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The liquid-phase hydrogenation of hexa-1,5-diene and hexa-
1,3-diene on alumina-supported palladium catalysts is investigated
with special attention paid to the effects of tin or silver addition.
All catalysts show a global selectivity near 100%; these high val-
ues persist at total conversion when the reactant is hexa-1,3-diene
but decrease to about 70% in the case of hexa-1,5-diene. In the
hexa-1,5-diene hydrogenation, monometallic palladium catalysts
give mainly 1-hexene at conversions lower than 80% and E-hex-
2-ene at higher conversions. The fractional selectivity to 1-hexene
is significantly improved by tin or silver addition; however, signifi-
cant yields are observed only on Pd–Sn catalysts with a low Sn/Pd
atomic ratio (≈0.1) and when the intermetallic compound Pd3Sn
is present. On the other hand, in the hexa-1,3-diene hydrogena-
tion, hex-1-ene is preferentially formed on monometallic catalysts
with low dispersion; on bimetallic Pd–Sn or Pd–Ag catalysts, the
selectivity to E-hex-3-ene is enhanced and this isomer is even pre-
dominant up to 100% conversion on the Pd–Sn catalysts containing
the Pd3Sn intermetallic compound. These results are explained by
the geometric effect of dilution of Pd atoms, which delays the palla-
dium double-bond isomerization ability. The proposed mechanism
suggests that strongly adsorbed alkadienes react with dissolved hy-
drogen, following a zero-order kinetics. c© 2000 Academic Press
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1. INTRODUCTION

For the selective hydrogenation of alkadienes and
alkynes to alkenes, palladium catalysts have by far proved
to be the most active and selective (1–3). Numerous stud-
ies have been performed to maximize the selectivity and
stability of these catalytic systems, through (i) varying dis-
persion (4–11), (ii) adding carbon monoxide (8, 9, 12,
13, 16), (iii) changing the nature of the solvent (14, 15);
(iv) adding organic bases (15) or sulphur compounds to
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the reaction medium (16, 17), (v) controlling the support
acidity (18–20), (vi) controlling the metal–support interac-
tions (21–23), and finally (vii) adding a second metal such
as silver (2, 24–26), chromium (27, 28), copper (8, 9), lead
(29, 30), tin, germanium, and antimony (30).

For the monometallic catalysts, the activity was shown to
decrease with the crystallite size (4–6, 11), below ca. 5 nm,
which was explained by the very strong adsorption of alka-
dienes and alkynes on low coordination sites, whose pro-
portion increases at high dispersion (5). An alternative ex-
planation takes into account the geometric and electronic
effects associated with the small size of palladium particles,
e.g., those prepared by atomic beam deposition techniques
(11). For the bimetallic catalysts, the activity was generally
shown to decrease and the selectivity to increase with the
second metal addition, which was explained by geometric
(8, 9, 29) or electronic (2, 27, 28) effects.

Almost all these studies were realized in the gas phase,
mostly for buta-1,3-diene and acetylene hydrogenation, and
very few in the liquid phase (5, 23, 26), although some im-
portant industrial applications concern C6+ unsaturated hy-
drocarbons, such as the selective hydrogenation of undesir-
able C11–C13 alkadienes to the alkenes used in the linear
alkylbenzene production process.

The aim of this work is to study the selective hydro-
genation of hexa-1,3-diene and hexa-1,5-diene, in the liquid
phase, as model reactions for the hydrogenation of C11–C13

alkadienes on palladium catalysts. Monometallic (Pd) and
bimetallic (Pd–Sn and Pd–Ag) alumina-supported catalysts
are compared to investigate the effects of tin and silver
additives on both activity and selectivity. Previous works
have concerned the hydrogenation of hexa-1,5-diene on
monometallic palladium catalysts (1, 14).

The preparation of Pd, Pd–Sn, and Pd–Ag alumina-sup-
ported catalysts was described previously (31), in addition
to the characterization of the solutions used for impreg-
nation and of the solids during all stages of preparation.
The characterization of the solid phases by Mössbauer
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studies, temperature-programmed reduction (TPR), and
IR spectroscopy of adsorbed CO is presented in Ref.
(32). The present paper is devoted to the catalytic
performances.

2. EXPERIMENTAL

2.1. Materials

The catalysts preparation and characterization are de-
scribed elsewhere (31, 32). All catalysts were reduced in
flowing hydrogen (30 ml min−1) with a temperature rise of
10 K min−1 up to 773 K. It is important to note that both
supports used for impregnation were Alcoa aluminas A-1
(zero point charge= 8.4, pore volume= 0.9 cm3/g) and A-2
(zero point charge= 5.9; pore volume= 0.6 cm3/g) with rel-
atively low surface areas (around 60 m2/g) to minimize un-
desirable reactions like cracking and skeletal isomerization.
Table 1 summarizes the catalyst notation and metal loading.

For catalytic tests, high-purity hexa-1,5-diene, hexa-1,
3-diene, predominantly trans (E), heptane, and pentane
from Aldrich were used.

2.2. Methods

The catalytic tests were performed at 313 K, under
792 Torr of hydrogen pressure (1 Torr = 133.3 N m−2). The
reactions were carried out in a 100-ml well-stirred slurry-
type thermoregulated glass reactor, filled with 50 ml of a
≈2% w/w hexa-1,5-diene or hexa-1,3-diene in heptane so-
lution. The mass of prereduced catalysts varied from 15
to 150 mg. These precautions guaranteed the absence of
mass and heat transport limitations. The reaction products
were analyzed by gas chromatography using n-pentane as
an internal standard, with a Delsi Di200 gas chromatograph
equipped with a 0.2 mm× 50 m HP-PONA capillary column
and a flame ionization detector linked to a Delsi Enica 31
integrator.

TABLE 1

Catalysts Identification and Metal Loading (wt%)

Sn/Pd or Ag/Pd
Identification %Pd %Sn %Ag atomic ratio

01. Pd5.0/A1 5.05 — — —
02. Pd5.1Sn3.8/A1 5.14 3.79 — 0.66
03. Pd4.9Sn5.0Et/A1 4.89 4.96 — 0.91
04. Pd5.2Sn0.8/A1 5.17 0.77 — 0.13
05. Pd4.9Ag5.1/A1 4.93 — 5.13 1.03
06. Sn4.9/A1 — 4.93 — —
07. Pd4.6/A2 4.55 — — —
08. Pd4.1Sn4.5/A2 4.12 4.50 — 0.98

09. Pd3.8Ag5.2/A2 3.77 — 5.24 1.37
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2.3. Procedure for Hydrogenation

The prereduced catalysts (15–150 mg) were first out-
gassed for 1 h in the reactor, before treatment with 792 Torr
of H2 at 313 K for 1 h, and this procedure was repeated
with a final outgassing before introduction of the reac-
tion medium (50 ml), already saturated with hydrogen,
containing the reagent (hexa-1,5-diene or hexa-1,3-diene,
ca. 2 wt%), the internal standard (pentane, ca. 1 wt%),
and the solvent (heptane). Then, hydrogen was charged
up to the operating pressure, 792 Torr, and the first sam-
ple was immediately collected, before stirring was begun
(2000 rpm).

The reaction was carried out at constant pressure
(792 Torr), hydrogen being supplied from two intercon-
nected thermostatic vessels of known volumes (0.926 and
1.664 L), filled initially with 980 Torr of this gas. Depending
on the rate of hydrogen uptake, one or both vessels were
used. This rate was calculated by measuring and recording
the vessel pressure fall by means of an ECA-323 absolute
pressure sensor.

During the reaction, small samples (ca. 0.2 ml) were col-
lected at regular intervals through a syringe valve equipped
with a microfilter. These samples were kept in a freezer and
analyzed by gas chromatography (see Section 2.2) to follow
the changes of the reaction medium composition.

The catalytic activity was described by initial rate values
and conversion versus time curves. Both results obtained
from the hydrogen uptake curves and from composition
(mol%) versus time curves agreed well. Selectivity values
were expressed by the following: (i) the global selectiv-
ity (Sg), defined as the proportion of reactant (hexadiene)
transformed into hexenes; (ii) the fractional selectivity (Sf)
to a particular hexene (e.g., hex-1-ene, product chosen as
a target), defined as the proportion of this hexene among
all hexenes. The hydrogenation of hexa-1,5-diene (named
hereafter 1,5-HD) or of hexa-1,3-diene (1,3-HD) represents
a complex system of parallel and consecutive reactions. The
main interest here is to observe the distribution of the semi-
hydrogenated products, hex-1-ene (1-HE), Z- and E-hex-
2-enes (Z2-HE and E2-HE), Z- and E-hex-3-enes (Z3-HE
and E3-HE), and also their conversion to hexane (HA)
(Scheme 1).

2.4. Thermodynamics of the Process and Transport
Limitation Analysis

Mathematical simulations were realized minimizing the
Gibbs free energy of theoretical mixtures involving all pos-
sible compounds using the Lagrange multipliers for helping
convergence. They allow one to determine molar fractions
at equilibrium. Upon variation of the temperature in the
313–323 K range (Table 2), the thermodynamic stability
sequence of all alkene isomers was kept unchanged as fol-

lows: Z2-HE> E2-HE> E3-HE> Z3-HE> 1-HE. In the
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SCHEME 1. Possible reactions between the C6 compounds studied.

presence of the solvent (heptane), HA was the most stable
and 1,5-HD the least stable C6 compound.

To avoid mass transport limitations, some precautions
were taken. The powder supports were ground down to
the range of 37–44 µm before impregnation to minimize
intraparticle transport limitations. Moreover, diluted solu-
tions of the reagents (about 2 wt%), low catalysts loading
(15–150 mg/50 ml), low temperatures (standard: 313 K),
and high stirring rate (ca. 2000 rpm) were employed for the
catalytic tests.

The absence of interphase and external mass transport
limitations was checked by conventional tests, varying the
stirring rate and the mass of catalyst, but the definitive test
for the absence of mass transport limitations (even intra-
particle) was realized according to the work of Madon and

TABLE 2

Molar Fractions at Equilibrium for the Hexa-1,5-diene/
Hydrogen System

T (K): 313 323 333

1,5-HD 1,5-HD 1,5-HD
Pure 2% in Pure 2% in Pure 2% in

Compound 1,5-HD heptane 1,5-HD heptane 1,5-HD heptane

Z2-HE 0.3924 0.0269 0.3941 0.0284 0.3955 0.0300
E2-HE 0.3495 0.0224 0.3467 0.0233 0.3439 0.0244
E3-HE 0.2153 0.0132 0.2124 0.0137 0.2097 0.0146
Z3-HE 0.0279 0.0017 0.0296 0.0019 0.0313 0.0021
1-HE 0.0052 0.0003 0.0060 0.0004 0.0068 0.0004
HA 0.0048 0.1235 0.0056 0.1365 0.0064 0.1490

1,5-HD 0.0048 0 0.0056 0 0.0064 0
BOZON-VERDURAZ

Boudart (33), based on the Koros and Nowak criterion (34):
catalytic tests were realized on a sample loaded with 5.05%
Pd (mean particle size of 8.4 nm, measured by TEM) and for
another one, containing 8.9% Pd, prepared by the polyol
process (35) (mean particle size: 7.8 nm). Both catalysts
were tested in the hexa-1,5-diene hydrogenation, at 313 K,
using the same operating conditions. The initial turnover
rates were very close, 10.9 s−1 for the latter and 11.4 s−1 for
the former, with initial conversions (1.88× 10−5 mol s−1 for
the latter and 1.07× 10−5 mol s−1 for the former) propor-
tional to the Pd loading, which confirmed the absence of
mass transport limitations.

3. RESULTS AND DISCUSSION

3.1. Selective Hydrogenation of Hexa-1,5-diene

Table 3 gives, for each mono- or bimetallic catalyst, the
values of (i) the reaction rate measured at the beginning of
the reaction, expressed in mol s−1/g of Pd, (ii) the global
selectivity in hexenes, Sg, measured at 90% and 70% con-
version, and (iii) the fractional selectivity, Sf, to the differ-
ent hexenes, determined at 90% and 70% conversion (see
Section 2.3). These values were based on the following
criteria: (a) Sg decreases only at high conversion levels;
(b) the reaction suffers the influence of thermodynamics
factors after ca. 70% of conversion, changing the Sf values.

3.1.1. Monometallic catalysts. Samples Pd5.0/A1 and
Pd4.6/A2 exhibit high hydrogenation activities (initial re-
action rates around 10−2 mol s−1 gPd

−1; see Table 3) and
very good global selectivity (Sg), that is, very low HA pro-
duction up to about 90% conversion; for higher conversion
values, Sg decreases, especially on the more acidic carrier
(Pd4.6/A2). Regarding the fractional selectivities, E2-HE is
preferentially formed at high conversions, whereas 1-HE
is predominant below ca. 70–80% conversion (Fig. 1). This
means that 1-HE is isomerized at high conversion.

These results may be explained as follows: strongly ad-
sorbed 1,5-HD is the predominant species up to high con-
version levels; when the 1,5-HD surface coverage decreases,
the alkenes formed may re-adsorb, which favor their iso-
merization or hydrogenation to HA. In such a situation
thermodynamics factors prevail, E2-HE (and to a lesser
extent Z2-HE) become predominant, and the less favored
compounds 1-HE and Z3-HE tend to disappear.

Some experiments were also conducted to investigate
the influence of the metal fraction exposed (MFE) on the
turnover frequency (TOF); increasing values of the MFE
were obtained by varying the temperature and duration of
the reducing pretreatment of sample Pd5.0/A1. As shown in
Table 4 (together with Pd4.6/A2 for comparison), the varia-
tions of TOF are not large enough to consider this reaction

as structure sensitive; in addition, the selectivities do not
differ significantly from one sample to another.
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TABLE 3

Catalytic Performances of Mono- and Bimetallic Samples in the Hexa-1,5-diene Selective Hydrogenation Reaction

Pd–Sn Pd–Ag
Pd 02 03 04 08 05 09

01 07 Pd5.1Sn3.8/ Pd4.9Sn5.0 Pd5.2Sn0.8/ Pd4.1Sn4.5/ Pd4.9Ag5.1/ Pd3.8Ag5.2/
Catalyst Pd5.0/A1 Pd4.6/A2 A1 Et/A1 A1 A2 A1 A2

Initial reaction rate 9.24× 10−3 1.44× 10−2 2.8× 10−5 1.3× 10−3 7.3× 10−3 3.4× 10−5 1.5× 10−3 4.4× 10−3

(mol · s−1 · g−1
Pd )

S70
g (%) 98 97 a 98 95 a 92 94

S90
g (%) 93 91 a 92 91 a 83 89

(1-HE) S70
f (%) 37 33 ∼50 41 45 ∼50 54 46

S90
f (%) 30 22 30 39 42 41

(E2-HE) S70
f (%) 30 32 28 25 20 24

S90
f (%) 37 38 38 32 29 29

(Z2-HE) S70
f (%) 15 18 16 15 12 14

S90
f (%) 19 21 20 18 17 18

(E3-HE) S70
f (%) 10 10 9 8 7 9

S90
f (%) 11 16 9 8 9 9

(Z3-HE) S70
f (%) 8 7 6 7 7 7

S90 (%) 3 3 3 3 3 3
f
a Very slow reaction: It didn’t reach 90% conversion.

3.1.2. Bimetallic catalysts. All samples exhibit a high
global selectivity but markedly lower activity, especially
samples Pd5.1Sn3.8/A1 (atomic Sn/Pd ratio≈ 2/3) and
Pd4.1Sn4.5/A2 (Sn/Pd≈ 1), both exhibiting initial reaction
rates around 10−5 mol s−1 gPd

−1 (Table 3). An exception is
noted for sample Pd5.2Sn0.8/A1 (atomic Sn/Pd ratio ≈ 0.13,
Fig. 2), which exhibits high activity and good 1-HE frac-
tional selectivity up to high conversions (ca. 90%) as well.
In opposition to the other Sn-rich samples, Pd5.1Sn3.8/A1
and Pd4.1Sn4.5/A2, the catalyst Pd4.9Sn5.0Et/A1 (Sn/Pd ≈ 1)
shows good performance (Fig. 3); 1-HE is the predominant
product up to about 85% conversion. Let us recall that the
latter catalyst was prepared by tin impregnation in ethanol.

The bad performances of Pd5.1Sn3.8/A1 and Pd4.1Sn4.5/A2
may be explained by the composition of the active phases.
The Pd2Sn intermetallic compound is detected only on

TABLE 4

Particle Size Effect on the Initial Reaction Rate and Turnover
Frequency for Monometallic Catalysts, in the Hexa-1,5-diene Se-
lective Hydrogenation Reaction

Catalyst dP (nm)a V0
S (mol · s−1 · g−1

Pd ) MFEb TOF (s−1)

Pd5.0/A1-a 2.9 2.22× 10−2 0.39 6.1
Pd4.6/A2 5.0 1.44× 10−2 0.22 6.8
Pd5.0/A1-b 8.4 1.43× 10−2 0.13 11.4
Pd5.0/A1 10.8 9.24× 10−3 0.10 9.5
Pd5.0/A1-c 12.5 1.30× 10−3 0.09 6.7

a
 Measured by electronic microscopy (31).
b Estimated by MFE = 1.12/dP (nm) (31).
these two catalysts, from the XRD patterns (31). From the
Mössbauer findings (32), two types of Sn0 species were de-
tected on both catalysts, one associated with Pd2Sn and the
other ascribed to a PdSn solid solution. However, the TPR
profiles obtained for these two catalysts in the 298–773 K
interval (32) are somewhat different because of the sup-
port effect. Whereas Pd5.1Sn3.8/A1 and Pd4.1Sn4.5/A2 con-
tain the Sn richer species Pd2Sn, the Pd3Sn phase was
identified on the other Pd–Sn catalysts (Pd5.2Sn0.8/A1 and
Pd4.9Sn5.0Et/A1, Figs. 2 and 3) that show better perfor-
mances. Moreover, according to FTIR spectroscopy of
adsorbed CO (32), only end-on CO adsorption occurs
on Pd5.1Sn3.8/A1, while bridged species were observed on
Pd5.2Sn0.8/A1. Hence, it should be concluded that the Sn
atoms dilute the Pd atoms, depending on the Sn/Pd ratio
and on the catalyst preparation procedure, which deter-
mines the nature of the intermetallic species formed. This
effect may be beneficial, changing the reaction pathway,
as observed on Pd4.9Sn5.0Et/A1 and on Pd5.2Sn0.8/A1; but
in some cases (Pd5.1Sn3.8/A1 and Pd4.1Sn4.5/A2, figures not
shown, see Table 3), the Sn richer species Pd2Sn apparently
hinder the formation of multiple Pd adsorption sites, pre-
venting the adsorption of both bridged CO species and of
the reactant 1,5-HD.

Sample Pd5.2Sn0.8/A1, which showed the best perfor-
mance, was selected to perform complementary tests, for
instance, a long-term test with re-injections of the reagent,
1,5-HD. The results presented in Fig. 4 show three different
stages of reaction. In the first one, a good selectivity to 1-HE

is observed, as in the other tests. When the reagent is re-
injected (second stage), Sf (1-HE) decreases, Sf (E2-HE)
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FIG. 1. Hydrogenation of hexa-1,5-diene on catalyst Pd5.0/A1 at
313 K: variation of conversion and selectivities versus time. Catalyst mass,
15 mg. (See hydrocarbons symbols in Section 2.3.)

and Sf(Z2-HE) increase, and the global selectivity Sg di-
minishes slightly. Another injection (third stage) does not
bring immediate marked changes. It appears that, at the be-
ginning of each cycle, mechanistic factors are governed by
the strong adsorption of the reagent 1,5-HD; at the end of
each cycle, the decrease of 1,5-HD surface coverage favors
the isomerization of alkenes. In such a situation, thermo-
dynamics factors prevail, as already seen on monometallic
catalysts. In addition, going from one cycle to the follow-
ing, the liquid phase contains increasing proportions of the
alkenes formed (together with HA) and this certainly will
influence their adsorption and, consequently, the reaction
pathway.

On the other hand, both Pd–Ag catalysts, Pd4.9Ag5.1/A1
(figure not shown) and Pd3.8Ag5.2/A2 (Fig. 5), with a Ag/Pd
atomic ratio equal to 1.03 and 1.37, respectively, show very
good 1-HE fractional selectivity and good global selectivity
as well (Table 3), which may be ascribed to a dilution effect,
the active phase being an Ag-enriched Pd–Ag solid solution

(31, 32). Nevertheless, their activities are markedly lower
BOZON-VERDURAZ

than that of the Pd–Sn catalyst Pd5.2Sn0.8/A1 (Table 3); this
may be ascribed to the presence of a part of silver as shells on
palladium cores, especially in the case of Pd4.9Ag5.1/A1 (32).

3.2. Selective Hydrogenation of Hexa-1,3-diene

The use of a reacting molecule with conjugated dou-
ble bonds changes markedly the performance of all cata-
lysts. Table 5 presents the results obtained on monometal-
lic samples Pd5.0/A1 (MFE≈ 0.1), Pd5.0/A1-a (MFE≈ 0.4),
and Pd4.6/A2 (MFE ≈ 0.2) and on the bimetallic samples,
Pd5.2Sn0.8/A1 and Pd3.8Ag5.2/A2. By comparison with the
hydrogenation of hexa-1,5-diene, (i) the global selectivity
Sg remains near 100%, even at conversions higher than 95%
on monometallic and bimetallic samples; (ii) the fractional
selectivity to 1-hexene is enhanced, up to 95% conversion,
on the monometallic catalyst Pd5.0/A1. However, on the
monometallic catalysts Pd5.0/A1-a and Pd4.6/A2, this per-
formance is not observed. The absence of this effect may
be related to the higher MFE in the former case and, for the

FIG. 2. Hydrogenation of hexa-1,5-diene on catalyst Pd5.2Sn0.8/A1 at
313 K: variation of conversion and selectivities versus time. Catalyst mass,

15 mg. (See hydrocarbons symbols in Section 2.3.)
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FIG. 3. Hydrogenation of hexa-1,5-diene on catalyst Pd4.9Sn5.0Et/A1
at 313 K: variation of conversion and selectivities versus time. Catalyst
mass, 150 mg. (See hydrocarbons symbols in Section 2.3.)

latter sample, to the intermediate MFE (≈0.2) and to the
acidity of the support (A-2), which may favor the isomeriza-
tion, i.e., the formation of the most thermodynamically sta-

ble hexenes (e.g., 2-HE); (iii) on the bimetallic Pd–Sn cata-

3.8 5.2

HE and E2-HE, but its selectivity is significantly higher than
TABLE 5

Catalytic Performances of Mono- and Bimetallic Samples in the Hexa-1,3-diene
Selective Hydrogenation Reaction

Catalyst Pd5.0/A1 Pd5.0/A1-a Pd4.6/A2 Pd5.2Sn0.8/A1 Pd3.8Ag5.2/A2

Initial reaction rate 1.2× 10−2 1.8× 10−2 7.8× 10−3 1.3× 10−3 8.9× 10−4

(mol · s−1 · g−1
Pd )

S90
g (%) 100 99 99 100 100

S90
f (1-HE) (%) 42 30 29 27 27

S90
f (E2-HE) (%) 28 36 38 27 31

S90
f (Z2-HE) (%) 4 6 7 4 5

S90
f (E3-HE) (%) 26 28 26 42 35
90
Sf (Z3-HE) (%) 0 0
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FIG. 4. Hydrogenation of hexa-1,5-diene on catalyst Pd5.2Sn0.8/A1 at
313 K: effect of readdition of 1,5-HD to the reaction medium. Catalyst
mass, 15 mg. (See hydrocarbons symbols in Section 2.3.)

lyst Pd5.2Sn0.8/A1, the striking result is the predominance of
E3-HE up to 100% conversion, 1-HE and E2-HE being less
favored (Fig. 6, Table 5); on the bimetallic Pd–Ag catalyst
Pd Ag /A2, E3-HE is only slightly predominant over 1-
0 0 0
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FIG. 5. Hydrogenation of hexa-1,5-diene on catalyst Pd3.8Ag5.2/A2 at
313 K: variation of conversion and selectivities versus time. Catalyst mass,
30 mg. (See hydrocarbons symbols in Section 2.3.)

that observed for the corresponding monometallic sample
(Pd4.6/A2, Table 5). On all samples, the production of Z3-
HE is quite negligible.

The better global selectivity is explained by the adsorp-
tion strength of 1,3-HD, which is even greater than that
of 1,5-HD, due to the additional stabilization of the ad-
sorbed species provided by the conjugated bonds. This
means that alkenes re-adsorption, and subsequent isomer-
ization and/or hydrogenation to HA, will take place only at
extremely low 1,3-HD liquid-phase concentrations.

3.3. General Discussion

A molecule with double bonds may theoretically adsorb
with rupture of these bonds and formation of metal–carbon
bonds or through interaction between the metal and the π
electrons of these unsaturated bonds without rupture (36).
Some authors recognize that these two adsorbed species
may co-exist in equilibrium (37). In both cases, before hy-

drogenation, the double bonds may migrate into the ad-
BOZON-VERDURAZ

sorbed species, leading to different isomers, including Z/E.
Palladium, conversely to platinum, favors these isomeriza-
tion reactions, especially double-bonds migration (38, 39).

Hence, the performances of monometallic and bimetal-
lic catalysts in both 1,5-HD and 1,3-HD selective hydro-
genation reactions should be understood in the following
terms: in the case of 1,5-HD, the “independent” hydro-
genation will give first 1-HE, which may either desorb or
be converted to others isomers. Using bimetallic catalysts,
the presence of either Sn or Ag apparently inhibits the Pd
double-bond isomerization ability, by a geometric effect of
dilution, hindering the formation of multiple adsorption
sites required for this reaction. This justifies the high 1-HE
selectivity observed. On monometallic catalysts, however,
the migration of double bonds occurs freely, and the pro-
portion of hex-2-enes, the most stable thermodynamically,
increases.

On the other hand, the independent hydrogenation of
double bonds in 1,3-HD cannot be taken into account
as they are conjugated. If no isomerization occurs, the

FIG. 6. Hydrogenation of hexa-1,3-diene on catalyst Pd5.2Sn0.8/A1 at

313 K: variation of conversion and selectivities versus time. Catalyst mass,
15 mg. (See hydrocarbons symbols in Section 2.3.)
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formation of 1-HE, 3-HE, and also 2-HE is expected, and
this was observed with bimetallic catalysts, which delay the
catalytic isomerization of these compounds, leading to a
broad distribution (Table 5); on monometallic catalysts,
the product distribution appears to depend on MFE: on
Pd5.0/A1 (MFE ≈ 0.1, Table 5) 1-HE is predominant up to
ca. 95% conversion, whereas on Pd5.0/A1a (MFE ≈ 0.4)
the proportion of 1-HE does not overcome that of 2-HE,
even at low conversion. In other words, the particle size
influences the fractional selectivities (in opposition to the
1,5-HD hydrogenation, see Section 3.1.1).

For the monometallic catalysts, the mean particle sizes
observed by TEM were not very different from the val-
ues obtained from XRD measurements, indicating that the
observed particles are single crystallites (31). It is known
that Pd atoms in low Miller index planes may favor Z/E
isomerization and double-bonds migration; Pd atoms on
corners may perform the same reactions and also hydrogen
exchange, and Pd atoms on crystal edges or at isolated sites
(over the crystal planes) may catalyzeπ -species hydrogena-
tion (40, 41). Moreover, the crystallite size determines the
distribution of these various Pd sites (42). Hence, the dif-
ferences observed in the fractional selectivities may arise
from different Pd sites distribution in each catalyst.

In addition, comparing the catalytic tests of each catalyst
in both 1,5-HD and 1,3-HD hydrogenation, a significant
increase of E3-HE production is observed in the latter, us-
ing monometallic or bimetallic catalysts, but more marked
on bimetallics, especially on Pd5.2Sn0.8/A1 (Table 5), as the
migration of double bonds is inhibited by the geometric
effect of dilution of the Pd atoms (see above). In fact, an
increase in the hex-3-enes production is expected, as the
probability of formation of these isomers is increased using
1,3-HD as the starting molecule. However, the formation
of the Z3-HE isomer is not observed in this case. Using
1,5-HD as the starting molecule, both Z3-HE and E3-HE
are detected on all catalytic tests (Figs. 1–5), but at the end
of the reaction the Z3-HE disappears, and the production
of the more stable E3-HE is increased. This should be ex-
plained by the random possibility of 1,5-HD adsorption,
which may give both Z3- and E3-HE, after selective hy-
drogenation and double-bond migration to the C3 position.
When 1,3-HD is the reactant, as the initial solution contains
almost exclusively E-1,3-HD (cf. Section 2.1), the adsorp-
tion will be restricted to this configuration because the E→
Z isomerization is generally not possible near room temper-
ature; hence, the main 3-ene hydrogenation product must
be E3-HE, as skeletal isomerization needs a more acidic
carrier or active phase. This was in fact observed, as no
Z3-HE was detected in all 1,3-HD catalytic tests (Table 5).

3.4. Reaction Mechanism

We proposed a simple model, where the diene (1,5-HD

or 1,3-HD, named hereafter X) adsorbs on the catalytic site
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(#), reacts with the hydrogen dissolved in the liquid phase,
and the partially hydrogenated product (named hereafter
Y) desorbs and remains in the liquid phase. It was assumed
that X adsorbs more strongly than Y; hence, Y may adsorb
and suffer hydrogenation to hexane (named hereafter Z)
only when the X concentration is low. The scheme proposed
for the first reaction stages (neglecting further hydrogena-
tion of Y) is

X + #→← X# alkadiene adsorption [1]

X#+H2(liq.) →← Y# surface reaction [2]

Y#→← Y + # monoalkene desorption [3]

X +H2(liq.) →← Y overall reaction [4]

We assume that (2) is the rate-controlling step. Conse-
quently, the adsorption and desorption steps reach equilib-
rium. Following a Langmuir–Hinshelwood treatment, we
find

rs = ksKXCm[CXCH2 − (1/K )CY]/

(1+ KXCX + KYCY + KICI), [5]

where rs= surface (and overall) reaction rate, ks= rate
constant for the surface reaction step, KX, KY, and KI=
adsorption equilibrium constants for X, Y, and inert com-
pounds, respectively, CX, CH2, and CY = liquid-phase con-
centrations, K= thermodynamic equilibrium constant for
the overall reaction, and Cm= concentration of all adsorp-
tion sites=C# + CX + CY + CI , where C#= vacant sites.

Using the data cited in Section 2.4, the overall equilib-
rium constant, K, in the reaction conditions is estimated to
ca. 3.0× 105. Hence, neglecting the reverse reaction, Eq. [5]
becomes

rs = ksKXCm(CXCH2)/(1+ KXCX + KYCY + KI CI ). [6]

Moreover, we assume that the alkadienes adsorb much
more strongly than all other species, that is, KXCX À 1 +
KYCY + KICI, leading to

rs = ksCmCH2 . [7]

This means that the kinetics follows a zero order with re-
spect to the 1,5-HD or 1,3-HD concentration (CX), in agree-
ment with the experimental data: the concentration versus
time curves obtained from all catalytic tests performed in
Sections 3.1 and 3.2 are straight lines up to high conversion
levels.

We also observe straight lines in the hydrogen consump-
tion curves, indicating a pseudo-zero-order kinetics. The re-
actions were carried out at constant hydrogen pressure and
the hydrogen concentration was limited by its solubility in

the solvent, heptane, estimated to be ca. 6.88 × 10−4 (molar
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fraction) (43). Hence, in such conditions, CH2 is kept un-
changed, and the reaction rate equation simplifies to

rs = k′, [8]

where k′ = ksCmCH2 is the apparent zero-order rate
constant.

In the low X concentration region (high conversion) this
model cannot fit the data because Y hydrogenation takes
place and Eq. [6] must be used instead, giving more com-
plicated kinetics.

A k′ value was obtained by linear regression from an Ar-
rhenius plot in the 1,5-HD hydrogenation at 313, 323, and
333 K: rs = k′ = 105 exp(−5200/T) for the bimetallic cata-
lyst Pd5.2Sn0.8/A1, rs in mol s−1 gPd

−1, and T in K. From
these values, the apparent activation energy is estimated to
Ea = 43 kJ mol−1 whereas for the monometallic catalyst
Pd5.0/A1, Ea = 56 kJ mol−1; the presence of tin as Pd3Sn
(31, 32) decreases the activation energy and increases the
fractional selectivity to 1-HE. It suggests that the presence
of the second metal influences the bonding strength of 1,5-
HD (Eq. [1]) and of the semihydrogenated species (Eqs. [2]
and [3]) with the surface. As the catalysts containing the
Pd2Sn phase (Pd5.1Sn3.8A1 and Pd4.1Sn4.5/A2) (32) are much
less active, it appears that the above results may be ac-
counted for by an ensemble effect, i.e., a geometric effect
rather than the involvement of a ligand effect.

4. CONCLUSIONS

Supported palladium catalysts show high global selectiv-
ity to hexenes in the liquid-phase hydrogenation of hexadi-
enes; at conversions approaching 100% these high selectiv-
ity values persist when the reactant is hexa-1,3-diene, but
decrease to about 80% in the case of hexa-1,5-diene.

For hexa-1,5-diene hydrogenation, on monometallic Pd
catalysts, 1-hexene is preferably formed up to ca. 75% con-
version, while E-hex-2-ene is the main product at higher
conversions. The addition of a second metal, either tin or
silver, changes markedly the catalytic performances: the
selectivity to 1-hexene is significantly improved but accom-
panied by an important loss of activity, except on the Pd–Sn
catalyst with low Sn/Pd atomic ratio. These results are ex-
plained by a geometric effect of dilution, which inhibits the
double-bond isomerization ability of palladium, hindering
the formation of the multiple adsorption sites required for
this reaction. The best performances are obtained on sam-
ples containing the Pd3Sn compound whereas the presence
of Pd2Sn has a negative effect.

On the other hand, in the hexa-1,3-diene hydrogenation,
hex-1-ene is preferentially formed on the monometallic
catalysts with low metal fraction exposed (ca. 0.1); it may
be ascribed to the influence of the sites distribution (faces,
edges, corners) in the adsorption of this conjugated diene.

On the bimetallic Pd–Sn or Pd–Ag samples, the selectivity
BOZON-VERDURAZ

to E-hex-3-ene is enhanced, and this isomer is even predom-
inant up to 100% conversion on the Pd–Sn catalyst with a
low Sn/Pd atomic ratio. These results are still explained by
the geometric effect of dilution of Pd atoms, which delays
catalytic isomerization.

Hence, if the target is 1-hexene, the best catalyst is the Pd-
rich bimetallic Pd–Sn catalyst when starting from hexa-1,5-
diene and monometallic Pd samples, with low metal fraction
exposed, if hexa-1,3-diene is the reactant. If the target is E-
hex-3-ene, the best compromise is to use hexa-1,3-diene on
the Pd-rich bimetallic Pd–Sn sample.

The proposed mechanism suggests that strongly ad-
sorbed alkadienes react with dissolved hydrogen, follow-
ing a zero-order kinetics. Better control of the yields of the
different hexenes requires further studies, now in course,
about the species involved in the adsorption of the hexa-
dienes and especially the influence of particle size below
about 3 nm.

APPENDIX

The adsorption constants ratio KX/KY was also estimated
from the experimental data to confirm the assumed hypoth-
esis of strong 1,5-HD and 1,3-HD adsorption. From the
simplified model used,

X→ Y→ Z and based on Eq. [6],
[9]

r1 = −dX/dt = k1KXCX f (H2)/(1+6Ki Ci ).

Assuming that Y hydrogenation obeys a similar kinetic
model,

r2 = dZ/dt = k2KYCY f (H2)/(1+6Ki Ci ). [10]

Hence, the Y accumulation rate will be dY/dt = −dX/dt−
dZ/dt:

dY/dt = (k1KXCX − k2KYCY) f (H2)/(1+6Ki Ci ). [11]

Dividing Eq. [11] by Eq. [9],

dY/dX = −1+ (k2KYCY/k1KXCX) = −1+ K ′CY/CX,

[12]

where

K ′ = k2KY/k1KX. [13]

K′ is in fact the “relative reactivity” of Y compared to X.
The solution of Eq. [12] gives

CY = [1/(K ′ − 1)]
(
CX − CK ′

X

)
[14]

and this expression will reach a maximum at
CY = K ′K
′/(1−K ′) [15]
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Using now the experimental data from the above-
mentioned tests, considering Y as the sum of all monohy-
drogenated isomers, it is found from Eq. [15] that CY,max=
0.82 (molar fraction), giving a K′ value of 0.06915. More-
over, the zero-order kinetic model leads to the rate con-
stants values of k1= 8.98 mol s−1 g−1

Pd and k2= 5.64 mol
s−1 g−1

Pd . Introducing these values into Eq. [13] gives the de-
sired ratio with respect to 1,5-HD:

KX/KY = k2/K ′k1 = 9.1,

which confirms the initial assumption of stronger alkadi-
enes adsorption.
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