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Spectroscopic investigation of redox and acidic properties
of Co-substituted aluminophosphate CoAPO-11
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Acid sites in Co-substituted aluminophosphate CoAPO-11
and its redox properties have been investigated using UV-VIS
and IR spectroscopy. The acquired data revealed the absence
of the bridged OH groups as a common feature of M"-con-
taining aluminophosphates. The behavior of Co**/Co3* couple
in redox reactions was very different from that characteristic
of supported cobalt ions.

X H,/CO )
Co*APO-11 ——> Co™*APO-11

Crystalline aluminophosphates (APOs), silicoaluminophosphates,
and isomorphously substituted aluminophosphates'~3 represent
a new type of molecular sieves, which are considered as potential
catalysts, adsorbents, and a platform for the design of new hybrid
nanomaterials.*” It is commonly accepted that APOs containing
bivalent metal cations (MAPOs) possess negatively charged frame-
work fragments, where each ion can give rise to the formation
of an acidic Brgnsted site. However, the corresponding bridged
hydroxyl groups have not been yet directly observed for different
MAPOs. On the other hand, the introduction of transition metal
ions establishes redox properties of MAPOs, which make them
perspective catalysts for redox type reactions.

In the case of Co-substituted APOs, there is a system that may
combine both redox and acidic properties.>? Bivalent cobalt-
substituted hexagonal mesoporous APO demonstrated an excellent
activity in the oxidation of cycloalkanes, such as cyclohexane,
cyclooctane, and cyclododecane, under mild reaction conditions.®?
In some cases, the microwave activation was shown to be very
efficient in the synthesis of CoAPOs, for instance, Co-SSZ-51.1°
Recently,!' CoAPO with a large-pore cloverite structure has been
successfully synthesized in the ionic liquid 1-ethyl-3-methyl-
imidazolium bromide with 1,6-hexanediamine as the structure-
directing agent, which resulted in four-coordinated Co'" pre-
dominating in the framework. Additionally, some hierarchical
CoAPOs were prepared.'? The coordination and properties of
cobalt in the molecular sieves CoAPO-5 and CoAPO-11 were
studied in detail previously.'? The acidic properties of CoAPO-11
have also been reported.'# In particular, the substitution of cobalt
in AIPO-11 was found causing a considerable increase in the
strength of Brgnsted acid sites as compared with SAPO-11
molecular sieve. The reduction of Co** to Co?* in CoAPOs leads
to the increased concentrations of Brgnsted and Lewis acidic
sites.> However, the real nature and properties of these sites in
CoAPOs (and also in other MeAPOs) are still remaining unclear.

In the present work, the acid sites in COAPO-11 and its redox
properties have been investigated by diffuse reflectance UV-VIS
and IR spectroscopy.

Figure 1 shows the UV-VIS spectra of the CoAPO-11 sample
containing the template, those after calcination in O, atmosphere
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at 823 K, and the spectra of the calcined sample, which was
subsequently reduced by CO and H, at 770 K.

The appearance of the absorption bands at 520, 580 and
630 nm in the UV-VIS spectra of CoAPOs is responsible for the
blue color of these catalysts, which is considered as a proof of
the tetrahedral cobalt coordination?? and isomorphous replace-
ment of A’* by Co?*. These three bands are characteristic of
d—d electron transition of tetrahedrally coordinated Co-ions with
d configuration and distortion caused by the Jahn-Teller effect.
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Figure 1 UV-VIS spectra of the CoOAPO-11 sample measured (/) before
and (2) after calcination in O, atmosphere at 823 K, and calcined sample
reduced by (3) CO and (4) by H, at 770 K.

f CoAPO-11 with the composition of Cog g;;Aly 505Pg 45002 Was prepared
in Eindhoven Technological University according to the known procedure!’
using diisopropylamine as a template. The samples were dried at 393 K
for 1 h and calcined in flowing oxygen at 823 K for 5 h to remove the
template before the spectroscopic measurements. The temperature was
increased at the rate of 5 K min~!. Calcined samples were subsequently
heated at 770 K for 5 h in vacuo. Reduction (by H, or CO) and oxidation
(by O, or N,O) were performed at 570-770 K and an oxidant pressure of
50 Torr with further evacuation.

UV-VIS and IR diffuse-reflectance spectra were recorded on Hitachi-340
and Perkin Elmer 580 B spectrometers equipped with diffuse-reflectance
units.'® To identify Brgnsted and Lewis acid sites, adsorbed pyridine,
CD;CN, and CO were used as IR molecular probes.
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Figure 2 IR spectra of CO adsorbed at 300 K on the CoAPO-11 samples
(1) calcined in O, atmosphere and (2) reduced by H, at 770 K.

Upon calcination in O, atmosphere, CoOAPO-11 demonstrated
a clear color change from blue to yellow-green. The intensity of
the absorption bands at 500—650 nm was strongly decreased and
the new absorption bands at 320 and 400 nm appeared. The latter
were assigned to the ligand—metal charge transfer transition in
Co** ions® formed by oxidaion of Co%*.

However, it should be mentioned that even after prolonged
treatment of CoAPO-11 with O, or N,O at 720-820 K, the
remaining absorption bands at 500-650 nm were still present
in the UV-VIS spectra. This implies a part of Co?* ions in
CoAPO-11, which cannot be oxidized. It is known for such
conditions that non-framework Co>* ions introduced by ion-
exchange into zeolites or supported on other catalysts are hardly
oxidized into the Co®* state.!” This allows one to make the
assumption that CoAPO-11 also contains non-stoichiometric
species such as CoO or spinel, in addition to isomorphously sub-
stituted cobalt. At the same time, the existence of exchangeable
cations resistant towards oxidation could not be fully excluded.

Figure 2 demonstrates the IR spectra of CO adsorbed at 300 K
on the CoAPO-11 samples calcined in O, atmosphere and those
reduced by H,. The band at 2185 cm™! could be assigned to the
CO complexes with coordinatively unsaturated Co?* ions. Its
intensity does not practically change after the reduction of the
sample. Therefore, this band may be attributed to those Co**
species, which cannot be oxidized. Reduction of Co**APO-11
by CO or H, at the temperature higher than 570 K led to step-by-
step transformation of Co>* into Co?*, a corresponding decrease
in the intensities of the bands at 320-400 nm, and a growth of the
bands at 500-650 nm. Thus, the transformation of Co’* into
Co?* is reversible.

It is generally accepted that the replacement of Al** ions with
other M3+ ions in APOs does not change electroneutrality of the
structure and, therefore, it should not result in any Brgnsted
acidity. On the contrary, the introduction of M?* ions into APO
frameworks is considered as causing the formation of Brgnsted
acidic sites and thereby increasing the catalytic activity.! According
to this point, the reduction of CoAPO-11 by H,, which converts
Co’* to Co**, might be followed by generation of either bridged
=Co(OH)-P= groups or terminal POH groups in case of the
weak interaction between bridged OH group and Co®*. On the
other hand, the treatment of CoAPO-11 with CO should result in
anionic vacancies (Lewis acid sites) appearing due to oxygen
removal from the framework.

Figure 3 shows the IR spectra of calcined CoAPO-11. The
bands at 3800, 3680 cm™!, and a low-intensity band at 3740 cm™!
correspond to the terminal AIOH and POH groups located at the
outer surface of AIPOs.!® A broad band near 3400 cm™! could
be assigned to H-bonded OH groups. It should be noted that the
IR spectra of both oxidized and reduced samples are very similar
to each other, which allows one to conclude that reduction of
CoAPO-11 by CO or H, did not lead to the formation of either
bridged OH groups or additional POH groups.

It may be proposed that during the reduction of CoAPO-11
by H, (and also by CO), the oxygen atoms are removed from the
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Figure 3 IR spectra of calcined CoAPO-11 (/) before and (2),(3) after
reduction by (2) H, and (3) CO at 770 K.

framework with the formation of H,O instead of the structural
OH groups. Water may be easily desorbed from CoAPO-11 at
the reduction temperatures higher than 570 K. It was mentioned
above that the reduction of Co* in CoAPO-11 by H, or CO
may be observed at the temperatures higher than 570 K. On
the other hand, this reaction occurs at room temperature in the
presence of methanol.? Water was found acting similar to
methanol, i.e. it reduced cobalt ions in the framework.

Figure 4 depicts the UV-VIS spectra of CoAPO-11 measured
before and after H,O adsorption. The water adsorption led to a
fast color change from yellow-green to blue. Simultaneously, the
intensities of the bands at 500-650 nm increased and those
at 320-400 nm decreased. Thus, the interaction with water at
300 K led to the partial reduction of Co** into Co”*. Heating
CoAPO-11 in water vapors at 370-720 K resulted in further
reduction of Co*. According to the other work,? the reduction
of CoAPO-11 by methanol occurred with formation of CH,O.
When water was used as a reducing agent, one could expect the
formation of O, or H,O,. However, our attempts to identify these
products using mass spectrometry failed.

In summary, the acquired data have revealed that CoAPO-11
exhibits the quite unusual acidic and redox properties. The absence
of the bridged hydroxyl groups seems to be a common feature of
M!containing MAPOs since our previous work!® also showed
the absence of bridged OH groups in various MAPOs (M was
Mg, Be, and Zn). The behavior of the Co?*/Co** couple in redox
reactions was very different from that characteristic of supported
cobalt ions. It may be explained in terms of stabilizing effects of
the ionic lattice in aluminophosphates, which are more favorable
for Co®* species.

This work was supported by the Russian Science Foundation
(grant no. 14-50-00126).
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Figure 4 UV spectra of calcined CoAPO-11 measured (/) before and
(2) after water adsorption at 300 K.
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