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ABSTRACT

The role of the distribution of aluminium in the framework of beta zeolites in the formation of various
types of counter Co species of different activity in C3Hg-SCR-NO in the absence/presence of 10% water
vapour was investigated. Different concentrations of Al atoms in the Al-O-(Si-0),-Al sequences in one
ring (Al pairs) and isolated Al atoms in Al-O—(Si-0),->—-Al sequences located in two framework rings
of parent BEA* zeolites were obtained by variation of the zeolite synthesis and by post-synthesis dealu-
mination. Al atoms in the framework and their distribution were characterized by the combination of 2°Si
MAS NMR of the parent BEA* zeolites and UV-Vis spectroscopy of the maximum-Co(Il)-loaded BEA*. The
concentration of Al pairs corresponded to the concentration of bare Co(Il) ions in dehydrated maximum
exchanged-Co(Il)-BEA* calculated from the Vis spectra. Co-BEA* zeolites prepared by ion exchange from
Co nitrate solution contained bare Co(II) ions balanced by Al pairs, which were formed preferentially, and
“monovalent” Co-oxo species balanced by the isolated Al atoms. The relative concentration of bare Co(ll)
ions and Co-oxo species depends on the degree of Co(II) ion exchange and the concentration of Al pairs
and isolated Al atoms in the zeolite framework. Superior activity was found with the counter Co-oxo spe-
cies balancing isolated Al atoms, surviving even in wet (10% H,0) NO, streams. The bare Co(II) ions were
active in dry NO, streams, but their activity was negligible in wet NO, streams. A highly active catalyst
(more than twice than the other Co-BEA*) can be prepared by using a BEA zeolite containing a predom-
inant concentration of isolated Al atoms in the framework.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

In addition to high structural stability and molecular shape
selective properties of the pentasil ring zeolites of the MOR, FER,
MFI and BEA* structures, metal ion species in these zeolites exhibit
exceptional redox properties quite different from those located in
aluminium-rich zeolites or supported on amorphous inorganic
carriers (see e.g. [1-5]). This is manifested in numerous catalytic
reactions, e.g. of NO decomposition and SCR-NO, by hydrocarbons
[6-12]. As the concentration of aluminium in these silicon-rich
zeolites is low (Si/Al > 8), the local negative framework charge
originated from the siting of aluminium atoms in the framework,
which might exhibit various arrangements, can affect the proper-
ties of the counter metal ion species.

While the siting and coordination of bare divalent cations in
MOR, FER, MFI and BEA* zeolite structures have been suggested
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[13-22] and widely accepted, there is a lack of information on
the structure and properties of counter metal-oxo species in these
zeolites. The studies employing various spectral and diffraction
methods have not yet yielded clear identification and particularly
quantitative analysis of these species (see e.g. [10,11,18,23,24]).
An attempt is made here to elucidate the structure and concentra-
tion of the counter Co species in BEA* zeolites by using the Vis
spectra of d-d transitions of bare Co(Il) ions and the UV spectra
of the charge transfer (CT) of the Co-oxo species. The Vis spectra
of the d-d transitions of the maximum-Co(Il}-exchanged beta zeo-
lites combined with 2°Si MAS NMR are employed to estimate the
distribution of aluminium atoms in the framework.

Selective catalytic reduction of NO, (SCR-NO,) by low paraffins
over silicon-rich high-silica Co-zeolites, using methane and pro-
pane, has been shown to be a promising method for NO, emission
control in an oxidizing atmosphere from stationary sources [7,25-
27]. However, the most important obstacle is preservation of the
zeolite activity in real NO, streams containing a high concentration
(approx. 10%) of water vapour. It has been proven that the bare Co
ions coordinated exclusively to the framework oxygen atoms of
MFI, FER and MOR are highly active only in the absence of water
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vapour [1,28]. However, water vapour present in real exhaust
gases substantially decreases the NO, activity due to its adsorption
on the Co ions [29].

With wet NO, streams, only Co-BEA* catalyst with Co/Al of
approx. 0.5 developed at ENI Technologie and OsakaGas Corp.
was reported to exhibit long-term stable activity (>4000 h of
time-on-stream) in SCR-NO, using propane in 9% of water vapour
[30-32]. At cobalt “over-exchange” loadings (Co/Al > 0.5), when Co
oxide-like species supported on the zeolite can also be expected to
occur, the SCR-NO, activity was much lower. This suggests that the
Co species that are highly active in C3Hg-SCR-NO,/H,0 are proba-
bly not bare exchanged Co ions or supported Co oxide-like species
but represent specific structural counter Co species. The p-oxo Co
species in Co-BEA*, indicated by Raman spectra, were suggested
to be such highly active sites [23,32]. However, their concentration
in Co-BEA* was estimated to be rather low, much below the 10% of
total Co concentration.

Later, we demonstrated that the high and stable C3Hg-SCR-
NO,/H,0 activity (with 10% H,0) on Co-BEA* zeolites was con-
nected with a parent zeolite in which a high concentration of alu-
minium was preserved in the framework during template removal,
in contrast to Co-BEA zeolites prepared from a partly dealuminated
zeolite. The high activity of the former Co-BEA* catalyst was as-
signed to some cobalt-oxo species, which did not adsorb basic ace-
tonitrile, in contrast to bare Co ions, and thus presumably also
water molecules [11]. This suggests that the Al distribution in
the framework could play an important role.

These findings and the results on the high redox activity of
highly exchanged metallo-zeolites have increased an interest in
analysis of the siting of aluminium in the framework of high-silica
zeolites [33-44]. It also initiated our attempt in quantitative anal-
ysis of the relationship between the distribution of aluminium
atoms in the framework and the structure and reactivity of the
counter metallo-species [38,40]. However, complete analysis of
Al occupation of the individual T sites in silicon-rich zeolites is
not yet available.

Nevertheless, the low Al content in the framework and the high
number of T sites in high-silica pentasil ring zeolites undoubtedly
points to the variability of Al siting, from the viewpoint of both the
occupation of the individual T sites and the local density of Al
atoms. By using several sets of MFI zeolites with similar chemical
composition, but synthesized under different conditions, we have
shown that the Al siting in the framework is not random, not con-
trolled by statistical rules, but it can be controlled kinetically by
changing the chemical conditions of the zeolite synthesis
[34,35,37,41,42].

In contrast to the Al siting in the framework T sites, the distri-
bution of aluminium atoms in the framework with respect to the
Al-0-Si-0-Al and Al-0-(Si-0),-Al sequences in one ring and iso-
lated Al atoms occurring in two rings can be satisfactorily esti-
mated by using 2°Si MAS NMR and the exchange capacity of bare
Co(1l) ions in the dehydrated zeolites [34,35]. 2°Si MAS NMR spec-
tra provide a quantitative measure of the concentration of the Al-
0-Si-0-Al sequences but cannot distinguish Al-O—(Si-0),-Al and
isolated Al atoms in the framework. Nevertheless, the Al-O-(Si-
0),-Al sequences in one ring can be determined indirectly from
the exchange capacity of bare divalent cations (bonding exclu-
sively to the framework oxygens) in dehydrated zeolites, obtained,
e.g., from the quantitative analysis of the intensities of the d-d
bands of the Vis spectra of Co(Il) ions. Our results indicated that
this type of Al distribution also depends on the conditions of the
zeolite synthesis [34,35,37].

From the viewpoint of the counter divalent Co(Il) species in
dehydrated silicon-rich zeolites, these can occur as (i) bare divalent
cations bonded exclusively to framework oxygen atoms neigh-
bouring two Al atoms in the framework ring of a cationic site, (ii)

p-oxo, superoxo and peroxo Co species coordinated to two rings
of define distance and each bearing an isolated Al atom and (iii)
Co-0 oxo species coordinated to one ring with one isolated Al
atom. Finally, the zeolite can contain Co oxide-like undefined spe-
cies supported on the zeolite, if the ion exchange is carried out at
conditions that hydrolytic products are involved.

In this study, we would like to show that the state and activity
of the counter Co species in Co-BEA* zeolites are decisively con-
trolled by the adjacent local negative framework charge, which is
represented by Al-O—(Si-0),-Al sequences or by isolated Al atoms.
Moreover, we will, for the first time, show that the distribution of
aluminium in beta zeolites can be controlled by their synthesis or
post-synthesis treatment. To support the assumption about the ef-
fect of Al distribution on the activity of counter Co species, a com-
parison is made of the state and behaviour of Co species in beta
zeolites differing in the distribution of framework aluminium in
C3Hg-SCR-NOy in the presence and absence of water vapour. Var-
ious distribution of framework aluminium in the parent beta zeo-
lites was obtained by using the following zeolite models: (i) a BEA*
zeolite, where a very large amount of aluminium was preserved in
the framework during template removal, which contained both Al-
0-(Si-0),-Al sequences and isolated Al atoms, (ii) a dealuminated
BEA* zeolite and a commercial sample, which appeared to contain
a predominant concentration of Al-O—(Si-0),-Al sequences in the
framework and (iii) a BEA* zeolite synthesized in the laboratory by
using the procedure leading to a sample containing a predominant
amount of framework aluminium as isolated Al atoms.

2. Experimental
2.1. Parent and Co-BEA* zeolites

Four parent BEA* zeolites were used, differing in the conditions
of synthesis and template removal, in an attempt to obtain differ-
ent distributions of Al in their frameworks. The distribution of alu-
minium atoms in the framework refers to the concentration of Al
pairs, Al-O—-(Si-0); or 2—-Al sequences in one ring and isolated Al
atoms (Al-0-(Si-0),-,—Al) located in two framework rings; for de-
tails, see the Discussion and Refs. [35,41,42,45]. In addition to the
framework aluminium, some extra-framework aluminium was
present in the dealuminated zeolite samples. The chemical compo-
sition of parent zeolites was obtained after their dissolution by
using Atomic Absorption Spectrometry. Table 1 gives chemical
composition of beta zeolites, concentration of Broensted and Lewis
sites and distribution of framework aluminium between Al pairs
and isolated Al atoms (see below).

Beta zeolite with Si/Al=11.7 (BEA*) containing template (tet-
raethylammonium hydroxide) was kindly supplied by the Research
Institute of Inorganic Chemistry, Unipetrol Inc., CZ. The synthesis
corresponded to procedures performed on a large industrial scale.
The zeolite denoted as H-BEA*-1 was prepared from the as-synthe-
sized BEA* sample by its calcination in an ammonia stream at
450 °C for 8 h to remove the template, according to the procedure
first described by van Bekkum [46]. By such procedure, the NH;
ions charge-balance and thus preserve aluminium in the frame-
work. Before testing of the SCR-NO, activity, the NH4-form of this
zeolite was deammoniated by calcination to yield the H-form. A
zeolite denoted as H-BEA*-II was obtained from BEA* by removal
of a template by zeolite calcination in an oxygen stream at
450 °C for 8 h. This procedure resulted in partial dealumination
of the zeolite (see Table 1). Preparation of H-BEA*-I and H-BEA*-
I samples was already described in [11] (denoted there as
NH4-BEA* and H-BEA*). The sample denoted as H-BEA*-IIl was a
commercial substance kindly provided by PQ Corp., where detem-
plating was likely carried out on a large scale and substantial
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Table 1

Chemical composition, concentration of Broensted and Al-Lewis sites and concentration of aluminium in the framework, aluminium pairs (Al,;;) and isolated aluminium atoms

(Aljso1) of parent beta zeolites.

Zeolite Si/Al Alotal Broensted sites, Lewis sites, Algr Alpair Aliso?
(mmol g~1) cg! (mmol g~1) c! (mmolg) (mmol g~) (mmol g~1) (mmol g~1)
H-BEA*-I 11.7 1.31 0.78 0.25 1.19 0.78 0.41
H-BEA*-II 11.5 1.33 0.24 0.49 0.78 0.70 0.08
H-BEA*-III 12.7 1.22 0.13 0.52 0.64 0.50 0.14
H-BEA*-IV 15.6 1.00 0.33 0.28 0.97 0.40 0.57

1 Determined from quantitative analysis of IR spectra of adsorbed ds-acetonitrile.

2 Determined from the concentration of Co total and of quantitative analysis of Vis spectra of bare Co(1l) ions balanced by Al pairs in dehydrated zeolites.

framework perturbation and dealumination occurred (see Table 1).
The H-BEA*-IV zeolite was synthesized in our laboratory using a
procedure providing beta zeolite differing substantially in the dis-
tribution of the aluminium in the framework compared to H-BEA*-
I, -1l and -III (see Table 1). The synthesis procedure is under patent
application [47]. A template from the H-BEA*-IV zeolite was re-
moved by calcination in a stream of dry nitrogen at 450 °C for
12 h, followed by calcination in a dry oxygen stream at 500 °C for
12 h.

IR spectra of skeletal vibrations, XRD, SEM and nitrogen adsorp-
tion (Fig. A and Table A of the Supplementary material) of the H-
BEA*-IV sample (crystal size around 50 nm, specific surface area
544m? g~ ! and micropore volume 0.18 cm® g~ ') indicated well-
developed crystalline structure.

Co-BEA* zeolites with various Co concentrations were prepared
by Co(Il) ion exchange of the H-BEA*-I to -IV zeolites at RT with
aqueous Co(NOs3), solutions ranging in Co concentrations from
0.0001 to 0.10 mol1~!. The developed procedure of Co ion ex-
change carried out at RT and with Co nitrate solutions of low con-
centrations excluded presence of hydrolytic products of Co(Il) ions
in both the solutions and Co-zeolites [18]. This was checked by Vis
spectra (not shown) of the hydrated Co-zeolites and solutions with
octahedrally coordinated Co(II) ions. Details of the Co ion exchange
are given in Table B of the Supplementary material. After the Co(II)
exchange, the zeolites were thoroughly washed several times with
distilled water, filtered and dried in the open air. The chemical
compositions of the Co-BEA* zeolites are given in Table 2.

2.2. Nuclear magnetic resonance

295i MAS NMR experiments were carried out on a Bruker Avance
500 MHz (11.7 T) Wide Bore spectrometer with 4 o.d. ZrO, rotors
spun at a rotation speed of 5 kHz. A 2°Si MAS NMR high-power
decoupling (HPDec) experiment with /4 (1.7 ps) excitation pulse
and relaxation delay 30 s and a cross-polarization (CP) experiment
with 50% ramp CP pulse, contact time 2000 ps, high-power decou-
pling and relaxation delay 5s was employed. 2°Si HPDec NMR
spectra were decomposed to the Gaussian bands using Microcall

Table 2

Origin 4.1 software (Microcall Software Inc., USA). The framework
aluminium content (Si/Algg) was estimated according to the
formula

Si/Alg = 1/0.25 x I (1)

where I; denotes the intensity of the NMR line corresponding to the
Si(3Si, 1Al) building unit, and I denotes the total 2°Si intensity, for
details see Ref. [48].

2.3. UV-Vis-NIR diffuse reflectance spectroscopy

UV-Vis spectra of Co-BEA* zeolites were collected at RT after
dehydration of the zeolites in a dynamic vacuum (103 Pa) at
450 °C for 3 h. The UV-Vis-NIR spectra were measured using a Per-
kin-Elmer Lambda 950 UV-Vis-NIR spectrometer equipped with a
diffuse reflectance attachment with an integrating sphere coated
by Spectralon™, Spectralon™ also served as a reference. The spec-
tra were processed according to the Schuster-Kubelka-Munk
equation

F(R.) = (1 — F(R))*/2R. (2)

The spectra were recorded under conditions provided for quantita-
tive analysis of Co(Il) species. After the baseline correction for
absorption of the parent H-BEA* samples, the spectra in the region
of the d-d transitions were simulated using Gaussian bands corre-
sponding to the Co ions in the o-, B- and y-type sites. The concen-
tration of bare Co(Il) ions in the zeolite was estimated using the
absorption coefficients of Co ions in the a-, B- and y- sites
(11 x1073,7 x 1072 and 5 x 1073 cm~! mmol g1, resp.). For more
details on the spectral analysis and assignment of the individual
bands to Co(lI) sites, see Refs. [17,18].

2.4. FTIR spectroscopy

A Nicolet Magna-550 FTIR spectrometer with a MCT-B low-tem-
perature detector was used to collect 200 scans at resolution of
2cm! for a single spectrum. The samples were in the form of

Chemical composition of Co-beta zeolites (Si/Al, Co/Al, Cosrar) and concentration of Co ions balanced by Al pairs (Co,a;) and isolated Al atoms (Coqay).

Zeolite Si/Algocal Co/Alcotal Corotal (WE.5%) Corotal (mmol g™") Co/Alpg Cozar (mmol g~1) Coya (mmol g~1)
Co-BEA*-I 12.8 0.19 137 0.23 0.20 0.23 0
Co-BEA*-I 115 0.30 2.33 0.40 0.33 0.30 0.10
Co-BEA*-I 11.9 0.50 3.66 0.62 0.52 0.36 0.26
Co-BEA™II 14.0 0.22 1.43 0.24 0.31 0.24 0.00
Co-BEA™II 13.1 0.32 2.17 0.37 047 0.35 0.02
Co-BEA*-III 13.0 0.05 0.35 0.06 0.10 0.06 0
Co-BEA*-III 13.6 0.16 1.06 0.18 0.30 0.18 0
Co-BEA™III 14.0 0.25 1.61 0.27 0.46 0.25 0.02
Co-BEA*-IV 15.8 0.03 0.15 0.02 0.03 0.02 0
Co-BEA*-IV 16.4 0.28 1.57 0.27 0.27 0.20 0.07
Co-BEA*-IV 16.6 0.36 1.96 0.33 0.34 0.20 0.13
Co-BEA*-IV 16.7 0.45 241 0.41 0.42 0.20 0.21
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self-supporting pellets with a thickness of about 5-10 mg cm 2

mounted in a carousel sample holder with six samples placed in
a glass vacuum cell equipped with NaCl windows. For determina-
tion of the concentration of Broensted and Lewis sites, the FTIR
spectra of the samples were measured at RT after their evacuation
(1073 Pa) at 450 °C and adsorption of ds;-acetonitrile at RT followed
by evacuation for 20 min. The extinction coefficients for C=N
bonds on a Broensted site is gz=2.05+0.1 cm pumol~! and, for
C=N coordinated to Lewis site, equals ¢ =3.6+0.2 cm pmol™!
(for details see Ref. [49]).

2.5. C3Hg—-SCR-NOy in the absence and presence of water vapour in the
feed

Reaction of C3Hg—SCR-NO, over parent and Co-BEA zeolites was
carried out in a glass through-flow micro-reactor, typically with
400 mg of the catalyst. The reactor inner volume was filled with
glass balls to minimize conversion of C3Hg in the gaseous phase
prior to the catalyst bed. A reactant mixture consisting of
1000 ppm NO, 1000-3000 ppm C3Hg, 2.5% O,, 0 or 10% H,0 and
the remainder consisting of He was kept at a total flow rate of
100 ml min~! with corresponding GHSV 7500 h~!. In selected
cases, the reaction was measured at conditions of GHSV 15,000
and 30,000 h™!. The catalyst was pretreated in an oxygen stream
at 450 °C for 1 h. During this procedure, the NH4-zeolites were
deammoniated to H-zeolites under in situ conditions. The concen-
trations of NO and NO, in the inlet and outlet of the reactor were
continuously monitored by an NO/NO, chemiluminescence ana-
lyzer (VAMET-CZ). The concentrations of C;-C; hydrocarbons,
CO,, CO and N,O were provided by an on-line-connected Hewlett
Packard 6090 gas chromatograph (for more details see Ref. [50]).
No N,O was detected in the products. For most of the tests, the
selectivity of NO conversion to N, was >98% (the rest was NO,).
Propane was transformed to CO, with 70% selectivity; the rest
was CO. The effect of the presence (10vol.%) and absence
(0 vol.%) of water vapour in the feed was investigated depending
on the reaction time-on-stream (TOS) with preservation of con-
stant concentrations of NO, (1000 ppm), O, (2.5 vol.%) and propane
(1000 ppm) at 350 °C and GHSV 7500 h~! or 30,000 h~'. The NO,
conversions are reported after TOS of about 1 h. At a given temper-
ature, the conversion of NO, both in the presence and in the ab-
sence of water vapour increased steadily and reached a stable
value. For Co-BEA*-IV and in some experiments for Co-BEA*-I,
the NO, conversion changed surprisingly after switching on/off of
water vapour (10 vol.%) in the feed. Therefore, behaviour of these
zeolites with TOS was investigated in more detail.

3. Results
3.1. State and distribution of Al in the framework

The 2°Si MAS NMR spectra of H-BEA*-IIl and -1V parent zeolites
and their analysis are shown in Fig. 1. Resonances between —97.9
and —101.7 ppm can be attributed according to the cross-polariza-
tion experiment (not shown in the figures) to the Si(2Si, 20H) and
Si(3Si, 10H) species. Resonances between —103.0 and —107.4 ppm
correspond to the Si(3Si, 1Al) atoms, and resonances above
—108 ppm reflect Si(4Si) atoms. These findings indicated that Si
neighbours on only one Al atom, and thus, no Al-O-Si-0O-Al se-
quences are present in these parent zeolites. 2°Si MAS NMR spectra
of H-BEA*-I and -II reported in Ref. [11] also showed that the Al-O-
Si-0-Al sequences in these zeolites were not present. This implies
that only Al-O-(Si-0),-Al sequences as Al pairs and isolated Al
atoms (Al-O-(Si-0),-,-Al sequences) occur in the frameworks of
the studied zeolites.

Res.(ppm) | (%) Si type

1150  20.2  Si(4Si)
1117 411 Si(4Si)
-110.1 154  Si(4Si)
11041 15.0  Si(3Si1Al)
1017 65 SiOH

-92.6 1.8 SiOH
Si/Al = 26.5

Res.(ppm) | (%) Sitype

1139 242 Si(4Si) B
1104 43.0  Si(4Si)
107.4 2.4 Si(3Si1Al)
1052 12.9  Si(3Si1Al)
11030 9.6 Si(3Si1Al)
-101.1 4.7 SiOH
979 32 Si20H

Si/Al = 16.1

-90 -100 -110 -120
»Si chemical shift (ppm)

Fig. 1. 2°Si MAS NMR spectra of BEA*-III (A) and BEA*-IV (B). Experimental spectra
(a) and spectra simulations (b).

From the quantitative analysis of the 2°Si MAS NMR spectra of
hydrated parent beta samples (Fig. 1 and Ref. [11]), it follows that
the concentration of extra-framework Al atoms is negligible in H-
BEA*-1 and H-BEA*-1V (less than 10%), but nearly 50% of extra-
framework Al atoms are present in partly dealuminated H-BEA*-
Il and H-BEA*-III, see Table 1. The dealumination of the framework
of H-BEA*-I occurred during template removal by zeolite
calcination.

Nevertheless, quantitative analysis of the FTIR spectra of ds-ace-
tonitrile adsorbed on the parent dehydrated beta zeolites (for de-
tails of the analysis, see Ref. [49]) and the spectra analysis given
in Ref. [11] revealed a non-negligible amount of Al-Lewis sites in
addition to the Broensted sites in all the dehydrated zeolites (Ta-
ble 1). This finding is in agreement with the well-known fact that
a substantial perturbation of the framework at Al sites takes place
in dehydrated H-BEA* zeolites [51,52] (see Table 1) reflecting in
formation of “framework” Al-Lewis sites, which remain to be lo-
cated in the framework T sites.

As the concentration of the Al atoms in Al-O-(Si-0),-Al se-
quences and the isolated Al atoms cannot be determined by 2’Al
MAS NMR analysis [36,42], we used the methodology for estima-
tion of the concentration of Al pairs in the framework by using
the highest exchange degree of bare Co(II) ions in dehydrated zeo-
lites. These values were calculated from the intensity of the d-d
transitions of bare Co(Il) ions in the cationic sites of dehydrated
BEA* zeolites and the corresponding absorption coefficients for
the individual Co(Il) ions taken from Ref. [18] (see further in
Fig. 2 and Table 2). The highest concentration of bare Co(Il) ions
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Fig. 2. UV-Vis spectra of Co-BEA*-I (A) with Co/Al1 0.19 (————),0.30(--- - - )and 0.50 (- -); Co-BEA*-II (B) with Co/Al 0.22 (———)and 0.32 (- -- - - ); Co-BEA*-III (C) with Co/
Al 0.05 (———), 0.16 (- - - - - yand 0.25 (- -); and Co-BEA*-IV (D) with Co/Al 0.03 (———), 0.28 (- - - - - ), 0.36 (- -) and 0.45 (— - —).
Table 3
Composition and TOF; and TOF; 4 values for Co-beta zeolites in C3Hg-SCR-NO,/H,0 in 10% H,0 at 350 °C and GHSV 7500 and 30,000 h~'.
Catalyst Co/Al Co Algg Aliso) Coial GHSV
=il =l =il
(wt.%) (mmol g—") (mmol g~") (mmol g~") 7500 h-! 30,000 h-!
N, yield TOF;otal TOF; a1 N, yield TOF;otal TOF; a1
(%) (h™" (h'") (%) (h'") (h'")
Co-BEA*-1 0.19 1.37 1.19 0.41 0 0.0 0.00 0.00
Co-BEA*-1 0.30 2.33 1.19 0.41 0.10 31.7 0.49 2.0
Co-BEA*-I 0.50 3.66 1.19 0.41 0.26 88.2 0.87 2.2 40.3 1.59 3.9
Co-BEA*-II 0.22 143 0.78 0.08 0.00 14.6 n.d. n.d.
Co-BEA*-II 0.32 2.17 0.78 0.08 0.02 20.7 0.34
Co-BEA*-III 0.05 0.35 0.59 0.14 0 19.9 n.d. n.d.
Co-BEA*-III 0.16 1.06 0.59 0.14 0.00 15.0 n.d. n.d.
Co-BEA*-III 0.25 1.61 0.59 0.14 0.02 10.9 0.24
Co-BEA*-IV 0.28 1.57 0.97 0.59 0.07 375 0.87 3.4
Co-BEA*-IV 0.36 1.96 0.97 0.59 0.13 89.0 1.64 4.2
Co-BEA*-IV 0.45 241 0.97 0.59 0.21 90.7 1.36 2.7 314 1.86 3.6

TOF,ora1 and TOF; 5, were not calculated for Coa concentrations <0.02 mmol g~ .

in Co-BEA* zeolites corresponds to the concentration of Al pairs,
Al-0-(Si-0),-Al sequences, in one ring in the zeolite; these values
are denoted in Tables 1-3 as Co,4; and Al,;; for the concentrations
of bare Co(Il) ions and the Al atoms in the Al-O-(Si-O),-Al se-
quences, respectively. The concentrations of isolated Al atoms in
the framework (Al;s,) were calculated as the difference in the con-
centrations of framework aluminium (Alia), obtained from the
295§ MAS NMR spectra of the hydrated zeolites, and the concentra-
tions of Al atoms in the Al pairs, Al-(Si-0),-Al sequences. The re-
sults are summarized in Tables 1 and 2.

The concentrations of Al atoms in AlI-O-(Si-0),-Al sequences lo-
cated in one ring and of the isolated Al atoms in the two framework

rings are given in Table 1. In the H-BEA-I sample, approx. 65% of the
Al atoms are located in Al-O-(Si-0),-Al sequences. Both dealumi-
nated H-BEA*-II and H-BEA*-III zeolites contain far fewer isolated
Al atoms, and the Al-O-(Si-0),-Al sequences greatly predominate
in their frameworks, containing approx. 90% and 80% Al in the Al-
0-(Si-0),-Al sequences, respectively. As both H-BEA*-I and H-
BEA*-II originated from the same beta (Si/Al 11.7) sample, it follows
that the BEA* zeolite was preferably dealuminated by removing iso-
lated Al atoms from the framework. In contrast, the H-BEA*-IV sam-
ple, synthesized by a specific procedure presumably to yield a high
concentration of isolated Al atoms in the framework, exhibited
above 60 rel.% of framework aluminium as isolated Al atoms.
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3.2. Co species in Co-BEA* zeolites

Co(Il) ions were exchanged into the parent beta zeolites from Co
nitrate solutions at conditions (the conditions are given in Table B
of the Supplementary material), where Co(Il) hexaquo-complexes
greatly predominated as follows from UV-Vis spectra (not shown).
These Co(Il) complexes in hydrated zeolites might be charge-bal-
anced by Al pairs or by two “close” isolated framework Al atoms.
However, after dehydration of Co-zeolites, bare Co(II) ions (coordi-
nated only to framework oxygens) are bound in the cationic sites
balanced by Al-0-(Si-0),-Al sequences. The Co(Il) ions previously
balanced by “close” isolated Al atoms in hydrated zeolites might be
balanced by an isolated framework Al atoms as Co-0O species or by
two isolated Al atoms located in two rings as Co-0,—Co species.

Fig. 2A-D depicts the UV-Vis spectra of the dehydrated Co-
BEA*-I, -1I, -l and -IV zeolites in dependence on the Co concentra-
tion. For the details of spectra deconvolution and attribution of the
individual UV-Vis bands to various Co ion species and correspond-
ing absorption coefficients, see Ref. [18]. The bands in the 14,000-
22,000 cm™~! region reflect the d-d transitions of the bare Co(Il)
ions coordinated at the o, B and y cationic positions exclusively
to the framework oxygen atoms. The band at 14,700 cm™! reflects
the Co ions in the o cationic sites, a relatively intense quartet of
bands at 15,500, 16,300, 17,500 and 21,700 cm~! corresponds to
the presence of the most populated Co(Il) ions at the B sites and
the low intense doublet at 18,900 and 20,100 cm~' belongs to
the Co(II) ions at the y cationic sites. The analysis of Vis spectra
of maximum loaded Co-BEA*-I and -1V is demonstrated in Fig. 3.
The concentrations of bare Co(Il) ions balanced by Al pairs (Coa;)
in all the samples are given in Table 2.

The broad band with maximum at 31,500 cm™' obtained only
for Co-BEA*-IV (see Fig. 2D) could be attributed to the charge-
transfer transition of the p-oxo, superoxo or peroxo Co species
[18]. It should be noted that not all the Co-oxo species that are
potentially possibly present in zeolites exhibit CT transitions below
50,000 cm~'. There might be Co-oxo species without a CT transi-
tion observable by diffuse reflectance spectroscopy, and their pres-
ence in our Co-BEA* samples is indicated from the chemical
analysis of cobalt in Co-zeolites and the calculated concentration
of Co(Il) ions attached to isolated Al atoms (see Table 2 and the Dis-
cussion). This assumption is supported by a possible CT transition
above 50,000 cm . It should be mentioned that we did not detect
transitions of Co oxide-like species for any of the dehydrated Co-
BEA* zeolites. The strong CT bands with maximum around

1

45,000 cm™!, observed for all the Co-BEA* zeolites and of high
intensity for zeolites with high concentration of bare Co(II) ions
(Fig. 2A-D), were attributed to the CT between the skeletal oxygen
atoms and the exchanged Co(II) ions, i.e. to the bonding of the Co
ions to the framework oxygen atoms.

For all the Co-beta zeolites, differing in the concentrations of Al
atoms in the Al pairs and isolated Al atoms, the intensity of the d-d
bands attributed to the bare exchanged Co(lII) ions increased with
increasing concentration of Co. Co-BEA*-I exhibited the highest
intensity of the absorption in the 14,000-22,000 cm™! region, indi-
cating the highest concentration of Co,,; cations. The lowest inten-
sity of the d-d bands, moreover, saturated at low Co loadings (Coza,
0.2 mmol g~ 1), was found for Co-BEA*-IV. Table 2 summarizes the
estimated concentrations of bare Co ions balanced by framework
Al-0-(Si-0),-Al sequence.

For the Co-BEA*-1IV zeolites, containing predominant concentra-
tion of framework aluminium as isolated Al atoms (61% of total Al,
see Table 1), a much lower absorption intensity was found in the
region of d-d transitions, but in contrast, an intense broad CT band
at 31,500 cm™!, possibly of some counter Co-oxo species, was ob-
served (Fig. 2D). The intensity of the latter broad band increased
particularly for loadings Co/Algg > 0.3. It should be pointed out that
no such distinct CT band was observed for the Co-BEA*-I, -1l and -III
zeolites.

The UV-Vis results, showing the d-d transitions of bare Co(II)
ions and CT bands of Co(I)-Orz and Co-oxo species with extra-
framework oxygen atoms, indicated that only counter Co ion
species are present in dehydrated with extra-framework oxygens
Co-BEA* zeolites. This conclusion is confirmed by the absence of
Raman bands (679, 514 and 472 cm™ ') of Co oxide-like species in
dehydrated Co-BEA* zeolites (for illustration, see the spectrum of
Co-BEA-I Co/Al 0.50 in Fig. B of the Supplementary material).

As the extinction coefficient of the broad CT band at
31,500 cm™! is approx. 50 times higher compared to that of the
d-d transitions, the concentration of the counter Co-oxo species
would be low, but not possible to be estimated. However, we do
not suppose that all Co-oxo species have to exhibit a CT band in
the region of the recorded UV-Vis spectra.

Nevertheless, the presence only of counter Co ion species in the
studied Co-beta zeolites gives us an opportunity to analyze quan-
titatively the Co-oxo species balanced by isolated Al atoms in the
framework. The concentration of Co;a; was calculated as the differ-
ence between the total concentration of Co(Il) ions (Cogotar) and the
concentration of Co(Il) ions balanced by the Al pairs, Coza (See
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Fig. 3. Analysis of Vis spectra of Co-BEA*-I Co/Al 0.50 (A) and Co-BEA*-IV Co/Al 0.45 (B). Experimental spectra after baseline subtraction (a) and spectra simulations (b).
Calculated Co concentration for (A) Coat = 0.07, Cof = 0.23, Coy = 0.06 and total Co = 0.36 mmol g~. Calculated Co concentration for (B) Coa = 0.05, Cop = 0.13, Coy = 0.02, and

total Co=0.20 mmol g~ .
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Table 2). The estimated error for Co;, Co1a and related Alpair, Alisol
values is <+10rel.%.

From Table 2 (two last columns) it can be seen that with
increasing Co loadings for all the Co-BEA* zeolites, the Co ions first
occupy sites adjacent to the Al pairs in the cationic sites (Coza),
while isolated Al atoms are subsequently occupied by “monova-
lent” Co-oxo species (Coia1) — last column. This is caused by the
conditions of the Co ion exchange, where the solution contained
highly predominated hexaquo-complexes of Co(II) ions to guaran-
tee complete Co(Il) exchange at the cationic sites with Al pairs.
Therefore, the Co ions adjacent to Aljso; could be formed in hy-
drated zeolites only at sites where isolated framework Al atoms lo-
cated in two rings are close enough to balance the divalent Co(II)
hexaquo-complex present.

3.3. C3Hg-SCR-NO, of Co-BEA* zeolites in the absence and presence of
water vapour (10 vol.%) in the feed

Fig. 4A-D depicts the dependence of the N, yield and conver-
sion of propane on the Co concentration in the presence and ab-
sence of water vapour in the feed over Co-BEA* zeolites plotted
at 350 °C, where the activity is the most sensitive to the tempera-
ture. The effect of the Co concentration on SCR-NO;, is expressed in
wt.% (Fig. 4) as well as in Co/Algg (Fig. 5).

All four parent dehydrated H-BEA* zeolites possessed consider-
able SCR-NO, activity. This is because the dehydrated zeolites ex-
hibit high concentration of Al-Lewis sites in addition to Broensted
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sites (see Table 1), as has been generally observed [51]. The con-
centration of Al-Lewis sites depends on the synthesis procedure
and post-synthesis treatment. Some of the Al-Lewis sites are repre-
sented by perturbed framework Al atoms; this perturbation is re-
moved by the exchanged Co(Il) ions. Nevertheless, some of these
extra-framework Al-Lewis sites, present mainly in partly dealumi-
nated H-BEA*-II and H-BEA*-III zeolites, remain unaltered. Consid-
ering the concentration of Al-Lewis sites in the parent zeolites
(Table 1), it follows that the Al-Lewis sites are connected with
the SCR-NO, activity in the absence of water vapour in the feed,
being the lowest for H-BEA*-I and H-BEA*-IV and the highest for
H-BEA*-II and H-BEA*-III (see Table 1 and Figs. 4 and 5). However,
the Al-Lewis sites are blocked in the presence of water, resulting in
the low activity of all the parent zeolites. We do not assume that
Al-Lewis sites are the only active sites for SCR-NO,, but most likely,
they function in cooperation with the trace concentration of Fe
present in the zeolites, as suggested in Ref. [53].

The above results imply that the activity of Co-BEA* zeolites in
SCR-NO; in the absence of water vapour is substantially affected
by the replacement of Al-Lewis sites by Co ions and, accordingly,
the activity of the Co ions in beta zeolites at low Co concentrations
is almost impossible to evaluate. Therefore, the results of the effect
of water vapour on the SCR-NO, activity are discussed for Co/
Algg > 0.3, where most of the “framework” Al-Lewis sites have al-
ready been removed by the exchanged Co ions.

Investigation into Co-beta zeolites with frameworks of different
concentrations of Al pairs and isolated Al atoms, and of bound
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Fig. 4. The dependence of N, yield and C3Hg conversion in SCR-NO, under presence (®) and absence (O) of water vapour over Co-BEA*-I (A), Co-BEA*-II (B), Co-BEA*-III (C)
and Co-BEA*-IV (D) on Co concentration at 1000 ppm NO, 1000 ppm CsHg, 2.5% O, 0 or 10% H,0 and rest He, at 350 °C and GHSV 7500 h™'.
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Fig. 5. The dependence of N, yield in SCR-NO, under presence (®) and absence (O)
of water vapour over Co-BEA*-I (A), Co-BEA*-II (B), Co-BEA*-III (C) and Co-BEA*-IV
(D) on Co/Alg at 1000 ppm NO, 1000 ppm C3Hg, 2.5% O3, 0 or 10% H,0 and rest He,
at 350 °C and GHSV 7500 h~'.

counter Co species (Coya and Coqa;), enabled comparison of their
activities. It should be stressed that the Co-BEA*-IV with a high rel-
ative concentration of isolated Al atoms in the framework exhib-
ited much higher activity after Co loading (already at approx.
2.0 wt.%) compared to the other Co-zeolites (Figs. 4 and 5) in both
the presence and absence of water vapour. This indicates the pres-
ence of some highly active Co species in this zeolite.

In the absence of water vapour in the feed, the dealuminated
Co-BEA*-II and -III zeolites with high relative concentrations of
Al pairs and thus high relative concentrations of bare Co(II) ions
and extra-framework aluminium exhibited decreased NO, and pro-
pane conversion levels with the increasing Co loadings. This indi-
cates that Al-Lewis sites in cooperation with Fe species under dry
conditions yield higher activity compared to the Co ions. The
SCR-NO; activity of Co-BEA*-I increased considerably with increas-
ing Co loading at Co/Al > 0.3. Similar behaviour in the absence of
water vapour with varying Co concentration was found with Co-
BEA*-1V, but the sharp increase in activity occurred at much lower
Co loadings (cf. Table 3 and Figs. 4D and 5D). This shows that at
higher Co loadings, both Co-BEA*-I and Co-BEA*-IV contained
highly active Co ions, but the activity of the Co-BEA*-IV zeolites
at similar Co concentrations was much higher.

Quite different behaviour of the individual Co-beta zeolites was
observed when water was added to the feed (SCR-NO,/H,0) -

empty points in Figs. 4 and 5. The activity of Co-BEA*-I decreased
only slightly (approx. 5%) and was stable for several hours. The
activity of both dealuminated zeolites after addition of water de-
creased immediately and substantially, and then the conversion
was stable. In contrast, the activity of Co-BEA*-IV in water vapour
was high at much lower Co loadings compared to that of Co-BEA*-I.
At 2.0 wt.% Co, the Co-BEA*-1V already exhibited conversion above
90%, which was attained with Co-BEA*-I at a loading of approx.
3.8 wt.% Co. It is to be noted that the N, yield increased up to Co/
Algg close to 0.5, indicating contribution of counter Co ions to the
SCR-NO,/H,0 activity.

However, the behaviour of Co-BEA*-IV with TOS after addition
and removal of water vapour from the stream in long TOS was sur-
prising. In the absence of water, the NO, conversion was stable for
TOS of approx. 3 h (Fig. 6 — empty points), but then the conversion
decreased within 0.5 h and was again stable. If water vapour was
added to the stream, the short decrease in the activity was fol-
lowed by a substantial enhancement in the NO, and propane con-
version. These effects were quite reversible with addition/removal
of water to/from the feed; moreover, they were more pronounced
with increasing Co loadings in Co-BEA*-IV (Fig. 6). It should be
noted that no significant change in the selectivity of the reaction
was observed.

While no changes in NO, conversion were observed in switch-
ing water vapour on/off in the feed over Co-BEA*-I under condi-
tions of the standard test (Figs. 4 and 5), when the concentration
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Fig. 6. Transient behaviour in TOS in SCR-NO, of Co-BEA*-IV depending on Co
concentration and presence (®) and absence (O) of H,0 at 1000 ppm NO, 1000 ppm
C3Hg, 2.5% 0,, 0 or 10% H,0 and rest He, at 350 °C and GHSV 7500 h'.
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Fig. 7. Effect of the presence (®) and absence (O) of water vapour in the feed on
conversion of NO, to N, over Co-BEA*-I Co/Al=0.50 depending on propane
concentration of 1000-3000 ppm C3Hg, 2.5% O,, 0% H,0 or 10% H,O and He at
350 °C and GHSV 15,000 h".

of propane was increased from 1000 up to 3000 ppm, a similar
transient increase in NO, conversion was observed in the presence
of water like with the Co-BEA*-IV sample (Fig. 7). At higher pro-
pane concentrations, the NO, conversion was substantially in-
creased from approx. 40% to 65% and from approx. 35% to 67%.
These results indicate that the conditions (propane concentration)
of the complex SCR-NO, process greatly influence the effect of
water vapour on the NO, conversion.

To compare the efficiencies of various types of counter Co ion spe-
cies present in the individual Co-BEA* zeolites in SCR-NO,/H,0, the
values of the turn-over frequency (TOF) per Coota atom at SCR-NO,/
H,0 were calculated. It follows from Table 3 that for the dealuminat-
ed Co-BEA*-II and Co-BEA*-III zeolites containing greatly predomi-
nating concentrations of Co(Il) ions balanced by Al pairs (>90%),
the TOF.a Values (per total Co) are at maximum Co loading low,
with TOF o 0.34-0.24 h™!, respectively. Increasing TOF;o:a values
from 0.5 to 0.9 h™! are found with the increasing Co loadings for
Co-BEA*-I, but the highest TOF.y. values are exhibited by Co-
BEA*-1V, where Co species reached TOF o, from 0.9 to 1.4 h™1.

The TOF,qa results indicate that Co-BEA*-IV and Co-BEA*-I con-
tain the most active Co species at higher Co loadings. If the TOF val-
ues were calculated per Co species adjacent to an isolated Al atom
in the framework (Co4;), under the assumption that the bare Co(II)
ions practically do not contribute to the C3Hg-SCR-NO,/H,0 activ-
ity (see Table 3), the TOF; 4 values of 2.2 and 3.4-4.2 h~! were ob-
tained for Co-BEA*-I and Co-BEA*-1V, respectively. It should be
mentioned that similar TOF value per active Co species (TOF ap-
prox. 2.3 h™ ') at the same reaction conditions was obtained in
our previous study on the Co-BEA*-I zeolite, denoted there as
CoNH,4-BEA [11]. In that study, the highly active species were iden-
tified as Co-oxo species not adsorbing acetonitrile and thus pre-
sumably also water molecules at the SCR-NO process.

As the TOF values were calculated at 7500 h~! using high NO,
conversions, we tested the most active Co-BEA*-I and Co-BEA*-
IV, also at GHSV 30,000 h~! With NO, conversions of 40% and
31%, respectively, the TOFy, and TOF;,, values were reasonably
close for these samples; TOF 1.6 and 1.9 h™!, and TOF4 3.6
and 3.9 h™', respectively.

4. Discussion

Discussions have long been held on the state and reactivity of
divalent cation species in silicon-rich zeolites, particularly those

with metal/Al > 0.5 [6,7,25,30,32,54-56]. To attain such values,
metal acetate solutions are frequently used, providing “monova-
lent” species for the ion exchange. However, quantitative analysis
of the obtained metal-oxo species, enabling relationship between
their concentration and activity, has so far failed, even though
numerous spectral and diffraction techniques have been used
[5,6,23,25,27,55].

With respect to Co-BEA* zeolites, in addition to bare Co(II) ions
coordinated exclusively to framework oxygen atoms and adjacent
to two Al atoms in the ring of the cationic site, the presence of Co-
0, bridged Co-0-Co and p-oxo, peroxo and superoxo Co species
should be considered. The Raman band around 600 cm™! observed
in the Co-BEA* with Co/Al close to 0.5 and exhibiting stable NO,
conversion in C3Hg-SCR-NO,/H,0 [23] was attributed to a low
concentration of p-oxo Co(Il) species. But their quantitative analy-
sis was not done.

Our long attempt to obtain direct quantitative analysis of the
complex Co-oxo species by UV-Vis failed, as not all Co-oxo species,
potentially present in zeolites, exhibit CT transitions below
50,000 cm . There is no quantitative direct experimental informa-
tion on the defined Co-oxo species, and generally on metal-oxo
structures in beta and also other pentasil ring zeolites.

Therefore, to achieve quantitative analysis of Co-oxo species
and to analyze the effect of local negative framework charge on
the structure and reactivity of counter Co species, we attempted
to employ model beta zeolites with quite different distribution of
aluminium atoms in the framework and thus presumably different
counter Co(Il) species to identify their concentrations and related
activities. By using a background of knowledge on the distribution
of aluminium atoms in the MFI framework depending on the con-
ditions of the zeolite synthesis [34,35,37], the following parent
beta zeolites were prepared and their Co-forms used: (i) a BEA*
zeolite, where a vast amount of aluminium in the framework
was preserved during template removal, which contained both Al
pairs and isolated Al atoms in the framework, (ii) a dealuminated
zeolite and a commercial beta sample, which thereafter appeared
to contain highly predominating concentration of Al pairs in the
framework, and (iii) a BEA* zeolite synthesized in the laboratory
using a procedure yielding a sample containing a predominant
amount of the framework aluminium as isolated Al atoms.

As the 2°Si MAS NMR spectra indicated the absence of
Si(2Si, 2Al) atoms and thus the absence of the Al-0O-Si-0-Al se-
quences in the framework of all the studied beta zeolites (cf.
Fig. 1 and Ref. [11]), it was clear that the zeolites can contain only
Al-0-(Si-0),-Al sequences in one ring and isolated Al atoms with
Al-0-(Si-0),-2-Al sequences in different rings. However, 2°Si MAS
NMR cannot distinguish these latter sequences nor can 2’Al MAS
NMR spectra. Therefore, to distinguish Al-O—(Si-0),-Al sequences
and isolated Al atoms in the framework, we must use a method
based on the assumption that the Al-O-(Si-0),-Al sequences in
one ring can be quantitatively balanced by bare Co(II) ions bonded
in dehydrated fully exchanged zeolites exclusively to framework
oxygens [34,35]. A necessary condition for obtaining quantitative
analysis of the concentration of Al-O-(Si-0),-Al sequences in
one ring is the complete charge-balance of all these sequences by
bare Co(Il) ions (see Table 2). Additional Co(Il) ion species ex-
changed into beta zeolites (see Table 2, difference between Coyota
and Co,ay, in the absence of Co oxide entities) should be exchanged
as Co(I)-0 or bridged Co-0,-Co complexes, balanced by one or
two isolated framework Al atoms, respectively, located in two
rings.

Co-BEA-II and Co-BEA-III exhibited the highest relative concen-
trations of bare Co(ll) ions related to the concentration of Al in the
framework (approx. 90%, see Tables 1 and 2), as calculated from
the Vis intensities of the d-d bands of bare Co(Il) ions, and thus
of the Al pairs in one ring. This indicates that the dealumination
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of beta zeolites occurred predominantly by the removal of isolated
Al atoms from the framework. On contrary, the low intensity of the
Vis bands of the d-d transitions of bare Co(II) ions in the synthe-
sized H-BEA*-IV (Fig. 2D) reflected a much lower relative concen-
tration of Al in the Al pairs and thus a high concentration of
isolated Al atoms (60%, see Tables 1 and 2).

As mentioned above, a straightforward identification of the Co-
oxo species by spectral methods is not possible. The broad intense
CT band at 31,500 cm™}, increasing with the Co concentration in
Co-BEA*-IV, could be ascribed to some Co-peroxo, -superoxo or
p-oxo Co(II) counter species (Fig. 2D) [57-59]. The absorption coef-
ficient of this CT band was suggested to be approx. 50 times higher
compared to that of the d-d transitions [11]. It follows that the
intensity of the observed CT band at 31,500 cm™! reflects only a
low concentration of Co-oxo species. Moreover, for Co-BEA*-I, the
intensity of absorption in this region increased only slightly and
did not correspond to the expected concentration of Co-o0xo species
that followed from chemical analysis. These findings imply that
either a very small number of Al atoms in the framework are bal-
anced by Co-oxo species or not all the Co-oxo species are visible as
the CT band in the region up to 50,000 cm ™!, the limiting frequency
of the diffuse reflectance spectrometers.

The most important condition for application of the SCR-NO,
process is a high and stable activity in SCR-NO, under the condi-
tions in the real exhaust gases containing approx. 10% water va-
pour in the stream. For the analysis of the activity of Co species,
it should be pointed out that the SCR-NO, reaction is a complex
process with numerous subsequent steps, each of which can affect
the final conversion of NO, to nitrogen. In the following discussion,
we omitted the contribution of Al-Lewis sites (cooperating with
trace concentrations of Fe) to the SCR-NO, in dry streams and con-
centrated on Co-BEA* samples with high Co loadings close to Co/
Alggr = 0.5 and the SCR-NO, process under conditions of wet NO,
streams.

From analysis of the NO, activity of Co-BEA* zeolites exhibiting
quite different distribution of framework aluminium, and thus the
high population of Co,a; ions (Co-BEA*-II and Co-BEA*-III) and pre-
dominant population of Coqa; (Co-BEA*-IV), it follows that the bare
exchanged Co(Il) ions yield rather low NO, conversion not exceed-
ing 21% under the given conditions (see Tables 1-3, and Figs. 4 and
5) and low TOFq, 0.2-0.3 h™!. On contrary, Co-BEA*-IV with pre-
dominant concentration of isolated Al atoms balancing the Co-oxo
species provides high conversion of NO, (90%) already at much
lower Co concentration (~2 wt.%) and reaches TOF;o 1.9 h7!
and TOF;4 of 3.6 h™".

The results clearly indicated dramatically higher activity of Co
species in Co-BEA*-IV compared to the other Co-BEA* zeolites: (i)
the most active sites for SCR-NO,/H,0 are populated at high Co
concentrations and (ii) Co-oxo species charge-balanced by isolated
Al atoms in the framework are much more active compared to the
low active bare Co(lIl) ions balanced by Al pairs.

TOF;a1 2.2-2.7 h™! per Co-oxo species charge-balanced by iso-
lated Al atoms are in very good agreement with the TOF value
(23 h™!) per active Co-oxo species obtained for the series of
CoNH4-BEA* tested under the same conditions in [11]. The concen-
trations of Co-oxo active species in Ref. [11] were calculated as
those not adsorbing basic acetonitrile, and presumably also water
molecules. Thus different approaches, i.e. adsorption of basic mol-
ecules on Co species and analysis of Co species adjacent to isolated
Al to identify the most active Co sites, provided an excellent agree-
ment in TOF values.

In addition to the finding of the high activity of the Co-oxo spe-
cies balanced by isolated framework Al atoms, a considerable tran-
sient behaviour of NO, conversion under addition/removal of
water over Co-BEA*-I and -1V zeolites, particularly at high NO, con-
versions, was observed (see Figs. 6 and 7). This behaviour could be

explained by water acting either in changing the structure of the
Co species or by enhancement of the rate of some of the reaction
step(s). Referring to the in situ FTIR study of Shichi et al. [60], the
results on stable NO, conversion of 90% decreasing to 40% for Co-
BEA*-IV in the absence of water vapour and reversible attainment
of the original conversion after water addition to the feed could be
explained by their suggestion about the self-deactivation of the
zeolite by CN- and CNO-intermediates and after addition of water
by the increased rate of their hydrolysis to ammonia species fur-
ther readily reacting with NO, to molecular nitrogen. Nevertheless,
we could not exclude the effect of reversible altering the structure
of the Co species. As this behaviour was observed only for Co-BEA*-
I and Co-BEA*-IV containing Co-oxo species and not for Co-zeolites
containing almost exclusively bare Co(II) ions balanced by Al pairs,
we can connect this behaviour with the Co-oxo species. However,
analysis of this effect relative to the structure changes of the Co
species requires further in situ spectral study.

Comparison of the concentration of Co-oxo species balanced by
isolated Al atoms and the total concentration of isolated Al atoms
in the parent H-BEA*-IV sample (Tables 1 and 2) indicates that only
approx. 30% of the isolated Al atoms were utilized to balance the
Co-oxo species. Therefore, there is still a high potential to increase
the population of the active Co-o0xo species in this zeolite and thus
increase the SCR-NOj activity.

Although this study did not reveal the structures of possible
individual Co-0O and Co-0O, Co species, the main characteristics of
Co-oxo species are given. Occurrence of various structures of the
counter Co-oxo species was indicated by the presence of CT Co-
Okgx.pr transition, which, however, because of the low intensity did
not correspond to the total concentration of Co-oxo species in the
zeolites. As for the structure of Co-0xo species, we can only specu-
late that it depends on the distances of the isolated Al atoms located
in two rings providing for formation of bridged Co-0,-Co struc-
tures or stabilizing a single Co-O entity by one isolated Al atom.

Summing up, it should be stressed that the distribution of alu-
minium in the framework of beta zeolites dramatically changes the
population of the bare Co(Il) ions and Co-oxo species, balanced by
Al-0-(Si-0),-Al sequences and isolated Al atoms, respectively. It
has been shown that the concentration of isolated Al atoms in
the framework controls the occurrence of the counter Co-oxo spe-
cies, which exhibit extraordinarily high NO, activity in real wet
NO, streams containing 10% of water vapour.

5. Conclusions

It has been shown that the distribution of aluminium in the
framework dramatically affects the structure and reactivity of the
counter Co ion species in beta zeolites. AI-O-(Si-0),-Al sequences
in one ring and isolated Al atoms in different rings, Al-O-(Si-
0)n-2-Al sequences, occurred in the BEA* framework. While Al-
0-(Si-0),-Al sequences in the framework in the cationic sites
can accommodate bare Co(Il) ions, the isolated Al atoms (Al-O-
(Si-0),»2—-Al sequences) located in two framework rings represent
a negative charge for balancing the counter Co-oxo species.

Quantitative analysis of the concentration of bare Co(Il) ions
and Co-oxo species using the 2°Si MAS NMR and UV-Vis spectra
of the Co(II) ions and estimation of the distribution of the Al atoms
in the framework between the Al pairs and isolated Al atoms en-
abled evaluation of the concentrations and activities of the counter
bare Co(II) and Co-oxo species. Compared to the bare Co(lII) ions,
exhibiting SCR-NO, activity only in the absence of water vapour,
the Co-oxo species exhibit high and stable activity in propane-
SCR-NOy in the presence of water (10%) in the NO, streams. The
activity likely originates from the high redox ability of the Co-
oxo species due to bonding of extra-framework oxygen atom(s)
and the absence of adsorption of basic molecules like water.



54 L. Capek et al./Journal of Catalysis 272 (2010) 44-54

In addition to analysis of the structure vs. activity relationship
for Co species in BEA* zeolites, the synthesis of a BEA* zeolite con-
taining predominant concentration of isolated Al atoms in two
framework rings at relatively high concentration of framework alu-
minium (Si/Al 15) is reported. This zeolite with a high concentra-
tion of isolated Al atoms (~60% of framework Al) is able to
stabilize a high concentration of highly active Co-oxo species. As
these species do not adsorb basic molecules and accordingly also
water molecules, they yield high NO, conversions in real NO,
streams containing 10% of water vapour. While the bare exchanged
Co(II) ions exhibit very low activity under these conditions, the Co-
oxo species attain TOF;; per Co-oxo species of around 3-4 h™'.

Summing up, we can state that the controlled distribution of alu-
minium in the beta framework by the procedure of zeolite synthesis
or post-synthesis treatment can govern the concentration of bare
Co(Il) cations accommodated by the Al-O-(Si-0),-Al sequences
in the cationic sites or Co-oxo species in the vicinity of isolated Al
atoms. This study provided evidence for the superior activity of
the counter Co-oxo species in beta zeolites adjacent to isolated Al
atoms in SCR-NO, streams containing high concentrations of water
vapour. Analogous behaviour can be expected for the other multiva-
lent cations with respect to the distribution of framework alumin-
ium. This finding might provide for tailoring of the redox activity
of metal-zeolite catalysts in various redox reactions.
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