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Unusual coordination state of cobalt ions in
zeolites modified by aluminum chloride
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Co- and Al-modified zeolites (Al-Co—-ZSM-5) were prepared by solid-state ion exchange with cobalt

acetate or chloride, followed by AlCls immobilization from anhydrous toluene solution. Based on data

from XRD, X-ray absorption (XANES/EXAFS), X-ray photoelectron spectroscopy and DRIFT spectral studies

of adsorbed probe molecules (carbon monoxide, ethane), a new cobalt electronic state, bonded with

surface aluminum atoms through oxygen and chlorine atoms, arises on the surface of Al-Co-ZSM-5.

Received 30th April 2015,
Accepted 11th June 2015

DOI: 10.1039/c5dt01640a

www.rsc.org/dalton

Introduction

Zeolites are widely used as heterogeneous catalysts for hydro-
carbon conversion because of their unique channel structures,
thermal stability, acidity, shape-selective properties and great
selectivity for cation exchange. The design of single-site hetero-
geneous catalysts based on zeolites, and understanding their
mechanisms of action, have growing interest and practical
importance. An unusual method of hydrocarbon activation via
metal-alkyl compounds has been proposed for zeolites modi-
fied with Zn and Ga." Moreover metal-alkyl intermediates
were observed in gas-phase reactions of hydrocarbons with
Co", Fe*, Ni*, and Mo" ions.>* It was found recently that high-
silica zeolites modified with cobalt salts and aluminum chlor-
ide were one order of magnitude more active and selective for
paraffin conversion in the liquid phase at medium tempera-
tures (130-190 °C) than the parent support.” The synergistic
action of Lewis acids and transition metal salts is also known
for the catalytic isomerization of alkanes, the alkylation of
unsaturated and aromatic compounds, and in the cracking of
heavy paraffins.®® This effect is commonly attributed to the
formation of complexes that are more acidic than the initial
Lewis acid.”"" This is favorable for the formation of carbo-
cations, which are key intermediates in the conversion of
hydrocarbons in the presence of acid catalysts, including the
hydrogen forms of zeolites."** However, in some cases tran-
sition metal cations themselves can interact directly with
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A new band at 2192 cm™ appears in the DRIFT spectrum, shifted to lower frequencies compared to CO
complexes with isolated Co®* cations (2205 cm™). Spectral data of the ethane adsorption (new strong
bands in the range of 2740-2770 cm™) prove the existence of specific centers of alkane activation on
coordinately unsaturated cobalt cations, resulting in the interaction with aluminum chloride.

hydrocarbons, but only at elevated temperatures of >500 °C. In
accordance with low-temperature in situ IR spectroscopy and
DFT calculations,"**® C,-C,, alkanes may be activated even at
low temperatures of 170-230 K on transition metal (Co, Ni etc.)
halide-aluminum halide complexes formed in the reaction
medium. In this case the reaction does not yield cracking pro-
ducts and takes place via the intermediate formation of
dimetal alkyl complexes, not via the carbocation mechanism
that is commonly accepted for acid catalysis. The introduction
of transition metal cations into the zeolite may increase the
probability of alkane activation via the alkyl route.

This work aims to establish the structural features and
reasons for the synergistic action of transition metal and Lewis
acid additives in catalysis by the Al-Co-modified ZSM-5 zeolite,
taking CO and ethane as test molecules for analysis of adsorp-
tion properties. The modified Al-Co-ZSM-5 zeolite was pre-
pared using cobalt acetate or chloride as precursors in solid-
state ion exchange, followed by AICl; immobilization from
anhydrous toluene solution. The Co coordination geometry
and electronic state were investigated by X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS) and X-ray
absorption spectroscopy (EXAFS and XANES). New adsorption
and catalytic sites resulting from the introduction of both
modifiers into the zeolite were detected by diffuse reflectance
infrared Fourier transform (DRIFT) spectroscopy, including
the carbon monoxide and ethane adsorption technique.

Experimental

Materials

Zeolite NH,-ZSM-5 (Zeolyst Co.) with SiO,/Al,0; = 55 and a
specific surface area of 425 m> g~' was pressed into pellets,

This journal is © The Royal Society of Chemistry 2015
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which were then ground. Granules 0.4-0.8 mm in diameter
were used in experiments. The hydrogen form of the zeolite
was obtained by calcination of the initial zeolite at 500-520 °C
for 8 h in flowing air. Aluminum chloride (99.99%, Aldrich)
was used as received. All manipulations involving this com-
pound were performed in a dry argon atmosphere or in a
vacuum. Cobalt chloride CoCl,-6H,O (analytical grade, Acros
Organics) was used in the form of a crystalline hydrate or was
dehydrated prior to use by heat treatment in a vacuum at
150 °C for 3-4 h. Cobalt acetate Co(CH;COO),-4H,0 (reagent
grade, Irea2000) was used as received. Toluene was used
freshly distilled from P,0s. Argon (special-purity grade) was
additionally dried by passing through columns packed with
calcined zeolite NaX, CaCl, and P,Os.

Zeolite modification

Zeolite Co-ZSM-5 was prepared by solid-state ion exchange
between H-ZSM-5 and cobalt acetate or chloride. A salt-zeolite
mixture was held at 450-500 °C in flowing argon for 6 h
(heating rate of 5 °C min™'). The resulting material was
washed with distilled water and was dried at room temperature
for 1 day and then at 120 °C for 8 h. Thereafter, the zeolite was
calcined at 450 °C for 3 h in flowing air. Herein, Co-ZSM-5
catalysts are identified as Co-Z-X, where X indicates the cobalt
precursor - acetate (ac) or chloride (cl).

Al-Co-ZSM-5 samples were synthesized by treatment with
anhydrous AICl;: a mixture of anhydrous aluminum chloride
with Co-modified zeolite (Co-ZSM-5) in toluene was boiled in
flowing dry argon. Hydrogen chloride formed during the reac-
tion (1)

n(-OH) + AlCl; — (-O-)nAlCl;_, + nHCI (1)

was absorbed with the 0.1 M KOH aqueous solution. After
completion of the reaction (1.5-2 h), the product was decanted
and washed with hot toluene in flowing argon to remove the
residual aluminum chloride, and the solvent was removed by
heating the product under vacuum (200 °C, 3 h).

The resulting zeolites were stored and manipulated in an
argon-filled dry box.

Zeolite characterization

The composition of the samples was analyzed by ICP-OES on
an iCAP 6300 Duo Thermo Electron, and the results are shown

Table 1 Synthesis and characterization of modified zeolites
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in Table 1. The corresponding Co contents are denoted in the
catalyst identification column, for example, Co-Z-0.9-cl corres-
ponds to a Co content of 0.9 wt% in the catalyst.

The amount of hydrogen chloride evolved in reaction (1)
was measured by acid-base titration and is shown in Table 1.
According to ICP data, the molar ratio of evolved HCI to alumi-
num introduced into the zeolite was (1.0-1.4): 1, which indi-
cates that the aluminum chloride was anchored as (-O-)AICI,
and (-O-),AICL

IR spectroscopy

DRIFT and transmission IR spectra were recorded on an Infra-
lum FT-801 (Lyumeks-Sibir’) Fourier spectrometer fitted with a
diffuse reflectance attachment. DRIFT spectra were recorded in
the 900-6000 cm™"' range (4 cm™" resolution, 128 scans) at
room temperature. Granules of the modified zeolite or initial
support (0.4-0.6 mm) were placed in a quartz tube with a CaF,
optical window and were heat treated at 200 °C for 2 h and at
400 °C for 3 h in a vacuum (residual pressure of 0.01 Pa or
below). CO was adsorbed on heat-treated samples at room
temperature, with the gas pressure in the optical reactor varied
from 0.005 to 1.5 kPa.

Transmission IR spectroscopic measurements were carried
out with a resolution of 4 cm™, and the number of scans was
equal to 64. The samples were prepared by compressing the
solids in order to obtain self-supporting pellets. They were
mounted on a transportable infrared cell with KBr windows
and an external oven. The pretreatment was performed at
450 °C under a dynamic vacuum of 1.3 x 10~> Pa for 3 h.

XAS and XRD

X-ray absorption spectroscopy and X-ray diffraction analysis
were conducted at the Structural Materials Science end-station
of the National Research Centre “Kurchatov Institute”
(Moscow, Russia).”~ Diffraction patterns were registered in
the Debye-Scherrer transmission geometry. Photosensitive
Imaging Plate (FujiFilm) detectors were used and the exposure
time was 15 min. Phase identification was made with the help
of the PDF-2 database.?® The wavelength was calibrated using
a Zr foil standard and fixed at the Zr absorption K-edge
(0.68886 A or 17998 eV). The sample-to-detector distance and
tilts were determined using a Si powder standard (NIST SRM
640c).

19

Sample Precursor Co, wt% Co/Algym ¢ Co/Al* DE, %° AICLS, mmol g~* HCI?, mmol g™
Co-Z-0.9-cl CoCl, 0.92 0.27 0.27 55 —

Co-Z-0.9-ac Co(CH;C00),-4H,0 0.91 0.27 0.27 54 —

Co-Z-2.1-ac CO(CH3COO)2-4HZO 2.1 0.62 0.62 125 —

Al-Co-Z-0.9-cl CoCl, 0.92 0.14 0.27 55 0.55 0.75
Al-Co-Z-0.9-ac CO(CH3COO)2-4H20 0.91 0.13 0.27 54 0.61 0.65
Al-Co-Z-2.1-ac Co(CH;C00),-4H,0 2.1 0.28 0.62 125 0.72 0.73

“Co/Al atomic ratio, calculated from ICP data, where Alg,,, = total Al in the sample and Aly = amount of Al in the framework. bDE (degree of

exchange) = 200Co/Alg. ¢ Calculated from ICP data as Alg,, —

This journal is © The Royal Society of Chemistry 2015

Al ¢ The amount of hydrogen chloride evolved in reaction (1).
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The absorption spectra at the Co K-edge were measured in
fluorescence mode by means of an ionization chamber filled
with air and a silicon (single crystal) avalanche photodiode
detector. A Si(111) channel-cut monochromator was used. The
third harmonics rejection was made by pressing on the top
crystal plane with a piezo-drive within intrinsic elasticity
limits. Taking into account the fluorescence mode, errors due
to higher harmonics contamination were expected to be negli-
gible. The spectra were processed with the IFEFFIT software
package,”’ whereas the phases and amplitudes of photo-
electron scattering used to refine local structure parameters
were calculated with the FEFF program.’? The interval of elec-
tron wave numbers (k) in the procedure of model refinement
was 2.0-10.0 A", The interval of the fit in R-space was set to
1.2-3.5 A. The determination error was about 10-20% for
coordination numbers and about 1-2% for interatomic dis-
tances. CoCl,, CoCl,-6H,0 and Co(CH;CO0),-4H,0 were used
as reference compounds. The passive electron reduction factor
SO0 and the energy shift AE were fixed at values of 0.85 and
4.0 eV, respectively. XAS measurements were carried out at
ambient pressure.

XPS

The X-ray photoelectron spectra were collected using an Axis
Ultra DLD (Kratos, UK) spectrometer using monochromatic
AIK, radiation at an X-ray unit power of 150 W. Crushed gran-
ules were used for these studies. The spectra were measured at
transmission energies of 160 and 40 eV for a survey spectrum
and the spectra of individual lines, respectively. The spectral
regions corresponding to Co 2p, O 1s, C 1s, Si 2p, Si 2s and Al
2p core levels were recorded for each sample. The BE reference
value was C 1s = 284.8 eV. The peak areas were determined by
integration employing a Shirley-type background. Peaks were
considered to be a mixture of Gaussian and Lorentzian func-
tions in a 70: 30 ratio. In order to remove the effect of sample
charging, the spectra were measured with the use of a
neutralizer.

Results and discussion
IR spectroscopy

The modification of H-ZSM-5 with cobalt and aluminum salts
alters the hydroxyl cover of the zeolite. The FTIR spectra of the
parent H-ZSM-5 zeolite and the cobalt-containing samples pre-
pared from cobalt chloride (Co-Z-0.9-cl) and additionally
modified with aluminum chloride (Al-Co-Z-0.9-cl) are com-
pared in Fig. 1. All the spectra were normalized to the intensity
of the lattice vibrations at 2000 and 1880 cm™". The spectrum
of H-ZSM-5 shows absorption bands at 3744 and 3613 cm ™"
and a broad band at 3300-3500 cm™'. According to the
data,”**° these bands are due to O-H vibrations in silanol (Si-
OH) and bridging (Si-OH-Al) hydroxyl groups in the free and
hydrogen-bonded states.

As one can see from Fig. 1, the introduction of cobalt
reduces the integral intensities of all the main vibrational

13284 | Dalton Trans., 2015, 44, 13282-13293
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Fig.1 FTIR spectra of zeolites in the region of O-H stretching
vibrations: (1) H-ZSM-5, (2) Co-Z-0.9-cl and (3) Al-Co-Z-0.9-cl.

bands of O-H in H-ZSM-5: the broad band at 3300-3500 cm ™,
which is due to associated bridging groups, and the bands of
free Si-OH-AI (3613 ¢cm™") and silanol groups (3744 cm™).
Subsequent treatment of Co-Z-cl with aluminum chloride
results in a further decrease of the intensity of both OH
vibration bands. Therefore, the protons of different hydroxyl
groups participate in ion exchange with aluminum chloride.
The greatest decrease in relative intensity is observed for the
1(OH) band of the Si-OH groups at 3744 cm™'. At the same
" appear in the spectrum.
The observed changes likely arise from the formation of

time, new weak bands at 3713 ¢cm™

(FO-)AICL, (x = 1 or 2) fragments bonded to silicon or alumi-
>31 In parti-
cular, the 3713 ecm™' band is assignable to vibrations of

num atoms on the support surface via reaction (1).

terminal Si-OH groups whose oxygen atom interacts with the
extraframework Al atom of a (-O-)AICL, fragment anchored
to adjacent Si or Al atoms. Similar coordination of terminal
Si-OH groups with extraframework aluminum atoms is indi-
cated in the spectrum of H-ZSM-5."*® In addition, it is possi-
ble that direct contact occurs between cations of cobalt and
aluminum. DRIFT spectra of the Co-Z-ac and Al-Co-Z-ac were
discussed in an earlier publication.” The impact of zeolite
modification using cobalt acetate and aluminum chloride on
the hydroxyl cover of the support was very similar to that
observed using cobalt chloride.

DRIFT spectra of adsorbed carbon monoxide

Co-Z samples. Fig. 2 and 3 present the DRIFT spectra of the
Co-modified zeolites (ac, cl) in the region of the CO stretching
mode, recorded after carbon monoxide adsorption at room
temperature (RT) and at a pressure of 0.7 kPa and below. CO
adsorption on the acid sites of H-ZSM-5, as we have shown
previously,” was observed in the DRIFT spectra at RT only at
pressures above 0.7 kPa, including a band at 2169 cm™" due to

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 DRIFT spectra of carbon monoxide adsorbed at RT and at equili-
brium pressure of 0.7 kPa (1), and vacuumed to pressure 0.1 kPa (2,3)
and 0.005 kPa (4), on (A) Co-Z-0.9-ac (1,3,4) and Co-Z-0.9-cl (2) and
(B) Al-Co-Z-0.9-ac (1,3,4) and Al-Co-Z-0.9-cl (2). The spectra are
background corrected.

the H complexes of carbon monoxide with bridging protons of
acidic Si-OH-Al groups,”® and weak bands at 2189 and
2221 em™* that indicate the presence of Lewis acid sites.>*3%32

The spectra of CO adsorbed on the Co-modified zeolites
(Fig. 2 and 3) at equilibrium CO pressure of 0.7 kPa and below
indicate the formation of stronger adsorption sites on their
surfaces, and the CO bands in this region can be ascribed to
Co species. It is known that the frequency of adsorbed CO
1(CO) depends on the valence and coordination states of the
cations related to their ability to accept o-donation (increasing

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 DRIFT spectra of carbon monoxide adsorbed at RT on (1) Co-
Z-2.1-ac and (2) Al-Co-Z-2.1-ac at equilibrium pressure of 0.7 kPa. The
spectra are background corrected.

1(CO)) and to donate n-orbitals of CO (decreasing (CO)).>* The
spectra in Fig. 2(A) for the samples Co-Z-09 (-ac and -cl) with
degree of exchange (DE) < 100% (and Co/Al < 0.5) show a
strong wide band at about 2200 cm™", which is a superposition
of absorption bands at 2205 and 2190 cm™". The 2205 cm™*
band is due to the complexes of CO with isolated Co>" cations
in exchange positions.**> The shoulder of the lower fre-
quency band may be due to [Co-O-Co]** oxide-like struc-
tures,>*** CoOH" ions, or phyllosilicates.>® At the same time
the band at 2205 cm™" may be related to the carbonyl complex
with Co*" ions,**"**?” arising after calcination of Co-containing
zeolite at high temperatures in a stream of air. Low-tempera-
ture CO adsorption studies on Co;0, showed a strong band at
2195 cm™*,*® while the CO adsorption on CoO usually occurs
at 2175-2180 cm™ %%

As one can see from the comparison of spectra 2 and 3 in
Fig. 2(A), for the samples Co-Z-0.9-ac and -cl (DE < 100%) the
Co precursor slightly affects the ratio of intensities of the
bands at 2205 and 2190 cm™". Only the contribution of oxide-
like structures [Co-O-Co]** (with the band at 2190 cm™)
weakly increases when cobalt chloride was used as precursor.

In contrast, the proportion of Co in oxide-like forms
increases with increasing cobalt content in the zeolite, as one
can see in Fig. 3, where the spectra of CO adsorbed on the
sample Co-Z-2.1-ac (DE > 100%) are presented for example.
Spectrum 1 in Fig. 3 shows a strong wide band at about
2200 cm™', which is a superposition of absorption bands at
2205, 2190 and 2180 cm™'. With the bands for Co*" cations
(2205 cm™) and [Co-O-Co]**
(2190 cm™"), new low frequency bands at ~2180 cm ™" associ-

oxide-like  structures

ated most likely with oxide structures including oligomeric
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oxides and even small cobalt oxide nanoparticles*"?*3*
appeared. Reduction of the frequency of adsorbed CO in the
series (Co®" in exchange positions > Co®>* in “oxide-like clus-
ters” > Co>" in bulk CoO) is due to the decrease of electron-
acceptor properties of the adsorption sites of Co>".

In addition, low oxidation states of cobalt may be present
on the surface of Co-containing zeolites in the course of the
CO adsorption at RT, which is manifested in the IR spectra by
the carbonyl complexes detected below 2100 cm™'. For such
complexes (CO) is lowered compared to 1(CO),,s because the
CO molecule is partially bound to adsorption sites by the use
of occupied d-orbitals when d — n* donation takes place. As
one can see in Fig. 3, new small bands at ~2090 cm ™" arise in
the spectra of adsorbed CO on the Co-Z-2.1-ac, which are
related to CO complexes with Co” ions.*>*® Similar cobalt
reduction by carbon monoxide on the surface of Co zeolites is
associated mainly with the reduction of [Co-O-Co]*" ions.*°

According to DRIFT spectra of adsorbed CO, in addition to
isolated Co** ions and [Co-O-Co]*" ions, cobalt oxide particles
as Co;0, or CoO may also be present on the surface of modi-
fied zeolites, especially at DE > 100%. Indeed, oxide-like
particles, as will be shown below using XPS and X-ray spectro-
scopy, are present on the surface of prepared samples.

Al-Co-Z samples. Fig. 2(B) and 3 show the spectral vari-
ations in the DRIFT spectra of adsorbed CO resulting after
treatment of Co-modified zeolites (Co-Z-0.9-ac and -cl and Co-
Z-2.1-ac) with anhydrous AICl;. From comparison of the data
in Fig. 2(A) and (B) one can see that a new band at 2192 cm™"
appears in Al-Co-Z-0.9, which is shifted to lower frequencies
relative to the band of the complexes with isolated Co>" ions
(2205 em ™). There is no strong influence of the initial Co state
in zeolites modified by cobalt acetate or chloride, as seen from
the spectra 2 and 3 (Fig. 2(B)). It should be noted that there is
no such absorption band in the spectra of parent H-ZSM-5
zeolite modified only by AICl; (Al-Z) without the Co introduc-
tion.> Thus, the spectra of the cobalt carbonyl complexes
(Fig. 2 and 3) indicate that the introduction of aluminum
chloride generates new coordination states of the transition
metal.

In comparing the spectra of Co-Z and Al-Co-Z for various
Co contents (Fig. 2(A) and (B) for Co 0.9 wt% and spectra 1
and 2 in Fig. 3 for Co 2.1 wt%), we note that the increase in
the intensity of the new band at 2192 ecm™" in the spectra of all
samples Al-Co-Z is accompanied a decrease in the intensity of
the band at 2205 cm™', which indicates a lowering the pro-
portion of the isolated Co>" ions in the total transition metal
content after the aluminum chloride introduction on the Co-Z
surface.

The closeness of the observed vibration bands for the CO
adsorbed on oxide-like clusters in parent Co-Z (at 2190 cm ™)
and the new cobalt species in the Al-Co-Z (at 2192 cm™)
makes it difficult to estimate a possible role of the [Co-O-Co]**
species on the Co-Z surface in the reaction with the anhydrous
aluminum chloride. However, this evaluation may be obtained
from the data of Co®>" ion reduction at RT. As one can see in
Fig. 3, low frequency bands (near 2000-2100 cm™') corres-

13286 | Dalton Trans., 2015, 44, 13282-13293
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ponding, as noted above, to a low oxidation state of cobalt,***°
are absent in the spectrum of Al-Co-Z-2.1-ac, unlike in that of
Co-Z-2.1-ac. This indicates a decrease of [Co-O-Co]** ion pro-
portion or a change in the structure of these ions in the Al-
Co-Z after AICl; treatment of the parent Co-Z sample, because
these particles are most susceptible to reduction after exposure
of samples to CO at RT.*°

By this means, the DRIFT spectra of adsorbed CO showed
that the introduction of aluminum chloride on the surface of
the Co zeolite gives rise to new coordination states of the tran-
sition metal, in which the cobalt atoms are apparently co-
ordinated with aluminum atoms through chlorine or oxygen
atoms. According to ref. 41, similar uncommon transition
metal states were observed in Fe-ZSM-5 treated with trimethyl-
aluminium vapor under anhydrous conditions. The IR spec-
trum of adsorbed NO exhibited new bands due to Fe-O-Al
structures that resulted from the interaction of iron cations
with the introduced extraframework aluminum atoms.

DRIFT spectra of adsorbed ethane

To understand the role of these new sites in alkane activation,
the adsorption of ethane on H-, Co- and Al-Co-Z was studied.
Fig. 4 presents the spectra of the Co-containing zeolites in the
region of C-H stretching bands, after adsorption of ethane at
room temperature. The spectra of adsorbed ethane on the
hydrogen form of ZSM-5 are very similar to those obtained pre-
viously***? and contain three well-resolved and one unresolved
C-H stretching bands. These can be assigned as follows (gas-
phase frequencies®® in parentheses): 2974 c¢cm™, u; (IR
2994 em™'); 2941 em ™, vy (Raman 2963 cm™'); 2920 cm ™Y, s
(IR 2954 cm™); 2878 em ™", 4 (Raman 2899 cm™"). Upon lower-
ing the ethane pressure, all of the bands decreased in fre-
quency in parallel and were completely eliminated by
evacuation at room temperature. Subsequent adsorption of
ethane regenerated the initial spectrum. This indicates weak
and reversible adsorption of ethane by the hydrogen form of
the zeolite.

As follows from Fig. 4(A), similar DRIFT bands were also
observed after ethane adsorption by the cobalt-modified
H-ZSM-5. However, in addition to the narrow bands at 2828,
2880, 2917, 2946 and 2982 cm™', DRIFT spectra of Co-Z-0.9
also contained a very strongly low-frequency shifted band with
a maximum at 2755 cm™ ', Upon lowering the ethane pressure,
the intensity of this broad band did not change very much,
while those of the narrow bands decreased. Therefore, the
overall spectrum of adsorbed ethane corresponds to a super-
position of the bands from two different forms of adsorption.
The narrow high-frequency bands belong to the weakly
adsorbed species, while the broad low-frequency shifted band
belongs to the stronger form of molecular adsorption.

The form of specific ethane adsorption has been observed
previously on various bivalent cation (Ca, Mg, Zn etc.)-modi-
fied zeolites.*>** It has been demonstrated that the adsorption
of light alkanes by cationic forms of various zeolites results in
a variation of the distribution of the relative intensities of the
absorption bands, which strongly depends both on the nature

This journal is © The Royal Society of Chemistry 2015
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of the cations and on the zeolite framework. It was also shown
that the most strongly perturbed and polarized vibrations are
the initially fully symmetric C-H stretching vibrations, which
are directly connected with the chemical activation of
adsorbed molecules. The greatest red shift of the C-H band
was observed for C,Hg adsorption on Zn-ZSM-5.**

As one can see from Fig. 4(B), similar DRIFT bands were
also observed for the Al-Co-Z-0.9-ac zeolite after ethane
adsorption. However here, unlike the spectra of Co-Z-0.9-ac
(Fig. 4(A)), the broad low-frequency shifted band belonging to
the stronger form of molecular adsorption is composed of two
overlapping bands at 2772 and 2743 cm™'. Upon lowering the
ethane pressure, the intensity of these broad bands did not
change very much while that of the narrow bands at
>2800 cm™' decreased. The occurrence of two new bands
attributed to a stronger form of molecular ethane adsorption
also indicates the appearance of a new state of cobalt on the
surface of the Co-ZSM-5 zeolite after the introduction of
aluminum chloride that very likely plays a key role in alkane
activation.

XRD

Fig. 5 presents the XRD patterns of the Co-Z-0.9-ac and Co-
Z-0.9-cl samples prepared from cobalt acetate and chloride,
and their changes after the introduction of aluminum chloride
(Al-Co-Z-0.9-ac and Al-Co-Z-0.9-cl, respectively). According to
XRD analysis, all the samples contain a crystalline H-ZSM-5
zeolite phase. A further detailed examination of the patterns
using a high-energy X-ray source (around 17 keV) reveals
reflexes that can be designated as a poorly crystallized Coz;0,
spinel phase, most likely nanoparticles. The size of these
nanoparticles should not extend several nanometers. The
samples of both Co zeolites, which were obtained only from
cobalt acetate and chloride, have the more crystallized spinel
phase, while in the samples treated with aluminum chloride
this phase looks more dispersed. Note that in contrast to this
work, no other phase than the crystal phase of zeolite has
been found at low (~1 wt%) Co composition by using a lower-
energy X-ray source.”*?

XAS

The shape and position of the Co K-edge X-ray absorption near
edge structure (XANES) provides information on the electronic
structure and the local coordination geometry of the absorbing
Co atom.*>*™*® Fig. 6(A) presents the XANES spectra of the
samples Co-Z-0.9 and Al-Co-Z-0.9 (-ac and -cl) and several
cobalt compounds (CoCl,, Co(CH3COO0),-4H,0 and
CoCl,-6H,0) measured under ambient conditions and serving
as references. For reference compounds containing only Co(xu)
sites, the energy threshold appears at around 7720 eV, as seen
in ref. 45 & 47. The energy threshold of the mixed-valence
Co(u)/Co(m) reference compound Coz0, is at 7723 eV.*”” XANES
spectra of Co-Z-0.9-cl and Co-Z-0.9-ac (Fig. 6) show that in
both samples cobalt has the mixed Co>* and Co®" state, and
their energy threshold appears at around 7722 eV. They cannot
be related to a pure cobalt chloride or oxide based on the

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 DRIFT spectra of ethane adsorbed at RT on Co-Z-0.9-ac at
various equilibrium pressures: (1) 0.6, (2) 0.3, (3) 0.2 kPa (A) and on Al-
Co-Z-0.9-ac at various equilibrium pressures: (1) 1.3, (2) 0.6, (3) 0.3 kPa
(B). The spectra are background corrected.

spectra for reference compounds and the spectra for various
Co-containing spinel structures.”” Samples of both Co-Z (-ac
and -cl) have similar XANES spectra and this can be attributed
to the mixture of Co ions in the spinel structure, and Co ions
having a hydroxide shell that is close to cobalt in exchange
positions in ZSM-5.3°4548751

The XANES spectra of the samples Al-Co-Z-0.9 (-ac and -cl)
(Fig. 6(A), curves ¢ and d) show that the treatment of the orig-
inal Co-Z zeolites with anhydrous AlICl; induces changes in
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Fig. 6 K-edge XANES (left, A), k>-weighted EXAFS functions (center, B) and Fourier transforms of k?-weighted EXAFS functions (right, C, magnitudes
are shown as solid black lines, imaginary parts are shown as dashed black lines) for samples: (a) Co—-Z-0.9-cl, (b) Co-Z-0.9-ac, (c) Al-Co-Z-0.9-cl,
and (d) Al-Co-Z-0.9-ac. CoCl, (e), CoCl,-6H,0 (f) and Co(CHsCOO),-4H,0 (g) were used as reference compounds. Fits are presented as red dots.

the white line intensity, edge position, and oscillatory shape,
suggesting that there are some changes in the Co coordination
sphere. Samples of Al-Co-Z probably have some chlorine
atoms adjacent to the cobalt atoms, in addition to some of the
former Co coordination states. This can be deduced from the
fact that XANES curves of the Al-Co-Z (-ac and -cl) bifurcate at
the “white” line (see Fig. 6(A)).

13288 | Dalton Trans., 2015, 44, 13282-13293

EXAFS (extended X-ray absorption fine structure spec-
troscopy) analysis gives a clearer picture of the cobalt coordi-
nation and interatomic distances, since EXAFS signals mainly
result from the interaction between an absorbing atom and
nearby surrounding atoms.*®**7! Fig. 6(B) and (C) show the
Co K-edge K*-weighted EXAFS functions and their Fourier
transforms for the samples Co-Z-0.9 and Al-Co-Z-0.9. In the
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Fourier transforms of the EXAFS functions for the Co-Z (-cl
and -ac) (Fig. 6(C), curves a and b) one can find three distinct
coordination spheres, which can be assigned to one Co-O and
two Co-Co environments. Results of the modeling of coordi-
nation numbers, interatomic distances and Debye-Waller
parameters are presented in Table 2. In both samples, the first
coordination sphere of the cobalt ions can be fitted with an
octahedral environment of oxygen. The distances are in a good
agreement with the spinel Co;O, particles, but the coordi-
nation numbers for Co-Co contributions are definitely very
low. This may correspond to small Co;0, nanoparticles. The
Co-Si and Co-Al paths were not included in the fit due to a
lower contribution of Si and Al compared to Co in EXAFS. The
first Co-O sphere could also include extra or intraframework
Co that is not in the spinel nanoparticles and corresponds to
Co>" ions without any detectable second neighbours, rep-
resented as “intraframework ions”, since no distinction can be
made between poorly organized (CoO,), oligomers or truly iso-
lated Co>" ions. EXAFS spectra of these “intraframework ions”
were observed for Co-ZSM-5 prepared by aqueous ion
exchange from cobalt nitrate.*>*®

As one can see from the Fourier transforms of the EXAFS
functions for the Al-Co-Z (-cl and -ac) shown in Fig. 6C, curves
¢ and d and from the data of Table 2, the treatment of the Co-
Z samples with aluminum chloride leads to lower Co coordi-
nation numbers for Co-O and spinel environments in the
model. Moreover, the Co-Cl contribution should be added to
the fit. The coordination number is rather low but still this
contribution cannot be neglected. Thus, the introduction of
aluminum chloride on the surface of Co-Z results both in the
higher dispersion of cobalt oxide phases and reduction of the

Table 2 Parameters obtained from the modeling of EXAFS functions
for the Co-Z and Al-Co-Z samples recorded in an inert atmosphere.
Samples marked with an asterisk (*) were recorded after storage in air

Sample Path N R(A) o (A%
Co-7-0.9-cl Co-0 5.5(5) 1.99(2) 0.0109(37)
Co-Co 2.4(3) 2.88(3) 0.0057(22)
Co—Co 2.6(4) 3.28(3) 0.0057(22)
Co-Z-0.9-ac Co-0 5.5(5) 1.98(2) 0.0137(41)
Co-Co 1.9(3) 2.87(3) 0.0056(21)
Co-Co 2.1(4) 3.32(3) 0.0056(21)
Al-Co-0.9-cl Co-0 14.4(5) 1.92(4) 0.0101(49)
Co-Co 0.7(2) 2.78(5) 0.0058(28)
Co—Co 2.1(3) 3.31(6) 0.0058(28)
co-Cl 1.1(2) 2.37(4) 0.0055(29)
Al-Co-7-0.9-ac Co-0 4.1(5) 1.96(4) 0.0100(49)
Co-Co 1.0(2) 2.85(5) 0.0060(29)
Co—Co 1.0(2) 3.32(6) 0.0060(29)
co-Cl 1.4(2) 2.36(5) 0.0057(31)
Al-C0-0.9-cl* Co-0 4.7(5) 1.99(4) 0.0066(49)
Co-Co 2.1(2) 2.83(5) 0.0067(28)
Co-Co 0.9(3) 3.35(6) 0.0067(28)
co-Cl 0.8(2) 2.36(4) 0.0037(29)
Al-Co-7-0.9-ac* Co-0 4.5(5) 2.0(4) 0.0055(49)
Co-Co 2.4(2) 2.84(5) 0.0070(29)
Co—Co 1.1(2) 3.32(6) 0.0070(29)
co-Cl 1.0(2) 2.36(5) 0.0034(31)

This journal is © The Royal Society of Chemistry 2015
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proportion of cobalt atoms located in a spinel structure of
Co30,. In addition, chlorine atoms appear close to the tran-
sition metal, possibly as Co-Cl-Al structures. Such structures
must be very sensitive to moisture as aluminum chloride itself
easily hydrolyzes in air. Therefore, it was interesting to test
whether the cobalt coordination environment in the Al-Co-Z
could change after exposure to an air atmosphere. It should be
noted that the previously mentioned XAS spectra (Fig. 6) were
collected in an inert atmosphere, including sample prepa-
ration as well as spectra recording.

Fig. 7 shows a comparison of the EXAFS data obtained for
the initial Al-Co-Z-0.9 (-cl and -ac) samples and after exposure
to air atmosphere (marked with an asterisk). It can be seen
that after contact with atmospheric moisture (Fig. 7, spectra b
and d) the intensities of the bands assigned to the backscatter-
ing from the chlorine atoms coordinated to the cobalt ion (2.0
A uncorrected) decrease whereas the intensities of the band
assigned to backscattering from Co-O increase. Results of
modeling are presented in Table 2. At the same time, the
spectra of the initial Co-Z-0.9 (-cl and -ac) sample remained
substantially unaltered after similar moisture contact (not
shown).

Thus, in accordance with EXAFS and XANES studies, a
chlorine atom is in the first coordination sphere of the cobalt
ions at the distance of 2.36 A in the Al-Co-Z samples regard-
less of the precursor. This value is characteristic for bridged
Co-Cl bonds in the various CoCl, complexes with aluminum
chloride, in which the bond length lies in the range of
2.33-2.50 A depending on the structure.>*>>

XPS

The Co 2p photoemission spectra of Co-Z-2.1-ac and Al-Co-
Z-2.1-ac are shown in Fig. 8 in comparison with the spectrum
of CoCl, serving as a reference. The Co 2p;, peaks and
Co 2p,,, peaks for Co-Z-2.1-ac appearing as broad bands in
the regions 780-782 and 795-798 eV respectively indicate the

Co-0 Co-0O Co-CI

Al-Co-Z-cl*

Al-Co-Z-cl

Al-Co-Z-ac*

FT|k? x(k)|

Al-Co-Z-ac

[) S > ¢SS W I

Fig. 7 Fourier transforms of k*-weighted EXAFS functions for samples:
Al-Co-Z-0.9-cl and Al-Co-Z-0.9-ac, obtained for the initial samples
and after exposure to an air atmosphere (marked with an asterisk).
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Fig. 8 Co 2p X-ray photoemission spectra of the samples (a) Co-Z-2.1-
ac, (b) Al-Co-Z-2.1-ac and (c) CoCl,. Samples for analysis were pre-
pared in a dry box under Ar.

presence of Co in more than one form. In addition to these
spin-orbital peaks, satellites for 2p;, and 2p;, are also
observed at 787 and 804 eV, respectively, confirming that
cobalt is mainly present in the Co(u) oxidation state.>* >°

Fig. 9(A) and Table 3 show the results of a peak-fitting ana-
lysis performed for the spectrum of the sample Co-Z-2.1-ac for
the decomposition of the 2ps, main peak into a Co>" peak at
782.3 + 0.1 eV and a peak for the various oxides/silicate ad-
species at 780.6 + 0.1 eV, along with the decomposition of the
satellite peak (spin-orbital splitting) into two peaks.

The component peak with a binding energy (BE) of
782.3 eV (accompanied by a “shake up” satellite line at
788.9 eV) can be associated with the Co 2p3), level of Co>* ions
in ion-exchange positions of the zeolite.>*® An additional
component at a BE of 779.9 and a satellite peak at 788.9 eV
can be attributed to Co oxide (most probably to CoO and/or
C050,).”

As one can see from the comparison of XPS data for Co-
Z-2.1-ac and Al-Co-Z-2.1-ac in Fig. 8, treatment of the Co-Z
with AICl; modifies the spectral parameters of the Co 2pj;),
and Co 2p;, peaks. The signals become narrower, and the
corresponding binding energies (781.7 and 797.8 eV respect-
ively) differ from the BEs of peaks 1 and 2 (see Fig. 9(A)).

The decomposition spectrum of the Al-Co-Z-2.1-ac was
measured taking into account the fact that Co species existing
in only the Co-modified zeolite may still remain after the AICI;
treatment. By this means the same parameters for bands 1-4
(binding energy, width-to-height ratio, Gaussian/Lorenzian
ratio) as for the spectrum of the Co-Z-2.1-ac sample (Fig. 9(A))
were used for fitting the spectrum of the Al-Co-Z-2.1-ac
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Fig. 9 Peak fitting analysis of Co 2p signals of XPS for samples (A) Co—
Z-2.1-ac and (B) Al-Co-Z-2.1-ac. Peaks 1 and 2 with their corres-
ponding satellites (peaks 3 and 4) are assigned to oxide or/and oxide
similar particles and Co?* ions respectively. The peaks marked with an
asterisk are new after the separation of peaks 1-4 found for the spec-
trum of the sample Co-Z-2.1-ac.

sample. The results are summarized in Fig. 9 (B) and Table 3.
These data show that the contents both of cobalt ions in
exchange positions and in the various oxide or oxide-like struc-
tures are reduced. This reduction is most essential for oxide
structures (BE 780.9 eV). At the same time new states of cobalt
come into view on the surface of the modified Al-Co-Z-2.1-ac
zeolite, which are marked in Fig. 9(B) with the circle.

This correlates with the above DRIFT spectra (see Fig. 2 and
3) of the adsorbed CO, which indicate a decrease of the pro-
portion of the isolated Co®" ions and of the [Co-O-Col**
species in the total transition metal content after treatment of
the Co-Z surface with anhydrous aluminum chloride.

The binding energy of the new main Co 2p3, peak (781.4
eV) of Al-Co-Z-2.1-ac is close to the BE of one of the main
peaks of CoCl, (Peak 1, Table 3 and Fig. 10) that should indi-
cate the creation of a Co-Cl bond in the sample Al-Co-Z-2.1-
ac. These results are in a good agreement with the data from
EXAFS and XANES studies (see Table 2). It should be noted
that the second signal with a higher BE of Co 2p;, (at
783.5 eV) of CoCl, is not observed in spectrum of Al-Co-Z-2.1-
ac. This may be related to the formation of bridged (but not

This journal is © The Royal Society of Chemistry 2015
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Table 3 Co 2ps,, spectral fitting parameters: binding energy (eV) and percentage of total area®

Compound Peak 1a%, eV(%) Peak 1,eV (%) Peak2a’ eV (%) Peak2,eV (%) Peak3,eV (%) Peak4a’ eV(%) Peak4,eV (%)
Co-Z-2.1-ac 779.9 782.3 784.9 788.9
(31.7) (27.1) (23.0) (18.2)
Al-Co-Z-2.1-ac 778.2 779.9 781.4 782.3 784.9 787.2 788.9
(2.7) (5.3) (22.5) (22.3) (19.8) (12.10) (15.4)
CoCl, 781.3 783.5 786.6 789.1
(42.9) (19.6) (24.1) (13.3)

¢ Fitting for Al-Co-Z-ac was realized assuming fitting parameters (binding energy (eV) and FWHM), which were found for the spectrum of Co-Z-
ac. ? New peaks according to the spectrum of Co-Z-ac (they are in bold typeface).

815 803 791 779
Binding Energy, eV

Fig. 10 Peak fitting analysis of Co 2p signals of XPS for the reference
compound CoCl,.

very strong) bonds between cobalt and chlorine atoms in the
last case.

The parameters of the Al 2ps, photoemission spectra for
the samples Co-Z-2.1-ac and Al-Co-Z-2.1-ac are reported in
Table 4. It can be seen that the electronic state of aluminum
also changes after treatment of the parent support with anhy-
drous aluminum chloride. In additional to the initial alumi-
num located predominantly in the zeolite framework (BE of Al
2pss2 is 74.5 €V), a new state of Al with a higher BE of Al 2p3),
(at 75.4 eV) came into view on the surface of the modified
zeolite (see Table 4). It should be noted that similar treatment
of the zeolite with water aluminum salts does not change
the BE of Al 2p;p,,>” although the simultaneous presence of
APP"and Co®" in the wash-coating suspension can lead to the
generation a new Coy4,Al,_, O, spinel species.

Table 5 gives the content of elements on the surface of two
samples (Co-Z and Al-Co-Z) evaluated from their respective
XPS spectra. The Si/Al ratios of Co-Z-2.1-ac obtained from the
XPS spectra are similar to those obtained from ICP analysis,
but according to XPS the Co/Si and Co/Al ratios for this sample
are about 1.5 times higher. Higher values for Co content on
the surface of the sample Co-Z-2.1-ac indicate the formation
of extralattice cobalt oxides, probably located on or near the

This journal is © The Royal Society of Chemistry 2015

Table 4 Al 2ps,, spectral fitting parameters: binding energy (eV) and
percentage of total area® of the samples Co—Z-2.1-ac and Al-Co-Z-2.1-
ac

Compound Co-Z-2.1-ac Al-Co-Z-2.1-ac Al-Co-ZSM-5 aq”®”

Al eV (%) 74.7 74.7 (66%) 74.5

75.7 (34%)

“Fitting for Al-Co-Z-ac was realized assuming fitting parameters
(binding energy (eV) and FWHM) that were found for the spectrum of
Co-Z-ac.

Table 5 Catalyst composition evaluated from XPS data of the samples
Co-Z-2.1-ac and Al-Co-Z-2.1-ac in comparison with data from ICP
analysis

100-Co/Si, mol Si/Al, mol Co/Al, mol
Sample ICP XPS ICP XPS ICP XPS
Co-Z-2.1-ac 3.1 4.6 23.2 22.1 0.62 1.02
Al-Co-Z-2.1-ac 3.1 6.6 9 3.6 0.28 0.24

surface of the zeolite grains. This is in good agreement with
the above XPS spectra (Fig. 9(A) and Table 3) and XAS data
revealing the presence of Co oxide (most probably Co;0, and
Co0), even in the Co-Z-0.9 samples with low cobalt contents.

Table 5 also shows that the Si/Al ratio from the XPS data of
the sample Al-Co-Z-2.1-ac is about 3 times smaller than that
obtained from ICP. It provides support for our idea that the
immobilization of AICl; mainly proceeds in accordance with
reaction (1) on the zeolite surface.

The Co/Si ratio calculated from XPS data for Al-Co-Z-2.1-ac
is higher than that obtained from the chemical analysis, and
this may be due to the presence of extralattice cobalt oxides or
other species. Moreover the Co/Al ratio on the surface of the
Al-Co-Z-2.1-ac calculated from XPS data in contrast to the Co-
Z-2.1-ac sample is close to the Co/Al ratio in the entire volume
of Al-Co-Z-2.1-ac (see Table 5). This may be due to the inter-
actions between cobalt and aluminum atoms that are located
close to each other on the zeolite surface, and are probably
bonded through bridging the chlorine atom of extraframework
AICl, (where x = 1, 2). This assumption is in agreement with
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the above Co 2ps3,, and Al 2p;/, spectra (Tables 3 and 4) that
indicate the new electronic states of both cobalt and alumi-
num in the Al-Co-Z sample.

By this means, XPS and XAS studies allow us to conclude
that the new Co states are produced resulting from the treat-
ment of Co-modified zeolite with anhydrous aluminum chlor-
ide. The appearance of this new type of Co coordination
affects the adsorption properties of Al-Co-Z with respect to CO
and C,Hg molecules.

Apparently, the occurrence of chlorine in the immediate
environment of the cobalt ions is due to its coordination with
the immobilized aluminum chloride. One can imagine several
possible methods for such binding. It is known>>**° that
cobalt cations are exchanged not only with bridging protons in
zeolite channels, but also with acidic protons located on the
outer surface of crystallites, on structural defects, or in trans-
port pores of the zeolite. The extraframework Al atoms in the
fragments can bind to silicon atoms or be exchanged for brid-
ging protons in the channels as well. The presence of extra-
framework aluminum of (-O-)AICI, fragments on the Al-Co-
ZSM-5 surface in the immediate vicinity of Co ions can lead to
the formation of Co-CI-Al fragments similar to the Fe-O-Al
structures.”’ The halogen bridges are the basic structural
elements of numerous complexes and association species
formed by chlorides of these metals.'®'7*?

Furthermore, a decrease (in accordance with X-ray diffrac-
tion and spectroscopy) of the proportion of the mixed oxide
phase Coz;0, on the surface of Co-ZSM-5 after immobilization
of aluminum chloride and the appearance of chlorine atoms
in the vicinity of the cobalt atoms instead of the oxygen atoms
also demonstrate the possibility of forming Co-Cl-Al struc-
tures on the surface of the zeolite that are similar to cobalt
halide-aluminum chloride complexes identified in the gas
phase®® and observed at low temperatures.'>'® It was proposed
that alkane reforming catalyzed by Al-Co-ZSM-5 may take
place on these sites’ or on cluster structures containing
cobalt-cobalt links formed from nearby Co-Cl-Al fragments.
According to DFT calculations®®*® bimetallic alkyl clusters
containing Co-Co dimeric bonds are key intermediates
leading to the formation of both isomerization products and
products of alkane metathesis. The sequence of mutual
rearrangement of the polynuclear complexes involving metal-
carbon bond formation provides a possibility for cleavage and
formation of C-C bonds in alkanes. In this connection, the
modification of the zeolite both by transition metal and strong
Lewis acid (anhydrous AlICl;) seems quite promising for the
development of new catalysts for alkane activation.

Conclusions

In accordance with DRIFT spectral studies of adsorbed probe
molecules (carbon monoxide, ethane), X-ray absorption spec-
troscopy and XPS data, the treatment of Co-ZSM-5 with
anhydrous AICl; gives rise to the formation of a new electronic
state of cobalt bonded with surface aluminum atoms
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through chlorine or oxygen atoms. This unusual Co coordi-
nation state on the surface of Al-Co-ZSM-5 is associated with a
new band of adsorbed CO at 2192 cm™", shifted to lower fre-
quencies compared to the complexes of CO with isolated ions
Co™ (2205 ecm™"). According to the spectral data for ethane
adsorption, the specific centers of alkane activation - coordi-
nately unsaturated cobalt ions - also changed after treatment
of the surface of the Co-containing zeolite with aluminum
chloride. In accordance with EXAFS, XANES and XPS data,
only oxygen atoms surrounded cobalt in the samples of Co-Z
prepared by using both cobalt acetate and chloride as precur-
sors. However, after the immobilization of aluminum chloride
on the surface of the zeolite Co-Z, chlorine atoms appear in
the immediate vicinity of cobalt. The appearance of new states
of the transition metal in modified Al-Co-ZSM-5 can be
associated with a direct interaction between immobilized
aluminum chloride and cobalt ions both in exchange posi-
tions and oxide-like species. It is likely that new compounds
similar to cobalt halide-aluminum chloride complexes identi-
fied in the gas phase and observed at low temperatures are
produced. According to our calculation for such bimetallic
systems,’®° the transition metal cation that interacts with
alkanes forming alkyl-metal derivatives plays a key role in
alkane activation via metal alkyl intermediates. These results
provide new important information for the rational design of
more efficient and selective catalysts based on metal-modified
zeolites for hydrocarbon conversion.
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