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ABSTRACT: Bimetallic catalysts of Pd-Mo supported on y-A1203 were prepared to study the interaction of Pd-Mo in terms of their structural
properties and their catalytic activity for the reaction of oxidative dehydrogenation of propane (ODHP). The catalysts contain distributions of Pd-
Mo loads between 0 and 5 wt %, and were characterized by total surface area (TSA), total pore volume (TPV), active surface area (ASA), XRD,
and TEM-EDS. The results indicate that the addition of Mo to catalysts of Pd/y-A1203 modifies its catalytic activity for the ODHP reaction. The
influence of the load relationship Pd-Mo in the catalytic activity was determined. Monometallic catalysts were prepared for purposes of comparison.
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RESUMEN: Catalizadores bimetalicos de Paladio-Mo soportados en y - AI203 fueron preparados para estudiar la interaccion bimetalica en
términos de sus caracteristicas estructurales y su actividad catalitica en la reaccion de deshidrogenacion oxidativa de propano (ODHP). Los
catalizadores contienen distribuciones de las cargas Pd-Mo entre 0 y 5 % peso, y fueron caracterizados por superficie total, volumen total
del poro, superficie activa, XRD y TEM-EDS. Los resultados indican que la adiciéon de Mo a los catalizadores del Pd/y - A1203 modifica su
actividad catalitica para la reaccion ODHP. La influencia de la relacion en porcentaje en peso de Pd-Mo en la actividad catalitica es evaluada.
Catalizadores monometalicos fueron preparados para los propositos de la comparacion.

PALABRAS CLAVE: Catalizadores bimetalicos de Pd-Mo, reacciones con propano, deshidrogenacion oxidativa

1. INTRODUCTION CH,+120, —— CH,+HO (D
There are strong econqrnic incentiyes to develop which leads to the formation of very stable products,
catalysts for the selective conversion of alkanes, making the reaction thermodynamically favorable.

especially propane. Four different routes have been
proposed to transform light alkanes into higher value
hydrocarbons [1-8]: (a) carry out the alkylation over
zeolites (although the alkylation of hydrocarbons
of less than four carbons is thermodynamically
unfavorable) [9], (b) transform propane and other light
saturated hydrocarbons into aromatic hydrocarbons, (¢)
dehydrogenate propane to propene, and (d) perform
the oxidative dehydrogenation of propane to propene:

Structural changes induced in Pd supported catalysts
by the addition of a second metal or metal-support
interaction have a profound effect on catalyst
activity and selectivity for reactions spanning from
selective hydrogenation to selective oxidation [7,10-
14]. There have been reports of highly active and
selective catalytic systems for the reaction of alkane
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dehydrogenation constituted by elements of group
VIII (transition metals) and promoted by molybdenum
[10,15-17]. An outstanding performance of a Pd/AL O,
catalyst has been reported on aspects like propene yield
and selectivity from propane [10]. The combination
of Pd and y-Al O, were found to be necessary for
the formation of superficial oxygenated species. The
influence of y-Al,O, may be due to the strong superficial
acidity; alumina’s acid centers are considered to
be active places for the heterolytic dissociation of
hydrocarbons [13,18,19].

In this study, the performances of Pd/y-Al O,, Mo/y-

AlLO,, and Pd-Mo/y-Al O, catalysts were irivgstigated
in the reaction of oxidative dehydrogenation of propane
in order to determine the Pd-Mo interaction in terms of
their structural properties and their catalytic activity.
High-resolution TEM coupled with energy dispersive
x-ray spectroscopy (EDS) was employed to study the

nature of the Pd-Mo interaction.
2. MATERIALS AND METHODS
2.1. Catalysts synthesis

Wet impregnation was used in the preparation of
coimpregnated catalysts. The support (alumina, Alpha-
Aesar, y-phase > 99.97 %, surface area; 79 m?/g, pore
volume: 0.31 cm?/g) was impregnated with an aqueous
solutions of palladium chloride (PdC12) and ammonium
heptamolybdate ([NH4]Mo07024.6H20) of different
concentrations to generate the proposed metallic loads
on the support; the concentrations of the aqueous
solution concentrations were theoretically calculated.
During the addition of the impregnating solution,
the support was kept under a moderate and constant
vacuum, mixed in an ultrasound mixer (Branson B220)
during 90 minutes; the remaining aqueous solution
was evaporated at 120 °C during 3 hours; the resulting
dried sample was heated in an inert atmosphere during
4 hours at 600 °C. A total of 13 catalysts were prepared,
including monometallic catalysts that were prepared for
comparison purposes. All bimetallic catalysts have a
total metal loading of 5 % in weight.

An oxidative pretreatment procedure was applied to
all the catalysts synthesized. During pretreatment, a
catalyst sample was placed under dry air atmosphere
with a total flow of 70 ml/min (STP) and heated at a

constant increment of temperature (5 °C/min) from an
ambient temperature up to 450 °C. These conditions
were kept during 120 minutes and then the temperature
was increased to 600 °C using the same increment.
The condition of 600 °C was maintained during 240
minutes, natural cooling was allowed, and finally the
catalyst was stored in an inert atmosphere (He) to avoid
its degradation.

2.2. Catalyst Characterization

The total surface area was measured by the adsorption
of nitrogen (N,) at 77 K, using a Coulter model
Onmisorb100 CX adsorption system; the calculation
of the total superficial area was done using the BET
method; values of the total pore volume were obtained
using Gurvitsch’s method. The active surface areas of
the reduced catalyst samples were measured through
the irreversible H, adsorption at atmospheric pressure
and room temperature. Morphological analyses of the
catalyst were carried out in a transmission electron
microscope (TEM) using a high-resolution JEOL 2010
microscope coupled with an EDS) system; powdered
samples were analyzed by XRD using Ni-filtered Cu-
Ko radiation.

2.3. Catalytic activity

The catalytic activity tests for the ODHP reaction were
conducted on micro-reaction equipment (Autoclave
Engineers model BTRS-jr). The reaction system
consists of a stainless steel reactor tube (6.3 mm
internal diameter) containing 100 mg + 2 of oxidized
catalyst sample; the heating of the reactor was
done externally through an electric resistance with
temperature control. Reaction conditions were either
400 °C or 500 °C and 101.325 kPa of pressure.
Preliminary experiments indicate the absence of mass
transfer restrictions for the reaction conditions. The
feeding consisted of propane and oxygen mixtures
of high purity (99.99 %). A molecular sieve was
used at the entrance of the reactor with the objective
of retaining impurities coming from the feeding
line; the gas flows were controlled with mass flow
controllers (Bronkhorst High-Tech series F-200 and
F201). Feed and product gases were analyzed by a gas
chromatograph with of a programmable temperature
controller (Tremetrics 9001) connected on-line to the
reactor; chromatographic analyses were performed
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using a Porapak Q column (particle diameter mesh 80-
100). The ratio of oxygen/propane in the feed was set
according to the stoichiometric of reaction (1). Several
tests were carried out without catalysts to confirm the
absence of homogeneous reactions.

3. RESULTS

Tables 1 and 2 summarize the results obtained for the
mono and bimetallic catalysts in terms of total surface
area and pore volume; the TSA of monometallic
catalysts are inversely proportional to metal loading;
both for the Mo and Pd sets of impregnated catalysts.
On the other hand, the bimetallic catalysts show values
of TSA and TPV that are inversely proportional to
the Pd weight content and directly proportional to the
Mo weight content. Behaviors like those presented
by the TSA and TPV are usually related to changes in
the mechanisms of the active agent adsorption on the
support [20,21].

Table 1. Total surface area and pore volume of bimetallic

catalysts
Weight % Total area Pore volume
(Pd/Mo) (m?/g cat) (cm’/g cat)
5/0 69 0.265
3.75/1.25 63 0.213
2.5/2.5 65 0.233
1.25/3.75 75 0.276
0/5 66 0.237

Table 2. Total surface area and pore volume of
monometallic catalysts

Weight % Total area (m*/g cat) Pore volume (cm?/g cat)
of metal Mo Pd Mo Pd
1.25 72 76 0.26 0.28
2.5 70 74 0.25 0.27
3.75 69 73 0.24 0.27
5.0 67 71 0.23 0.26

Results of the active surface area, dispersion, and
particle diameter for the bimetallic and Pd loaded
monometallic catalysts are presented in Tables 3
and 4. The ASA and diameter of particle values of
monometallic Pd catalysts are directly proportional and
almost lineal with the Pd load. The bimetallic catalysts
present ASA values smaller than their respective
monometallic Pd catalyst, for these catalysts there is
no direct proportionality of the Pd loading with the

dispersion or ASA values, they presented a minimum
dispersion value at 2.5/2.5 loading of Pd/Mo with a
corresponding maximum of particle diameter of 9.8
nm; the higher value of dispersion obtained for the
bimetallic catalysts was at 1.2/375 Pd/Mo loading, with
a corresponding minimum particle diameter of 6.6 nm.

Table 3. Metal surface area, dispersion and particle
diameter of bimetallic catalysts

Weight % Active
area

Dispersion (%) Dp (nm) Dp (nm)

(Pd/Mo) (m?/g cat) (chemisorp.)  (chemisorp.) (TEM)
5/0 5.7 26 5.1 7.6
3.75/1.25 33 19 6.9 8.4
2.5/2.5 1.5 16 9.8 10.6
1.25/3.75 1.6 20 6.6 7.1

Table 4. Metal surface area, dispersion and particle
diameter of monometallic Pd catalysts

Weight %  Active  Dispersion (%) Dp (nm) Dp (nm)

(Pd) (mé/rgezat) (chemisorp.) (chemisorp.) (TEM)
5.00 5.8 26 5.8 6.3
3.75 4.6 27 5.3 5.9
2.50 3.8 30 4.8 5.4
1.25 2.7 36 4.4 5.1

The ASA results obtained by molecular chemical
adsorption of H, were verified by using high-resolution
TEM pictures of the impregnated catalyst and the
histogram of the particle size distribution obtained
using Digital Micrograph 2.5 software. A minimum of
180 particles were employed to determine the average
particle size by TEM pictures. The values of the
diameter of the Pd particles obtained via chemisorption
are in good agreement with those obtained by
TEM, which is an indication of the reliability of H,
chemisorption as a tool to determine the Pd particle
size in this type of supported catalysts.

ODHP reaction was used to test the catalytic activity of
the catalysts. The reactants and products considered in
the chromatographic analyses were: propane, oxygen,
propene, carbon dioxide, water, and carbon monoxide.
Figure 1 shows the propane conversion and propene
selectivity for the bimetallic catalysts as a function
of the Mo loading. For both reaction temperatures
(400 and 500 °C), the trend of the propene selectivity
is inversely proportional to the propane conversion.
The neglectable contribution of the monometallic Mo
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catalyst in the conversion of propane at 400 °C and
500 °C is evident, implying that the catalytic active
material is Pd for the ODH reactions, as reported in the
literature [8-10,13,15]; the conversion for the reaction
at 400 °C fluctuates as a function of the content of Mo
with a maximum value of 11.1 % for the 1.25/3.75 Pd/
Mo catalyst. In terms of selectivity, the results at 400
°C showed a maximum of 32 % for the 3.75/1.25 Pd/
Mo catalysts.

Conversion / Selectivity (%)

0.00 1.00 2.00 3.00
Mo weight percentage

—a— Conversion 400 C —m— Selectivity 400 C
--A-- Conversion 500 C --E-- Selectivity 500 C

Figure 1. Propane conversion and propene selectivity as a
function of Mo weight loading

The behavior of the conversion at 500 °C differs
substantially from the tendency obtained at 400 °C.
It starts with a maximum value of 38 % for the 5 %
monometallic Pd catalyst, then decreases to values
between 13 to 8 % as the Mo loading increases. On
the contrary, the selectivity profile shows a constant
increase with the increment in the percentage of Mo
loading until its maximum value of 17 % for the
1.25/3.75 Pd/Mo.

As presented in Tables 3 and 4, the active surface
area of the catalysts differ from one to another as a
function of'the catalyst loading; in order to compare the
catalysts under the same conditions, the specific activity
of propene was calculated and defined as milimoles
of propene produced by square meter of active area
per second, and plotted as a function of Mo weight
percentage for the ODHP reaction at 400 and 500 °C
(Fig. 2). All Pd/Mo catalysts showed an increment in
the specific activity with the percentage of Mo (from 0
to 3.75) and their maximum specific activity value of
4.26 milimoles of propane/m? active area per second
was obtained with the 1.25/3.75 Pd/Mo catalysts.

Specific Activity (milimol C2H6/ m2

0.00 1.00 2.00 3.00
Mo weight percentage

—4—400C --&-500C
Figure 2. Specific activities of propane as a function of
Mo weight loading

In order to compare the performance of bimetallic
catalysts against monometallic catalysts with the same
Pd loading, the specific activity of the monometallic
catalyst was determinate and the ratio 3 (defined as the
specific activity of the bimetallic catalyst divided by
the specific activity of the monometallic catalyst with
same Pd loading) was calculated; the results of these
calculations are presented in Fig. 3. A B ratio equal to 1
implies that the bimetallic catalyst is as active to produce
propene as its equivalent monometallic catalyst; a 3
ratio below 1 indicates that the monometallic catalyst
is more active than the bimetallic catalyst; and, in the
same way, a [ ratio above 1 means that the bimetallic
catalyst is more active than the monometallic catalyst.

2.8

0.00 1.00 2.00 3.00
Mo weight percentage

——400C --&-500C

Figure 3. The B ratio as a function of Mo weight
percentage

The results from Fig. 3 indicate that for the reaction
test at 400 °C, the bimetallic catalysts are less active
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for producing propene than the monometallic catalyst
with equivalent Pd loading, except for the 1.25/37.5
Pd/Mo catalyst with a  value slightly larger than 1
(B =1.17). The 0 % Mo weight loading correspond
to the 5 % Pd catalyst and therefore § = 1. On the
contrary, for the reaction test performed at 500 °C,
all the bimetallic catalysts presented values above 1,
having their maximum in the 1.25/37.5 Pd/Mo catalyst
with a 3 value of 2.03.

TEM coupled with EDS was employed to understand
the nature of the Pd-Mo interaction. Figures 4(a) and
4(b) show the TEM images of the Pd/Mo 1.25/3.75 and
2.5/2.5 loading ratios, respectively; the corresponding
results of the EDS patterns for some representative
areas on the catalyst surface for Mo, Ti, and O are
shown on Table 5. In order to obtain the distribution
of the components on the surface of the support, EDS
scan areas were selected in the vicinity of the Pd particle
and in areas away from the Pd particles. The results
clearly show that the coimpregnation procedure of Pd
and Mo results in a catalyst with individual Pd particles
and a relatively well-dispersed Mo on the surface of the
alumina. The EDS scans showed that there is Mo in the
vicinity of the Pd particles indicating close interaction
between them. Energy dispersive X-ray specstroscopy
(EDS) detection limits are approximately 1 % by
weight [22,23]. Additional peaks showed up in the EDS
analysis: Al from the support, and traces of Cu and C
from the TEM grid sample holder, but these were not
reported in Table 5.

Figure 4. TEM image of (a) 1.25/3.75 Pd/Mo, and (b)
2.5/2.5 Pd/Mo catalysts

X-ray difracction results of the calcined catalyst are
summarized in Fig. 5; all of the XRD profile showed the
characteristic peaks of alumina (20 = 25.7, 35.2, 37.9,

43.4, and 52.8). The monometallic catalyst containing
5% Mo does not present any peak corresponding to any
molybdenum oxide compound, which may indicated
that Mo species are amorphous. A clear peak of PdO
is observed at 20 = 34.1 for the monometallic 5% Pd
catalysts, the bimetallic catalyst also showed this peak;
however, the position of the peak is slightly shifted to
the left, indicating a possible weak interaction between
the Pd and Mo. No clear evidence of the formation of
a Pd-Mo alloy or solid solution is observed.

Table 5. EDS chemical analysis of samples 1.25/3.75 Pd/
Mo and 2.5/2.5 Pd/Mo catalysts on spots labeled in Fig. 4

Atomic percentage

Spot

Mo Pd O
c 17 2 37
d 19 3 42
e 3 37 31
f 41 27
g 21 1 43
h 23 3 42

I
e

s
L

Intentisy (a.u.)

adaa

2
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Figure 5. XRD profiles of calcined catalysts (a) 0/5
Pd/Mo, (b) 1.25/3.75 Pd/Mo, (c) 2.5/2.55 Pd/Mo, (d)
3.75/1.255 Pd/Mo, and (e) 5/0 Pd/Mo
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The differences shown by the monometallic catalysts,
when compared to the bimetallic catalysts in terms
of TSA and dispersion values, are often related to the
different conditions that the dissolved complex of
Pd and Mo in the impregnating solution encountered
during the impregnation process [24-26]. On one hand,
the aqueous solution of PACI, behaves as a strong acid
(with a pH around 2.7); but meanwhile, the aqueous
solution (NH,)Mo.0,,.6H,0 shows a weak acid
character (with a pH around 5.8). Due to the fact that
the point of zero charge (PZC) of the support is 7.6,
for both monometallic impregnations of Mo and Pd,
the electrically charged density of the alumina surface
is positive.

The adsorption of molybdate anions (Mo,O,,”)
is facilitated by the positive electrically-charged
surface of the alumina, leading to a well-distributed
adsorption of molybdate ions all over the support
surface, as observed in the EDS analysis of the selected
catalysts. The chemistry of PdCl, is more complex;
it has been reported that in the presence of CI ions,
Pd in aqueous solutions could form several types
of complexes, [Pd(H,0),’]", [Pd(H,0),’]"!, among
others [27-29]. The adsorption of these positively-
charged palladium complexes will be hampered by the
positive electrically-charged surface. This is reflected
by the better dispersion of the low-loaded palladium
monometallic catalysts. In the case of the bimetallic
coimpregnated catalysts, the mixing of the aqueous
solutions of palladium chloride (PdCl,) and ammonium
heptamolybdate ([NH,]Mo.O,,.6H,0) produces a
mixed solution with an average pH of 4.5. It has been
established that at pH values between 4.0 to 5.0, a
hydrolytic reaction occurs in the PdCl, solution, and
that a colloidal Pd(OH), species is formed [19,30]. At
this pH value, the molybdate anions (Mo.O,,*) continue
being the dominant species during the impregnation
process [31]. This new condition of simultaneous
Pd and Mo species in a solution interacting with the
positively electrically-charged surface of the alumina
propitiates the selective adsorption of the (Mo.O,,*)
anions on the surface, followed by the precipitation of
the Pd particles during the evaporation of the remaining
aqueous solution. This sequential-type of adsorption
mechanism explains the behavior of the ASA with
regard to the percentage of Mo; MoOx selective species
deposited on the pore walls available for Pd(OH),
colloidal species, reducing the ASA via the formation

of larger Pd crystallites. These larger Pd crystallites
could reside either on top or in the surroundings of the
MoOx species impregnated on the support surface [20],
in concordance with the EDS results; also observed in
other transition metal supported catalysts [32].

In summary, the results obtained by the characterization
of the catalysts showed that: (a) the addition of Mo to
Pd catalyst generate a loss in terms of active surface
area, (b) there is no formation of a Pd-Mo alloy or
solid solution, (c) Pd particles are in close vicinity with
MoOx species, and (d) the Mo species are amorphous.
The results from the activity test of the ODHP reaction
showed an increment in the specific activity towards the
formation of propene when Mo was added. The absence
of the Pd-Mo alloy and solid solution formation implies
no alteration of the chemical structure of the active
material; this fact, along with the virtual inactivity of
the Mo monometallic catalyst lead to the conclusion
that the improved specific activity must be the result
of the interaction of the MoOx species and the Pd
crystallites. This interaction could be related to a
modification in the mechanisms of reaction in which
the MoOx might facilitate the insertion of oxygen in
the propane molecule, avoiding its oxidation to CO,
CO,, or other oxygenated hydrocarbon compounds.
The modification on the mechanisms of reaction
explains the strong dependency of the specific activity
and [ values with temperature; a kinetic and reaction
mechanism study is out of the scope of this article but
is the subject of ongoing studies in our group.

4. CONCLUSIONS

The performance of Pd-Mo supported in alumina
catalysts for the reaction of the ODHP has been
evaluated in comparison to single-component Pd
and Mo supported catalysts. The highly dispersed
Pd/Al O, catalyst prepared by impregnation showed
a high conversion of propane but a poor selectivity
to propene; the supported monometallic Mo catalyst
presented no catalytic activity for the ODHP reaction.
The Pd-promoted Mo catalyst showed lower
dispersion values but a significantly higher specific
activity to the formation of propene when compared
to the monometallic Pd catalyst under similar reaction
conditions. Characterization studies revealed that
a close vicinity of Mo and Pd was obtained by the
coimpregnation method used during the synthesis of
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the catalyst, although there is no formation of a Pd-
Mo alloy or solid solution.
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