results are presented in Figure 10. All catalysts showed
poor ability for oxidation of NH; into N,O while for some of them significant amount of NO
was detected. The increase in NO formation was observed with the increasing cobalt content.
Very high amounts of NO were formed (> 225 ppm at 773 K) when Co3,SiBEA catalyst was
applied. With the increase in reaction temperature, the increase of NO concentration in the
products was registered. These observations confirm that extra-framework cobalt(ll) species
present in CozoSIBEA zeolite are more active in the oxidation of ammonia to nitrogen(ll)
oxide than in the reduction of NO to N, and H,O in selective catalytic redaction of NO with
ammonia. Thus, the sharp decrease of NO conversion in selective catalytic reduction of NO at
high temperature was due to the formation of NO as a result of ammonia oxidation and not
catalyst deactivation. Similar conclusion was drawn by Chmielarz et al. in their work on
cobalt containing hydrotalcite [19]. On the other hand, the catalyst containing predominantly
isolated framework mononuclear cobalt(ll) species showed high conversion of NO into N,
with the absence of undesired products.

From the results presented in this work it may be concluded that the application in
SCR of NO with ammonia of CoSIBEA zeolite catalysts with predominantly isolated
mononuclear Co(ll) incorporated into zeolite framework led to several advantages, such as:
(i) a very high efficiency of these catalysts at a wide temperature range (573 — 773), (ii) a
higher activity of CoSiBEA catalysts with low Co content than other Co-containing catalyst
with much higher Co content [12,16,19], and (iii) the absence of hazardous side-product

(N,0).
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Conclusions

XPS, DR UV-Vis and FTIR studies revealed that in Co,SIiBEA catalysts with 2 or less
Co wt %, prepared by the two-step postsynthesis method, cobalt occurs as isolated
mononuclear Co(ll) incorporated into zeolite framework. On the other hand, Co3(SIBEA
catalyst contains a mixture of framework and extra-framework Co(ll) species.

Pyridine sorption followed by FTIR experiments allowed to establish that the
incorporation of cobalt into zeolite framework resulted in the formation of new Lewis acidic
sites with moderate strength.

The application of Co,SIBEA zeolites with predominantly isolated mononuclear
Co(ll) as catalyst of selective catalytic reduction of NO with ammonia led to high NO
conversion at the wide temperature range, with the maximum of 79% at 673 K for
Co,0SIBEA.

Co30SIBEA containing the mixture of framework and extra-framework cobalt species
was inactive in NH3-SCR process at high temperature range because of the preferential
ammonia oxidation to NO.

For all catalysts negligible formation of N,O was found.
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Table 1. Chemical composition of BEA samples.

Concentration (wt %) Ratio
Sample

Co Si Al Si/Al Co/Si

TEABEA - 44.2 2.649 17 -

HAIBEA - 44.25 2.245 20 -
Co,oHAIBEA 2.21 42.9 2.143 20 0.052

SIBEA - 42.49 0.028 >1000 -
Co1,0,SIBEA 1.12 45.54 0.037 >1000 0.024
Co,,0SIBEA 2.16 44.8 0.037 >1000 0.048
Co30SIBEA 3.63 42.91 0.024 >1000 0.085
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Table 2. Structural properties of BEA samples.

Sample 20 (7) dsos (A) ﬁ?e'ﬁsrif;,ag% )e
TEABEA 22.326 3.9788 100
HAIBEA 22.493 3.9497 88

Coz0HAIBEA 22.447 3.9576 86
SIBEA 22.662 3.9206 70
C02,0SiBEA 22.536 3.9421 58
spent-Co,,0SIBEA 22.460 3.9553 64
C030SIBEA 22.530 3.9432 59
spent-Coz oSiBEA 22.531 3.9437 58

23




Table 3. Textural properties of HAIBEA, Co,oHAIBEA, SiBEA and Co, (SiBEA.

Specific surface Micropores Total pore Average pores
Samples area volume volume diameter
Seer, (M*g") | Ve (MLG™) | Vi, (ML) D, (nm)
HAIBEA 641 0.26 0.38 2.67
Co,oHAIBEA o577 0.23 0.39 2.89
SiBEA 612 0.25 0.37 2.64
Co010SIBEA 613 0.25 0.38 2.76

24




Table 4. XPS chemical analysis of C-Co;0SIBEA, C-Co3,SIBEA and C-Co,oHAIBEA .

Composition (at. %) Ratio
Sample
Si2p O1s C1ls Al 2p Co2p Co/Si Si/Al
C-Co,0SIBEA 29.7 55.13 | 14.99 -* 0.18 0.006 -
C-Co3,SIBEA 29.26 | 55.89 | 14.43 - 0.42 0.014 -
C-Co,oHAIBEA 28.81 | 55.48 | 13.88 1.51 0.32 0.011 19.08

* - aluminum was not detected
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Table 5. The amounts of Bransted and Lewis acidic centers in SiBEA, Co, (SiBEA and

CO3,oSiBEA.
- Sample
TP | o
HAIBEA | Co,gHAIBEA | SiBEA | Co,,SIBEA | Co30SIiBEA
Bragnsted acidic 423 334 130 15 15 8
centers
(umol g %) 573 239 58 8 0 0
Lewis acidic 423 136 352 2 177 159
centers
(umol g_l) 573 137 268 1 111 91
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Figure Captions

Figure 1. XRD patterns recorded at room temperature of TEABEA, HAIBEA, Co,,HAIBEA,
SIBEA, Co0,,SIBEA and Co3SIiBEA.

Figure 2. FTIR spectra recorded at ambient atmosphere of TEABEA, HAIBEA, SiBEA, and
C-Co0,,0SIBEA in skeleton vibrations range.

Figure 3. DR UV-vis spectra recorded at ambient atmosphere of C-Co,,SIBEA and C-
Co3,SIBEA

Figure 4. XPS spectra recorded at room temperature of Co 2p core level of C-Co; (SIBEA, C-
Co30SIBEA and C-Co,  HAIBEA.

Figure 5. FTIR spectra recorded at room temperature of SIBEA, Co,,,SIBEA and Co3cSIBEA
after adsorption of pyridine (133 Pa) for 1 h at room temperature and desorption at 423 K for
1h.

Figure 6. FTIR difference spectra in carbonyl (A) and hydroxyl (B) stretching regions of
Co0,0SiBEA after adsorption of a small dose (ca. 10 pmol g™ (a—d) then 45 umol g™ (e—f) of
CO at 100 K.

Figure 7. FTIR spectra of CO (267 Pa equilibrium pressure) adsorbed at 100 K on C-
Co,,,SIBEA and evolution of the spectra in dynamic vacuum at 100 K (a—g); carbonyl (A) and
hydroxyl (B) stretching regions.

Figure 8. NO conversion in SCR of NO with NH3 on HAIBEA, Co,cHAIBEA, SIiBEA,
C010SIBEA, C0,,SIBEA and Co3(SIBEA.

Figure 9. N,O formation in SCR of NO with NH3 on SiBEA, Co;,SIiBEA, Co0,,SIBEA
Co30SIBEA and Co, oHAIBEA.

Figure 10 NO and N,O formation in NH3 oxidation on Co,(SiBEA and Co3(SiBEA.
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