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ABSTRACT

ZrO,-supported Cu catalysts with different Cu content (5-30wt.%) were prepared by impregnation
method. The effect of Cu content on the structure, surface and catalytic properties of Cu/ZrO, catalysts
in the reaction of ethanol conversion was studied. The physicochemical characterization of the calcined
and reduced samples was carried out by: N, adsorption-desorption isotherms, N, O titration, XRD, XPS,
TPR and DRFTS of CO adsorption. It was observed that the increase of Cu content leads to decrease of the
apparent copper metal dispersion caused by the strong agglomeration of the metal particles. The selectiv-
ity to different reaction products was connected with the electronic properties of the catalysts defined by
the copper particle size and the interface at metal-oxide support. The highest selectivity to ethyl acetate
over samples with Cu content >10 wt.% was assigned to the high density of basic sites of 02~ ions and
more heterogeneous distribution of copper species (Cu®/Cu*) defined by DRIFTS of CO adsorption and
XPS.

Characterization

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The reason for specifically studying the dehydrogenation of
ethanol is that ethanol could be one of the future feedstock of
the chemical industry. The production of ethanol from cellulosic
residues will generate a large supply of bioethanol all over the
world in the next decades, which will be used as a gasoline sub-
stitute or additive. The annual amount of bioethanol produced
currently exceeds 50 million tons per year and is increasing. Tak-
ing into account this future large availability of bioethanol, the
use of ethanol as a feedstock for the chemical industry can also
be foreseen [1]. The last decades there is an increased interest in
the ethanol chemistry for production of different chemicals such
as ethyl acetate, acetaldehyde, hydrogen, and others. Ethyl acetate
produced from ethanol has alow toxicity and it is broadly employed
as a solvent in many industrial products such as paints, adhesives
and coatings, as a green alternative, eliminating the use of aromatic
compounds.
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Different routes have been proposed for the direct synthesis of
ethyl acetate from ethanol: dehydrogenative and oxidative pro-
cess. A variety of heterogeneous catalytic systems with gold-based
catalysts, able to oxidize primary alcohols, have been intensively
investigated [2-6]. The synthesis route of ethyl acetate from
ethanol dehydrogenation becomes an attractive process, because
the process is relatively simple, non-corrosive and less toxic, and
needs only one feedstock of ethanol. Different catalytic systems
have been applied for dehydrogenation of ethanol using Cu and
Pd-based catalysts supported on different carriers [7-12]. Copper-
based catalysts have been successfully employed for the selective
conversion of ethanol to ethyl acetate or acetaldehyde [13,14]. The
best results for selective conversion to ethyl acetate have been
achieved with ZrO,-supported copper catalysts [9,10,15-19].

Some studies have shown that the support play a very impor-
tant role in the formation of by-products in the reaction of selective
ethanol conversion. Using Cu/ZrO, and Cu/SiO, catalysts it was
suggested that the condensation reaction between ethanol and
acetaldehyde occurs on the support in Cu/ZrO,, whereas it occurs
on the copper surface in Cu/SiO, [15]. It was demonstrated [8] that
the palladium catalysts supported on SnO; or ZnO carriers are much
more selective to ethyl acetate than on Al,03 or SiO; ones. The
effect of the support surface over the change of catalytic activity of
Cu catalysts supported on different carriers was also studied in our
group [20]. Studying the effect of the active sites on the selective
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conversion of ethanol, it was suggested that Cu catalyst supported
on ZrO, exhibits high selectivity to ethyl acetate while that sup-
ported on SiO; has high selectivity to acetaldehyde formation. Inui
etal.[7] have shown that the treatment of Cu—Zn—Zr—AI—O0 catalyst
with alkaline carbonate solutions leads to increase of the selectivity
to ethyl acetate in the reaction of ethanol conversion; the post-
treatment was more effective than the pre-treatment. The same
authors also suggested that the active center of the formation of
hemiacetal of acetaldehyde and ethanol exists on metal oxides not
on copper metal.

The main physico-chemical properties, which determine the
behavior of the oxides in the condensation reaction, still remain
unknown. It is also not clear which species, ethanol or ethoxide,
are involved in this reaction. Recently, it was suggested that the
spillover phenomenon might occur during this synthesis [10]. How-
ever, more experimental observations are needed in order to prove
it.

There is a few information in the literature [9,14,17] about the
influence of Cu content on the behaviors of supported Cu cata-
lysts in the ethanol dehydrogenation reaction. Copper catalysts
supported on rice husk ash prepared by incipient wetness impreg-
nation and the effects of both metal copper loading (1-15wt.%)
and calcination temperature on the surface structure and catalytic
properties in ethanol dehydrogenation have been investigated
[14]. It was shown, that the ethanol conversion and turnover
frequency (TOF) has a little dependence on the copper content.
However, other authors were concluded [17] that the highest
ethanol conversion, and the highest space-time yield of ethyl
acetate were achieved for Cu/ZnO—Zr0O,—Al, 05 catalyst at Cu con-
tent of 70 mol.%. The effect of molar ratio of copper to zirconium in
Cu/ZrO, catalysts on the direct transformation of ethanol to ethyl
acetate was investigated [9]. The highest ethanol conversion and
selectivity to ethyl acetate was observed at molar Cu/Zr ratio of
1.

The aim of the present work is to study the effect of Cu content
(5-30wt.%) on the structure, electronic and catalytic properties
of ZrO,-supported Cu catalysts in the reaction of ethanol conver-
sion. The study of the physicochemical properties will give sight
on the metallic character of supported copper species and the
acid-base properties of the catalyst surface that affect both, the
catalytic activity and the product selectivity over Cu/ZrO, cata-
lysts. This is important for improving the catalyst performance
and for designing of new catalysts for dehydrogenation of ethanol.
Clarification of the formation of by-products in the ethanol conver-
sion reaction and development of the reduction of the by-products
based on the formation route is important for industrial pro-
cess.

The physicochemical characterization of the samples was
carried out by: N, adsorption-desorption isotherms, N, titra-
tion, X-ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS), diffuse reflectance Fourier transform infrared spectroscopy
(DRIFTS) of CO adsorption and temperature-programmed reduc-
tion (TPR).

2. Experimental
2.1. Sample preparation

ZrO, support was prepared by calcination of zirconium hydrox-
ide (from Aldrich) at 773K in air for 4 h. Zirconia-supported Cu
catalysts with different Cu content were prepared by incipient wet-
ness impregnation of support with a solution of Cu(NOs3),-2.5H,0
(Aldrich 98%) in methanol. Bulk CuO was prepared according to the
Ref. [21]. The solids were dried at 383 K and calcined at 773K in an
air flow for 12 and 5 h, respectively. The samples were denoted as

xCu/ZrO,, where x is the theoretical Cu loading corresponding to 5,
10, 20 and 30 wt.%.

2.2. Characterization

Specific surface area (Sger) and pore volume (Vp) of the
samples was determined from the corresponding nitrogen
adsorption-desorption isotherms measured at 77K on an appa-
ratus Quantachrome Nova modelo 1200. The samples were
previously degassed at 423 K for 2 h under vacuum.

XRD patterns of calcined and reduced samples were recorded on
Rigaku DMAX 2500 diffractometer with CuKo (A =1.54060 A) radi-
ation operating at 40 kV and 40 mA. Diffraction peaks are recorded
in a 260 range between 5° and 85°. Step size of 0.02° and step scan
of 10.0s was used to identify the structure of the samples. Phase
identification was carried out by comparison with JCPDF database
cards.

XPS analysis of reduced samples was obtained with an SPECSLAB
Il (Phoibos-Hsa 3500 150, 9 channeltrons) SPECS spectrometer,
with Al Ka source (E=1486.6 eV) operating at 15kV, Epass=40eV,
0.6 eV energy step and acquisition time of 2 s per point. The samples
were placed on stainless steel sample-holders and were transferred
under inert atmosphere to the XPS pre-chamber and stayed there
fora 12 hin a vacuum atmosphere. The residual pressure inside the
analysis chamber was smaller than 1 x 10~° Torr. The binding ener-
gies (BE) of Cu 2p, Zr 3d, O 1s, Cu LMM and C 1s were referenced
to the C 1s peak, at 284.5 eV, providing accuracy within +0.2 eV.
All samples were reduced in a furnace from room temperature to
desired temperature according to H,-TPR behavior at 10 K/min,
staying at the 573K for 30 min under a 200 ml/min flow rate of
5%H,/He, and then cooled to room temperature to proceed sub-
sequent analysis. X-ray induced Auger electron spectra of reduced
samples in the kinetic region of 928-902 eV were also obtained.
The modified Auger parameter (o) was calculated according the
Eq. (1) [22]:

acy = Eg + Eg (1)

where Ep is the binding energy of Cu 2p core level and Ey is the
kinetic energy of the Cu LMM Auger electron.

TPR profiles were recorded on a Micromeritics Pulse Chemisorb
2705 fitted with a thermo conductivity detector (TCD). In order
to remove surface contaminants, the sample (0.05g) loaded in a
quartz reactor was pretreated at 423 K in a He stream for 1 h. After
cooling to room temperature a flow of 5% H,/N, (30 ml/min) was
passed through the sample and the temperature was raised at a
rate of 10 K/min up to 773 K while the TCD signal was recorded. A
cooling trap placed between the sample and the detector retained
the water formed during the reduction process.

In the same TPR apparatus described above, N, O titration was
used to determine the surface area of dispersed metallic Cu. This
method consists of two ways: (i) oxidation of Cu® to Cu,0 using
N, O as oxidation agent and (ii) temperature programmed reduction
of surface Cu,0 species. The Cu/ZrO, samples were pre-reduced
up to 523K and after that were cooled to 303K and exposed to
1% N,O/He (30 ml/min) for 10 min. A second H,-TPR by increas-
ing the temperature up to 773K at a rate of 10 K/min under 5%
H,/He was acquired. The hydrogen consumption was used to cal-
culate the amount of oxygen deposited after N,O titration. A total
of 1.46 x 10'° Cu atoms/m? and a stoichiometry of 2Cu/H, were
used [23]. The Cu surface area (SAc,) was calculated on the basis of
the following relationship (Eq. (2)):

SAcy = 6.4955 x 1072 x C x D (m?/gcy) (2)

where Cis Cu content (%) and D is metallic (Cu®) dispersion (%).
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By assuming a spherical shape of the copper metal particles,
the average metal copper particle size (dc,) was determined by the
following expression [24]:

6000
SAcu x pcu

where pcy is the copper density of 8.92 g/cm3.

The DRIFT spectra of adsorbed CO were recorded using a Thermo
Nicolet 4700 Nexus FTIR spectrophotometer with MCT detector and
a reactor cell Spectra Tech with CaF, windows (DRIFT HTHV cell).
IR spectra were collected in 64 scans at 4cm~! resolution. Before
reduction the samples were dried at 473 K in a He flow during 1 h.
Then the catalysts were reduced at 573K in a flow of 25% H;/He
mixture for 2 h. The CO was introduced for 1s and adsorbed at 323 K
at CO pressure of 20 Torr. Temperature-programmed desorption
(TPD) of adsorbed CO was carried out in flowing He (30 ml/min)
with a heating rate of 10 K/min.

dcy(nm) =

(3)

2.3. Catalytic test reaction

Activity and selectivity of the catalysts in the reaction of ethanol
conversion were carried out in a continuous-flow, tubular fixed-
bed quartz reactor (10 mmi.d.) with catalyst weight of 0.5 g over
the temperature range of 473-548 K at atmospheric pressure. The
reaction was carried out at contact time of W/F=19 min, where W
and F correspond to catalyst weight (g) and flow rate of ethanol
(g/min), respectively. Samples were reduced in situ by heating in
pure H; flow from room temperature to 573 K at 10 K/min staying
at this temperature for 150 min. Ethanol (99.9%) in gas phase was
fed to catalytic reactor by passing He flow of 10 ml/min. Reaction
products were collected periodically and analyzed by on-line gas
chromatography (Varian GC-3400 CX) with a Chromosorb 102 col-
umn. Conversion and selectivity were determined on the carbon
basis products.

3. Results
3.1. Textural properties and structure

3.1.1. XRD and BET analysis

Fig. 1 shows the diffraction patterns of calcined (A) and reduced
(B) Cu/ZrO, samples with different Cu content. For comparison the
XRD of pure ZrO, and CuO are shown in the Fig. 1. The crystallinity of
ZrO, synthesized in the present study is supported by sharp diffrac-
tion peaks at the respectively diffraction angles, which correspond
to tetragonal structure (t-ZrO;). The sample exhibits major peaks
at 260=30.3, 35.2, 50.6 and 60.2°, which are comparable with the
standard JCPDS data (card No. 170923). There is no indication for
the presence of low temperature monoclinic and high temperature
cubic phases in the XRD of t-ZrO, (Fig. 1A). Evidence of the tetrago-
nal symmetry might be again confirmed by the non-symmetric line
shape at around 260 =35° and 60° regions of the XRD. In the region of
20 =35° the non-symmetric line shape is originated from the split-
ting between the (002) and (1 1 0) peaks situated near 26 values of
34.63 and 35.16°, respectively. Similarly, in the region of 260 =60°,
the non-symmetric peak is due to the overlapping of indexed peaks
(103)and (21 1)situated at 20 =59.3° and 20 = 60.03°, respectively.

Bulk CuO exhibits main sharp peaks at 26 = 32.6, 35.6, 38.6, 48.8,
53.6, 58.3, 61.6, 66.4, 68.1, 72.3 and 75.1° corresponding to a crys-
talline CuO phase with tenorite structure (JCPDS 481548) (Fig. 1A).
The XRD patterns of ZrO,-supported Cu samples with lower Cu
content up to 10wt.% Cu do not exhibit peaks characteristic of
CuO species. This means that the size of CuO is beyond the detec-
tion capacity of the XRD technique. However, the increase of Cu
content (to 20 and 30wt. %) leads to the appearance of charac-
teristic CuO peaks at 260=35, 38.7, 49.1, 66.5, 68.0 and 74.7° in

Aa)

} \ \ 30CwW/ZrO,
Jk/\ : 20CW/Zr0,

10Cu/Z10,

5Cu/ZrO2

Intensity (a.u.)

B ¢

30Cw/Z10,

20Cu/ZrO2

Intensity (a.u.)

10Cw/Zr0,

5Cu/ZrO2

15 30 45 60 75
26(")

Fig. 1. XRD of calcined (A) and reduced (B) Cu/ZrO, samples with different Cu
content; Cu® (@).

addition to the ZrO, peaks that means an agglomeration of the
copper oxide species (Fig. 1A). The intensity of the XRD peaks
of supported CuO is the highest for 30Cu/ZrO,. This clearly sug-
gests the increase of the crystallinity and formation of bulk CuO
at higher loadings (>20wt.%). The XRD of Cu/ZrO, samples also
show that a new phase with 260 =28 and 24° is observed after sup-
porting of the copper oxide species over t-ZrO, and calcination at
773 K (Fig. 1A). This could be connected with some surface trans-
formation of t-ZrO, to m-ZrO, phase. Transformation of ZrO, from
tetragonal to monoclinic structure takes place initially at surface
regions and then develops into the bulk with increasing the reaction
temperature. It was shown [25] that t-ZrO, nanocrystals were par-
tially transformed into monoclinic phase at treatment temperature
>973 K. Other authors [26] have also observed the transformation
of tetragonal ZrO, phase to monoclinic one after its impregnation
with molybdenum oxide.

The treatment of Cu/ZrO, under hydrogen atmosphere at 573 K
leads to reduction of the copper oxide species to metallic copper
(CuO) revealed by the XRD at 26 =43, 50 and 74° (JCPDS 04-0836),
which is well visible for samples with higher Cu content >20 wt.%
(Fig. 1B). There is a very good agreement between the XRD of
reduced samples and the data from the N,O measurements.
The highest intensity of the XRD of metallic copper in Fig. 1B
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Table 1

Textural properties of Cu/ZrO, samples.
Sample Sger (M?/g) Vo (cm?/g) SAcy (M?/gcat) Dcy (%) dcy (nm)
ZrO, 212 0.9 - - -
5Cu/Zr0, 186 0.8 10.4 34 3.1
10Cu/ZrO, 175 0.7 13.8 23 4.4
20Cu/ZrO; 146 0.6 14.7 14 7.6
30Cu/ZrO, 137 0.6 12.3 8 12.6

corresponds to the highest metal particle size of Cu® in Cu/ZrO,
with the highest copper loading of 30 wt.% (Table 1).

Some textural characteristics of t-ZrO, and calcined Cu/ZrO,
samples with different Cu content are listed in Table 1. The metal-
lic Cu surface area, SAcy, the apparent metallic Cu dispersion, D¢y,
and the metal particle size measured by N,O are also given in the
Table 1. The BET specific surface areas and pore volume of Cu/ZrO,
samples are lower compared to those of t-ZrO, support. Sggr of
pure zirconia is 212 m2/g. The increase of Cu content leads to a
decrease of the values of Sger and Vj, caused by: (i) consumption
of surface hydroxyl groups of the support by reaction with the
active oxide precursor up to 10 wt.% Cu and (ii) agglomeration of
CuO at Cu content >20wt.% and coverage of support pores. The
latter is supported by the XRD spectra of calcined 20Cu/ZrO, and
30Cu/ZrO, samples, where there is an increase of the peak inten-
sity of supported Cu oxide species (Fig. 1A). The highest apparent
Cu® dispersion measured by N, O titration is observed for Cu/t-ZrO,
sample with the lowest Cu content (5 wt.%), to which corresponds
the smallest metallic Cu particle size of 3.1 nm (Table 1). The low-
est apparent Cu® dispersion is detected for 30Cu/ZrO, caused by
the copper agglomeration. On the other hand, the 5Cu/ZrO, sam-
ple is characterized by the lowest surface metallic area, probably,
due to a strong interaction between the copper oxide species and
surface of zirconia carrier.

3.2. Surface properties

3.2.1. XPS analysis

The catalyst surface composition and oxidation state of the com-
ponents are investigated by XPS. XPS of Cu 2p and Auger, Zr 3d and
O 1s core electron levels for reduced Cu/ZrO, samples are shown
in Fig. 2A-D, respectively. The XPS parameters are summarized in
Table 2. The values of BEs of Cu 2ps3), Zr 3ds; and of O 1s core elec-
tron as well as the values of the width at half maximum (FWHM)
of Cu 2p3p, are reported in Table 2. All reduced samples exhibit
symmetric Cu 2p3p, and Cu 2p, main peaks with BEs values at ca.
932.5-931.9eV and ca.952.4 eV, respectively, and with a spin-orbit
coupling energy of about 20 eV (Fig. 2A). A shakeup satellite at ca.
942 eV is not detected, which suggests the absence of Cu2* species
[22].1t should be noted, that there is some increase of the value of BE
of Cu 2p3, with decrease of Cu content (from 931.9 to 932.5 eV for
30Cu/ZrO, and 5Cu/ZrO,, respectively, Table 2), probably, caused
by an electron transfer from Cu to ZrO,. The FWHM of Cu 2p3, is
2.1-2.4 eV, which means the presence of at least two kinds of sur-
face copper species in different chemical environments. Therefore,
traces of other species, like Cu*, cannot be excluded, since the BEs
of Cu* generally overlap with those of Cu® in the Cu 2p core level.

To distinguish Cu® from Cu* species, having similar BE, the X-ray
induced Auger electron spectra of reduced Cu/ZrO, samples in the
kinetic region of 928-902 eV are presented in Fig. 2B. A clear differ-
ence is observed in the shapes of Cu L3 M5My5 Auger photoelectron
spectra of the samples due to the specific bonding interactions
at the interface between the both metal and oxide species. Peaks
at 918.8-919.3 eV and at 914.6eV (Table 2) are revealed that are
assigned to Cu® and Cu, 0, respectively [27]. The increase of Cu con-
tent in Cu/ZrO, samples leads to a shift of the peak, characteristic

of metallic copper species, to a higher kinetic energy of 919.3 eV
for 30Cu/Zr0O, sample (Fig. 2B and Table 2). The values of modified
Auger parameter, ocy, are 1850.8-1851.1 eVand 1846.8-1847.4 eV,
which correspond to Cu® and Cu* species, respectively (Table 2). It
can be concluded that the Cu* species is dominant on the surface of
Cu/ZrO, sample with the lowest Cu content (5Cu/ZrO,), whereas
metallic copper is prevailing for samples with higher Cu content
(20 and 30 wt.%). There is some equilibrium between the Cu® and
Cu* species for 10Cu/ZrO,, being seen in Fig. 2B.

All Cu/ZrO, samples exhibit a spin-orbit doublet of the Zr 3d
core level into 3ds, and 3ds), levels with energy gap of 2.4eV
between them and a relative intensity ratio (I 3dsp,/l 3d3j;) of 1.5
(Fig. 2C). This indicates the existence of ZrO,-like species according
to the literature data [28]. Decomposition of the spectra produces
peaks attributed to the existence of two kinds of zirconium species,
assigned to species I with low BE at ca.182.3 eV (Zry), characteristic
of Zr** ions in pure ZrO, and species Il with higher BE at ca.183.7 eV
(Zry) (Table 2) due to the formation of zirconium species bound to a
more electron-attractive species and formation of partially reduced
Zrd* sites [28]. The fraction of Zr; species for all samples is larger
compared to that of species Zry;.

The value of atomic XPS Cu/Zr ratio of reduced Cu/ZrO, sam-
ples increases in the following order: 5Cu/ZrO, >10Cu/ZrO, >
20Cu/ZrO, >30Cu/Zr0O, (Table 2). A strong increase of the XPS
intensity Cu/Zr ratio is observed up to 20 wt.% Cu and no too strong
with further increase of the Cu content (at 30 wt.%). The highest
Cu/Zr ratio value of 1.46 for 30Cu/ZrO, means a Cu enrichment on
the ZrO, surface.

The XPS of O 1s core electrons (Fig. 2D) are broad due to over-
lapping contributions of lattice oxygen from zirconia and supported
copper species. The broad O 1s peaks are decomposed in two peaks
at the corresponding position using XPS peak splitting program
(XPS Casa Software). According to the literature [29,30] there might
be two types of oxygen species in the Cu/ZrO, system after reduc-
tion: oxygen species of ZrO, and/or Cu,0 (O;) and oxygen species
of Zr—OH (Oy;), whose binding energy are at ca. 530.3 eV and at ca.
532.2 eV, respectively (Table 2).

3.2.2. DRIFT spectra of CO adsorption

DRIFT spectra of CO adsorption on reduced Cu/ZrO, samples
in the high frequency (HF) region of 2200-2000cm~! and in
the low frequency (LF) region of 1800-1200cm~! are shown in
Figs. 3A-D and 4 A-D, respectively. The figures also display the
spectra of temperature-programmed desorption (TPD) of CO at
373-773 K. A first inspection of the figures reveals that the distri-
bution of the bands for all samples is quite similar. A description of
the bands is shown in Table S1 (see Supplementary Material).

According to the literature data [31], in the HF spectral region
the CO adsorption on copper surface exhibits IR bands associated
with the linear or bridge-bonded CO species interacting with CuO,
Cu,0 or Cu® sites [31]. In general, the bands related to Cu*—CO car-
bonyls are revealed at 2116-2111 cm~?, while the bands assigned
to CO adsorbed on CuP species are detected at<2100cm~! [31].
Practically, there is no difference in the copper spectral region
of the IR spectra of reduced Cu/ZrO, samples being seen in the
Fig. 3A-D. Well defined band with a maximum at ca. 2097 cm~!
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Fig. 2. XPS of Cu 2p (A), Cu Auger (B), Zr 3d (C) and O 1s core level (D) for reduced Cu/ZrO, samples.

in the HF region is observed for all samples, due to the surface
Cu®—CO carbonyls. According to the literature data [31], when the
copper is highly dispersed on the surface, the Cu®—CO carbonyls
species can be adsorbed at the same frequency, like that of Cu*—CO
ones. The highest Cu® dispersion is observed for 5Cu/ZrO, as was
shown by the N,O titration data (Table 1). The both species can

be better distinguished by their thermal stability criterion in the
TPD of CO (Fig. 3A-D: the surface Cu®—CO carbonyls are easily
destroyed with increasing the temperature, while Cu* cations form
more stable surface carbonyls. The adsorbed carbonyl species for
Cu/ZrO, samples with Cu content of 5-20 wt.% are decomposed at
higher temperature (at 423 K) compared to that with the highest
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Table 2

XPS characteristics of reduced Cu/ZrO2 samples.
Sample Cu 2p3/2 Cu Auger aCu Zr 3d5/2 (eV) O 1s (eV) Cu/Zr

(eV)
(eV) (eV) Zrl species Zrll species Ol species Oll species

5Cu/Zr02 932.5 (2.4) 914.7 1847.2 182.3 (87)° 183.8(13) 530.3 (84)" 532.3(16) 0.06
10Cu/ZrO2 932.3 (24) 918.8/914.7 1847.3/1850.8 182.3(88) 183.7(12) 530.3 (84) 532.2(16) 0.15
20Cu/Zr02 932.2 (2.3) 918.9/914.6 1847.5/1851.1 182.4 (88) 183.7(12) 530.4 (83) 532.3(17) 1.05
30Cu/Zr02 931.9(2.1) 919.3/914.6 1846.8/1851.1 182.3(92) 183.6(8) 530.3 (80) 532.2(20) 1.46
2 FWHM;
b percent.

Cu concentration of 30 wt.% (at 373 K). It means that in addition to
the presence of Cu® there is a fraction of Cu species with a lower
electron density in Cu/ZrO, samples with Cu content <20 wt.%.

The CO adsorption capacity on ZrO, support as well as the
position and intensities of the IR bands in the LF region of
1800-1200 cm~! depend on the Cu content, being seen in Fig. 4A-D.
The different surface species formed upon CO molecule adsorp-
tion give information on the existence of surface basic sites (low
basic OH groups and cus 02~ centers) or acid-base pair sites (cus
Zr**—02- centers) [32]. Relatively well resolved bands at 1604,
1576, 1449, 1415, 1360 and 1326 cm~! with shoulders at ca. 1790,
1638, 1522, 1467 and 1225cm~! are observed for 5Cu/ZrO, sam-
ple, which are related to different CO bonded species caused by the
presence of acid-base sites. The formation of bridged bidentate car-
bonate species (b-HCO3 ™) is negligible, revealed by the shoulders at
ca.1638 and at ca.1225cm~!. The hydrogen carbonate species are
formed by adsorption of CO on basic hydroxyl groups. In addition,
the thermal stability of the hydrogen carbonates is very limited,
being practically eliminated at 423 K (Fig. 4A).
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The bands at ca. 1604-1576 and 1326 cm~! and at ca. 1360 cm™!
can be assigned to bidentate (b-CO32~) and monodentate
(m-C032-) carbonates species, respectively. According to the lit-
erature [33,34] the surface bidentate carbonate complexes involve
acid-base pair sites (cus Zr**—02%~ centers), whereas the monoden-
tate carbonates are formed over cus 02~ centers of high basicity.

The bands at 1449 and 1415cm~! could be related to mon-
odentate carbonate species on the basis of their small spectral
separation. However, considering the strong thermal resistance
of the both species (up to 573K) and the rather low separation
between the two C—O stretching modes these species correspond to
planar polydentate bridging carbonate complex (p-CO32~), where
the three carbonate oxygen are bonded to metal ions [35]. There-
fore, the formation of polydentate carbonate species means a large
amount of close spaced cus Zr** cationic centers on the surface of
5Cu/ZrO, sample (Fig. 4A). Increasing the Cu content in the samples
leads to a small shift in the position of the both bands, but the ratio
between them is significantly changed. Traces of ionic bicarbonate
species (i-HCO3 ™) are observed at ca.1690 cm™1.
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Fig. 3. FTIR spectra of CO adsorption in the HF region of 2200-2000 cm~" on reduced Cu/ZrO, samples: 5Cu/ZrO; (A), 10Cu/ZrO; (B), 20Cu/Zr0, (C) and 30Cu/Zr0, (D).
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The adsorption capacity of CO on the Cu/ZrO, samples in the
LF region (Fig. 4) increases with increasing the surface area of the
samples, suggesting that the surface density of adsorption sites
increases with decreasing the Cu content, i.e. when more bulk zir-
conia surface is exposed to CO adsorption. The latter is well visible
for 5Cu/ZrO, sample.

Predominantly weakly bonded bicarbonate species are formed
on the surface of 5Cu/ZrO, and 10Cu/ZrO,. This would be related to
a higher fraction of the exposed free basic hydroxyl groups at the
surface of t-ZrO, surface. The fraction of this species is decreased
with increasing the Cu content >20wt.%, due to the consumption
of OH groups by Cu species. The fraction of monodentate (m-
C032-) carbonates caused by the strongly basic surface 02~ anions
increases with increasing the Cu content from 5 up to 10wt.%
revealed by the increase of the band intensity at ca. 1360 cm™!
(Fig. 7A and B). It should be noted that the total CO adsorption
capacity over ZrO, surface for Cu/ZrO, samples with 20 and 30 wt.%
Cu is significantly lower compared to that for samples with lower
copper content that is caused by covering the carrier surface with
supported Cu species.

The thermal stability of adsorbed CO on different samples, illus-
trated in Fig. 4A-D is not similar. This could be related to the
different concentration of the species on the surface of the solids,
but their nature isidentical according to the FTIR spectra. A decrease
of the band intensity and a shift of the band position is observed
with the temperature increase of CO desorption. Comparing the
FTIR spectra of all samples it is seen that the bicarbonate and mon-
odentate species for sample with Cu content of 30 wt.% decomposes
at relatively low temperature (below 573 K), i.e. they are the least
stable to thermal decomposition. The CO adsorption capacity in

Cu/ZrO, sample with lower Cu content of 5 and 10 wt.% is retained
to a significantly higher temperature (up to 573 K) than that for
samples with higher Cu loading (up to 523K for 20Cu/ZrO, and
30Cu/Zr05). The strong bonded CO on ZrO, surface is revealed by
the presence of the bands ca. 1450 and 1415cm~! assigned to p-
CO32~ species caused by the presence of strong Lewis acid sites
due to the closely spaced cus Zr** sites. [36]. The abundant exposed
Zr#** species in 5Cu/ZrO, sample, characteristics of high strength
Lewis acid sites, is confirmed by the lowest atomic XPS Cu/Zr ratio
(Table 2).

3.3. Reductive properties

3.3.1. TPR

Temperature-programmed reduction experiments were per-
formed to evaluate the reducibility of ZrO,-supported CuO
catalysts. This technique is suitable for studying low- loaded and
highly dispersed systems whose characteristics are beyond the
limits of detectability by other direct structural analysis methods,
like XRD. Fig. 5 shows the TPR profiles of calcined Cu/ZrO, samples.
For comparison, the TPR of bulk CuO is added in the Fig. 5. To
facilitate the description of TPR profiles, the TPR patterns are
divided in two main temperature regions: low-temperature region
I (423-493K) and high-temperature region Il (503-570K). The
calculated hydrogen consumption and the maximum of TPR peaks
(Tmax) of the samples in the both temperature regions are listed in
Table 3. The reduction temperatures in regions I and Il should be
related to the reduction of supported Cu oxide species in different
interaction with the carrier surface as well as to the different
particle size, respectively to the different Cu content. In the case of
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Table 3
TPR characteristics of Cu/ZrO, samples with different Cu content.

Sample Region I Region I Total H, consumption (umol/gcat)
Tmax (K) H, consumption (pmol/gcar) Tmax (K) H; consumption (pmol/gcar)

5Cu/ZrO, 449 36.8 - - 36.8

10Cu/ZrO, 456 60.6 - - 60.6

20Cu/ZrO; 457 59.6 506 51.9 1115

30Cu/Zr0, 445 449 515 118.3 163.2

bulk CuO - - 558 2814 2814

weak interaction, the copper species can be easily reduced at lower
temperature than in the case of a strong interaction. The intensity
and position of the peaks in regions I and Il depend on the Cu con-
tent. The both low Cu-loaded samples, 5Cu/ZrO, and 10Cu/ZrO,,
practically have a similar shape of the TPR profiles, since they
show signals in common that is not evident for the samples with
higher Cu content (20 and 30 wt.%) (Fig. 5). These samples exhibit
hydrogen consumption in the temperature region I only (Table 3).
A broad peak with a maximum at 449 K and a shoulder at ca. 462 K
appear in the TPR profile of Cu/ZrO, sample with the lowest Cu
content (5wt.%). This suggests a heterogeneous distribution of
copper oxide species over ZrO, surface corresponding to the reduc-
tion of well dispersed copper oxide species in a moderated and in
a strong interaction with the support, respectively. Increasing the
Cu content to 10 wt.% leads to a slight shift of the maximum of TPR
peak to 456 K and to an increase of its intensity. It is interesting to
note, that the shoulder at 462K is disappeared in the TPR profile
of 10Cu/Zr0,. It can be concluded that the TPR data for Cu/ZrO,
samples with 5-10wt.% Cu are in agreement with the results of
XRD and N,0 measurements (Table 1).

High-loaded Cu samples (20 and 30 wt.% Cu) exhibit hydrogen
uptakes in the both temperature regions I and II, as the fraction
of hydrogen consumption in the second one is greatly affected by
the amount of Cu (Fig. 5 and Table 3). Two strong peaks with max-
ima at 457 and 506K are appeared in the TPR profile of 20/ZrO,
sample. A shoulder in the higher-temperature side of the first
peak at about 466K is also revealed. In the TPR profile of the
sample with the highest Cu content (30wt.%) the peak in the
region II significantly grows and shifts to a higher temperature
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Fig. 5. TPR profiles of Cu/ZrO, samples with different Cu content.

of 515K, while the peak intensity in the region I decreases and
shifts to a lower temperature. This suggests that the peak in
high temperature region increases at the expense of the peak in
lower temperature region. It can be concluded that 20Cu/ZrO,
and 30Cu/ZrO, exhibit higher total hydrogen consumption com-
pared to that of the samples with lower Cu content (<10wt.%,
Table 3).

Bulk CuO exhibits a sharp TPR peak at 558 K. However, the reduc-
tion temperature of CuO significantly decreases after its supporting
on the surface of t-ZrO,, being seen in Fig. 5. Similar reduction
behavior of the Cu/ZrO, system has been observed by other authors
[37], who reported that the lower temperature peaks are due to the
presence of highly dispersed CuO with an octahedral environment
of Cu?* ions, while the higher temperature peaks are assigned to
reduction of large CuO crystallites. According to Ref. [37] the highly
dispersed copper species include both isolated Cu2* jons in a mod-
erate and in a strong interaction with the support and also small
two-dimensional clusters. The TPR peak in the higher temperature
region Il is attributed to large three-dimensional CuO clusters. The
broadening of the TPR peak in region Il and its shifting to higher
temperatures is related to the increase of the crystallinity of CuO
with increasing the Cu content, being confirmed by the data from
the XRD and N, O measurements. The highest copper particle size is
observed for 30Cu/ZrO,, while the apparent Cu® dispersion and the
surface metallic area are decreased due to the strong agglomeration
of Cu® (Table 1).

3.4. Catalytic performance of Cu/ZrO, catalysts in ethanol
conversion reaction and relation to physicochemical properties

The effect of the reaction temperature as well as of the Cu con-
tent on the ethanol conversion, activity and product selectivity are
listed in Table 4. The mainreaction products are acetaldehyde (AcH)
and ethyl acetate (EtOAc). By-products of ethanol reaction are also
formed, which are: methyl ethyl ketone (MEK), crotonaldehyde
(CROT), propanone (PROP), ethene (ETE) and others, like CO and
CO,.

The values of ethanol conversion for all Cu catalysts increase
with increasing the reaction temperature from 473 to 548K
(Table 4). However, there is no significant influence of the Cu
content on the change of ethanol conversion at each reaction
temperature. It should be noted, that the conversion is slightly
increased for catalysts with 10 and 20 wt.% Cu compared to that
for samples with 5 and 30 wt.% Cu. The lowest ethanol conversion
values at all reaction temperatures are observed for catalyst with
the lowest Cu content (5Cu/ZrO;).

Fig. 6 shows changes of the conversion of ethanol (A) and
selectivity to acetaldehyde, ethyl acetate and to products of aldol
condensation (B) as a function of the reaction temperature. It
should be noted, that the selectivity to ethyl acetate for all cata-
lysts is higher compared to the selectivity to acetaldehyde at all
reaction temperatures. The highest selectivity to ethyl acetate is
observed for 20Cu/ZrO, and 10Cu/ZrO,, catalysts, followed by that
of 30Cu/ZrO, (Fig. 6B). The catalyst with the lowest Cu content
exhibits the lowest ethyl acetate selectivity. The selectivity to ethyl
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Table 4

Effect of copper content on the behavior of Cu/ZrO,catalysts in ethanol conversion at different reaction temperatures.

Treac. (K) Catalyst Xeron (%) Selectivity (%) Quantity (mol) Ratio H,O/PCD
AcH EtOAc MEK CROT PROP ETE Others? H,O0 PCD

473 5Cu/ZrO, 27.9 21.0 71.2 2.7 5.0 0.1 0.0 0.0 914.3 506.3 1.8
10Cu/Zr0O, 333 16.6 75.0 2.7 47 04 0.6 0.1 1069.0 664.9 1.6
20Cu/Zr0, 319 16.8 75.5 2.7 43 0.3 0.4 0.0 787.3 436.6 1.8
30Cu/ZrO, 30.9 20.1 73.6 2.8 3.0 0 0.5 0.1 588.7 279.8 1.9

498 5Cu/ZrO, 45.8 183 70.9 3.2 6.9 0.4 0.0 0.3 17254 675.6 25
10Cu/Zr0, 50.7 14.1 78.3 3.0 3.8 04 0.0 04 1269.5 571.9 2.2
20Cu/Zr0O, 51.1 14.6 79.1 2.8 2.8 04 0.0 0.3 1116.8 496.6 2.2
30Cu/ZrO; 49.6 16.7 76.5 2.8 33 0.3 0.2 0.2 1138.6 483.2 23

523 5Cu/ZrO, 64.3 16.8 72.7 35 X 1.1 0.1 0.8 2835.0 776.2 3.6
10Cu/Zr0O, 68.4 12.5 79.5 2.7 29 1.1 0.3 1.0 1863.5 621.9 3.0
20Cu/ZrO, 69.3 12.6 80.9 23 2.5 0.9 0.2 0.6 1595.3 515.3 3.0
30Cu/Zr0, 68.8 14.5 78.4 2.6 2.5 1.0 0.3 0.7 1688.4 539.8 3.1

548 5Cu/ZrO, 78.0 16.1 68.3 3.9 X 3.8 0.3 2.6 37423 942.1 3.9
10Cu/ZrO, 81.5 13.6 733 3.0 4.1 3.8 0.2 2.0 2398.1 1189.8 2.1
20Cu/ZrO; 81.3 13.2 76.2 2.7 22 3.2 0.4 21 1941.8 608.7 3.2
30Cu/Zr0, 80.7 15.0 73.6 2.9 2.5 35 0.4 2.1 1966.2 533.3 3.7

2 Others: CO and CO,. Abbreviations: ethanol conversion (Xgcon ); acetaldehyde (AcH); ethyl acetate (EtOAc); methyl ethyl ketone (MEK); crotonaldehyde (CROT); propanone

(PROP); ethene (ETE) and products of condensation and dehydration (PCD).
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(%).

acetate for all samples is increasing with temperature enhance-
ment from 473 to 523 K and after that is decreased (Fig. 6B).

The selectivity to acetaldehyde is the highest for catalyst with
the lowest Cu content (5Cu/ZrO;) at all reaction temperatures at the
expense of ethyl acetate formation, followed by that of the catalyst
with the highest Cu content (30Cu/ZrO,) (Fig. 6B). Samples with
10 and 20wt.% Cu show lower acetaldehyde product selectivity
compared to that of other samples.

The selectivity to the sum of methyl ethyl ketone and croton-
aldehyde (aldol condensation products) is the highest for 5Cu/ZrO,
catalyst at all reaction temperatures, especially, at temperature
>498K (Fig. 6). There is a low dependence of the condensation
products selectivity on the reaction temperature for Cu/ZrO, cata-
lysts with 20 and 30 wt.%.

Fig. 7 shows the rates of the formation of acetaldehyde and
ethyl acetate as a function of the reaction temperature. At all reac-
tion temperatures the 5Cu/ZrO, catalyst demonstrates the lowest
rates in the dehydrogenation of ethanol to ethyl acetate, whereas
the 20Cu/ZrO, sample exhibits the highest rate for ethyl acetate
formation at temperature >473K, followed by that of 10Cu/ZrO,
(Fig. 7B). The highest rate of acetaldehyde formation is observed
for 5Cu/ZrO, catalyst at reaction temperature >498 K (Fig. 7A). The
rates of both products formation for all catalysts increase with
increasing the reaction temperature.

The total amount of the products (designed as PCD) formed by
aldol condensation (including MEK and CROT) and the product of
ethanol dehydration (including ETE) is in parallel with the increase
of reaction temperature for most of the samples with exception of
10Cu/ZrO, (Table 4 and Fig. 8). All catalysts keep a specific rela-
tion between the formation of PCD and the water released during
the reaction. The ratio H,O/PCD is different for each catalyst. The
highest amount of released water is observed for 5Cu/ZrO, catalyst
at temperature range 409-548 K, to which high amounts of PCD
correspond (Table 4).

It should be to note, that the Cu/ZrO,, catalysts showed relatively
high stability of ethanol conversion and selectivity to different
products formation during 25 h of work at all reaction temperatures
(Figs. S1 and S2, see Supplementary material).

4. Discussion

XPS and DRIFTS data of adsorbed CO show that copper on
reduced Cu/ZrO, samples presents in different oxidation state: Cu®
and Cu*. According to XPS analysis highly dispersed Cu* species are
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observed on the surface of 5Cu/ZrO,, while Cu® is the prevailing
species over samples with higher Cu content >20 wt.%. The pres-
ence of Cu* as dominant species is also supported by the lowest
value of the metallic copper surface area in 5Cu/ZrO,, revealed
by the N,O data (Table 1). Some equilibrium between the Cu®
and Cu* species for reduced 10Cu/ZrO, is observed (Fig. 2B). The
change of the proportion Cu®/Cu* for supported Cu samples may
be related to different reasons according to the literature [38,39]:
(i) the decreased electron density of supported nanoparticles in
respect to that of bulk metal; (ii) the change of the Cu—Cu coordi-
nation number of copper atoms owing to a high surface-to-volume
ratio and (iii) the nature of interaction at the interface between
supported metal and oxide support. Therefore, the changes of the
electronic properties of copper have to be associated with one or
more of these factors, which can be a function of the Cu content.
The interface between Cu and ZrO, of zirconia-supported Cu
samples could be different in respect to the copper particle size
and copper-oxide support contact structure. The presence of Cu*
can be connected with the dispersion degree of supported Cu
species. The increase of copper dispersion with decrease of Cu
loading leads to an increase of the energy of Cu interaction with
the support surface as well as to a decrease of the value of the
Auger parameter, «cy. The lowest o, value is detected for copper
species in 5Cu/ZrO, (1847.2 eV), to which corresponds the highest
BE value of Cu 2p3p, (932.5eV) (Table 2). The shift of the valence

band to a higher binding energy is a result of the reduced particle
size [40] confirmed by the smallest Cu® particle size (3.1 nm) from
the N,O data (Table 1). The small particles or isolated Cu atoms
in interface with the metal oxide support become electropositive
charged, caused by the electron charge transfer from the metal
to support [40]. It should be noted that the well dispersed copper
oxide species is not easily reduced to metal due to the presence of
oxygen vacancy in ZrO,, which protects the interfacial Cu* from
further reduction during catalytic reaction [41].

It has been shown that the copper-oxide support interface plays
a significant role for the creation of oxygen sites. The formation of
oxide species can occur not only at the metal-support interface but
on the surface of copper nanoparticles according Ref. [42]. The last
one could be caused by the oxygen transfer from the bulk ZrO, to
copper surface, due to the high oxygen-rich interface generated by
spillover mechanism between the copper and zirconia during the
reduction process, similar to the observations for Cu/TiO; [43]. The
high concentration of oxygen anions, characterizing the Cu/ZrO,
samples, is revealed by the FTIR spectra of CO adsorption (Fig. 4).
This suggests that the role of ZrO, support in the Cu/ZrO, system is
to provide an extra charge to copper particles or oxygen to proxim-
ity of Cu. Even, the samples with relatively large Cu® particles can be
characterized by the presence of surface adatoms, which are quite
stable upon hydrogen reduction up to 573 K.

The results of catalytic test in the ethanol conversion reaction
conclude that the product distribution is strongly influenced by
the structure and electronic properties of supported copper par-
ticles and the surface acid-base properties of the catalysts as a
function of the Cu content. Additionally, ethanol reaction gives an
opportunity to obtain information about the electronic properties
of Cu/ZrO, catalysts. It is well known that ethanol is converted via
four main groups of reaction: dehydrogenation, dehydrogenation
coupling, dehydration and hydrogenolysis. Dehydrogenation of
ethanol forms acetaldehyde as a primary product. The consecutive
aldol condensation of acetaldehyde yields n-butanol, crotonalde-
hyde and ketones. Dehydration reaction leads to the formation of
diethyl ether and ethylene. It was reported [44] that the strong
acidic sites are responsible for the dehydration reaction, whereas
dehydrogenation requires moderate acid sites and strong basic
sites.

Three different types of basic sites are detected over the sur-
face of ZrO,-supported copper catalysts: strongly basic surface
02~ ions, medium-strength Zr**—02- pairs and low-strength OH
groups. Their relative concentration or density depends on the Cu
content. The OH groups of ZrO, phase can be easily decomposed
under increasing the reaction temperature and more oxygen anions
and/or oxygen vacancies are formed. Whereas, cus Zrd* and Zr4*
cations attributed to the strong acid sites of Lewis type are stabi-
lized on the surface of reduced Cu/ZrO, samples.

The high selectivity to acetaldehyde of 5Cu/ZrO, catalyst can be
associated with the presence of dominant Cu* species and the low
basic sites density determined by the low strength of OH groups.
The isolated copper ions can catalyze easy the ethanol dehydro-
genation to acetaldehyde formation [45]. Therefore, the high rate
of acetaldehyde formation of 5Cu/ZrO, catalyst (Fig. 7A) could be
related to the presence of oxygen near the well dispersed copper
nanoparticles, which may facilitate the formation of ethoxide inter-
mediate via O—H scission in ethanol molecule. It is well known [46]
that the presence of oxygen facilitates the catalyst dehydrogenation
activity. Similar to methanol activation on oxidized single-crystal
Cu surfaces [47], the reactivity of ethanol to acetaldehyde can be
greatly enhanced on the oxygen covered copper clusters, because
the O—H bond scission is facilitated by the adsorbed oxygen. Sur-
face science studies have also shown that the co-adsorbed oxygen
on the surface of transition metals act as a Bronsted base to facil-
itate the O—H bond cleavage [46]. Subsequent C—H bond cleavage
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Fig. 8. Effect of the reaction temperature on the change of total PCD and ratio of water/PCD for 5Cu/ZrO, (A), 10Cu/ZrO; (B), 20Cu/ZrO, (C) and 30Cu/ZrO, catalyst (D).

leads to the formation of acetaldehyde or ketone, which can be also
catalyzed by the presence of surface oxygen. The surface ethoxide
intermediate can either loss hydrogen to produce acetaldehyde or
pick up hydrogen to form ethanol and then decomposes to acetalde-
hyde. The dependence of the rate of alcohol dehydrogenation on
the oxygen coverage copper was interpreted in terms of Langmuir
type dependence on the oxygen surface coverage [48]. It can be con-
cluded that the oxygen linked to copper nanoparticles in 5Cu/ZrO,
strongly affects the electron density of copper species.

The catalytic behavior of 5Cu/ZrO, catalyst is also determined
by the presence of strong Lewis acid sites (Zr**) that promotes the
high selectivity to aldol condensation products (Fig. 6B). It has been
shown [49] that the acetaldehyde condensation ([3-aldolization) is
promoted by the presence of basic sites to abstract of a-hydrogen
atom and strong Lewis acid sites to bind the two molecules of
acetaldehyde. The selectivity to methyl ethyl ketone and croton
aldehyde for 5Cu/ZrO, increases with the increase of reaction
temperature from 473 to 498K and after that is decreased with
further increasing the reaction temperature (Fig. 6). The last one
could be connected with the increase of the selectivity to dehy-
dration products (Table 3). It is well known that the aldolization
process is accompanied with a high amount of water released
under reaction conditions. It is seen from the Fig. 8, that the high-
est amounts of released water for 5Cu/ZrO, catalyst at reaction
temperature >498 K correspond to the highest amounts of PCD.
In addition, the ratio H,O/PCD for the same catalyst also increases
with increasing the reaction temperature (Fig. 8).

It is interesting to note, that the 30Cu/ZrO, catalyst with the
highest Cu content also shows a high selectivity to acetaldehyde
(Fig. 6B). In the case of 30Cu/ZrO, sample, the presence of oxy-
gen sites near the bigger metal copper nanoclusters (12.6 nm) can

be caused by the oxygen transfer from the ZrO, oxide substrate
to copper surface, due to the oxygen-rich interface at supported
metal-oxide support. However, the 30Cu/ZrO, catalyst shows also
a higher rate of ethyl acetate formation and a lower selectivity to
condensation products in relation to that of 5Cu/ZrO, (Figs. 6 and 7)
due to the low basic sites density defined by the dominant Cu® and
to the low degree of strong Lewis acid sites of Zr** ions covered by
copper species, respectively.

The presence of Cu species with different electron density (Cu®
and Cu*) defined by XPS and the high concentration of basic sites
(0%) detected by DRIFTS are responsible for the high rate of
ethyl acetate formation for samples with Cu content >10wt.%. It
was proposed [7,17] that the coupling of aldehyde with alcohol
or ethoxide species for ethyl acetate formation occurs over the
mixed metal-oxides surface not over the Cu metal surface in Cu
catalysts supported on Zn—Zr—AIl—0 system. The dehydrogenated
ethanol or the acetaldehyde was adsorbed on the acid sites, while
the hydrogen of the OH group in ethanol was abstracted by the
surface base sites forming surface ethoxide [7,17]. Then a hemiac-
etal between these products is formed, which dehydrogenates very
fast and produces ethyl acetate. It means that more active sites,
like Cu® and Cu*, will accelerate the acetal adsorption. Increasing
the reaction temperature leads to the change of electron density
of copper species and to increase of the oxygen sites transfer to
copper metallic particles caused by the thermal decomposition
of OH groups to oxygen anions or oxygen vacancies formation.
This leads to the fast increase of the rate of ethyl acetate forma-
tion for all samples, being seen in Fig. 7B. However, depending on
the oxygen resistance on the copper surface, its consumption by
ethanol leads to the increase of acetaldehyde formation at tem-
perature above 523 K. On the other hand, the fast consumption
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Fig. 9. Evolution of the selectivity to propanone and to ethyl acetate as a function
of the reaction temperature for Cu/ZrO, catalysts: 5Cu/ZrO, (®), 10Cu/ZrO, (O0),
20Cu/ZrO; (») and 30Cu/Zr0; (x).

of acetaldehyde for condensation products formation accompa-
nied by the high ratios of H,O/PDC leads to a decrease of the
ethyl acetate product formation at temperature range 523-548 K
(Figs. 6 and 8).

It should be to note that the decrease of ethyl acetate forma-
tion for all catalyst at temperature above 523 K is in parallel with
the increase of propanone formation in the temperature range of
523-548K, being seen in Fig. 9. Different reasons may be pro-
posed for the propanone formation. Similar to the observations in
Ref. [50] propanone could be formed by the oxidation of acetaldol
with the surface oxygen (Os) adsorbed on Cu/ZnO/Al,03 cata-
lyst. The readily consumption of the oxygen for ethyl acetate and
propanone formation may cause a loss of oxygen from the bulk
Zr0,, leading to a change of the electron density of surface cop-
per species for ethyl acetate formation. Inui et al. [7] proposed
that propanone is formed through a reverse of aldol addition
of intermediate of propanone produced by dehydrogenation of
ethanol. The loss of ethyl acetate formation at higher temperatures
could be also related to the increase of the amount of conden-
sation and dehydration products formation, as it was discussed
above.

5. Conclusions

It is found that ZrO,-supported Cu catalysts with different Cu
content (5-30wt.%) are active catalysts for dehydrogenation of
ethanol. The results of XRD, N, O decomposition and TPR data sug-
gest a decrease of the copper metal dispersion with the increase of
Cu content due to the strong particles agglomeration. It is shown
that the catalytic properties of Cu/ZrO, catalysts are related to the
specific electron density of supported Cu species defined by the
particle size and the interface at metal-oxide support. The high
selectivity to ethyl acetate formation of catalysts with Cu content
>10wt.% is determined by the high oxygen mobility from the bulk
ZrO, to copper species causing a high density of basic sites (0%~)
and a more heterogeneous distribution of surface copper species
(Cu®/Cu*) determined by DRIFTS of CO adsorption and XPS, respec-
tively. The high density of Lewis acid sites defined by cus Zr#*
ions leads to the formation of by-products through aldol conden-
sation.
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