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Abstract

CoNHy-beta and CoH-beta zeolites, with various Co loadings, were prepared by Co ion exchange jnenbH-beta parent zeolites,
from which the template was removed by cabtion of the as-synthesized beta zeolite inrasn of ammonia and oxygen, respectively. It
has been found that the Col¥Hbeta zeolites in contrast to CoH-beta zeolites exhibit high and stable activity in selective catalytic reduction
of NO, with propane in the presence of water vapor (10%). To analyze the reasons for the exception activity gfl@tdNErolites, both
zeolite preparations were studied with respect to the state and location of aluminum, character of Al-related acid sites, and Co ion-exchang
capacity by means of FTIR spectra of OH groups dfydkrated zeolites and those after adsorptiongédetonitrile, and by9Si, 27Al, and
27p1 3Q MAS NMR spectra. The procedure of template removal using ammonia provides a charge balance of the framewark imnsIH
and thus preserves framework T-O bonds from perturbation and dealion. The Co-beta zeolite withdih concentrations of regularly
Td coordinated Al atoms in the framework (CobHBEA) contains besides the “bare” Co ions the Co ion species adjacent to a single
framework Al atom, which moreover, do not adsorb base molecules. These Co species are expected to bear extraframework oxygen(s), a
they are suggested to be responsible for the high and stable SGRxd{i@ity at a high content of water vapor in the reactant stream, as their
concentration correlates with theglgg—SCR-NQ. activity under water vapor presence.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction Gas researchers to possess high and stable activityHg-C
SCR-NQ: at simulated exhaust gas compositions containing
water vapor (9%) and SO(150 ppm)[4—6]. The Co-oxo
species in Co-beta, monitored by Raman spectra, were sug-
gested to be the active sites of thgHg—SCR-NQ reac-

(tion [7,8]. However, their concentration was estimated to be

father low, below 10% of the total Co concentration. There-

Co zeolites of ZSM-5 and ferrierite structures with ex-
changed Co ions exhibit high activity in GH, CzHs— and
i-C4H10-SCR-NQ without the presence of water, but at
high concentrations of water vapor, such as exists in real

exhaust gases of lean-burn combustion processes, asubstaf h d btain further inf .
tial decrease in activity occuf4,2]. This loss of activity is ore, we have attempted to obtain further information nec-

predominantly caused by adstion of water molecules on essary for understanding the structure of the Co ion species
the Co iong3]. Recently, Co-beta zeolite with 100% of Co in beta zeolite exhibiting exceptional activity, and to specify

on exchange has been reported by EniTecnologie and Osalcf€Parations of Co-beta zeoltes velding ighly aciie cata

Generally, the state, location, and degree of cation ex-
* Corresponding author. change in zeolites depend on both the distribution of alu-
E-mail addresswichterl@jhinst.cas.c¢B. Wichterlova). minum in the framework2,9,10]and the structure of cation
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complexes present in aqueous solutions or in the gas phasactivity of the corresponding Co-beta zeolites is compared
during high-temperature “solid-state” ion exchange. Posi- in selective catalytic reduction of NQwith propane (GHs—
tions and state of the exchanged cations in dehydrated ze-SCR-NQ,) under the presence and absence of water vapor.
olites are affected by the zeolite structure, Al distribution A high aluminum density in the framework of NFbeta ze-
in the framework, and gaseous atmosphere, both providingolite is stressed to play a decisive role for the high and stable
surrounding—ligand field—for the cation. Cobalt as well as catalyst activity in GHg—SCR-NQ. under the presence of
other divalent cations can begsent in pentasil-ring zeo-  water vapor.
lites as (i) “bare” cations at cationic sites coordinated exclu-
sively to the framework oxygen atoms and thus exhibiting an
open coordination sphere, (ii) oxo- prperoxo Co species
coordinated to the framework oxygens and simultaneously
bearing extraframework oxygen atom(s), and (iii) various
undefined Co oxide-like species (CoO,40n) supported in
the zeolite inner volume or at the outer surface of the crystals
[2,11]. Beta zeolite with SiAliota = 11.5 containing template
In contrast to zeolites of ZSM-5 and ferrierite structures, was supplied by Unipetrol Inc., CZ. Two different proce-
the framework of zeolite beta is usually perturbed in the dures were employed for template removal, which resulted
surrounding aluminum atofi2,13] Some of these pertur-  in parent H-BEA and Ni@-BEA zeolites, where H and
bations result in the reversible change of the coordination NHa4" ions, respectively, balanced the framework charge of
of aluminum atoms in the zeolite framework. There is a zeolites.
general agreement that some framework Al atoms can ex- H-BEAwas prepared by calcination of the as-synthesized
hibit octahedral coordinatioji2,14—20] The extent of this  beta zeolite with tempta in an oxygen stream at 453G for
perturbation depends on the type of the cation balancing24 h (1°C min~1 upto 100°C, 100°C for 1 h, 1°C min~t up
the negative charge of the framework and thus also on theto 250°C, and 3C min~1 up to 450°C). Afterward, the zeo-
conditions under which the template is removed from the lite was hydrated in air at room temperature (RT)./NBEA
as-synthesized zeolif21]. Generally, if a counterionis rep-  was prepared by calcination of beta zeolite with template in
resented by a proton, considerable weakening of the frame-an ammonia stream at 43Q for 8 h (temperature program
work Al-O bonds occurs, Al atom cans exhibit octahedral as for H-BEA). Then the Nkizeolite was exchanged into the
coordination, and the framework is substantially perturbed Na' form by repeated (8) Na* ion exchange using 0.5 M
up to the stage of its dealuminati¢®l]. Such dealumina- ~ NaNQ;z (40 ml per 1 g of a zeolite) at RT. Na-BEA was cal-
tion affects thereafter the aluminum distribution within the cined in an oxygen stream at 450 for 24 h to remove rest
framework. On the contrary, metal and ammonium ions as of the template. Na-BEA zeolite was then ion-exchanged
counterions stabilize alminum coordination in AlQ tetra- (4x) using 0.2 M NHNOs (60 ml per 1 g of a zeolite) at
hedra in the framework. It follows that the distribution of RT to guarantee complete exchange by /NHons. After
aluminum between the framework and the extraframework washing of the zeolite by distilled water it was dried in air at
sites can be substantially different depending on the treat-RT; the resulting zeolite is denoted as INBEA.
ment of beta zeolite and type of the counterions balancing  Na forms of the final parent NHBEA and H-BEA zeo-
the framework. lites, prepared for NMR studies, were ion-exchangex)(3
Framework perturbations leading to changes in aluminum with 0.5 M NaNG; (40 ml per 1 g of a zeolite) at RT. The
state and its distribution in beta zeolites understandably af- zeolites were denoted as Na(D}BEA and Na(H)-BEA,
fect S|t|ng and coordination of the eXChanged Co i0nS, which respective|y. The procedure y|e|ds the maximum concentra-
might then be reflected in the activity of Co-beta zeolites. tjon of exchangeable Naions.
Therefore, we have been intsted in the catalytic behav- The chemical composition of parent zeolites was deter-

ior of Co-beta zeolite catalysts prepared from the parent mined by atomic absorption spectrometry after dissolution
as-synthesized beta zeolites from which the template was re the zeolite samplegable .

moved by different ways, i.e., by calcinations in an oxygen

(standard procedure) or ammonia stream, thus providing a

charge balance of the framework by protons or ammonium pe 1

ions. The template removal in an ammonia stream was first Composition of parent beta zeolites from chemical analysis

2. Experimental

2.1. Parent zeolites

reported by Creyghton et gR1] and subsequently adopted  Zjie SiAl ol Na&/Aloral
by other groups. BEATEA 115 ~
The study describes the state of aluminum and Al-related j_gga 115 _
acid sites and replacement of tinelividual acid sites by the  Na(H)-BEA 132 043
Co ions in two different beta zeolites, i.e., H-beta andsNH  NH4-BEA 117

beta, prepared by calcinations of the as-synthesized beta zeNa(NHs)-BEA L7 0.70

olite in an oxygen and ammonia stream, respectively. The Altotal is obtained from chemical analysis.




354 L. Capek et al. / Journal of Catalysis 227 (2004) 352-366

Table 2
Composition of Co-beta zeolites and conditions of Co(ll) ion exchange
Zeolite SjAliotal Co/Alotal Conditions of ion exchange
Co(NOgz)2 conc. (mofL) Solution/zeolite (m)qg) Time (h)x repetition
CoNH4-BEA 122 0.02 00013 75 7
CoNHg-BEA 124 0.19 00025 75 7
CoNH4-BEA 122 021 00028 75 7
CoNHz-BEA 120 0.29 00061 75 7
CoNH4-BEA 120 0.30 00064 75 7
CoNHz-BEA 123 0.34 0.0080 75 7
CoNH4-BEA 119 0.48 005 120 24x 3
CoNHg-BEA 119 0.50 005 120 24x 3
CoH-BEA 136 0.08 00014 75 7
CoH-BEA 140 0.09 00046 75 7
CoH-BEA 130 0.09 00064 75 7
CoH-BEA 140 0.22 00082 75 7
CoH-BEA 131 0.32 0.05 120 24x 3
2.2. Co zeolites speed of 12 kHz and chemical shifts were referenced to the

aqueous solution of Al(Ng)3. Spectra were normalized to

CoNHy-BEA and CoH-BEA zeolites with various Co the weight of the sample and decomposed to the Gaussian
concentrations were prepared by Co(ll) ion exchange of the bands using Microcall Origin?’Al 3Q experiments were
corresponding parent beta zeolites with Co@)fOaqueous  performed using the two-pulsefiltered procedure. Ar
solutions at RT. After the Co(ll) ion exchange, the zeolites pulse was used for excitation and #3 pulse for conversion.
were washed three times with distilled water and dried in Pulses were individually optiired for each sample. Relax-
air at RT. Detailed parameters of Co(ll) ion exchange and ation delay was 0.5 s. 2D contour plots presented are the
chemical compositions of zeolites, determined by atomic ab- results of a 2D Fourier transformation followed by a shearing
sorption spectrometry after the zeolite samples dissolution, transformation. Thus, the F1 axis is the isotropic dimension

are given inTable 2 and F2 gives the MAS spectrum containing the second-order
quadrupolar lineshape. Isotropic chemical shift and second-

2.3. Nuclear magnetic resonance order quadrupolar parameters were obtained from the first
moment analysis of the 2D plot using the following rela-

295i, 27Al MAS NMR and 2’Al 3Q MAS NMR ex-
periments were carried out on a Bruker Avance 500 MHz
(11.7 T) wide-bore spectrometer operating at Larmor fre- §iso= (178r1 + 108F2) /27 (2)
quency 130.3 MHz for aluminum and 99.35 MHz for silicon
using 4 mm o.d. Zr@rotors. and
29g;j MAS NMR high-power decoupling (HPDec) and Po = Caoe(l+ /32 3)
cross-polarization (CP) experiments were carried out. In the 5 12
case of high-power decoupling,6 (1.7 us) excitation pulse = ((17/162000v{ (6r1 — 8F2)) ",
and 30 s relaxation delay were applied. In the case of cross-
polarization spectra, pulse sequences with 50% ramp CP
pulse, 2000 ps contact time, high-power decoupling, and
5 s relaxation delay were applied. Rotors were spun at a
rotation speed of 5 kHZ%Si high-power decoupling spec-
tra were decomposed to the Gaussian bands using Microcal
Origin 4.1 software (Microc&lSoftware Inc., USA). Frame-
work aluminum content (3AIFR) was estimated according

ons

wherev is the Larmor frequency. For a discussior?éAl
3Q MAS in beta zeolites, see Ref$3,23} for details on 3Q
MAS NMR see Refs[24,25]

I2.4. FTIR spectroscopy

FTIR spectrain the region of OH groups aneR vibra-
tions were monitored at RT on parent and Co-beta samples

to formula ; .

} after evacuation (1% Pa) at 450C and after adsorption
Si/Alfr = 1/0.2511, @) of ds-acetonitrile (10 Torr at RTJollowed by its desorp-
wherel; denotes the intensity of the NMR line correspond- tion at RT and at 150C for 20 min in a glass vacuum cell
ing to the Si(3Si,1Al) building unit, and denotes totad°Si equipped with NaCl windows and a carousel sample holder
intensity; for details see ReR2]. with six samples. FTIR spectrometer Nicolet Magna-550

To enable quantitative analysis 9fAl MAS NMR spec- with a MCT-B low-temperature detector was used. For a sin-
tra, high-power decoupling pulse sequences witHl2 gle spectrum, 200 scans at 2 thresolution were collected.

(0.7 ps) excitation pulse and 1 s relaxation delay were ap- Samples were used as self-supported pellets of thickness of
plied on fully hydrated samples. Rotors were spun at rotation about 5 mg cm?. Spectra intensities were normalized on the
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sample thickness using the integral area of the zeolite skele- Conversion of the reactant i.e., NO or GHg was de-
tal bands. Concentration of unperturbed bridging OH groups fined as
(OH, IR band at 3610 cm'), Bransted sites representing the 0 .
sum of the unperturbed and perturbed bridging OH groups x; (%) = L x 100
(BS, band at 2297 cnt of C=N vibrations), Al-Lewis sites Ci

(LS, band at 2325 cm' of C=N vibrations), and Co-Lewis Wherec? is the concentration [ppm] of the reactarin the
sites adsorbingsacetonitrile (Ca, band at 2308 cmt of feed, andc; is the concentratio of the reactant after the
C=N vibrations) were determined by using extinction co- reaction.

efficientseon = 4.05+ 0.21 [26], ¢g = 2.05+ 0.10 [26], Yields of NO; and NbO related to NO and yields of GO
&L =3.624+0.16[26], eco=7.124+0.35[27]. The amount ~ CO, CHs, CoHg, CoHa, and GHe related to GHg were de-
of NH4™ ion was determined in hydrated NHBEA sam- fined as
ple from the band at 1445 cm and extinction coefficient %) —
enn = 13,0+ 0.6 cm pmot L [28]. Details of the applied IR yf(w—vm
procedure are given in Ref9,30]

(4)

x 100,

(5)

wherec; is the concentration [ppm] of the produgti.e.,
NO2, N2O, CO,, CO, CHy, CoHg, CoHg4, or GHeg, in the
reactor outlet, and; is the number of C or N atoms in
the corresponding moleculel? is the concentration [ppm]
of the reactant, i.e., NO or GHg, in the reactor inlet, and
v; is the number of C or N atoms in the corresponding mole-
cule.

N> yield was calculated according to

2.5. Selective catalytic reduction NO, with propane

C3Hs—SCR-NQ over parent and Co-beta zeolites was
carried out in a glass flowtbugh microreactor, typically
with 400 mg of the catalysiThe reactor inner volume was
filled with glass balls to minimize conversion ofzEg in
the gaseous phase prior to the catalyst bed. Reactant mixturgy, (%) = xno —
consisting of 1000 ppm NO, 1000 ppmidg, 2.5% &, 0
or 10% HO0, and the rest of He was kept at a total flow of
100 mI mirr L. Corresponding GHSV was 7500h assum-
ing a specific catalyst density of 0.5 g cfh

The catalyst was pretreated in an oxygen stream at@50
for 1 h (5°Cmin~1). During this procedure Nizeolites
were deammoniated to H zeolites under in situ conditions.
After calcination of the catalyshe reactor was cooledtothe 3 Reqits
lowest reaction temperature, typically 200, kept constant,
and connected with a reactant stream. The steady state 08.1. Structure of Al-related acid sites of parent H- and

(YNO, + YN,0) (6)

as other N-containing compounds were not found in the
product mixture. The values ofdVield calculated from the

N balance were confirmed by gas chromatographic analysis.
Turnover-frequency values (TOF; b represent molecules

of NO converted to N per Co atom per hour.

the reaction was usually reached within 30-50 migHg-

SCR-NO in the absence of water vapor was measured from

200 to 450 C at temperature steps of 50. The effect of

water addition to the reaction stream on the zeolite activity

was measured at 35C.
Concentrations of NO and NOn the inlet and outlet

NHgz-beta zeolites

3.1.1. FTIR spectra

Fig. 1 shows FTIR spectra of adsorbegd-acetonitrile
on deammoniated/dehydrated NBEA and H-BEA ze-
olites in the region of &N vibration. Bands at 2325

of the reactor were continuously monitored by an NO/NO
chemiluminescence analyz&AMET-CZ). Concentrations
of C1—C3 hydrocarbons, C& CO, and NO were provided PR
by an on-line connected Hewlett Packard 6090 gas chro- ; 0.2
matograph. Two gaseous samples were simultaneously in- ! )
jected. In one branch, columns of Poraplot Q (30xm
0.53 mm) and Molecular sieve 5 A (30 m0.53 mm,d; =

25 um) were used for separation of CCO, and NO
(TCD detector). A by-pass with Molecular sieve 5 A column
was used for analysis of GOIn the second branch, a FID
detector monitored 5-C3 hydrocarbons separated on a non-
polar HP-5 column (30 m 0.32 mm with 0.25 pm thickness

of active phase). When the reaction was carried out with 10%
H>O in the feed, an ice-cooled water trap (@) was used to
reduce water vapor pressure at the outlet of the reactor priorrig. 1. FTIR spectra of deamoniated/dehydrated (48€) NH,-BEA (—)
to the NO/NQ and GC analysis of reactants and products. and H-BEA (---) after adsorption ofxacetonitrile at RT.

Absorbance

2360 2340 2320 2300 2280 2260 2240 2220
wavenumber, cm”
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Content of Al from chemical analysis, IR and NMR spectra of parent beta zeolites

Zeolite Si/Aliotal Content of Al (mmol g1)
Aliotal NH4t OH Brgnsted sites (BS) Lewis sites (LS) 1R Si/AlER? AlNMRP
H-BEA 115 133 - Qo7 024 049 122 - -
Na(H)-BEA 132 117 - n.d. n.d. n.d. n.d. 28 0.78
NH4-BEA 117 131 122 038 078 025 128 - -
Na(NHg)-BEA 117 131 - n.d. n.d. n.d. n.d. 13 119
a petermined by?9Si NMR, seeTable 4
b calculated from SiAlgR.
. There is a good agreement between the concentrations
02 of Al in zeolites calculated from chemical analysis M)

Absorbance

3200

3600 3400 .

wavenumber, cm”

3800 3000

Fig. 2. FTIR spectra of NftBEA (—) and H-BEA (---) dehydrated/
deammoniated at 45CC.

and 2297 cm? reflecting the interaction of €N group
with Lewis and Bronsted sites, respectively, were found

in the spectra of both samples. The intensity of the band

at 2325 cmi! highly prevailed in the spectra of H-BEA
compared to Ni-BEA, where the intensity of the band at
2297 cnm ! was much higher compared to that at 2325 ¢ém
Thus, H-BEA exhibited predominantly Lewis sites com-
pared to very low concentrations of Bronsted sites, while
with the NH;-BEA sample the concentrations of Bronsted
sites highly prevailed over that of Lewis sites (Jedble 3.

Fig. 2 shows FTIR spectra of NHBEA and H-BEA
deammoniated/dehydrated at £8Din the region of OH vi-
brations. A band at 3610 cm characteristic for unperturbed
bridging Si-OH-AI group$12,14,31] i.e., not affected by

and those determined from the IR spectrajgAkthe sum

of concentrations of Bronsted sites and twice those of
Al-Lewis sites) for both NH-BEA and H-BEA zeolites
(Table 3. It implies that all Al sites with an open coor-
dination sphere in the deanomiated/dehydrated zeolites
were detected by adsorbed-dcetonitrile as Lewis sites,
i.e., that no clustering of these species occurred. With the
hydrated NH-BEA sample the concentration of MM
ions was determined from the intensity of the band of
N—H vibrations at 1445 cm', NH4+ [28]. As this value
(1.22 mmol NH;* g~1) matched satisfactorily the chemi-
cal analysis of aluminum (1.31 mmol At4d), it follows that

the hydrated Ng-BEA zeolite contained Al atoms predom-
inantly in the framework positions.

3.1.2. NMR spectra

The spectra were monitored on the both parenjMBEA
and H-BEA zeolites and their sodium form@Si single
pulse MAS NMR spectra of Na(Np-BEA and Na(H)-BEA
are shown inFig. 3A, and corresponding CP spectra are
given inFig. 3B. No difference was observed betwedsi
NMR spectra of parent zeolites (MHand H-) and cor-
responding Na forms. Decomposition of the single pulse
spectra to the Gaussian bands is depicteBig 4 and the
results are summarized ifable 4 As follows fromFigs. 3
and 4 a single pulse spectrum is composed from 6 bands
with maxima at-1150,—-1108,—-104.8,—-1030,—1011,
and —95.5 ppm. A band around 98.0 ppm, attributed to

hydrogen bonding with the other OH groups, and a band at Si(2Si,2Al) [16,34] was not observed. Because the inten-

3745 cn1! characteristic for terminal Si-OH groups were
found in the spectra of both zeolitfk2,14,31] FTIR spec-
trum of H-BEA exhibited in addition a band at 3780 thn
ascribed to OH groups bound to framework Al in defec-
tive sites with adjacent Si—OH groups2,14] and a low-
intensity band at 3660 cnt ascribed to OH groups bound to
extraframework aluminurfl2]. Both these species exhibit a
Lewis character. Besides the bands at 3610 and 3745%,cm
the spectrum of NgBEA exhibited a broad band ranging
from ca 3700 and 3200 cm, which was attributed in the
literature to the bridging OH groups perturbed via hydro-
gen bonding with the other bridging OH or silanol groups
[12,31,32] In NH4-BEA, this band represented mostly hy-
drogen bonding between two close bridging OH grd333.

sity of the resonance at1011 and—95.5 ppm significantly
increased in the cross-poization spectrum (seEig. 3B),

both bands can be attributed to the Si—-OH species. The
bands at-104.8 and—1030 ppm correspond to Si(3Si,1Al)
and the bands at1150 and —110.8 ppm to Si(4Si); cf.
Ref.[22].

Using the above given attribution 8PSi NMR bands
to the Si(Si,Al) species and the areas of these bamds (
ble 4 and Eq.(1)), the content of framework aluminum
in zeolites was estimated; sekable 3 (Na(NH;)-BEA
1.19 mmolAlg?l, Si/Algr 13.0 and Na(H)-BEA
0.78 mmol Alg1, Si/Algr = 20.3). Note that the value of
Si/Algr = 13.0 fits well with that obtained from chemical
analysis.
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A B
85 -90 95 -100 -105 -110 -115 -120 -125 75 -80 -85 -90 -95 -100 -105 -110 -115 120 -125
8; ppm 8, ppm
Fig. 3.295i MAS NMR (A) single pulse and (B) CP spectra of Na(NFBEA (—) and Na(H)-BEA (—).
A B
90 95 -100 -105 -110 -115 -120 -125 90 .95 -100 -105 -110 -115 -120 -125
3, ppm 3, ppm
Fig. 4. Simulation of9si single pulse MAS NMR spectra of (A) Na(N+BEA and (B) Na(H)-BEA.
Table 4
NMR parameters and relative intensities?86i MAS NMR spectra
Zeolite § (ppm)/intensity (a.u.)
Na(NH,)-BEA —1146/15 —1105/49 —1048/28 —1029/1 —~1011/5 —955/2
Na(H)-BEA —1151/15 —1109/55 —1048/16 —1029/1 —1011/11 —955/2
As follows from Fig. 3 and Table 4 the differences in A

the treatment of template removal with Na(lWFHBEA and
Na(H)-BEA caused a significant decrease of the intensity
of the band at-104.8 ppm (Si(3Si,1Al)), which was lower d
for Na(H)-BEA, while the intensity of the band at1011
(Si—OH) increased. This is cldgiseen in the subtraction of

the spectra of Na(H)-BEA and Na(NHBEA. Changes in
the intensity of the bands at104.8 and—1011 ppm evi-
dence the dealumination of the framework accompanied by
the defect formation.

jie

2

60 30

0 -30

Z

65 60 55 50 45
3, ppm

8, ppm
2’Al MAS NMR spectra of NH-, Na(NHy), H-, and
Na(H)-BEA zeolites are depicted irig. 5A; details of the
region of Td coordinated Al are given iRig. 5B. NMR
signal around O ppm corresponding to the octahedrally coor-
dinated aluminum was observed only with H-BEA sample. two resonances at 57.5 and 55.1 ppm belong taBHA
Two Oh-coordinated Al species represented by a sharp tran-zeolite and to Na forms of both parent zeolites. The reso-
sition at 0 ppm and broad one centered-& ppm were nance at 57.5 ppm predominates in the spectrum of-NH
identified. Two resonancesitly chemical shifts of 57.5and  and Na(NH)-BEA, while in the case of Na(H)-BEA, the
54.0 ppm are present in the spectrum of H-BEA sample andresonance at 55.1 ppm prevails. Resonance at 54.0 ppm pre-

Fig. 5. 27/Al MAS NMR spectra of (a) H-BEA, (b) Na(H)-BEA,
() NHz-BEA, and (d) Na(NH)-BEA.
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Fig. 6.27Al 3Q MAS NMR spectra of (A)
Table 5
NMR parameters of’Al 3Q MAS NMR spectra
Zeolite Al(IV)-A Al(IV)-B
diso (PPM  Pg (MHz)  §iso (PPM  Pg (MHZ2)
Na(NH,)-BEA 587 198 552 179
Na(H)-BEA 587 174 562 174

vails with H-BEA. The intensity of thé’Al MAS NMR
signal of NH;-, H-, and Na(NH)-BEA zeolites reached the
same values, while the intensity of the signal of the Na(H)
zeolite reached only 65% of the intensity of hEeolite.

Only Na forms of BEA zeolites can be employed to mon-

itor the distribution of Al atoms within framework T sites
(see Discussion); they were investigated using the 3Q ex-
perimentFig. 6A shows the?’Al 3Q MAS NMR spectrum
of Na(NH;)-BEA. Two types of Al(IV) resonances with
isotropic shift 58.7 ppm (Al(IV)-A) and 55.5 ppm (Al(1V)-
B) are present in the spectruffig. 68 shows theé?’Al 3Q
MAS NMR spectrum of Na(H)-BEA. The intensity of the
resonance of Al(IV)-A species is lower compared to that of
Na(NHs)-BEA and the Al(1V)-B species with isotropic shift
of 56.2 ppm predominates in the spectrum. The NMR pa-
rameters of both Al speciesbtained according to Eq&2)
and (3)are given inTable 5

As the MAS NMR spectra show negligible quadrupolar

L. Capek et al. / Journal of Catalysis 227 (2004) 352-366
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Na(NH)-BEA and (B) Na(H)-BEA.
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Fig. 7. Dependencefdhe concentration of Brgnsted siteg)( Al-Lewis
sites (O), unperturbed bridging OH groupg&>), Co ions interact with
dz-acetonitrile {7) and total amount of Co(ll) ionsA) on Co/Aligtg In
(A) CoNHz-BEA and (B) CoH-BEA zeolites.

broadening, the single pulse spectra were deconvoluted us-of the unperturbed and perturbed bridging OH groups, Al-
ing Gaussian lineshapes and the relative intensities obtained_ewis sites (LS, 2325 cm'), Co sites interacting with

for the individual resonances are listedTiable 5 It is to
be noted that the tot#’Al NMR intensity was lower with
Na(H)-BEA and represents only 65% of tREAl intensity
of the Na(NH,)-BEA sample.

3.2. Coion exchange

FTIR spectra were used to follow the exchange of the in-
dividual Al-related acid sites by Co(ll) ions in NFBEA
and H-BEA zeolitesFig. 7 shows the dependence of the
concentrations of unperturbed bridging Si—OH-AI groups
(OH, 3610 cnTl), Bronsted sites (BS, 2297 cth), i.e., sum

acetonitrile (Ca, 2308 cnt1), and the concentration of Co
ions determined by chemical analysis (§£) on Co/Aliotal
molar ratio in NH-BEA (Fig. 7A) and H-BEA (Fig. 7B).
However, it should be noted that the bands of adsorbed d
acetonitrile on Brénsted (2297 crh) and Co (2308 cmt)

sites strongly overlap and, therefore, the concentrations of
Bronsted and Co sites represent a rough estimate especially
for samples with CpAl > 0.3.

The increasing Co(ll) ion exchange into DHBEA
caused a sharp decrease in the concentration of Bronsted
sites Fig. 7A). The decrease in concentration of these sites
was much higher than the decrease in the concentration of
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Fig. 8. FTIR spectra in the region of OH vibrations of deammoniated/

dehydrated Co-zeolites with different Gl ¢4 ratio for (A) CoNHs-BEA
and (B) CoH-BEA zeolites.

unperturbed bridging Si-OH-AI groups up to Qdotal

ca. 0.3. This indicates, that the Co(ll) ions were predom-

inantly exchanged at pertwgd close bridging Si—-OH-AI
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porated into the zeolites. While with NFBEA a com-
plete Co ion exchange related to ifd was obtained
(Co/Algtal = 0.50, CgAlgr = 0.54, seeTable §, with
the H-BEA zeolite, due to framework dealumination, the
concentration of Co(ll) ions was lower, with values of
Co/Altotal = 0.32 corresponding to Gé\l pr = 0.48 (seda-

ble 6, Si/Algr = 20.3 for H-BEA calculated from the NMR
spectra). Note that with CoH-BEA practically all the Co ions
adsorbed gtacetonirile, while with CoNiF-BEA zeolites
with Co/Alia > 0.3, a considerable part of Co species did
not interact with d-acetonitrile (Cga, seeFig. 7A and Ta-

ble 6, difference in the concentrations of Co ions given by
chemical analysis and those obtained from the intensity of
the IR band at 2308 crt).

3.3. Selective catalytic reduction of NO by propane in the
absence of water vapor

Figs. 9 and 1@lepict the dependence ofNield (A) and
C3Hg conversion (B) on temperature ing8g—SCR-NO in
the absence of water vapor over CoNBEA and CoH-
BEA zeolites possessing different Co concentrations. N
yields and GHg conversions for parent H-BEA and NH
BEA zeolites reflect the presence of trace concentrations
of Fe (300 ppm Fe) and the presence of protonic sites in
zeolites; for more information see Ref85-37] With the
increasing Co concentration, the increase in thgisld and
the shift of its maximum to lower temperatures (accompa-
nied by an increase ingElg conversion) were observed. The
highest ¥ yield exhibited CoNH-BEA catalyst with max-

groups. These findings are in agreement with a disappearimum level of Co ion exchange; i.e., CAlita = 0.50. It

ance of the broad band between 3750 and 3200 aeflect-
ing the perturbed bridging Si—-OH-AI groupsig. 8A) and

is difficult to compare and analyze the activity of Co ze-
olites at low Co loadings, as in this concentration region

alow decrease in the intensity of the unperturbed Si-OH-Al hrotonic, Al-Lewis, and trace concentrations of Fe con-

groups at 3610 cmt. A decrease in the relatively low con-

centration of Lewis sites with increasing degree of Co ion

exchange was not high.
On the contrary, the Co(ll) ion exchange into H-BEA

resulted in a sharp decrease in the high concentration of

Lewis sites in the parent zeolit€&ify. 7B) and immediate
disappearance of the band at 3780 ¢nof A-OH groups
bound to the framework at perturbed sitEgg( 8B). The ex-

change was accompanied by only a small decrease in the

tribute to the catalytic reactiof35-37] However, if Co
zeolites contained high and similar Co concentrations, re-
gardless of the method of preparation of their parent matri-
ces, i.e., CoNK-BEA (Co/Altotai= 0.30, CAlpr = 0.31)

and CoH-BEA (CgAlital = 0.32, CqAlgr = 0.48), they
exhibited the same temperature profile of N&nd GHs
conversions.

Yields of CO, CQ, NO,, and N in C3Hg—SCR-NQ

concentration of Brénsted sites and the low concentration of Without water vapor in the feed over COMBEA with

unperturbed Si-OH-AI groups was not changed. This indi-

cates that in the H-BEA zeolite the Co(ll) ions were at first

Co/Alotal 0.50 and CoH-BEA with CpAlpta 0.32 (Co/
Algr = 0.48) on temperature are givenhigs. 1A and B.

exchanged at cationic sites, where perturbation of the frame-Only very low yields of NQ (below 3%) and Cl, CoHa,
work occurred if protons balanced the negative framework and GHe (their sum<29%) were found. No MO, ethane,

charge.
The differences in the parent NFBEA and H-BEA

zeolites with respect to aluminum concentration and dis-

tribution in the framework were also manifested in a dif-
ferent maximum concentration of the Co(ll) ions incor-

organic oxygenates, or nitrogeontaining products were
detected. While the CoNHBEA zeolite with maximum
Co(ll) concentration produced mainly GQa high yield of
undesirable CO was formed over CoH-BEA with maximum
Co(ll) ions incorporated.
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Table 6

Composition of Co-beta zeolites

Zeolite SVAltotal Co/Aligtal Co/AlER Corotal (Mmolg™1) Cop? (mmolg™1) ConaP (mmolg 1)
CoNH4-BEA 122 0.02 002 003 005 0
CoNHg-BEA 124 0.19 020 024 023 001
CoNH4-BEA 122 0.21 022 026 025 001
CoNHg-BEA 120 0.29 031 037 028 009
CoNH4-BEA 120 0.30 032 038 031 007
CoNHg-BEA 123 0.34 036 043 031 012
CoNH4-BEA 119 0.48 052 062 036 026
CoNHg-BEA 119 0.50 054 065 039 026
CoH-BEA 136 0.08 012 009 009 00
CoH-BEA 140 0.09 013 010 010 00
CoH-BEA 130 0.09 015 011 011 00
CoH-BEA 140 0.22 031 025 023 002
CoH-BEA 131 0.32 048 038 030 006

& Cobalt ions adsorbingsdacetonitrile.
b Cobalt ions not adsorbinggehcetonitrile.
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Fig. 9. Dependence of (A) Nyield and (B) GHg conversion in GHg—SCR-NO in the absence of water vapor on temperature over Q@A with
Co/Algota) 0.00 (), 0.19 (©), 0.30 (A), and 0.50 ¥); 1000 ppm NO, 1000 ppm4Eig, 2.5% G, and He, GHSV 75001,
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Fig. 10. Dependence of (A)4\Vyield and (B) GHg conversion in GHg—SCR-NO in the absence of water vapartemperature over CoH-BEA with CAliqta
0.00 (0), 0.22 (©) and 0.32 {); 1000 ppm NO, 1000 ppm4Eig, 2.5% G, and He, GHSV 7500,

3.4. Selective catalytic reduction of NO by propaneinthe CoH-BEA catalysts, the activity of CONFHBEA catalysts
presence of water vapor was much more resistant to water vapor particularly at high

Co loadings. Only small differences between the zeolite

Figs. 12 and 13how the effect of addition of water vapor ~ activity in the absence and presence of water vapor were
(10%) in the reactant feed on the activity of CoONBEA observed with CoNBBEA catalysts at CoAlotal > 0.3.
and CoH-BEA catalysts at 35C, which was completely A comparison of the activity of Co zeolites at low cobalt
reversible. While the M yield and GHg conversion were  loadings can hardly be done due to different activity and be-
substantially suppressed in the presence of water vapor withhavior of the sites in parent zeolites.
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Fig. 11. Dependencef the yields of CQ (A), CO (V), NOy (O), and N (O) in C3Hg—SCR-NO in the absence of water vapor on temperature over (A)
CONHy-BEA with Co/Al otz 0.50, (B) CoH-BEA with CgAloia 0.32. 1000 ppm NO, 1000 ppmsBg, 2.5% G, and He, GHSV 7500 .
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Fig. 12. Dependence of Nyield in C3Hg—SCR-NO at water ab- Fig. 13. Dependence of4Elg conversion in GHg—SCR-NO at water ab-
sence [X)/presencel?) on Cq/Algia Over (A) CoNH;-BEA and (B) sence )/presencel?d) on Co/Aligta Over (A) CoNHy-BEA and (B)
CoH-BEA zeolites at 350C. 1000 ppm NO, 1000 ppm4Eig, 2.5% G, 0 CoH-BEA zeolites at 350C. 1000 ppm NO, 1000 ppm4Eig, 2.5% O,
or 10% H0O, and He, GHSV 7500, 0 or 10% HO, and He, GHSV 7500t

To test the stable performance of CONBEA (Co/Alotal
0.50) in GHg—SCR-NO, the reaction was carried out also at (Fig. 16 line a) and to the concentration of Co species not
GHSV 30,000 h! (Fig. 14 and for time on stream of 90 h  adsorbing acetonitrile§ig. 16 line b). The TOF values were
(Fig. 15. A minimum difference between the catalyst activ- calculated at 350C, as up to this temperature the exponen-
ity in the reaction carried out in the presence and absencetial dependence of Nyield vs temperature was followed, al-
of water vapor was observed also at GHSV 30,008 h  though for highly loaded CoNHBEA the conversion values
(Fig. 14). High activity of CoNH;-BEA (Co/Alpta 0.50) were relatively high. Therefore, the TOF values represent a
was stable for ca. 90 h.J0 was not detected in the prod- rough estimate. Note that in the presence of water vapor in
ucts and only low yields of N@(below 2.5%) were found.  the reactant stream, the contribution of parent zeolites to the
The catalyst also showed high conversion gHg to CO;, CoNHs-BEA activity is negligible. With the CoNRpBEA
(70%) and only low conversion to CO (18%). zeolites active in the presence of water vapor, it is clearly

The activity of CONH-BEA zeolites in water vapor pres-  seen that with the increasing Co loading TOF values increase
ence was also compared in turnover-frequency values atlinearly per Co ion (total) Kig. 16 line a), while if TOF
350°C for conversion of NO to M related to one Co ion  values are related to the contextion of Co species not ad-
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Fig. 14. Dependence ofdVield in C3Hg—SCR of NO on temperature and
water presence over CONFBEA with Co/Aligtg 0.50. 1000 ppm NO,
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Fig. 15. Dependencef the yields of b (—), CO, (---) and CO (—) in
C3Hg—SCR-NO on time-on-stream over CobHBEA (Co/Aligtg 0.5) in
the presence of $D. 1000 ppm NO, 1000 ppm4Elg, 2.5% &, 10% H,0O,
and He, GHSV 7500 ht.

sorbing acetonitrile (Gga, Table §, then constant TOF is
obtained (line b).

4. Discussion

4.1. Structure of Al-related acid sites of parent beta zeolite

2.4

0.4

0.0 . . . . .
00 01 02 03 04 05

Co/Al

total

Fig. 16. Dependence of TQElated to one Co ion (line a) and TOF related
to the concentration of Co species not adsorbigeacetonitrile (line b)
on the Co concentration ingEig—SCR-NO in the presence of water over
CoNHy-BEA zeolites at 350C.

negative chargfl4-20] However, disappearance of the Oh
27Al signal due to sodium exchange of H-BEA was not fol-
lowed by the intensity increase of the Td signal. The signal
intensity of Na(H)-BEA reached only 65% of that of H- or
NH4-BEA samples. Thus, Oh aluminum in H-BEA repre-
sents extraframework species. This suggestion is supported
by a significant decrease in the framework aluminum content
in H- and Na(H) samples compared to M-and Na(NH)-

BEA evidenced by?°Si NMR. Oh-coordinated aluminum
was probably converted during sodium exchange to invisi-
ble Al species with an unspecified environment. The con-
centration of invisible extraframework Al species (35%) is
surprisingly high. Nevertheless, such Al species have been
recently reported23]. It is necessary to point out that also
the coordination of tetrahedral framework atoms can be af-
fected by the nature of a countercation in the ze & 39]

This follows from the shift of the Td resonance of H- and
Na(H)-BEA samples from 54.0 to 55.1 ppm. It implies that
the H form of BEA zeolite cannot be employed to check
the presence of extraframework Al species and, moreover,
to estimate the distribution of framework Al atoms among
the T sites. Thus, only Na(H)- and Na(WHBEA zeolites

are useful for investigation of the effect of calcination pro-
cedure on the aluminum distribution in the framework.

A lower concentration of Al in the framework of H-
BEA zeolite compared to NHBEA is indicated by th&®Si
NMR spectrum (SiAlgr 20.3 vs 13.0), and the lower in-
tensity of the?’Al NMR signal (65% of the original value)
with Na(H)- compared to Na(NiJ-BEA zeolite as shown

Contrary to other zeolites, the structure of beta zeolite is in Figs. 3 and 5 The difference between the value and
connected with a reversible change of the coordination of Si/Algr estimated from the NMR spectra and that of chem-
framework Al atoms. It is generally accepted that at least a ical analysis represents therccentration of extraframework

part of the framework Al atoms exhibits an octahedral co-

aluminum. Chemical analysis of H-BEA and Na(H)-BEA

ordination, Oh (in H-BEA), besides a tetrahedral one (Td) zeolites indicated leaching of aluminum from the H-BEA
depending on the type of a counter ion balancing framework zeolite as a result of Naion exchange, i.e., the exchange
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of a part of extraframework aluminum species, probably Al distribution in theg-type cationic sites, which was consid-
cations. As follows from gracetonitrile adsorption and Al ered to be formed by planar six rings of the “beta” cage. Al
site quantitative analysis, the presence of extraframeworkatoms are assumed to be located in T1 or T2 sites on the op-
aluminum does not restrict accessibility of the Al-related posite side of the six rings. Moreover, because only one Al is
sites (Table §. Thus the zeolite channels are accessible for located in the four rings, the six rings on the opposite side of

reactants or for metal ions during ion exchange.
Both 2°Si bands observed below102 ppm significantly

the “beta” cage do not createBasite for a divalent cation. It
can be concluded that in H-BEA the Al atoms remainin T1

increase in intensity in the CP experiment and thus they mustand T2 sites and are preferentially removed from some of the

be attributed to the Si—OH species. The band 8011 ppm
corresponds to the Si(3Si,10H22,34] Its intensity sig-

other (T3-T9) framework sites, not yet specified. As it will
be shown later, preservation of these Al atoms is decisive for

nificantly increased with zeolite dealumination and can be the high activity of Co-beta zeolites.

attributed to Si-OH groups at defect sites after extraction of

Al from the framework. The band at95.5 ppm was formed
after framework dealumination and likely corresponds to
silanol groups in defect sites.

Corma et al[34] and Borade et al[16] found a weak
band at—98.0 ppm in beta zeolites, which they attributed
to Si(2Si,2Al), i.e., to AI-OSi—O-Al pairs. This band was
not observed in the spectra of Na(lWFBEA and Na(H)-
BEA and the observed band at95.5 ppm cannot be as-

cribed to such species, because the low energy shoulder "‘(3780 onT
HPDec spectra can be satisfactorily simulated using the cor-
responding CP spectrum. Moreover, framework aluminum

content, estimated for NHBEA from 29Si NMR under the

4.2. Coion exchange

A dramatic difference has been found in the replace-
ment of Al-related sites by Co(ll) ions in Nf+-BEA and
H-BEA zeolites Fig. 7), i.e., perturbed (via hydrogen bond-
ing, broad band at 3200-3700 th) and unperturbed
Si-OH-Al groups (3610 cm'), Lewis sites originated from
“tricoordinated” partly framework Al bearing an OH group
1), and Lewis sites represented by extraframe-
work aluminum, at the increasing degree of Co(ll) ion ex-
change. While with Ni#-BEA the first Co(ll) exchanged
ions replaced predominantly perturbed Bronsted sites, with

assumption that only Si(3Si,1Al) atoms are present in the ,_gEa the consumption of Lewis sites prevailed. How-

framework, corresponds to that one determined from chemi-

cal analysis. It implies that the Al-O-Si—O-Al pairs are not
present in the framework of both Na(MHBEA and Na(H)-

BEA zeolites. Therefore, only one Al atom can be located in
four- and five-membered rings. Thus the cationic sites for the .
Co(ll) ions are represented by six rings, where Al atoms are
separated by two Si atoms. This conclusion is in agreement

ever, this difference is only apparent as in both cases the
Co(ll) ions were first exchanged adjacent to the framework
sites containing originally close Al atoms, i.e., perturbed
Si—OH-AI groups via hydrogen bonding in NHBEA and
tricoordinated” partly framework Al Lewis sites in H-BEA
zeolite. The unperturbed Si—OH—-AI, which might originate
mostly from single Al atoms, were exchanged by Co(ll) ions

with our suggestion on the Co(ll) sites in beta zeolite based only with NHs-BEA, but not with H-BEA.

on the Co(ll) ion Vis spectra, where all three suggesied
B, andy cationic sites are formed by six rings of the frame-
work of the beta structur@O0]. Moreover, this conclusion is
in agreement with th Takaishi rulg41] excluding location
of two Al atoms in the pentasil ring.

Two bands at-110.0 and—115.0 ppm corresponding to
Si(4Si) were also reported by Pérez-Pariente €i34l} and
Kunkeler et al[42]. The band at-115.0 ppm was attributed
to Si atoms in T1 and T2 sitg84]. Two Si(3Si,1Al) peaks
at —1030 and—104.8 ppm have not yet been reported, but

Assuming Co(ll) ion exchange at the cationic site con-
taining two framework Al atoms as “bare” divalent cations
ligated only to framework oxygen atoms, and formation of
one Al-Lewis acid site by dehydroxylation of two Bronsted
acid sites, the concentration of framework aluminum in the
zeolite (AlR) can be calculated according to

C(Al|R) = C(BS) + 2C(LS) + 2C(Cotal), (7

whereC (Copta)) is the concentration of Co ions in the zeo-

the presence of such two species and their different popu-lite obtained from chemical analysis agdBS) andC(LS)

lations can explain a drift of the maximum from104 to

—106 ppm of the band corresponding to Si(3Si,1Al), as re-

ported in Refs[34,42]
The presence of Al(IV)-A (58.7 ppm) and -B (55.5 ppm)

are the concentrations of Bronsted and Al-Lewis sites, re-
spectively, determined from FTIR spectra of adsorbed d

acetonitrile. The estimated concentrations of framework alu-
minum in Co zeolites and that obtained from chemical analy-

species in beta zeolites and a significantly lower amount sis are given inTable 6and Fig. 17. With CoH-BEA ze-

of Al(1V)-A with dealuminated Na(H)-BEA Table § is in

olites, an acceptable agreement between Al concentration

an excellent agreement with the results of van Bokhoven calculated by using E¢7) and that determined by chemical

et al.[13] and Roberge et aJ23] on dealumination of beta
zeolites. Attribution of Al(IV)-A resonance to Al siting at the
individual T sites is so far not clear. Al(IV)-B resonance was

analysis was found in the whole range of Co concentra-
tions. This indicates that the Co(ll) ions in CoH-BEA were
predominantly exchanged at the cationic sites containing

attributed to Al atoms in T1 and T2 sites, which are located two framework Al atoms. On the other hand, with CoiNH

in different four ringg13]. This enables us to suggest an Al

BEA the difference between tlwalculated Al concentration
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A s 0.30, CqAlggr = 0.31, and CoH-BEA, CAltpta = 0.32,
1.6- 0 Co/Algr = 0.48), as follows from total charge balance, cf.
o g o o Table 6andFig. 17 It implies that the SCR-NQ activity
1.2%2 =85 o in the absence of water vapior the reactant mixture is re-
lated to the concentration of Co ions in cationic sites and it
0.8- is not affected by the conditions of parent zeolite treatment
oy such that the cationic sites containing two Al atoms are pre-
2 04 - - - - - served.
£ B However, CoNH-BEA zeolites originated from Nkt
<_£ 1.6 BEA zeolite, where most of the framework Al atoms were
1.2 o . Td coordinated in the framework, were much more active
: Qg o than CoH-BEA zeolites in the SCR-NQ®eaction carried out
0.8 under the presence of watdfig. 13. In C3Hs—SCR-NQ
over CoNH;-BEA with Co/Altotar = 0.5, i.e., with maxi-
0.4 : . i . i mum Co ion exchange, the minimum difference between
00 01 02 03 04 05 the activity in the absence and presence of water vapor was

observed already at 33C, when adsorption of water mole-
cules on Co ions is higher compared to a temperature of
Fig. 17. Dependence of total cont¢etion of Al from chemical analy- 450°C. Moreover, such high activity was stable for ca. 90 h

sis (—) and concentration of Al from charge balance, Et).(—-), on (Fig. 15.
Co/Aliotal In (A) CoNHz-BEA and (B) CoH-BEA zeolites.

ColAItotal

. ] o 4.4, Active Co sites and Al distribution
and that determined by chemical analysis increased with in-

creasing Co ion exchange particularly at/@byota > 0.25.
Therefore, a substantial part of the Co(ll) ions at high Co
content in CoNH-BEA can be exchanged as Co-ligand
complexes, where one Co(ll) ion is balanced by one AIO
framework entity and the extraframework ligand. It should
be pointed out an important finding that at @dta > 0.3
the increasing amount of Co species present in CoBBHA

did not adsorbed gacetonitrile; i.e., these species cannot
be ascribed to single “bare”-exchanged Co(ll) ions with an
open coordination sphere (sEgys. 7A and 1Y.

High levels of the Co ion exchange in CoDHBEA are
achieved by the preservation of most of aluminum atoms
tetrahedrally coordinated in regular T@ameworks during
template removal. Thus regularity of the framework struc-
ture and preservation of Al distribution represent a necessary
condition for formation of Co ion species exhibiting high ac-
tivity in the SCR-NQ under the presence of water vapor.
The finding that nearly all the Co ions in CoH-BEA are ex-
changed in the vicinity of two Al atoms located in one six
ring (cationic site), while with CoNHBEA in addition a
significant part of Co ions is adjacent to a single Al atom
in one ring, indicates that the single Al atoms are preferen-

Generally, SCR-NQwith paraffins is a complex process tially removed from the framework during calcinations of
included in the simplest model oxidation of NO to blénd zeolite beta under standard conditions. This assumption is

reduction of NQ with a hydrocarbon to molecular nitro- supported by a very low concentration of mutually noninter-
gen, where activation of a hydrocarbon plays a decisive role. acting Si—=-OH-Al groups present in the H-BEA zeolite (see
Therefore, various active sites may contribute to the individ- Fig- 2.

ual steps of the process. While the oxidation of NO to,NO It can be speculated that removal of the single Al atoms
has been unambiguously shown to require the redox site, asfromthe framework results in a decrease of the rigidity of the
e.g., Fe sites in H zeolitef85,36] or Co sites in Co zeo-  framework and reversible opening of the Si—-O—Al bonds in
lites, reduction of N@ can be carried out over protonic or Neighboring rings containing two Al atoms and forming the
Co sites. It has been also indicated that the distances of thecationic site for a divalent cation. Then the divalent cobalt
active sites, either H-Co or Co—Co are highly important for exchange at this ring, containing two Al atoms, results in

4.3. Selective catalytic reduction of NO by propane

the resulting activityf2]. removal of this perturbation.
Both CoNH;-BEA and CoH-BEA zeolites exhibited with On the other hand, the divalent Co ions adjacent to one
increasing Co concentration increasing activity ipHg— framework Al atom should be balanced by an extraframe-

SCR-NO in the absence of water vapor, reflected in the in- work ligand (e.g., O atom). Térefore, these Co species can
creased values of maximum conversion of NO to nitrogen be expected not to adsorb weak bases as acetonitrile and wa-
and their shift to lower temperatures. It is to be noted that ter molecules. This is in agreement with the finding that in
both types of Co zeolites exhibited the same ,N@nver- CoNH-BEA at Co/Altotar > 0.3 in contrast to partly dealu-
sions, if the zeolites contain high and similar concentrations minated CoH-BEA zeolites a substantial part of the Co(ll)
of Co ions in cationic sites (cf. CONfHBEA, Co/Alptal = ions do not adsorbzgacetonitrile Fig. 7).
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A correlation of TOF values (related to the concentration
of these Co species) to cobalt concentration/(@eta) in
CoNHs-BEA indicates that these Co species might repre-
sent the active sites providing high propane—SCR: &
tivity in the presence of water vapor (seig. 16), while the
“bare” Co ions at cationic sigeexhibit much lower activ-

ity.

5. Conclusions

It has been shown that the distribution and state of alu-

minum atoms in the framework of beta zeolites, controlled

by way of template removal from the as-synthesized zeolite,
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