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Abstract—The structure and catalytic characteristics of a series of Pd—Cu/o-Al,Oj5 catalysts with Pd : Cu ratio
varied from Pd,—Cu 5 to Pd;—Cu, were studied. The use of a-Al,O; with a small surface area (Sg, = 8 m?/g)
as a support made it possible to minimize the effect of diffusion on the catalytic characteristics and to study
the structure of Pd—Cu nanoparticles by X-ray diffraction (XRD) analysis. The XRD analysis and transmis-
sion electron microscopy (TEM) data indicated the formation of uniform bimetallic Pd—Cu nanoparticles
(d =20—60 nm), whose comlgosition corresponded to a ratio between the metals in the catalyst, and also the
absence of monometallic Pd° and Cu® nanoparticles. The study of catalytic properties in the liquid-phase
hydrogenation of diphenylacetylene (DPA) showed that the activity of the catalysts rapidly decreased with the
Cu content increase; however, in this case, the yield of a desired alkene compound significantly increased.
The selectivity of alkene formation on the catalysts with the ratios Pd : Cu=1:3 and 1 : 4 was superior to the
commercial Lindlar catalyst.
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INTRODUCTION

The selective hydrogenation of alkyne compounds
is of great practical and theoretical interest because it
is used in both industrial basic and fine organic syn-
thesis and in the laboratory practice [1]. The large-
scale processes of the catalytic removal of the acety-
lene impurities and its homologues from ethane—eth-
ylene fractions and the removal of phenylacetylene
from styrene can serve as characteristic examples. The
olefin compounds thus purified are used for the subse-
quent polymerization. The above impurities are strong
deactivating agents because they block the active cen-
ters of polymerization catalysts (in particular,
Ziegler—Natta catalysts); therefore, their concentra-
tion should be no higher than 1 ppm. In industry acet-
ylene impurities are removed by catalytic hydrogena-
tion in the presence of supported metal catalysts based
on Ni, Ag, Au, or Cu [2—5]. However, the application
of the above systems is economically unfavorable
because of a number of disadvantages, such as high
activation and operation temperatures and a tendency
toward the intensified formation of oligomers, which
deactivate the catalyst. Catalysts based on Pd possess
significant activity even at low temperatures; however,
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they are insufficiently selective and capable of the for-
mation of hydride phases, which considerably
decreases selectivity for target olefins [6].

A promising way of developing effective catalysts
for the selective hydrogenation of alkynes is the mod-
ification of Pd-containing systems with a second
metal. It was shown in the literature that the use of cat-
alysts based on Pd—Ag [7, 8], Pd—Ga [8], Pd—Zn [8,
9], Pd—Au [10], and Pd—Fe [11] makes it possible to
substantially increase selectivity for the formation of
olefins. Catalysts based on the bimetallic Pd—Cu
compositions, which are widely used for the hydroge-
nation of different substrates, deserve special attention
[12—15]. The properties of Pd—Cu in the gas-phase
hydrogenation of acetylene in a mixture with ethylene
were studied [16, 17]. A series of catalysts with differ-
ent Cu : Pd ratios, in which copper serves as a struc-
tural diluent, was synthesized. It was established that,
at high Cu : Pd ratios, so-called single-atom structures
were formed, in which Pd atoms were completely iso-
lated by Cu atoms, and they could be the centers of
hydrogen activation; in this case, the reaction
occurred on the surface of copper metal. Thus,
extremely high selectivity for alkene formation, which
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is characteristic of copper metal, was reached, and the
presence of palladium substantially accelerated the
process [17—19].

Another important area of application of selective
bimetallic hydrogenation catalysts includes reactions
in a liquid phase. Thus, the catalytic liquid-phase
hydrogenation of disubstituted alkynes is of funda-
mental importance for fine organic synthesis because
the hydrogenation products—cis- and frans-alkenes—
are initial components for a wide range of reactions. As
a rule, a commercial Lindlar catalyst, which is highly
selective for cis-alkenes [20, 21], is currently used for
C=C bond hydrogenation in a liquid phase; however,
it is insufficiently effective in the hydrogenation of
substrates with triple bonds in a terminal position, and
the presence of toxic lead salts in its composition
restricts its applications for pharmaceutical and food
industries. Furthermore, the instability of Lindlar cat-
alyst operation under experimental conditions was
noted [22].

A number of publications appeared in recent years
whose authors considered the Pd—Cu catalytic sys-
tems as a possible alternative to the Lindlar catalyst for
use in liquid-phase processes. Thus, Liu et al. [23]
studied the properties of the synthesized Pd—Cu/C
systems in the hydrogenation of a series of different
substrates. In all cases, selectivity was higher than 80%
in the region of high conversions, whereas the selectiv-
ity of the commercial Lindlar catalyst considerably
decreased with increasing alkyne conversion. For
example, the Lindlar catalyst selectivity was 46% at a
phenylacetylene conversion of >90%, whereas its
value varied from 80 to 90% in the Pd—Cu/C samples
depending on the Cu content [23]. In our recent pub-
lications [24—26], the catalytic properties of the sup-
ported Pd—Cu catalysts in the liquid-phase hydroge-
nation of diphenylacetylene (DPA) were reported. The
synthesized Pd—Cu systems possessed substantially
higher selectivity with a maximum yield of diphenyl-
ethylene (up to 80—95%) in comparison with that of
the monometallic samples.

The Pd : Cu ratio is a key factor responsible for the
properties of the Pd—Cu catalysts, and changes in this
ratio make it possible to regulate the catalyst activ-
ity/selectivity in gas-phase processes [16, 18]. How-
ever, the effect of this parameter on the properties of
the Pd—Clu catalytic systems in liquid-phase hydroge-
nation remains almost unknown. In this connection,
the basic task of this work consisted in a study of the
dependence of the characteristics of Pd—Cu catalysts
on the Pd : Cu ratio in the liquid-phase selective
hydrogenation of alkynes using diphenylacetylene as a
test molecule. Wide-porous o.-Al,O; with a small spe-
cific surface area was used for the preparation of cata-
lysts because the effect of diffusion should be mini-
mized for determining a relationship between the
composition of bimetallic nanoparticles and their cat-
alytic characteristics in liquid-phase reactions. This

MARKOV et al.

catalyst support is thermodynamically stable, and its
surface is wet well with both polar and nonpolar sol-
vents [27]. Furthermore, the high degree of crystallin-
ity of a-Al,O; made it possible to study in detail the
structure of the resulting bimetallic particles by X-ray
diffraction (XRD) analysis.

EXPERIMENTAL
Catalyst Preparation

The Pd—Cu/0-Al,O; bimetallic catalysts were
obtained by the incipient wetness impregnation of
o-Al,O; (Alfa Aesar, S, = 8 m?/g), which was prelim-
inarily calcined in a flow of air (550°C), with the solu-
tions of 10% Pd(NO;),/10% HNO; and Cu(NO;), -
3H,0. After drying, the catalyst samples were calcined
in a flow of air (550°C, 4 h) and activated in a flow of
5vol % H,/Ar (550°C, 1 h). A commercial gas mixture
from Linde Gas Rus was used for the activation. The
palladium content of all of the catalysts was constant
(3 wt % Pd), whereas the quantity of Cu was varied
over a wide range from 0.9 to 7.2 wt %. Thus, the mole
fraction of Cu (X¢,) in the catalyst composition varied
from 0.33 to 0.8, and the ratio Cu : Pd varied from
0.5 to 4.0. In accordance with the ratios Cu : Pd, the
catalysts were designated from Pd,Cu,s to Pd,Cu,
(Table 1). A 3% Pd/o-Al,O; reference catalyst was
also prepared according to the described procedure. A
commercial Lindlar catalyst (Aldrich) served as an
additional reference sample.

Electron Microscopy

The catalysts were studied by transmission electron
microscopy (TEM) on an HT7700 instrument (Hita-
chi, Japan). The analytical measurements were opti-
mized within the framework of an approach described
earlier [28]. Before taking images, powdered samples
were applied from a suspension in isopropanol onto
copper gauze with a diameter of 3 mm covered with a
carbon film. The images were obtained in the bright-
field regime at an accelerating voltage of 100 kV. The
average size of nanoparticles was determined by a
graphic method based on the measurement of 200—
300 particles in the micrographs of different sample
sections.

X-ray Diffraction Analysis

The diffractograms of the samples were measured
on a D8 Advance diffractometer (Bruker, Germany;
CuK,, Ni filter, LYNXEYE detector, reflection geom-
etry). The identification of peaks was performed using
the PDF-2 2014 database. The experiment was
described in detail elsewhere [29]. The composition of
alloy particles was calculated using the Vegard’s law
based on the crystal lattice parameters of the bimetal-
lic Pd—Cu particles [30].
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Table 1. Kinetic characteristics of the selective hydrogenation of DPA on the Pd—Cu/a-Al,O5 catalysts with different

Pd : Cu ratios

r %1073 ry x 1073 TOF, TOF,
Catalyst composition Xeuypd TOF,/TOF,
mmol/min g1

Pd 0 43.89 6.21 0.52 0.073 7.12
Pd,—Cuy s 0.33 17.91 2.72 0.10 0.016 6.25
Pd;—Cuy ¢, 0.4 14.65 2.71 0.087 0.016 5.44
Pd,—Cu, 0.5 8.38 1.52 0.049 0.009 5.44
Pd;—Cu, 5 0.6 6.49 0.86 0.037 0.005 7.40
Pd,—Cu, 0.67 2.57 0.31 0.015 0.002 7.50
Pd,—Cu;, 0.75 0.93 0.15 0.0055 0.0009 6.11
Pd,—Cuy 0.8 1.13 0.15 0.0066 0.0009 7.33
Cu 1 0 0 0 0 0

Reaction conditions: P = 5 bar; T = 25°C; mc, = 5 mg (in the case of Pd/Al,03 and Cu/Al,O3) or 10 mg (in the case of Pd;—

Cu,/Al,03); solvent, n-hexane.

Catalytic Tests

The liquid-phase hydrogenation of diphenylacety-
lene (DPA) (98%, Aldrich) in n-hexane (98%, Merk)
was conducted in an autoclave-type catalytic setup at
25°C and a hydrogen pressure of 5 bar. The amount of
hydrogen absorbed in the reaction was evaluated from
a pressure drop in the reactor measured using an elec-
tronic pressure sensor. The catalyst sample weight and
the intensity of stirring were chosen previously in order
to ensure the occurrence of the process in the kinetic
regime [24].

The hydrogenation of alkyne compounds occurs in
two stages: at the first stage, the hydrogenation of par-
ent DPA to stilbene predominantly occurs, and the
complete hydrogenation product—diphenylethane—
is formed at the second stage. The reaction rate r
(moly,/min) for each stage was determined from a
graph of the dependence of the quantity of absorbed
hydrogen on the reaction time. The specific activity of
the test catalysts was evaluated based on the turnover
number TOF (s7!). Taking into account that it is
impossible to determine the number of surface Pd
atoms in a bimetallic particle by electron microscopy,
the specific activity values were calculated based on
the total number of palladium atoms in a catalyst sam-
ple according to the formula TOF = r/Np,.

The reaction mixture was analyzed by chromatog-
raphy on a Crystall 5000 instrument (Chromatek,
Russia) with a flame-ionization detector. The mixture
components were separated on an HP5-MS column
(5% phenyldimethylsiloxane; 30 m; internal diameter,
0.25 mm; stationary phase film thickness, 0.25 pum;
carrier gas, helium). Selectivity for olefin formation
(S-) was calculated based on the results of analysis as
S_=n_/(n_-+ n_), where n_ and n_ are the mole frac-
tions of the resulting olefin and alkane, respectively.
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RESULTS AND DISCUSSION
X-ray Diffraction Analysis

The study of alloy formation in supported bimetal-
lic catalysts and the determination of the structure of
bimetallic nanoparticles is a very complex problem
because, as a rule, a number of factors limit the appli-
cation of X-ray diffraction analysis. On the one hand,
this is related to the broadening and low intensity of
the diffraction peaks of a metal phase because of the
small size of the metal nanoparticles and, on the other
hand, to their overlapping with signals from the sup-
port [31]. In order to avoid these limitations, we used
a-Al,O; as a support in this work. Because of the high
degree of crystallinity of this support, its diffraction
peaks possess small width and high symmetry, which
makes it possible to minimize the overlapping of sig-
nals corresponded to the support and the metal
nanoparticles.

Figure 1 illustrates the results of the structure char-
acterization of the bimetallic Pd—Cu catalysts by XRD
analysis and also shows the diffractograms of the
monometallic (/) Pd/o-Al,O; and (7) Cu/0-AlO4
samples and (&) the initial support.

The diffractogram of the initial carrier contains two
high-intensity peaks at 20 = 37.6° and 43.2°, which are
characteristic of a-Al,O; [32]. In the diffractogram of
the monometallic Pd/o-Al,O; sample, two broad
peaks at 20 = 40° and 46.5°, which correspond to
Pd(111) and Pd(200), respectively [33], are observed
in addition to the reflections of the initial support.
Note that the Cu/a-Al,O; sample exhibited a low-
intensity reflection at 26 = 50.2° due to Cu(200). An
intense peak of Cu(111) at 26 = 43.3° [34] is inaccessi-
ble for identification because its major portion over-
laps with the signal of the initial o.-Al,O5.
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Fig. 1. Diffractograms of the monometallic (/) Pd/o-
Al,O3 and (7) Cu/0i-Al,O5 catalysts and the bimetallic (2)
Pdl_CUO.S’ (3) Pdl—Cul, (4) Pdl—CU2, (5) Pdl—CU3, and
(6) Pd|—Cuy catalysts. For comparison, a diffractogram of
(8) the initial oi-Al,O5 support is shown. The regions of the
formation of Pd—Cu particles are shown by hatching.

In the diffractograms of the bimetallic catalysts,
signals characteristic of Pd—Cu(111) and Pd—Cu(200)
were detected in the regions of ~41°—42.8° and ~47°—
50°, respectively [23, 35]. An analysis of the diffracto-
grams showed that the positions of Bragg reflections
shifted from the values of 20 characteristic of Pd®
toward greater angles with increasing the copper con-
tent; this was caused by a decrease in the lattice
parameter as a result of the substitution of smaller Cu
atoms for a portion of palladium atoms. The observed
change in the intensity of Pd—Cu(111) signals can be
related to both a change in the particle-size distribu-
tion of bimetallic nanoparticles and a change in the
degree of ordering of the crystal structure of Pd—Cu
nanoparticles. The observed shift of the peak of
Pd(111) makes it possible to quantitatively analyze the
composition of the resulting nanoparticles using the
Vegard’s law [36], according to which the crystal lat-
tice parameter a of alloy linearly depends on the molar
concentration of a component. Based on calculations,
we found that the molar fraction of Cu in the Pd—Cu
nanoparticles was close to the molar fraction of copper
in the catalyst (Fig. 2). The experimental data are
indicative of the formation of Pd—Cu substitution
alloy with a hexagonal face-centered crystal lattice
structure [37, 38], and allowed us to conclude that
both of the metals completely included into the com-
position of the alloy without the formation of monome-
tallic nanoparticles. This was confirmed by the absence
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Fig. 2. Composition of the bimetallic samples of (/) Pd;—
Cuys, (2 Pdi—Cugyg47 (3) Pd;—Cuy, (4 Pd;—Cu,,
(5) Pd;—Cus, and (6) Pd;—Cu, determined according to
the Vegard’s law. The dashed line describes the composition

of samples calculated at the stage of preparation. X, 8;'“‘ isthe

fraction of Cu according to calculation data, and X éf Disthe
fraction of Cu according to XRD analysis data.

of signals characteristic of Pd° and Cu® from the diffrac-
tograms of the bimetallic samples. Note that the peaks of
both the monometallic Pd/o-Al,O; and the bimetallic
Pd—Cu/0-Al,O; catalysts were symmetrical regularly
shaped; this fact indicated the ordering of the alloy struc-
ture and the uniformity of the composition of bimetallic
nanoparticles formed [39].

Transmission Electron Microscopy

Figure 3 shows the TEM micrographs of the bime-
tallic test samples and the histograms of particle size
distributions. The micrographs clearly indicate that
nanoparticles in the Pd,—Cu, s, Pd,—Cu,, and Pd,—
Cu, 5 samples were somewhat flattened in shape and
unevenly distributed over the support surface
(Figs. 3a—3c). They were also characterized by a wide
modal particle-size distribution in a range from 10 to
110 nm. An analysis of the bar diagrams allowed us to
conclude that particles with average sizes of 60, 69,
and 54 nm were formed the Pd,—Cu, 5, Pd,—Cu,, and
Pd,—Cu, s samples, respectively. Note that a consider-
able fraction of the surface was occupied by larger
agglomerates (70—100 nm).

The particle-size distribution of metallic nanopar-
ticles somewhat changed as the copper content was
increased. The bimetallic particles detected in the
Pd,—Cu, sample (not shown in Fig. 3) were nearly

KINETICS AND CATALYSIS  Vol. 59 No.5 2018
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Fig. 3. TEM micrographs of the Pd—Cu/Al,Oj5 catalysts: (a) Pd;—Cu s, (b) Pd;—Cuy, (c) Pd;—Cu, 5, and (d) Pd;—Cus.

spherical in shape and more uniformly distributed
over the surface in comparison with those in the sam-
ples described above. The distribution histogram is
centered at 30 nm; at the same time, larger particles
also occurred on the surface.

A further increase in the copper content (the Pd,—
Cu; sample, Fig. 3d) led to a certain decrease in the
diameter of Pd—Cu nanoparticles, whose average size
was ~20 nm. The structure of the samples was ordered;
the particles were spherically shaped and evenly dis-
tributed over the surface, and large agglomerates were
almost absent.

Selective Hydrogenation of Diphenylacetylene

Activity of Pd—Cu catalysts in the hydrogenation of
diphenylacetylene. Figure 4 shows the kinetic curves of
hydrogen absorption in the hydrogenation of dipheny-
lacetylene (DPA) on Pd/Al,O; and the Pd—Cu/Al,O,
catalysts with different Pd : Cu ratios, and Table 1
summarizes the rates of hydrogenation at the first and
second stages of the process. The Kkinetic curves
obtained for all of the above samples exhibit an char-
acteristic bend after the absorption of 1 equiv of H,,
which is indicative of the inhibition of hydrogenation
on going from the first (C=C bond hydrogenation) to
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the second (C=C bond hydrogenation) stage of the
process. These results are consistent with published
data on the hydrogenation of DPA on Pd catalysts [40,
41]. The activity of the Cu/Al,O; reference catalyst
was negligibly small, and the absorption of hydrogen
was not observed.

The rate of hydrogenation on the Pd catalyst was
noticeably higher than that on the samples modified
with copper; in this case, a pronounced correlation
between the quantity of copper in the catalyst and the
rate of hydrogenation was observed: the rate of the
process rapidly decreased with increasing the Cu con-
tent. To analyze the effect of the Cu content on the
catalyst activity, we calculated the values of TOF, and
TOF, based on the total Pd amount in the sample
(Table 1). Figure 5 shows the dependence of TOF, on
the mole fraction Cu in the bimetallic nanoparticles. It
is evident that the introduction of even a relatively
small quantity of copper (the Pd,—Cu, 5 catalyst) led
to a sharp drop in the activity (TOF, changed from

0.5to 0.1 s71), and the activity continued to decrease
but more smoothly with a further increase in the Cu
content.

Similar results were obtained in a number of studies
on the activity of Pd—Cu catalysts in gas-phase hydro-
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Fig. 5. Dependence of the specific catalytic activity at the
first stage of hydrogenation (TOF) on the mole fraction of
Cu in the Pd—Cu nanoparticles.

genation processes [14, 18, 26]. A decrease in the
activity of Pd catalysts upon their modification with
Cu is primarily related to the fact that a portion of sur-
face palladium atoms, on which hydrogenation
occurs, in the bimetallic samples is replaced by the Cu
atoms, which does not possess catalytic activity in the
reaction in question. Furthermore, the surface of
metallic particles can be additionally enriched in cop-
per as a result of its surface segregation, which is a
thermodynamically favorable process [42, 43]. Thus,
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Cheng et al. [44] used the Monte Carlo method to
demonstrate that the single atoms and the mono-, di-,
and trimeric Pd ensembles surrounded by surface Cu
atoms, whose properties differ significantly from the
properties of pure metals, can be formed as a result of
the segregations of copper on the surface of bimetallic
particles. The effect of the segregation of copper onto
the surface of bimetallic Pd—Cu particles was also
observed previously for the Pd—Cu/Al,O; catalysts
obtained from heterobimetallic Pd—Cu acetate com-
plexes [26]. An analogous effect was found on the
modification of palladium catalysts with In, Ag, and
Zn [45—47]. The fact that the addition of even insig-
nificant quantities of copper leads to a sharp decrease
in activity indirectly indicates the effect of the surface
segregation of copper on the catalytic characteristics of
the test samples because the number of active Pd cen-
ters on which the reaction occurs decreases to a larger
degree.

Selectivity for the formation of diphenylethylene
(DPE). Figure 6 shows the dependences of the compo-
sition of hydrogenation products on reaction time for
the Pd,—Cu, 5, Pd,—Cu, 5, and Pd,—Cu; catalysts and
the monometallic Pd reference sample. The volcano-
like shape of the curve that characterizes the amount
of DPE formed is consistent with the consecutive
reaction mechanism of the hydrogenation of alkynes,
in accordance with which triple bond hydrogenation
occurs at the first stage with the formation of an alkene
intermediate with following conversion to alkane at
the second stage. An analysis of the dependences given
in Fig. 6 allowed us to conclude that the maximum
yield of the desired alkene compound gradually
increased with Cu content of Pd—Cu nanoparticles
from ~81% on monometallic Pd/c-Al,O; to 92—93%
on the bimetallic Pd,—Cu;/a-Al,O; sample.

A lower concentration of diphenylethane (DPEt)
formed at the first stage of the process also indicates an
increase in the selectivity of Pd—Cu catalysts. Thus, in
the reaction performed on Pd/o-Al,0;, DPEt
appeared in noticeable quantities even at low degrees
of DPA conversion, and its concentration was higher
than 20—25% after complete alkyne hydrogenation
(Fig. 6a). For the Pd—Cu samples, the concentration
of diphenylethane formed at the first stage in the pres-
ence of alkyne systematically decreased with the cop-
per content increase, and it was no higher than 5—6%
after complete DPA hydrogenation on the Pd,—Cu;,
catalyst (Fig. 6d). The experimental data indicate that
the contribution of a complete hydrogenation reac-
tion, which occurs simultaneously with a partial
hydrogenation reaction, to the overall process
decreased with increasing the copper content to cause
an increase in the yield of the desired alkene interme-
diate and, consecutively, in the process selectivity.

Figure 7 shows the dependence of selectivity for the
formation of diphenylethylene on the conversion of
diphenylacetylene for the monometallic Pd/o-Al,O4

KINETICS AND CATALYSIS  Vol. 59 No.5 2018
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sample and the bimetallic catalysts with different Pd :
Cu ratios. For comparison, the graph also shows data
obtained on the commercial Lindlar catalyst. At a
DPA conversion of ~16%, the selectivity of the Pd/o-
Al,Oj5 catalyst for olefin formation was 96%, and this
value substantially decreased with the conversion.
Taking into account the two-stage mechanism of the
hydrogenation reaction proposed by Bond et al. [48],
which was adapted for liquid-phase processes [48, 49],
we hypothesized that selectivity decreased as a result
of the strong adsorption of DPE on the surface of Pd
nanoparticles. On the one hand, this led to the fact
that, with an increase in the concentration of DPE in
the solution, its quantity on the catalyst surface also
increased as a result of competitive adsorption; there-
fore, the rate of the alkane formation increased. On
the other hand, when the strength of DPE adsorption
increases, the heat of its desorption became higher
than the activation energy of the second stage of
hydrogenation, thus reducing the probability of DPE
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desorption and increasing the probability of its hydro-
genation [50].

Upon the modification of a catalyst with copper, its
selectivity for olefin considerably increased, as com-
pared with that of a monometallic analog, and its
value increased with the copper content of the cata-
lysts. This result is consistent with published data
obtained in a study of the gas-phase hydrogenation of
acetylene in the presence of an excess of ethylene [ 16,
18]. The dependence of selectivity for olefin formation
(82) on the conversion of DPA (Xpp,) is linear at
Xppa < 50%. The selectivity of the catalysts modified
with copper gradually decreased with increasing con-
version; however, its values are higher than those of
the monometallic sample. Thus, at a DPA conversion
of >95%, the value of Sypg for Pd/o-Al,O; was ~83%,
whereas the value of this parameter was ~94—95% for
Pd,—Cu; and Pd,—Cu,. The Pd,—Cu; and Pd,—Cu,
catalysts were superior to the Lindlar catalyst in terms
of selectivity in the region of high conversions; there-
fore, the Pd—Cu system can be consider as a possible
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Fig. 7. Dependence of selectivity for diphenylethylene for-
mation (S-) on the conversion of diphenylacetylene for the

Pd—Cu/Al,O5 catalysts with different copper contents.

alternative for the commercial sample. Note that all of
the synthesized catalysts possessed extremely high
(>95%) selectivity for the formation of cis-alkenes;
this fact is consistent with published data on the
hydrogenation of DPA [51—-53].

Thus, the experimental data indicate that the rate
of hydrogenation slowed down and the process selec-
tivity increased with the copper content of the Pd—Cu
nanoparticles. The observed increase in the selectivity
was related to a decrease in the heat of adsorption of
the alkene intermediate as a result of a decrease in the
electron density on the surface atoms of Pd, as demon-
strated previously by the IR spectroscopy of adsorbed
CO [25]. Furthermore, upon the formation of Pd—Cu
alloy, the quantity of di- or triatomic active centers of
palladium, at which molecules with double C=C
bonds are adsorbed more strongly than at the centers
formed by single Pd atoms, decreased [16, 18]. As a
result, the probability of DPE desorption without fur-
ther hydrogenation increased; therefore, the selectiv-
ity of the Pd—Cu catalyst remained high until the
complete conversion of DPA. The suppression of the
formation of palladium hydride PdH, [54, 55] can also
facilitate an increase in the selectivity of the bimetallic
catalysts, as found earlier for the catalysts based on
Pd—In [24] and Pd—Zn [47].

CONCLUSIONS

Thus, in the course of this study, we examined in
detail the effect of the Pd : Cu ratio over a wide range
(from 2 : 1 to 1 : 4) on the activity and selectivity of
bimetallic Pd—Cu catalysts in the liquid-phase hydro-
genation of diphenylacetylene. The use of 0-Al,O; as

MARKOV et al.

a support allowed us to determine the structure and
composition of Pd—Cu nanoparticles using XRD
analysis and to minimize the influence of diffusion on
the kinetics of hydrogenation. The catalytic data
showed that the selectivity of the catalysts for the for-
mation of intermediate hydrogenation products con-
siderably increased because of the formation of Pd—Cu
alloy, which was accompanied by a decrease in the cata-
lyst activity. We found that the catalysts with high copper
content (Pd : Cu=1:3 and 1 : 4) were superior to the
commercial Lindlar catalyst in terms of selectivity.
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