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Abstract 

Mechanisms for the synthesis of methanol from CO and CO, and for the hydrogenation of acetone to isopropanol are 
discussed based on the recent experimental results obtained by the authors. The state of copper-containing compounds in a 
hydrogen medium at 200-400°C and the nature of their interaction with the reaction components were studied. Hydrogena- 
tion of carbon oxides and acetone was proposed to be the result of the ability of copper ions to reversible transformations to 
generate copper metal and protons. Activation of acetone and CO, can be achieved through their interaction with Cu’, and 
activation of CO through its interaction with oxygen-containing sites of Cut ‘-0-Cu+ ’ type which are formed after 
oxidation of a portion of Cue with carbon dioxide. 
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1. Introduction 

Copper-containing oxide catalysts are active 
for hydrogenation reactions, including hydro- 
genation of carbonyl groups of organic com- 
pounds and carbon oxides to alcohols. The aim 
of this paper is to discuss mechanisms of hydro- 
genation of acetone to isopropanol and of 
methanol synthesis from CO and CO,. The 
considerations are based on analysis of recent 
experimental data on the effect of reaction 
medium components on the structure and the 
composition of the catalyst [l-7]. 

* Corresponding author. Tel. +7-383-2357209; fax: +7-383- 
2355766; e-mail: yurieva@catalysis.nsk.su. 

2. Experimental 

Compounds of two types were chosen for the 
investigations: 

(a) Copper chromite (CuCr,O,> is a compo- 
nent of numerous catalysts for hydrogenation of 
car-bony1 bonds of organic compounds. The 
structure of this oxide is well known and conve- 
nient for experiments. 

To prepare a sample of copper chromite, the 
complex hydroxide was coprecipitated from a 
solution of corresponding nitrates under the ac- 
tion of an ammonia solution and thermally de- 
composed at 900°C. XRD examination showed 
the sample to be a practically pure compound 
with the structure of tetragonally distorted spine1 
b31. 
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Catalytic behavior of the chromite for hydro- 
genation of acetone to isopropyl alcohol was 
studied using a pulse flow installation with a 
fluidized catalyst bed. The reaction products 
were analyzed chromatographically. 

(b) Solid solutions of copper ions in anion- 
modified (a-m) zinc oxide of the composition of 
Cu,,a,Zn,,,O * and in a-m aluminium-contain- 
ing zinc oxide of the composition 
Cuo.1sZn0.75*10.10 * l* 

To prepare the samples, complex hydroxocar- 
bonates of aurichalcite structure were coprecipi- 
tated by sodium hydrocarbonate from a mixture 
of solutions of corresponding nitrates, thor- 
oughly washed, and decomposed at 350°C. 

The catalytic behavior of the solid solution 
was studied in methanol synthesis at 220°C and 
atmospheric pressure [9]. The solid solution of 
copper ions in a-m ZnO of the above-mentioned 
composition was chosen as a model of copper- 
zinc-aluminium catalysts for methanol synthe- 
sis. Such a choice was made due to the fact that 
the rate of methanol synthesis is in proportion to 
the concentration of copper in solid solutions 
and reaches the values of the rates provided by 
the most active catalysts when the copper con- 
centration is more than 30 at%. 

3. Results and discussion 

3.1. Nature of interaction between the catalysts 
and hydrogen 

Typically, hydrogenation catalysts are acti- 
vated by hydrogen before being used. That was 
why we studied first the composition and struc- 
ture of the catalysts in their reduced states. In 
situ XRD, neutronographic, IR spectroscopic 
and electron microscopic techniques were used 

7 Anion-modified oxide containing OH- and CO;*-groups of 
precursors. 

for the studies, according to the procedures 
already described [l-S]. 

3.1.1. Structure of reduced copper chromite 
A body of the results reported in [ l,lO,l l] 

show that not only the running but also the 
starting temperature of the catalyst bed reduc- 
tion determines the nature of the interaction of 
hydrogen and the copper chromite: 

(1) If a sample of copper chromite is kept in 
air at up to 500°C and then reduced at higher 
temperatures, the chromite of Cu+ of the de- 
lafossite structure is formed [lo]. 

(2) Keeping a sample of copper chromite in 
flowing hydrogen at a starting temperature be- 
low 350-400°C and then at elevated tempera- 
tures to above 450°C results in the decomposi- 
tion of the chromite to produce copper metal 
and chromia [l,ll]. 

(3) Complex processes discussed below are 
observed with hydrogen flow passed through 
the chromite bed at 200-400°C [l]. 

Fig. la shows the electron microscopic image 
of the initial sample of CuCr,O,. Copper ions 
are partially (50-60% from total copper con- 
tent) reduced with hydrogen to Cue and released 
as flat particles upon the surface of spine1 crys- 
tals (Fig. lc). These are well faceted particles of 
50 X 100 X 100 A in size which are bonded 
epitaxially to the spine1 surface: compatibility 
between reciprocal lattice (111) planes of spine1 
and (111) planes of Cue is seen from the super- 
position of spots (220) of copper and (440) of 
the chromite in the electron diffraction patterns 
(Fig. lc). Such a state is destructed when the 
temperature is elevated to above 450°C; in this 
case the amount of released copper reaches 
almost lOO%, Cue particles become round 
shaped and only weakly bonded to the surface 
(Fig. lb). The same state of catalyst is observed 
when reduced at a temperature lower than 320°C 
with H, catalyst, oxidized by 0, at the same 
temperature and then treated with H, (Fig. lb). 

A spine1 phase is preserved in flowing hydro- 
gen at temperatures as high as 400°C. It is 
transformed to chromia upon complete release 
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Fig. 1. Electron microscopic images (X4OOOOO) of the samples: initial CuCrzO, (a): reduced in H, at 450°C (b); and reduced in H, at 

320°C the dark-field image of Cue particles with identical orientation (c). 

of copper at 450°C; at first the structure of the 
NaCl type (Fig. 2a, curve 5) is formed, and then 
cx-Cr,O,. However, spine1 acquires the cubi,c 
lattice with the lattice constant a = 8.342 A 

65 55 45 35 25 o(10 1W 
28. grad. V, cm-1 

Fig. 2. X-ray diffraction patterns (a) and IR spectra (b) of copper 
chromite: 1 - initial sample; 2, 3, 5 - reduced in H, at 250”. 320” 
and 450°C. respectively; 4 - sample 3 calcined in He at 320°C for 
IO h; (01, (+), (A) - reflections from the Cu’, silicon and 
NaCl-type structure, respectively. Positions of the reflections from 
a cubic type of CuCr,O, spine1 are marked on the top. 

even at 250°C in hydrogen. The diffraction pat- 
tern recorded for it (Fig. 2a, curve 2) is charac- 
terized by the line intensity distribution which is 
rather different from that of the chromite un- 
treated with H, (Fig. 2a, curve 1). When the 
temperature increases to 320°C the difference 
of the line intensity distributions becomes even 
more apparent (Fig. 2a, curve 3). Note that the 
tetragonal distortion disappears at temperatures 
as high as 580°C in air [ 121. 

The reduction at 250°C is seen from the IR 
spectroscopic data (Fig. 2b) to result in a de- 
crease of the intensity of the absorption bands 
(a.b.) at 125 cm-’ and 193 cm-’ assigned to 
oscillations of the CuO, group of spine1 (Fig. 
2b, curves 1, 2) which are practically disap- 
peared upon reduction at 320°C (Fig. 2b, curve 
3). These data allow the conclusion that the 
amount of copper ions occupying tetrahedral 
positions depends on the reduction temperature: 
it decreases with elevation of temperature and 
practically disappears when the reduction is 
conducted at 320°C. It should be pointed out 
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with the reference to the XRD data, that only a 
half of the copper ions are released as metallic 
particles under these conditions. The occurrence 
of another half of copper ions will be discussed 
later. 

Table 1 
Experimental and calculated diffraction patterns for various mod- 
els of copper cbromite 

hkl I,(exp) I,(exp) I calculated according to model 

I II III IV 

When the kinetic method [ 131 was used to 
study the interaction of hydrogen and the copper 
chromite at 220-35O”C, only a portion of the 
reacting hydrogen which corresponds to approx- 
imately a half of the oxygen monolayer at the 
chromite surface was found to yield water, the 
rest of hydrogen is absorbed by the spinel. 

111 48 65 2 35 65 54 
220 13 0 36 15 6 0 
311 100 56 100 100 82 23 
222 25 21 6 10 29 32 
400 77 100 14 42 100 100 
331 4 0 0 5 9 8 
422 3 0 12 5 2 0 
333 

The composition of the reduced chromite un- 
dergoes considerable transformations under the 
action of inert atmosphere, how it is seen from 
the in situ XRD (Fig. 2a, curve 4) and ex situ IR 
(Fig. 2b, curve 4) spectroscopic data. The fol- 
lowing was observed upon substitution of flow- 
ing helium for flowing hydrogen (the sample 
was kept in helium for 10 h): 

511 1 

6 6 5 1 
31 0 

24 25 22 7 
440 64 55 40 49 75 52 
531 8 0 0 5 9 I 

I,(exp) and I,(exp) are integral intensities for the sample pre- 
treated in hydrogen at 320°C for 2 and 8 h, respectively. 
Models: I - CuaCr,dO,; II - Cu\,sCr,d04; III - 
Cu~,,sC&,Cr,dO,; IV - 0 Yk’,,sCr,dO, (compensation of the 
charge by protons is assumed). a, c, d are crystallographic posi- 
tions of cations in the spine1 structure [6,8]. 

- in the diffraction pattern, the spots as- 
signed to copper metal decrease and become 
practically unobservable; the spine1 line inten- 
sity distribution varies towards that of the initial 
oxidized spinel; 

- in the IR spectra, a.b.s. assigned to tetrahe- 
dral CuO, groups appear and attain their initial 
intensity. 

Hence, the initial oxidized structure of the 
sample is restored in flowing helium. A re- 
peated reduction in flowing hydrogen results in 
a full reproduction of the sample structure de- 
scribed above. The only explanation for the 
reversible transformations of the chromite upon 
medium variations (HZ + He + HZ) may be 
that the interaction of hydrogen and the sample 
generates protons which are then reduced in 
flowing helium to form hydrogen to be des- 
orbed. When we take into account the phase 
composition of the sample in various media, it 
seems unambiguous that the following pro- 
cesses occur: 
1. H ,=2H; 
2. 2H + CU+~ = 2H++ Cu’. 

its exposure to hydrogen at 320°C. The study 
showed only a small increase in the amount of 
copper metal formed (from 40-50 to 60%) 2 
against the time variation from 2 to 8 h, whereas 
a considerable redistribution of spine1 lines in- 
tensity, i.e. a change in the spine1 structure, was 
observed. Therefore, apart from the reduction of 
the surface to form water which results in no 
structural change, two alternative processes take 
place in hydrogen. One of them is completed in 
the first 2-3 h; it is, apparently, the exchange 
interaction between hydrogen and copper ions. 
Another is completed not earlier than in 8 h of 
the exposure. The nature of the latter may be 
considered in terms of atomic structure of the 
reduced chromite. 

Table 1 shows integral intensities of the ex- 
perimental diffraction patterns recorded for the 
chromite exposed to hydrogen at 320°C as com- 
pared to the theoretical ones calculated for vari- 

In situ XRD technique was used to study the z In all experiments quatitative estimations of the amount of 
sample composition depending on the time of copper metal were done according to [14]. 
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Table 2 
Coordinates, isotropic parameters of atoms and position occupa- 
tions for the model of reduced copper chromite (from X-ray 
diffraction) 

Atom Position Occupation x Y Z B(isot) 

Cu, 8a 0.379 0.125 0.125 0.125 2.07 

(32 16c 0.086 0 0 0 1.3 
Cr 16d 1 0.5 0.5 0.5 0.24 

0 32e 1 0.254 0.254 0.254 1.75 

ous models [6]. The comparison makes it possi- 
ble to suggest a most realistic composition and 
structure of the reduced chromite. The model, in 
which 50% of copper ions are removed from the 
8a positions and the rest ions are shared be- 
tween the positions 8a and 16c after 2 h expo- 
sure and move completely to the 16c positions 
after 8 h exposure, seems the most compliant 
with the experimental data [6,8]. The model was 
improved in the frame of the space group Fd3m, 
a = 8.348(3) A using the sample exposed to H, 
for 2 h; the composition with the uncertainty 
factor as low as R = 0.038 was thus allowed. 
The data on occupancy of crystallographic posi- 
tions, oxygen parameter x, and isotropic heat 
parameters of atoms of this composition are 
presented in Table 2. The coincidence of the 
experimental and theoretical diffraction patterns 
of the sample exposed to hydrogen for 2 h is 
seen in Fig. 3. 

It is rather difficult to attain more clarity 
about the structure of the sample reduced for 8 
h due to numerous extended defects formed in 
it. 

The states of dissolved hydrogen and their 
locution ouer the structure of the reduced 
chromite was studied using a neutronogram 
recorded for the sample exposed to hydrogen at 
320°C for 2 h [16]. 

From the neutronographic data without con- 
sidering hydrogen atoms, the structure under 
examination of the reduced sample has R = 
0.42, although its theoretical and experimental 
diffraction patterns coincide with R = 0.038. 
All of the possible hydrogen positions in the 
cubic spine1 structure [S] were analyzed: in the 

37230 ’ i .-em. 
-- ca!c 

Fig. 3. Experimental X-ray diffraction pattern of the reduced 
copper chromite and the pattern calculated for the suggested 
model. 

centers of tetrahedrons and octahedrons, at their 
faces and edges. A significant improvement of 
the R-factor to 0.093 can be attained for the 
composition in which hydrogen atoms are lo- 
cated simultaneously at two kinds of positions: 

(1) at 32e positions ( x = 0.1875) - in tetra- 
hedrons whose centers (8a positions) have been 
occupied by copper ions before the reduction; 

(2) at 16c positions - at the centers of 
empty octahedrons of the spinel. 

A further improvement of the R-factor to 
0.056 was attained by varying the ratio of cop- 
per ions occupying 8a positions to those at 16c 
positions. Coordinates for all the atoms includ- 
ing hydrogen, occupancy of the crystallographic 
positions, and isotropic heat parameters for the 
proposed composition are shown in Table 3, 
and correlations between the experimental 

Table 3 
Coordinates, isotropic parameters of atoms and position occupa- 
tions for the model of reduced copper chromite (from neutron 
diffraction) 

Atom Position Occupation x Y Z B(isot) 

Cu, 8a 0.33 0.125 0.125 0.125 1.49 
cu2 16c 0.07 0 0 0 1 
Cr 16d 1 0.5 0.5 0.5 0.23 
0 32e 1 0.255 0.255 0.255 1.74 
HI 32e 0.30 0.187 0.187 0.187 1.03 
H2 16c 0.38 0 0 0 0.70 
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diffraction pattern and the calculated one in 
Table 4. 

The obtained neutronographic data were ana- 
lyzed to conclude about the interatomic dis- 
tances. For hydrogen at t$ahedrons, one H-O 
distance equal t,o 0.96 A and three distances 
equal to 2.33 A were shown, while for 16c 
positions all the six H-O distances are 2.12 A. 
Hence, the proton formed as a result of ex- 
change interaction with the copper ion in the 
tetrahedron reacts with one of the oxygen ions 
of the tetrahedron to form a covalent O-H bond 
resembling the H-O-H bonds of a water 
molecule. The hydrogen of octahedrons cannot 
be treated as a constituent of such groups as 
HO-, H,O+, H,O but represents a state similar 
to the atomic state at the oxygen octahedral 
surrounding. A similar hydrogen state is dis- 
cussed in [15]. 

Table 4 
The experimental and calculated neutron diagrams for reduced 
copper chromite (model of cubic spine1 structure was used [S]) 

hkl 2Nexp) I(exp) l(calc) 2 O(calc) 
(deg) (deg) 

111 14.44 31 32 14.44 
220 23.68 2 0 23.68 
311 27.86 12 14 27.84 
222 29.11 45 46 29.11 
400 33.74 80 81 33.74 
331 36.87 2 0 36.87 
422 41.63 - 2 41.63 
511 1 29 

44.29 26 44.29 
333 0 
440 48.45 100 102 48.46 
531 50.83 10 9 50.83 
442 51.60 2 2 51.60 
620 54.62 5 3 54.62 
533 56.81 12 13 56.81 
622 57.53 34 35 57.53 
444 60.34 28 28 60.34 
711 0 

62.40 7 62.41 
551 5 
642 65.76 4 2 65.76 

Analysis of the data obtained allows the com- 
positions of the sample exposed to hydrogen to 
be described as follows: 

(a) For the sample exposed for 2 h 

X [Crf3]f0,, (1) 
where a, c, d, e are the crystallographic posi- 
tions of ions in the spine1 structure [6] and H * 
stands for occluded hydrogen in octahedral posi- 
tions. 

(b) For the sample exposed for 8 h (if assume 
that there is no change in hydrogen state as the 
exposure time increases) 

where 0 is an unoccupied position and x is the 
proportion (unknown) of the 16c positions occu- 
pied by hydrogen. 

Thus, the interaction of the copper chromite 
with hydrogen at 200-400°C is thought to pro- 
ceed in the following manner. 

A portion of surface oxygen ions react with 
hydrogen to yield water. As a result, reduced 
copper species (Cu+ or Cu’) are formed at the 
chromite surface. Copper species cause a ho- 
molytic rupture of the bond in a hydrogen 
molecule. Hydrogen atoms penetrate into free 
octahedral positions and copper-containing te- 
trahedral positions. In the octahedrons hydrogen 
atoms occupy its centers. In the tetrahedrons the 
exchange interaction takes place between hydro- 
gen atoms and copper ions to generate protons. 
The latter form covalent bonds with oxygen 
atoms of the tetrahedrons. When interacting with 
two H atoms, copper ions are transformed to 
their atomic states and released upon the spine1 
surface where they build-up flat particles bonded 
epitaxially to the spine1 surface. When reacting 
with one hydrogen atom, the copper ions are 
reduced to Cu+ and move towards the 16c 
positions. Structural rearrangement which takes 
place in the course of the chromite reduction is 
shown in Fig. 4. In the flowing helium there are 
the back processes - Cue atoms reduce pro- 
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Cr Cr Cr cr Cr Cr Cr 

Fig. 4. Schematic presentation of the reversible reduction of 
copper chromite. Triangles indicate (a) tetrahedral positions; 
squares indicate (d) octahedral positions; hatched areas indicate 
(c) octahedral positions. 

tons, and Cu ions (probably Cuf2 ions) return 
back to the spine1 lattice. 

3.1.2. Structure of reduced solid solutions based 
on anion-modified zinc oxide 

More than 1 at% of the Cu2+ ions cannot be 
dissolved in zinc oxide but under certain condi- 
tions: zinc oxide with higher copper content can 
be produced through thermal decomposition of 
combined hydroxocarbonates at below 500°C. 
The study of the formation of copper-zinc and 
copper-zinc-aluminium oxide systems showed 
that thermal decomposition of copper-zinc and 
copper-zinc-aluminium hydroxocarbonates 
proceeds through three stages which are seen in 
the DTA and DTG curves [16]: 

- adsorbed water is released at 120-140°C; 
- copper-zinc-aluminium hydroxocarbon- 

ates are destructed at 270-290°C to produce 
anion-modified oxides (i.e. those containing im- 
purities of OH- and COT2 groups which are 
the anions of the precursors); 

- removal of the impurities and formation of 
a mixture of stoichiometric oxides (copper ox- 
ide, zinc oxide, and spine1 in the presence of 
aluminium) occur at 510-560°C. 

The samples prepared at 300-480°C i.e. the 
anion-modified oxides, reveal the highest activi- 
ties. Structural features and composition of these 
oxides were studied using XRD, EM and analyt- 

ical EM techniques. They were shown to be 
anomalous solid solutions: an imperfectly struc- 
tured ZnO phase was formed due to the pres- 
ence of impurity anions, copper ions could oc- 
cupy the sites at the fault layer superposition. 
EDRS data [17] show the copper ions to be 
arranged as small sized clusters and in a flat 
square oxygen surrounding. 

Solid solutions formed in the Cu-Zn samples 
can involve as many as up to 10 at% of copper 
and those in the Cu-Al-Zn samples up to 20 
at% of copper without CuO phase formation. 
The solid solutions are formed as a result of 
substitution of A13+ ions for zinc in ZnO that 
generates vacations and increases the content of 
impurity anions. As the total copper concentra- 
tion increases further to 60 at%, the content of 
its clusters in the solid solutions also increases 
to 25-30 at% for Cu-Zn and 40-45 at% for 
Cu-Zn-Al samples. Concurrently, the phase of 
a-m CuO appears and grows in the samples. 
The chosen compositions, i.e. CuO,,,ZnO,,,O *, 
and Cu o.,sZn,,,Al,,,O * , provide the samples 
with no impurity phase involved. 

Fragments of diffraction patterns recorded for 
the initial samples and for those treated with 
hydrogen at 220-230°C are presented in Fig. 
5a, curves l-3. A phase of copper metal is seen 
to appear in hydrogen and disappear in flowing 
helium. Repeated exposure of the sample to 
flowing hydrogen results in the appearance of 

ZnO cue 
ZnO Si (102) (111,200) 

2 110 116 114 112 110 108 60 46 40 
b) a) 

Fig. 5. Fragment of in situ X-ray diffraction patterns. a - 20 _ 
40”-50”. b- 20 _ 108”-119”, of the sample Cu,,Zn,,,O * after 
treatment: 1 - in air at 20°C; 2 - in hydrogen at 220°C; 3 - in 
helium at 22O’C; 4 - in hydrogen at 220°C; 5 - in H, +CO 
mixture at 220°C; 6 - in hydrogen at 420°C; 7 - in helium at 
420°C. 
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the Cu’ phase which disappears again upon 
substitution of hydrogen for helium (Fig. 5a, 
curves 4, 5). Reoxidation does not occur in the 
inert medium after hydrogen treatment at tem- 
peratures of 420°C and higher (Fig. 5a, curves 
6, 7). 

a, % 

40 - 

30 - 

Reoxidation of the sample in the inert medium 
was confirmed by studying the same fragment 
using electron microscopy. The microdiffraction 
data show the epitaxial junction of copper metal 
formed in hydrogen and zinc oxide growing 
along the direction of [OOl]ZnOI[ 11 l]Cu”. Epi- 
taxial interaction of Cue with ZnO in a reduced 
sample was observed before [ 181, while its reox- 
idation in an inert medium was not reported. 
Fig. 5b shows a fragment of the diffraction 
pattern recorded at the 20 range of 108-l 19” 
where the spots (300) and (213) of ZnO and 
(531) of Si reference were observed. There is 
practically no change in the lattice constant a of 
the reduced sample, whereas constant c appears 
to be sensitive to the state of the solid solution. 
Compared to constant c of ZnO, constant c of 
the solid solution decreases for its oxidized 
state; upon sample reduction it approximates 
that for ZnO and decreases again upon the 
reoxidation in flowing He (Table 5). 

0 
100 200 300 400 T,OC 

Fig. 6. Conversion of acetone to isopropanol at 75°C versus the 
temperature of copper chromite pretreatment with H,. 

The process becomes irreversible when the 
protons form water by a high temperature reac- 
tion with hydroxyls or when Cu’ is oxidized by 
0, (see Fig. 1). 

3.2. Mechanisms for hydrogenation of the C-O 
bond in carbon oxides and acetone 

To elucidate the mechanisms for hydrogena- 
tion of acetone to isopropanol and for synthesis 
of methanol from carbon oxides, the interaction 
of catalysts activated by hydrogen with the 
compounds to be hydrogenated was studied. 

The results obtained are considerable evi- 
dence for the Cue phase to be formed on the 
surface of the reduced sample as a result of 
reduction of copper ions of the solid solution 
and to come back to the bulk of the solid 
solution during their reoxidation. Evidently, 
these processes are the consequence of the ex- 
change interaction with protons involved: 

H ,=2H, 2H+Cu2++2H++Cuo. 

3.2.1. Hydrogenation of acetone to isopropanol 
Catalytic properties of copper chromite were 

studied using a pulse flow installation at 75°C; 
the reaction products were identified chromato- 
graphically. This reaction temperature was cho- 
sen so that the effect of the back reaction be- 
comes negligible. A mixture of 10 ~01% of 
acetone in hydrogen was examined. The catalyst 
was preactivated in hydrogen at various temper- 
atures. Fig. 6 shows the conversion of acetone 

Table 5 
Lattice constants of C&containing ZnO after thermal treatment in various media 

Thermal treatment a (.Q c (‘Q 
conditions Aa = ~0.002 AC = kO.003 

Phase composition 

Air, 350°C 
Hydrogen, 220°C 

Helium, 220°C 

3.250 5.194 CU O.Os%.p~O * 
3.254 5.217 Cu: + Cu(, -X)0,0sZno.g20 * 
3.252 5.202 Cuo.OsZnO,,zO * 

* Anion modified oxide. 
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to isopropyl alcohol versus the temperature of 
hydrogen pretreatment of the sample. 

Three activation temperature ranges at which 
the catalyst reveals different properties can be 
revealed. There is observed practically no con- 
version of acetone to isopropanol over the cata- 
lyst treated with hydrogen at temperatures be- 
low 120-150°C. At a higher reduction tempera- 
ture isopropanol is formed, and the conversion 
of acetone increases as the temperature in- 
creases, the maximum conversion being ob- 
served at 300-350°C. The further increase in 
the reduction temperature results in a lower 
yield of isopropanol, which becomes zero above 
420-430°C. 

As mentioned above, the state of copper 
chromite in the hydrogen medium depends on 
temperature. The reversible (when helium is 
substituted for H,) state exists at 200-400°C. 
This state is a spine1 with two above described 
types of hydrogen species dissolved in it; the 
flat copper metal particles are formed on its 
surface. It is seen in Figs. 1, 2 and 6 that this is 
the only state of chromite which catalyzes hy- 
drogenation of acetone to isopropanol. 

The interaction of acetone with copper 
chromite pretreated with hydrogen at 300°C was 
studied. The conversion of acetone to iso- 
propanol was shown to take place after supply- 
ing acetone pulses to the reduced catalyst in the 
absence of hydrogen in gas phase. The rate of 
the formation of isopropanol decreases as the 
absorbed hydrogen is consumed, and becomes 
low in rather short time. The starting rate of the 
reaction of acetone with absorbed hydrogen (Fig. 
7) depends on the temperature of preactivation 
of copper chromite with hydrogen; this depen- 
dence resembles the dependence of the copper 
chromite activity for the reaction between ace- 
tone and gaseous hydrogen on prereduction 
temperature (Fig. 6): the highest activity is ob- 
served with the sample reduced at 300°C. Be- 
sides, the starting rate of the formation of iso- 
propanol at 300°C in the absence of hydrogen 
(1.2-1.4 X 10m6 mol/m2 * s) is close to the rate 
of the steady-state reaction of acetone and hy- 

O.Oll 400 5, OC 

Fig. 7. The initial rate of isopropanol formation in the absence of 
hydrogen in relative units versus the temperature of the catalyst 
prereduction (the rate for the sample prereduced at 300°C was 
used as a standard). The reaction mixture was ‘10 VOW acetone + 
helium’. 

drogen. The latter was found using the gradient- 
less method to be 1.0 X lop6 mol/m2 * s for a 
mixture containing 10 ~01% acetone in hydro- 
gen at 300°C [19]. 

In situ XRD technique was used at 75°C to 
study the interaction of acetone with copper 
chromite reduced at 300-320°C. When the mix- 
ture of acetone in helium is passed through, the 
amount of copper metal on the chromite surface 
decreases and a spine1 restores its initial struc- 
ture. Further treatment of the sample with hy- 
drogen results in restoring the reduced state of 
the chromite which is capable of catalyzing 
hydrogenation of acetone to isopropanol with 
the same activity. 

The results obtained allow to conclude that it 
are protons dissolved in spine1 which are re- 
sponsible for catalytic hydrogenation of acetone 
to isopropanol. 

The phenomena observed by us, viz.: (1) 
reversibility of the system at medium variations 
of H,-+He-+H 2; (2) bulk absorption of hy- 
drogen, at least a noticeable proportion (corre- 
sponding approximately to a half of the total of 
copper in the chromite) of which is as protons, 
that makes it possible to consider the reduced 
chromite to be a solid solution of chromic acid 
and copper chromite, i.e. ‘solid protonic 
medium’; (3) formation of isopropyl alcohol as 
a result of interaction of acetone with the re- 
duced catalyst; (4) transformation of the re- 
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duced catalyst to its oxidized state under the 
action of acetone, allow to discuss the mecha- 
nism of the reaction under study in terms of 
ideas developed for liquid-phase reduction of 
ketones to alcohols with metals soluble in a 
‘protonic medium’ [20]. 

According to these ideas, hydrogenation pro- 
ceeds in the following manner (Fig. 8): elec- 
trons of the metal and proton of the solution are 
accepted by a molecule of ketone. The organic 
molecule becomes negatively charged, and the 
second proton is added. Based on numerous 
experimental data obtained and literature data 
[20-221, the following scheme can be proposed 
for hydrogenation of acetone over copper 
chromite (Fig. 9): 

At the first stage the reduced state of chromite 
is formed upon the reversible interaction with 
hydrogen that results in dissolving protons in 
the spinel. A corresponding amount of Cue as 
epitaxially bonded flat particles is released at 
the surface. 

The second stage is hydrogenation of ace- 
tone. According to [22], acetone is adsorbed on 
Cue atoms as r-complexes, electrons of the 
metal transfer to antibonding rr-orbitals of the 
carbonyl group. Concurrently, a proton of the 
reduced chromite is inserted into an adsorbed 
acetone molecule. As a result, the organic 
molecule acquires a negative charge, and copper 
metal is oxidized and occupies the positions in 
the spine1 structure it has left during the reduc- 
tion. These transformations are followed by in- 

21 [It q CR,=0 + M 

M 

CHR.-OH 

Fig. 8. Schematic presentation of the mechanism of liquid-phase 
hydrogenation of ketones to alcohols catalyzed by metals soluble 
in a ‘protonic medium’ [20]. 

-(CH,),CHOH + - 
cPo%2LPti 

Fig. 9. Schematic presentation of acetone hydrogenation to iso- 
propanol. 

sertion of the second proton from the chromite 
and desorption of an alcohol molecule. 

As shown, the catalyst is in its reduced state 
under the reaction conditions; hence, the second 
stage can be assumed to be the rate limiting. 
Under the conditions of catalytic hydrogenation, 
when there are both acetone and hydrogen in 
the reaction medium, it is most likely that only 
the protons located on the surface layer are 
involved in the transformations. Correspond- 
ingly, the reversible conversion of copper metal 
to its ionic state occurs only within the spine1 
surface layer. 

3.2.2. Synthesis of methanol 
Activity of the catalyst (solid solution of 

copper ions both in a-m ZnO and Al-containing 
a-m ZnO) for synthesis of methanol is in pro- 
portion to the content of copper up to 30 at%. 
With 30-45 at% of copper, it is close to the 
activity of the most active catalysts. That was 
why the solid solutions of copper ions in a-m 
ZnO of the compositions Cuo,,,Zno,,,O * and 
Cu,,,Zn,,,A1,,0 * were chosen for the stud- 
ies. 

3.2.2.1. Interaction of reduced solid solution 
with reactants 

Interaction with carbon monoxide. The in 
situ XRD technique was used for studying the 
phase composition changes of reduced catalyst 
in CO-containing medium. When a mixture of 5 
~01% of CO in nitrogen was passed over the 
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50 45 40 
20, grad. 

Fig. 10. X-ray patterns of Cu,,,,Zn,,,,O * : 1 - initial state; 2 - 
treated with H, at 220°C; 3 - sample 2 treated with CO, at 220°C 
during 2 h; 4 - and during 4 h; 5 - sample 2 treated with CO, 
and then CO during 2 h. 

i, 

reduced catalyst at 22O”C, the phase composi- 
tion of the catalyst varied like it does in flowing 
helium, i.e. the catalyst restored its initial oxi- 
dized state. The outlet gas mixture contained no 
methanol. 

Interaction with carbon dioxide. Fig. 10 
shows fragments of the diffraction pattern 
recorded for the initial (curve 1) and reduced 
(curve 2) copper-zinc samples kept in flowing 
CO, at 220°C for 2 h (curve 3) and for 4 h 
(curve 4) until the diffraction pattern ceased 
changing. 

The state of reduced catalyst changes in a 
complex fashion under the action of CO, (Fig. 
11). During the first two hours the copper metal 
phase decreases and disappears completely. 
Concurrently, a Cu,O phase appears and its 
amount increases. Under the action of CO, for 
another 2 h the Cu,O phase decreases to its 
practical disappearance. The constant c of the 
a-m ZnO lattice treated with CO, reaches that 
of the oxidized sample, i.e. the initial structure 
is restored. The same transformations are ob- 
served upon further alternative treatment of the 
sample with hydrogen and CO,. 

The outlet reaction mixture contained 
methanol along with CO, during the first two 
hours of the treatment and, practically, only 
water after another two hours. Hence, the inter- 
action of CO, with the reduced catalyst pro- 
duces methanol. The reaction proceeds through 
the interaction with dissolved proton and oxida- 

0 
T, mm 

Fig. 11. The changes of relative intensities of (111) Cue and (200) 
Cu,O reflections for a sample CuO,,,Zn,,, 0 prereduced by 
hydrogen at 220°C versus the time of treatment with CO, at 
220°C. 

tion of copper metal particles to Cu,O followed 
by the interaction of oxygen of the oxide and 
protons to form water. Thus, the reaction of 
methanol synthesis from CO, and H,, which is 
described by the equation 
CO, + 3H, + CH,OH + H,O, 

proceeds in two stages, the second of which is 
the rate limiting one: 
1. CO,+2H,+CH,OH+[O]; 
2. H, + [O] + H,O, 
where [0] is a surface oxygen ion. 

Interaction of the catalyst, activated by hy- 
drogen and treated with carbon dioxide, with 
carbon monoxide and CO + H2 mixture. Fig. 
10, curve 5, represents a fragment of the diffrac- 
tion pattern recorded for the reduced catalyst 
after its successive exposure to flowing CO, for 
two hours and to a mixture of 5 ~01% of CO in 
nitrogen to obtain the unchanged diffraction 
pattern (for another two hours). The mixture 
was switched to the catalyst at the instant when 
the copper metal phase was practically com- 
pletely transformed to Cu,O (curve 3). The 
exposure of the catalyst to the flowing CO-con- 
taining mixture results in a decrease in the 
amount of cuprous oxide during the first half an 
hour (since CO cannot oxidize copper), and the 
copper metal phase becomes observable (curve 
5). The outlet reaction mixture contained 
methanol (gas probes were picked up during the 
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first hour). When the flow of CO + H, was 
substituted for CO + N,, the Cu,O phase disap- 
peared too, and the copper metal was observed; 
in this case the amount of methanol formed 
increased. 

Therefore, methanol is formed as a result of 
the interaction of CO with the catalyst pre- 
treated with hydrogen and CO, but not of the 
interaction of CO with the reduced catalyst. 
Thus, methanol can be synthesized through hy- 
drogenation of both CO, and CO, but in the 
latter case the catalyst must be pretreated with 
carbon dioxide. 

Apparently, the rate of methanol synthesis 
from CO and the rate of the first stage of 
methanol synthesis from CO, are close to each 
other, while the overall rate of methanol synthe- 
sis from CO, is limited by a slower stage of 
water formation. It is true if the rate of CO 
adsorption on reduced and pretreated with CO, 
catalyst is large enough not to be limiting. 

It is interesting that the authors of [23] ob- 
served the formation of oxygen ions on the 
surface of a reduced copper-containing catalyst 
upon feeding CO, to the catalyst. They reported 

the dependence of the activity for methanol 
synthesis on the surface oxygen coverage: the 
activity increases in proportion to the coverage 
of below 0.16 monolayer, keeps constant up to 
0.18 monolayer, and decreases with the further 
increase in the surface oxygen content. 

From what has been said it may be possible 
to describe the principal steps of the scheme for 
methanol synthesis as follows (Fig. 12): 

(1) Reversible interaction of the solid solu- 
tion of Cu*+ in a-m ZnO with hydrogen to 
generate the reduced state of the catalyst which 
is the solid solution in which a proportion of 
copper ions is substituted for protons, and the 
corresponding amount Cue is located as an epi- 
taxially bonded phase over the surface. 

(2) Adsorption of CO, on copper metal parti- 
cles and its interaction with protons to produce 
methanol and oxygen-containing sites of the 
Cu+‘-0-Cu+’ type on the metal particle sur- 
face. Methanol is evidently formed through a 
semihydrogenated intermediate of the type of 
[CHOH] by means of transfer of protons from 
the solid solution surface and electrons from 
Cue towards the adsorbed CO,, like it was 

i.C&+ 3Hz -sOH + Hz0 w2 > Wl 

2.CO+ 2H2~CbOH 2 
1 

r______________---, 
__________....._-__, 

Fig. 12. Schematic presentation of the mechanism of the methanol synthesis. 
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suggested for hydrogenation of acetone over 
chromite. Copper ions formed return in the solid 
solution. 

(3) Interaction of the oxygen-containing sites 
in the reaction medium along two paths: 

(a) CO is adsorbed on an oxygen ion as a 
fragment whose structure resembles the struc- 
ture of the fragment formed upon adsorption of 
CO, on the metal ions. As a result, the CO 
molecule is rapidly hydrogenated to methanol as 
described above, the oxygen site being un- 
changed and capable again of activating CO 
molecules. 

(b) Oxygen ions interact with hydrogen to 
form water and Cu’, the oxygen site disappear- 
ing. 

The rate ratio for these paths determines the 
ratio of the rate of the formation of methanol 
from CO to that from CO,. Apparently, the 
overall rate of methanol formation is to a great 
extent determined by the rate of CO hydrogena- 
tion; however CO hydrogenation is not possible 
but in the presence of CO, which provides 
generation of the oxygen-containing sites. 

The catalyst in its reduced state, in which the 
metal particles have the oxygen-containing sites 
on their surface, should be discussed more care- 
fully. This is an intermediate state formed dur- 
ing the reaction of methanol synthesis from CO, 
and H,: the oxygen-containing sites appear dur- 
ing the formation of methanol and disappear at 
the interaction with protons or other activated 
hydrogen species to form water. However, this 
is the active state of the catalyst for synthesis of 
methanol from CO and H 2. The formation of 
water causes destruction of CO activation sites. 

Based on the data obtained, the questions by 
catalytic chemists engaged in the synthesis of 
methanol [24-261: 

- Is methanol formed from CO or CO,? 
- Which is the active state of copper: metal- 

lic or ionic?can be answered in the following 
way. 

Synthesis of methanol can be achieved with 
both CO, and CO as a feedstock, although the 
latter case needs the presence of CO,. 

There are three stages of methanol synthesis 
from CO,: 

- generation of protons and Cu’; 
- formation of methanol and oxygen contain- 

ing sites on the catalyst surface; 
- formation of water through interaction of 

hydrogen with the oxygen ions of the above 
sites. 

The last stage is the rate limiting. This is 
evident from CuzO phase formation under the 
action of CO, on reduced catalyst. 

Synthesis of methanol from CO in the pres- 
ence of CO, is a three-stage process, too: 

- generation of protons and Cu’; 
- formation of oxygen-containing sites on 

the metal surface after the interaction with CO,; 
- formation of methanol. 
As to the active state of copper, one can say 

that copper ions are active in oxide compounds 
in which they can be reduced to metal under the 
action of hydrogen to generate protons and be 
oxidized upon the interaction of protons with 
the molecules hydrogenated. 

4. Conclusions 

The results obtained allow the conclusion 
that two copper-containing oxides of different 
natures, copper chromite and anomalous solid 
solutions of Cu2+ ions in a-m ZnO, behave 
similarly for the interaction with hydrogen at 
temperatures of below 400-450°C. The oxides 
dissolve hydrogen, which is partially consumed 
to reduce copper ions of the oxide and trans- 
formed to protons; the copper ions form a Cue 
phase epitaxially bonded to the oxide surface. 
Removal of hydrogen causes the reverse pro- 
cesses, i.e. protons are reduced to reoxidize 
copper, hydrogen is desorbed, copper ions come 
back to the oxide structure. 

Hydrogenation of carbon oxides and acetone 
is the result of the ability of copper ions to 
reversible transformations to generate copper 
metal and protons. 
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Activation of the molecules to be hydro- 
genated may occur on Cue directly. This is the 
case of hydrogenation of acetone over the re- 
duced copper chromite and hydrogenation of 
CO, over the reduced solid solution of copper 
ions in a-m ZnO. Alternatively, this may happen 
on the sites formed through interaction of cop- 
per ions with reactants, like it is observed for 
synthesis of methanol from CO over oxygen- 
containing sites of the Cu+ ‘-0-Cu+ ’ type 
generated through oxidation of copper Cue with 
CO, at the surface of the reduced solid solution 
of copper ions in a-m ZnO. 

Generally speaking, it is possible that both 
types of dissolved hydrogen species, protons 
and ‘activated atoms’, can be involved in the 
hydrogenation reactions. However, the dis- 
cussed hydrogenation of the C-O bond over 
copper-containing catalysts involves protons, 
while electrons are transferred from Cue and 
copper ions come back into the oxide structure. 
The ‘activated atoms’ of hydrogen can be imag- 
ined to be capable of, e.g., forming C-H bonds 
or hydrogenating C=C bonds of hydrocarbons. 
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