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Abstract—Pd/Al,O5 and Pd—M/Al,O; catalysts (M = Au, Ag, Cu, Ce, Fe, Ni, Co, Zn) were obtained by ion
exchange and impregnation. Pd/Al,O5 had high initial activity in the conversion of ethanol into o-alcohols,
but lost 90% of its activity after 10 h of operation because of deactivation caused by the chemisorption of the
by-product (CO) on Pd atoms. Modification of Pd with gold or silver led to an increase in the rate of Pd deac-
tivation. As a result, the Pd—Au and Pd—Ag systems were less active and stable. In contrast, the Pd—Fe, Pd—
Co, Pd—Ni, Pd—Cu, Pd—Zn, and Pd—Ce systems exhibited higher resistance to CO poisoning than Pd and
demonstrated high activity and stability. The observed tendencies in the catalytic action of the mono- and
bimetallic systems were explained within the framework of the d band model proposed by Hammer and Nor-
skov. Pd—Cu/Al,O5; was most effective in the target process; it is not poisoned by CO and allows ethanol con-
version into a-alcohols at 95% selectivity, while the time of its stable operation is at least 100 h. The structure
of the Pd—Cu catalytic system was studied by TEM, EDA, XPS, TPR-H,, and TPD-NH;. A model of active

catalyst sites was proposed.
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INTRODUCTION

The development of technologies for conversion of
biomass for the production of energy carriers and syn-
thetic hydrocarbons has attracted the attention of sci-
entists long ago [1, 2]. The production of ethanol
(bioethanol) from biomass, used as an additive to
motor fuel, is the best developed process in this direc-
tion [3]. According to the US Department of Energy,
the global surplus in bioethanol production in 2016
was 10 million tons per year and continues to grow.
Thus, bioethanol can be regarded as a promising raw
material for the development of new technologies for
the synthesis of valuable products on its basis.

One of the promising processes for conversion of
ethanol into valuable products is a catalytic reaction
leading to the formation of linear o-alcohols (butanol,
hexanol, octanol) by condensation of the hydrocarbon
skeleton of ethanol at 250—300°C [1, 2]. According to the

Abbreviations and notation: TEM, transmission electron micros-
copy; EDA, energy dispersive analysis; XPS, X-ray photoelec-
tron spectroscopy; TPR-H,, temperature-programmed reduc-
tion with hydrogen; TPD-NHj5, temperature-programmed desorp-
tion with ammonia; AAS, atomic absorption spectrometry.

data of [1—4], butanol forms via a chain of reactions:
dehydrogenation of ethanol to ethanol, condensation of
two ethanal molecules into 2-but-2-enal, and hydroge-
nation of 2-but-2-enal to butanal followed by hydrogena-
tion of butanal to butanol (Scheme 1). Hexanol and octa-
nol form by a similar mechanism. The by-products of eth-
anol conversion into «o-alcohols are ethoxyethane,
methane, and carbon monoxide (Scheme 1).

The highest activity in the catalytic conversion of
ethanol into a-alcohols is shown by bifunctional sys-
tems M°/Al1,0; (M = Pd, Pt, Ni, Cu, etc.), in which
the metal is the catalyst of hydrogenation—dehydroge-
nation of reaction intermediates and the acid-base
sites of alumina catalyze the condensation of ethanal
into 2-but-2-enal. The efficiency of these systems was
considered in reviews [2—5]. Some important data are
shown below. Marcu et al. studied the activity of
M/MgO—Al,O; (M = Pd, Ag, Cu, Fe, and Sm) sys-
tems in ethanol conversion at 200°C [6]. The best pro-
cess performance was achieved using the
5% Pd/MgO—Al,O; catalyst (ethanol conversion
12%; selectivity for oi-alcohols 72%). Riittonen et al.
studied the activity of M/Al,O5 systems (M = Pd, Pt,
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Ru, Rh, and Ni) in ethanol conversion at 250°C [7].
The most effective catalyst was 20% Ni/Al,O; (25%
conversion, 80% selectivity). It was noted, however,
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that the Ni/Al,O; systems showed low stability of
operation during long-term experiments because of
being deactivated during the reaction [7].

OH
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Scheme 1. Condensation of ethanol into butanol-1 on the Pd/Al,O3 bifunctional catalyst at 275°C (solid arrows). Side pro-
cesses: decarbonylation on Pd sites and dehydration of ethanol on Al,O5 acid sites (dashed arrows). The data of [1-5, 8, 11].

Quick deactivation of monometallic catalysts for
ethanol conversion into o-alcohols was also revealed
in a kinetic study of the process on 0.1% Pd/Al,O, [8].
The activity of the Pd/Al,O5 sample in the target pro-
cess was high during the first 2 h of reaction, but dras-
tically decreased in the next 3 h and became compara-
ble to the activity of unmodified Al,O;. Consequently,
the active Pd sites ceased to participate in catalysis
with time. It was also found that in the presence of
Pd/Al,O;, the target process was accompanied by
decarbonylation (Scheme 1) with liberation of CO,
whose chemisorption on Pd led to the formation of
stable Pd—CO complexes [9, 10]. In this case, the frac-
tion of active Pd sites available for ethanol sorption
evidently decreased, resulting in a decrease in the pro-
cess rate. It was assumed that the Pd component of the
catalyst for ethanol conversion was deactivated
because of CO chemisorption [8].

The goal of the present study was to develop new
catalysts for the conversion of ethanol into a-alcohols
steadily working in CO. For this purpose, we studied
the effect of M promoters on the activity of Pdin 0.1%
Pd—M/Al,O; model catalysts (M = Au, Ag, Cu, Ce,
Fe, Ni, Co, Zn).

The choice of promoters was dictated by two fac-
tors. First, M/Al,O; catalysts are less active in the syn-
thesis of ai-alcohols compared with Pd/Al,O5 [11, 12],
which makes it possible to correlate the activity of Pd—
M/Al,O; exactly with that of Pd atoms in bimetallic
systems. Second, the metals (M) are modifiers of the
electronic structure of Pd, which, according to [13—
15], shift the center of the Pd 4 band relative to the
Fermi level: Pd—Co (—3.2 eV) < Pd—Fe (—3.1 eV) <
Pd—Ni (-2.8 e¢V) < Pd—Cu (-2.5 e¢V) < Pd—Zn
(—2.45eV) < Pd—Ce (—2.3eV) < Pd (—1.8 ¢V) < Pd—
Au (—1.6 eV) < Pd—Ag (—1.5 eV). As is known, the
shift of the center of the Pd d band from the Fermi
level leads to a decrease in the energy of binding of CO
with Pd, and, vice versa, as a result of the shift of the
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center of the Pd d band to the Fermi level, this binding
energy increases [13, 16]. Thus, the Pd—Fe/Al,O;,
Pd—Co/Al, 05, Pd—Ni/Al,O;, Pd—Cu/Al, 05, Pd—
Zn/Al,O, and Pd—Ce/Al,O; systems should have
greater resistance to CO poisoning and demonstrate
stable and high activity in the conversion of ethanol
into o-alcohols, while Pd—Au/Al,O; and Pd—
Ag/Al,05 should be less resistant to CO poisoning and
exhibit lower activity compared with Pd/Al,Os.

EXPERIMENTAL

The catalyst precursor Pd/Al2O;k (0.1 wt % Pd) was
prepared by precipitation from a Pd nitrate solution
[17]. For this, a Pd(NO;), - 2H,0 sample containing
4.7 x 10~* mol of Pd was dissolved in water (150 mL).
The pH of solution was brought to 7.0 using 0.1 M
NaOH, and the support (50 g, y-Al,O;, S;, = 160
m?/g, granule size 0.5 mm) calcinated at 350°C was
added. The resulting suspension was stirred at 70°C for
1 h. The solution became discolored during the stir-
ring, and the Al,O; granules turned brown, indicating
the deposition of Pd on the support surface. Then the
granules were washed with water (5 L), dried, and cal-
cinated at 350°C for 1 h.

The Pd/Al,O; catalyst (0.1 wt % Pd) was obtained

by calcinating Pd/Alzogk at 350°C for 2 h with subse-
quent reduction with H, at 200°C for 2 h. The Pd—
M/Al,O; catalysts (M = Au, Ag, Cu, Ce, Fe, Ni, Co,
Zn) were prepared by incipient wetness impregnation
of Pd/AIZO;k [17, 18]. In a typical synthesis, an aque-
ous solution of metal nitrate (4.5 mL) containing an
amount of metal equimolar to that of palladium was

added to Pd/A120>3k (5 g). After impregnation of Pd—
M/Al,O;, it was dried and calcinated at 350°C for 2 h.
Before testing, the Pd—M/Al,O; catalysts were
reduced with H, at 200°C for 2 h.
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The metal content in the reduced samples was
determined by atomic absorption spectrometry (AAS)
on a Thermo iCE 3000 instrument (Thermo Fisher
Scientific, United States). The relative error in mea-
suring the metal content by this method did not exceed
1% [19, 20]. The actual Pd content in the catalysts was
0.1 wt %. The Pd : M molar ratio in the bimetallic cat-
alystswas closeto 1 : 1.

The micrographs of the reduced samples were
obtained by transmission electron microscopy (TEM)
on a JEM 2100F/UHR device (JEOL, Japan) with a
resolution of 0.1 nm. The average particle size was
determined by processing the data for 200—250 parti-
cles [21, 22]. The particle composition was identified
by energy dispersive analysis (EDA) on a JED-2300
instrument (JEOL, Japan).

The X-ray photoelectron spectra of metals in the
reduced samples were recorded on an Axis Ultra DLD
spectrometer (Kratos Analytical, Great Britain;
monochromatic AlK,, radiation, 1486.6 eV). The spec-
tra were recorded using an electron gun to compensate
for the static charge on the catalyst pellets. The spectra
were recorded with an analyzer transmission energy of
40 eV at a step of 0.1 eV. To calibrate the energy scale,
we used an external standard—gold foil with an elec-
tron binding energy of E;,4(Audfs ;) = 83.96 = 0.03 V.

The unreduced catalysts were studied using tem-
perature-programmed reduction with hydrogen
(TPR-H,) on a USGA-101 chemisorption analyzer
(UNISIT, Russia). A 0.1 g sample was placed in a
quartz reactor and calcinated in an argon flow (feed
rate 20 mL/min) at 400°C for 1 h. The sample was
cooled to 60°C, the argon flow was replaced by a mix-
ture of 5% H, + 95% Ar (feed rate 30 mL/min), and
the sample was heated at a rate of 10°C/min. Hydro-
gen absorption was recorded with a thermal conduc-
tivity detector.

The acidity of the reduced samples was measured
using temperature-programmed desorption of NH;
(TPD-NH;) on a USGA-101 chemisorption analyzer
[23]. For this, the sample (0.2 g) was placed in a quartz
reactor and calcinated in a He flow (feed rate
20 mL/min) at 400°C for 1 h. The reactor was cooled
to 25°C, and the sample was saturated with ammonia
vapor for 30 min. The physically adsorbed forms of
ammonia were removed by calcinating in a He flow at
100°C for 1 h. Then the sample was linearly heated at
a rate of 8°C/min to 750°C in a helium flow (feed rate
30 mL/min). The released ammonia was recorded
using a thermal conductivity detector.

The catalytic tests were performed on a Parr 5000
Series autoclave unit (Parr Instrument Company,
United States) at a previously selected optimum tem-
perature of 275°C [11, 24]. In the standard test cycle,
ethanol (25 mL) and reduced catalyst (5 g) were
placed in the reactor. The reactor was heated to 275°C,
and the reaction medium was vigorously stirred for 5 h.
Then the reactor was cooled to 25°C and opened, and
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qualitative and quantitative analysis of reaction prod-
ucts was performed.

The reaction products were analyzed by gas chro-
matography: gaseous C,—Cs hydrocarbons, on a
Kristall-4000M chromatograph (Meta-Khrom, Rus-
sia, flame ionization detector, HP-PLOT column);
CO, CO,, and H,, on a Kristall-4000 chromatograph
(Meta-Khrom, Russia, thermal conductivity detector,
SKT column). The qualitative composition of liquid
organic products was determined by chromato-mass
spectrometry on MSD 6973 (Agilent Technologies,
United States, flame ionization detector, HP-5MS
column) and Automass-150 (Delsi Nermag, France,
flame ionization detector, CPSil-5 column) instru-
ments with £} = 70 eV. The contents of liquid organic
substances were determined by gas-liquid chromatog-
raphy on a Varian 3600 instrument (Varian, United
States, Chromatek SE-30 column, 0.25 X 250 cm,
Df =0.3 mm, 50°C (5 min), 10 deg/min, 280°C, #,; =
250°C, split ratio 1/200, FID, n-octane as internal
standard).

The ethanol conversion () was determined by the
equation

a = (C,H.OH);, x (C,H:OH);' x100%,

where (C,H;OH)y, is the amount of ethanol in the
reaction products, mol; and (C,H;OH), is the
amount of the starting ethanol, mol.

The amount of gaseous products (#;, mol) was cal-
culated by the equation

n=CV,/22.4,

where C; is the volume fraction of the ith component
in the gas phase; V, is the volume of gases released
during the reaction; and 22.4 is the molecular volume
of the gas.

The amount of liquid products (/;, mol) was calcu-
lated by the equation

l; = CimlMi_]:
where C; is the mass fraction of the ith component in
the liquid phase; m, is the total mass of liquid products,
g; and M, is the molecular mass of the ith component.

The selectivity of formation of the ith component
(S;) was calculated by the equation

S; = 0.5x I x k; x[(C,H;0H)_ — (C,H;OH) )T,

where [ is the number of C atoms in the molecule of
the ith component; k; is the number of moles of the ith
component, mol; and [(C,Hs;OH), — (C,H;OH)y, ] is
the amount of alcohol involved in the reaction, mol.
The total yield of the products (®, %) was calcu-
lated by the equation ® = a X (S, + 5, +5,), where a
is the conversion of ethanol, 5| is the butanol selectiv-
ity, .S, is the hexanol selectivity, and .55 is the octanol
selectivity.
KINETICS AND CATALYSIS  Vol. 61
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Table 1. Catalytic characteristics of ethanol conversion into a-alcohols in the presence of the catalysts containing 0.1% Pd*

Catalyst Cycle o, % Sy, % S,, % S3, % o, %
Pd/ALO, I 2% 65 3.6 0 16.5
Pd/ALO, 2 11.4 9.5 0.3 0 11
Pd/ALO, + CO** 1 12 8 0.5 0 1.0
Pd—Ag/ALO; 1 115 30 3 2 4.0
Pd—Ag/Al,0; + CO** 1 7.4 2 0.1 0 0.2
Pd—Au/ALO; 1 16 50 2.5 0 8.4
Pd—Ce/Al, O, 1 32 64 4 0 21.8
Pd—Zn/Al,04 1 59 53 10 1 37.8
Pd—Cu/Al,04 1 45.6 69.5 19 0 40.4
Pd—Cu/Al,O5 + CO** 1 41 73 19 2 38.5
Pd—Cu/Al,O; 20 40.4 72 20 3 38.8
Pd—Ni/Al,O4 1 29 73 10 2 24.7
Pd—Fe/Al,O; 1 33 70 9.6 2 26.9
Pd—Co/Al,O, 1 30 70 9 5 26.9
Pd—Co/Al,0; + CO** 1 31.4 69.3 9 4 25.8

o is the ethanol conversion; S, §,, and S5 are the selectivities of formation of butanol, hexanol, and octanol, respectively; and  is the
total yield of products. Conditions of the standard test cycle: 275°C, 5 h, 5 g of catalyst, and 30 mL of ethanol.
* At 275°C the product yield in the presence of the 0.1%M/Al,Oj catalysts is less than 1% [11].

** The amount of CO added to the autoclave with the catalyst and ethanol was 1 X 10~* mol.

RESULTS AND DISCUSSION
Activity of Pd/Al,O;

Before describing the efficiency of bimetallic cata-
lysts, it is necessary to briefly discuss the tendencies in
ethanol conversion in the presence of the unmodified
Pd/Al,Oj; catalyst.

Accordingto Table 1, the total selectivity for a-alco-
hols in the first cycle of testing of Pd/Al,O; is 68.8 at
24% conversion of ethanol. Accordingly, the yield of
a-alcohols on Pd/Al,O; is 16.5%. However, already in
the second cycle of testing, the product yield on
Pd/Al,O; decreased drastically to 1.1%. The yield
decreased mainly because of the decrease in the selectiv-
ity of formation of a-alcohols. This result indicates that
the rate of the target process is inhibited (Scheme 1).

According to [8], the catalytic poison for Pd-con-
taining catalysts for ethanol conversion into linear oi-
alcoholsis CO, which forms as a result of decarbonyla-
tion of ethanal (Scheme 1) and is tightly bonded to the
active Pd sites. To test the applicability of the hypoth-
Vol.61 No. 6
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esis about catalyst poisoning with CO under the given
conditions, we analyzed the gas medium after the first
cycle of testing of Pd/Al,O;. It turned out that CO was
actually present in the products, and its amount
formed in the first cycle was 5.2 x 10> mol, which is
comparable to the total amount of palladium in the
Pd/Al,0O; sample. This result is consistent with the
mechanism of catalyst poisoning as a result of CO
chemisorption.

To directly test the effect of CO on the catalytic
conversion of ethanol into oi-alcohols, an experiment
with a “poisoned catalyst” was performed. CO (1 X
10~* mol) was added to an autoclave with the starting
Pd/Al,O; and ethanol. Then a standard test cycle was
performed, and the composition of products was ana-
lyzed. According to Table 1, already in the first cycle,
the yield of products on the Pd catalyst poisoned
before the reaction was lower than during ethanol con-
version in the presence of the initial Pd sample (Table 1,
Pd/Al1,0,;+ CO, cycle 1; Pd/Al,O;, cycle 1). Thus, CO
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can be considered a catalyst poison for Pd-containing
catalysts.

Activity of Pd—M/Al,O;
(M = Au, Ag, Ce, Cu, Fe, Ni, Co)

Modification of Pd/Al,O; with Au or Ag additives
does not lead to the formation of highly active cata-
lysts. This conclusion follows from the low product
yields on Pd—Au/Al,O; and Pd—Ag/Al,O, (Table 1,
cycle 1).

At a first glance, the low activity of Pd—Au/Al,O4
and Pd—Ag/Al,O; may be associated with a change in
the structure of bimetallic particles under the action of
CO released in the side process of ethanal decarbon-
ylation. As is known, the adsorption of CO molecules
on Pd—Au and Pd—Ag particles leads to their rear-
rangement and enrichment of the surface of bimetallic
particles with palladium [25—27]. Therefore, under
the conditions of the catalytic conversion of ethanol,
the Pd—Au and Pd—Ag alloy particles can transform
into particles with a core(PdM)—shell(Pd) structure.
As a result, Pd—Au/Al,O; and Pd—Ag/Al,O; can be
regarded as structural analogs of the Pd/Al,O; cata-
lyst, which is inactive in the conversion of ethanol into
o-alcohols, as shown above.

It should be noted, however, that the activity of the
Pd—Au and Pd—Ag catalysts observed in the present
work is significantly lower than that of the Pd sample.
This follows from the product yields on Pd—Au/Al,O;,
Pd—Ag/Al,0;, and Pd/Al,O; in the standard test cycle
(cycle 1, Table 1; w(Pd—Au) = 8.4%, o(Pd—Ag ) =
4%, and w(Pd) = 16.5%). In this case, the rate of deac-
tivation of Pd—Au and Pd—Ag in the CO atmosphere
is higher than that for the monometallic Pd sample.
For example, the following product yields were
obtained in the standard test cycle after addition of 1 X
10~4 mol of CO into the reactor with ethanol and cat-
alyst: 0.2% for Pd—Ag/Al,05 and 1% for Pd/Al,Os;.

Thus, the segregation described in [25—27] can
lead to the formation of core(PdM)—shell(Pd) struc-
tures. Within this model, however, it is difficult to
explain the experimentally observed increase in the
deactivation rate of the Pd—Ag and Pd—Au catalysts in
the presence of CO and the lower activity of Pd—
Au/Al,O; and Pd—Ag/Al,O; compared with that of
Pd/AlL,0;.

The results can be interpreted within the frame-
work of the d band theory considered in [13]. It follows
from the data of [13] that the interaction of Pd with Au
(Ag) leads to a positive displacement of the center of
the Pd dband by +0.2 (+0.3) eV. As a result, palladium
in Pd—Au and Pd—Ag systems becomes more reactive,
and the energy of CO binding with Pd increases [13].
The increase in the binding energy of CO with palla-
dium atoms of the metal-containing phase should evi-
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Fig. 1. Dependence of the yield of reaction products on the
position of the center of the Pd d band in the catalysts.
¢,4(Pd) is the energy of the center of the Pd 4 band, and
€p(Pd) is the energy of the Fermi level of palladium.

dently lead to faster deactivation of the catalyst and
hence to lower accumulation rate of o.-alcohols during
ethanol conversion into o-alcohols, which is just
observed in our experiments (Table 1, Fig. 1).

Modification of Pd/Al,O; with Ce, Zn, or Cu addi-
tives leads to an increase in the yield of o-alcohols
(Table 1), which indicates that the Pd—Ce/Al,O5, Pd—
Zn/Al,0;, and Pd—Cu/Al,O; catalysts are resistant to
CO poisoning. This is probably again associated with
a shift of the center of the Pd d band. As is known, the
center of the Pd d band in Pd—Ce, Pd—Zn, and Pd—
Cu systems is shifted by —0.5, —0.65, and —0.7 eV,
respectively, relative to that of pure palladium [13—16].
As a result of the negative shift of the center of the d
band of Pd, its reactivity decreases [13], which should
lead to a decrease in CO sorption on Pd and, as a con-
sequence, to an increase in the yield of a-alcohols.
Indeed, according to the data of Table 1 and Fig. 2, the
rate of the target process on the Pd—Ce/Al,O;, Pd—
Zn/Al,O;, and Pd—Cu/Al,O; catalysts increases.

In the first cycle of testing, the yield of ai-alcohols
on Pd—Cu/Al,O; is 40%, which is approximately two
times higher than during ethanol conversion on
Pd/Al,O; and does not change during 20 consecutive
cycles. The addition of excess CO to the mixture
before the start of reaction does not lead to catalyst
deactivation either (Table 1). The efficiency of ethanol
conversion into a-alcohols observed in the presence of
Pd—Cu/Al,O; is much higher than that for the cata-
lysts of the target process described in [1—7].

Note that the Pd—Fe, Pd—Co, and Pd—Ni catalysts
with a relatively large negative shift of the center of the
Pd d band (from —1 to —1.4 eV [13]) also do not lose
activity in the presence of CO liberated in the reaction
and demonstrate stability in repeated cycles (Table 1,
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Fig. 2. (a) Typical TEM micrograph of the reduced Pd—
Cu/Al,O5 sample and (b) identification of Pd—Cu parti-
cles using EDA spectra.

Fig. 1). In contrast to the most efficient Pd—Cu cata-
lyst, the Pd—Fe, Pd—Co, and Pd—Ni systems are
characterized by lower yields of the desired product
largely because of a decrease in ethanol conversion,
rather than a change in the selectivity of formation of
a-alcohols (Table 1). Probably, in the case of Pd—Fe,
Pd—Co, and Pd—Ni systems, the reactivity of Pd
decreases so strongly that this leads to a decrease in
sorption and activation of not only CO, but also of eth-
anol and/or reaction intermediates.

Structure of the Active Sites
of the Optimum Pd—Cu Catalyst

Pd—Cu/Al,O; was found to be the optimum cata-
lyst for ethanol conversion into a-alcohols; therefore,
it was of interest to study the structure of its surface
and reconstruct the active sites.

The morphology of the supported phases of the
reduced catalyst was studied by TEM. A typical micro-
graph of Pd—Cu/Al,O; is shown in Fig. 2a. The
micrograph shows dark rounded particles contrasting
with the gray support surface. The EDA spectrum
obtained from the location with a single particle con-
tains the C, Al, O, and Ni lines, as well as the Pd and
Vol.61 No. 6
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Fig. 3. Histogram of particle size distribution in the
reduced Pd—Cu/Al,O5 catalyst.

Culines. The Ni and C lines are due to the presence of
these elements in the TEM grid used for analysis,
while the Al and O lines are related to the presence of
the Al,O; support in the catalyst. The remaining com-
bination of elements (Pd and Cu) unambiguously sug-
gests the bimetallic composition of the analyzed parti-
cle (Fig. 2b). The particle size distribution histogram,
which has a monomodal shape, is shown in Fig. 3.
According to the histogram, the size of the detected
particles ranges from 1 to 10 nm. The average particle
sizeis4 = 1 nm.

The TPR-H, profile of the unreduced PdO—
CuO/AlL, 04 sample is shown in Fig. 4. It contains an
intense peak at 180°C and two weak peaks at 500 and
750°C. A comparison with the previously obtained
profile of the support allows us to conclude that the
high-temperature peaks are related to the reduction of
transition metal oxide impurities contained in Al,O;.
The peak at 180°C (Fig. 4) is due to the reduction of
palladium and copper oxides deposited on the Al,O;
surface, which are in close contact with each other [28,
29]. Thus, both the TPR-H, and TEM-EDA data
indicate the presence of bimetallic structures in the
Pd—Cu catalyst. An analysis of the TPR-H, profile
shows that the temperature used in this study for the
reduction of the catalyst with hydrogen before the
reaction (200°C) is sufficient for complete reduction
of the supported phases of the Pd—Cu catalyst. To ver-
ify this, additional XPS studies were performed.

Figure 5 shows the Cu2p and Pd3d XPS spectra
obtained for the reduced Pd—Cu/Al,O; catalyst. The
absence of “shake-up” satellites in the region of 944
and 963 eV in the Cu2p spectrum and intense peaks
with electron binding energies of 337.4 and 342.7 eV in
the Pd3d spectrum indicates that the reduced Pd—Cu
sample has no copper (Cu*?) and palladium (Pd*?)
precursor cations. The Cu XPS spectra contain the
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Fig. 4. TPR-H, profile of the unreduced PdO—
CuO/Al,O5 sample.

Cu2p;,, peak with Ey,q = 932.8 €V, which indicates
that the sample contains the compounds of zero-
valent copper [30]. The Pd XPS spectra have a peak
Pd3d;,, with an electron binding energy of 335.1 €V,
which belongs to the compounds of zero-valent palla-
dium [17, 31]. Thus, the data on the chemical compo-
sition of supported metals in the Pd—Cu sample are in
good agreement with the previously discussed results
of TPR-H, (Fig. 4). Note that the Pd3d peaks in the
spectrum of the Pd—Cu catalyst shifted by ~0.2 eV
toward lower binding energies relative to those for the
Pd/Al,0; sample (Fig. 5). According to [28, 32], this
effect can be explained by modification of the elec-
tronic structure of Pd in the particles of the Pd—Cu
alloy. Note that, according to the TEM-EDA data,
bimetallic particles are indeed present in the reduced
Pd—Cu catalyst.

The TPD-NH; profile of the reduced Pd—
Cu/Al,O; catalyst is shown in Fig. 6. It is identical to
the TPD-NH; spectrum of the pure support (Fig. 6)
and contains a wide peak of ammonia desorption in
the range 200—300°C, which suggests the presence of
strong and moderately strong acid sites of the surface
according to [6, 33].

Based on the above results, it can be concluded that
the Pd—Cu/Al,O; surface consists of Pd—Cu particles
with a size of 4 = 1 nm deposited on the Al,O; surface.
It follows from the data of [1—5] that an effective cat-
alyst for the synthesis of a-alcohols should contain
both metal and acid sites of dehydrogenation/hydro-
genation (Scheme 1); for the maximum reaction rate,
the sites of these two types should be located close to
each other [5]. In the Pd—Cu/Al,O; catalyst, these
conditions are satisfied by bifunctional pairs Cu’—
Al,O; and Pd°—Al,0;, which form on the periphery of
the supported Pd—Cu particles. As shown in [11],
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Fig. 5. (a) Cu2p and (b) Pd3d XPS spectra in the reduced
Pd—Cu/Al,O5 sample and Pd/Al,O5.

however, the Cu’—Al,O, vapors exhibit low activity in
the process because of the low reactivity of Cu in
hydrogenation. Therefore, the most active sites of the
Pd—Cu/Al,O; catalyst are the Pd°—Al,O; pairs, which
form in the contact zone between the Pd—Cu particles
and the support.
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Fig. 6. TPD-NHj3; profile of the reduced Pd—Cu/Al,O5
sample and Al,Os5.
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CONCLUSIONS

It was found that the Pd/Al,O; monometallic cata-
lyst had high initial activity in the conversion of etha-
nol into linear o-alcohols. After 10 h of operation,
Pd/Al,0; lost ~90% of its activity because of deactiva-
tion caused by the chemisorption of the CO by-prod-
uct on active palladium sites.

Modification of Pd/Al,O; with Au or Ag additives
leads to the formation of less active catalysts, which is
consistent with the positive shift of the center of the Pd
d band in the Pd—Au and Pd—Ag systems and hence
with the higher reactivity of palladium with CO. When
Pd/Al,0; is modified with Cu, Ce, Zn, Fe, Ni, and Co
additives, more active catalysts form; this correlates
with the negative shift of the center of the Pd d band in
the Pd—Cu, Pd—Ce, Pd—Zn, Pd—Fe, Pd—Ni, and
Pd—Co systems and hence with the lower reactivity of
Pd in CO sorption.

Among the bimetallic catalysts under study, the
Pd—Cu sample is most efficient in the target process.
It is resistant to CO poisoning and allows synthesis of
linear oi-alcohols from ethanol at 95% selectivity. The
stable operation time of the catalyst is at least 100 h.
Based on the known reaction mechanism and the
TEM, EDA, XPS, TPR-H,, and TPD-NH; data, the
active sites of Pd—Cu/Al,O; were reconstructed. The
most active sites of the Pd—Cu catalyst were found to
be the copper-modified Pd® metal sites located near
the acid-base sites of Al,O;.
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