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Preparation of Pd—Pb/a-Al,O3 catalysts for selective hydrogenation
using PbBuy: the role of metal—support boundary atoms and
the formation of a stable surface complex
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Pd-Pb/a-Al,O3 cataysts were prepared by reacting PbBu, with supported palladium samples derived from Pd(AcAc),, both in
the presence and absence of hydrogen. The amount of lead fixed depends mainly on the concentration of palladium on the metal—
support boundary. In the presence of hydrogen, all butyl groups are released during the anchoring process. When the Pd/a-Al,O3 was
reduced and then purged with nitrogen, two butyl groups remained attached to the lead atom and a stable surface complex was formed.
The andlysis of gaseous products evolved during the PbBus—Pd/a-Al,O3 interaction and subsequent temperature-programmed reaction
experiments indicate that a (]-L),—Pb(Bu), complex was obtained. Upon reduction at 573 K, the Pd-Ph/a-Al, O3 catalysts became very
selective for the hydrogenation of acetylene in the presence of ethylene.
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1. Introduction

Many industrial processes employ supported palladium
catalysts for the semihydrogenation of alkynes and dienes
in the presence of large amounts of olefins. The objective
is the selective hydrogenation of triple and double-double
bonds to ppm levels without the hydrogenation of diolefinic
hydrocarbons. Much effort has been devoted to empirical
maodification of Pd-based catalyststo improvetheir intrinsic
selectivity. In this sense palladium bimetallic catalysts have
been introduced [1].

There are several indications in the literature that sur-
face organometallic chemistry provides an excellent tool
for preparing bimetallic catalysts. The preparation method
involves, basically, the reaction of organometallic com-
pounds of metals of Group IVa with supported transition
metals [2-4]. This synthetic route leads to bimetallic par-
ticles, without the formation of a segregated monometallic
phase. For example, Ferretti et al. [5,6] prepared Rh—
Sn/SIO, and Ni—Sn/SIO, by reaction of tetrabutyltin dis-
solved in n-heptane with nickel or rhodium supported cat-
alysts. The characterization of the samples performed by
FTIR, TEM, magnetic measurements and chemisorption of
CO and H, showed that bimetallic particles are formed and
the presence of an aloy is suggested. Examining the re-
sults of these studies one finds that Rhs/Sn and Nig/Sn ratios
lower than one have been obtained. Consequently, a frac-
tion of Sn(—C4Hg)4 Seems to react with sites that are not
located on the metal particles. Margitfalvi et a. [7] have
shown that a Pt,—Sn alloy supported in ~-Al,O3 could be
obtained by asimilar procedure. Here again the Pts/Sn ratio
was less than one.
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More recently [8], abimetallic catalyst containing 0.27%
of Pb was obtained by reaction of an organic solution of
tetrabutyllead (from now on, PbBuy) with a highly dis-
persed Pd(0.19 wt%)/a-Al,O3 catalyst. It was established
that this organometallic compound does not react with alu-
mina, at least when the reaction is performed at room tem-
perature and the concentration of lead is lower than 0.65 g
Pb/l. Characterization of the sample by FTIR and XPS
showed that this preparation method yielded metal par-
ticles where palladium and lead were closely associated.
In spite of a strong interaction between both metals, here
again a certain amount of the second metal seems to be
retained by sites other than surface palladium atoms, since
the Pds/Pb (Pds = surface palladium) ratio was lower than
unity. Mallat et al. [9] reported similar Pds/Pb values when
Pb?* ions from an agueous solution were deposited on a
Pd/C catalyst. They have shown that in the presence of
hydrogen, migration of Pb, Cd and Ge into the bulk of pal-
ladium takes place at room temperature. For Pb, a fast ad-
sorption process characterized by a large uptake, followed
by a rather slow dissolution process, was observed. The
surface mobility of adsorbed atoms was considered to be a
relevant variable to explain this behaviour. Consequently,
we suspect that the metal—support boundary could be re-
sponsible for the large Pb uptake. Since the ratio of metal—
support boundary atoms to the number of surface atoms
increases as the particle size decreases, it was considered
of interest to study the effect of palladium dispersion on
the amount of lead fixed. The objective is to try to throw
some light on the nature of the anchoring sites in the base
monometallic catalyst. In this spirit, we have prepared and
characterized seven bimetallic catalysts of varying pala-
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dium loading and metal dispersion. The beneficial effect
of lead on the selectivity of Pd-Pb/a-Al,O3 catalysts for
acetylene hydrogenation in the presence of a large excess
of ethylene has been demonstrated.

In addition we have examined again [8] the quality and
quantity of hydrocarbons evolved during the room temper-
ature reaction between PbBu, and Pd/a-Al;O3 in the pres-
ence and absence of adsorbed hydrogen, and performed
a subsequent temperature-programmed reaction experiment
to follow the decomposition of surface precursors. In this
way, the basic reactions that are responsible for the forma-
tion of Pd—Pb particles are proposed.

2. Experimental

A series of monometallic palladium catalysts was pre-
pared by reaction of a benzene solution of Pd(AcAc); with
a-alumina particles (spheralite 512, from Rhdne-Poulenc,
BET area = 10 m?/g) sieved to 16/20 mesh particle
size. Further details of this preparation procedure may
be found in [8]. Two other Pd/a-Al,O3 samples were
prepared by impregnation using an agueous solution of
Pd(NH3)4(NOs),. In order to estimate the metal dispersion,
hydrogen sorption and back sorption isotherms were mea-
sured in a volumetric apparatus at 298 K. Assuming that
the surface stoichiometry (H/Pdy)irr is unity, the calculated
(H/Pd);r values give the metal dispersion (D). Paladium
and lead contents were determined by AA.

Prior to reaction with PbBuy, two different pretreatments
were performed on the monometallic catalysts. In pretrea-
ment A, the monometallic sample was reduced in flowing
H, for 2 h at 573 K and then cooled to room temperaturein
the same atmosphere. In this way palladium particles with
chemisorbed hydrogen were obtained. In pretreatment B,
the samples were reduced at 573 K under similar condi-
tions and then purged in Ar at 573 K for 1 h. Finaly, the
catalysts were cooled to room temperature in the inert gas.
Thus, areduced sample without chemisorbed hydrogen was
obtained.

In atypical experiment, 0.4 g of Pd/a-Al,O3 were trans-
ferred to aglass vial filled with 2 cm?® of solution of PbBuy
in n-heptane. In order to follow the surface reaction be-
tween PbBu, and palladium with or without adsorbed hy-
drogen, we measured the evolution of gaseous products in
the liquid phase. Aliquots of the solution were extracted at
4 min intervals and the concentration of C4 hydrocarbons
was measured by GC analysis.

When a fina state concentration was obtained, the cat-
alyst precursor was filtered, washed with fresh solvent
and dried under Ar flow for 20 h a room tempera
ture. The temperature-programmed reaction (TPR) tech-
nigque was then used to study the decomposition of the sur-
face complexes formed in the surface reaction. The pre-
cursor was reduced from 25 to 250°C in an Ar—H; (5%)
mixture at 10 K/min. The temperature profile of the hy-
drogen consumption was recorded with a thermal conduc-
tivity cell. The exhaust of the reactor was connected to

a gas chromatograph, equipped with a FID detector and a
Poropack Q column, to identify the reaction products.

A bimetallic Pd—Pb/a-Al,03 sample and the correspon-
dent Pd/a-Al,03 sample were tested for the hydrogenation
of acetylene in the presence of a large amount of ethylene
and hydrogen. Catalyst charges of approximately 0.01 g
were placed in a two-stage SS reactor with intermediate
cooling to minimize thermal effects. The feed composi-
tion was 0.90% CZHZa 11.71% CH4, 77.48% C2H4 and
9.90% H,. Catalytic tests were performed at 1111 kPa,
with a flow rate of 60 cm3/min (STP) in the 270430 K
temperature range. The feed mixture and the reaction prod-
ucts were analyzed by GC using a Carbosieve S-11 column
(1/8"x80 cm) held at 393 K. Prior to catalytic experiments,
the prereduced samples were pretreated under the reaction
mixture at 273 K for 2 h. Conversion measurements at con-
stant space velocity were carried out at increasing temper-
atures up to the point where the hydrogenation of ethylene
was observed.

3. Reaults and discussion

3.1. Dependence of the amount of fixed lead on the
concentration of palladium-support boundary atoms

The main characteristics of monometallic and bimetallic
catalysts are presented in table 1. The palladium loading
and metal dispersion of Pd/a-Al,O3 catalysts are listed in
the first two columns of table 1. It is seen that samples of
varying metal loading and dispersion have been obtained.
We have aso reported the Pb content for the Pd—Pb/a-
Al,03 catalysts derived from monometallic palladium sam-
ples pretreated with methods A and B. Both pretreatments
give a similar concentration of lead. So no distinction be-
tween pretreaments will be done in this section.

The last column in table 1 shows the Pds/Pb (Pds =
surface palladium) atomic ratios. For most of the samples,
the values are lower than unity. Firgt, it is important to
state that the affinity between the organometallic compound
and the support is null. In addition, no correlation was
found between lead |oading and the concentration of surface
palladium, as shown in figure 1. Consequently, the fixation

Table 1
Catalysts composition and palladium dispersion.
Sample Pd D Pb (Wt%) Pds/Pb
(Wt%)  (H/Pd)ir®  Pretrest. A Pretreat. B (at. ratio)
I 0.11 0.75 0.30 0.33 05
I 019 052 (0.07) 0.25 0.27 0.7
I 0.20 0.39 0.15 0.18 0.8
v 0.30 0.26 0.15 0.12 12
\Y 0.20 0.19 0.08 0.08 0.9
\i 0.06 0.54 0.10 0.6
WL 0.24 0.33 0.08 1.9

2 The (H/Pd)i;r value in parentheses was measured after lead addition.
b Samples prepared from Pd(NHz3)4(NO3)s.
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Figure 1. Dependence of the lead uptake on the concentration of surface
palladium atoms.

of the second metal may occur at sites other than surface
palladium atoms.

One possibility is the penetration of lead into the bulk
of palladium to form an alloy. We have ruled out this
hypothesis due to: (i) a lack of correlation between the
lead uptake and the total concentration of palladium; (ii) the
fixation of lead was in our case a fast process both in the
presence or absence of hydrogen. According to Mallat et
al. [9], the migration of lead into the bulk of paladiumisa
slow process mainly due to the high atomic radius of lead.
In addition, it was suggested that the rate of penetration is
faster in the presence of hydrogen due to hydride formation.
Thus, if bulk diffusion occurs, different lead uptakes could
be expected for pretreatments A and B.

These observations lead us to propose that Pd atoms
located at the metal—support boundary are responsible for
the fixation of PbBu,. In order to explore this possibility,
it is necessary to relate the amount of Pd at the palladium—
support boundary, [Pd],, to the metal dispersion and the
total Pd loading [Pd];. The corresponding equation is

[Pd], (Wt%) = 0.38D?[Pd], (Wt%). (1)

The derivation of equation (1) is presented in the ap-
pendix. Using the data in table 1 the [Pd], values were
calculated for al samples. A linear dependence of the lead
loading on the amount of boundary Pd atoms is shown in
figure 2, for samples prepared from Pd(AcAc),. The fact
that the straight line does not pass through the origin indi-
cates that a small amount of lead is fixed on the metal sur-
face. The correlation seemsto fail for samples derived from
Pd(NH3)4(NOs),. Thismay be dueto differencesin particle
morphology or the nature of the metal—support boundary.
On Pd/a-Al,05 catalysts prepared from Pd(AcAc), [10],
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Figure 2. Dependence of the lead uptake on the concentration of pal-
ladium—support boundary atoms. Samples prepared from Pd(AcAc), (H)
and Pd(NH3z)4(NO3)2 ().

the metal particles are characterized by a close interaction
with the alumina support.

The previous results suggest that our Pd/a-Al,O3 cata-
lysts present two kinds of anchoring sites for the organolead
compound: sites located at the metal—support boundary re-
gion and sites on the palladium surface particles. In this
spirit, the following equation may be introduced:

[Pb] (Wt%) = K[Pd]D (Wt%) + Kp[Pd], (Wt%), (2)

where D (= [Pds]/[Pd{]) is the metal dispersion, and K
and K, are constants associated to the surface of the particle
and to the boundary region, respectively.

With the aim of finding the values of K and K\, equa-
tion (2) may be written as

[Pb]/ (D[Pd],) = Ks+ 0.38K,D. 3)

Using the data in table 1, values of 0.9 and 10 for K
and Ky, respectively, were obtained. For example, sam-
ple I, with a high metal dispersion, fixed 0.19 wt% of lead
in the boundary region and only 0.08 wt% onto the pal-
ladium surface. The high value for K indicates that the
interaction of PbBu, with Pd atoms in the metal—support
region predominates and, consequently, should not be con-
sidered a surface-controlled reaction. Nonetheless, this un-
desirable characteristic of the method of preparation seems
to be overcome during the activation of the catalyst precur-
sor in hydrogen. Upon hydrogen treatment at 573 K, lead
atoms located in the boundary region became a source for
the formation of true bimetalic particles by a surface mi-
gration and diffusion mechanism. It is observed in table 1
that reduction produces a marked decrease in the hydro-
gen uptake which, in turn, affects the catalytic activity, as
shown below. The existence of a Pd—Pb alloy in sample Il
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has been demonstrated on the basis of XPS and FTIR stud-
ies [11].

It is difficult to explain why the boundary palladium
atoms are more reactive towards tetrabutyllead as compared
with surface atoms. Our results seem to be in disagreement
with those from previous studies where surface reactions
between metal alkyls and nickel, platinum and rhodium
particles are claimed to be involved in the preparation of
bimetallic catalysts [4,12]. At this point it is relevant to
mention that the contribution of boundary atoms in a cat-
alytic reaction, the hydrogenolysis of MCP to n-hexane, has
been demonstrated for platinum on silica catalysts [13].

3.2. Interaction between PbBu, and Pd/a-Al;03.
Analysis of gaseous products and decomposition of
surface precursors

During the reaction between PbBu, and Pd/a-Al,O3, de-
composition of the organometallic compound occurs with
the eimination of C, hydrocarbons (butane, 1-butene, cis-
and trans-2-butene) and formation of a metastable surface
complex, described as Pd-Pb(Bu),..

With regard to the gaseous products, figure 3 presents
the variation of the concentration of C, hydrocarbons in
the liquid phase with time for the reaction of PbBu, with
sample |1 (Pd(0.19 wt%)/a-Al,03) for both pretreatments
A and B (datataken from [8]). In about 30 min, 80% of the
total amount of C4 hydrocarbons has evolved and a final
state concentration is reached in 80 min.

Clearly, the amount of hydrocarbons produced with pre-
treatment A is higher than that obtained with pretreat-
ment B. However, the amount of saturated hydrocarbons
was the same, about 1.2-1.4 x 10~® mol. In other words,
the main difference is in the amount of butane. Pretreat-
ment A produces 66% butane versus 8% under pretreat-
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Figure 3. Evolution of gaseous products in the liquid phase for sample Il
(Pd(0.19 wt%)/a-Al203).

ment B. In addition, it was found that the amount of lead
fixed was not dependent on the pretreatment procedure, as
shown in table 1. These results suggest that the anchoring
sites are the same for both pretreatments despite the fact
that different hydrocarbons are produced. In order to ex-
plain this behaviour, the following equation is proposed for
the initial interaction of Pb(Bu), with palladium atoms:

PbBus + 2]-L — (]-L)2—PbBuy + 2C4Hg + 2H*. (4)

The nature of the anchoring ligand (]-L) cannot be spec-
ified, but based on the conclusion of the previous section,
we consider that it is located on the metal—support region.

The formation of butenes may be explained by a classi-
cal (-abstraction mechanism. The other reaction products,
(]-L)>—PbBu, and H*, may remain on the surface or un-
dergo further changes, depending on the pretreatment. In
the absence of adsorbed hydrogen (pretreatment B), (]-L).—
PbBu, became a stable surface intermediate, as demon-
strated by subsequent TPR experiments (see below), while
the hydrogen atoms are bound to the Pd surface. Upon
pretreatment A, the situation is different because hydro-
gen produced by the §-abstraction reaction cannot be ad-
sorbed on the saturated Pd surface. Consequently, it may
undergo further reaction with the surface complex (]-L),—
PbBu, leading to butane formation:

(J-L),~PbBu, + 2H* — (J-L),—Pb + 2C4H10.  (5)

Combining equations (4) and (5) we obtain

PbBuy + 2]-L P (-L),—Pb + 2C4Hg + 2CsH10. (6)

Based on this interpretation, similar amounts of butenes
and butane are expected in the liquid phase when pretreat-
ment A is used. Our data shows that the amount of butane
was higher, about 66%, presumably due to some butene
hydrogenation. Consequently, Pd—PbBu, surface species
should not be formed.

In order to support the interpretation given above, the
decomposition of surface precursors has been followed by
TPR. For pretreatment A, no hydrocarbon was detected dur-
ing the TPR experiments, in accordance with reaction (6).

On the other hand, TPR experiments performed on sam-
ples pretreated with method B showed that the surface com-
plex (]-L),—PbBuy is quite stable. The TPR profiles for
samples |11 are shown in figure 4. The main feature is a
hydrogen consumption peak at about 120°C, equivalent to
the release of two butyl groups per mole of lead fixed. Gas
chromatography analysis of the hydrocarbons evolved indi-
cated that butane is the main product. Consequently, these
results support the stoichiometry proposed for the surface
complex that is formed upon pretreatment B.

This stable surface complex, where the Pb atom is co-
ordinated to hydrocarbon ligands and to boundary metal
atoms, may have a potentia application as a new catalytic
material. The reactivity of several surface organometallic
complexes for important catalytic reactions has been re-
viewed by Basset et al. [14,15].
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Figure 4. TPR profiles of surface complexes formed with pre-
treatment B: (I) Pd(0.11 wt%)/a-Al,03; (1) Pd(0.19 wt%)/a-Al,Og3;
(111) Pd(0.20 wt%)/a-AlOs.

It has been shown that equations (4) and (6) are in agree-
ment with the quality of gaseous reaction products found in
the liquid phase and eluted from the solid samples during
the TPR experiments. However, according to these equa-
tions each mole of Pb fixed to the monometallic catalyst
pretreated with method A or B should release for 4 or 2
moles of hydrocarbon to the solvent, respectively. In this
way, the C4 concentration in the liquid phase should be
0.003 and 0.001 mol C,4/g. As can be observed in figure 3,
the liquid-phase concentration was four times lower. In
order to explain the disagreement, it is important to men-
tion that hydrocarbons may become trapped in the alumina
pores, and butenes may also be adsorbed on the palladium
surface. An experimental fact that isin accordance with this
interpretation is that, upon solvent elimination and drying,
alarge amount of C, is briefly and suddenly detected [8].

3.3. The effect of Pb in the selective hydrogenation of
acetylene over Pd/a-Al,05 catalysts

Figure 5(a) shows the dependence of acetylene conver-
sion on temperature for sample Il before and after lead
addition. Figure 5(b) presents the effect of temperature on
ethylene concentration. It is important to recall that these
catalysts were reduced at 573 K in hydrogen prior to reac-
tion. The Pd/a-Al,0O3 sample exhibits a dramatic increase
in acetylene conversion in a very narrow temperature range
(273-298 K). At low temperature, when the acetylene con-
version is below 20%, the very high concentration of eth-
ylene remains unaltered, an indication of good selectivity.
As the conversion of acetylene increases over 20% there
is a sharp decrease in ethylene concentration owing to hy-
drogenation. In other words, a breakdown in selectivity is
observed. The addition of lead introduces a pronounced
change in the activity and selectivity of Pd/a-Al;O3. It is
shown in figure 5 (a8) and (b) that the Pd—Pb/«-Al,O3 cat-
alyst is less active but more selective. It exhibits a steady
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Figure 5. Catalytic activity and selectivity of sample Il before and after
lead addition. (a) Acetylene conversion (%) versus 7' (K) a constant
space velocity. (b) Ethylene gain or losses (%) versus 7' (K).

increase in acetylene conversion up to high values in the
298-393 K temperature range. In addition, ethylene hydro-
genation was not observed up to 60% acetylene conversion.
In fact, a small ethylene gain at about 323 K was noted,
indicating the selective hydrogenation of acetylene to eth-
ylene. At very high acetylene conversion values, ethylene
losses that are lower than those reported for Pd/a-Al,O3 are
observed. Consequently, the presence of lead suppresses
the undesirable hydrogenation of ethylene improving the
selectivity of palladium catalysts for acetylene hydrogena
tion in the presence of a large excess of ethylene.

4, Conclusion

The anchoring sites of PbBu, on Pd/a-Al,O5 catalysts
prepared from Pd(AcAc), takes place mainly on palladium
atoms located in the metal—support boundary. The inter-
action of PbBuy with surface palladium atoms is almost
null. Therefore, the reaction between the organometallic
lead compound and Pd/a-Al,O3 should not be considered
a true surface-controlled reaction. The presence of pread-
sorbed hydrogen does not alter the amount of lead fixed nor
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the type of anchoring sites. However, it affects the quality
and quantity of hydrocarbons released. In the absence of
hydrogen, a stable surface complex containing two butyl
ligands is obtained. Conseguently, the precursor of Pd—Pb
catalysts may be described as Pd—Pb(Bu),/a-Al,03. De-
composition of these species in hydrogen at 573 K leads to
Pd—Pb/a-Al,O3 catalysts that are very selective for acety-
lene hydrogenation in the presence of ethylene.

Appendix

Assuming hemispherical Pd particleswith an average di-
ameter d, the perimeter of N particles per gram of catalyst,
P,is

P = Nrd. ©)

The number of particles N is given by the following
equation:

N = Vi/Vp = 12[Pd)Va/ (nd), ®

where V, isthe particle volume, 1 is the total metal volume
per gram of catalyst, Vx is the volume per metal atom in
the bulk, and [Pd] is the number of Pd atoms per gram of
catalyst.

In addition, the average particle diameter d is related to
the metal dispersion, D, by the well known relation [16]

d = 6Va/(DA), 9)

A4 being the effective average area occupied by a Pd atom.
By substitution of equations (8) and (9) into equation (7),
the following relation for P is obtained:

P = (1/3){ D(Aa)[Pd]/Va ). (10)

Therefore the perimeter P depends on the metal dispersion
and the total number of Pd atoms. In order to calculate the
number of perimetral or boundary metal atoms per gram
of catalyst, equation (10) is divided by dg = 1.5Vx/Aq,
where dy is the atomic diameter, to obtain

[Pdl, = (1/6){ D*(Ax)’[Pd]/ Vi }-

Using values of 0.0789 nm?/at and 0.0147 nmd/at for
At and V4, respectively, and introducing the Pd content in
weight percent, we arrived at the following formulafor the
concentration of boundary palladium atoms:

[Pd], (Wt%) = 0.38D?[Pd], (Wt%). (11)
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