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Three different Cu-Zn—-Al catalysts (Cu:Zn:Al atomic ratio
60:38:2) were prepared by coprecipitation of the three metals
(from their nitrate salts) either by separately precipitating each
metal (Cu + Zn + Al), two metals (Cu and Zn coprecipitated + Al)
before mixing together, or by precipitating the three of them to-
gether. XPS analysis detected a remarkably high Al enrichment
at the surface of all calcined or reduced samples, along with a
binding energy of the Cu 2pay, core level peak assigned to Cu?*
in CuAl,O4-like environment in the calcined state. ESR spectra of
calcined samples showed signals attributed to surface Cu?* species
with Al entities in their surroundings for samples in which Cu and
Zn are coprecipitated and aged together. The higher Cu dispersion
observed after reduction for these catalysts is attributed to the devel-
opment of such interactions at the surface of Al-containing calcined
samples. (© 1998 Academic Press

1. INTRODUCTION

Cu—ZnO-Al,0O3 catalysts are used in the industrial
methanol synthesis process by the hydrogenation of CO,
and CO mixtures under relatively low pressure. So far, the
best catalytic performance has been achieved with catalysts
prepared by coprecipitation of Cu-Zn—Al hydroxycarbon-
ates, followed by calcination under air of the precursor thus
obtained and, finally, by activating the catalyst by reduction
of the Cu oxide in a H; flow prior to feeding the synthe-
sis gas mixture under reaction conditions (1-4). It is now
widely accepted that metallic copper particles provide the
active sites for the reaction (5-8). The role attributed to
ZnO is, basically, to disperse the Cu phase in the calcined
sample, in such a way that a high dispersion of Cu metal
can be attained when activating the system by reduction;
its presence, therefore, leads to a higher amount of active
sites exposed to the reaction mixture (1, 3). The favored dis-
persion of copper in the presence of ZnO is believed to be
related to the formation during aging of the coprecipitate, of
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both aurichalcite, in which Cu?* cations are atomically dis-
persed in the zinc hydroxycarbonate framework (hydroz-
incite) and zinchian-malachite, in which Zn?* cations are
dispersed in the malachite structure (Cu?* hydroxycarbon-
ate). Then, upon subsequent calcination, decomposition of
these precursors leads to the development of small crystal-
lites of CuO, which are the ideal intermediates for obtaining
the final reduced catalyst with a high copper dispersion (9).
Further contributions to copper dispersion might be related
to the disolution of small amounts of isolated Cu?* ions in
the ZnO structure (10).

The addition of Al has been reported (1-4) to increase
the BET surface area and the Cu dispersion and to decrease
the sintering of the Cu particles which occurs under work-
ing conditions. However, little or no spectroscopic research
has been devoted to clarifying how Al enhances the Cu dis-
persion. In line with this, it has been proposed that AP+
can also replace Cu?* and Zn?* in the aurichalcite struc-
ture during aging of the coprecipitate (11). It can be ex-
pected that the interaction between AlI**-containing phases
and phases containing Cu?* and Zn?* could be altered by
changing the way in which the three metals are coprecip-
itated and aged together. In this work, different catalysts
with a constant Cu: Zn: Al atomic ratio (60: 38 : 2), but dif-
fering in the way the three metals are coprecipitated and
aged, are compared. Their characteristics have been anal-
ysed by means of N,O chemisorption, XRD, XPS, and ESR
techniques and the catalytic activity in the hydrogenation
of CO has been tested.

2. EXPERIMENTAL

2.1. Preparation of Catalysts

The catalysts were prepared, according to a procedure
widely reported in the literature (1, 12), via precipitation
from aqueous nitrate solutions of Cu, Zn, and Al. The metal
nitrate solutions (0.4 M) were added dropwise to a vig-
orously stirred Na,COj3 solution (0.3 M) at 333 K, main-
taining the pH at a value close to 8 by simultaneous addi-
tion of Na,COj solution. Then the precipitates were aged
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under stirring for more than 30 min at 333 K. The pre-
cipitate thus obtained was filtered and extensively washed
with deionized water at 333 K until the concentration of
Na™ ions in the filtrate solution was lower than 0.2 ppm, as
determined by atomic absorption spectrometry. The pre-
cipitate was dried overnight at 383 K (referred to as the
precursor), calcined in air at 623 K for 4 h (referred to as
the calcined sample), pelletized, and sieved (0.40-0.52 mm)
for the characterization experiments and the catalytic runs.
All reagents were used as received: Cu(NO3), - 3H,0 from
Johnson Matthey (ACS reagent), AI(NOj3); from Fluka
(ACS reagent), Zn(NO3), - 6H,O from Aldrich (>98%),
and Na,COj3; from Fluka (MicroSelect reagent).

In this work, three catalysts with the same composition
(Cu:Zn:Al, 60:38:2 atomic ratio) were prepared. The
catalyst denominated CZA was prepared by the addition
of a solution with the three metal nitrates to the Na,COs
solution. The other two catalysts were obtained as follows:
CZ-A by the coprecipitation of copper and zinc nitrates in
the basic solution and, after aging of the coprecipitate in the
basic solution, addition of the precipitated solution result-
ing from separate precipitation and aging of Al nitrate. The
resultant mixture of precipitates was further aged under ag-
itation. C-Z-A, in turn, was prepared by the precipitation
and aging of all the three metals separately, then mixing
and aging them under stirring. The washing step was always
carried out following aging of the precipitate containing the
three metals. A reference catalyst without Al (denoted as
CZ) was prepared in a similar method by coprecipitation
of copper and zinc nitrates.

2.2. Catalyst Characterization

Powder X-ray diffraction patterns were recorded on a
Seifert diffractometer using nickel filtered CuK, radiation
(0.1542 nm). The BET surface area of the catalysts was
calculated from the nitrogen adsorption isotherm at 77 K
measured in a Micromeritics 2100 automatic apparatus. The
chemisorption of nitrous oxide on fresh catalysts was car-
ried out in a Micromeritics TPD/TPR apparatus equipped
with a TC detector. Typically, 0.3 g of calcined sample were
reduced for 1 hat 493 K in Hy, using a flow rate of 50 ml/min
and a ramp of 4 K/min. It is worth noting at this point that
preliminary TPR runs carried out in the same equipment
had shown that reduction of copper is achieved with this
treatment. Then, the sample was cooled down in the reduc-
tion mixture at 353 K. Pulses of nitrous oxide diluted in a N,
flow were admitted flowing through the catalyst at 353 K un-
til no N,O adsorption was detected. For the calculation, it is
assumed that Cu/N,O stoichiometry is 2 and that the mean
atomic surface area for copper is 0.0741 nm? (13). The error
in the Cu surface area data was estimated to be less than 5%.

ESR spectra at the X band frequency (~9.5 GHz) were
recorded at 77 K with a Bruker ER 200D spectrometer
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calibrated with DPPH (g =2.0036). Portions of ca 25 mg of
sample are placed inside a quartz probe cell and outgassed
at room temperature. Additional experiments were per-
formed after subsequent admission of ambient air (ca 2 x
10~* mol) on the sample held at 77 K, in order to check the
surface nature of the species observed (14). Computer sim-
ulations were used to obtain the ESR parameters of some
of the signals observed.

XP spectra were acquired with a VG ESCALAB 200R
spectrometer equipped with a hemispherical electron an-
alyzer and MgKa (1253.6 eV) X-ray source. The powder
samples were reduced in situ in the pretreatment by dosing
200 Torr (1 Torr = 133.33 N/m?) of H, at 503 K. Once the
XP spectra of the reduced sample are recorded, reoxida-
tion with 200 Torr of O, at 623 K was performed in some
cases. The intensities were estimated by calculating the in-
tegral of each peak after smoothing and subtraction of the
“S-shaped” background and fitting the experimental curve
to a combination of Lorentzian and Gaussian lines of vari-
able proportions. All binding energies (BE) were refer-
enced to the adventitious C 1s line at 284.9 eV. This ref-
erence gave BE values within an accuracy of £0.2eV.

2.3. Catalytic Activity Measurements

The catalytic tests were carried out using a tubular stain-
less steel flow reactor (ID =10.5 mm). An amount corre-
sponding to 0.6 g of sieved calcined sample was loaded in
the reactor and reduced in situ with 100 ml/min of 10%
H,/He at 493 K for 1 h; 50 ml/min of H,and CO (H,/CO =3,
WI/F =0.2 g - h/mmol of H, + CO) was used as the reactant
mixture, the flow being controlled by means of electronic
mass flow controllers. A K-type thermocouple, buried in
the catalytic bed, was used to measure and control the tem-
perature. The reactions were conducted at 10 bar overall
pressure and reaction temperatures ranging between 453
to 493 K. The effluents of the reactor were analyzed on-line
by a Hewlett-Packard 5730 A gas chromatograph equipped
with a Poraplot Q and Molecular Sieve X5A columns and
TCD and FID. The error in the conversion and selectivity
values were estimated to be less than 10%.

3. RESULTS

3.1. Characterization of Precursors, Calcined
and Fresh Catalysts

The X-ray diffraction patterns of the precursors showed
that all reflections are very weak and broad which indicates
poor crystallinity of the phases detected. CZA displays
reflections of zinchian-malachite (Cu, Zn),(CO3)(OH),
(JCPDS 18-1095) and aurichalcite (Cu, Zn)s(CO3)2(OH)g
(JCPDS 17-743). Malachite Cu,(CO3)(OH), (JCPDS 10-
399) and hydrozincite Zns(CO3),(OH)s (JCPDS 10-1458)
are probably present as well, but unambiguous assignment
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TABLE 1
BET Area of Calcined Samples and Cu Area of Fresh Catalysts

Catalyst SgeT (M?/g) Scu (M?/g)?
CZA 61.0 22.4
CZ-A 65.4 30.0
C-Z-A 55.0 10.8

@Metal area as determined by N,O chemisorption.

of their reflections cannot be done due to their large widths
and to the vicinity of more intense reflection peaks due to
zinchian-malachite and aurichalcite, respectively. No Al-
containing phase was detected, which might be related to
the relatively low amount of this element in the catalysts. It
should be recalled that the phases detected correlate well
with previous results on systems with similar Cu:Zn: Al
composition (9, 12). Like the CZ precursor, also the CZ-A
precursor only shows hydrozincite and aurichalcite diffrac-
tion peaks. C-Z-A only exhibits malachite reflections and
very broad diffraction peak signals of hydrozincite. In this
case no detection of zinchian-malachite or aurichalcite is
expected, taking into account that such phases are favored
when the coprecipited metals are aged together (12). The
X-ray diffraction patterns of the calcined samples show that
all the samples contained ill-crystallized CuO and ZnO
species. Other phases containing any of the metals used
in the systems are most likely to be present but, probably
due to their poor and highly disordered crystallization or to
their small crystal size, they cannot be detected by XRD.
BET areas of calcined catalysts and Cu surface areas of
fresh catalysts are compiled in Table 1. The results show
that the BET areas for the one-step coprecipitated catalyst
CZA and for the two-step coprecipitated catalyst CZ-A are
higher than that of C-Z-A. Furthermore, copper surface ar-
eas of fresh catalysts were larger for the two catalysts in
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FIG. 1. Wide scan photoelectron spectrum of calcined CZA catalyst.
The inset of this figure illustrates the deconvolution procedure applied to
measure the Al 2p intensity.

which both copper and zinc were simultaneously coprecipi-
tated, CZA and CZ-A showing areas roughly two and three
times larger, respectively, than C-Z-A.

The chemical state of the components and the relative
concentration at the surface have been evaluated by XPS
in both calcined and H,-reduced samples. The surface
Cu/M (M= Zn, Al) atomic ratios, summarized in Table 2,
have been calculated from peak areas, considering pho-
toelectron cross sections and mean free paths (15, 16). As
can be seen in a wide scan of the photoelectron spectrum
of the calcined CZA catalyst (Fig. 1), there is overlapping
of both Cu 3s—Al 2s and Cu 3p—Al 2p core levels. Due
to the overlapping of Cu 3p and Al 2p core level peaks,
a deconvolution of both contributions was carried out to
quantitatively determine the Al 2p peak intensity. This is
illustrated in the inset of Fig. 1. The error in the area value
was considered to be ca 10%. The BEs of the most abundant

TABLE 2

XPS Parameters of Copper for Calcined and Fresh Catalysts Subjected to Different Pretreatments

Sample Pretreatment BE Cu 2p32 aa (CulZn) (Cu/Al)q4t FWHM (eV)
CZA Calcined at 623 K 933.7 (43) 1851.7 0.7 1.0 4.6
935.1 (57)
Reduced at 503 K 932.5 1851.3 0.3 0.5
Reoxidized in-situ 933.7 (46) 1851.6 0.5 0.8
at 623 K 935.3 (54)
CZ-A Calcined at 623 K 933.6 (51) 1850.8 11 12 4.3
935.2 (49)
Reduced at 503 K 932.5 1851.2 0.4 0.4
C-Z-A Calcined at 623 K 933.4 (73) 1850.5 0.7 0.7 3.9
935.3 (27)
Reduced at 503 K 932.6 18515 0.2 0.4

Note. Peak percentages are in parenthesis.
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elements for different samples are also sumarized in Ta-
ble 2, along with the full widths at half maximum (FWHM).
Cu/Zn ratios are close to those found in the literature for
samples with similar Cu/Zn bulk values (9, 10, 17, 18). The
largest copper concentration at the surface is observed in
the CZ-A sample. Very remarkable data are that the Cu/Al
ratios of calcined and reduced samples obtained by XPS
are much lower than the bulk Cu/Al ratio which, according
to the nominal composition Cu: Zn:Al=60:38: 2, should
be 30. This result indicates that there is an important Al
enrichment at the surface. The surface Cu/Al ratio depends
on the coprecipitation order but is much smaller than 30 in
all samples. The decrease of the Cu/Zn and Cu/Al intensity
ratios in Hy-reduced catalysts clearly indicates a lack of
copper dispersion as a consequence of Cu particle for-
mation from phases where Cu?* is dispersed on an oxide.
Some redispersion of copper takes place on reoxidizing the
metallic particles under carefully controlled conditions, as
illustrated by the increment of the Cu/Zn intensity ratio
in the CZA sample subjected to a complete reduction—
oxidation cycle, but the copper dispersion of the original
calcined sample is not attained after this cycle in any case.

Figures 2 and 3 show the Cu 2p3/, peaks of calcined and
hydrogen reduced samples, respectively. From these spec-
tra it is evident that the line profile changes dramatically
upon hydrogen reduction at 503 K. The calcined samples
(Fig. 2) display the principal Cu 2ps, peak somewhat above
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FIG.2. Cu 2ps;, core level spectra of calcined samples: (a) CZA;
(b) CZ-A; (c) C-Z-A. Although there is no physical meaning, the shake-
up Cu?* satellite placed at 938-948 eV was deconvoluted into two com-
ponents.
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FIG. 3. Cu 2ps; core level spectra of hydrogen-reduced fresh cata-
lysts: (a) CZA,; (b) CZ-A,; (c) C-Z-A.

934 eV, which is characteristic of Cu®* species (9, 10, 17,
18), when referenced to the C 1s core level at 285.0 eV. An
additional means of identifying Cu®* ions is the satellite
line of the principal, whose origin is complex and has been
explained as due to electron shake-up processes (19, 20),
final state effects (21, 22), and charge transfer mechanisms
(23). The value of the FWHM of Cu 2ps, peak for calcined
samples is larger than those of other similar Al-free
calcined samples prepared in our laboratory and analyzed
in our electron spectrometer (24). This suggests that the
Cu 2p32 peak of Al-containing samples in this work may
consist of more than one contribution (BE and FWHM of
both Al 2p and Zn 2p3;, peaks were constant irrespective
of sample, implying that the change in the FWHM of the
Cu 2p3; level was not due to differential charging). On this
basis, peaks of calcined samples have been deconvoluted
into two contributions centered around 933.5 and 935.1 eV.
The latter peak, which is most abundantin CZA and CZ-A,
is assigned to Cu?* in a CuAl,O4 spinel-like environment
(25), whereas the peak at 933.5 eV is attributed to Cu?™ in
CuO.

The disappearance of the satellite peak and the simul-
taneous shift of the principal Cu 2ps;, peak towards lower
BE upon H; reduction at 503 K show that after reduction
the copper species are Cu™ or Cu®, but not Cu?*. Since
the BE values and widths for Cu 2p peaks in cuprous oxide
(Cu™) and Cu® are almost identical, the distinction between
Cu* and Cu® species present in the catalyst is only feasi-
ble through examination of the modified Auger parameter.
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FIG. 4. ESR spectra of air-calcined samples: (a) C-Z-A; (b) CZ-A;
(c) CZA; (d) CZ.

The modified Auger parameter is defined by the equation:
aa =h - v+ (Cupmm — Cu2p), where the parameter aa
represents the difference between the kinetic energy of the
Cu_mm Auger electron and the Cu 2psj; photoelectron. Ta-
ble 2 shows as values at 1851.2-1851.6 eV, which are char-
acteristic of Cu® species (26).

ESR spectra of calcined samples are shown in Fig. 4. No
signal can be discerned after this treatment for the C-Z-A
sample, Fig. 4a. In contrast, ESR signals are observed both
for CZ-A and CZA, Figs. 4b and 4c. The spectra of these
samples consist of two overlapping signals: signal A, show-
ing a resolved hyperfine pattern of four peaks in the par-
allel as well as perpendicular components, and signal B,
showing broad structureless features. Thus, the spectrum
of CZ-A shows a major contribution from a narrow axial
signal A with g, =2.295, g, =2.056, A;=18.4 x 103 cm~!
(172 G) and A, =2.1 x 102 cm~! (22 G), while for CZA
the main contribution to the spectrum is due to a broad
signal B, showing extremes at g=2.23 and g=2.05; sig-
nal A, showing slightly modified parameters (g, =2.302,
g.=2055 A;=185x102cm™ (172G)and A, =19 x
10~ em~! (20 G)) and somewhat broader features than in
CZ-A, overlaps with signal B (Fig. 4c). Admission of air to
these samples leads to a significant broadening of the fea-
tures due to type A signals and an apparent decrease in the
intensity of signal B, indicating the surface character of the
corresponding species.

Both signals A and B are typical of Cu?* ions. Signal B,
showing unresolved hyperfine splittings, can be attributed
inageneric way to clustered Cu?* species, its large linewidth
being due to magnetic interactions between the Cu?* ions.
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Although, due to the lack of spectral details, assignment to a
specific Cu?*-containing phase is difficult, its similarity to a
signal observed on Cu/Al,O3 samples suggests that it can be
assigned to clustered Cu®* in a CuAl,O, spinel-like phase
(27). The attribution to a well crystalized CuO phase can be
discarded since strong magnetic interactions between Cu?*
ions in this phase yields ESR-silent species (28). Signal A,
on the other hand, must be attributed to isolated Cu?* ions,
in view of its well-resolved hyperfine splitting, which results
from hyperfine coupling between the 3d unpaired electron
and the copper (I = 3/2) nuclear spin, its presence indicating
the absence of strong magnetic interactions with its environ-
ment. Its ESR parameters are typical of isolated Cu?* ions
in sites of octahedral symmetry with tetragonal distortions
(axial lengthening and planar shortening). Signals of this
kind have been obtained in Cu-Zn (29, 30) and Cu-Zn-Al
(31) mixed oxides. However, in these cases higher g; and
lower A values were obtained for signals, which indicates
that the environment of the corresponding Cu?* ions was
different than for those giving signal A. Earlier assignment
to isolated Cu?* in the lattice of the spinel phase ZnAl,O4
(31) seems unlikely, in view of the similarities of the param-
eters observed in that work and those observed for similarly
pretreated Cu—Zn mixed oxides (29, 30). Taking these re-
sults into account, the differences between signal A and
signals due to isolated Cu?* species in Cu-Zn mixed ox-
ide systems can be considered as being due to the presence
of aluminum cations in the environment of signal A. Fur-
ther support to this assignment comes from an additional
experiment performed on a calcined Al-free sample (CZ).
Figure 3d shows the spectrum which presents an axial sig-
nal A’ due to isolated Cu?* species similar to those ob-
served previously (29-31) with g, =2.323, g, =2.051, A =
16.8 x 10 3cm™1 (155G),and A =2.4 x 10> cm~! (25 G);
it is worth noting that the overall intensity is lower than that
of the spectra of CZA or CZ-A (Figs. 4b and 4c). Signal
A\ also suffers a significant broadening on admission of air
which reveals its surface or close to surface character. From
these results, a plausible assignment for signal A would
be isolated Cu?* ions influenced by the presence of close
ARt jons; since surface isolated Cu?* interacting with pure
y-Al,O3 shows somewhat higher g; and lower A values
(27), the possibility that some of the ligands involves zinc
cations or incompletely decomposed ligands cannot be fully
discarded.

3.2. Catalytic Properties

Table 3 summarizes the catalytic behavior of all catalysts
at 493 K. It can be seen that, even though CO,, methane,
ethanol, C,, and C3 hydrocarbons were also detected, the
catalysts are quite selective to methanol but at a very low
yield. The most methanol selective catalysts are CZA and
CZ-A. It is worth noting that higher conversion could
have been achieved by using CO—-CO; mixtures as in
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TABLE 3

Catalytic Properties at 493 K and 10 bars in CO Hydrogenation and Cu Area of Catalysts

Conversion %S %S %S %S %S %S Scu
Catalyst (mmol/h X kgca) CH3;0OH CO, CHy C, CsCy CH3CH,OH (mZ/g)
CZA 1723 96.8 1.9 0.7 0.4 0.2 0.0 7.9
CzZ-A 1490 99.2 0.0 0.4 0.2 0.1 0.1 11.7
C-Z-A 664 89.9 4.8 3.2 1.0 11 0.0 7.1

the industrial process. However, our approach consisted
in establishing differences in performance among the
catalysts prepared by different routes. Used catalysts were
then withdrawn from the reactor, and the area of exposed
Cu measured by N,O chemisorption, after re-reduction in
H,, according to the usual method, at 493 K. The results,
presented in Table 3, show that the Cu area of used
catalysts is smaller than that of fresh catalysts. Considering
that equilibrium conditions were attained by the reduction
procedure used to prepare the fresh catalyst, it can be
assumed that no further increase of particle sizes in respect
to those observed for the fresh catalysts is going to be
produced on the used catalysts by performing a second
treatment in H,. Further interferences in this measurement
by the presence of formates or carbonate-type species
adsorbed on the copper particles is not expected, since such
species are eliminated by this reduction treatment (32).
Thus, this result gives a measure of the changes produced
in the Cu particles under reaction conditions, indicating
that Cu sinterization is produced by interaction with the
reactant mixture. The Cu area depletion is larger in CZA
and CZ-A fresh catalysts, the samples with higher initial
Cu areas, although CZ-A still shows the higher Cu area.

4. DISCUSSION

Among all the data presented in this work, two character-
ization results must be emphasized. First, the remarkably
high Al concentration found in all systems by XPS analy-
sis, which strongly suggests that AI** is concentrated in the
regions close to the surface of the samples. The fact that
the XPS Cu/Al atomic ratio is quite similar in all prepa-
rations is somewhat surprising; even in the C-Z-A sample,
in which the value of the Cu/Al ratio of the physical mix-
ture would have been expected. The Cu/Al atomic ratios of
the systems in this work are close to values reported in the
literature (18) for samples much richer in Al. The results
obtained suggest in any case that a surface enrichment in
AP+ cations is produced probably during calcination of the
samples. The presence of an XPS signal at 935.3-935.1 eV,
assigned to Cu?* in the Cu,Al,O4-like environment, fur-
ther supports the hypothesis of the occurrence of surface
Al-enrichment, since otherwise such a spinel-like environ-
ment would hardly have been detected.

The second remarkable result is the detection by ESR
of surface Cu* centers isolated and interacting with alu-
minum entities for CZA and CZ-A calcined samples. In the
case of calcined C-Z-A, Cu?* ions are most likely forming
well-crystallized CuO phases that would give rise to ESR-
silent species, due to strong magnetic interactions between
the Cu?* ions (28). The CZ calcined sample does not seem
to presentsignal B, which suggests that this signal might also
be related to the presence of Al in the system. In this sense,
it seems reasonable that signal B, detected for CZA and, to
a lesser extent, in CZ-A, arises from Cu?* in the CuAl,O,
phase (27). On the other hand, the possibility that some
of the ligands of isolated Cu?* ions giving signal A involve
Zn?* cations (probably with oxygen anions bridging both
cations) cannot be fully rejected.

It is worth noting that fresh catalysts with higher Cu dis-
persions (CZA and CZ-A) are those which present evi-
dence of Cu—Al interactions at their surfaces in the calcined
states of the samples. In view of these coincident results, it
can be proposed that the presence of aluminum contributes
to a significant extent to the dispersion of entities of oxi-
dized copper at the surface of the calcined samples, both by
the formation of specific surface phases between copper
and aluminum and by the stabilization of isolated Cu?*
species. Then, upon subsequent reduction, these dispersed
cations might behave as anchoring points for the formation
of copper particles (33), leading to higher Cu surface areas
and, consequently, to higher catalytic activities.
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