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High-energy ball milling was applied to prepare powder samples
by treating copper or copper oxides with magnesium or magnesium
oxide. The five samples thus prepared were characterized by
physical methods. According to X-ray diffraction the mechanical
treatment resulted in the formation of nanostructured powders.
Carbon and oxygen impurities and Mg (mainly as oxide) were
detected by X-ray photoelectron spectroscopy of the as-milled
samples. Four samples, namely, nanocomposite materials prepared
by the self-sustaining reaction of copper oxides and magnesium
applied in stoichiometric amounts [(Cu2O)Mg and (CuO)Mg]
and samples produced by mechanical treatment of copper oxides
and magnesium oxide [(Cu2O)7(MgO)93 and (CuO)13(MgO)87]
also had copper on the surface. The latter specimens and 3%
Cu + MgO were unique in their characteristics to have, after a short
hydrogen treatment or after catalytic application, an unusually
large concentration of Cu0 measured by the N2O titration method.
Temperature-programmed reduction showed, in each case, the
existence of reducible copper species on the surface. The quantity
of reducible copper was quite low for (Cu2O)Mg, (CuO)Mg, and
3% Cu + MgO, whereas almost the total amount of copper of
(Cu2O)7(MgO)93 and (CuO)13(MgO)87 was available for reduction.
Two types of copper species have been detected: bulk CuO with a
reduction temperature of about 260◦C [characteristic of (CuO)Mg
and also found in (Cu2O)Mg] and species strongly interacting with
the support with a reduction temperature of about 350◦C [3%
Cu + MgO, (Cu2O)7(MgO)93, (CuO)13(MgO)87, and also detected
in (Cu2O)Mg]. The 3% Cu + MgO, exhibited the highest basicity
measured by the decomposition of 2-methyl-3-butyn-2-ol and
the dimerization of acetone. The samples showed high activity
in the dehydrogenation of 2-propanol, whereas their activity in
the one-step synthesis of methyl isobutyl ketone from acetone
was moderate. Methyl isobutyl ketone (MIBK) was formed in
low selectivity over the samples prepared by a self-sustaining
reaction and 3% Cu + MgO, whereas very high MIBK selectiv-
ities were observed over the mixed oxides. These features were
correlated with the relative concentration of active sites capable
of hydrogenating the carbon–oxygen and carbon–carbon double
bond. c© 2002 Elsevier Science (USA)
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INTRODUCTION

Mechanical treatment by high-energy ball milling is
recognized as a powerful method to obtain a variety of
highly dispersed systems and nonequilibrium phases in
powder form via solid-state reactions. Mechanical alloying
of pure elements and mechanical milling of equilibrium in-
termetallics are used to prepare a variety of amorphous
alloys and nanocrystalline materials (1, 2). Moreover, me-
chanically induced self-sustaining reactions, occurring in
highly exothermic systems, allow the production of dis-
persed metal–metal oxide systems via an oxygen displace-
ment reaction (3, 4). Recently, attention has been paid to
the potentialities of materials prepared by such techniques
as heterogeneous catalysts (5–8).

We have also been involved in recent years in explor-
ing the possibilities to apply such systems as catalytic ma-
terials. We have shown that copper-on-magnesia catalysts
prepared by such unconventional methods exhibit promis-
ing characteristics in the one-step conversion of acetone
to MIBK in the presence of hydrogen (9, 10). MIBK is
an important chemical used as solvent and is applied in
the production of paints and stabilizers (11). At present
it is prepared in industry by the three-step process. Results
published in the last decade, however, showed that the one-
step synthesis offers a simpler technology. This procedure
requires bifunctional catalysis: an acidic or basic support
material acts to induce the formation of diacetone alco-
hol through aldol dimerization which then undergoes de-
hydration under reaction conditions (at 250–300◦C) to form
mesityl oxide (MO). The final step is the hydrogenation of
the carbon–carbon double bond catalyzed by a metal. The
best combinations include Ni (12), Pt (13) or Pd (14–18),
and MgO (14), acidic solids such as HZSM5 (13) or
niobic acid (15, 16), and hydrotalcite-like materials (12,
17, 18).
0021-9517/02 $35.00
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TABLE 1

Samples Prepared and Studied

Composition (wt%)

Composition of synthesis mixture Milling time (h) Sample denomination Cu MgO

Cu2O + Mga 1b (Cu2O)Mg(1) 75.9 24.1c

Same 13b (Cu2O)Mg(13) Same Same
Same 30b (Cu2O)Mg(30) Same Same
CuO + Mga 30b (CuO)Mg 61.2 38.8c

3 at% Cu + 97 at% MgO 32 3% Cu + MgO 4.6 95.4
7 at% Cu2O + 93 at% MgO 51 (Cu2O)7(MgO)93 18.7 78.9
13 at% CuO + 87 at% MgO 54 (CuO)13(MgO)87 18.2 77.2

a In stoichiometric amount.

b After the completion of the self-sustaining reaction.
c Assuming complete oxidation of Mg during self-sustainin
In our first studies we applied amorphous bicomponent
Cu–Mg alloys fabricated by rapid quenching or mechani-
cal alloying and used as catalyst precursors (9, 10). Most of
these samples exhibited excellent activity in the dehydro-
genation of 2-propanol attributed to the high proportion of
copper relative to magnesium in the precursor materials.
In the transformation of acetone to MIBK, however, their
overall performance was inferior to the catalysts prepared
by impregnation or coprecipitation (19). It was an obvious
conclusion, therefore, that the preparation of new samples
with decreased copper content is required. Having an ap-
propriate balance of the metallic (copper) and basic (MgO)
active sites the new samples are expected to exhibit im-
proved catalytic performance. In addition, we also intended
to explore the mechanochemical synthesis and catalytic ap-
plication of all other candidates of the Cu(O)–Mg(O) sys-
tem. As a logical step to the completion of our study in this
field, in this paper we disclose the preparation and char-
acterization of five new Cu-on-MgO samples prepared by
mechanochemistry and their application in the synthesis of
MIBK.

EXPERIMENTAL

Materials

2-Propanol, acetone (Reanal products), and 2-methyl-3-
butyn-2-ol (Fluka) were of at least 99% purity. Cu powder
(99.5%), Cu2O (97%), CuO (98%), and MgO (99%) were
purchased from Aldrich, whereas Mg powder (99.8%) was
an Alfa product. Linde high-purity hydrogen (99.98%), he-
lium (99.999%), and 11% hydrogen in argon were used.

Preparation of Samples

Mechanical treatments were performed using a Spex
Mixer/Mill (Mod. 8000) working at 875 rpm and equipped
ened stainless-steel vials and balls. Changes in
mperature during self-sustaining reactions were
g reaction.

monitored by a thin lamella-shaped Pt resistance ther-
mometer fixed on the outside wall of the milling vial. The
powder handling and sampling were performed under pu-
rified argon atmosphere in an MBraun M150 glove box (O2

and H2O at ppm level). Information about the composition
of the synthesis mixture and the as-milled samples, milling
time, and sample denomination is collected in Table 1.

Sample Characterization Techniques

X-ray diffraction (XRD) analysis was carried out by a
Siemens D500 diffractometer using CuKα radiation. To es-
timate the coherent diffraction domain sizes and micros-
train of the observed crystal phases, a full profile refinement
analysis of the patterns was performed following the Ri-
etveld method (20, 21). Differential scanning calorimetry
(DSC) was performed with a power compensation Perkin–
Elmer DSC-7 (scanning rate = 20 degrees min−1).

X-ray photoelectron spectra were recorded on a Kratos
XSAM 800 spectrometer operated at a fixed analyzer trans-
mission mode using MgKα1,2 (1253.6 eV) excitation. The
pressure of the analysis chamber was lower than 10−7 Pa.
Photoelectron lines of the main constituent elements, Cu2p,
O1s, C1s, and Mg2p, were recorded by 0.1-eV steps. Spec-
tra were referenced to the C1s line of the hydrocarbon-
type carbon set at 284.6 eV. Spectra were processed by
the Vision 2000 and X-ray photoelectron spectroscopy
(XPS) MultiQuant programs (22, 23) using the experi-
mentally determined photoionization cross-section data of
Evans et al. (24) and the asymmetry parameters of Reilman
et al. (25).

Temperature-programmed reduction (TPR) was carried
out in the temperature range between room temperature
and 570◦C with a gas mixture containing 11% hydrogen in
argon (flow rate = 10 ml min−1, sample size = 20 mg, tem-
perature ramp = 10 degrees min−1). Measurements were

made on samples as received or after oxidative pretreat-
ment in air (30 min at 200◦C, flow rate = 10 ml min−1).
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The Cu0 surface area of the samples was measured by N2O
titration based on the reaction of nitrous oxide with Cu0

species using the GC pulse method. A short hydrogen treat-
ment (30 min, 290◦C, 20 ml min−1) was applied before mea-
surements.

Decomposition of 2-methyl-3-butyn-2-ol in pulse mi-
croreactor experiments was used to characterize the ba-
sicity of samples (26). After the appropriate pretreatment
(300◦C, 1 h, 30 ml hydrogen min−1, then 30 min in 30 ml
helium min−1), the samples were treated with pulses of the
reactant at 200◦C in helium (20 ml min−1). A 15% PEG
20M on a Chromosorb W column was used for GC analy-
sis. Under these conditions the products of cleavage (ace-
tone and acetylene) were formed in approximately equal
amounts. Information about the ability of the samples to
induce dimerization of acetone was acquired by reacting
acetone in helium in a flow system (100 mg of catalyst,
pretreatment at 300◦C, 1 h, measurement at 300◦C, 10 ml
helium min−1, 0.02 ml acetone h−1). The concentration of
mesityl oxide, the product of condensation (dimerization
followed by dehydration), was measured.

Catalytic Measurements

Catalytic tests were carried out in a flow-type Pyrex glass
microreactor (8 mm i.d., vertical position, fritted glass cata-
lyst holder) with a catalyst quantity of about 150 mg. Cata-
lyst samples were treated in flowing hydrogen (300◦C, 1 h,
30 ml min−1) before measurements. The liquid reactant was
fed by a motorized syringe pump into a stainless-steel evap-
orator kept at 80◦C, mixed with an appropriate amount
of hydrogen or hydrogen + helium mixture controlled by
a mass flow controller (Aalborg, GFM17), and then intro-
duced into the reactor which was kept at reaction tempera-
ture. The reactor temperature was controlled to an accuracy
of 0.5◦C by using a microprocessor-based controller (Self-
tune plus, LOVE Controls Corp.). The effluents, sampled
by a pneumatic gas sampling system, were analyzed by GC
(Shimadzu 8A equipment, thermal conductivity detector,
CWAX 20M column, 100◦C, 30 ml min−1 flow rate of he-
lium carrier gas). A Data Apex Chromatography Station
for Windows 1.5 was applied for chromatographic data ac-
quisition and processing.

RESULTS AND DISCUSSION

Characterization of the As-Milled Samples

Cu–MgO nanocomposite materials were prepared by the
self-sustaining reaction (SSR) induced by the mechanical
treatment of copper(I) oxide and magnesium [(Cu2O)Mg]
or copper(II) oxide and magnesium [(CuO)Mg] applied in
stoichiometric amounts (Cu2O to Mg and CuO to Mg ratios
are 1). The occurrence of self-sustaining reactions under

milling is characterized by a sudden conversion into prod-
ucts, which occurs after an induction period, the ignition
ATALYTIC APPLICATION 73

FIG. 1. Change in the vial temperature as a function of milling time
during the synthesis of (CuO)Mg [self-sustaining high-temperature syn-
thesis induced by mechanical treatment of the stoichiometric mixture (1 : 1
molar ratio) of CuO and Mg].

time (tig). The chemical transformation, that is, the oxygen
displacement leading to the formation of Cu and MgO can
be detected by a steep rise in the temperature of the milling
vial (�T ). In Fig. 1, the temperature trace of the external
side of the vial monitored during the milling of a stoichio-
metric mixture of CuO and Mg is plotted as a function of
the milling time. XRD of the material thus formed shows
that the process leads to the formation of crystalline Cu and
MgO (Fig. 2, pattern a; note the intense double peak at 2θ

42.9 and 43.3 corresponding to the 200 reflection of MgO
and the 111 reflection of Cu, respectively). To increase the
Cu dispersion in the MgO matrix, the combusted powders
were then subjected to further milling (30 h). As a result,
a high strain content and nanostructured dimension were
obtained, as suggested by the peak-broadening phenom-
ena (Fig. 2, pattern b, see the coalescence of the main peaks

FIG. 2. XRD patterns of (CuO)Mg. (a) After self-sustaining reac-
tion, (b) self-sustaining reaction followed by further ball milling for 30 h,
(c) after reaction of acetone (6 h), (d) after reaction of 2-propanol (15 h).

�, Cu (4–836); �, MgO (4–829); �, MgO (30–794). The numbers of the
corresponding JCPDS card files are given in parentheses.
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TABLE 2

Particle-Size Data Estimated from XRD and Specific Copper
Surface Area Determined by N2O Decomposition

Particle size (nm)

Sample Cu MgO Cu0 (m2 g−1)

(Cu2O)Mg(1) 45 60 0
(Cu2O)Mg(13) 10 14 1.10
(Cu2O)Mg(30) 9.4 8.0 1.30

After reaction (acetone)a n.d. f n.d. f 1.45
(CuO)Mg (after SSR) 24 43 n.d.
(CuO)Mg (after SSR + 30 h milling) 5.5 6.1 10.55

After reaction (2-propanol)b 24 12–15 n.d.
After reaction (acetone)a 35 8.4 8.2

3% Cu + MgO 6.1 10 1.50
After reaction (acetone)c 22 13 1.50

(Cu2O)7(MgO)93 (2.6)d 10 13.8
After reaction (acetone)e n.d. f n.d. 12.5 (7.90)g

(CuO)13(MgO)87 (1.5)h 9 16.3
After reaction (acetone)e 41 (8) h 10 11.6 (7.10)g

a 280◦C, 6 h.
b 300◦C, 12 h.
c 300◦C, 6 h.
d Particle size of Cu2O.
e 280◦C, 1 h.
f Not determined.
g 280◦C, 24 h.
h Particle size of CuO.

of Cu and MgO) and estimated by full profile refinement
analysis of the same pattern according to Rietveld (20, 21).
Particle-size data estimated by this method for all samples
including data determined after reactions are collected in
Table 2.

During the chemical tests, a small increase in the di-
mension of both Cu and MgO crystallites occurred in the
(CuO)Mg sample (Table 2; see also the decrease in the
line broadening in patterns c and d of Fig. 2). Moreover,
the small signal at 2θ = 29.25 suggests the formation of a
small amount of another MgO phase with cubic symmetry
(JCPDS 30-794), even if the attribution based on a single
peak can be questioned.

The behavior of the Cu2O + Mg mixture during the me-
chanical treatment was similar to that of the (CuO)Mg sam-
ple. The self-sustaining reaction occurred after 3140 s of
milling time, and a �T of 32.9◦C was measured (27). The
temperature jump value, naturally, depends on the heat ca-
pacity of the whole milling system. However, since both
self-sustaining reactions were performed in the same ap-
paratus, the two values measured in the CuO + Mg and
Cu2O + Mg reactions (�T = 55 and 32.9◦C, respectively)
reflect the different enthalpy change occurring in the two
self-sustaining processes. Moreover, some unreacted Cu2O
was still present which, however, disappeared during the

further milling treatment, and nanosize Cu–MgO powders
were obtained.
ET AL.

The 3% Cu + MgO sample was obtained by milling pure
Cu and MgO (Fig. 3, pattern a). Nanostructured domains
of Cu and MgO were obtained as a result of the mechanical
treatment, and their dimensions changed somewhat during
acetone conversion (Fig. 3, pattern b and Table 2). As re-
ported earlier, the new MgO phase (JCPDS 30-794) can
also be detected in the XRD pattern.

Two mixed oxides, (Cu2O)7(MgO)93 and (CuO)13

(MgO)87, were also prepared. The compositions were cho-
sen to have a similar amount of Cu in different oxidation
states. The mechanical treatment, reducing the crystallites
to nanostructured dimensions, led to a high dispersion of the
Cu–oxide phases in the MgO matrix. It can be noted that
low and broadened peaks due to CuO are present in the
(CuO)13(MgO)87 sample (Fig. 4, pattern a), and feeble sig-
nals due to Cu2O can be observed in the corresponding
pattern relevant to (Cu2O)7(MgO)93 (not shown). Even if
a precise determination of the CuO and Cu2O coherent
diffraction domains is complex because of their relatively
small amounts in the mixtures, the estimated values in the
range of 1.5–2.5 nm confirms the nanostructured features
of the copper oxides (Table 2). As a consequence of the hy-
drogen pretreatment and chemical tests some metallic Cu
was formed, as indicated by a shoulder in the main peak at
2θ = 43.1 and a small signal at 2θ = 50.1 (Fig. 4, patterns
b and c). Even in these systems the JCPDS 30-794 MgO
phase formed during the catalytic tests.

XPS

XPS measurements were performed ex situ; thus the sur-
face of all samples were oxidized even after reduction (by
H2 or organic compounds). Carbonate contaminants were
also developed due to air exposure.

FIG. 3. XRD pattern of 3% Cu + MgO. (a) As-milled, (b) after reac-

tion of acetone (6 h). �, Cu (4–836); �, MgO (4–829); �, MgO (30–794).
Numbers of the corresponding JCPDS card files are given in parentheses.
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FIG. 4. XRD patterns of (CuO)13MgO87. (a) As-milled, (b) after hy-
drogen treatment (300◦C, 1 h), (c) after reaction of acetone (1 h). �, Cu
(4–836); �, CuO (41–254); �, MgO (4–829). Numbers of the correspond-
ing JCPDS card files are given in parentheses.

The chemical compositions of the as-milled samples and
the data of nominal bulk compositions are collected in
Table 3 (this also includes data determined after reac-
tions). The surface compositions usually differ from the
nominal bulk ones, which can be attributed to the vari-
ous mechanical and chemical treatments. It is seen that
the actual surface concentrations of magnesium are al-
ways much lower than the nominal bulk values, and the
same is true for copper for three of the five samples
[(Cu2O)Mg(30), (CuO)Mg and 3% Cu + MgO]. Surface
copper concentrations, in turn, exceed the nominal values
for the (Cu2O)7(MgO93) and (CuO)13(MgO87) mixed oxide
samples. As a general phenomenon, substantial amounts
of oxygen impurities are found on the surface [a signifi-
cant amount of Na was also detected on (Cu2O)Mg(30)].
On the other hand, the level of the carbon contamina-
tion of the as-milled samples and the residual carbon
concentration after the reactions are relatively low. The
composition changes during the pretreatment, and reac-
tions are not significant, except for the (Cu2O)Mg(30)
sample.

With respect to the surface chemical states of the main
components, magnesium is oxidized; that is, it is in the Mg2+

state in both oxide and carbonate environments. The car-
bon exists in hydrocarbon, carbonate, and to a small extent,
carbide state. Copper is predominantly in the Cu2+ state.
The Cu0 and Cu+ forms could not be differentiated directly
by the chemical shift of the Cu2p line. However, the inten-
sity of the 2p3/2 main peak to its shake-up satellite, which
is characteristic of the Cu2+ chemical state, is 2.5 for the
(Cu2O)7(MgO)93 and 1.7 for the (CuO)13(MgO)87 mixed
oxide samples (Fig. 5). The latter is the typical value for

pure CuO samples (28).
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TABLE 3

Bulk and Surface Composition of the Cu–Mg–O Catalyst Systems
(Atomic%) Determined by XPS

Cu Mg O Ca

(Cu2O)Mg(30) Nominal in bulk 50 25 25 0
As-milledb 11.5 10.6 44.5 22.9
After reaction 17.0 6.7 44.5 15.9

(2-propanol, 12 h)b

After reaction 20.9 4.3 24.8 28.0
(acetone, 6 h)b

(CuO)Mg Nominal in bulk 33.3 33.3 33.3 0
As-milled 26.2 14.8 50.2 8.8

3% Cu + MgO Nominal in bulk 3 48.5 48.5 0
As-milled 0 32.0 60.5 7.5
After reaction 0.7 38.9 56.2 4.1

(acetone, 6 h)
(Cu2O)7(MgO)93 Nominal 6.8 44.9 48.3 0

As-milled 9.3 31.2 54.7 4.8
After reaction 11.3 33.8 50.5 4.4

(acetone, 1 h)
(CuO)13(MgO)87 Nominal in bulk 6.5 43.5 50.0 0

As-milled 9.5 28.7 54.8 7.0
After reaction 7.2 35.9 52.5 4.5

(acetone, 1 h)

a Sum of hydrocarbon, carbonate, and carbide chemical states.
b Na impurity was detected on the surface.

TPR and Cu0 Measurements

The results of temperature-programmed reduction of the
samples are collected in Table 4 and shown in Figs. 6 and
7. Hydrogen consumption values determined with the as-
milled samples without pretreatment should correspond to
the quantity of ionic (reducible) copper present. Hydrogen
consumption values for the two samples prepared by SSR
[(Cu2O)Mg(30), (CuO)Mg] are very low compared to the
FIG. 5. Cu2p1 and Cu2p3 region of the XPS spectrum of the as-milled
(Cu2O)7(MgO)93 (solid line) and (CuO)13(MgO)87 (dotted line) samples.



of copper present is reducible (Table 4, columns 5 and
76 VARGA

FIG. 6. TPR patterns of the (Cu2O)Mg, (CuO)Mg, and Cu2O samples.

theoretical values (Table 4, columns 2 and 3). The quantity
of ionic copper, correspondingly, is also very low (Table 4,
column 5). This conclusion is in agreement with XRD data
indicating the almost complete transformation of copper
oxides. Similar low values (low hydrogen consumption and
low ionic copper content) were found for the 3% Cu + MgO
sample. One should expect much higher values, however,
when TPR is carried out following an oxidative pretreat-
ment. Indeed, the values determined after oxidation of the
samples (Table 4, column 4) are higher. These new values
also indicate, however, that, at best, only rather small frac-
tions of all Cu are accessible for reduction and oxidation in
the as-milled state (Table 4, column 6).

In contrast, the reduction pattern of the remaining two

samples [(C xceptional
u2O)7(MgO)93, (CuO)13(MgO)87] is substan-

TABLE 4

Characterization of Samples by Chemical Methods

Hydrogen consumed (mmol g−1) Cu compositiona (%)

Theoreticalb As-milledc After oxidationc Ionic Cud Total Cue Cu0 on surface f

1 2 3 4 5 6 7

(Cu2O)Mg(1) 11.9 0.72 n.d.g 6 n.d. n.d.
(Cu2O)Mg(13) 11.9 1.07 n.d. 9 n.d. 0.2
(Cu2O)Mg(30) 11.9 1.07 1.76 9 15 0.3
(CuO)Mg 9.6 1.85 3.22 19 34 2.5
3% Cu + MgO 0.72 0.09 0.28 13 39 4.8
(Cu2O)7(MgO)93 2.29 1.70 2.07 74 90 14
(CuO)13(MgO)87 2.29 2.41 2.01 100 88 17

a Values are relative to total nominal Cu as given in Table 1.
b Theoretical value of hydrogen consumption taking into account the quantity of Cu used in sample preparation,
presumed to be present as CuO.
c Calculated using the quantity of hydrogen consumed during the TPR of CuO.
d Calculated from hydrogen consumption values of the as-milled state.
e Calculated from hydrogen consumption values measured after oxidation.

6). (Cu2O)13(MgO)87, however, shows a quite e
f Calculated from N2O decomposition data.
g Not determined.
ET AL.

FIG. 7. TPR patterns of (CuO)Mg, 3% Cu + MgO, (Cu2O)7(MgO)93,
and (CuO)13(MgO)87.

tially different from those discussed previously. It is clear
from a comparison of the two sets of data that, in these cases,
most copper may be reduced and no substantial changes
are brought about by oxidation. This is detected by XRD:
CuO disappears and metallic copper appears in samples
upon treatment with hydrogen (Fig. 4, pattern b). It also
follows that copper is well-dispersed and in the +2 oxida-
tion state. This latter conclusion is quite surprising for the
(Cu2O)7(MgO)93 sample. However, it is further supported
by XPS data indicating that copper predominantly exists as
Cu2+ and the actual TPR profiles of the two specimens. In
addition, for these two samples almost the total amount
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behavior. Here all copper present may be reduced, but
reducible copper decreases after oxidative treatment. This
latter phenomenon may be attributed to sintering which is
brought about by oxidation before TPR.

A comparison of the TPR profiles (Figs. 6 and 7) indicates
that the samples studied have two copper species. (CuO)Mg
shows a single reduction peak at 260◦C, whereas the reduc-
tion temperature of the peak detected in 3% Cu + MgO,
(Cu2O)7(MgO)93, and (CuO)13(MgO)87 is about 350◦C.
The (Cu2O)Mg(30) sample, in contrast, has a two-step re-
duction pattern with a peak maximum at about 270◦C and a
shoulder appearing at approximately 350◦C, indicating that
this sample has a mixture of the two copper species found
in the other samples.

Previous studies with various supported copper cata-
lysts established that bulk, crystalline CuO particles are re-
duced in the temperature range 200–260◦C, whereas peak
temperatures exceeding these values indicate the pres-
ence of copper species strongly interacting with the sup-
port (29–34). Among our samples, correspondingly, only
(CuO)Mg [and, in part, (Cu2O)Mg(30)] contains the easily
reducible CuO phase, whereas the relatively high reduction
temperature found for 3% Cu + MgO, (Cu2O)7(MgO)93,
and (CuO)13(MgO)87 testifies to the presence of the other
species.

An analysis of the TPR profiles of the three (Cu2O)Mg
samples shows an interesting and important trend (Fig. 6).
It is seen that the sample formed by the self-sustaining reac-
tion undergoes reduction at a substantially lower tempera-
ture than does pure Cu2O. Moreover, additional milling
following the self-sustaining reaction further shifts peak
maxima toward lower temperatures. As already shown in
the literature (29, 30, 35) this may be attributed to increas-
ing dispersion of copper, even though the actual dispersion
values are rather low. Indeed, hydrogen consumption data
(Table 4, columns 3 and 4), particle size values estimated
from the XRD patterns (Table 2), and Cu0 data determined
by N2O decomposition (Table 2) are in agreement with this
conclusion, that is, the quantity of surface copper increases
(particle size values decrease) with increasing milling time.
The change is particularly significant for the (CuO)Mg
sample.

Interesting conclusions can be arrived at by comparing
various data determined for copper found in the metallic
state. The difference between the two sets of TPR data
(Table 4, columns 5 and 6) give information about the rela-
tive quantity of metallic copper in the as-milled state. When
these values are compared to those given in column 7, one
can conclude that, in most cases, only a rather small fraction
of metallic copper can be found on the surface.

Results of Cu0 surface area measurements are also col-
lected in Table 2 (last column). As the data show, Cu0 values
of three of the samples [(CuO)Mg, (Cu2O)7(MgO93), and

(CuO)13(MgO87)] are about one order of magnitude higher
than those of the other two specimens. Even these com-
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paratively high values, however, correspond to rather low
copper dispersions. It is also seen that, in most cases, par-
ticle sizes increase and, correspondingly, Cu0 surface areas
decrease during reaction.

Basicity Measurements

2-Methyl-3-butyn-2-ol a well-studied probe molecule was
chosen to test the basicity of the catalysts. The cleavage of
this molecule to yield acetone and acetylene was suggested
to correlate with basicity (26). In addition, acid sites were
shown to catalyze dehydration to 3-methyl-3-buten-1-yne
and skeletal isomerization to 3-methyl-2-butenal, whereas
the formation of additional products (3-hydroxy-3-methyl-
2-butanone and 3-methyl-3-buten-2-one) was attributed to
the presence of acid–base pairs (26, 36). As pointed out in a
recent comparative study, the possibility for these multipath
transformations makes 2-methyl-3-butyn-2-ol a specific and
especially useful probe molecule (37).

According to the data collected in Table 5 three sam-
ples prepared by starting mechanochemical treatment
with MgO [the two mixed oxides (Cu2O)7(MgO)93 and
(CuO)13(MgO)87, and 3% Cu + MgO] exhibit the highest
basicity, and basicity values parallel the MgO content of
the samples. This is, naturally, not surprising. What is un-
expected, however, is that the other two powders prepared
by the self-sustaining reaction exhibit somewhat lower ba-
sicity. This is especially true for (Cu2O)Mg(30), which re-
quired different experimental conditions (higher sample
size and lower pulse size) to obtain accurate basicity val-
ues. It is also seen that basicity increases with increasing
milling time. This seems to indicate that MgO formed as
a result of a self-sustaining reaction may have a very low
surface area. Prolonged milling, however, increases surface
area; that is, more and more MgO is getting exposed to the
surface.

TABLE 5

Basicity of Samples Determined by Decomposition of 2-Methyl-3-
butyn-2-ol and Condensation of Acetone

2-Methyl-3-butyn-2-ola

Ac Bd Acetoneb

(Cu2O)Mg(1) 4 — —
(Cu2O)Mg(13) 11 — —
(Cu2O)Mg(30) 16 2 0
(CuO)Mg 61 20 6.8
3% Cu + MgO — 67 15.1
(Cu2O)7(MgO93) — 32 6.3
(CuO)13(MgO87) — 31 5.9

a Conversion of 2-methyl-3-butyn-2-ol to acetylene and acetone (%).
b
 Conversion of acetone to mesityl oxide (%) after 1.5 h-on-stream.
c 50-mg sample size, 1-µl pulses.
d 10-mg sample size, 4-µl pulses.
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Furthermore, the transformation of acetone was also
studied without hydrogen in a flow system. We argued that
this measurement should give an even more accurate esti-
mate of the ability of the samples to induce dimerization,
since it directly measures the reaction of acetone itself the
starting material in the synthesis of MIBK. Data acquired
in this way show the same tendency observed for 2-methyl-
3-butyn-2-ol: 3% Cu + MgO exhibits the highest basicity,
whereas the basicities of three other samples [(CuO)Mg,
(Cu2O)7(MgO)93, and (CuO)13(MgO)87] are practically the
same. Again, (Cu2O)Mg(30) proved to be the least basic
material.

Catalytic Studies

The dehydrogenation of 2-propanol was studied with
each powder sample to acquire information about the hy-
drogenating/dehydrogenating ability of the catalysts. In
each case steady and high activity (better than 90% conver-
sion) was observed. Illustrative of this is the activity pat-
tern of four selected catalysts (Fig. 8.) (Cu2O)7(MgO)93,
the fifth sample, showed very similar activity to that of
(CuO)13(MgO)87, the other mixed oxide, but these data
were omitted for clarity. Dehydrogenation of 2-propanol
yields acetone as the major product, but the formation
of MIBK as the major by-product was always observed
(Fig. 9). This indicates that the samples studied have a high
ability to form MIBK: acetone, the product of dehydro-
genation, immediately undergoes further transformations
to produce MIBK even under the conditions of dehydro-
genation.

The powder samples exhibited varying activities and se-
lectivities in the synthesis of MIBK. Of the samples pre-
pared by the SSR method, the catalytic activity of (CuO)Mg
is significantly better than that of (Cu2O)Mg(30) (Fig. 10),

FIG. 8. The activity of catalysts in the transformation of 2-propanol.
�, (Cu2O)Mg(30); �, (CuO)Mg; �, 3% Cu + MgO; �, (CuO)13(MgO)87.
Reaction conditions: temperature = 300◦C, flow rate = 10 ml min−1,

2-propanol to hydrogen molar ratio = 0.03.
ET AL.

FIG. 9. Selectivity in the transformation of 2-propanol. �, �; (Cu2O)
Mg(30); �, �, (CuO)Mg; �, �, 3% Cu + MgO; 	, 
, (Cu2O)7(MgO)93.
Closed symbols, selectivity of acetone; open symbols, selectivity of methyl
isobutyl ketone. For reaction conditions, see Fig. 8.

whereas selectivities are practically identical (vide infra).
For these measurements the optimal reaction conditions
found in our earlier study for catalysts prepared by tradi-
tional methods were used (19). The catalytic performance
of the mixed oxide samples, in turn, was unsatisfactory: al-
though selectivities are rather high (60–90%), activities de-
creased steadily and rapidly during 6-h runs (Fig. 10).

The behavior of 3% Cu + MgO is rather interesting. Un-
der the reaction conditions applied for the other four sam-
ples, this catalyst exhibited decreasing activity and rapidly
decaying MIBK selectivity (Fig 11, squares). An analysis
of product composition indicated, however, that the main
product is mesityl oxide (Table 6), which is the intermedi-
ate formed in the second step of acetone transformation. It
is clear, therefore, that mesityl oxide does not undergo the

FIG. 10. Conversions in the transformation of acetone over (Cu2O)
Mg(30) (�), (CuO)Mg (�), 3% Cu + MgO (�), (Cu2O)7(MgO)93 and
(CuO)13(MgO)87 (�) powders. Reaction conditions, temperature =
280◦C; flow rate = 8 ml min−1; acetone-to-hydrogen molar ratio = 0.55,
Fig. 8.
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FIG. 11. Conversions and selectivities in the transformation of ace-
tone over 3% Cu + MgO. Reaction conditions: for squares see Fig. 10;
for triangles, see Fig. 8. �, �, Conversion of acetone; �, �, selectivity of
MIBK.

necessary hydrogenation to yield the end product MIBK
under these reaction conditions. However, when the quan-
tity of acetone and the acetone-to-hydrogen ratio were de-
creased, i.e., the hydrogen partial pressure was increased,
satisfactory activity and selectivity could be attained
(Fig 11, triangles). Unfortunately, these changes resulted
in an increase in the undesired hydrogenation of acetone
to 2-propanol (Table 6).

The results of the catalytic studies for the transformation
of acetone to MIBK are collected for all samples in Table 7.
It is rather difficult to give a comprehensive interpretation
for all observations found and present a coherent picture.
The samples, however, can be divided into two groups de-
pending on their performance with respect to activities and
selectivities.

The most important feature of samples made by a self-
sustaining reaction [(Cu2O)Mg(30), (CuO)Mg] is their low
MIBK selectivity. The reason for this appears to be their
high activity to hydrogenate the carbon–oxygen double

TABLE 6

Effect of Temperature and Hydrogen Content on Conversion and
Selectivity in the Synthesis of MIBK over 3% Cu + MgOa

Temperature (◦C ) 280 300
Acetone/hydrogen molar ratio 0.55 0.03

Conversion (%) 11 36
Selectivity

MIBK 2 66
MO 95 3
MIBCb 0 5
2-Propanol 0 19
C9c 3 7

a Values were determined at 3 h on stream.

b Methyl isobutyl carbinol (4-methyl-2-pentanol).
c Diisobutyl ketone and cyclic trimers.
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TABLE 7

Characteristic Data for the Synthesis of MIBK (Reaction Condi-
tions: Temperature = 280◦C, Flow Rate = 8 ml min−1, Acetone-to-
hydrogen Molar Ratio = 0.55, Hydrogen/Helium = 25 : 75)a

Selectivity (%)

Conversion (%) 2-Propanol MIBK MO MIBC C9

(Cu2O)Mg(30) 27 (27)b 1 63 4 22 10
(CuO)Mg 41 (46) 1.5 65 1.5 22 10
3% Cu + MgO 36c (48) 19 66 3 5 7
(Cu2O)7MgO93 38 (56) 0.5 81 0.5 12 6

6 d 1 90 1 5 3
(CuO)13MgO87 23 (46) 0 91 1 5 3

10d 0 62 38 0 0

a Data were determined at 3 h on stream.
b Initial activities measured at 0.5 h on stream are given in parentheses.
c Reaction conditions: temperature = 300◦C, flow rate = 10 ml min−1,

acetone-to-hydrogen molar ratio = 0.03.
d Data were determined at 6 h on stream.

bond: the major side reaction over the SSR samples is over-
hydrogenation to produce MIBC. As discussed earlier, the
main reduction peaks for these two samples are found at
around 260–270◦C (Figs. 6 and 7) which indicates that they
have similar active copper species.

It is known that active site pairs composed of metallic
copper and surface oxygen, or Cu0 and ionic copper in close
proximity, are required to hydrogenate the carbon–oxygen
double bond (38, 39). According to TPR data, the SSR
method, that is the chemical transformation between cop-
per oxides and magnesium, specifically, the oxygen transfer
from the oxides to magnesium, appears to produce active
sites easily accommodating the surface oxygen needed for
the hydrogenation of the ketone function. The low amount
of 2-propanol formed over these two samples, however, is
in apparent contradiction to this conclusion. This may be
explained if we propose slow product desorption. Data in
Table 4 (columns 5 and 6) show that the major part of copper
of the two SSR samples is not available for either reduction
or oxidation. One may surmise that these species, which
may be tightly bound to the support can serve as strongly
adsorbing sites hindering the desorption of MIBK thereby
contributing to overhydrogenation.

Representatives of the other group are the two mixed ox-
ides exhibiting very high MIBK selectivities. This is, obvi-
ously, due to their ability to hydrogenate the carbon–carbon
double bond of MO to form the desired end product. This
feature may be connected to their almost identical TPR pro-
files (Fig. 7) and the high initial Cu0 surface areas (Table 2,
last column).

The 3% Cu + MgO sample appears to be a unique case.
On the basis of the identical preparation process and the

high similarity of its TPR pattern to those of the mixed
oxides (Fig. 7) similar characteristics in their catalytic
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properties should be expected. In contrast, it shows a very
low activity, completely different from that found for the
mixed oxides, in the hydrogenation of MO under the usual
reaction conditions (Table 6). Working under different re-
action conditions, that is, applying high hydrogen partial
pressure, greatly improves selectivity but with a cost: 2-
propanol formed as a result of the hydrogenation of the
starting material emerges as a new by-product. The very
low copper content of this sample manifested by fast de-
activation (Fig. 11) in combination with a possible support
effect may contribute to the overall selectivity pattern of
this sample. Further studies, however, are certainly needed
to clarify this point.

It is somewhat surprising that the activity of the catalyst
samples is rather similar despite the substantial differences
measured for their basicity. Differences, however, do ex-
ist when initial activities are compared (Table 7): the least
basic (Cu2O)Mg(30) sample shows the lowest activity. In
addition, the two SSR samples with low basicity exhibit
rather stable activities. In all other cases activities decrease
substantially during time on stream. Basic sites are able to
promote various types of condensation reactions leading to
high-molecular-weight by-products not detected in the liq-
uid reaction products. The accumulation of such products
on the strongest basic sites and the increase in MgO par-
ticle size (Table 2) are the possible reasons for decreasing
and similar activities. The decrease in activity is especially
marked in the case of the mixed oxides. Here, a combina-
tion of two factors, poisoning of basic sites and the rapid
aggregation of the metal particles under reaction condi-
tions as indicated by TPR and Cu0 data, may account for
the observed phenomenon.

CONCLUSIONS

High-energy ball milling was found to be a suitable
method to prepare Cu–MgO catalyst systems for applica-
tion in the one-step synthesis of MIBK. The nanocrystalline
powders thus prepared have ionic (reducible) and metal-
lic copper species in widely varying amounts. The samples
produced by SSR exhibit a high ability to hydrogenate the
carbon–oxygen double bond resulting in low MIBK selec-
tivity. The mixed oxides, in turn, are more active in the
hydrogenation of the carbon–carbon double bond of MO
thereby exhibiting high MIBK selectivity. These features
may be accounted for by the relative population of two
different copper species detected by TPR, namely, bulk
CuO with low reduction temperature (260◦C) and species
strongly interacting with the support with a reduction tem-
perature of about 350◦C.
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and Cocco, G., Mater. Sci. Eng., A 304–306, 1078 (2001).

11. Braithwaite, J., in “Kirk-Othmer Encyclopedia of Chemical Technol-
ogy” (J. I. Kroschwitz and M. Howe-Grant, Eds.), 4th edition, Vol. 14,
p. 989. Wiley, New York, 1995.

12. Unnikrishnan, R., and Narayanan, S., J. Mol. Catal. A Chem. 144, 173
(1999).

13. Melo, L., Giannetto, G., Alvarez, F., Magnoux, P., and Guisnet, M.,
Catal. Lett. 44, 201 (1997).

14. Lin, K.-H., and Ko, A.-N., Appl. Catal. A 147, L259 (1996).
15. Chen, Y. Z., Liaw, B. J., Tan, H. R., and Shen, K. L., Appl. Catal. A

205, 61 (2001).
16. Higashio, Y., and Nakayama, T., Catal. Today 28, 127 (1996).
17. Nikolopoluos, A. A., Howe, G. B., Jang, W.-L., Subramanian, R.,

Spivey, J. J., Olsen, D. J., Devon, T. J., and Culp, R. D. , in “Catalysis
of Organic Reactions” (M. E. Ford, Ed.), p. 533. Dekker, New York,
2000.

18. Das, N., Tichit, D., Durand, R., Graffin, P., and Coq, B., Catal. Lett. 71,
181 (2001).
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