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THERMAL REDUCTION AND REOXIDATION OF
SPINEL-TYPE Cu;_»xZn;Al,O4
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The thermochemical reactivity of the spinel-type quaternary metal oxide
Cu1xZnxAl204 has been investigated for differcnt Cu:Zn ratios. In oxygen or inert gas at-
mospheres no considerable reduction is observed. In molecular hydrogen metal selective
reduction of the Cu is found at relatively high temperature. The solid reduction product is
made up of sintered, poorly dispersed metallic copper on a Zn—-Al-O metal oxide support,
a potential catalyst for the methanol synthesis. Owing to the measured high reduction tem-
perature leading to the mentioned sintering of the metallic copper, the activity of this sys-
tem cannot be high.
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Introduction

The interest into the preparation as well as the optimization of the activity or
selectivity of heterogenecous catalysts exhibiting specific compositions and
structures increased strongly during the last years. Therefore the selection of ap-
propriate precursors, which can be transformed thermally or thermochemically
into the active species under well-defined experimental conditions, is of deci-
sive importance. In addition, the knowledge of the reactivity of solids including
mechanistic and kinetic aspects proves to be useful for the improvement of the
mentioned procedures [1].

Mixed metal oxides represent potentially favourable precursor systems, as
the products obtained by thermal reduction may be alloys, mixtures of metals on
metal oxide supports or alloys on metal oxide supports (see e.g. [2]). The fact
that in many cases unusual but nevertheless interesting products may be ob-
tained, can be ascribed to the atomic mixture of the metal cations in the precur-
sor as well as to the usually low reduction temperatures in molecular hydrogen.
The reproducible formation of such products, however, can only be guaranteed
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by knowing effects caused by the features of the initial material as well as by
the given experimental parameters such as pressure, atmosphere, etc.

For the present investigations Cu;-xZn;AlbO4 has been selected as precursor
phase. Cu1_xZnxAl204 adopts a partially inverse spinel structure [3—5] where the
oxygen anions form a close packed cubic framework and the metal cations oc-
cupy half of the octahedral sites and one eighth of the tetrahedral sites. This
means that the metal cations are homogeneously distributed on an atomic scale.
This quaternary spinel seemed to be an appropriate parent phase for the forma-
tion of a catalyst consisting of metallic copper supported on zinc oxide and alu-
mina. This mixture corresponds to the well-known catalyst used for the
methanol synthesis according to the ICI low pressure process [6]. The idea was
to prepare this catalyst by selective reduction of the copper assuming that the
spinel structure would break down simultaneously during the reduction and zinc
oxide and alumina would remain.

The main interest of the thermoanalytical studies is focussed on the degrada-
tion mechanism of the title compound, i.e. on the type of metal-selective reduc-
tions taking place as well as on the specific properties of the products formed in
dependence of the Cu:Zn ratio and of the experimental conditions.

Experimental

Samples of Cui_«ZnzAlQ4 were prepared by solid state reaction at 1000°C
using mixtures of CuO, ZnO and Al;0; in the desired proportions. These start-
ing materials were of analytical grade purity. They were ground in an agate mor-
tar, pressed into pellets and heated in air for 24 hours, then ground again and
heated for further 50 hours. The products with a relatively low copper content
are ochre and become darker with increasing copper content.

Structural characterizations were carried out using a Guinier IV camera, a
Guinier-Lenné camera and an X-ray powder diffractometer, all of them working
with CuK,, radiation.

For the characterization of the thermal reactivity of the title compound mea-
surements in different gas atmospheres were performed using a Mettler
TA2000C thermoanalyser.

The micromorphology of the parent spinels as well as their reduction prod-
ucts were investigated by means of scanning electron microscopy using a Philips
SEM 515.
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Results

Cui1-xZn;AlhO4 spinels with the following compositions have been synthe-
sized an investigated: x=0.75, 0.5, 0.4, 0.35, 0.3, 0.25 and the pure copper-spinel
(x=0).

Thermal reduction

The mentioned Cu1_xZnyAl,O4 samples were heated in a microbalance under
molecular hydrogen with a heating rate of 10 deg-min™". The thermogravimetric
measurements of the reduction (Fig. 1) give evidence for a strong dependence of
the thermochemical reactivity from the Cu:Zn ratio:

— The temperature onset of the reduction increases with increasing zinc con-
tent.

— Only in the copper-rich phases with x=0.25 and 0.3 a selective reduction of
the copper takes place. The onset temperatures of these process are 390°C for
x=0, 480°C for x=0.25 and 500°C for x=0.3. Compared with the thermochemical
reactivity of the corresponding binary oxides i.e. in particular CuO these tem-
peratures are surprisingly high.
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Fig. 1 Thermogravimetric measurements of the reduction of Cu1-xZnsAl204 with x=0, 0.25,
0.3, 0.35, 0.4, 0.5, 0.75 in molecular hydrogen at ambient pressure (heating rate:
10 deg/min; H2 gas flow: 30 ml/min; ambient pressure)
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The reduction of the Zn(II) starts at 870°C. If one assumes only the reduction

of the zinc to the metal the weight loss of this second step is much too high
compared with the weight loss of the first. Obviously a second process takes
place: at these temperatures a substantial part of the zinc metal evaporates (melt-
ing point: 419.6°C, boiling point: 907°C).
— When the zinc content is higher than x=0.35, no well defined reaction steps
can be derived from thermogravimetric measurements, i.e. there is no indication
for a primary copper-selective reduction and the formation of copper can no
more be separated from the reduction of the zinc and its evaporation. The start-
ing temperature of the reduction increases from 550°C for x=0.35 to 810°C for
x=0.75.

The solid reduction products were characterized by X-ray diffraction. For the
pure Cu-Al-spinel metallic copper and y-Al,03 is found. The formation of the y-
phase of alumina seems to be reasonable, as this phase adopts a defect spinel
structure.

The reduction of samples with higher copper content (x=0.25 and 0.3) leads
to metallic copper and an Al-rich Zn—-Al-O-spinel phase. This has not been ex-
pected, but there are some more examples where aluminum spinels can solve a
large amount of A,Os3 and thus form defect spinels. X-ray powder diffraction
patterns show, that the spinel-phase exists at least up to temperdtures around
750°C.

After the second step of the degradation, i.e. the reduction of zinc, a
Zn-Al-O-phase is found together with metallic copper and y-Al,O3. This find-
ing is in agreement with the fact that the weight loss due to the reduction and
evaporation of the zinc does not correspond to the loss of hundred percent. The
obtained phase is related to Zn3Alo4O144 [7]. This oxide adopts a monoclinic
structure, which is related to a distorted spinel. It has been obtained by heating
non-stoichiometric Zn—Al-spinel phases above 850°C or by reduction of
ZnAl;0y4 at temperatures around 1150°C [8].

The reductions of the samples with higher zinc content, i.e. x=0.35, 0.4, 0.5
and 0.75 lead to the same products as the reductions of the aforementioned sam-
ples, i.e. they are made up of metallic copper, y-Al203 and Zn3Als4O144.

Comparative scanning electron microscopic investigations of agglomerates
of parent crystals (Fig. 2a), partly reduced material (Fig. 2b) and final products
(Fig. 2¢) give evidence for an increasing roughening of the crystal surface, but
no pronounced textural changes.
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Fig. 2 Scanning electron micrographs showing agglomerated Cu;_xZn;Al204 crystals with
x=0.3 (Fig. 2a), partly reduced material obtained at ~600°C (Fig. 2b) and the final
reduction product made up of Cu°fy-Al203/Zn3Ale4O144 obtained at ~1000°C (Fig. 2c)
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Thermal reoxidation

Measurements of the reoxidations have been carried out for the reduction
products of the Cu1xZn;Al204 spinels with the following compositions: x=0.25,
x=0.5 and x=0.75. The samples were heated in molecular oxygen with a heating
rate of 10 deg-min™' (Fig. 3). The reoxidations were performed immediately
after the reduction, without taking the sample out of the reaction cell.
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Fig. 3 Thermogravimetric measurements of the reoxidation in oxygen of the products obtained
by the reduction of Cu1xZn;Alz04 with x=0.25, 0.5 and 0.75 (heating rate: 10 deg/min;
O3 gas flow: 30 ml/min; ambient pressure)

The reoxidation behaviour of the three samples shows no pronounced differ-
ences. The weight gains during reoxidation are as expected, i.e. corresponding
to the different content of metallic copper.

The curve resulting from the reoxidation of the quaternary sample with the
highest copper content (x=0.25) showns three steps. The total weight gain corre-
sponds to the oxidation of the metallic copper to Cu(II). The first step — corre-
sponding roughly to 50% of the over-all weight gain — can be related to the
oxidation of metallic copper to copper(l) oxide. Temperature-dependent X-ray
diffraction by means of the Guinier-Lenné camera give evidence for the forma-
tion of (intermediate) Cu20 in the temperature range from 140° to 250°C. The
formation of copper(Il) oxide starts at 240°C. In order to explain this unex-
pected three-step reoxidation mechanism an attempt was made to determine the
products after the second step. The X-ray diffraction pattern shows only very
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weak and broadened reflections indicating microcrystalline phases. Only CuO
and y-AlbO3 could be identified. From Guinier-Lenné measurements the exis-
tence of CuO, y-Al2O3 and Zn3AlosO144 is determined, moreover there was
found a phase in a temperature range from 400° to 600°C, which could not be
identified. At 750°C the formation of a spinel-phase begins.

Samples with lower copper content (x=0.5) show a similar behavior, but the
third step is much less pronounced. The thermogravimetric measurement of the
third sample (x=0.75) gives no evidence for the formation of CuO.

As final products of all three reoxidations again spinel phases are obtained.
This can be explained by the fact that aluminum defect spinels can also be
formed with copper.

Discussion and conclusions

The experimental results give evidence, that metal selective reductions in
mixed metal oxides strongly depend on the metal cations accommodated in the
given structural framework. In the spinel structure, i.e. the close packing of oxy-
gen anions with partially filled octahedral and tetrahedral sites, the presence of
metal cations such as Zn or Al being difficult to undergo reduction obviously
hinder the potentially easy reduction of metal cations such as Cu. This fact can
be explained by ‘shielding effects’: the CuOs octahedral fragment in the spinel
structure is generally surrounded or edge-linked by other MOy polyhedral frag-
ments, which in turn do not undergo reduction at low temperatures. For the re-
duction of the spinel, Cu cations have to diffuse to the surface. This process
obviously takes place at higher temperatures than the temperature onset of the
reduction of binary CuO. Consequently, the metallic copper sinters and is not
finely dispersed on the metal oxide by-product as one would need it for an ac-
tive catalyst. In structural frameworks of mixed metal oxides adopting no close
oxygen packing and/or an anisotropic structural framework this ‘shielding
effect’ is not as efficient. As example the reduction of perovskite-type
SrRu;Ti;xO3 may be mentioned, where the reduction of Ru is observed at a rel-
ative low temperature [9].

As preliminary studies show [10], for spinel systems containing only such
metal cations which undergo reduction at low temperatures, the initially defined
approach of preparing finely dispersed metals or even alloys (see e.g. {2]) can
certainly be realized, i.e. metal selective reduction of mixed metal oxides can be
used for the generation of interesting product phases.

* %* *
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Zusammenfassung — Fiir verschiedene Cu:Zn-Verhiltnisse wurde die thermochemische
Reaktivitit des quartiren Metalloxides Cui-xZnxAl204 vom Spinelltyp untersucht. In
Sauerstoff oder in inerten Gasen wird keine nennenswerte Reduktion beobachtet. In
molekularem Wasserstoff keine bei relativ hohen Temperaturen eine selektive Metallreduk-
tion von Cu beobachtet werden. Das feste Reaktionsprodukt besteht aus gesintertem,
schwach dispersem metallischem Kupfer auf einem Zn-Al-O-Metalloxidtrigermaterial: ein
potentieller Katalysator fiir die Methanolsynthese. Wegen der gemessenen hohen
Reduktionstemperaturen, die zur Sinterung des Kupfers fiihren, kann die Aktivitit dieses
Systemes nicht allzu hoch sein.
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