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Resumen

Se estudiaron las caracteristicas del proceso de la oxidacion parcial y profunda del metanol en los catalizadores de cobre soportados con
referencia a las muestras de plata. La influencia de los soportes de diversa naturaleza de acido-base y de aditivos de modificacion de los 6xidos de
Zr, Ce, La y Cs sobre estados electronicos del cobre soportado fue investigada por los métodos de espectroscopia de reflectancia difusa,
difraccion de rayos X y microscopia electronica. Comparando datos cataliticos y espectroscopicos las conclusiones en la naturaleza de los sitios
activos de los catalizadores de cobre en este proceso ha sido hecha.

Abstract
Features of the process of methanol partial and deep oxidation on supported copper catalysts as compared with silver samples have been studied.

The influence of supports of different acid-base nature and modifying additives of Zr, Ce, La and Cs oxides on electronic states of supported
copper was investigated by the methods of diffuse reflectance electron spectroscopy, XRD and electron microscopy. By comparison of catalytic

and spectroscopic data a conclusion on the nature of active sites of copper catalysts in this process has been made.
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Introduction

The processes of partial oxidation of alcohols on
metal catalysts are widely used in organic synthesis for pro-
duction of aldehydes and ketones [1]. Historically copper
was the first catalyst of selective oxidation of alcohols. Later
more effective silver catalyst everywhere has superseded
copper from this process. Now on some companies produc-
ing formaldehyde in "soft" conditions, the copper grids are
placed in bottom of the reactor after a layer of crystalline
silver and silver grids, forming thus multilayer Ag-Cu cata-
lyst. For many years the interest of the researchers to copper
catalysts for alcohol oxidation does not decay, and in the
literature (mainly, patent one) the different versions of cop-
per and complex Ag-Cu contacts are permanently offered
purposing to lower the consumption of the noble metal [2-
18].

Practically all authors of published studies note, that,
despite of different attempts to update copper catalyst, its

selectivity is inferior to Ag-containing systems. It is ex-
plained, as a rule, by formation of CuO oxide under the con-
ditions of the process; it is known that Cu(Il) intensifies
complete oxidation of alcohols. So, the authors of Refs [8-9]
explain promoting effect of the additives of alkali metal
oxides to copper catalyst in analogous process of conversion
of benzalcohol to benzaldehyde by decreasing CuO quantity.
At the same time, the high selectivity of unicharged copper
(Cu,0) in partial oxidation of hydrocarbons (for example,
acrolein) is well known [19].

Thus, in spite of the long-term investigations, the
question on the nature of active sites of copper catalysts and
the mechanism of interaction of the active component with
the supports and modifiers is still under discussion. This
investigation aimed at finding the influence of different
factors (supports, modifiers, operating conditions) on the
formation of active surface of supported copper in partial
and deep oxidation of methanol.
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Experimental

10 wt.% Cu/support samples were prepared using co-
rundum (a-Al,O03), MgO and pumice as supports (0.5-2.0
m*/g). Before copper impregnation 1 wt.% of modifying
additives of Zr, Ce, La and Cs oxides were deposited on the
support from metal nitrate or acetate solutions, followed by
thermal decomposition of those salts to oxides in air at
300°C for 3 h. Then the metal was deposited by impregna-
tion of the modified supports using Cu(NO;), solution, fol-
lowed by calcination at 600 °C for 4 h.

Copper supported on mordenite was used with a pur-
pose to obtain reference spectra of different copper species
in UV-Vis range. 1 wt % Cu-mordenite was prepared by ion
exchange from aqueous 0.1 M Cu(NO;), solution, followed
by reduction in hydrogen flow at 200 and 450 °C.
CuO/mordenite was obtained by fast oxidation in air of hy-
drogen-reduced Cu particles in Cu/Mor with air at 450 °C.

Electronic spectra of diffuse reflectance (ESDR) were
recorded on CARY 300 SCAN. X-ray diffraction (XRD)
measurements were done using a DRON-3 diffractometer.
Micrographs of the catalysts were obtained using JEOL
JSM-35C electron microscopes. Brensted acidity of the
catalyst surface was studied using the method of non-
aqueous potentiometric titration by C,HsOK in dimethyl-
formamide medium.

The samples were tested in the processes of partial
oxidation of methanol. The experiments were carried out in
a flow catalytic apparatus under the following operating
conditions: T = 600-700°C, O,/alcohol ratio = 0.3, catalyst
layer thickness = 10 cm, gas flow volume rate = 1000 h™'.
The processes were conducted in auto-thermal mode.

Results and discussion

The nature of the support is one of the most relevant
factors influencing the physicochemical and catalytic char-
acteristics of metal catalysts. In our previous studies of the
supported silver catalysts of alcohol oxidation it was re-
vealed that, depending on the acid-base nature of the sup-
port, the electronic and oxidation-reduction properties of the
metal, its dispersivity, a surface diffusion, Brensted acidity
and number of other characteristics are considerably
changed [20-22]. All these factors exert a direct effect on
formation of active surface of silver catalysts and, accord-
ingly, on their catalytic properties.

The results of tests of different copper/support cata-
lysts in oxidation of a methanol are shown in the Figure 1. It
can be observed that the changes of catalytic properties of
copper catalysts depend on the nature of the support in the
way different from similar parameters of silver contacts
studied earlier [20-23]. Thus, for getting a maximum for-
maldehyde yield on copper catalyst the greater content of
metal (6-8 wt.%) is necessary than on Ag ones (ca. 5 wt.%),
that in recalculation on an atomic weight twice exceeds a
similar index for silver. The activities of the Cu/pumice and
Cu/corundum samples differ a little. The selectivity of the

sample Cu/MgO is lower than the other catalysts; however,
appearance of a curve differs from that one obtained for
Ag/MgO sample as well.
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Figure 1. Catalytic properties of supported copper cata-
lysts in methanol partial oxidation (650°C).

Preliminary studies demonstrated that: 1) the intrinsic
catalytic properties of supports exert a minor effect on the
parameters of the metal catalysts; 2) the dispersivity of the
metal under the diffusion conditions of alcohol oxidation
practically does not influence its catalytic characteristics.

Apparently, the observed influence of the support on
catalytic properties of supported copper is caused by the
features of electronic properties of copper. Earlier [21-26]
we put forward the supposition, that active sites of silver
catalysts in oxidation of alcohols are the one-charged cations
Ag'. In the studied process, copper forms two ionic states -
Cu" and Cu®", those are registered by XRD method as Cu,0
and CuO phases. While the first ion, according to our hy-
pothesis, is active site of partial oxidation, the divalent ion
catalyzes deep oxidation that agrees with the literary data
[19]. Hence, catalytic properties of copper depend on a ratio
of these states on the catalyst surface. When Cu content in
the sample is low, the metal on the support surface is in the
form of high-dispersed particles those are oxidized easily.
Earlier we showed that the aluminosilicate supports stabilize
the oxidized states of silver and increase their effective
charge [20]. In the case of copper the aluminosilicate sup-
ports (including pumice) stabilize both univalent ions (that
increases selectivity), and the divalent states (that raises the
proportion of deep oxidation). As the XRD data demon-
strate, under reducing conditions of aldehyde synthesis
process, ionic copper is mainly in Cu' state that determines
the priority of selective oxidation reactions. Nevertheless,
the aluminosilicates (including pumice) stabilize also some
Cu*" ions those lower the efficiency of the aluminosilicates
in a series of other supports for copper catalysts as compared
with the analogous silver contacts. Support with the basic
properties (MgO) decreases the oxidizability of metal copper
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(quantity of active sites) and effective charge of ions. So the
selectivity of the catalyst in oxidation of alcohols decreases,
but as on MgO the portion of Cu*" drops as well, the effect
of impairing the catalytic properties of Cu/MgO is less ex-
pressed as compared with the Ag/MgO sample.
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Figure 2. Catalytic properties of modified Cu/pumice cata-
lysts in methanol partial oxidation

Results of the tests of modified 10 wt. % Cu/pumice
catalysts confirm these conclusions. As the Figure 2 demon-
strates, Ce and Zr oxides considerably degrade the selectiv-
ity of copper catalysts, increasing a contribution of deep
oxidation reaction. La and Cs oxides do not produce the
promoting effect, but characteristics of Cu-La and Cu-Cs
samples exceed the parameters of Cu-Ce and Cu-Zr. Thus,
the effects of modifying agents on catalytic properties of
copper have an inverse character as contrasted to silver sam-
ples [22-25].

The tests of modified pumice (without deposition of
copper) under the same conditions showed that all the modi-
fiers increase formaldehyde yield as compared with sample
of the unmodified support.

Thus, the intrinsic catalytic properties of modifying
additives in this process cannot explain the observed effects.
The changes in specific surface area of copper at the intro-
ducing of modifying agents are insignificant (according to
the data of electron microscopy) because of low surface area
of the support and high contents of the metal. Moreover, the
dispersivity of the metal does not play a noticeable role un-
der the diffusion conditions of the process.

The modifiers change Bronsted acidity of the catalysts
as well. The experiments show that all additives (except of
Cs,0) increase the concentration and strength of proton acid
sites of the support surface (Table 1). As it is known from
the previous studies [27-29] the reactions of alcohol destruc-
tion occur on strong proton sites, so Breonsted acidity is the
main cause of the catalyst carbonization in this process.
However, these effects are notably expressed only after pro-
longed run of the catalysts, whereas in short-time laboratory
experiments the catalyst coking is not observed. Hence,
changes in surface acidity cannot explain the character of the
modifying action of the additives on the catalytic properties
of the samples.

The obtained results could be concerned with elec-
tronic factors. According to the earlier obtained spectral data
[30-31], the addition of Ce and Zr oxides increases concen-
tration of active states of Cu' in the catalyst, but at the same
time raises sufficiently a portion of Cu?" states that gives in
total negative effect. In contrast, La,O; and Cs,O lower
quantity of divalent ions, that gives a positive effect for the
process. However these agents decrease oxidizability of
copper and effective charge of ions and degrade selectivity
of the catalyst as compared with the unmodified sample,
though not in such degree, as Ce and Zr oxides.

Thus, the tests of copper catalysts confirm the suppo-
sition about the univalent ionic nature of active sites of
metal catalysts in selective oxidation of alcohols. Distinctive
feature of copper catalysts is the formation of some Cu®*
states, catalyzing reaction of deep oxidation. Our studies
have shown also that in absence of oxygen no noticeable
formation of aldehydes on copper catalysts is observed,
despite of controversial reports available in the literature [7].

The selectivity of the catalysts in partial oxidation of
alcohols is determined mainly by the ratio of reactions of
formation of aldehydes and deep oxidation of the reagents.
Therefore, it is necessary to determine how an electronic
state of supported copper influences the processes of com-
plete oxidation of alcohols and the other products of the
reaction (CO, hydrocarbons, etc.). Copper-containing cata-
lysts are widely used in deep oxidation of different organic
compounds [19]. Practically in all catalysts, the copper is
present as CuO or mixed oxides of a different structure.
Catalytic processes on metals and oxides occur through
different mechanisms. Studies of catalytic properties of
metal copper are much less presented in the literature as
compared with copper oxide systems.

The easy transition into a divalent state, catalyzing
deep oxidation processes, is the main difference of copper
unlike its neighbors on a subgroup. Some amount of Cu?"
ions is always formed on a surface of copper at the presence
of oxygen. The Cu®" ions are registered on a surface of these
catalysts by method of electronic spectroscopy of diffuse
reflectance (Figure 3). Electronic spectra of fresh
Cu/pumice samples display only unstructured absorption
corresponding to large metal particles. After run of
Cu/pumice catalyst in catalytic reactor noticeable signals at
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Table 1. Brensted acidity of the modified pumice surface

No Modifier pH of Brensted acid sites Brensted acid sites concentration,
mmol/m?

1 - 2.1; 4.5; 5.0 0.44

2 710, 1.6; 3.6; 4.7, 5.5; 5.8 0.53

3 La,0; 2.5; 3.9; 5.0; 5.6 0.48

4 CeO, 1.9; 3.7, 5.5; 6.4 0.49

5 Cs,0 3.8; 53; 5.8 0.41

370, 440, 550 nm and wide absorption in 620-660 range are
observed in the electronic spectrum (Figure 3a). According
to the literature data [32-35] the first two signals belong to
0-Cu-0 and Cu-O-Cu complexes (charge transfer bands).

Absorbance, a.u.

300 400 500 600 700
Wavelength, nm

Figure 3. UV-visible spectra of the used Cu/pumice
catalysts:

a) 10 wt.% Cu/pumice, exhaust;

b) 1 wt.% CuO/mordenite;

¢) 1 wt.% Cu/mordenite

Absorption at 620-660 nm is attributed to electronic
> jons octahedrally surrounded by
oxygen in CuO particles. This is confirmed by the spectra
of reference CuO/zeolite (Figure 3b). Absorption bands in

d-d transitions of Cu

the range of 520-550 nm some authors attribute to CuAl,O;
[34]. However, formation of copper aluminate structures is
not typical for pumice, so this signal can belong to plasmon
resonance of Cu, small particles. This attribution is con-
firmed by investigation of reference Cu/zeolite sample
(Figure 3c) and calculations carried out in our previous
work [35]. Thus, the prolonged run of the sample in cata-
lytic reactor favors the formation of some amount of Cu?"
states and small metal particles. It is one of the reasons of
lower selectivity of copper in alcohol oxidation as com-

pared with silver, as CuO is well-known catalyst for deep
oxidation of organic compounds.

However, XRD data demonstrate that under reduc-
tion conditions of the process of aldehyde synthesis on
Cu/pumice catalysts copper is mainly in Cu” and Cu" states,
while amount of CuO is small. Due to primary formation of
Cu’ states, instead of Cu?" ones, these catalysts have high
enough selectivity.

Yield of product of deep oxidation (CO,) on the
modified 10 wt.% Cu/pumice samples is presented in Fig-
ure 4. The yield of CO, changes antibately to the yield of
aldehyde (Figures 2 and 4). L.e., the predominate secondary
process of partial oxidation of alcohols on copper is the
deep oxidation, whereas all other reactions (dehydrogena-
tion, formaldehyde decomposing, coking, etc.) produce the
minor contribution to the total mechanism of the process.
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Figure 4. Yield of the product of deep oxidation of metha-
nol on the modified Cu/pumice catalysts.

As evident from the Figure 4, all modifiers intensify
deep oxidation of the alcohol on the surface of copper cata-
lysts. In the case of Ce and Zr oxides it is caused, appar-
ently, by the increase of an amount of surface Cu’" ions, as
these additives stabilize the oxidized states of the metal
[30-31]. Quantity of Cu" ions also grows, however, ratio of
rates of the reactions of selective and complete oxidation
shifts to the benefit of the last one.

The addition of La and Cs oxides lowers the formation
of Cu*" states in the catalyst [30-31]. Nevertheless, the selec-
tivity of aldehyde formation decreases a little, and CO, yield
grows, though not in such degree, as on Cu-Ce and Cu-Zr
samples. Perhaps, deep oxidation of alcohol on copper cata-
lysts surface is catalyzed not only by Cu?" states, but also by
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univalent Cu’ ions having low effective charge. Opinions
concerning this problem vary significantly in the literature. It
is generally assumed that the ions Cu" are most active in
deep oxidation, both isolated ones (in zeolites) [36], and in a
structure of a bulk or dispersed phase of CuO oxide [19,37].
However, there are reports in the literature about activity of
Cu' and Cu° states in deep oxidation also [38]. Thus, univa-
lent ions of copper may be also considered as active sites of
processes of deep oxidation. Consequently, as in the case of
silver catalysts [22-26], the decrease of an effective charge of
Cu' ions under the action of electron-donating modifying
agents intensifies deep oxidation of alcohol. Hence, it is pos-
sible to assume that on the surface of copper under the
studied conditions there are two types of sites of deep oxi-
dation — Cu®" states and univalent Cu* ions having low
effective charge.

On supports with low specific surface area (pumice,
corundum) and high contents of the metal the most part of
the active phase is in the form of large aggregates of metal.
Of course, the supports and modifiers cannot change suffi-
ciently the electronic properties of big copper particles.
According to the results of in-situ XPS and XAS measure-
ments the main role in methanol oxidation over bulk copper
belongs to special states of surface and subsurface oxygen
[39-43]. However, our previous studies of Ag/pumice cata-
lysts by the methods of ESDR, XRD, electron microscopy
and O,-H, titration revealed, that part of the support surface
(20-40 %) is not covered by big metal particles and con-
tains high-dispersed M* and M,?" states [44]. The supports
and modifiers exert direct action upon the electronic prop-
erties of these dispersed species by the way of interaction
of the supported metal with the Lewis acid sites (Ce™,
Ce*, La**, Zr*") of the modified support surface [20-26,30-
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