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In this work we have studied the influence of various preparation variables on the activity and
selectivity of Pd catalysts supported on aluminum orthophosphate in the liquid-phase reduction of
benzylideneacetone with dihydrogen. Sodium tetrachloropalladiate, tetraamminepalladium(II)
chloride, palladium(Il) nitrate dihydrate, and palladium(II) acetylacetonate and acetate have been
used as precursor salts. The catalysts have been obtained by calcination of the impregnated salts at
598 K and subsequent reduction either in a hydrogen stream or with a-phellandrene under reflux.
The interaction between surface OH groups and strongly basic ligands gives rise to variable
amounts of PAO upon calcination. The thermal decomposition of sodium tetrachloropalladiate and
tetraamminepalladium(II) chloride yields palladium exclusively. Under our working conditions, the
process is zero order in hydrogen pressure and benzylideneacetone concentration. Active sites of
different coordination number are responsible for the competitive generation of 4-phenyl-2-buta-

none and 4-phenyl-2-butanol.

INTRODUCTION

Silica and alumina, alone or combined
(either with each other or with different
metal oxides), are the most frequently used
metal supports. The activity and selectivity
exhibited by a metal catalyst in a given pro-
cess are dependent on the nature of the
metal, the preparation variables (I, 2), and
the type of support used (3, 4). In most hy-
drogenation processes the support is not in-
ert, its influence being exerted through the
formation of new chemical species (5),
modifications in the electron density of the
metal particles (6, 7), cooperation in the ad-
sorption of hydrogen via the “‘spillover ef-
fect’” (8) or hindrance of the adsorption of
reactants through steric effects (6, 9). The
results obtained in many instances have
been attributed to a different strong metal—
support interaction (SMSI) (/0-13). Alumi-
num orthophosphates gelled in various me-
dia are stable solids with large specific
surfaces, are moderately acidic, and have
been used as metal supports and applied to
the reduction of different organic functions
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(14-16), cither with dihydrogen (17) or by
hydrogen transfer (78), with excellent
results. On the other hand, the reduction of
palladium salts with various olefins (19, 20)
is also well known.

We thought it interesting to study the ac-
tivity and selectivity of the catalysts pre-
pared by reduction of various precursor
metal salts. This synthetic procedure offers
some advantages over the classical reduc-
tion method: it requires fairly uncompli-
cated instrumentation and low tempera-
tures, and the reductant is converted
simultaneously to a product of interest (p-
cymene). In this work we have studied the
influence of several preparation variables
on the activity and selectivity exhibited by
Pd/AIPO, in benzylideneacetone reduction.

EXPERIMENTAL

Catalysts. The support used in this work
(Sper = 156 m? g71) was an aluminum ortho-
phosphate gelled in an ammoniacal me-
dium. Its synthesis and texture properties
were described elsewhere (27, 22). The
acidity of this support 3.6 X 1074 eq g™")
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was assessed by a spectrophotometric
method (23), using cyclohexylamine (pK, =
10.60) as titrant.

We have used a series of Pd catalysts
supported on the above-mentioned solid
and obtained by impregnation from aque-
ous solutions of sodium tetrachloro-
palladiate and tetraamminepalladium(II)
chloride, or from N,N-dimethylformamide
(DMF) solutions of palladium(II) nitrate di-
hydrate, palladium(Il) acetylacetonate, or
palladium(ll) acetate. In naming the sys-
tems, we have used the symbol of the
metal, a subscript denoting the palladium
content (percentage) and the letter M, N,
O, P, or Q according to whether the precur-
sor salt used was sodium tetrachloro-
palladiate, tetraamminepalladium chloride,
Pd(II) nitrate dihydrate, Pd(ll) acetyl-
acetonate, or Pd(Il) acetate, respectively.

The impregnated mass thus obtained was
subject to three different processes:

—air calcination from 363 to 598 K rais-
ing the temperature linearly 1° min~', keep-
ing the last temperature constant for 30
min;

—air calcination as above and, subse-
quently, cooling the solid and again subject-
ing it to the same thermal procedure while a
hydrogen stream is passed at a flow rate of
60 ml min~!.

—air calcination as above and chemical
reduction with a-phellandrene [which is
readily dehydrogenated to p-cymene and is
capable of reducing Pd(II) to Pd(0)]. In this
case, the process involves placing the solid
together with the reductant under reflux
with magnetic stirring in a silicone bath in
order to keep the temperature constant. Af-
ter 1 h, the mixture was cooled and the re-
duction liquids were wasted, the catalyst
being washed with several ethanol portions
and then dried at low pressure.

The theoretical metal loading of the syn-
thesized systems agrees with that deter-
mined by atomic absorption with a varia-
tion less than 1%.

Differential scanning calorimetry (DSC)
assays. To determine whether the Pd(II)
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compounds used in the impregnation pro-
cess underwent any decomposition because
of the thermal treatment to which they had
been subjected, DSC assays were carried
out on the systems with 3% metal in a man-
ner similar to that used for the calcination
process. These experiments were per-
formed on a Mettler DSC 20 apparatus.

Determination of metal surface. The
metal particle size was determined by TEM
for systems with a Pd loading less than 2%,
and by X-ray diffraction for systems with
higher loadings.

The metal surface was subsequently cal-
culated assuming the spherical-particle
model.

Transmission electron microscopy
(TEM) measurements. TEM measurements
were carried out on a Philips AM-300 in-
strument working at 100 kV. Samples were
prepared by an extractive replica method,
and metal size distribution was determined
by counting 1400-3000 particles. The aver-
age diameter was obtained from the vol-
ume-to-surface ratio.

X-ray diffraction (XRD) measurements.
The XRD analysis of aluminum ortho-
phosphate shows this to be an amorphous
solid. X-Ray diffractograms of the catalysts
were recorded on a Philips 1130/00/60 appa-
ratus, using the CuKe radiation, with A =
1.5418 A. The half-peakwidth was calcu-
lated graphically, with an angle 29 = 40.1°
corresponding to the (111) plane of Pd, tak-
ing a value of 0.89 for constant K of the
Debye—Scherrer equation (24). Both the
(101) and the (002) reflections for PdO were
detected at 20 = 32.5° in some unreduced
calcined samples.

Catalytic activity. Hydrogenation runs
were carried out on a conventional low-
pressure Gerhardt hydrogenator furnished
with a pressure gauge which continuously
monitors the hydrogen pressure in the reac-
tion vessel. Reactions were accomplished
ina 1.25 M solution (20 ml) at 300 K, under
an initial hydrogen pressure of 5 bar. An
amount of 0.1 g of catalyst, concentrations
in the range 0.3-2.5 M, pressures between
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TABLE 1

Hydrogenation of Benzylideneacetone over Catalysts
Synthesized by Reduction with a-Phellandrene

Catalyst Somet 10° r,y
(m? gpd) (mol s~' gpd)

PdysQ 176 5.8
Pd,Q 160 8.3
Pd,Q 149 9.0
Pd;Q 143 6.0
Pd;Q 105 6.0
Pd/C (10%)" 63 10.4

Note. C=1.25M, Py, = Sbar, T = 300 K, gpy = 3
x 1073, Vr: 20 ml, S = metal surface, 7, = catalytic
activity (per g).

7 Commercial catalyst (Merck Reference 75990).

3 and 6 bar, and temperatures from 290 to
320 K were used in the study of the kinetics
of the process. The reaction temperature
was controlled by pumping water from a
thermostatic bath through the vessel jacket.

The reaction rate was calculated by tak-
ing the initial slope of the plot of the de-
crease in the hydrogen pressure vs time.
Blank tests were performed prior to obtain-
ing kinetic data to check the absence of
phenomena other than those inherent in the
catalytic process. Neither the support nor
any other part of the reactor used proved to
be active in the reduction of benzylidene-
acetone. No diffusion phenomena were ob-
served with shaking at a rate of over 200
shakes min~!, and no interparticle diffusion
occurred while working with catalyst sifted
through 70-230 mesh.

The rate of hydrogen transfer from the
gas phase to the reaction medium was
shown not to be the rate-determining step
of the process. Under our working condi-
tions, we have shown that the initial rate of
reaction increases linearly with the amount
of catalyst used.

Product analysis. The reaction products
were analyzed by using a Hewlett—Packard
5830A chromatograph fitted with a H-P
18850 GC terminal. The column was
packed with 5% Carbowax 20M on 80/100
Chromosorb G-AWDMCS. The nature of
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the products was confirmed by coupling the
GC apparatus to a Hewlett—Packard 5992B
mass spectrometer.

RESULTS AND DISCUSSION

We have synthesized a series of catalysts
of different metal loading by impregnation
with palladium(II) acetate and assessed
their activity in the liquid-phase hydrogena-
tion of benzylideneacetone. The results ob-
tained are listed in Table 1. The maximum
metal surface corresponds to a catalyst
containing 0.5% Pd in weight, although the
highest catalytic activity (per gram) corre-
sponds to a catalyst with 2% Pd in weight.
A metal loading of 3% was chosen for the
synthesis of the remaining catalysts since,
although these do not yield the best cata-
lytic activity values, they do have a suitable
amount of metal to facilitate determination
of the metal particle size by X-ray diffrac-
tion and to be subject to DSC assays. All
determinations of metal particle size were
carried out by X-ray diffraction, except for
catalysts with metal loadings less than 2%
in weight, which were assessed by trans-
mission electron microscopy.

The classical procedures for determina-
tion of metal particle size (CO adsorption,
XRD, and TEM) are somewhat controver-
sial as different authors use divergent cor-
rection factors (25-27). In our case, we
have found good consistency among the
results obtained with the three methods as-
suming the spherical-particle model and a
CO adsorption factor of 1.15 (28).

Kinetic assays for benzylideneacetone
reduction were performed on catalyst Pd;Q
in the absence of diffusion phenomena.

Figure 1 shows that the transfer of hydro-
gen from the gas phase to the catalyst is
much higher than any of the initial reaction
rates obtained; thus, the occurrence of dif-
fusion phenomena can definitely be ruled
out. Likewise, we have checked (by means
of blank tests) that no part of the reactor
takes part in the catalytic process.

The process conforms to a rate law of the
type
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i.e., zeroth order in hydrogen pressure and
benzylideneacetone concentration, over
the pressure range 2—6 bar for the former
and the concentration range 3 X 107! to 2.5
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M for the latter. An apparent activation en-
ergy of 9.1 kcal mol~! is inferred from the
Arrhenius plot (Fig. 2).

In Fig. 3 are listed the results obtained in
the DSC assays of synthesized catalysts.
The heating gradient was applied in a man-
ner similar to that used for synthesis of the
catalysts labeled ‘‘calcined.”” All Pd(II)-
supported salts undergo decomposition at
temperatures above 598 K (sodium tetra-
chloropalladiate shows a thermal signal at
583 K). As a rule, all salts containing the
Pd-O bonds decompose at temperatures
lower than those for salts bearing Pd-N or
Pd-Cl bonds. Complexes of the type
Ky(PdX,) are relatively stable as compared
to other Pd(1I) compounds, the Pd-X bond
having an estimated 40% covalent charac-
ter (29).

The decomposition products of the im-
pregnated salts were characterized by X-
ray monitoring (Fig. 4). All the salts used
yielded metal Pd on decomposition, as
shown in the diffraction patterns for the
catalysts subject to calcination only. No
other species were detected in the case of
sodium tetrachloropalladiate, tetraammine-
palladium(II) chloride, and Pd(II) nitrate.

3.1 3.3 3.4 108 hxh

mol H2 wasted

102

7,
7/ v
N

20

Time {(min.)

10

FiG. 2. Initial rates and Arrhenius plot.



292

Pd3 (o] [’d3 P
-~
)
o
=
>~ o, -t N
‘:fmoaoo 200 300
bt
g Pd3 N Pd3 [¢]
) U A A
20 30 200 20

Temperature (2C)

FiG. 3. DSC of the impregnated systems.

On the other hand, some PdO was also de-
tected for palladium(Il) acetate and acetyl-
acetonate.

Several adsorbed species have been as-
sumed to result from the interaction be-
tween some Pd(II) complexes and the sur-
face OH groups in silica or alumina (30). In
the synthesis of Pd catalysts on silica by
impregnation from Pd(NH3),Cl,, species
such as Pd(NH;),(Si0), may be generated
through interaction with surface silanol
groups in which Pd(II) preserves square co-
ordination. A similar type of interaction has
been described for catalysts prepared by
impregnation from Pd(II) acetylacetonate
on alumina (37).

The strength of this type of interaction
must be related to the number and acidic
strength of surface OH groups, as well as to
the nature of the counterion or ligand
bound to the metal atom which undergoes
substitution. Aluminum orthophosphate is
moderately acidic (3 X 10™*eq g~! vs cyclo-
hexylamine). Therefore, its surface protons
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will only be reactive toward strong bases
such as acetate or acetylacetonate, giving
rise to surface Pd-O bonds. Thermal de-
composition of the surface species would
yield PdO. The excess of impregnating salt
added (3.3 X 1072 mol) to obtain a metal
loading of 3%, which does not interact with
the hydroxyl groups of the support, would
yield metal Pd. The great strength of Pd-N
and Pd-Cl bonds, together with the low ba-
sicity of the nitrate anion, does not favor, in
our case, the interaction with surface OH
groups. Thermal decomposition of the im-
pregnated salts would vyield—at least
partly—metal Pd (32).

In Table 2 are listed the metal surface
values of the catalysts synthesized from the
different Pd(II) salts, which show the influ-

s
I
ol

45 40 35
Diffraction angle, 20 (deg)

Intensity (Arbitrary Units)

FiG. 4. X-Ray diffractograms of the support and
some calcined samples.
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TABLE 2

Metal Surfaces (m? gp4) for Various Catalysts as a
Function of the Reduction Treatment Used

Catalyst Calcined Calcined and Calcined and reduced
reduced with Hy with a-phellandrene
Pd;M 69 36 64
PdsN 72 30 67
Pd;0 148 71 139
Pd;P 150 99 161
Pd;Q 146 129 143

ence of the type of reduction procedure fol-
lowed after calcination on the metal sur-
face.

The metal surface of the catalysts “‘acti-
vated’’ with a-phellandrene under reflux
does not change in any case; however,
those reduced in a hydrogen flow have a
drastically decreased metal surface as a
rule. The results obtained cannot be ac-
counted for by considering a higher or
lower degree of reduction of the deposited
species. On the other hand, Boudart (33)
found no changes in particle size after sub-
jecting small Pd particles deposited on sil-
ica to alternating oxidations and reduc-
tions. Reduction with «-phellandrene is
carried out in liquid phase at 453 K,
whereas that involving the use of hydrogen
is performed in a flowing system at 598 K.
These last conditions favor the mobility of

293

the particles, which can regroup to form
larger crystals (34).

Catalytic Activity Tests

The catalysts subjected to different re-
duction treatments were tested on the re-
duction of benzylideneacetone in methanol,
at an initial hydrogen pressure of 5 bar. The
results are given in Table 3. Divergent con-
clusions can be drawn from these results
depending on whether specific reaction
rates, catalytic activities (per g), or specific
catalytic activities (per m?) are compared.

The specific reaction rate is higher for re-
duced catalysts, especially for those treated
with a-phellandrene. Thus, such a treat-
ment seems to result in more active cata-
lysts than calcination or reduction with hy-
drogen. A further advantage of this
treatment over that of the reduction with
hydrogen lies in its simplicity and econ-
omy.

However, different conclusions can be
drawn by comparing the results for specific
reaction rate. Thus, the reduction of ben-
zylideneacetone can be classified as struc-
ture sensitive (35) or structure insensitive,
depending on whether catalysts only sub-
jected to calcination or catalysts subjected
to calcination and reduced with hydrogen
or a-phellandrene, respectively are used.
Therefore, the fraction of metal atoms with

TABLE 3

Influence of the Procedure Followed to Reduce the Catalysts on the

Hydrogenation of

Benzylideneacetone

Catalyst Calcined Calcined and Calcined and reduced
reduced with H, with a-phellandrene
10° r, 103 ry
(mol~' mz2) (mol~'g,h) 10° r, 10° ry, 10° r, 103 r,,
(mol~' m;5) (mol~'g;1) (mol~! m,j) (mol™! 2p4)

Pd;M 24 1.6 7.5 2.7 4.5 2.9
Pd;N 2.3 1.7 6.6 2.0 3.5 2.3
Pd;O 23 3.5 5.9 42 3.8 5.2
Pd,P 2.2 3.4 5.4 5.3 5.2 8.3
Pd;Q 2.4 3.5 2.7 3.5 4.2 6.0

Note. C = 1.25 M, Py, = 5 bar, T = 300 K,
activity (per m?), r,, = catalytic activity (per g)

gea = 3 X 1073, V¢ = 20 ml, r, = specific catalytic
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TABLE 4

Selectivity (%) toward 4-Phenyl-2-butanol
after a 2-h Reaction

Catalyst Calcined Calcined and Calcined and reduced
reduced with Hy with a-phellandrene

Pd;M? 16.6 6.2 9.5

Pd;N 8.0 3.1 1.0

Pd;0 10.4 6.0 6.4

Pd;P 4.4 23 1.0

Pd;Q 6.4 5.4 1.8

Note. C = 1.25M, Pz, = Sbar, T = 300K, gpg = 3 X 1073, V= 20
ml, overall conversion = 100%.

4 n-Butylbenzene traces begin to appear when the selectivity toward 4-
phenyl-2-butanol exceeds 6%.

different coordination number seems to be
a more realistic criterion than the disper-
sion of the crystallite size to define the ac-
tivity or selectivity of a catalyst (36).

We have studied the selectivity toward 4-
phenyl-2-butanol yielded in the reduction of
benzylideneacetone with the synthesized
catalysts. The results obtained are pre-
sented in Table 4. This compound origi-
nates directly from benzylideneacetone
rather than from the 4-phenyl-2-butanone
also yielded.

Reduction of the olefinic double bond in
the hydrogenation of 4-phenyl-2-butanone
under the same conditions used for the re-
duction of benzylideneacetone does not
yield 4-phenyl-2-butanol, even after 8 h re-
action. By adding the reactant after the
benzylideneacetone has been completely
reduced, the ratio of 4-phenyl-2-butanol in
the final mixture is increased: under our
working conditions, 4-phenyl-2-butanol and
4-phenyl-2-butanone originate at different

@cmw—co-cu

ALBA ET AL.

active sites of the catalyst. These activity
and selectivity results cannot be accounted
for on the basis of a different metal—support
interaction as observed in some Ni/AIPO,
systems (37). On the other hand, this effect
would be compensated as the same support
was used for all the catalysts. The alcohol
and ketone appear to originate at different
active sites.

We may think that the metal surface is
not homogeneous, containing at least two
different—geometric and energetic—types
of active sites (38). Each type of site would
take part in the one-step reduction of ben-
zylideneacetone to 4-phenyl-2-butanone
or 4-phenyl-2-butanol, respectively. The re-
sults obtained can be accounted for on the
basis of Scheme 1.

The hydrogenation to the alcohol or ke-
tone takes place in one step at a particular
type of active site onto which benzylidene-
acetone has been initially adsorbed. Once
4-phenyl-2-butanone has been generated,
this is not readsorbed by the catalyst for
further hydrogenation. The different selec-
tivity exhibited by the catalysts is related to
the presence of different populations of ac-
tive sites, which in turn is a function of the
synthetic variables used (precursor salt,
thermal treatment, prereductant, etc.).

We have been unable to determine the
nature of each of the different types of sites
proposed, although, according to Scheme
1, they must differ in coordination and
steric requirements since they originate in
different zones in the crystal (irregularities,
faces, edges) according to the particular
synthetic procedure followed (39, 40).

©—cnz-cr{2—co-cu3
3
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SCHEME 1
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