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lon-exchanged Co ions and nitrosyl complexes in CoH- and
CoNaK-ferrierites with a Co loading up to Co/Al = 0.4 were inves-
tigated by diffuse reflectance UV-Vis-NIR, FTIR in the region of
the skeletal and NO vibrations, and EXAFS measurements. Co(ll)
ion coordination, cation-induced perturbations of the framework
T-0 bonds of the hosted cationic sites, and Co-O distances of three
typical ion-exchanged «-, 8-, and y-type Co ions in ferrierite are de-
scribed. The a-type Co ions, coordinated to the rectangle of frame-
work oxygens in the wall of the main ten-member ring channel,
exhibit an open coordination sphere, weak bonding to the frame-
work oxygens, and a high tendency to form dinitrosyl complexes
upon NO adsorption. The g-type Co ions, the most populated ones
in the whole concentration range, are coordinated to four frame-
work oxygens of the deformed six-member ring of the ferrierite
cavity at a distance of 1.99 A. They exhibit medium-strength bond-
ing to framework oxygens and, compared to the a-type Co ions,
a substantially suppressed ability to bind dinitrosyls. The y-type
Co ions provide the highest perturbation of the hosted framework
T-0O bonds and thus the strongest bonding to framework oxygens
attributed to the “boat-shaped” site of ferrierite. The tendency of
the Co ions to relocalize under severe thermal/hydrothermal cal-
cination of Co-ferrierite increased in the sequence y < 8 < «, in
agreement with the strength of bonding of the Co ions to framework
oxygens at cationic sites.  © 2000 Academic Press
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INTRODUCTION

Transition-metal ions, particularly Co and Cu, planted
in pentasil ring zeolites with MOR, MFI, FER, and BEA
topologies with a low concentration of aluminium in their
framework (Si/Al molar ratios ranging from 8 to 20) ex-
hibit exceptional activity/selectivity in the decomposition
of NO (Cu) (1-3) and in the selective catalytic reduction
of NOy with low paraffins in an oxidizing atmosphere (Cu,
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Co, Fe) (4-6) including methane (Co, Ga) (7-10). The high
activity/selectivity of these materials in such specific and
demanding catalytic reactions have induced a high inter-
est in the elucidation of the structure of the metal ions in
these zeolites and its relationship to their catalytic proper-
ties (3, 11). Determining the environment of the exchanged
metal ions and distinguishing it from cations in metal oxide
species possibly present in some zeolites may provide basic
information needed for the elucidation of the exceptional
catalytic properties of the metal-zeolites.

Generally, the cationic sites of transition-metal ions in
dehydrated pentasil ring zeolites of MOR, MFI, FER, and
BEA topologies have not been determined, and only the
siting of non-transition-metal ions in dehydrated mordenite
was established by XRD studies (12). However, a standard
XRD analysis of the location of transition-metal ions in
these zeolites could not be applied because of the low con-
centration of the metal ions, the large unit cell, and the ex-
pected distribution of the metal ions among several cationic
sites. Only synchrotron powered X-ray diffraction resolved
the cationic sites for Cu(l1) in mordenite (13). EXAFS stud-
ies carried out with Cu—-ZSM-5 (13-15), Co-Beta (16), and
Co-ZSM-5 (17) were not able to establish the siting of the
metal ions.

This low level of information on the structure of the
exchanged transition-metal ions stimulated our studies on
Cu(ll) and Cu(l) (18-21) and Co(l1) (22-24) siting in pen-
tasil ring zeolites employing a combination of several spec-
troscopic techniques such as UV-Vis-NIR, FTIR of probe
molecules, ESR, and emission in Vis spectra. Based on the
similarities in both the characteristic spectral components
of the Co(ll) ions and the known local framework geome-
tries in mordenite, ferrierite, and ZSM-5, three characteris-
tic Co(ll) ion sites were determined in each of these zeolites
and denoted as «, 8, and y sites (22-24). The a-type Co ions
were suggested to be located in the main channels of mor-
denite and ferrierite and the straight channel of the ZSM-
5 structure, coordinated to framework oxygens of the six-
member rings composed of five-member rings. The g-type
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Co ions are located in the twisted eight-member rings of
the mordenite cavity, in the deformed six-member rings of
the ferrierite cavity, and at the deformed six-member ring
at the intersection of the straight and sinusoidal channels of
the ZSM-5 structure. The Coions in the y site are in the so-
called “boat-shaped” site of mordenite (see Ref. (12)) and
analogous framework local structures found in ferrierite
and ZSM-5 (cf. Refs. (23) and (24), respectively).

Ithasalso been shown that the coordination of transition-
metal ions to framework oxygens is reflected in the local
changes in vibrations of the framework T-O bonds (25-27).
The background of this effect was described by van Santen
and Vogel for aluminium-rich zeolites such as faujasite and
zeolite A (28). For high-silica zeolites, the unperturbed
antisymmetric vibration of the framework T-O bonds at
ca. 1100 cm~1 is shifted to lower frequency, into the trans-
mission window between 900 and 950 cm ™1, forming the By
band, denoted as the “deformation shift.” We have shown
that the position of the By band, reflecting the extent of
perturbation of the framework T-O bonds, depends on the
nature of the cation (27) and reflects the degree of ionic-
ity and covalency of cation bonding to framework oxygens
(29). This spectral mode of skeletal vibrations was also used
to detect the valency of copper (30) and the presence of
Co(ll) ions in ZSM-5 (31) and ferrierite (27).

As aresult of coordination of extraframework ligands to
the cation, the characteristic By band is shifted to higher
frequencies (“relaxation shift”). This general effect was
demonstrated for the complexes of Co(ll) ions with NH3
and H,0O (27, 32), NO, CO, and NO; (32), and amines and
nitriles (33) in zeolites.

In the present paper an attempt is made to describe the
coordination and behaviour of the exchanged Co ions in
ferrierite using complementary spectroscopic techniques
reflecting Co ion coordination, perturbation of hosted
framework bonds, and Co-O distances. It is shown that
the Co ions coordinated at cationic sites exhibit charac-
teristic Co—O bond lengths and induce a characteristic
perturbation of the adjacent framework T-O bonds. This
is revealed by simultaneous monitoring of the Co(ll) Vis
spectra, IR vibrations of the T-O framework bonds, and
EXAFS spectra. Quantitative analysis of the spectroscopic
results for Co-ferrierite under thermal/hydrothermal
treatments and adsorption of NO provides a description
of the polyoxoanionic—cobalt-(extraframework ligand)
complexes in the zeolite. Thus, a detailed insight into the
structure, strength of bonding, distribution/redistribution,
and complexation of the Co ions in ferrierite is given. The
presence of cobalt oxide species, besides the true exchanged
Coions, asreflected in the above spectrais discussed as well.

In the subsequent paper (34) catalytic activity of individ-
ual a-, 8-, and y-type Co ions exchanged in FER, MOR,
and MFI zeolite structures is reported and the different ac-
tivity of the Co ions planted in various zeolite matrices is
analyzed.
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EXPERIMENTAL

Materials

Parent NaK- and NH,—ferrierite. XRD analysisand IR
spectra of skeletal vibrations evidenced that NaK-FER,
Si/Al 8.4 (TOSOH Co., Japan) was a pure crystalline ma-
terial. NH,—FER was prepared from NaK-FER by four
times repeated ion exchange at room temperature (RT) us-
ing 1.0 M NH4NOj3 (10 ml/1 g of zeolite) to reach complete
NH; exchange. Then the zeolites were thoroughly washed
with distilled water and dried in air.

Co—ferrierite preparation. CoNH,<~FER samples with
Co concentrations of 0.40-3.62 wt% were prepared by ion
exchange of NH;,—FER with 0.05-0.1 M Co acetate at 70°C,
and CoNaK-FER samples with a Co concentration of 0.12—
2.60 wt% were prepared by ion exchange of NaK-FER
with 0.001-0.05 M Co(NOs3), at RT and 70°C. A detailed
description of the preparation of Co—ferrierites is given in
Ref. (23). Table 1 provides the chemical composition of the
Co-zeolites. A molar ratio of Co/Al=0.5 corresponds to
the stoichiometric exchange degree, as the Co ions were in
the divalent state after all treatments of the Co—ferrierites.

Co—ferrierite treatments. Prior to the UV-Vis-NIR,
FTIR, and EXAFS spectra measurements the Co-FERs
were pretreated at elevated temperatures. Two types of
treatments were applied: (i) a “standard in situ” heat treat-
ment at 480°C for 3 h (temperature increase of 5°C/min)
under a dynamic vacuum of 1072 Pa and (ii) a heat treat-
ment at 550°C for 12 hiin air followed by zeolite hydration at
RT and subsequent dehydration of the sample by the stan-
dardinsitu treatment given above. After the standard in situ
treatment, the samples were cooled to RT in vacuum and
the spectrawere recorded at RT. Samples prepared for UV-
Vis-NIR measurements were in the form of small grains
(ca. 0.3 mm) placed in a 5-mm-thick optical quartz cell and
as thin (ca. 5 mg cm~2) zeolite plates for FTIR measure-
ments. NO adsorption (Merck, purity >99%, purified by

TABLE 1
Chemical Composition of Co—Ferrierites (Si/Al 8.4)

Zeolite Co wt% Col/Al
CoNH,-FER 0.40 0.05
CoNHs,-FER 0.81 0.09
CoNH4,-FER 2.08 0.23
CoNHs,-FER 2.16 0.25
CoNH4,-FER 3.62 0.42
CoNHs;-FER 5.56 0.65
CoNaK-FER 1.01 0.12
CoNaK-FER 1.29 0.15
CoNaK-FER 1.52 0.18
CoNaK-FER 2.15 0.25
CoNaK-FER 2.47 0.28
CoNaK-FER 2.60 0.31
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repeating freeze—pump-thaw cycles) took place at RT for
30 min on dehydrated (480°C in vacuum) Co-ferrierites at
0.7 and 45 Torr.

Co-ferrierites containing exchanged Co ions exclusively
(see below) were chosen for EXAFS measurements. The
samples for EXAFS measurements in the form of wafers
were placed in a glass tube where they were treated un-
der standard in situ conditions (480°C in vacuum) and
sealed. The samples were transferred from the glass tube
into the airtight EXAFS cell in a glove box under an inert
atmosphere.

Spectroscopy

Optical spectroscopy. Diffuse reflectance (DR) UV-
Vis-NIR spectra in the differential mode were measured
using a Perkin—-Elmer UV-Vis-NIR spectrometer (Lambda
19) equipped with a diffuse reflectance attachment; details
of the spectrum recording and processing are given else-
where (22, 23). The absorption intensity was calculated ac-
cording to the Schuster—-Kubelka—Munk function, F(R).
The values of the absorption coefficients for the «-, 8-, and
y-type Co ions were determined before (23).

FTIR spectroscopy. Time-resolved IR spectra were
monitored in the 4000- to 400-cm~! range at RT on a
Magna-IR System 550 FTIR (Nicolet) spectrometer using
an MCT-B liquid-nitrogen-cooled detector and equipped
with a heatable cell with NaCl windows connected to a vac-
uum system and a gas manifold. Details of the spectrum
measurement and data processing are given in Ref. (27).
The characteristic intensities of the By and By bands in
the region of the “transmission window,” 900-950 cm ™1, for
the perturbed antisymmetric T-O-T vibrations due to the
presence of bare Coions and Co-L complexes, respectively,
were used to determine the concentration of locally per-
turbed T-O bonds adjacent to the bare Co ions and Co-L
complexes. The assumption has been made that the extinc-
tion coefficients of the individual By, and individual By
bands are equal.

EXAFS. EXAFS measurements were carried out at
the European Synchrotron Radiation Facility ESRF
(Grenoble, France) on the Swiss—Norwegian Beam Line
(SNBL). Cobalt K-edge EXAFS spectra were recorded at
liquid nitrogen temperature to decrease the Debye—\Waller
factors. Transmission and fluorescence measurements of the
samples with higher and lower cobalt content, respectively,
were carried out. Datawere analyzed using the XAFS Data-
Analysis Program XDAP, Version 2.2.2 (35, 36). Fourier
transformation (FT) of the k3-weighted EXAFS function
(x) was performed in the ranges 3.2-13.2 and 3.2-11.0 A~!
in the transmission and fluorescence modes, respectively.
The Fourier filtered data were fitted in R space in the range
1.0-4.0A. The validity and goodness of fit were checked by
fitting in R space as well as in k space using k*-, k?-, and k-
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weighted spectra. The FEFF7 program (37) was employed
to calculate the spectra of reference compounds using XRD
datafor CoO, CoSOg4, and C0,Si04 (38) as input parameters
to obtain scattering amplitudes and phase shifts for Co-O
and Co-Si/Al scattering pairs.

RESULTS

During the dehydration/deammination of Co—ferrierites,
the samples changed their colour from pink to pale blue.
The occurrence of only bare Co ions bound to framework
oxygens in dehydrated Co-ferrierites was evidenced by the
absence of water molecules in IR and NIR regions, the IR
band of Co—-OH groups at 3660-70 cm™%, and their combi-
nation vibration bands at about 7300 cm~* (not shown). The
presence of bare Co(ll) ions and their distribution among
different cationic sites were preserved regardless of vac-
uum or oxygen heat treatment in the temperature range
460-510°C.

Co—Ferrierites Heat-Treated at 480°C under Vacuum

Figure 1 illustrates UV-Vis-NIR spectra of dehydrated
parent H-FER and CoH-FER at different Co loadings. The
bands characteristic for the d—d transitions of the Co(ll)
ions are in the ranges 5,000-8,000 and 14,000-22,000 cm~1.
An increase in the intensity of the spectrum from the
UV up to the Vis region at high Co loadings can be as-
cribed to the appearance of the charge transfer (CT) bands,
originating from non-cationic Co species formed at high
Co loadings. It is hardly possible to estimate the amount
of the Co oxide species in the zeolite from the spectral

T T T T T T T T T T
10000 20000 30000 40000 50000

wavenumber (cm’1)

FIG.1. DR UV-Vis-NIR spectra of H-FER and CoH-FER with
different Co loadings. H-FER (-—-—-—- -); CoNaK-FER, Co/Al 0.28
(ovvees ); CoH-FER, Co/Al 042 (-——-—- ); CoH-FER, Co/Al 0.65
.
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changes in the utraviolet region. The Vis spectrum of the
highly loaded CoH-FER (Co/Al 0.65) did not show a clear
band at 13,800 cm~!, which was suggested by Fierro et al.
(39) to reflect the presence of Co oxide species, although
this “overexchanged” CoH-FER certainly contained some
non-specified CoxOy species (see below).

Figure 2A shows Co(ll) Vis spectra of the CoH-ferri-
erites dehydrated at 480°C, depending on the Co/Al ratio.

A
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0.00
I T T
12000 15000 18000 21000 24000
wavenumber (cm'1)
B
0.10 1
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FIG.2. DR vis spectra of CoH-FER with different Co loadings. (A)
Co/Al: 0.42 (—), 0.25 (————- ), 023 (-0 - - ),000(--=—-—- )
and 0.05 (-—- -—- --). (B) Deconvolution of the DR vis spectra of CoH—

FER Co/Al 0.42 (a) and 0.25 (b) into Gaussian bands of component
a(—) B (-~ yandy (- - ).
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TABLE 2

Vis Spectra of the «-, 8-, and y-Type Co(ll) lons in Co-Ferrierites
and the Corresponding Absorption Coefficients

Absorption coefficient,

Co(ll) type Wavenumbers (cm™1) 10% (cm)
o 15,000 1.3+05
B 16,000 17,100 18,600 20,600 1.24+0.3
y 20,300 22,000 05+0.2

It is clearly seen that with increasing Co loading the Vis
spectra of the Co(l1) ions increase in intensity and exhibit a
different shape. This indicates a different distribution of the
spectral components with different Co concentrations, and
thus the occurrence of Co ions with different coordinations.
Deconvolution of the Vis spectra to the individual bands
for Co-ferrierites, as given elsewhere (23), is illustrated
in Fig. 2B. It yielded three characteristic spectral compo-
nents, «, 8, and y, reflecting the «-, 8-, and y-type Co ions
(cf. Ref. (23)), which are given together with the corre-
sponding absorption coefficients in Table 2.

FTIR spectra of dehydrated CoH-ferrierite samples at
the same conditions (480°C) show a broad band (Fig. 3A)
ascribed to the shifted antisymmetric vibrations of the T-O
framework bonds induced by bonding of the Co(ll) ions to
the framework oxygens (27, 32). With increasing Co con-
centration, an increase in the intensity and changes in the
shape of this broad band indicate the existence of several
components. Deconvolution, given in Fig. 3B, yielded the
individual By bands at 942, 918, and 905 cm™1. This im-
plies the existence of three different local perturbations of
the framework T-O bonds induced by the bonding of three
different Co sites to framework oxygen atoms. A linear cor-
relation of the sum of the intensities of the bands at 942,
918, and 905 cm~* obtained up to the Co/Al value of ca. 0.4
(Fig. 4), under the assumption that the extinction coeffi-
cients of the individual bands are the same, indicates that,
up to this limit, the Coions in ferrierite are mostly present as
metal ions bound to framework oxygens at cationic sites. A
deviation from the linearity at higher Co loadings (Co/Al >
0.4) suggests that, besides the exchanged cations, some Co
ions occur in cobalt-oxide-like species, not affecting the
T-O framework bonds.

The dependence of the relative concentrations of the a-,
B-, and y-type Co ions, as obtained from the intensity and
absorption coefficients of the «, 8, and y Co(l1) Vis spectral
components (Table 2), and the intensity of the By, bands
at 942, 918, and 905 cm~, i.e., the relative concentration
of the individual local framework perturbations induced
by the Co ions, are given in Fig. 5. The good agreement
in the trends of the relative concentrations of the «-, 8-,
and y-type Co ions and those of the individual perturbed
skeletal T-O-T bonds with Co loading strongly indicates a
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FIG.3. FTIR spectra of skeletal vibrations of CoH-FER with differ-
ent Co loadings. (A) Co/Al: 0.05(-—- -—--=),009 (- —-—-—-—-—- ), 0.25
(————- ), 0.42 (—). (B) Deconvolution of the FTIR spectra of CoH-

FER, Co/Al 0.25 into Gaussian bands.

correspondence between the individual types of the Co ion
siting atthe «, 8, and y cationic sites and the individual local
perturbations of the adjacent framework bonds reflected in
the By bands at 942, 918, and 905 cm >,

EXAFS spectra were recorded on Co-ferrierites (see
Table 3) in which one or two Co ion types prevailed. The
concentration of the «-, 8-, and y-type Co ions was deter-
mined by quantitative analysis of the Co(ll) Vis spectra.
Experimental and Fourier-filtered spectra of CoNaK-
ferrierite (1.7 wt%) and CoH-ferrierite (0.44 wt%) sam-
ples in reciprocal space are presented in Fig. 6. A general
EXAFS model of the Co site common to all expected
«, B, and y centres was found to fit the data. The model
consists of three coordination shells, where the first and
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FIG. 4. Dependence of the integrated intensity of the sum of the
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FIG.5. Dependence of the relative concentrations of the «-, 8-, and
y-type Co ions on Co loading. Concentrations obtained from Vis spectra
(O) and IR skeletal By bands (#); cobalt concentrations were calculated
from the intensities of the Vis spectral components and corresponding
absorption coefficients and from the intensities of the skeletal By, bands
under the assumption that the extinction coefficients are equal.



TABLE 3
EXAFS of Co-Ferrierites

Sample CoNaK-FER CoH-FER
Co (wt%)/Col/Al 1.52/0.18 0.40/0.05
alBly (rel.%) 8/85/7 0/50/50
Transmission Fluorescence

Three-shell fit Four-shell fit Three-shell fit Four-shell fit
Mode R(A) CN ¢2x10°% R(A) CN o62x10% R(A) CN 02x10°% R(A) CN ¢%2x10°°
Co-0(1) 1.99 35 35 1.99 3.0 2.4 1.99 34 2.9 1.93 3.2 8.7
Co-0(2) 2.09 17 8.1 2.00 1.3 2.9
Co-0(3) 2.85 2.3 11 2.85 2.9 2.3 291 3.1 1.3 2.89 2.7 15
Co-Si/Al 3.32 3.2 2.4 3.32 2.3 0.8 3.32 25 2.9 3.30 2.8 2.2

Note. R, interatomic distance; C.N., coordination number; o, Debye-Waller factor.

experimental data
-~ FT filtered data
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FIG. 6. Experimental and Fourier-filtered EXAFS yx functions of (A) CoNaK-FER (8/85/7) and (B) CoH-FER (0/50/50).
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second shells correspond to the Co-O and the third shell to
the Co-Si/Al back-scattering pairs (Fig. 7). Results of the
fitting procedure (Table 3) provided a distance of 1.99 A and
a coordination number of 3.4-3.5 for the first oxygen shell
in both Co-ferrierite samples. The distance of the second
Co-O shell at 2.85 and 2.91 A in CoNaK-ferrierite and
CoH-ferrierite, respectively, seems to depend on the site
population. In contrast, the distance of the third Co-Si/Al
shell at 3.32 A does not change.

An attempt to improve the fit was carried out by four-
shell fitting, as shown in Fig. 8. The first Co-O shell of
the three-shell fit is split into two very closely overlapping
Co-0(1) and Co-0O(2) shells in the four-shell fit (Table 3).
Some changes in the Co-O(1) and (2) shell distances were
observed with respect to the various distributions of the in-
dividual Co sites. The distances of the higher shells did not
change in comparison with those of the three-shell fit.

Co-Ferrierites Calcined at 550°C on Air Followed by
Hydration at RT and Evacuation at 480°C

The above Vis and FTIR spectra were monitored on
CoH-FER samples dehydrated at 480°C in vacuum. Aftera
higher temperature and prolonged calcination in air (550°C
for 12 h), followed by hydration at room temperature and
subsequent standard in situ dehydration at 480°C in vac-
uum, different relative intensities both of the «, 8, and y
spectral components in the Vis spectra and of the individual
skeletal By, bands were observed (Figs. 9A and 9B, respec-
tively). It is shown that the relative intensity of the spectral
component o decreased in intensity (band at 15,000 cm™1).
Simultaneously, a significant increase in intensity of the By
band at 918 cm~! with a decrease in intensity of the By
band at 942 cm~! was observed. The intensity of the Vis
spectral component y (bands at 20,300 and 22,000 cm™1)
as well as the intensity of the By band at 905 cm~! did
not change compared to those for the standard Co-FER
treatments (vacuum 480°C). The extent of the change in
distribution of the Co ions due to the above treatment dif-
fered depending on the Co loading. The changes in the rel-
ative concentration of locally perturbed framework T-O
bonds (Bwm bands at 942, 918, and 905 cm™?), i.e., those ad-
jacent to the «-, 8-, and y-type Co ions, respectively, for
CoH-FER with different Co loadings under zeolite treat-
ment at 480 and 550°C, are depicted in Fig. 10. Substantial
changes are found, particularly with CoH-FER at low Co
concentrations, in contrast to those exhibiting close to the
stoichiometric exchange degree, i.e., Co/Al =~ 0.4.

NO Adsorption on Co-Ferrierites

After adsorption of NO on Co-FER, Co/Al 0.09, with
the prevailing concentration of the Co ions (8 type) induc-
ing a skeletal By band at 918 cm™, the formation of cobalt
mono- and dinitrosyls was found (Fig. 11). At low NO pres-
sure, Co—-NO complexes were detected by a single band at
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FIG. 7. Fouriertransformation of filtered experimental data and fitted

data of (A) CoNaK-FER (8/85/7) and (B) CoH-FER (0/50/50) using the
three-shell fit.
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FIG. 8. Fouriertransformation of filtered experimental data and fitted

data of (A) CoNaK-FER (8/85/7) and (B) CoH-FER (0/50/50) using the
four-shell fit.
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FIG.9. Effect of treatment of COH-FER on the DR Vis and FTIR

spectra. Evacuation at 480°C (——————— ) and calcination at 550°C on air,
followed by hydration at RT and evacuation at 480°C (—). (A) Normal-
ized DR Visspectraof Co-FER, Co/Al0.25; (B) FTIR spectraof Co-FER,
Co/Al 0.25.

1935 cm~! in the region of NO vibration. The appearance
of Co(NO); at higher NO pressure was evidenced by inten-
sive bands at 1898 and 1815 cm~! with small shoulders at the
lower frequency side of each band. In the region of skele-
tal vibrations, the formation of Co—-NO as well as Co(NO),
complexes caused a shift in the originally perturbed anti-
symetric T-O vibration (induced by the bare Co ions, By
band at 918 cm™) to the By band at 933 cm™, that is, a
“relaxation shift” of 15 cm~1. No difference has been ob-
served in the relaxation shift accompanying the formation
of mono- or dinitrosyl complexes.

When adsorption of NO was carried out on Co-FER,
Co/Al 0.25, containing roughly a comparable concentra-
tion of the - and g-type Co ions, the framework bonds
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FIG. 10. Dependence of the changes in relative concentration of the

a- (O), B- (M), and y-type (O) Co ions in CoH-FER of different Co
loadings, resulting from zeolite calcination at 550°C (followed by hydration
and dehydration at 480°C), compared to the standard evacuation at 480°C,
as obtained from the intensity of the IR spectra.

perturbed by bare Co ions, reflected in By bands at 942
and 918 cm™?, were shifted after cobalt nitrosyls forma-
tion to 933 and 948 cm™?, respectively. Thus, the relaxation
shift of the T-O-T vibration connected with the adsorp-
tion of NO on the a-type Co ion attained a value of only
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FIG.11. FTIR spectra of CoH-FER, Co/Al 0.09 (—) evacuated

at 480°C and after adsorption of NO (----- )Yat 0.7 Torrand (------ ) at
45 Torr.
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FIG.12. FTIR spectra of COH-FER, Co/Al 0.25 (——) evacuated at

480°C and (----- ) after adsorption of 45 Torr NO.

6 cm~1, roughly half of that found with the S-type Co ion
(Fig. 12).

Quantitative analysis of the IR spectra of NO adsorp-
tion in the region of NO vibrations (1800-2200 cm™?) of
Co—ferrierites with wide Co concentration, and thus on
the samples with different populations of the «, 8, and y
sites by the Co ions, showed the preference of «-type Co
ions for the formation of dinitrosyls compared to the g-
type Co ions under the same conditions of NO adsorption
(Fig. 13).
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FIG. 13. Dependence of the ratio of dinitrosyl to mononitrosyl cobalt

complexes on the relative concentration of the «-type Co ions in CoH-
FER of different Co loadings.
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DISCUSSION

Co lons at Cationic Sites and in Undefined CoxOy Species

Incorporation of the Co(ll) ions into cationic sites of fer-
rierite has been confirmed by a decrease in the intensity of
the band at 3605 cm~! and that at 7200 cm~! of combination
vibrations of the characteristic bridging OH groups (not
shown in the figure). However, this finding did not disprove
the theory that some of the Co(ll) ions might also be present
as noncationic undefined cobalt oxidic species, resulting
from a partial hydrolysis of the Co ions during ion exchange.
Presence of such Co oxidic species in ferrierite was sug-
gested to be reflected in a band at 13,800 cm~* (39). How-
ever, this band was not found, even with the overexchanged
Co-ferrierite (Co/Al=0.65). On the other hand, for such
highly loaded Co-ferrierites and those with Co/Al >
0.4, the absorption intensity, ranging from the UV region
to the Vis region, was substantially increased (see Fig. 1).
This broad high intensity of absorption, likely reflecting
charge-transfer effects, might indicate the presence of non-
cationic undefined Co oxidic species. This suggestion was
supported by a quantitative analysis of the FTIR spectra
of skeletal vibrations, showing a linear dependence (see
Fig. 4) of the sum of the intensities of the By bands at 942,
918, and 905 cm~! vs the Co concentration up to Co/Al ~
0.4. This indicates that all the exchanged Co ions provide
characteristic perturbations of the T-O bonds forming the
a-, 8-, and y-type cationic sites (see below). A deviation
from this linearity at higher Co loadings indicates the exis-
tence of Co ions in undefined oxidic species. This conclu-
sion on the highest attainable loading of the Co(ll) ions at
cationic sites (Co/Al = 0.4) in ferrierite with Si/Al=8.4 is
supported by the results of Lee et al. (40), who reported a
linear correlation of the amount of NO adsorbed with the
Co concentration up to Co/Al=0.4 for Co-ZSM-5. Thus,
up to a concentration of Co/Al~ 0.4 in ferrierite, it can be
guaranteed that most of the Co ions are exchanged Co ions
at cationic sites. Accordingly, with the aim to analyze the
structure and properties of the exchanged Co ions in fer-
rierite, we carried out further studies with Co—ferrierites up
to Co/Al=0.4.

The a-, 8-, and y-Type Co lons at Cationic Sites

Quantitative analysis of the intensity of the «, 8, and y
Vis spectral components of the Co(l1) ions of Co—ferrierites
(Fig. 2) and the intensities of the By bands at 942, 918, and
905 cm~* (Fig. 3) as the function of the Co concentration
revealed a satisfactory match of the distribution of the «-,
B-, and y-type Co(ll) ions and the concentration of the in-
dividual local T-O bonds perturbed to a different extent;
By bands at 942, 918, and 905 cm~! (Fig. 5). This finding ev-
idences that the exchanged «-, 8-, and y-type Co(ll) ions
induce three characteristic perturbations of the local frame-
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work T-O bonds, i.e., perturbations of the framework T-O
bonds at the individual cationic sites «, 8, and y. This con-
clusion is supported by the parallel changes in population
of the « and g sites by the Co ions resulting from prolonged
calcination at high temperature, as obtained from both the
Co(ll) Vis and the FTIR spectra in the range of the skeletal
vibrations (cf. Figs. 9A and 9B).

The smallest perturbation of the framework bonds, the
Bwm band at 942 cm™?, is connected with the a-type Co(ll)
ions. According to the previous Co(ll) Vis study (23), these
ions are suggested to be coordinated above the rectangle
of framework oxygens of the six-member ring, formed by
connecting five-member rings, in the main ten-member ring
channel of ferrierite (see scheme in Ref. (23)). The g-type
Co(ll) ions, assumed to be coordinated to the deformed
six-member ring in the ferrierite cavity, exhibit medium per-
turbation, corresponding to the By band at 918 cm~*. The
y-type Co(ll) ions, located in the boat-shaped site of fer-
rierite, likely in the most packed environment of framework
oxygens of the three sites, possesses the largest perturbation
of the adjacent T-O bonds, corresponding to the By band
at 905 cm~L. If we assume that the degree of perturbation
of the T-O framework bonds, the deformation shift, corre-
sponds to the strength of Co-O bonding, it follows that the
strength of bonding of the Co ions to framework oxygens
in cationic sites increases in the sequence o« < 8 < y.

EXAFS results obtained from the three-shell fit of the
spectra (Fig. 7, Table 3) show that the average Co site in
ferrierite is represented by Co ions coordinated to four,
eventually three, framework oxygen atoms at an average
Co-O distance of 1.99 A and to two or three framework
oxygen atoms at a distance of 2.85-2.91 A. This Co-O dis-
tance is, however, too long for direct coordination of the
framework oxygen atoms to the Co ions. This shell is clearly
attributed to the framework oxygens in the rings surround-
ing the Co cations. The last shell represented by Si or Al
atoms at a distance of 3.30-3.34 A is common to both Co-
FER samples.

The Co-O distance of 1.99 A, obtained from the three-
shell fit, does not show any dependence on the population
of the individual cationic sites by the Co ions. Therefore,
only very small differences in the interatomic Co-O dis-
tances can be expected to characterise the «, 8, and y Co
sites, which are too close to be determined by EXAFS. It
can be expected that the results from the data analysis for
CoNaK-FER, Co/Al 0.18 (Co B site 85%), represent the
most frequently populated g site, which is almost exclu-
sively populated in this sample. Therefore, the g site can be
determined as a Co cation coordinated to four framework
oxygen atoms at a distance of 1.99 A and with two frame-
work oxygen atoms of the six-member ring at a distance
of 2.85 A. Considering the same coordination number ob-
tained for the mixture of 8 and y sites (1:1, CoH-FER,
Co/Al 0.05) and taking into account that the coordination
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numbers obtained from EXAFS are usually slightly under-
estimated in the case of closely overlapping shells, it can be
speculated that the Co cation in the y site is coordinated to
four framework oxygens at the same distance of 1.99 A.

In agreement with the three-shell fit, the four-shell fit
(Fig. 8) also shows that the Co ions are coordinated to four
lattice oxygens. The ligand environment of the Co atom is
formed by three oxygen atoms coordinated at shorter dis-
tances and one oxygen at a longer distance to the Co ion.
It seems that small shifts in the distances observed in the
four-shell fit are dependent on the site population. It can
be speculated that the high concentration of the y sites in
the CoH-ferrierite sample shifts the distances to shorter
values and thus it can be deduced that the average Co-O
distances representing the site y are shorter than the av-
erage distances, which belong to the g site. The Co-O dis-
tances for the a-type Co ions could not be estimated, as
it is not possible to prepare a Co—ferrierite sample with a
prevailing concentration of this type of Co ions.

These results are in good agreement with the reported
mean values obtained from EXAFS of Co-zeolites (16, 17),
our results for Co—-ZSM-5 (43), the XRD Co-O bond dis-
tance data reported for A and Y zeolites (41, 42, 44), and
theoretical calculations, which suggest that Co-O distances
can vary between 1.8 and 2.1 A (45). Generally, the results
on the coordination of transition-metal ions such as Cu and
Co in zeolite matrices indicate that these cations are dis-
tributed over the available sites to reach an optimum co-
ordination with the framework, establishing a minimal po-
tential energy (29, 45, 46). Theoretical calculations show
that the presence of the metal ions induces a characteristic
local distortion of the framework bonds, depending on the
extent of ionic/covalent bonding of the cation to frame-
work oxygens (29). Moreover, with the divalent Co ion the
calculated distortions of the deformed six-member ring of
ferrierite representing the g site clearly showed fourfold
coordination of the cation to framework oxygen atoms at
this site (29). The same cation coordination at the deformed
six-member ring of ZSM-5, based on calculated perturba-
tion of the framework bonds, was suggested by Datka and
co-workers (47). For the Co(ll) ions it has been suggested,
using density functional theory (DFT), that they exhibit
coordination numbers of 3, 4, or 5, depending on the Si/Al
ratio (45).

The calculated Co-O distances obtained from the
EXAFS data analysis of Co—ferrierites is typical for Co—
O bonds, but they are shorter than the distances expected
based on the rigid model of the ferrierite framework. This
means that the Co ions deform the framework. This is ex-
actly what we have clearly observed by the different pertur-
bations of the T-O bonds adjacent to the individual Co ions
and what was predicted by theoretical calculations (30, 45).

It can be concluded that a complementary set of spec-
troscopic methods used for the description of the Co ions
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at the cationic sites of ferrierite, i.e., Co(ll) Vis, FTIR of
skeletal vibrations, and EXAFS, provided a description of
three characteristic Co ion types.

Changes in Population of the « and g Cationic Sites by the
Co lons in Dehydrated Co—Ferrierites after Zeolite
High-Temperature Calcination and Hydration

The weakest bonding of the «-type Co ions and, in con-
trast, the strongest bonding and the shortest Co—O distance
of the y-type Co ions are also reflected in the changes of
the distribution of the Co ions among the individual cationic
sites after prolonged calcination (550°C) of Co—ferrierites.
With Co—ferrierites, where some cationic sites were not oc-
cupied by Co ions or other cations, and the negative frame-
work charge was balanced by protons, the relative popula-
tion of the g sites by the Co ions was increased on account
of the a-type Co ions. The extent of this effect was more
pronounced with Co-ferrierites, where more free cationic
sites were available (Figs. 9 and 10). In contrast, the concen-
tration of the y-type Co ions was not changed under high-
temperature treatment, over the whole cobalt concentra-
tion range, even in the case where some cationic sites were
unoccupied. The weakest bonding of the Co ions at the «
sites and their transfer to the g sites under severe heat or
hydrothermal treatment is similar to the behaviour of that
type of Cu ions in ZSM-5, suggested to be balanced by a
single AlO3 framework entity (48) and suggested by us to
represent a similar « site located on the wall of the main
channel of the MFI structure (11).

Coordinative Bonding of the Co lons

The coordination and strength of bonding of the Co ions
at the individual cationic sites were also reflected in their
interaction with NO. At the same conditions of NO adsorp-
tion, the a-type Co ions exhibited a higher preference for
the formation of dinitrosyls instead of Co—-NO complexes,
while the g-type Co ions formed more mononitrosyl com-
plexes, as follows from the quantitative analysis of the IR
spectra in the region of NO vibrations (cf. Figs. 11-13).
Differences in the bonding of the «- and B-type Co ions
were also reflected in the extent of perturbation of the ad-
jacent framework bonds after NO adsorption. The value of
this relaxation shift is a measure of the weakening of the
cobalt-framework oxygen bonding due to ligation of NO
molecule(s) to the Co ion. It is to be noted that the mono-
nitrosyl as well as dinitrosyl Co ion complexes provided
the same relaxation shift of the perturbed antisymmetric
T-O vibration due to the coordination of individual bare
Co ions. This implies that the strength of Co-O bonding
was not significantly affected by the ligation of the second
nitrosyl. However, the Co-O bonding of the individual Co
ions was affected, to a different extent, by the formation of
cobalt-nitrosyl complexes. The relaxation shift connected
with the a-type Co ions was much smaller (6 cm~1) than that
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with the g-type Coions (15cm™1); see Fig. 13. Therefore, the
weakly bound Coions at « sites were able to ligate NO with-
out substantial weakening of the original Co—framework
oxygen bond, in contrast to the Co ions in g sites, where
bonding with framework oxygens was much more weak-
ened after coordination of the NO molecule. It follows that
the different types of exchanged Co ions in Co—ferrierites
also exhibit different behaviour under interaction with NO
with respect to both the composition of nitrosyl complexes
and the weakening of the cobalt-framework oxygen bonds.

CONCLUSIONS

Three typical Co ion sites in ferrierite, previously sug-
gested from the Co(ll) Vis spectra and known ferrierite
framework geometry, exhibit different perturbation of the
hosted framework T-O bonds. The structure and behaviour
of these sites, i.e., the polyoxo-anion-cobalt complexes,
have been described by quantitative analysis of the Co(Il)
Vis spectra, FTIR spectra in the region of skeletal vibra-
tions, and EXAFS measurements on Co-ferrierites with
different Co loadings.

The a-type Co ions, exhibiting a Vis band at 15,000 cm !
and a perturbed antisymmetric T-O vibration (By band)
at 942 cm~!, are coordinated to the rectangle of frame-
work oxygens of the six-member ring, formed by connected
two-folded five-member rings, on the wall of the main ten-
member ring channel. The relatively open coordination
sphere of these Co ions corresponds to their weak bond-
ing to the framework oxygens and a high tendency to form
dinitrosyl complexes under NO adsorption.

The B-type Co ions, with the Co(ll) Vis spectral com-
ponent consisting of bands at 16,000, 17,100, 18,700, and
20,600 cm~! and with an antisymmetric T-O vibration at
918 cm™1, are suggested to be coordinated to the deformed
six-member ring of the ferrierite cavity. The g site has been
shown to be the site most populated by the Co ions over the
whole concentration range. Based on EXAFS results, four
framework oxygen atoms are coordinated to the Coionata
distance of 1.99 A, while two additional framework oxygen
atoms are at a substantially larger distance of 2.85 A. The
B-type Co ions exhibit medium strength bonding to frame-
work oxygens, and compared to the «-type, the g-type Co
ions have a substantially lower ability to form dinitrosyls.

The y-type Coionsarereflected in the doublet of bandsin
the Vis spectral region (20,300 and 22,000 cm~Y) and in the
perturbed antisymmetric T-O vibration at 905 cm~1. These
ions are located in a boat-shaped site of ferrierite. The y-
type Co ions, in agreement with the shortest Co-O distance
and the highest extent of perturbation of framework T-O
bonds, are the most strongly bound to framework oxygens.

The structure and character of bonding of the «-, 8-, and
y-type Co ions are also reflected in their behaviour under
high-temperature treatments.. The weakly bound «-type Co
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ions move to the g sites under severe thermal/hydrothermal
treatment if the g sites are available in the zeolite. In con-
trast, the y-type Coions, exhibiting the strongest bonding to
framework oxygens, did not change their siting, even under
high-temperature treatment and hydrothermal conditions.
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