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An Al-rich Co-BEA* zeolite (Si/Al 4.2, Co/Al 0.5) was prepared by organotemplate-free hydrothermal
synthesis and [Co(II)(H,0)s]** ion exchange. The structure of the Co species and their activity in
C3Hg-SCR-NO, were compared to that of Si-rich Co-BEA* (Si/Al 11.3). The high population of AlSiAl
sequences in Al-rich BEA* with AlO; facing different channels, contrary to their absence in Si-rich
BEA*, results in dehydrated Co-BEA* in easily reducible counter-ion [Co(II[)O]* species attached to one
AlOz. The high concentration and density of these Co-oxo species in Al-rich Co-BEA* facilitates extra-
ordinarily high SCR-NO, rate even under water vapor up to 10 vol.%, twelve-times outperforming
Si-rich Co-BEA*. The five-to-six times increased TOF and easier reducibility suggest a synergetic redox
effect of water-resistant Co-oxo species. The Al-rich Co-BEA* provides the highest reaction rate at
conditions of wet NO, streams, exceeding that previously reported for metal ion/oxo zeolite catalysts,
with a high selectivity to molecular nitrogen and efficient utilization of propane.
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1. Introduction

Development of a functional catalyst for selective catalytic
reduction of nitrogen oxides by hydrocarbons, particularly pro-
pane, methane or long-chain paraffins (SCR-NO,) under real NO,
streams containing low concentrations of NO/NO, (~1000 ppm)
in the presence of high concentration of water vapor (1-10%)
remains a great challenge for heterogeneous catalysis [1-5]. Cobalt
counter-ion species in conventional (Si-rich, Si/Al > 12) zeolites of
BEA* and MFI topology have so far exhibited the highest SCR-NO,
activity and selectivity in reduction of NO, to nitrogen by propane
in a broad temperature range among all the types of investigated
catalysts [2,6-8|. Besides stabilization of various types of
counter-ion Co species, the advantage of these crystalline matrices
lies in their three-dimensional channel structures with 10-member
ring (10MR) openings for MFI and particularly with 12MR openings
for BEA* topology offering fast intra-crystalline diffusion of reac-
tants and products through zeolite pores [7].
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The concentration, structure and location of incorporated Co
species represent key parameters governing the SCR activity and
selectivity for nitrogen [9-18], which are inevitably controlled by
the overall and local negative charge of the zeolite framework
[19,20]. For the Si-rich Co-beta and Co-ZSM-5 zeolites, it has been
shown that the single exchanged Co(Il) ions coordinated exclu-
sively with the oxygen atoms of the framework rings containing
Al pairs (AISiSiAl sequences) and forming cationic sites are active
in propane-SCR-NOy [21,22] only in the absence of water vapor
or at temperatures when water adsorption does not take place
on these electron-acceptor Co sites. Much higher activity, which
is moreover preserved in wet gas streams, was found for
counter-ion Co-oxo species adjacent to isolated framework Al
atoms and populated predominantly at higher Co loadings in
ZSM-5 and beta zeolites [21,22].

To reach high concentration of incorporated counter-ion Co
species, moreover, of appropriate structure and redox properties
relevant for the SCR-NO, reaction, a high concentration of Al atoms
in the framework and their optimal mutual arrangement are nec-
essary [22]. The concentration of the active Co-oxo species could
be increased at the expense of less active bare Co(Il) species by
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optimizing the distribution of Al atoms in the framework of the
parent zeolites [21].

The recently discovered new procedure for the hydrothermal
synthesis of the Al-rich beta zeolite with a high concentration of
Al in the framework has opened the way for preparation of Co
zeolite-based catalysts with a high concentration of Co species.
Borade and Clearfield [23,24] developed a new synthesis route
for high substitution of Al in the tetrahedrally coordinated SiO,4
framework of the beta zeolite (Si/Al 4.5) from a dense system con-
taining a minimum of template. Later studies [25-37] led to the
synthesis of Al-rich beta zeolites of Si/Al > 4 employing seeding
of Si-rich BEA* crystals and in the complete absence of an organic
structure-directing agent like tetraethyl ammonium hydroxide
(TEAOH). The first results showing the prospect for Al-rich beta
zeolites as a base for redox catalysts have been reported for Fe
[37,38], Cu [39], and Pt [40] catalysts. Al-rich Fe-BEA* reached
the highest activity among Fe-zeolite catalysts in NH3-SCR-NO,,
and substantially enhanced the reaction rate in N,O decomposition
[37] and capture of NO at low concentrations [41].

In this study we show the superior activity of the Al-rich
Co-beta zeolite in propane-SCR-NO,, even in the presence of water
vapor, remarkably outperforming that of the so-far most active
Si-rich Co-BEA* and Co-MFI catalysts. Detail analysis of the
arrangement of Al atoms in the framework of Al-rich beta zeolites
described in an preceded paper [42| enabled investigation of the
structure, location and activity of Co species in propane-SCR-NO,
with regard to the arrangement of framework Al atoms and to
compare it to those of Si-rich Co-BEA*.

2. Experimental
2.1. Preparation of Co-zeolites

Al-rich BEA* was hydrothermally synthesized using a template-
free procedure with seeding of calcined beta crystals (TBZ 212, Tri-
cat) and an aluminosilicate mixture with a molar ratio of Al,0s/
SiO,/NaOH/H,0 1.00:31.7:20.7:1110.5 originating from NaAlO,
(Sigma Aldrich, 13404, Lot # SZBA2440), fumed silica (Aerosil)
and NaOH. The synthesis gel was prepared by mixing 8.0 g of
fumed silica, 3.475 g of NaOH, 0.775 g of NaAlO,, 82.00g H,0
and 0.400 g of zeolite seeds. Hydrothermal synthesis was per-
formed in 200 ml autoclaves without agitation at a temperature
of 120 °C under autogeneous pressure for 120 h. The obtained zeo-
lite with a molar Si/Al ratio 4.2 was denoted as BEA/4.2. The beta
zeolite with Si/Al 11.3 (CP814B-25, Lot. No. 814B-25-1597-77,
denoted as BEA/11), was kindly supplied by Zeolyst International
as a material widely used for preparation of zeolite catalysts. The
template was removed by careful zeolite heating in an ammonia
stream followed by calcination up to 550 °C according to the pro-
cedure described in Ref. [37]. ZSM-5 with Si/Al (15.3) provided
by the Research Institute of Petroleum and Hydrocarbon Gases
(Slovnaft, Slovakia) was denoted as ZSM-5/15 (see the Supplemen-
tary Materials). The composition of BEA* zeolites is given in Table 1.
Detailed structural analysis of the BEA/11 and ZSM-5/15 parent
zeolites has been reported elsewhere [37,43].

All the zeolites were ion-exchanged three times with 0.5 M
NH4NO;3 to obtain the NHj-form. Co-BEA/4.2, Co-BEA/11 and
Co-ZSM-5/15 were prepared by threefold ion-exchange at RT
(24 h) of the respective zeolites in their NH; forms with 0.05 M
aqueous Co(NOs), solution (100 ml g~!) followed by washing with
demineralized water and drying in the open air. The chemical
composition of Co-BEA* zeolites is given in Table 2.

2.2. Structural analysis

X-ray diffractograms were recorded using a Bruker D8 instru-
ment (Bruker AXS), the N, sorption at 77 K and scanning electron
micrographs were obtained by an ASAP2020 Micromeritics appara-
tus and Jeol JSM-03 microscope, respectively. A Bruker Avance
500 MHz (11.7 T) Wide Bore spectrometer was used to measure
the 27Al and 2°Si MAS NMR spectra of the fully hydrated parent
zeolites. ZrO, rotors with a rotation speed of 12 kHz and high-
power decoupling pulse sequences with a t/12m (0.7 ps) excitation
pulse and 1 s relaxation delay were used. Chemical shifts were ref-
erenced to an aqueous solution of AI(NO5)s. 2°Si MAS NMR single
pulse spectra were measured at a rotation speed of 5 kHz with a
/6 (1.7 pus) excitation pulse and relaxation delay of 30s. The
framework Si/Algr ratio was estimated according to the equation

Si/Algg =1/(0.251; +0.51) (1)

where I; denotes the intensity of the NMR lines corresponding to
the Si(3Si,1Al) atoms, I, to Si(2Si,2Al) atoms and I denotes the total
29 intensity; for details see Ref. [44].

The FTIR spectra of H- and Co-BEA* zeolites were measured,
after evacuation at 450 °C for 3 h, in the region of the OH mode
and after adsorption of ds-acetonitrile (13 mbar) at RT followed
by evacuation at RT for 20 min (for H-BEA*) and after evacuation
at 200 °C for 30 min (for Co-BEA*). The latter procedure suppressed
adsorption of CD;CN on Brensted sites (2293 cm™!) and enabled
quantitative analysis of the intensity of the C==N vibrations con-
nected with bare Co(ll) ions (2308 cm™!) by using extinction coef-
ficient &=7.12 cm pumol~! [22]. A Nicolet 6700 FTIR spectrometer
operating at a resolution of 1 cm~! and collecting 256 scans for a
single spectrum was employed. Temperature-programmed reduc-
tion of Co-zeolites by hydrogen (H,-TPR) was monitored by an
Altamira AMI-200 instrument on samples pre-treated in a stream
of air at 450 °C for 1 h and then cooled to 35 °C. Reduction of sam-
ples by hydrogen was carried out at a heating rate of 10 °C min~'
from 35 to 1000 °C using an H,/Ar stream (9.44 vol.% H,) with a
flow rate of 30 ml min~'. The UV-Vis-NIR reflectance spectra of
Co-zeolites evacuated at 500 °C were recorded on a Perkin-Elmer
Lambda 950 UV-Vis-NIR spectrometer equipped with an
integrating sphere covered by Spectralon®, which also served
as a reference. The reflectance was calculated using the
Schuster-Kubelka-Munk function F(R..)=(1 — R.)?/2R.., where
R, is the diffuse reflectance from a semi-infinite layer. F(R,)) is
proportional to the absorption coefficient for F(R..) < 0.5.

The concentration of bare Co(Il) ions in dehydrated Co-BEA* was
estimated from the intensity of the characteristic IR band at
2308 cm ™! of adsorbed ds-acetonitrile on Co(Il)-g ions (the only
one of Co(Il) ions accessible to CDsCN molecules in both the

Table 1

Characteristics of parent zeolites.
Sample Si/Al° Si/Algg” ca® (molg™) cs¢ (molg™1) ¢ (molg™) Crystal size (pum) S(m?g™)
BEA/4.2 4.2 4.7 3.0 1.80 0.22 ~0.4 510
BEA/11 113 115 14 0.63 0.32 ~0.05 617

2 From chemical analysis of Na-BEA*.
b From 2°Si MAS NMR spectra of Na-BEA*.

€ Concentration of Brgnsted and Al-Lewis sites from FTIR spectra of adsorbed ds-acetonitrile.
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Table 2
Composition and concentration of bare Co(II) ions, Co-oxo species and Al-Lewis acid sites in Co-BEA™.
Sample Co/Al” Ceo” Ccolin” Ceon)” a” CCo-oxo” Hy/Co CCo-oxo"
wt.% mmol g~! mmol g~! mmol g~
Co-BEA/4.2 0.54 8.7 1.47 0.55 0.62 0.04 0.85 1.37 0.91
Co-BEA/11 0.53 4.1 0.69 0.20 0.30 0.03 0.39 0.57 0.38
2 From chemical analysis of Co-BEA*.
b Concentration of Co(Il)-g ions and Al-Lewis sites from FTIR spectra of adsorbed ds-acetonitrile.
¢ Total concentration of bare Co(Il) ions estimated from the relative concentrations of Co(Il)-o, Co(Il)-g and Co(II)-y ions from Vis spectra.
4 Concentration of Co-oxo species calculated as a difference between cc, and Cco(ll)-
e

Concentration of Co-oxo species calculated from H,-TPR.

Al-rich and Si-rich Co-BEA*) and relative intensities of the Vis
absorptions of Co(Il) ions of the «-, -, y- and e-types as elaborated
in detail in Ref. [42]. The concentration of Co-oxo species was
calculated as a difference of total Co content and sum of concentra-
tions of Co(II)-o, Co(II)-p and Co(II)-y ions coordinated with rings of
cationic sites containing AlSiSiAl sequences. The concentration of
Co(II)-¢ ions was low, <5% of total Co.

2.3. Selective catalytic reduction of NOy by propane

The reaction of C3Hg-SCR-NO, was performed using a quartz
tubular down-flow reactor with 100 mg of a catalyst in the form
of 0.3-0.5 mm grains. A typical reactant mixture consisting of
1000 ppm NO, 1000 C3Hg, 2.5% O, and 1-10% H,0 in He as a bal-
ance was kept at a total flow rate of 300 ml min~' corresponding
to GHSV 90000 h~!. The concentrations of NO, (NO, NO,) and
N0 in the inlet and outlet of the reactor were continuously mon-
itored by an NO/NO, chemiluminescence analyzer (APl MLU
200AH) and IR analyser (ABB Advance Optima Uras 14), respec-
tively. An on-line-connected Hewlett Packard 6090 gas chro-
matograph was used for analysis of the concentrations of C;-Cy4
hydrocarbons, O,, N5, N,O, CO, and CO,. Two gaseous samples were
simultaneously injected through 10-port valves into two branches
of the gas chromatograph equipped with a thermal conductivity
detector (TCD) for analysis of O,, N, N,O, CO, and CO,, and a flame
ionization detector (FID) for analysis of C;-C4 hydrocarbons (for
more details see Ref. [45]). The concentrations of the reactants
and products were read stepwise under steady-state reaction con-
ditions at temperatures from 450 to 250 °C. NO, conversion is
defined as the reduction of NO and NO, to N, and N,O. The cat-
alytic tests were repeated twice, and the reproducibility in NO,
conversion was +2%. Conversion of C3Hg was calculated from the
results of GC-FID analysis. CO, and CO were the major products
and small quantities of methane, ethane, ethene, traces of butanes,
butenes were found in the reactor outlet. As the yields of these
products were well below 1%, they are not reported in the results.
The influence of external mass and heat transfer on the SCR reac-
tion was excluded by experiments with variations in the catalyst
weights and flow rates at constant GHSV, where conversions of
NO, and C3Hg did not change within +2%. The crystal sizes of parent
zeolites<1 um guaranteed the absence of intra-crystalline
diffusion constraints, as shown in preceding studies [46,47]. The
rates of the NO, reaction (rscg) per gram of catalyst (mol g ! s™1)
were calculated using the assumption of pseudo-first-order
kinetics with equation written as r=F/W x (—In(1 — x)), where F
is the flow rate of the feed (mol of NO per s) and W is the weight
of the catalyst (g). Only the CsHg conversion values <30% were
considered. Changes in the oxygen and water concentrations
resulting from the reaction do not affect the reaction rate, as they
are present in high excess. The turn-over-frequencies (TOF) were
expressed in terms per total Co (molyo molcd s~1) and per Co-oxo
(molyo molcdoxo S™1). The apparent activation energies and
pre-exponential factors were estimated from the Arrhenius plots.

3. Results and discussion
3.1. Structure of BEA” zeolites

The organotemplate-free synthesis using crystal seeding pro-
vided Al-rich BEA* zeolite with a Si/Al molar ratio of 4.2. X-ray
diffractograms (Fig. 1A) showed sharp and intensive reflections
characteristic of a well-developed crystalline structure of BEA*
topology formed by intergrowth of polymorphs A and B [48]. All
reflection lines of BEA/4.2 were shifted by 0.3 to lower 20 values
compared to BEA/11, indicating an increase in the unit cell size
due to the increased concentration of longer AI—O compared to
Si—O bonds [49]. Nitrogen adsorption/desorption isotherms for
BEA/4.2 resembled a sharp adsorption knee at very low pressure
followed by a plateau without hysteresis characteristic of a purely
microporous structure with micropore volume of 0.24 cm?g™!
(Fig. 1B). BEA/11 exhibited nitrogen adsorption at low pressures
followed by its increase at higher relative pressures characteristic
of small agglomerated crystallites with high external surface area.
These sorption characteristics are consistent with a crystal size of
~0.4 and 0.05 um for BEA/4.2 and BEA/11, respectively, estimated
from the SEM images (Table 1).

The 2’Al MAS NMR spectra of both Na-BEA* in the fully
hydrated state showed resonances with the observed shift around
55 ppm corresponding to the tetrahedrally coordinated Al atoms in
the framework (Fig. 1C). Resonances around O ppm and between
30 and 45 ppm reflecting extra-framework octahedral Al atoms
and penta-coordinated or perturbed tetrahedral Al atoms [50,51],
respectively, were not observed. The framework Al content
(Si/Algr) calculated from the intensities of the characteristic
resonances of 29Si MAS NMR spectra corresponding to the Si(4Si),
Si(3Si,1Al) and Si(2Si,2Al) atoms for BEA/4.2 and the absence of
Si(2Si,2Al) atoms in BEA/11 (Fig. 1D) were comparable with those
obtained from chemical analysis (Table 1). Thus the synthesized
BEA/4.2 zeolite exhibits well-developed microporosity within
small crystallites and contains only tetrahedrally coordinated Al
in the framework without the presence of perturbed or extra-
framework Al atoms. The estimated limits of the concentrations
of Al atoms in AlSiAl sequences for the possible Al arrangements
in the framework for BEA/4.2, i.e. infinite (AlSi), sequence or AlSiAl
sequences forming rings, and isolated AISiAl sequences (calculated
according to Eqgs. (6)-(9) given in Ref. [42]) ranged from 75% to
100% of total Al. On contrary to BEA/4.2, the Si-rich BEA/11 sample
did not contain AlSiAl sequences.

3.2. Structure of Co species in Co-BEA™ zeolites

3.2.1. FTIR spectra of OH groups and adsorbed d3-acetonitrile on H-
and Co-BEA’

Fig. 2A shows FTIR spectra in the region of v(O—H) vibration
mode of H-BEA* and after ion exchange of NH4-BEA* by Co(II) ions.
The spectra of H-BEA/4.2 and H-BEA/11 exhibit typical OH
vibrations in beta zeolites with the sharp intensive bands of
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Fig. 1. Characteristics of BEA/4.2 (black) and BEA/11 (gray) zeolites. (A) X-ray diffraction patterns, (B) N,-sorption isotherms at 77 K, (C) Al MAS NMR and (D) %°Si MAS NMR
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Fig. 2. FTIR spectra of H- and CoH-BEA* zeolites. (A) The region of #(O—H) vibrations after evacuation at 450 °C for 3 h and (B) v(C=N) vibrations after adsorption of
ds-acetonitrile (13 mbar) at RT and evacuation at 200 °C for 30 min. C=N vibrations at 2308 and 2323 cm~! on Co(II)-p ions and Al-Lewis sites, respectively.

non-interacting bridging hydroxyls (3614 and 3611 cm™!, respec-
tively) and the broad band ranging from 3620 to 3200 cm™' of
mutually interacting SiOHAI groups. A higher intensity of the band
of terminal SiOH groups (3745 cm™!) for H-BEA/11 is due to small
crystallites and high external surface area (cf. Table 1). The absence
of vibrations at about 3650 cm™~! and 3782 cm™! indicated the
absence of the AlI—OH groups of perturbed and extra-framework
Al atoms [52]. A similar relative content of non-interacting and
interacting SiOHAI in H- and Co-BEA* zeolites indicates replace-
ment of both types of these groups by Co(ll) ions. The Co
ion-exchange capacity of NH4-BEA* zeolites (Co/Al 0.54 and 0.53
for Co-BEA/4.2 and Co-BEA/11, respectively) shows that one [Co
(I1(H,0)s]** complex was exchanged for approximately two AlO3.
The occurrence of SiOHAI groups in the dehydrated Co-BEA* is in
accordance with the binding of extra-framework oxygen atom by
some Co ions adjacent to one AlO; as formally “monovalent”
Co-oxo species, as discussed further.

Adsorption of CD3CN at RT on Co-BEA* resulted in the bands at
2323, 2308 and 2293 cm ™! (not shown) of C=N groups interacting

with Al-Lewis sites, bare Co(ll)-p ions and Brensted sites [53],
respectively. Evacuation of Co-BEA* with adsorbed CDsCN at
200 °C for 20 min (Fig. 2B) considerably decreased the intensity
at 2293 cm ', but quantitatively preserved that at 2308 cm™' of
C=N on bare Co(II)-3 ions and Al-Lewis sites. The 2.1 times higher
concentration of bare Co(ll)-p ions for Co-BEA/4.2 compared to
Co-BEA/11, determined from the intensity of the band at
2308 cm™~!, corresponds to the increase in the total Co content
and roughly to Al content in the framework of Co-BEA/4.2 (see
Table 2). The bare Co(Il)-o« and Co(II)-y ions are not accessible to
CD3CN molecules [42]. The Co-oxo species prevailing in both
Co-BEA* zeolites (see below) do not adsorb CDsCN, in contrast to
bare Co(Il)-p ions, as their coordination sphere is completed by
an extra-framework oxygen atom (for details see Refs. [42,53]).

3.2.2. UV-Vis—NIR spectra of Co-BEA"

The UV-Vis-NIR spectra of the dehydrated Co-BEA/4.2 and
Co-BEA/11 (Fig. 3) exhibited broad absorption of a complex shape
in the region of d-d transitions at 13000-27 000 cm~! of high-spin
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Co(Il) ion complexes containing exclusively framework oxygen
ligands (bare Co(Il) ions), and very low intensity of the ligand to
metal O — Co(Il) charge-transfer (LMCT) complexes of the u-oxo
dinuclear Co species at 28000-35000 cm ™' [53]. As the extinction
coefficients of the LMTC transitions are ca 50x higher compared to
those of the d-d transitions [53], the low intensity LMCT transi-
tions of these bridged dinuclear Co complexes reflect their negligi-
ble concentration. The strong absorption increasing above
40000 cm™~! corresponds to LMCT transitions from the framework
oxygen atoms to bare Co(Il) ions in the cationic sites and transi-
tions from extra-framework oxygen(s) to Co ions in Co-0xo species
reaching frequencies well-above 50000 cm™! [42], i.e. in a region
unaccessible using the standard UV-Vis spectroscopy. While the
quantitative analysis of these Co-oxo species from the UV spectra
was therefore not possible, the clear presence of the latter LMCT
in the UV range of the spectrum for Co-BEA* samples with the
ion-exchange level of Co/Al ~ 0.5 could be related to the counter-
ion Co-oxo species, and it is supported by the H,-TPR experiment
given in Fig. 5.

The detail analysis of the d-d transitions of bare Co(II) ions in
Al-rich Co-BEA* zeolites (Si/Al 4.5 and 5.1) reported in the preced-
ing paper [42], and based on the Vis spectral analysis of the coor-
dination of Co(Il) ions with different framework rings in Si-rich
Co-BEA/11 and other pentasil ring (MFI, FER, MOR) zeolites, led
to the conclusion that the bands at 14850 cm™!, a quartet of bands
at 15500, 16300, 17570 and 20100 cm™! and doublets at 19000
and 21700 cm™}, and of low intensity at 25000 and 26600 cm ™!
correspond to the a-, -, - and e-type bare Co(Il) ions in Al-rich
Co-BEA* zeolites. The Vis d-d spectral components of Co-BEA/4.2
in the 13000-27000 cm™! range (Fig. 3) also match well those
obtained for Al-rich Co-BEA/4.5 and Co-BEA/5.1 samples synthe-
sized and reported in Ref. [42].

The first three spectral components belong to the bare Co(II)
ions coordinated with 6MRs of the cationic sites containing AlSi-
SiAl sequences in the «, p and 7 sites (for the framework respective
rings see Fig. 1 in Ref. [42], and the latter low intensity doublet
reflects bare Co(Il) ions balancing a low number of AISiAl
sequences with Al atoms facing the same channel). The d-d spec-
trum of Co-BEA/11 possessed an identical quartet of frequencies
for Co(Il)-g ions to Al-rich Co-BEA* zeolites, a band at
14600 cm~' (Co(ll)-«), a doublet of Co(ll)-y ions at 18500 and
21700 cm~!, and a low-intensity doublet of Co(ll)-¢ ions around
25000 cm~! (cf. Ref. [42]). Among all these bare Co(ll) ions, those
of the Co(II)-p types prevailed (roughly 70-80% of bare Co(II) ions).
From the concentration of Co(Il)-g ions (Table 2), determined from

—— Co-BEA/4.2
Co-BEA/11 0, Co(ll)
0. Collll)
(LMCT)
[

3 bare Co(ll)

x (d-d)

m

bridged Co_(‘)y
T T T
12000 20000 28000 36000 44000

Wavenumber / cm™

Fig. 3. Normalised UV-Vis-NIR spectra of Co-BEA/4.2 and Co-BEA/11 after evac-
uation at 500 °C for 3 h.

the IR spectra of adsorbed CD3CN and relative integral intensities
of the d-d bands corresponding to the Co(Il)-c, Co(II)-B, Co(Il)-y
and Co(Il)-¢ ions, the total concentration of bare Co(Il) ions was
estimated to equal ~40% of Co content for both Co-BEA/4.2 and
Co/BEA/11. As the [Co(II)(H,0)s]*" ion-exchange capacity of both
the Co-BEA* samples (cc, in Table 2) equals Co/Al ~ 0.5, each [Co
(I1)(H0)s]** complex exchanged in hydrated zeolites is attached
to two AlOz, and thus single far-distant Al atoms are not present.
The concentration of Co-oxo species is calculated as the difference
between the total Co content (c¢,) and concentration of bare Co(II)
ions (ccoqny) attached to AlSiSiAl in 6MRs in dehydrated Co-BEA*
according to Eq. (2).

Cco-oxo = Cco — Ccol) (2)

As the Co-oxo species clearly indicated by the H,-TPR experi-
ment (see Fig. 5) cannot be assigned to the p-oxo dinuclear Co spe-
cies, because of their negligible concentration in Co-BEA/4.2 and
/11 (see UV-Vis spectra in Fig. 3), the structure of the Co-oxo spe-
cies in dehydrated Co-BEA* (as suggested in the preceding paper
[42]) could be represented by a formally trivalent Co ion in a
monovalent [Co(II[)O]" complex balancing the charge of one AlO;
of unpaired Al atoms located in different rings of the same channel
and close enough for binding a cobalt hexaquo complex in
hydrated Co-BEA* (see Fig. 4). The second AlO; of unpaired Al
atoms binds a proton, which is reflected in the IR spectra of v
(OH) mode of the dehydrated Co-BEA* (Fig. 2A).

3.2.3. Temperature-programmed reduction of Co-BEA" by hydrogen

Fig. 5 compares H,-TPR profiles of Co-BEA/4.2 and /11 pre-
treated in a stream of air at 450 °C. Co-BEA/11 exhibited hydrogen
consumption starting from 650°C with a maximum at about
840 °C, while the reduction of Co-BEA/4.2 showed more than twice
the hydrogen consumption (Table 2) shifted to lower temperature
with not pronounced maxima at ca 740, 790 and 840 °C. We have
previously shown that the bare Co(Il) ions coordinated only with
oxygen atoms of 6MRs of the cationic sites containing AlSiSiAl
sequences in Si-rich Co-BEA* zeolites are highly stabilized and they
are neither oxidized in air at 450 °C nor reduced by hydrogen up to
ca 900 °C [42]. Their reduction occurs above 950 °C when partial
collapse of the zeolite structure takes place. The absence of the
reduction of the bare Co(Il) ions in Co-BEA* is in agreement with
the well-documented irreducibility of the exchanged Co(II) ions
in ZSM-5 [54] and faujasites [55]. Under similar conditions of the
H,-TPR experiment bulk cobalt oxide species and oligomeric
oxide-like species interacting with the zeolite surface are reduced
at temperatures of 250-350°C and 400 °C, respectively [56,57].
Martinez-Hernandez et al. [58,59] attributed hydrogen consump-
tion at 100-350 °C and 350-600 °C in Co-ZSM-5 to the reduction
of dispersed Co30,4 crystallites outside the zeolite pores and dinu-
clear oxo-cations [Co—0—Co]?* stabilized inside the channels,
respectively.

All these findings imply that the temperature range of hydrogen
consumption of Co-BEA/4.2 and /11 at 600-900 °C (Fig. 5) reflects
reduction of counter Co-oxo ions much more stabilized by negative
framework charge compared to supported Co oxides or non-
defined oligomeric Co-oxo species. The reduction of Co-BEA* in
the 600-900 °C range is also not connected with the p-oxo dinu-
clear or oligonuclear Co complexes as these are present only in a
negligible concentration (see UV-Vis spectra in Fig. 3).

The consumption of 1.5 mol H;, per mol of a counter Co-0xo ion
(Table 2) indicates reduction of formally trivalent Co ions to Co°
with formation of one framework OH group (proton) balancing
the resting AlOz. At the hydrogen consumption of 1.5 mmol H,
per Co-oxo the concentrations of Co-oxo species in Co-BEA/4.2
and /11 are 0.91 and 0.38 mmolg~!. These values are in a
good agreement with those calculated as a difference of total Co
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Al-rich BEA® after IE with [Co(ll)(H,0)¢]?*
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Fig. 4. Illustration of the structure of Al-rich BEA* zeolite after ion-exchange with [Co(II)(H,0)s]** and calcination. Hydrated Al-rich Co-BEA* zeolite is binding hexaquo Co(lI)
complexes by the charge of the framework originating mainly from AlSiAl sequences with Al atoms facing different channels and from AlSiSiAl sequences located in one 6MR-
ring (Alpairs). After dehydration, bare Co(Il) cations compensate charge of AlSiSiAl located in one ring (Alpairs) Whereas [Co(IlI)—0]" and H* compensate the charge from AlSiAl

sequences crossing the zeolite wall and thus facing different channels.
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Fig. 5. H,-TPR profiles of Co-BEA/4.2 and Co-BEA/11 pre-treated in a stream of air at
450 °C.

concentration and that of bare Co(Il) ions according to Eq. (2). The
higher hydrogen consumption (ca 2.4 times) and its shift to lower
temperatures in Al-rich Co-BEA/4.2 compared to Co-BEA/11 corre-
spond to higher concentration of Co, and indicate their easier
reducibility. The easier reducibility of Co-oxo species in
Co-BEA/4.2 could stem from their higher density inducing some
synergetic effect.

It can be summarized that although the Al-rich BEA/4.2 exhibits
a large portion of the framework Al atoms in the AISiAl sequences
(75-100% varying in dependence on their mutual arrangement in
the framework, see Ref. [42]) compared to their absence in Si-
rich BEA/11 (cf. 2°Si MAS NMR in Fig. 1D), these sequences do
not represent sites for binding bare Co(Il) ions, as they cross the
zeolite wall and their Al atoms face different channels (Fig. 4).
The detail analysis of the location of framework Al atoms in Al-
rich BEA* given in the preceding paper [42] showed in fact similar
distribution of Al atoms in the channels like in Si-rich BEA?, i.e.
AlSiSiAl in 6MRs and unpaired Al atoms located in different rings.
The bare Co(Il) ions are mostly (95%) coordinated with 6MRs con-
taining AlSiSiAl sequences and their relative concentration (ca 40%
of the total Co content) attains comparable value like that in Si-rich
Co-BEA* (see Table 2). These bare Co(Il) ions behave as strong

electron-acceptor Lewis sites (Fig.2B), and they are difficult to
reduce by hydrogen, only at very high temperatures (>950 °C) far
above those relevant for the SCR-NO, reaction. The predominated
Co-oxo species (ca 60%) are formally trivalent Co ions in a monova-
lent [Co(II1)O]" entities reflected in strong LMCT absorption ranging
from 40000 far above 50000 cm™!. The observed easier reduction
of counter-ion [Co(IlI)O]" species by hydrogen in Al-rich Co-
BEA/4.2 compared to those present in Si-rich Co-BEA-11 is attribu-
ted to their substantially higher density causing likely some syner-
getic effect. These Co-oxo species originate from the ion-exchange
of Co(II)(H,0)2" complexes in the vicinity of unpaired Al atoms
located in different rings, but both facing one channel (Fig. 4). After
Co-BEA* dehydration and dehydroxylation, such charge-balancing
[Co(I1)(H»0)s]%* complexes turn out to [Co(II1)O]* species balancing
the charge of one AlO7 from the unpaired Al atoms, the second one
being balanced by a proton. The arrangement of unpaired Al atoms
in the channel surface of Al-rich BEA* able to exchange a divalent
hexaquo complex originates mostly from the high population of
AlSiAl sequences with AlOz located in one ring, but into different
channels; for more details see [42].

It should to be pointed out that the template-free Al-rich BEA*
samples synthesized and reported here and in Ref. [42], regardless
of some differences in conditions of their hydrothermal synthesis,
exhibit similar population of bare Co(Il) ions (ranging from 30% to
40% of total Co), absence or negligible concentration of the bridged
u-oxo Co(II) complexes, and the rest of the cobalt (60-70% of total
Co) represents the counter Co-oxo ions, [Co(III)O]" (for illustration
of binding of bare Co(Il) ions and Co-oxo species see Fig. 4).

3.3. C3Hg-SCR-NO,

Conversions of NO, and C3Hg, and CO, CO, and N,O0 yields in the
C3Hg-SCR-NO, reaction in the presence of 1 vol.% water vapor as a
function of temperature for Al-rich and Si-rich Co-BEA* zeolites are
compared in Fig. 6A-E. At relatively high GHSV of 90000 h™!, the
NO, conversion already started at 250 and 320 °C and reached
90% and 14% at 375 °C for Co-BEA/4.2 and Co-BEA/11, respectively.
This reflects a considerably lower light-off temperature by up to
70 °C for Co-BEA/4.2 and remarkably improved conversion of NO,
over the entire temperature range. Conversion of NO, over Si-rich
Co-ZSM-5/15, plotted for comparison, exhibits close conversion
values to those of Co-BEA/11. The NO, conversion as well as
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Table 3

Conversion, reaction rates (rscg) and turnover frequencies (TOF) for C3Hg—SCR-NO,. Reaction conditions: 1000 ppm NO, 1000 ppm C3Hg, 2.5% O, and 1% H,0 in He, GHSV 90000 h~'.

InA®

TOFco-ox0° Eo% (k] mol ™)

TOFc,”

Isc” (Molyo gt s~ 107)

Conversion of NO, (%)

Sample

(molyo MOIGg oxo 5~ ' 10%)

325°C
74
14

(molyo molcd s~ 10%)

325°C
43

350°C
22.0

350°C
12.7

350°C
17.7

325°C
6.4
0.55

350°C

56.3

325°C
24.6

13.7

1234
116.3

Co-BEA/4.2
Co-BEA/11

9.7

35

2.0

0.8

14

58

24

2 Rates calculated using the first-order kinetics.

b TOF calculated for total concentration of cobalt.

€ TOF calculated for Co-oxo species.

4 Apparent activation energy.
¢ The pre-exponential factor.
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propane conversion and N,O and CO yields were very stable in
time-on-stream for 45 h at 375 °C (Fig. 6F). Conversion of propane
as a function of temperature follows the trend of NO, conversion
on both Co-BEA*, similarly as the yield of CO,. This indicates effec-
tive use of propane as a reductant of NO, to nitrogen in the whole
temperature range. The yields of N,O over Co-BEA/4.2 are low
(~2%) and only under conditions of high propane conversion (close
to 100%) reach 4% at 93% NO, conversion at 400 °C. A higher selec-
tivity for N,O was obtained over Co-BEA/11. The yields of CO did
not exceed 15%. If C3Hg—SCR-NO, over Co-BEA/4.2 was carried
out under conditions similar to real gas streams, i.e. at GHSV
14000 h~! and 1 vol.% H,0 (Fig. 7), high NO, conversion and simi-
lar selectivity were obtained at much lower temperatures with NO,
conversion onset at 270 °C and reaching 90% NO, conversion at
325°C.

It is known that the high excess of water in NO, streams used in
our kinetic experiments (10000-100000 ppm H,0 vs. 1000 ppm
NO) representing real wet NO, streams greatly suppresses the
activity of bare Co ions in zeolites, specifically in the temperature
range below 400 °C, when water molecules are strongly adsorbed
on these Co ions with Lewis character [21,22]. Therefore, in the
wet NO, feed the [Co(III)O]" oxo-species can be supposed to be
the only or the most active sites. The extra-framework oxygen
ligated to the Co ion preserves it against water adsorption like it
restricts ds-acetonitrile [21,22].

The reaction rates of NO, conversion and turn-over-frequency
values per total Co (TOFc,) and Co-oxo species (TOF¢,.ox0) for Co-
BEA* zeolites are given in Table 3. The reaction rates at 325 and
350 °C for Al-rich Co-BEA/4.2 are twelve times higher, and TOF¢,
and TOFc,.0xo are five-to-six times higher than those over Co-
BEA/11. The Arrhenius plots of the logarithm of the reaction rate
vs. reciprocal temperature (Fig. 8) yield linear dependences of dif-
ferent intercept axes for Al-rich and Si-rich Co-BEA*. The apparent
activation energies (E,) are close, around 120 k] mol~!, for Al-rich
and Si-rich Co-BEA*, indicating a similar reaction mechanism. But
a substantially higher pre-exponential factor A for Co-BEA/4.2
reflecting high concentration and density of Co species compen-
sates E, to match the higher reaction rates. The twelve times higher
reaction rates per gram of a zeolite and five to six times higher TOF
per Co and per Co-oxo species in Al-rich Co-BEA/4.2, while the con-
centration of Co is only 2.1 times higher and the relative popula-
tion of counter-ion Co-oxo species is similar, indicate the
presence of Co-oxo species, which greatly outperform those in

B Co-BEA/4.2
| O Co-BEA/M1
-10 O Co-ZSM-5115
E,=123.4 kJ/mol
o . InA=13.7
F.(I) -
°c E,=116.3 kJ/mol
I~ InA=9.8
£
14 -
Ea=125.1 kJ/mol
InA=11.7
16 . . .
0.0014 0.0016 0.0018

UT K™

Fig. 8. Arrhenius plot with the pre-exponential factors InA and apparent activation
energies for Co-BEA/4.2 (M), Co-BEA/11 (O) and Co-ZSM-5/15 (O) catalysts.
Reaction conditions as in Fig. 6A.



P. Sazama et al./Journal of Catalysis 332 (2015) 201-211

100 - on

N xNO_

Sh § yN,0

2 § E=yco,

g 60 - % fHEEH yeco
g N\
: \
2 40 \
: \
§ u \
\
0 - &' =

Water vapour contents [%)]
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Co-BEA/11. The higher activity of Co-oxo species in Co-BEA/4.2 is
supported by their easier reducibility as clearly observed in the
H,-TPR experiment (Fig. 5). As the bare Co(Il)-¢ ions (low concen-
tration) attached to AISiAl evidently also exhibit Lewis properties,
like those in o, f, and 7y sites, and the dinuclear [Co—0—Co]** com-
plexes are of negligible concentration in Co-BEA* we can speculate
that the high concentration and density of counter-ion Co-0xo spe-
cies attained in Al-rich Co-BEA/4.2 (see Fig. 4) result in their syner-
getic effect manifested both in their reduction by hydrogen and the
C3Hg-SCR-NO, reaction.

The “after-treatment” of NO, gases coming from the burning
processes of diesel engines and gas turbines is typical in the pres-
ence of water vapor, which usually dramatically decreases NO,
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conversion. With Al-rich Co-BEA/4.2, variation in the concentration
of water vapor from 1% to 10% did not significantly affect the NO,
conversion and product composition of the SCR-NO, reaction at
400°C and GHSV of 90000 h~! (Fig. 9) as well as at 350 °C (not
shown). The high and stable activity of Co-BEA/4.2 in a NO, stream
containing up to 10% water vapor is an additional support for the
[Co(IIN)O]" entity being the most active site in SCR-NO,.

To highlight the exceptionally high activity of the Al rich Co-
BEA* zeolite Table 4 lists the activities of Co- and Cu-zeolites of var-
ious structures and compositions as found in the open literature
under comparable conditions of the C3Hg—SCR-NO, process with
attention to the real gas streams compositions [2,7,9,22,60-63].
For comparison the data for 64 samples of metal loaded alumina
samples summarized in Ref. [64] are also included. Without any
doubt, cobalt and copper zeolites outperform metal oxides sup-
ported on alumina. This emphasizes the unique activity of
counter-ion Co and Cu species ligated in zeolites. For C3Hg—SCR-
NO,, cobalt is the element of the best choice compared to less
active copper. The Si-rich zeolites of Si/Al > 12 and pentasil ring
structure (MFI, BEA*), and with Co loading to a maximum degree
provide comparable activity. The surprisingly low activity of Co-
FER might be a result of the narrow pores, unaccessibility of some
Co ions as well as distribution of Al atoms in the ferrierite frame-
work. The absence of redox activity for Co ions in faujasites [7] is
also well known for other metals, and this is attributed to the high
density of Al atoms (negative charge) in the framework and the
predominant formation of bare difficult reduced Co ions coordi-
nated with framework oxygen atoms. Even a high content of Co
in mordenite (Si/Al 5.5, Co/Al 0.37) did not bring about the activity
comparable with Al-rich Co-BEA* (Si/Al 4.2, Co/Al 0.54), albeit the
Co content was substantially increased compared to Co-ZSM-5
and Co-BEA of Si/Al ~ 12 or 22. This finding indicates that not only
the concentration of Al atoms in the framework controlling the Co
ion-exchange capacity, but especially the arrangement of Al atoms
controlling the local negative charge of the framework and provid-

Table 4
C3Hg-SCR-NO activity of Co-BEA/4.2 and Co- and Cu-zeolites of various topologies and compositions reported in the open literature.

Catalyst Conversion of NO, (%) GHSV (h™1) Concentration (ppm) Reference
300 °C 400 °C NO C3Hg 0, H,0

Co-BEA/4.2 (Si/Al 4.2; Co/Al 0.49; Co 8.7%) 9 90 90000 1000 1000 2.5% 1% This study
36 90 14000
- 88 90000 1000 1000 2.5% 10%

Co-BEA/11 (Si/Al 11.3, Co/Al 0.54, Co 4.1%) 1 27 90000 1000 1000 2.5% 1% This study

Co-ZSM-5/15 (Si/Al 15, Co/Al 0.42, Co 2.5%) 2 39

Co-BEA (Si/Al 26.5, Co 1.1%) 10 40 15000 1000 1000 5% 10% [9]

Co-BEA (Si/Al 24, Co 1.13%) 10 60

Co-BEA (Si/Al 23.1, Co 1.35%) 10 70

Co-BEA (Si/Al 20.4, Co 1.29%) 16 58

Co-BEA (Si/Al 11.9, Co/Al 0.50) 0 83 30000 1000 1000 2.5% 10% [22]

Co-FAU (Si/Al 2.4, Co/Al 0.32) 0 0 15000 500 1000 10% 9% [7]

Co-FER (Si/Al 10, Co/Al 0.47) - 149

Co-MOR (Si/Al 5.5, Co/Al 0.37) 11 54.2

Co-ZSM-5 (Si/Al 25, Co/Al 0.55) 9.1 65.6

Co-BEA (Si/Al 11.2, Co/Al 0.4) 0 83.7

Co-BEA (Co/Al 0.49) - 78 15000 150 500 10% 9% [2]

Co-ZSM-5 (Co/Al 0.53) - 50

Co-BEA (Si/Al 22.5, Co 2.2%) - 83.4 15000 500 1000 10% 9% [60]

Co-FER (Si/Al 8, Co 1.29%) 0.9 1.7

Cu-ZSM-5 (Si/Al 13, Cu/Al 0.5) 2 24 30000 1000 1500 6% 12% [61]

Cu-ZSM-5 (Si/Al 25, Cu 2.4%) 4 28 30000 1000 1000 5% 5% [62]

Cu-ZSM-5 (Si/Al 25, Cu/Al 0.53) 4.3 225 15000 500 1000 10% 9% [7]

Cu-BEA (Si/Al 11, Cu/Al 0.53) 1.2 20.8

Cu-ZSM-5 (Si/Al 21, IE Cu 90%, Cu 1.03%) 2 19 102000 645 1320 1% 14% [63]

64 samples of Ag-, Co-, Cu-, In-Al,03 - 12-38 36000 1500 1500 5% 0% [64]




210 P. Sazama et al./Journal of Catalysis 332 (2015) 201-211

ing sites for binding counter-ion Co-oxo species in high concentra-
tions is a decisive parameter for the C3Hg-SCR-NO, activity and its
stability in the presence of water vapor in the feed.

4. Conclusions

The study reports the unparallel high C3Hg-SCR-NO, activity of
the hydrothermally template-free synthesized Al-rich Co-BEA*
zeolite (Si/Al 4.2, Co/Al 0.5) preserved even in the presence of
water vapor in NO, streams containing up to 10 vol.%. A dramatic
increase in the SCR activity of Al-rich compared to much less active
Si-rich Co-BEA* (Si/Al 11 and Co/Al 0.5) (the previously reported as
the most active) is documented by twelve times higher reaction
rate and five-to-six times higher TOF per total Co or Co-oxo. This
extra-ordinarily high and stable activity of Al rich Co-BEA* origi-
nates from the increased concentration of Al in the framework, cor-
responding increased concentration and density of counter-ion Co-
oxo species, and as suggested their synergetic effect also reflected
in their increased reducibility.

The increased concentration of Al atoms in the framework of Al-
rich BEA* albeit resulting in the high population of AISiAl
sequences (in contrast to their absence in Si-rich BEA*) does not
result in relative increased binding of bare non-reducible Co(II)
ions attached to AlSiAl sequences. As the AISiAl sequences are
crossing the zeolite beta wall (Fig. 4) they cannot bind the bare
Co(II) ions. This in fact results in an increased concentration of sim-
ilar Si-Al arrangements in the surface of channels like those exist-
ing in Si-rich Co-BEA*. This leads to high concentration of similar
framework sites for binding counter-ion metal species, i.e. both
bare Co(Il) ions and Co-oxo species. The bare Co(lIl) ions coordi-
nated with framework oxygen atoms of 6MRs with AISiSiAl
sequences exhibit strong Lewis, but not redox behavior, and are
not SCR active in wet NO, streams. The most active sites are repre-
sented by formally trivalent Co in a monovalent [Co(II)O]" entities,
exhibiting via extra-framework oxygen ligand redox behavior, and
not adsorbing bases as water molecules. These [Co(IlI)O]* species
are charge balanced by the AlO; of unpaired Al atoms located in
different rings and facing the same channel (Fig. 4). While [Co(III)
0]" are present in both the Al-rich and Si-rich BEA*, their high den-
sity in Al-rich Co-BEA* induces increased reducibility and extra-
ordinarily high redox activity in Cs3Hg-SCR-NO,. An extra-
framework oxygen bound to Co ions in [Co(IlI)O]* advantageously
preserves these most active sites against adsorption of bases as
water molecules in NO, streams up to 10 vol.%.
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