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Abstract

The dehydrogenation of propane over Pd/AL O, and Pd-Sn/AlQO, catalysts was studied as a
function of Sn content, addition of chlorine, and reaction time. Bimetallic catalysts were prepa-
red by incipient wetness impregnation of a Cl-free Pd/y-Al,O, catalyst with solutions of
SnC,H,O, {tin tartrate) and SnCl, + HCI. Atomic Sn/Pd ratios were 0.07 and 0.22 for the Cl-con-
taining catalysts, and 0.04 for the Cl-free catalyst. The catalysts were calcined at 400°C and re-
duced in H, at 500°C. These materials were characterized by temperature programmed reduc-
tion (TPR) and H, and CO chemisorption. The reaction was carried out at 500°C and a molar
H,/C,H, ratio of 16. The addition of Sn strongly modified the CO adsorption on Pd, particularly
when Cl was present. In contrast, H, adsorption was not affected by Sn addition. TPR profile of
Pd/Al,O, showed two peaks at 5 and 18°C, attributed to the reduction of large and small PdO
particles, respectively. The formation of §-palladium hydride phases was evidenced by two ne-
gative peaks of H, desorption at 61 and 85°C. The addition of Sn caused (i) the diminution in size
of the large PdO particles, resulting a symmetrical peak at 15°C, (ii) a small peak at 53°C, ascri-
bed to the reduction of a small fraction of SnO, assisted by Pd®, and (iii) the formation of a 8-PdH
phase, which produced a negative peak at 72°C. Initial activity of Pd/Al,0, was high, but it
deactivated due to coking. Coke had a strong negative effect on hydrogenolysis reactions, in-
creasing the dehydrogenation selectivity. With the addition of Sn, the initial activity of Pd de-
creased, the dehydrogenation selectivity increased and the catalytic stability improved. Tin and
coke had similar effects on catalytic properties of Pd/ALO,. The results were rationalized in
terms of the site-blocking effect of Sn and of its repulsive interactions.

Key words: CO chemisorption; H, chemisorption; Pd/Al,O,; Pd-Sn/Al,O,; propane

dehydrogenation; TPR.

Deshidrogenacién de propano sobre catalizadores
de paladio y paladio-estafio soportados sobre alimina

Resumen

Se estudio6 la deshidrogenacion de propano sobre catalizadores de Pd/ALO, y Pd-Sn/Al,O,
en funcién del contenido de Sn, la adicién de cloro y la coquizacién. Los catalizadores bimetali-
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126 Propane dehydrogenation over alumina-supported palladium and palladium-tin catalysts

cos fueron preparados por impregnacion a humedad incipiente de un catalizador de Pd/y-ALO,
libre de cloro con soluciones de SnC H,Q, [tartrato de estafio) y de SnCl, + HCL Las relaciones
atémicas Sn/Pd fueron 0.07 y 0.22 para los catalizadores que contienen Cly 0.04 para el catali-
zador libre de Cl. Los catalizadores fueron calcinados a 400°C y reducidos a 500°C, Estos mate-
riales fueron caracterizados mediante las técnicas de reduccién a temperatura programada
(RTP) v quimisorcion de H, y CO. La reaccién se llevé a cabo a 500°C y a una relacion molar
H,/C,H, de 16. La adicién de Sn modificd fuertemente la adsorcién de CQ sobre el Pd, particu-
larmente cuando el cloro estaba presente. En contraste, la adsorcion de H, no fue afectada por
la adicion de Sn. El catalizador de Pd/AlLO, mostro dos picos de reduccion a 5y 18°C, atribui-
dos a la reduccion de particulas de PdO grandes y pequenias, respectivamente. La formacion de
fases de 8-PdH se evidencié mediante dos picos negativos de desorcién de H, a 61 y 85°C. La adi-
cidn de Sn causo (i) la disminucién en tamario de las particulas de PdO grandes, resultando un
pico simétrico a 15°C, (ii) un pico pequefio a 53°C, atribuido a la reduccién de una pequena
fraccién de SnO, asistida por Pd®. y (iii) la formacién de una fase de §-PdH, el cual produjo un
pico negativo a 72°C. La actividad inicial del catalizador de Pd /Al O, fue alta, pero se desactivo
fuertemente debido a la cogquizacion. El coque tuvo un fuerte efecto negativo sobre las reaccio-
nes de hidrogendlisis, incrementandose la selectividad de deshidrogenacion. Con la adicidn de
Sn, la actividad inicial del Pd disminuy®, la selectividad de deshidrogenacién aumentéy la esta-
bilidad catalitica mejord. El estafio y el coque tuvieron efectos similares sobre las propiedades
cataliticas del Pd/ALO,. Los resultados fueron explicados en términos del efecto de bloqueo de
sitio del estano y de sus interacciones repulsivas.

Palabras clave: Deshidrogenacion de propano; Pd/ALO,; Pd-Sn/AlLO,; TPR;

quimisorcién de CO: gquimisorcion de hidrégeno.

Introduction plex, increasing the investment and opera-

. tional costs.
Olefins are raw materials for many use-

ful products, particularly polymers such as Catalytic dehydrogenation is an ade-
polyethylene, polypropylene, polyvinyl chlo- quate alternative to avoid the troubles of
ride, and polybutadiene. The most impor- thermal dehydrogenation. The use of a cata-
tant reactions to produce olefins at indus- lyst permits lower temperatures for the de-
trial scale are cracking and dehydrogena- hydrogenation of light paraffins, reaching
tion of paraffins, which can be carried out satisfactory conversions and high selectivi-
through thermal or catalytic processes. ties. Alumina-supported chrome oxides (1)
Paraffin dehydrogenation is an endothermic and alumina-supported platinum-tin (2} are
reaction requiring very high temperatures to catalysts used in this process. The dehydro-
reach high conversions. In the thermal genation selectivity of supported Pt-Sn cata-
cracking, these conditions (800°C for light lysts can be improved by adding sodium or
paraffins) favor many reactions: dehydroge- potassium (3).

nation, cracking, isomerization, coking, and
acetylene formation. Coking causes coke
deposition on the tube surface of reaction
furnaces, originating heat transfer prob-
lems, whereas the otherreactions lead to the
formation of many by-products, which
make the purification section more com-

A catalytic system based on palladium,
which is less expensive than platinum,
seems to be an excellient option for paraffin
dehydrogenation. Some studies involving
the dehydrogenation of C, hydrocarbons
over supported Pd catalysts (4-7) show that
palladium may have a good role on the light
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hydrocarbon dehydrogenation. However, to
the best of our knowledge, the performance
of supported Pd catalysts for the dehydroge-
nation of light paraffins has not been re-
ported.

Maatman et al. (4) studied the role of
Pd/alumina in the dehydrogenation of cy-
clohexane to benzene at 175-210°C. Ramos
etal. (5) studied the reaction pathways for C,
hydrocarbons over model Pt catalysts. The
main reactions were dehydrogenation and
hydrogenolysis. The former was favored at
high temperatures and low hvdrogen/hy-
drocarbon ratios. Masai ef al. (6) studied the
dehydrogenation and hydrogenation activ-
ity of Pd-Sn/SiO, catalysts. They found that
a small amount of tin promotes the activity
for cyclohexane dehydrogenation over Pd,
while large quantities of tin are unfavorable
for dehydrogenation activity. Haro et al. (7}
reported that Pt/AlL O, catalysts are more ac-
tive than Pd/ALO, for the cyclohexane dehy-
drogenation at 160-200°C. However, palla-
dium could present a better catalytic behav-
for at the higher temperatures required for
the dehydrogenation of light paraffins,

In this work, the catalytic performance
of Pd/ALO, and Pd-Sn/Al,O, catalysts for
the dehydrogenation of propane at 500°C
was study. The effects of Sn addition on
catalytic properties of Pd were determined in
the presence or absence of chlorides. The
catalysts were characterized by H, and CO
chemisorption and temperature pro-
grammed reduction (TPR).

Table 1

Pd content

pecial Number on Adsorption and Catalysis (2006) 125 - 134

Experimental

Catalyst preparation

A commercial Pd/y-ALQ, catalyst with
low metal content was used in this study.
The catalyst were crushed and sieved to ob-
tain particle sizes in the range 0.18-0.25
mm (60/80 mesh). Three bimetallic Pd-
Sn/AlO, catalysts with different Sn loading
were prepared by incipient wetness impreg-
nation of the monometallic catalyst with so-
lutions of Cl-containing and Cl-free Sn pre-
cursors. Two catalysts with increasing Sn
content were prepared using SnCl,.2H,0
(Aldrich) dissolved in a 0.1 M HCI solution,
and one catalyst was prepared using tin tar-
trate, SnC H,O, (Strem). This salt is slightly
soluble in water and, therefore, the portion
of non-dissolved salt was homogeneously
dispersed in the solution by using an ultra-
sonic bath. The resulting cloudy solution
was added to the catalyst as quickly as pos-
sible. The Pd-Sn/Al,O, catalysts were dried
at 110°C for 12 h. The Pd, Sn and Cl con-
tents were measured by energy dispersive
X-ray fluorescence spectroscopy (EDX) (Shi-
madzu EDX-700HS) and are listed in Ta-
ble i, along with the atomic Sn/Pd ratios
and the Sn precursors of the bimetallic Pd-
Sn/ALO, catalysts.

Chemisorption measurements

The measurements of H, and CO
chemisorption were carried out using a
stainless steel apparatus designed to work
by puises and to perform heat treatments in

Composition and Sn precursor of the alumina-supported catalysts.

Sn/Pd

Catalyst Sn content Cl content Sn Precursor
(wt.%) (wt.%0) (wt.%0) ratio
A 0.34 0 0 0 -
B 0.33 0.015 o 0.042 SnCH, 0O,
C 0.33 0.026 0.10 0.072 SnCl,
D 0.34 0.085 0.52 0221  SnCl,
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sifu. The switching of gases was done with- (isoproparnol + liquid N,) in an Ar flow, At this
out mixing or access of air. The H, and CO temperature, the TCD was stabllized in the
signals were measured using a thermal con- flow of reducing gas before heating. The sam-
ductivity detector (TCD) (Gow Mac). The re- ple was spontaneously heated from -80°C to
actor was a U-shaped Vycor tube of 6 mm. A room temperature by removing the cold trap
loop of 46 uL. was used as calibrated volume and then heated to 500°C at 10°C/min using
for the gas pulses. Ar and He were used as a PC provided with a data adquisition card
carrier gases for the H, and CO chemisorp- {National Instruments}. The TCD signal was
tion measurements, respectively. A catalyst monitored at 6-s intervals using a Fluke digi-
sample of 250 mg was dried at 110°Cfor 2 h tal multimeter and the data were transferred
and calcined at 400°C for | h in a flow of air, to a PC.

then reduced at 500°C in a flow of H,for 1 h,

purged at 300°C for ¥ h and cooled to 22°C Catalytic activity measurements

in a flow of Ar. After the TCD signal was sta-
bilized, a succession of H, pulses was sent to
the reactor until saturation. Then, using a
flow of He, the sample was heated at 300°C
for ¥4 h to remove the adsorbed hydrogen
and cooled to 22°C, before CO chemisorp-
tion measurements. The flow of the gases
was 30 mL/min. CO, Ar and He (99.999% of
purity) were supplied by Praxair and H, was
obtained from a Packard hydrogen genera-
tor provided with a molecular sieve trap.

Catalytic activity measurements were
caurried out in a continuous—flow reaction
system, using a fixed-bed reactor at 500°C,
atmospheric pressure and a constant flow of
a mixture of propane (Matheson 99.6%]) and
hydrogen (85 mL/min, H,/C,H, molar ratio
of 16). Prior to reaction, the catalyst sample
(20 mg) was subjected to an identical pre-
treatment to that used in the chemisorption
experiments. The products and feeds were
analyzed using an on-line HP 5890 Series II
gas chromatograph with a flame ionization

TPR analysis detector (FID) and a 27 m capillary column
Temperature programmed reduction containing PoraPLOT Q as stationary phase.
(TPPR) experiments were also carried out using .
the adsorption apparatus with 5% H,/Ar Results and Discussion
(Praxair) at a flow of 30 mL /min (reducing gas)
and a catalyst sample of 250 mg, The outlet of H2 and CO chemisorption
the reactor was connected via a 4-way ball The H/Pd and CO/Pd values estimated
valve (Whitey) to the TCD system through a from chemisorption results of all the catalysts
molecular sicve (Linde 4A) water trap. The are shown in Table 2. For the catalyst A, the
catalyst sample was dried and calcined as ex- H/Pd value was lower than the CO/Pd value.
plained before, cooled to room temperature in This difference can be due to the possible ex-
flowing air and then to -80°C using a cold bath istence of compressed bridged CO species in
direct interactions with linear CO species (8).
Table 2
H/Pd and CO/Pd values obtained from chemisorption data of the catalysts.
_ . Catalyst ~_ _ H/pd__ CO/Pd
A 0.19 0.29
B 0.22 0.18
C 0.21 0.06
B D - 0.20 0.05
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which give CO/Pd adsorption stoichiometries
higher than 1. Hydrogen adsorption is essen-
tially in linear form with a H/Pd adsorption
stoichiometry of 1 (9). Juszczyk et al. (10) also
reported slightly higher CO/Pd values com-
pared to H/Pd values for Pd/ALO, catalysts.
However, other comparisons between the
H/Pd and CO/Pd values have been reported
in the literature. Marin-Astorga et al. (11)
found similar H/Pd and CO/Pd values, but in
some cases the H/Pd value was slightly
higher than CO/Pd value. Burch and Urbano
(12) observed that Pd dispersion measured by
H, chemisorption was higher than that meas-
ured by CO chemisorption,

The CO/Pd values strongly decreased
with Sn addition whereas the H/Pd values
remained almost constant. The hydrogen ad-
sorption capability of Pd was not affected by
Sn in the range of Sn content used in this
work, contrasting with the strong diminution
in CO adsorption capability. The decrease in
CO/Pd was already significant with the
smaller dose of tin (0.015%Sn,
Sn/Pd=0.042), which corresponds to the
catalyst B, A Clfree catalyst containing
0.054%5n, Sn/Pd=0.142 (not shown in the
table] gave a CO/Pd ratio equal to 0.15. A
stronger decrease in CO/Pd was observed for
the Cl-containing bimetallic catalysts (C and
D), almost a sixth of that corresponding to
the monometallic catalyst. The CO/Pd val-
ues were practically the same for the Cl-
containing catalysts in spite of the different
Sn contents. These results indicate that
chlorine induced more pronounced effects of
Sn on the CO chemisorption, even at the
lower Sn content, causing an independence
of the CO/Pd ratio with respect to the Sn con-
tent. This suggests that the presence of Cl fa-
vored the formation of surface Pd-Sn aggre-
gates after reduction. The adsorption proper-
ties of these aggregates were not modified by
increasing Sn content (or Sn/Pd ratio) from
0.026 to 0.085%. Therefore, the surface of
these bimetallic aggregates could have the
same 5Sn concentration and, hence, the same
structure. Similar results were found for Pt-

Sn /Al O, catalysts, where Cl favored alloying
of tin and platinum (13) or promoted a
greater intimacy between these metals (14),
causing a strong decrease in the CO/Pt val-
ues compared to Pt catalysts.

According to the chemisorption results
for the bimetallic catalysts, if the total
number of surface Pd atoms is given by the
H, chemisorption, assuming a H/Pd adsorp-
tion stoichiometry of 1 (9) and knowing that
hydrogen does not adsorb on Sn atoms (15),
then only a small fraction of the surface Pd
atoms was capable of adsorbing CO mole-
cules, This decreased CO chemisorption for
Pd-Sn catalysts can be explained in terms of
the isolation of Pd atoms by Sn atoms
(8,15,16) and the repulsive interactions be-
tween CO and Sn (15). Sales et al. (8) and
Verdier et al. (18) observed by FTIR of ad-
sorbed CO on Pd-Sn catalysts that the linear
adsorption form was predominant while
bridge adsorption form was disappearing
with increasing Sn/Pd ratio. They explained
their results based on the dilution of Pd at-
oms by Sn atoms, which diminishes the
number of bridge sites containing only Pd
atoms, Tsub et al. (17} observed a decrease
in CO chemisorption energy for Sn/Pd(100)
surface alloys. Xu and Koel (15) ascribed the
strong suppression of CO chemisorption on
Sn/Ni{111) surface alloys to the repulsive
Sn-CO interactions at the Ni-CO distance
required for chemisorption, which are
caused by the outward buckling of Sn atoms
on the bimetallic surface. By analogy, we
could expect similar effects of Sn atoms on
CO chemisorption over Pd-Sn/ALO, cata-
lysts. In contrast, the amount of chemi-
sorbed hydrogen on atop sites (linear spe-
cies) was not affected by repulsive interac-
tions between H and Sn because of the
larger H-Sn distance of chemisorbed hydro-
gen on Pd. This is due to the smaller size of
hydrogen atom.

Temperature-programmed reduction
{TPR)

Reduction peaks at temperatures
ranging from -80 to -50°C and from 200 to
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500°C were absent in TPR profiles of all the
catalysts, so only the temperature range of
interest is shown in Figure 1. The catalyst A
shows an intense, asymmetric peak at 18°C
and tweo negative peaks at 61 and 85°C. The
asymmetric peak exhibits a large shoulder
at 5°C and a tail toward the higher tempera-
ture side. This peak has been ascribed to the
reduction of crystalline PdO to Pd° (8, 11,
18, 19). These PdO particles may be dis-
persed on the alumina surface. The shoul-
der can be also attributed to the reduction of
crysialline PdO to Pd® but forming larger
particles, which present weak interactions
with the support surface. Sales et al. (8) ob-
served two reduction peaks at sub-ambient
temperatures for a Pd/Al,O, catalyst and
these peaks were attributed to the reduction
of two palladium oxide species differently in-
teracting with the support. The negative
peak at 61°C is more intense than the peak
at 85°C, and both peaks result from the de-
composition of the 3-PdH phases, which are
formed by hydrogen absorption during low
temperature reduction of PdO (8, 18-21),

The catalyst B shows a more intense
peak at 18°C, a small peak at 53°C and two
closer negative peaks at 65 and 81°C. The
addition of tin caused: (i} an increase in the
intensity of the peak at 18°C in parallel to a
weakening of the shoulder at 5°C, suggest-
ing a disruption of the larger PdO particles,
(if) the appearance of the peak at 53°C,
which can be ascribed to the reduction of
Sn0, to Sn® assisted by Pd atoms (8), (iii) a
shift in the two negative peaks toward inter-
mediate temperatures, resulting one peak at
72°C for the higher Sn/Pd ratio (0.221), and
(ivy an increase in intensity of the high-
temperature negative peak. The low inten-
sity of the peak at 53°C indicates that a
small fraction of the tin present in the cata-
lvst was reduced.

For the Cl-containing bimetallic cata-
lysts, the low temperature shoulder disap-
peared completely and the intense peak
shows a symmetrical shape, particularly for
the D catalyst which contained the higher

Scientific Journal from the Experimental Faculty of Sciences,
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Figure 1. TPR profiles of the calcined catalysts,

Sn content. When the Sn content increases
from 0.026 to 0.085 %, the intense peak also
shows a slight shift toward lower tempera-
tures with the maximum changing from 18
to 15°C. These results indicate that the ad-
dition of Sn causes a homogenization of the
PdO particles supported on alumina and
that further increase in Sn content has a
small additional effect. These catalysts also
show a peak at 53°C (at 58°C for the catalyst
C) and only the high temperature negative
peak. As for the Cl-free Pd-Sn catalyst, the
small peak at 53°C indicates the reduction
of a small amount of the tin oxide present in
the Cl-containing catalysts. This reduction
temperature for SnQ, is very low compared
to that reported by Sales et al. (8), who as-
signed a peak at 150°C to the reduction of
Sn ions and of Pd ions surrounded by CI for
calcined Pd-Sn catalysts prepared using

at La Universidad del Zulia Volume 14 Spectal Number, 2006
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PdCl, and SnCl,. The high Cl content of
these catalysts induced a higher reduction
temperature for Sn as for Pd. The reduction
temperatures are higher for chloride or oxy-
chloride species than for oxide specles (22).

As Sn content was increased for Cl-
containing catalysts, the peak at 53°C be-
came slightly broader, the low temperature
negative peak disappeared, and the high
temperature negative peak was slightly
more intense and shifted from 81 to 72°C.
This suggests the formation of Pd-Sn bi-
metallic particles after the reduction of SnO,
assisted by Pd. On the other hand, no evi-
dence of the reduction of palladium oxychlo-
rides (PdeCly) was observed despite the
presence of Cl in these catalysts. These spe-
cies give areduction peak at ca. 110°C (22).

Catalytic activity

The catalytic performance of the cata-
lysts was determined for the propane dehy-
drogenation reaction at 500°C and atmos-
pheric pressure. Figure 2 presents the evo-
lution of the propane conversion as a funec-
tion of the time on stream. The conversion
decreased with time for all the catalysts. For
the catalyst A, the decrease was large in the
early stages of reaction but much less at
longer times. The addition of tin sensibly de-
creased the deactivation rate of Pd as a re-
sult of a strong diminution in the initial ac-
tivity, improving the catalytic stability of the
bimetallic catalysts. The constancy in con-
version after 30 min on stream for the Pd-Sn
catalysts contrasts with the continuous de-
crease in conversion for the monometallic
catalyst, which could be completely deacti-
vated after a relatively shorter time on
stream.

This deactivation has been attributed
to the deposition of coke on the catalyst
surface by blocking reaction sites of the
metal surface (6). Similarly, the strong de-
crease in initial activity caused by tin addi-
tion is due to its deposition on the active
metal surface. In both cases, the most ac-
tive Pd sites for propane reactions were the

Conversion (%)
L 2
(4]

0 30 60 90 120 150 180

Time on-stream {min)

Figure 2. Propane conversion as a function of
the time on-stream for all the ca-
talysts: ¢ A, @B, AC, x D,

most affected. This is consistent with the
strong decrease in CO chemisorption
caused by the addition of tin. The presence
of tin, in addition to its site blocking effect,
can also weaken the adsorption of propane
on Pd atoms as a consequence of repulsive
interactions between the paraffin and Sn.
Therefore, the adsorbed propane molecules
on Pd atoms are less dehydrogenated and,
thereby, the coke precursors are formed at
lower rates, reducing the deactivation by
coking. These effects of tin and coke on the
activity are similar to those observed for
Pt-5n/AlO, catalysts (14).

The addition of Cl along with Sn to
Pd/ALO, also had a promoting effect on the
activity. This is evident on comparing the
initial activities of the catalysts B and C (Fig-
ure 2), where the latter that contained Cl
was more active than the former, which was
a Cl-free catalyst with a lesser tin content.
This result is opposed to the chemisorption
results for-these catalysts. The,catalyst C
presented the lower CO/Pd value and both
catalysts gave the same H/Pd value {Ta-
ble 2). Improvements of the activity by the
presence of C] were not observed for the
higher Sn content despite the higher in-
crease in Cl content (Table 1), indicating
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that the unfavorable effect of Sn on catalytic
activity of Pd was stronger than the benefi-
cial effect of Cl.

Table 3 shows the conversion and
turnover frequency (TOF) values at 180 min
on stream for all the catalysts. TOFs were
estimated for this time due to the low con-
versions (%) and, under these conditions,
the concept of differential reactor is applica-
ble. On the other hand, TOFs are referred to
the number of surface Pd atoms, which was
estimated based on the H, chemisorption re-
sults. TOFs are similar for all the catalysts at
the stationary conditions, confirming that
both coke and tin have the same effect on
the activity of Pd-Sn/ALO, catalysts for pro-
pane reactions,

All the selectivity data obtained in the
present study cannot be presented here. Fig-
ure 3 constitutes only a small part of the total
avallable data on which this discussion is
based. The products of the reactions of pro-
pane over Pd/ALO, and Pd-Sn/ALO, cata-
lysts were propylene (dehydrogenation) and
methane (hydrogenolysis). “Initial” and “fi-
nal” selectivities reported for dehydrogena-
tion correspond to 3 and 180 min on siream,
respectively. In Figure 3, the hydrogenolysis
selectivity is obtained by subtracting the de-
hydrogenation selectivity from 100.

[nitially, hydrogenolysis was the domi-
nant reaction for the monometallic catalyst,
but the rate of this reaction strongly
dropped with increasing time on stream and
dehydrogenation becomes the main reac-
tion. It is well known that dehydrogenation

is a structure-insensitive reaction and hy-
drogenolysis is a typical structure-sensitive
reaction. Evidently, coking has strong ef-
fects on the structure-sensitive reaction,
and favors dehydrogenation at the expense
of hydrogenclysis. The high initial selectivity
for hydrogenolysis of the Pd catalyst can be
explained by a mechanism in which strong
propane adsorption occurs on the most ac-
tive sites constituted by adjacent Pd atoms.
On these sites, the C-C bonds of the ad-
sorbed paraffin molecules are readily bro-
ken and then the formed hydrocarbon frag-
ments (CH, ) are rapidly hydrogenated to
methane. At the same time, some adsorbed
hydrocarbon molecules undergo a deep de-
hydrogenation producing coke precursors.
The formation of coke on the metal surface
modifies the catalyst selectivity by blocking
a part of the surface Pd atoms of the large ex-
posed Pd ensembles and, thereby, reducing
the size of the most active sites (14), where
hydrogenolysis reactions take place to pro-
duce methane.

The dehydrogenation of propane was
also carried out over the catalyst A in the ab-
sence of H, in the reactor feed. Only propyl-
ene in small quantities was obtained despite
the excessive coking. Coke formed on the
catalyst surface was easily observed after
reaction due to the change in color of the
catalyst from light grey to intense black, The
absence of H, favored the deep dehydroge-
nation of adsorbed hydrocarbon species and
the condensation of these species formed
large carbonaceous molecules (with low
H/C ratio) on the catalyst surface. Finally,

Table 3
Conversion and TOF values at 180 min on stream for all the catalysts.
~ Catalyst Conversion, % TOF, s’
A 6.3 1.7
B 5.1 1.2
C 5.8 1.4
D 6.5 1.6
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Figure 3. Initial and final selectivities to the
dehydrogenation product for the ca-
talysts.

the lack of methane formation shows that
the catalyst selectivity is strong dependent
of the absence or presence of H, in the gas
phase.

In contrast to the behavior of the mono-
metallic catalyst, the bimetallic catalysts
show high dehydrogenation selectivities
from the beginning of reaction. This indi-
cates that tin addition inhibited the hydro-
genolysis reactions on Pd sites, favoring de-
hydrogenation selectivity. As for coke, tin
blocked some Pd atoms of the most active
sites and reduced the size of these sites. A
weakened adsorption of propane led to the
rupture of a few C-H bonds producing pro-
pvlene, which is rapidly desorbed avoiding
the fission of C-C bonds. The effect of tin on
selectivities has also been observed for Pt-
Sn/AlLQ, catalysts [14].

The effect of the addition of Cl on cata-
Iytic selectivity was also observed. It is clear
that dehydrogenation selectivity was higher
for the Cl-free catalyst B than for the CI-
containing catalyst C (Figure 3). The latter
was not only more active but also more selec-
tive for hydrogenolysis. The increase in the
activity induced by C] was due to the incre-
ment in the rate of hydrogenolysis. The pres-
ence of Cl at low Sn/Pd ratio partially can-
celled the inhibiting effect of Sn on hydrogen-

olysis reactions. Further increase in Sn con-
tent improved the dehydrogenation selectiv-
ity even though the increase in Cl content
was proportionally higher. The effect of Cl on
the performance of Pd-Sn/Al O, at low
Sn/Pd ratio may be due to electronic modifi-
cations of the surface Pd atoms induced by
Cl, hindering some opposed electronic effect
of Sn on Pd (14). At high Sn/Pd ratios, the ef-
fect of Sn was predominant. The effect of Cl
on initial selectivity was rescinded by coking,
as final selectivities were similar for Cl-free
and Cl-containing catalysts.

Conclusions

The addition of tin did not have effect
on the hydrogen adsorption capability of
Pd/ALQ,, while the CO adsorption capabil-
ity was strongly diminished. The addition of
Sn along with Cl had further effect on CO
chemisorption. The CO/Pd ratios were lower
and independent of Sn content for the Cl-
containing Pd-Sn /Al O, catalysts.

The TPR profile of the Pd /Al O, catalyst
showed an intense peak at 18°C with a
shoulder at 5°C, attributed to the reduction
of small and large PdO particles, respectively,
and two negative peaks of H, descrption at 61
and 85°C, which correspond to the decompo-
sition of §-PdH phases. The addition of tin
caused: (i) a diminution in size of the large
PdQ particles, resulting a symmetrical peak
at 15°C, (ii) the appearance of a small peak at
53°C, ascribed to reduction of small fraction
of SnO, assisted by Pd, and (iii) the formation
of a single -PdH phase giving only a negative
peak at 72°C.

The initial activity of Pd/AlL,0O, was
high, but it deactivated due to coking. Coke
strongly affected hydrogenolysis reactions,
increasing the dehydrogenation selectivity.
The addition of Sn diminished the initial ac-
tivity of Pd, but increased the dehydrogena-
tion selectivities and improved the catalytic
stability.
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