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Several palladium catalysts supported on ZnO with different loadings and dispersions have been
prepared, characterized, pretreated, and tested for the selective hydrogenation of small amounts of
1,3-butadiene in [-butene. Hydrogen treatment at temperatures above 423 K caused a marked
decrease in catalytic activily and a simultaneous increase in selectivity for reduction of butadiene
primarily to olefins. Such treatment also caused partial reduction of the ZnO support which re-
sulted in the formation of PdZn intermetallic phases (XRD results). XPS measurements suggested
that the Pd crystallites were **decorated’ with reduced Zn metal which significantly decreased the
availability of the Pd adsorption sites, as determined by hydrogen and carbon monoxide chemisorp-
tion. Alternate oxidation and temperature-programmed reduction cycles could distinguish between
the formation of (PdO), and oxidation of the reduced Zn. Even though the overall activity was
decreased after high-temperature exposure to hydrogen, the turnover frequency for the smaller
number of active sites remained virtually unchanged. Moreover, the activation energy and reaction
orders were not altered. High-temperature reduction also decreased the trans/cis-2-butene ratio
formed from the butadiene: this may reflect slow interconversion between the syn and anti confor-
mation of the 1,3-butadiene adsorbed on the Zn-decorated surface. These experiments have identi-
fied some of the important roles of the support and pretreatment conditions on the performance of

such catalysts. 1993 Academic Press, Inc.

INTRODUCTION

It is well established that support mate-
rials play an essential role in the catalytic
activity of highly dispersed metals (/-3).
Particle size and support effects are inter-
dependent and can contribute significantly
to the surface composition and textural
properties of supported catalysts (4). Pre-
treatment conditions, especially tempera-
ture of reduction, lead to SMSI states with
titania, vanadia, and other reducible oxides
(3). While the nature of the SMSI state has
been the subject of systematic investiga-
tions, apparently no unifying theory exists
4, 5).

Because ZnO exhibits multifunctional be-
havior and has interesting promoting ef-
fects, it has been the subject of consider-
able attention as a versatile catalyst
support. Zn atoms or ions increase the rate
of hydroformylation and improve olefin se-
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lectivity in CO hydrogenation over Rh cata-
lysts (6, 7). XPS and reduction studies have
confirmed the presence of Zn® in these sys-
tems (7, 9). Ichikawa (/0) reported unusu-
ally high selectivities >90% for methanol
formation during CO/H, reaction over
ZnO. It has been suggested that Lewis acid-
ity of ZnO facilitates migratory insertion of
CO or that Rh(l) species are stabilized by
ZnO (7). Hydrogen treatment of Pt/ZnO
catalysts enhances activity for the water
gas shift reaction (//). The increase in
methanation activity above 473 K (12, 13)
was attributed to enhanced electron density
on Pt sites. Electron microscopy indicated
morphological changes, e.g., spherical par-
ticles have taken on a shape resembling fly-
ing saucers (/4), and formation of PdZn and
PtZn intermetallics have also been ob-
served (12, 14).

Investigations directed towards under-
standing the effect of Zn® or Zn ions as ad-
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ditives in hydrogenations (15) are scarce,
although ZnO is known to hydrogenate and
isomerize alkenes at moderate tempera-
tures (16-21). Zn*? ions added in form of
acetate to Pt improve the selectivity of hy-
drogenation of «,B-unsaturated aldehydes
(22). Modification of Pd by CdSO, and
7ZnS0O, increases the selectivity of olefinic
carbinols formed from acetylenic com-
pounds (23). The surface composition of
the catalysts and the oxidation state of the
Zn were not investigated in these studies.
This paper deals with the catalytic prop-
erties of Pd/ZnO catalysts in hydrogenation
of 1,3-butadiene and 1,3-butadiene/1-bu-
tene mixtures. The main objective is to in-
vestigate the effect of reduction on the rate
and selectivity of hydrogenation. Consider-
ing the red shift of CO stretching frequency
observed after reduction treatment of Pt/
ZnO (12, 13), one might expect that Zn at-
oms decorate Pd sites to exert geometric
and ligand effects which influence the com-
petitive adsorption of {,3-butadiene and 1-
butene on Pd sites. To some extent the ef-
fect of Zn atoms might be compared to
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nitrogen bases which are electron donors
known to increase the selectivity of com-
petitive hydrogenation of 1-butyne in 1-bu-
tene (24, 25) by influencing the strength of
complexation. The geometric and elec-
tronic effects of Zn are likely to influence
the availability of surface hydrogen and
might hinder adsorption of alkene as has
been observed with Pd-Pb, Pd—Ag, Pd-
Cu, and Pd-Au bimetallic catalysts in hy-
drogenation of acetylene—ecthylene mix-
tures (26, 27). The present work is also
designed to collect data on the reduction of
ZnO similar to those already observed in
the formation of bimetallic particles over
Pd/ZnO similar to those already reported
on Pt/Zn0O at 493 K ({2, 13).

EXPERIMENTAL
Catalyst Preparation

Prior to catalyst preparation, the ZnO
support (Kadox 25) was air treated at 698
K. Seven catalysts prepared with different
Pd precursors and loadings are listed in Ta-
ble 1.

TABLE 1

Catalysts Prepared

Support: Zn0O, Kadox 25. S(BET) = 7.3 m’g

Sample Precursor Pd (m%) BET¢ Cco? H,(HT) H,/Pd,¢ DICO)Y%
A PdCl, 0.3¢ 6.8(6.3) 3.5 3.5 0.68 12.3
B [PA(NH;),JCl, 0.57 6.9(6.1) 6.2 5.5 0.66 13.1
C PdCl, 2.5¢ 6.8 21.9 0.72 9.3
D Pd(CsH-0,), 0.1 7.1(6.8) 7.4 6.3 0.61 78.4
E Pd+ZnO 8.5 6.6(4.7) 222 21.0 0.74 2.7
F Pd+Zn0O 4.4 — — — — —
G 6.9(6.7) 30.1 24.1 0.69 63.9

[PA(NH;):J(NO;), 0.5

“ The value in parenthesis after reduction at 673 K for 30 min in 46.6 kPa H.. C constant varied between 47.5

and 67.8.

5 In umol/g cat. CO chemisorption determined from CO titration of Pd,~O, sample reduced in diluted N,H,
and O, treated at 393 K; H(HT) chemisorbed hydrogen (umol/g cat.) determined by hydrogen titration after

oxidation at 393 K.

¢ H,/Pd, hydrogen dissolved in the bulk, Pd, was taken from hydrogen titration.

¢ Dispersion in %, CO/Pd, = 1 and H,/Pd, = I.
¢ From hydrogen chemisorption.
4 Samples A, B, and C were NH,OH washed.
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(A) 0.3 wt% Pd/Zn0O was prepared from a
solution of PdCl, dissolved in acetone con-
taining a few drops of 0.1 N HCI to facili-
tate solubility of the PdCl,. The support
was mixed with the solution and dried at
393 K in air for 14 h.

(B) 0.5 wt% Pd/ZnO was prepared from
Pd(NH;),Cl, dissolved in dilute NH,OH.
After the support was added, the sample
was dried overnight at 393 K and decom-
posed at 573 K in air.

(C) 2.5 wt% Pd/ZnO was prepared by
careful mechanical mixing of a slurry con-
taining PdCl, and ZnO in presence of ace-
tone.

(D) Preparation of a 0.1 wt% Pd/ZnO in-
volved impregnating ZnO with Pd(Il)ace-
tylacetonate dissolved in benzene. The cat-
alyst was dried at 373 and decomposed at
523 K in air,

(E)and (F) 8.5 and 4.4 wt% Pd/ZnO cata-
lysts were made by mixing PdO and ZnO
mechanically. PdO powder was prepared
from Pd(NO;), and had a BET surface area
of 15.2 m¥/g.

(G) 0.5 wt% Pd/ZnO was prepared from a
solution of [Pd(NH;);](NO,), dissolved in
diluted NH,OH and acetone. After drying
at 353 K in air the sample was reduced in H;
at 383 K and O,-treated at 433 K for 30 min.

Catalyst Characterization

Catalysts B (0.5% Pd), E (8.5% Pd), and
C (2.5% Pd) were characterized by XRD to
estimate metal particle size and to measure
changes in the catalyst composition follow-
ing reduction at elevated temperatures.
Powder diffractograms (Cu K., A =
0.15405 nm) were measured in a Guinier
camera equipped with a curved quartz
monochromator.

X-ray fluorescence was used to deter-
mine metal concentrations following the re-
duction in N,H, and chlorine removal with
NH,OH solution.

Both hydrogen chemisorption and ab-
sorption were measured under dynamic
conditions by frontal analysis of H, adsorp-
tion (28). In determining the concentration
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of surface sites Pd;, a low hydrogen pres-
sure of 49.98 Pa was applied to avoid hy-
dride phase formation (29-3/). The forma-
tion of both surface and hydride phases was
measured at the higher pressure of 4.748
kPa H; following the chemisorption at 49.98
Pa H;; the H,/Pd, and H,/Pd, ratios were
then calculated by assuming Pd, =
Pd, — Pd, (subscripts b, t, and s refer to
bulk, total, and surface atoms, respec-
tively) (317).

H; sorption, CO, and O, chemisorptions
and titrations were performed at 293 K un-
less otherwise stated. The usual set of sto-
chiometries has been considered (29, 30).
By making gravimetric measurements (Sar-
torius 4102 type microbalance), hydrogen
absorption, 0., and CO chemisorptions
were determined after reduction. From the
weight loss caused by oxygen removal, the
Zn%Pd ratio was calculated.

Reducibility of the catalyst precursors
was followed by temperature programmed
reduction (TPR) in a flow system with 10
v% H,/Ar. The technique involved flowing
the H,/Ar mixture over catalyst samples at
ambient temperature for 30 min and then
linearly ramping the temperature at 20
K/min up to 950 K. Peak areas were deter-
mined, and moles of oxygen removed were
calculated after calibration experiments.
The same experimental setup was used for
temperature programmed desorption of hy-
drogen in Ar with a heating rate of 20
K/min.

XPS measurements were carried out with
a KRATOS ES-300 type ESCA machine.
X-ray patterns were generated with an alu-
minum anode (K,;;» = 1486.6 eV, 150W)
with the hemispherical analyzer working in
a Fixed Retarding Ratio (FRR) mode. In
situ sample reduction was carried out se-
quentially in flowing H, in a small reaction
chamber attached directly to the ESCA ma-
chine. This arrangement allowed transfer of
the reduced samples into the analyzing
chamber without exposure to air. During
analysis the pressure in the Sample Analyz-
ing Chamber (SAC) did not exceed 107° Pa.
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All binding energies (B.E.) were referenced
to the C 1s peak (284.8 ¢V B.E..f) as an
internal standard.

Catalytic Reactions

The catalysts were tested for selective
hydrogenation activity by passing 1,3-buta-
diene/H, and I-butene/l,3-butadiene/H,
mixtures at atmospheric pressure through a
small tubular flow reactor (32) containing
0.0005-0.05 g of catalyst. The total flow
rate was maintained in the range of 30-100
cm’/min with MKS mass flow controllers.
Typical composition of the inlet was 1.9 v%
H,, 0.25 v% 1,3-butadiene, 2.25 v% 1-bu-
tene; the remaining 95.6% was high purity
N,. Product selectivities for n-butane
(SnB), 1-butene (S1B), trans-2-butene
(St2), and cis-2-butene (Sc2) were calcu-
lated as the moles of that product formed
divided by the moles of butadiene con-
sumed (32). A positive selectivity for 1-bu-
tene indicates more 1-butene in the product
than was present in the inlet stream, i.e., a
net production of that species. Conversion
refers to butadiene consumed.

Additional experiments with 5.0 kPa bu-
tadiene were performed in a static circula-
tion system (volume = 187 cm?).

Products were separated by GLC using a
20% BMEA or n-octane/Porsail-C column
at 298 K.

RESULTS
Adsorption

The BET area of the supported samples
presented in Table 1 are comparable to val-
ues measured by Dent and Kokes (16, 18).
Hydrogenation or oxidation treatments in
the 673-773 K range caused slight sintering
of the support as indicated by a decrease of
the surface area (column 4, values in paren-
theses). The prepared catalysts listed in Ta-
ble 1 were reduced at 393 K and oxidized at
453 K prior to hydrogen titration and CO
chemisorption. The chemisorption results
in Table 1 (later referred to as H, or CO,
values) were compared with those obtained
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after H, reduction at elevated tempera-
tures. With catalysts A, B, and C the
results refer to samples which were
NH,OH washed (0.1 N) after reduction
treatment at 393 K. Samples in Table | can
be divided into two groups: A, B, and E
exhibit lower dispersions, D and G higher
dispersions. The constancy of the H,/Pd,
values in column 7 (average 0.68+/-0.04
for all samples) coupled with their insensi-
tivity to dispersion confirms the bulk as-
signment (31). Of course, for very small
crystallites (<25 A) the bulk hydride phase
would be expected to disappear.

Tables 2 and 3 show results obtained for
samples C, D, and G when the following
series of sequential experiments were per-
formed. H,(A) and O4(A) (columns 2 and 3)
represent surface sites determined by che-
misorption of hydrogen and oxygen at am-
bient temperature after reduction treatment
and desorption of hydrogen at 473-483 K.
Oxygen chemisorption (O4(A), column 3)
was followed by hydrogen and oxygen titra-
tions [H(T) and Oy(T), columns 4 and 5]. H,
and O, values represent surface concentra-
tions assuming the usual stoichiometries.

TABLE 2

Oxygen and Hydrogen Adsorption (umol/g cat.)

Pretreatment  H(A) OJA) H(T) OJT) OJT)OJ(A)

Catalyst F, 0.5 wi% Pd/ZnO

H»/453 K 3.53 13.65 10.1t 997 0.73
(60 min)

H)/543 K — 20.88 9.23  9.23 0.44
(10 min)

H,/543 K 231 22,05 793 885 0.40

H,/623 K 1,17 19.83 7.68 7.9] 0.40

Catalyst D, 0.1 wt% Pd/ZnO

H,/423 K 1.31 4.18 333 322 0.77

H,/543 K 0.61 5.26 343 336 0.64

H,/600 K 0.38 5.33 311 3.03 0.56

H:/650 K 0.27 4.24 1.56  1.23 0.29

Note. A: adsorption at 298 K (Surface hydrogen had been
removed by TPD in Ar at 473-483 K). Reductions in 10.25 kPa
H: for 30 min uniess otherwise stated. H.(T): Hydrogen titra-
tion of Pd,-O, where 2Pd,-O + 1.5 H; = Pd,-H + H;0.
O(T): Oxygen titration of Pd,-H, where 2Pd,-H + 1.50, =2
Pd.-0 + H;0. H, and O, in umol of surface sites adsorbing H,
and O, respectively.
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Pretreatment

TABLE 3

Hydrogen and Oxygen Adsorption (umol/g cat.)
H.(A)  O(A) HJT) OJT) OJ(THOJLA)}

Catalyst C, 2.5 wt% Pd/ZnO (without NH,OH treatment)

H./383 K 3.7 — 8.71 — —
(10 min) —r  10.6 — —
H,/380 K 2.83 16.7 1.98 218 0.13

(55 min)
H,/493 K 0.61 10.2 1.9 0.6 0.06
H./540 K 0 kN 0 0 —

(35 min)
H,/628 K 0.002 0.8 0 0 —
ox 375-645 K 11.2 9.1 10.3 0.92
red H./300 K

Catalyst C, 2.5 wt% Pd/ZnO (NH,OH treated)

H./423 K 6.02 10.3 7.8 10.1 0.98
H./451 K 5.8 13.5 11.3 10.8 0.8

(20 min) — — 18.5 19.1 1.13
H./493 K 2.54 4.1 33 3.5 0.85
H./530 K 0.63 2.3 0.9 1.3 0.56
ox 657 K, 18.2 17.5 16.8 17.8 1.02

red H»/303 K
Catalyst A, 0.3 wt% Pd/Zn0O (without NH,OH treatment)

H./461 K 0.06 098 0.15 —
H./528 K — 013 0.01 —

Catalyst A, (.3 wi% (Pd/ZnO (NH,OH treated)

H./493 K 0.14 2.
H./535 K 0.07 1.

Note. Reduction in 10.25 kPa H- for 30 min unless other-
wise stated.

« Oxidation at 298 K, 6 min.

» Oxidation at 298 K, 61 min.

¢ Oxidation at 448 K. 20 min.

Upon reduction and TPD, the hydrogen
chemisorption is suppressed significantly
where the O- chemisorption actually in-
creased (compare columns 2 and 3). As
shown by column 4 part of the chemisorbed
oxygen could be titrated by 49.98 Pa H, (dy-
namic frontal analysis) and the chemi-
sorbed hydrogen (column 5) by oxygen.
The values of O, chemisorption (O(A),
column 3) and O, titration (O(T), column 5)
were used to estimate an hypothetical Pd,/
(Pd+ZnO+Zn"), ratio on the surface. In
the calculation it was assumed that ZnO (or
Zn") formed in the course of hydrogenation
is able to chemisorb oxygen in presence of

SARKANY ET AL.

Pd,, but the Zn.—O so formed cannot be
titrated by H; at 298 K.

Increasing the reduction temperature de-
creases both the extent of hydride phase
formation and the chemisorption of H, and
CO (Tables 2 and 3 and Figs. 1-3). Figures
I and 2 show the relative changes in H,
chemisorption, (H/H,),, and absorption,
(H/H,), as functions of reduction tempera-
ture. For two samples, C and E, the (H/
H,), ratios were determined from the area
of the desorption peak at 353-383 K in a
9.98 kPa H,/Argon stream.

With catalysts A, B, and C prepared with
chlorine containing Pd compounds, the
NH,OH treatment exerts some effect on
the chemisorption behavior. Without
NH,OH washing the oxygen uptake and the
subsequent formation of hydrogen chemi-
sorption sites are suppressed drastically
above 473 K. The results with sample F (4.4
wt% Pd/Zn0O) obtained in a gravimetric
system are presented in Fig. 6. At higher
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FiG. 1. Variation of the H, chemisorption (H/H,),,
CO chemisorption CQ/CQO,, and hydrogen absorption
(H/H,), as a function of reduction treatment in H,
(10.25 kPa H, for 20 min). Sample E (8.5 wt% Pd/
Zn0): @, (H/H,): +, (H/H,),. Sample C (2.5 wt% Pd/
Zn0O, NH,OH washed): A, (H/Hyh: *, (H/H,),; @,
CO/CO,. Sample C (2.5 wt% Pd/Zn0, ZnCl, not re-
moved): B, (H/H,),. [Note: With catalyst C (H/H,)
was determined from TPD in 10% H, in Ar.]
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F1G6. 3. Gravimetric measurements with catalyst F
(4.4 wi% Pd/Zn0O). ®, CO chemisorption; A, O; che-
misorption; B, H, absorption as a function of ZnO/Pd
ratio. [CO (0.65 kPa) and H, (93 kPa H,) adsorption at
293 K; O, (0.65 kPa) at 393 K.}
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degrees of reduction, i.e., at large values of
x, both hydrogen adsorption and CO chemi-
sorption are decreased whereas O, chemi-
sorption measured at 393 remains about
constant or actually increases slightly.

Temperature-Programmed Reduction

Temperature-programmed reduction
spectra are summarized in Figs. 4 and 3.
Preliminary runs confirmed that PdO is re-
duced to metallic Pd at ambient tempera-
tures. For sample F (curve 6 in Fig. 4, 4.4
Pd + ZnO) the features of the TPR curve
are quite simple. Decomposition of the hy-
dride phase in 10.25 kPa H, appears at 363
K and is followed by hydrogen consump-
tion starting from about 523 K and reaching
a maximum at 758 K. A similar curve was
reported by Hong er al. (I14) who observed
a peak maximum at 700 K; their catalyst

HYDROGEN CONSUMPTION (ARB. UNITS)

+ + e +

500 600 700 800 900
TEMPERATURE T/K

300 400

F1G. 4. Temperature-programmed reduction (20 K/
min, 10% H,/Ar, 38 ml/min): 1—catalyst B (0.5 w1%
Pd/Zn0); 2—catalyst B prereduced at 503 K; 3—cata-
lyst C (2.5 wt% Pd/ZnO) oxidized at 623 prior to re-
duction; 4—same as 3, but NH,OH washed; 5—cata-
lyst C reduced directly; 6—catalyst F (4.4 wt%
Pd/Zn0); 7—catalyst A (0.3 wt% Pd/Zn0O).
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HYDROGEN CONSUMPTION (ARB. UNITS)

" 400 500 600 700 8OO 900
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F16. 5. Temperature-programmed reduction (20
K/min, 10% H,/Ar, 38 ml/min): 1—catalyst G (0.5
wt% Pd/Zn0); 2—catalyst G prereduced at 473 K; 3—
catalyst G prereduced at 573 K; 4—catalyst D (0.1
wt% Pd/Zn0); 5—reduction of catalyst G in 45 Pa H,:
6—reduction of catalyst D in 45 Pa H,.

was prepared from Pd(NH;),Cl, by N,H,4
reduction.

The presence of chlorine introduced by
using PdCl, (sample A, curve 7 in Fig. 4;
sample C, curves 3 and 5) and Pd(NH;),Cl»
(sample B, curve 1) influences the reduc-
tion behavior as indicated by hydrogen con-
sumption. With chlorine-containing sam-
ples the onset of hydrogen uptake is at 323
K, and there is a continuous consumption
of hydrogen up to 750 K interrupted with a
negative hydride decomposition peak at 363
K. We attribute the hydrogen consumption
at low temperatures to either (i) incomplete
reduction of Pd*? at 298 K or (ii) reduction
of ZnO or ZnCl; at the Pd-support inter-
face. Attempts were made to determine the
amount of chlorine removed from the cata-
lysts during the course of O, or H, treat-
ments. Effluents were bubbled through a
few cm? of H,0 and the pH or Cl- concen-
trations were measured. The experiments
indicated that chlorine left the catalysts
only in the form of ZnCl, which sublimed
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from about 723 K (melting point 556 K) and
condensed on the cold part of the reactor
tube.

The effect of chlorine on the reducibility
is clearly discernible if one compares the
chlorine-containing samples with those
which were N>Hsreduced and/or NH,OH-
washed (sample C, curves 3 and 4 in Fig. 4).
Reduction of ZnO on the NH,;OH-washed
samples gave a broad peak centered at
about 623-673 K. These temperatures are
lower than those observed with PdAO+ZnO
{sample E, curve 6 in Fig. 4) as a conse-
quence of a more intimate contact between
Pd particles and ZnO. Even lower reduc-
tion temperatures were observed in Fig. §
for the more dispersed samples D (Pd
(acac),) and E ([PA(NH1);]J(NO,),); the re-
duction process in 0.13% H./Ar could be
detected from about 353 K (insert in Fig. 5).
With sample F (4.4 wt% Pd) prereduced at
323 K in 10.25 kPa, H, hydrogen consump-
tion in 0.13% H,/Ar started at 523 K.

The volume of hydrogen consumed at
723-773 K supports the formation of a
PdZn phase as the Zn/Pd ratios calculated
for catalysts C and E were 0.98-0.97 and
0.83-0.95, respectively. Catalysts G and D
gave Zn°/Pd values somewhat larger than
unity (1.05-1.12).

TPD of Chemisorbed Hydrogen

TPD experiments indicated very limited
desorption of hydrogen from the Pd/ZnO
catalysts. Desorption of hydrogen from
Samples D and G can be characterized by a
broad peak at 363-383 K (typical results
appear in Fig. 6, curves 5 and 6). Prior to
TPD the samples were oxidized at 383 K
and then hydrogenated at 298 K in 49.98 Pa
H,. A remarkable feature of these curves is
that the hydrogen desorbed is only 3.5-5%
of the hydrogen uptake observed by hydro-
gen titration at ambient temperature (Ta-
bles 1-3). The unrecovered chemisorbed
hydrogen is likely corisumed in reducing
ZnO at the elevated temperatures. Hydro-
genation of Sample G in 47 kPa H, at 536
and 627 K (after 30 min 47 kPa H, was re-
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SIGNAL OF HYDROGEN (ARB. UNITS)

300 400 500 600 700
TEMPERATURE T/K

FI1G. 6. Temperature-programmed desorption of hy-
drogen (20 K/min, 32 ml Ar/min); 1-—1 wt% Pd/a-
Al,O,; 2—Pd black; 3—catalyst G (0.5 wt% Pd/ZnO)
reduced at 526 K; 4—catalyst G reduced at 643 K; 5—
catalyst G desorption after hydrogen titration at 298 K ;
6-—catalyst D (0.1 wi% Pd/ZnO) desorption after hy-
drogen titration at 298 K; 7——Zn0O hydrogen treated at
493 K; 8—ZnO argon and hydrogen treated at 673 K.

placed by 49.98 Pa H» and cooled to 298 K)
resulted in peaks at 535 (curve 3) and 575 K
(curve 4), respectively. Under these condi-
tions the low temperature peak at 363 K
was not observed in either sample. ZnO
alone, depending on the temperature of ac-
tivation, produced peaks at 543-603 K (7
and 8 in Fig. 6). This form of hydrogen al-
ways appears after high temperature hydro-
gen treatment of ZnO as observed by
Baranski and Cvetanovic (/9). ZnO sam-
ples hydrogenated at 673 K for two hours
and degassed in Ar for 30 min adsorbed
0.56-0.82 umol/g ZnO at 298 K in 49.98 Pa
H,. After 10 min purging in Ar, 0.32-0.47
pmol hydrogen/g ZnO could be removed at
298 K as indicated by the back adsorption
measurements.
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For sake of comparison the hydrogen
TPD measurements with 1 wt% Pd/a-Al,O4
and Pd-black is also depicted (Fig. 6,
curves | and 2). The peak maxima are in the
range of 463—478 K which agrees, consider-
ing the differences in heating rates, with the
TPD curves measured for Pd/C (34).

X-ray Diffraction and DSC

The phase composition of samples C and
E has been investigated by X-ray diffrac-
tion following TPR measurements in the
temperature range 423-873 K. After H,
treatment at 423 K only Pd and ZnO diffrac-
tion lines could be discerned, but at 723 K
the formation of a PdZn intermetallic phase
(35, 36) with lines at 0.218, 0.207, 0.109,
0.12, 0.167, 0.145, 0.289, and 0.334 nm
could be detected (JCPDS 6-620). The dif-
fraction measurements after reduction at
723 and 873 K also indicated weak lines at
0.789, 0.174, 0.158, 0.133 nm, which on the
basis of known data (JCPDS 4-883, 6-630,
31-942, 32-723) may be assigned to PdsZn,,
(JCPDS 4-883 (35). Oxidation of the PdZn/
ZnO (samples E and F, 8.5 or 4.4 wt% Pd
reduced at 673 K for 30 min) above 573 K
resulted in separation of the intermetallic
phases in accordance with results observed
for PdZn (14) and PtZn (12).

DSC measurements on samples E and F
(8.5 or 4.4 w/w% Pd) have shown that bulk
oxidation of the intermetallic phase (Fig. 7)
is characterized by a peak maximum at
about 623 K (heating rate 20 K/min). Bulk
oxidation of Pd/a-Al;O; and Pd/SiO; (see
curve 4) is observed at 523-553 K. The lat-
ter values are not far from 580 K proposed
by Lam and Boudart (37) for full oxidation
of small Pd particles.

X-ray Photoelectron Spectroscopy

In situ reduction of sample E (8.5 wt%
Pd) was followed by XPS measurements;
results are shown in Table 4. The Zn 2p;;
binding energy was 1022.0 eV and the Ols
XPS transition was 530.7 eV in all cases.
Even the value of the Zn Auger parameter
(o) remained unchanged (2010.3 eV), al-
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Fi1G. 7. DSC measurements in air (20 K/min heating
rate): 1-—catalyst E (8.5 wt% Pd/Zn0); 2—catalyst E
reduced at 753 K prior to oxidation; 3—catalyst F (4.4
wt% Pd/Zn0) reduced at 663 K; 4—7.3 Pd/SiO,.

though on successive reductions an in-
crease of the shoulder in the low binding
energy side of the Zn Ls;M,sMys Auger
peak could be observed. All these results,
in agreement with the literature, are charac-
teristic of ZnO reduced slightly upon H,
treatment (38, 39). Other significant fea-
tures of the reduction are summarized in
Table 4. Before reduction, the Pd 3ds, peak
was centered at 335.9 eV B.E., indicating
palladium ions in +2 valence state. Hydro-
genation of the sample at 320 K resulted in
a —0.8 eV shift of the Pd 3ds, binding en-
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ergy as expected for Pd** — Pd° transfor-
mation (39). The reduction was also fol-
lowed by a small increase in the intensity
ratio of Pd 3d/Zn 2p XPS peaks. However,
this ratio decreased upon hydrogenation at
520 K without any change in the Pd 3ds;
binding energy, which indicates that the Pd®
particles had increased in size or become
decorated with Zn. Upon further increase
of the reduction temperature to 670 K, the
Pd 3ds» peak was observed to shift 0.8 eV
towards higher binding energies as was ob-
tained with Pd on ZnO (38, 39) and with
other Pd allows (40). A simultaneous drop
in Pd 3d/Zn 2p intensity ratio demonstrates
a marked decrease in the surface concen-
tration of palladium. The O 1s/Zn 2p inten-
sity ratio shown in Table 4 decreased mo-
notonously with increasing reduction
temperature, providing additional evidence
for the growing reduction of Zn?*.

Hydrogenation of 1,3-Butadiene

Conversion of 1,3-butadiene and the se-
lectivity of product formation over ZnO
were investigated in a flow reactor with a
mixture of 1-butene, 1,3-butadiene, and hy-
drogen. The results are reported in Table 5.
With samples activated in H; at 603 K (Se-
ries [) orin N; at 598 K (Series 11}, hydroge-
nation and isomerization activity was de-
tectable from about 373 K. Hydrogenation
is not entirely selective, as even in the early
stages of the reaction a-butane is formed

TABLE 4

XPS Measurements with Sample E (8.5 wt% Pd/ZnO)

Pd 3ds;,

Treatment Zn 2psn a (Zn) O ls
B.E. (eV)« (eV) -~
B.E. (eV) [Iw/iz, B.E. (eV) [y/iz,
As received 1022.0 2010.3 335.9 0.63 530.7 0.39
1 hHy320K 1022.0 2010.3 335.1 0.72 530.7 0.37
1 h H,/520 K 1022.0 2010.3 335.1 0.64 530.7 0.34
1022.0 2010.3 3359 0.36 530.7 0.29

1 h Hy/670 K

Note. o = KE&, — KE,, + hu, where hv = 1486.67 eV and KEau — KEs, is the
difference between Auger and XPS peak in eV.
2 Binding energies (B.E.) are referenced to C 1s (284.8 eV B.E.).
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TABLE §

1 (min)

Series T(K) Conv. (%)

1 3 378 1.7
23 412 4.2

45 453 13.1

64 473 253

81 476 23.1

112 535 24.7

136 538 279

158 533 3.1

188 536 1.2

11 12 382 33
31 415 3.5

55 420 3.6

76 431 6.5

98 441 6.5

123 453 9.2

144 473 279

168 472 229

190 473 19.3

210 473 17.1

Product Selectivity over ZnO

SnB

St2 Sc2
0.060 0.441 0.262 0.237
0.033 0.433 0.188 0.346
0.055 0.417 0.175 0.353
0.053 0.584 0.281 0.082
0.050 0.410 0.500 0.040
0.116 0.741 1.007 -0.864
0.102 0.663 0.806 -0.571
0.028 3.990 6.260 -9.278
0.032 6.261 9.644 —14.937
n.o. 0.230 0.262 0.508
0.011 0.221 0.261 0.507
0.018 (.382 0.328 0.272
0.013 0.384 0.330 0.273
0.013 0.336 0.344 0.307
4.012 (.484 0.548 —0.044
0.019 0.555 0.543 -0.117
0.022 0.573 0.574 —(.169
0.021 0.599 0.618 -0.238
0.015 0.604 .663 -0.282

Note. Series 1, sample treated at 603 K in H; for 5 h: series Il. sample treated at 598 K in N for 14 h.

« Conversion of 1.3-butadiene. SnB, S12, Sc2, and SiB: selectivity of n-butane, trrans-2-butene, cis-2-butene,
and |-butene, respectively. Conditions: 0.2 g ZnO. 1.9 vé7 H.. 0.25 v butadiene, 2.25 vo% l-butene, F = 25 ml/
min. Reaction temperature was slowly increased and samples were taken periodically. Temperatures shown in
column 3 represent those at the time samples were taken.

and [-butene i1s isomerized to cis- and
trans-2-butene. Formation of n-butane is
more pronounced on the hydrogen treated
sample. Poisoning of the reaction sites was
observed with time on stream at elevated
temperatures; as a consequence of poison-
ing, hydrogenation was inhibited while
isomerization of 1-butene still proceeded,
which explains the negative selectivity of 1-
butene in Table 5.

The Pd/ZnO samples were active for hy-
drogenation of 1,3-butadiene and 1-butene
in the much lower temperature range 273-
303 K, but even at those temperatures the
hydrogenation activity decreased with time
on stream. Preliminary runs indicated that
the activity could be stabilized to some ex-
tent by subjecting the samples to pulses of
butadiene.

In Fig. 8 the product selectivities ob-
served at 298 (sample A) and at 312 K (sam-

ples D and G) are depicted. Sampies A, D,
and G were reduced at 313 K and stabilized
at 273 K. With conversion decreased by re-
moving diluted catalyst from the reactor,
the selectivity of l-butene formation in-
creased with the simultaneous decrease of
n-butane formation. There was also an in-
crease in the trans/cis ratio of 2-butenes,
which was above the equilibrium ratio in all
cases.

As shown in Fig. 9, hydrogen treatment
of the same catalyst samples at 535 K in
99.7 kPa H, enhanced 1-butene formation
from butadiene and distinctly decreased the
selectivity of n-butane formation and the
rate of hydrogenation. The rates of butadi-
ene consumption on catalysts A, D and G
(A was NH,OH washed) decreased from
4,16 X 107%,6.13 X 107¢, and 2.11 x 10~ ¥ to
5.33 x 107%, 3.14 x 1077, and 2.53 x 10°°
mol s ' gcat™!, respectively. Rate and se-
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Fi1G. 8. Hydrogenation of 1,3-butadiene over Cata-
lysts A, D, and G at 298 K (A) and 312 K (D.G). [Inlet
composition: 1.9 v% H,, 0.25 v% 1,3-BD, 2.25 v% 1-
B, balance N,.] l, Catalyst A; A, catalyst D; @, cata-
lyst G.

lectivity data with sample B are collected in
Table 6 for a variety of pretreatment condi-
tions.

The apparent activation energies and re-
action orders were determined for butadi-
ene hydrogenation over six Pd/ZnO sam-
ples in a batch reactor. These experiments
confirmed that the reaction is zero order
(0.05+/—0.06) in butadiene and near first
order (0.84/—0.1) in hydrogen. The ob-
served Arrhenius activation energy for bu-
tadiene hydrogenation is 65+/—5 klJ/mol.
Rates and turnover frequencies (TOFs) are
presented in Table 7. The TOFs do not
show any significant variation with disper-
sion but generally increase with the temper-
ature of hydrogen treatment. Product selec-
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tivity values are collected in Table 8.
Different hydrogen treatments affected the
selectivity of I-butene formation and the
trans/cis ratio; both increased as the pre-
treatment reduction temperature was in-
creased.

DISCUSSION

The TPR and chemisorption results pro-
vide clear evidence that the chemisorption
and catalytic hydrogenation behavior of Pd/
ZnO catalysts can be significantly affected
by hydrogen treatment. The results bolster
the idea that reduction of the support in
presence of Pd is at least partially responsi-
ble for the observed effects. Strong reduc-
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Fi1G. 9. Hydrogenation of 1,3-butadiene over Cata-
lysts A, D, and G hydrogen treated at 535 K for 30
min. Reaction temp. 310 K. [Inlet composition: 1.9 v%
H,, 0.25 v% 1,3-BD, 2.25 v% 1-B, balance N,.] B,
Catalyst A; A, catalyst D; @, catalyst G.
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TABLE 6

Hydrogenation of Butadiene

Catalyst B (0.5 Pd/ZnQ)

Conv. {%2)¢ SIB St2 SaB trans/cis

Sample poisoned by 1.3-BD at 295 K: Rx.
T=327-333K.:R =22 x 10"mol s ' gcat !

Sc?

5.7 0.522  0.392  0.053  0.033 7.40
12.3 0.332  0.491  0.146  0.031 3.36
31.3 ~0.469 0.910 0.438 0.121 2.08

Hydrogenated at 353 K for 1 h. T = 298 K:
R =64 x 10"*mol s ' geat™!

14.8 0.553 (0.375 0.06] 0.01} 6.15
21.5 0.520  0.368 0.100  0.012 3.68
42.2 0.253  0.539  0.184 0.024 2.93
56.6 0.086 0.598  0.227  0.089 2.63
73.6 -0.931 1.247  0.463  0.221 2.69

Hydrogenated at 423 K for 1 h, T = 344-348 K.
R =32 x 10-"mol ' gcat !

10.2 0.591  0.333  0.065 0.011 5.2
4.4 0.578 0.326  0.076  0.020 4.29
66.2 0.511 0.380 0.088 0.021 4.32
73.2 (.488 0.385 0.0  0.031 4.01
81.9 0.436 0.412  0.111  0.041 371
91.1 0.163 0.556 0,202 0.079 2.78

Hydrogenated at 473 K for 2h, T = 343 K.
R=33x10"mols 'gcat’'
23.1 0.593 0.315 0.071 0.02! 4.44
438 0.566 0.332 0.082 0.020 4,08
71.7 0.484 0.389  0.096 0.031 4.05
88.9 0.411 0.426 0.102 0.061 4,18
95.8 0.150  0.503 0.256  0.091 1.96

“ Conversion of 1.3-butadiene. SnB, St2. Sc2, and S1B: se-
lectivity of n-butane. trans-2-butene, cis-2-butene, and I-bu-
tene, respectively. (Inlet composition: 1.9 v% H,, 0.25 v%
1.3-BD, 2.25 v 1-B balanced with N1

tion increases the concentration of Zn* (or
oxygen deficient sites in the vicinity of the
Pd-ZnO interface) and leads to surface
decoration of Pd sites by Zn. (Zn+ denotes
interstitial zinc atoms whose electrons are
thermally excited into the conduction band
(12, 21).) From the TPR runs, one sees that
hydrogen begins to be consumed from
about 333-373 K, which temperature range
is definitely lower than those reported by
Hong et al. (14). The weak H; TPD signal
clearly indicates that the adsorbed hydro-
gen is being used to reduce ZnO at the
higher temperature rather than simply be-
ing desorbed. Migration of hydrogen from
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the Pd particles to the metal-support inter-
face and its consumption by ZnO is faster
than desorption from Pd sites. The desorp-
tion peak at 533-573, which was observed
after reduction treatments at 526 K and 643
K, is probably associated with ZnO (/6, /8,
21); prolonged hydrogenation treatment in-
creases its intensity, but this form of hydro-
gen could not be removed by O, titration at
298 K.

The particle size of Pd plays an important
role in the reduction of ZnO and in the sub-
sequent decoration of Pd sites by Zn. As
shown in Figs. 4 and 5 for the highly dis-
persed samples D and G, the (H/H,), values
decrease more at lower temperatures than
are observed on the less dispersed samples
C or E. With catalyst C (not treated with
NH,OH) the hydrogen chemisorption is al-

TABLE 7

Butadiene Hydrogenation: Rates and
Turnover Numbers

Circulated batch reactor: S kPa BD and
S1-S2kPaH.: T=298K

Catalyst T (K)¢ R? H, TOF-
A 323 S3 X 107 353 x 105 1.5
A 493 1.23 x 1077 1.40 x 107 0.88
A 535 1.49 x 107 7.12 x 10°% 2.1
B 323 823 x 10 % 551 x 1084 1.5
B 473 1.40 x 107 2.12 x 107 0.66
C 323 421 x 10°% 223 x 10 % 19
C 423 6.69 X 107 6.33 x 10°® 1.1
C 493 585 x 10°¢ 2,54 x 10 ¢ 2.3
C 633 206 x 107 530 x 107 3.9
D 343 895 x 10 633 X 10 *¢ 1.4
D 423 5.51 x 107 113 x 10°° 4.9
D 53§ 1.26 X 107* 241 x 107 5.2
G 343 637 x 10°° 2.46 x 10 4 2,
G 493 433 x 10 1.7l x 10 2.5
G 535 390 x 100 7.22 x 10 7 5.4
G 570 381 x 10°°

S.22x10° 7.3

« Temperature of the reduction treatment.

? R in mol/gcat s.

¢ H, hydrogen chemisorption sites in mol/gcat.

4 Determined from hydrogen titration, otherwise
chemisorption at 293 K after Ar treatment at the tem-
perature of reduction.

¢ Turnover frequency (TOF) in 1/s.
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TABLE 8

Hydrogenation of 1,3-Butadiene over Pd/Zn0
Catalysts at 298 K

Conv. (%) SnB SIB St2 Se2 trans/cis
Catalyst A (0.3 Pd/Zn0} red 535 K:
R =149 x 10°7*

3.5 0.0008 0.6312 0.2937 0.0743 3.95
319 0.0011  0.597t  0.3182 0.0836 381
Catalyst A (0.3 Pd/Zn0O) red 323 K:

R =531x10°
7.8 0.0007 0.5922 0.3538 0.0533 6.64
48.3 0.0213  0.5765 0.3446 0.0576 5.98
Catalyst C (2.5 Pd/ZnO) red 633 K;
R=206x10"°
11.0 0.0034 0.6455 0.2849  0.0662 4.30
324 0.0047 0.6528 0.2741 0.0684 4.01
443 0.0055 0.6124 0.2977 0.0844 3.53
Catalyst C (2.5 Pd/Zn0O) red 323 K.
R=42x10"°
12.3 0.0331  0.5525 0.3633  0.0511 7.11
3.7 0.0452  0.5331  0.3528  0.0689 5.2
Catalyst D (0.1 Pd/Zn0O) red 423 K:
R=3535x10°
2.8 0.0003 0.6428 0.2967  0.0602 4.93
20.2 0.0011  0.6122 0.3i62 0.0705 4.49
34.1 0.0056 0.6130 0.3011  0.0803 3.75
Catalyst G (0.5 Pd/ZnO) red 570 K
R =191 x [10°¢
5.6 0.0001 0.6389 0.2912  0.0698 4.17
17.6 0.0009 0.6437 0.2847 0.0707 4.03
19.5 0.0016 0.5857 0.3256 0.0871 3.74
Catalyst G (0.5 Pd/ZaO) poisoned by 1.3-BD;
R=32x10"°
23.8 0.0040 0.5992  0.3436  0.0532 6.46
46.6 0.0042  0.6001 0.3324  0.0633 5.25
Catalyst (0.1 Pd/a-AlLO;) poisoned by 1,3-BD;
R=36x10"

11.2 0.0012  0.6043 0.3542  0.0403 8.79
29.9 0.0043 0.6030 0.3322  0.0600 5.54

< Batch circulation reactor. Butadiene: 4.9-5.05 kPa, H.:
5.1-5.2 kPa.
5 R in mol/gcat s.

most completely suppressed by H, treat-
ment above 500 K. The detrimental effect
of chlorine was also observed with sample
A; NH,OH treatment after reduction at 393
K increased the chemisorption uptakes. It
is likely that ZnCl* or ZnCl, present on the
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surface inhibits chemisorption of hydrogen
by physically blocking the Pd sites. The ef-
fect of ZnCl; could also be explained by (i)
reduction of ZnCl; at Pd sites or (ii) poison-
ing of Pd sites by ZnCl,. Chlorine released
during reduction of the Pd precursor re-
mains in the vicinity of Pd particles, and the
low melting point of ZnCl, (556 K) facili-
tates its migration to and spreading over Pd
particles (encapsulation), which renders
such surface sites physically unavailable.
These effects explain differences among re-
duction curves 3, 4, and 5 in Fig. 4.
Chemisorption of H,, O,, and CO; TPD
of H,; and XPS data support the conclusion
that the Pd surface becomes gradually cov-
ered by Zn atoms. As shown in Figs. 1-3,
at low temperatures (7 < 523 K) the hydro-
gen uptake of the Pd, sites is suppressed
more significantly than is the hydride phase
formation. These observations are more
logically explained by a ‘‘skin’” model
rather than by a continuously progressing
front of PdZn intermetallic phase proposed
by Hong et al. (14). At low temperature Zn
atoms formed either remain in the vicinity
of the Pd-ZnO interface or migrate onto the
surface of the Pd particles. On such a sur-
face modified by Zn, some uncovered *‘port-
holes’” may provide an opportunity for the
migration of the hydrogen into the bulk.
Changes in surface composition upon re-
duction and the effect of particle size are
also reflected in the oxygen chemisorption
measurements. With both D and G cata-
lysts, hydrogen reduction first increased
then decreased the oxygen chemisorption
uptakes. For these catalysts the oxygen up-
take remains significant even after reduc-
tion at 573 K, whereas catalysts B and E
exhibited rather limited oxygen uptakes un-
der similar conditions. The difference be-
tween O.(A) and O(T) shown in Tables 2
and 3 can be explained by the presence of
oxygen vacancies at the metal-support in-
terface or the decoration of Pd by Zn. An
interesting feature of our results is that oxy-
gen chemisorption at 298 K on catalysts D
and G restores some hydrogen chemisorp-
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tion capacity as indicated by the hydrogen
titrations. These phenomena point either to
the breaking up of Pd-Zn bonds and forma-
tion of ZnO islands on Pd particles or to the
separation of the Pd-Zn* bonds at the
metal support interface. As a consequence
of the small particle size of Pd, both Zn
modified sites and Zn* can exist simulta-
neously on the surface.

With catalysts C and E (dispersions 9 and
2.7%) reduction above 573 K results in very
limited chemisorption uptakes which may
indicate isolation of Zn on low-index faces
of Pd. Such a suggestion is supported by
the small oxygen chemisorption at 298 K
and by the fact that O, uptake at 395-423 K
does not ensure formation of Pd, sites in
contrast to observations on the highly dis-
persed D and G catalysts. Oxidation of
PdZn intermetallics formed on catalyst E
were observed only at about 623 K in the
DSC measurements. At that temperature
bulk oxidation of the particles takes place
and results in formation of separate Pd and
ZnO phases in agreement with results by
Hong et al. (14).

Finally we focus our attention on the cat-
alytic measurements. Product selectivities
measured in the atmospheric flow micro-
reactor differ significantly from those ob-
served in static circulation system. The
main reason for the enhanced formation of
n-butane and the rapid decrease of trans/cis
ratio is the large excess of hydrogen used in
the flow system. As a consequence of ex-
cess hydrogen the coverage of butadiene on
the working surface is probably less than
that in the case of equimolar H,/1,3-BD
mixtures thereby allowing full hydrogena-
tion and isomerization of butene isomers.

In the static circulation system using Ha/
butadiene ratios close to unity, the product
selectivity resembles distributions ob-
served generally over Pd (4/—43). As the
pioneering work Wells and Bond (41, 42)
has established, hydrogenation of 1,3-buta-
diene on Pd results mostly in the formation
of 1-butene and trans-2-butene. Moreover,
isomerization of alkenes formed is sup-
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pressed in the presence of butadiene, and
the interconversion between syn and anti
forms of 1,3-butadiene is limited. Thus,
trans-2-butene is produced by 1,4 addition
of hydrogen to the anti adsorbed 1,3-butadi-
ene species, while cis-2-butene comes from
the syn-diadsorbed form. Trans/cis ratios
over Pd have been reported to reach values
as high as 8.7 (43) and 9.7 (41, 42) at 313 K.
In liquid-phase hydrogenation, Boitiaux et
al. (44) reported a trans/cis ratio of 12. The
large excess of the trans isomer reflects the
limited rearrangement of 1,3-butadiene
whose adsorbed form probably reflects the
gas phase anti/syn ratio, which is about 19
at room temperature. The TOF values (Ta-
ble 7) are almost independent of dispersion,
as was observed by Boitiaux et al. (45) in
liquid-phase hydrogenation. Massardier et
al. (46) reported a ‘“surface sensitivity”’ of
the reaction, and Tardy et al. (47) observed
a marked decrease of 1,3-butadiene hydro-
genation rate for Pd particles in the 3.0-0.8
nm range.

Although dilution of surface Pd sites by
Zn drastically reduces the overall rate of
1,3-butadiene hydrogenation, the TOFs are
not affected significantly for most samples.
However, for catalysts C, D, and E the
TOF value definitely increases with more
stringent hydrogen treatments. Such an in-
crease may not be directly linked to a hy-
drogen effect but more likely reflects a
decreasing strength of hydrocarbon com-
plexation which increases the rate of hydro-
gen addition. In zero-order reactions the
strength of complexation (adsorption equi-
librium constant) disappears from the in-
trinsic Langmuir-Hinshelwood rate equa-
tion.

The changes in the product selectivity
can be interpreted by considering two con-
trolling factors: first, there is a limited con-
centration of surface hydrogen on Zn deco-
rated Pd sites; second, the concentration of
sites which allows adsorption and competi-
tion between 1,3-butadiene and 1-butene
has changed.

n-Butane formation, which occurs read-
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ily on fresh samples with the typical inlet
composition of 1.9 v% H;, 0.25 v% butadi-
ene, and 2.25 v% l-butene, is significantly
decreased upon reduction treatments at 493
K. The suppression of complete saturation
is in accordance with the very limited hy-
drogen chemisorption capacity of the Zn
decorated Pd particles. Without Zn decora-
tion, as shown by Fig. 8 and Table 6, the
selectivity of I-butene becomes negative
even at moderate conversions which means
that 1-butene is consumed from the reac-
tion mixture. Since at 413 K 2-butenes are
thermodynamically favored over 1-butene
by a factor of 20/1, in the absence of butadi-
ene on the surface 1-butene readily isomer-
izes to 2-butenes. On Zn-modified samples
there is a net production of l-butene, but
the isomerization to cis- and trans-2-bu-
tenes is not entirely blocked. Even at low
conversions the cis-2-butene/trans-2-bu-
tene ratio is somewhat less than values re-
ported on Pd catalysts. The change of the
cis/trans ratio was also observed without 1-
butene added, i.e., under conditions when
the surface is covered almost exclusively
with [,3-butadiene. We attribute this effect
to limited interconversion between the syn
and anti form of 1,3-butadiene allowing
change in conformation of adsorbed 1,3-bu-
tadiene. The weaker interaction of 1,3-bu-
tadiene with Zn-modified Pd allows some
reversibility in the hydrogenation steps
which on Pd, because of the strong com-
plexation of butadiene, are almost irrevers-
ible.

One cannot entirely rule out some isom-
erization on Zn* sites or some intervention
of Pd-Zn* pair sites. Although the hydro-
genation activity of ZnO is extremely low,
its basicity permits dissociation and isomer-
ization of butenes (20). The number of reac-
tive sites on ZnO depends significantly on
pretreatment conditions. Upon hydrogen
treatment of Pd/Zn0O, the Pd sites become
less active, which could result in relatively
more reaction occurring on the support
sites. It is also possible that hydrogen spill-
over during high temperature reduction

SARKANY ET AL.

could produce a higher concentration of ac-
tive sites than are observed under the usual
pretreatments in vacuum or inert gas.
Acidic sites on Pd/TiO; (48), Pd supported
on La203, CBOQ, PI'(,O“, Nd203 (49), and
Pd/TiO; modified by WO, (50) have also
been shown to increase the rate of hydroge-
nation and the rate of double bond shift.
Further work is necessary with Pd/ZnO
systems to separate Zn* and Pd/Zn effects.

CONCLUSIONS

Hydrogen treatment of Pd/ZnO samples
results in the formation of oxygen-deficient
sites at the Pd-ZnO interface and leads to
Zn decorated Pd particles. The chemisorp-
tion of hydrogen decreases faster than its
absorption upon high-temperature hydro-
gen treatments indicating rapid surface mi-
gration of Zn. Oxidation of decorated Pd
particles (dispersion 78 and 64%) at 293 K
restores to some extent the hydrogen che-
misorption activity. X-ray diffraction, XPS,
and volume hydrogen consumed in reduc-
tion confirm formation of a PdZn interme-
tallic phase at elevated temperatures. The
presence of chlorine in the palladium pre-
cursor affects the surface composition as
the chlorine remains attached to Zn?* and
leaves the system only by sublimation as
ZDC]z.

The selectivity of hydrogenation of 1,3-
butadiene in 1-butene increases upon hy-
drogen treatment from about 423 K with a
simultaneous decrease of the catalyst activ-
ity. Formation of n-butane is retarded as a
consequence of the limited surface cover-
age of hydrogen. The variation of trans/cis
ratios observed at low conversions points
to interconversion of syn and anti confor-
mations of adsorbed 1,3-butadiene on PdZn
or participation of acid-base pairs in the
isomerization processes. An increase in the
TOF upon reduction treatment might be at-
tributed to a weaker interaction of 1,3-buta-
diene with Zn-modified sites.
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