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The catalytic activity, selectivity, and stability of catalysts whose metallic functions were Pt-,
Pt-Re-, and Pt-Re—-S-supported on the same y-Al,O; were measured in the reforming of n-hexane
and methylcyclopentane. The coke deposition was measured with a microbalance and was studied
by TPQ, analysis of C and H/C ratio. The introduction of Re and S to Pt increases the selectivity
similarly to, but more effectively than, coke formation on Pt during the run. The deactivation
during the first hours of the run is due to coke deposition on the metal and at longer times to
deposition on the support, which produces very small deactivation. Comparison of the coking of
the presulfided bimetallic catalysts with that of the monometallic reveals that the main difference
resides in the distribution of the coke. On the presulfided catalyst the fraction of coke on the
metallic function is very small because this function was predeactivated for coke formation. The

deactivation of the metallic function controls all the catalyst deactivation.

INTRODUCTION

The introduction of the bifunctional
metal-acid catalyst in 1949 (/) was a revo-
lutionary event for the naphtha reforming
process. The catalyst was platinum sup-
ported on +y-alumina whose acidity was
promoted by the addition of chlorine. An-
other great advance occurred in 1968 (2)
with the addition of Re to promote Pt,
opening the era of the bimetallic catalysts.
These catalysts are more stable than the
monometallic, allowing work at lower pres-
sures (for instance 15 kg cm ™2 instead of 30
kg cm™?) for a similar cycle length (period
between regenerations by burning the
coke). The lower pressure increases the
selectivity to aromatics and decreases the
gas formation. Because of these improve-
ments in stability and selectivity the mono-
metallic catalyst was displaced by the bime-
tallics. In the last decade many bimetallic
and multimetallic catalysts such as Pt—Sn,
Pt—Ge, Pt-Ir, and Pt—Re-Ir, were patented
and some of them are used commercially.
Still Pt—Re is the catalyst more widely used
today in commercial plants. This catalyst is
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sulfided before use to decrease its great
hydrogenolytic activity.

Coke is deposited on both functions of
the catalysts, as was shown by tempera-
ture-programmed oxidation (TPO) (3~-11).
The references showed that at the beginning
of the run coke is mainly deposited on the
metallic function and later mainly on the
acidic one (7). This phenomenon produces
changes of selectivity during the run which
are different for mono- or bimetallic cata-
lysts.

The objective of this paper is to study the
coke depositions on Pt/Al,O; (monometal-
lic) and Pt—Re—S/Al,O; (sulfurized bimetal-
lic) in order to explain the improved selec-
tivity and stability of the bimetallic
catalyst. For comparative purposes the bi-
metallic catalyst before sulfurization was
also studied.

EXPERIMENTAL
Catalysts
A high-purity y-alumina CK-300 from
Cyanamid Ketjen (Amsterdam) with a spe-

cific surface area of 200 m? g~' and pore
volume 0.48 cm® g~ was used as support.

357

0021-9517/88 $3.00
Copyright © 1988 by Academic Press, Inc.
All rights of reproduction in any form reserved.



358

This support was ground and the fraction of
35-80 mesh was calcined 3 h at 650°C in a
dry air stream before impregnation with the
catalyst precursors. Pt/Al,O; containing
0.35% Pt and 0.90% Cl was prepared by
impregnation of the support with an
aqueous solution of H,PtClg and HCI (6 N),
which was added as a competitor to obtain
uniform Pt distribution. Pt—-Re/Al;O; con-
taining 0.33% Pt, 0.35% Re, and 0.93% Cl
was prepared by impregnation with a solu-
tion of H,PtCls, HReO,, and HCl. The
impregnation time was 12 h at 30°C.

The impregnated samples were dried at
120°C for 12 h and the calcination and
chlorination were executed by passing first
air and then a gaseous mixture of
HCI-H,0-air at 500°C as described in (12).
The samples were reduced at 500°C and the
metallic dispersions were for Pt/Al,O; 75%
(H, chemisorption) and for Pt—Re/Al,O;
69% (0, chemisorption). In the case of
Pt—Re/AlLOs after reduction, the samples
were sulfided with a stream of 0.06% molar
H,S in H, at 500°C and 1 atm during 4 h.
Afterward H, flowed for 8 h at the same
temperature to eliminate the reversible sul-
fur remaining, 0.04% S, on the catalyst.

Feed

n-Hexane and methylcyclopentane,
Carlo Erba RPE, dried over molecular
sieve 4A and pure H, from AGA were used.

Catalyst Test

The test to show catalyst activity, selec-
tivity, and stability in n-hexane and methyl-
cyclopentane reforming was performed
using bench-scale equipment with chro-
matographic analysis on line as described
elsewhere (13). The run length was 7 h and
the operational conditions were 5 atm,
500°C, H,:hydrocarbon molar ratio = 4,
and weight hourly space velocity = 4.

Coke Deposition during the Run

A stainless-steel high-pressure microbal-
ance Sartorius Model 4401 was used under
the same operational conditions as those of
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the catalyst test and with a catalyst sample
of 0.2 g. Reaction products were not ana-
lyzed because conversion was low.

Analysis of the Carbonaceous Deposit

Carbon content was measured using
combustion—-volumetry equipment. Tem-
perature-programmed oxidation was per-
formed with a Shimadzu DT-30 thermal
analyzer as described before (14). H/C ratio
was calculated from the chromatographic
analysis of the TPO effluent, measuring
carbon dioxide formation and oxygen dis-
appearance, according to details given in
Ref. (8).

RESULTS AND DISCUSSION

Figure 1 shows the total conversion of
n-hexane and its conversion to methane on
the three catalysts as a function of time. As
can be seen, Pt/Al,Oj is rapidly deactivated
during the first 2 h, then the rate of deac-
tivation decreases continuously, and the
activity reaches a plateau at 6-7 h. On the
other hand, the catalytic activity of Pt—Re/
AlLOj; at the beginning of the run is higher
than that of Pt/ Al,O;, mainly because of the
very high hydrogenolytic activity that pro-
duces methane. The high initial hydrogeno-
lytic activity of Pt—Re/Al,Os is rapidly de-
creased and this catalyst is more stable than

Pt/Al,O;. The catalytic activity of
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F1G. 1. n-Hexane reforming. Total conversion and
conversion to methane as a function of time. 5 atm,
500°C, H,:n-hexane = 4, weight space velocity = 4
h~'. (1) Pt/AL,O;; (2) Pt—Re/ALO;; (3) Pt-Re-S/ALO;.



BIMETALLIC STABILITY

Pt—Re-S/Al,O; is practically constant dur-
ing the whole run, hydrogenolysis being
very small.

Hydrogenolysis is a reaction catalyzed
by the metallic function of the catalyst. As
time goes on, methane formation on Pt/
AlLO; and Pt—Re/AL O, quickly drops due
to the poisoning effect of the coke depos-
ited on the metallic function. The decrease
in hydrogenolysis is very rapid and this
phenomenon can be interpreted according
to different suppositions. According to
Boudart (/5) hydrogenolysis can be con-
sidered a ‘‘demanding reaction’’; an ensem-
ble of several contiguous metal atoms is
required to have an active site. In the case
of Pt—Re/Al,O; the ensemble includes
atoms of both metals. During coke de-
position some metal atoms (Pt and Re) are
covered or blocked by coke, greatly de-
creasing the possibility of having ensembles
of many atoms together. In the case of
Pt—Re-S/ALOs, Sachtler (16) stated that
sulfur is bonded to the Re atoms of the alloy
Pt-Re producing an inert S—Re that divides
the Pt surface, decreasing the possibility of
having large Pt ensembles. Then, presul-
fiding produces a geometrical effect similar
to the one that coke deposition produces
during the run. But Fig. 1 shows that on
Pt—Re-S/ALOs, hydrogenolysis is smaller
than that on both Pt/Al,O; and Pt—-Re/ALO;
stabilized by coke. This can be ascribed to
differences in Pt ensemble destruction. Ac-
cording to Davis et al. (I7), on coked Pt
most of the surface is covered by the carbo-
naceous deposit and hydrocarbon conver-
sion occurs over the bare metal islands,
which form patches or ensembles of several
contiguous atoms. Some of these Pt ensem-
bles are big enough to be still active for
hydrogenolysis. Meanwhile on Pt—Re-S/
Al,O; the Re-S diluters are more uniformly
distributed on Pt than the coke, producing a
greater decrease in the number of large Pt
ensembles.

The selective poisoning of hydrogen-
olysis was also interpreted in the literature
by considering the metallic surface to be
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heterogeneous (I8, 19): certain reactions
occur only on certain catalytic sites and if
the poison is adsorbed only on the same
particular sites, these reactions are selec-
tively poisoned. It was shown that coke
formation and hydrogenolysis occur on the
same active sites (20) and that these reac-
tions are selectively decreased by sulfiding
(21, 22). This means that sulfur should be
adsorbed selectively on the same active
sites. To clarify this point it is interesting to
analyze the changes in selectivity when
changing the size of the Pt crystals because
the hydrogenolysis and coking activities
per exposed Pt atoms are smaller on very
small Pt crystallites than on large crystals
(20). This behavior could be due to the
different heterogeneity of the surfaces ac-
cording to the crystal size: different per-
centages of corner, border, or terrace
atoms or different electronic states. This
also could be due, on a homogeneous sur-
face, to the different possibilities of the
crystal’s, according to its size, having
enough Pt atoms to form the required en-
sembles.

If the surface is heterogeneous and sulfur
is selectively adsorbed on the same active
sites for coke formation and hydrogenolysis
reactions, the influence of metallic disper-
sion on sulfur adsorption will be similar to
that of the reactions. In sulfur chemisorp-
tion on Pt, it was concluded (23, 24) that
there is an electron transfer from Pt to S,
depending the S-Pt bond strength on the
electron affinity of the metal. Cini (25)
showed that a decrease in the size of the
metal particles produces a decrease in the
electronic affinity of the metal. On the other
hand, in small metallic particles a metal-
support interaction can produce an elec-
tronic transfer from the metal to the sup-
port (26), causing an increase in the elec-
tronic affinity of the metal. According to
Barbier et al. (24) these opposite effects on
the electronic state of very small metallic
particles can neutralize each other and can
explain the experimental fact that on Pt
supported on alumina, sulfur coverage of Pt
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is independent of the crystal size (24, 27).
This conclusion disagrees with results for
the adsorption of sulfur on Pt single crys-
tals. Oudar (28) stated that the adsorption
stoichiometry S—Pt is different according to
the exposed Pt face. The adsorption could
be stronger on smaller Pt crystallites, but in
the studied Pt supported on alumina cata-
lysts this difference is not observable. This
means that the surface of different-size
crystals in Pt-supported catalysts behaves
homogeneously for S adsorption. Then, as
S adsorption poisons selectively hydro-
genolysis and coke formation, the possibil-
ity of a geometric effect due to the neces-
sity of large Pt atom ensembles for these
reactions seems to interpret the results bet-
ter than the concept of surface heteroge-
neity.

The presence of a second element added
to Pt can produce changes in the electronic
state of one or several of its neighbor Pt
atoms. These atoms could become inactive
for hydrogenolysis, and still be active for
other reactions, like hydrogenation—dehy-
drogenation, not requiring the same elec-
tronic configuration. In the case of
Pt—-Re-S/Al,O;, as cited before, Sachtler
(16) stated that sulfur is bonded to Re atoms
of the Pt—Re alloy, not being Pt affected by
S. Therefore there is no electronic influence
of S on Pt. For Pt alloys, Ponec (29) using
different techniques (IR, electron spectros-
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copy, heat of adsorption) stated that there
is no noticeable difference in the electronic
structure of pure or alloyed Pt atoms. This
suggests that the catalytic activity of the Pt
atoms would be the same, being alloyed or
pure. Then, it seems that in Pt—-Re—S/Al,03
the electronic factor as influencing the cata-
lytic activity of Pt could be neglected.

It seems that the geometrical effect of the
ensemble theory can be an acceptable ex-
planation to interpret the results of the
selective poisoning of the hydrogenolysis
and coking reactions on Pt-Re-S/Al,0;.

During the reforming of methylcyclopen-
tane the catalysts are more deactivated
than during that of n-hexane because of the
higher coke-forming capacity of methylcy-
clopentane. The relative positions of the
catalysts’ behavior are the same with both
feeds. It is interesting to analyze the ring
opening of methylcyclopentane to produce
C¢ paraffins or olefins. This ring opening is
the primary hydrogenolysis and the Cg hy-
drocarbons formed can continue hydroge-
nolysis, producing methane. Table 1 shows
the production of C¢ acyclic hydrocarbons
from methylcyclopentane. As Pt—Re/ALOs
has a greater hydrogenolysis capacity than
Pt/AL,O;, the amount of products of pri-
mary hydrogenolysis at the reactor outlet is
smaller and the amount of methane pro-
duced by the successive hydrogenolysis is
greater. Pt—-Re-S/AlLO; has the smaliest

TABLE 1

Reforming of Methylcyclopentane: Production of C¢ Paraffins or
Olefins in Mole Percent of the Converted Fraction

Pt/Ale3 Pt—RC/AbO; Pt—RC—S/Ale;

05h 7h th 7h 0.5h 1-7h

Olef. Cs 0.0 0.92 0.0 0.68 0.0 0.80
22 DMB 0.0 0.0 0.57 0.18 0.66 0.28
23 DMB 0.74 0.10 0.73 0.30 0.73 0.65
2 MP 5.63 3.59 4.61 2.56 3.83 3.29
3 MP 4.14 2.62 3.51 1.94 2.86 2.48
2 MP/3 MP 1.36 1.37 1.31 1.32 1.34 1.31
n-Cs 6.58 9.40 5.03 6.36 4.99 6.31
3 MP/n-Cq 0.63 0.28 0.70 0.31 0.57 0.39
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hydrogenolysis activity from the beginning
of the run, remaining nearly constant. On
the three catalysts the ratio 2 MP/3 MP is
nearly constant and a little higher than the
thermodynamic equilibrium value (30). As
the statistical selectivity of the ring opening
produces a ratio 2 MP/3 MP = 2, the
subsequent transformation of 2 MP to 3 MP
is very rapid.

According to Gault et al. (31) on Pt/AL,O,
the ratio 3 MP/n-Cg changes with the metal-
lic dispersion and can be taken as a guide to
infer the size of the Pt crystals: the higher
the ratio the larger the crystals. This is
because in large Pt crystals the ring opening
of methylcyclopentane is ‘‘selective’: a
very small amount of n-hexane is produced.
Van Senden et al. (32) using Ir/Al,O5 found
that virgin surfaces reveal a ‘‘selective”
ring opening, with a very small amount of
n-hexane among the products. Surfaces
with an increasing amount of carbonaceous
deposits show an increasing tendency to a
“‘nonselective’’ ring opening, with appre-
ciable amounts of n-hexane among the
products. These authors stated that the
presence of carbon on the surface elimi-
nates the large ensembles of contiguous
sites, causing a shift in the reaction prod-
ucts that is equivalent to the shift in Pt
when passing to smaller metallic crystals.
In our catalysts, if we consider that the
decrease in the number of contiguous Pt
atoms that form the ensembles is equivalent
to having a smaller crystal, the ratio could
be a useful guide to see how the Pt surface
in Pt/Al,O; is covered or fractionated by
carbon. In the case of alloys the dilution of
Pt with inerts, such as Au, has an effect on
selectivity similar to that of reducing crys-
tal size. Our results show that on Pt—Re-S/
ALO; the trend in selectivity is similar to
that of dilution of Pt and we can assume
that the Pt—Re alloy when sulfided is equiv-
alent, regarding Pt ensembles, to a dilution
of Pt with inert Re-S. Table 1 shows that
for Pt/AlL,O5 the ratio 3 MP/n-Cg decreases
from 0.63 to 0.28 during the run. The ratio
values suggest that the Pt ensembles of
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fresh Pt—-Re-S/Al,O; are smaller and de-
crease to a lesser extent during the run than
in fresh Pt/AlLO;. This explains the lower
activity and higher stability of Pt-Re-S/
Al,O; for reactions that demand a large
ensemble of Pt atoms, as hydrogenolysis
and coke formation.

In order to compare the catalyst deac-
tivation with the coke deposition, coke
formation in methylcyclopentane reforming
was measured as a function of time with the
microbalance. Methylcyclopentane was
used as feed, because the small amount of
coke produced from n-hexane under the
experimental conditions of the runs is very
difficult to quantify. The results are shown
in Fig. 2. In the first few hours coke accu-
mulates more rapidly on Pt/AlL,O; than on
Pt—-Re/Al,O; and Pt—Re-S/Al,O;. It is ac-
cepted that at the beginning of the run, coke
is mainly produced on the metal, and later
on both functions, with the fraction of the
support increasing with time (7, /(). Then,
Fig. 2 shows that Pt will be covered by coke
more rapidly than Pt-Re and Pt-Re-S.
Pt-Re-S/Al,0; produces the smaller
amount of coke during the first 3 h but its
coking rate decreases little with time. The
coke deposition curve of Pt—-Re-S/ALO;
intersects that of Pt—Re/ALO; at about 3 h,
and the sulfided catalyst produces more
coke at the end of the run. Similar behavior
was found previously by Coughlin et al.
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F16G. 2. Methylcyclopentane reforming. Coke forma-
tion on 0.2 g of catalyst as a function of time. Same
operational conditions and numbers as in Fig. 1.
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(33). Depending on the run length, we can
have more coke on either Pt—Re/Al,O; or
Pt—Re-S/AlL,0;. The slope of the coke vs
time curve at the longest time (7 h) is much
greater for Pt-Re-S/ALO; than for Pt/
AL O;. Therefore, the amount of coke on
Pt—-Re-S/Al,0; will probably approach that
on Pt/Al,Os for longer times.

In order to see the distribution of coke on
the functions of the catalysts after the 7-h
run, the samples were submitted to TPO.
By TPO it is possible to differentiate the
burning of the coke deposited on both the
metallic function and the support. Accord-
ings to the type of support, carbon concen-
tration, and operational conditions (O, con-
centration, rate of heating, gas flow rate),
two peaks or zones, or only one great peak
can be observed. In the case of two peaks,
Figoli et al. (6) suggested that the first peak
(up to 370°C) corresponds to the coke de-
posited on the metallic function, and the
second to the coke deposited on the sup-
port (acid site), which burns at higher tem-
peratures (370-550°C). Other authors found
different temperatures for the peaks; Bar-
bier et al. (8) and Xu Zhu-sheng et al. (11)
found that the limits of both zones are at
350°C. On the other hand when only one
peak is observed, the first part is related to
the coke that is deposited on the metal and
the last to the coke on the support.

Figure 3 shows the TPO of the three
catalysts after the 7 h of methylcyclopen-
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Fic. 3. TPO of coked catalysts after the 7 h of
methylcyclopentane reforming (end of run in Fig. 2).
Same numbers as in Fig. 1.
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tane reforming. It can be seen that the
addition of Re and S produces a great
decrease in coke deposition on the metal.
In Fig. 3 the first peak or zone for Pt/AlL,O;
has a maximum at about 350°C and ends at
about 370°C. The coke burning up to 350°C
can be taken to be representative of the
coke on the metallic function because at
higher temperatures most of the coke that
burns is located on the support (9).

More coke is produced on Pt—Re-S/
ALO; than on Pt—Re/AlL,O;; nevertheless
the deactivation of Pt—Re-S/ALO; is
smaller. This suggests that for deactivation
by coking, more important than the amount
of coke is how this coke is distributed on
the catalyst functions. This concept was
quoted in the literature: Franck and Mar-
tino (34) stated that the deactivation pro-
duced by coke on different catalysts is not
proportional to its amount. Sarkany et al.
(35) as well as Xu Zhu-sheng (/1) found that
on Pt—Sn/Al,O; the proportion of the coke
deposited on the support is higher than that
on Pt/AlL,O;, Bursian e al. (36) found that
the decrease in Pt surface due to coke
deposition is higher on Pt/AlO; than on
several bimetallic catalysts (second metal
Cu, Zn, Cd, Ga, In, Ge, Sn, Pb, etc.), and
Lieske et al. (37) explained the smaller
coking of the metallic function of Pt-Sn/
Al,Os by a drain-off effect: on the bimetallic
alloy the coke precursors are more easily
transferred to alumina than on the Pt
surface.

The data of coking on the catalyst
samples after methylcyclopentane reform-
ing (amount of carbon on catalyst at the end
of the 7-h run and H/C atomic ratio of coke)
and the amount of carbon according to the
TPO area) that burns below 350°C are
shown in Table 2. The time required in the
microbalance to obtain the same amount of
coke is also shown in the table and is
deduced from Fig. 2. If the coke is selec-
tively produced first on the metallic func-
tion, this coverage will be produced in a
very short period of time (0.1-0.2 h);
however, the decrease in hydrogenolysis
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TABLE 2

Reforming of Methylcyclopentane

Catalyst Amount of H/C Amount of C Time for depositing
carbon on on catalyst the coke burning
catalyst (%) burning below below 350°C (h)
350°C (%)
Pt/ALO; 4.09 0.59 0.79 0.21
Pt-Re/AlO, 1.77 0.52 0.13 0.11
Pt-Re-S/Al,0; 2.91 0.47 0.09 0.16

lasts about 2 h. Perhaps during the first
seconds or minutes coke is only deposited
on the metal and then on both functions of
the catalyst, with a continuous increase in
the fraction going to the support. It seems
that from about 2 h the coke formation
occurs only on the support.

It was found that the coke deposited on
the metallic function is richer in hydrogen
than that on the support (8). Then when the
fraction of the total coke burning at high
temperatures is higher, the H/C ratio will
be smaller. For this reason on Pt—Re/Al,O;
and Pt-Re-S/Al,O;, where most of the
coke is on the support, the ratio H/C is
smaller than on Pt/ALO;.

In order to see how coke accumulates as
a function of time, runsup to 1, 3, and 7 h
using Pt/Al,O; and methylcyclopentane as
feed were performed and the coked cata-
lysts were analyzed by TPO. The TPO are
shown in Fig. 4 and it can be seen thatat 1 h
coke is already formed on both functions of
the catalyst. By increasing the time, the
formation of coke continues on both func-
tions but most of it is located on the
support.

From the point of view of the catalyst
active surface, Pt/ALO; has a BET surface
area of 190 m* g”! and a metallic surface
area of 0.72 m? g '; this means that only
0.38% of the catalyst surface is exposed Pt
and 99.62% is the support. The capacity of
receiving coke of the support is enormously
greater than the capacity of Pt. Considering
that the places with chlorine are the more
active acid sites, their number is 0.95/35.5

=25 X 1073 g at.% Cl. The Pt active sites
are 0.35 X 0.75/195.09 = 1.34 x 103 gat.%
Pt. The number of Cl atoms is 19 times
higher than the number of Pt atoms and the
ClI concentration can be changed by modi-
fying the CI/H,O ratio of the feed. The
presence of Cl generates strong acid sites
but these coexist with the intrinsic acidity
of alumina. Thus the acid sites are hetero-
geneous, During the runs there is a very
slow deactivation of the acid function and
this deactivation is partially compensated
by chlorine addition that generates new
acid sites to replace the deactivated ones.

In the case of Pt—-Re~S/ALOs if, like
Sachtler (16), one considers that only Re is
covered by S, the numbers of exposed Pt
atoms are similar to those of Pt/Al,O;, with
the advantage that these diluted Pt atoms
form smaller ensembles.

It was shown that some parts of the
metallic surface of Pt/Al,O;, Pt-Ir/ALO;,
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Fi1G. 4. TPO of Pt/Al,O; coked by methylcyclopen-
tane for 1, 3, and 7 h under the operational conditions
of Fig. 1.
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and Pt-Re/Al,0; remain uncovered by
coke, and that the active surface and cata-
Iytic activities are constant for 1 h of the
run (20). According to Luck et al. (38),
when the run is started, in only about 1 s, a
coverage of 0.3 C atom per surface Pt
atoms is produced. According to Davis et
al. (17) the buildup of about the equivalent
of one monolayer of strongly bound carbo-
naceous deposit on the Pt surface is
unavoidable. This deposit is produced in
only a few minutes (39). The composition
and structure of this deposit are dependent
upon temperature and hydrogen pressure,
and under severe conditions the deposit can
pass from bi- to tridimensional.

On Pt/Al,O; the number of exposed g
atoms of Pt on 100 g of catalyst is 1.34 X
1073. If one considers that only the metal is
coked and one carbon atom is deposited on
one Pt atom, the amount of carbon will be
1.34 x 107% x 12 = 0.016% of the catalyst.
The initial 0.3 C/Pt corresponds to 0.005%.
But as the surface carbon is forming aro-
matic rings leading to a graphitic structure
where 1.8 A? corresponds to each carbon
atom, and as the surface of one Pt atom is
8.9 ;\2, about five C atoms or a carbon
concentration on the catalyst of 0.08%
should correspond in a monolayer to each
Pt. In our case, except for Pt—-Re-S/Al,0;,
these concentrations are smaller than the
amount burning below 350°C. If all the coke
that burns below 350°C corresponds to the
coke on the metal, this deposit should be in
a multilayer, but more probably, the coke
that burns on the first part of the TPO
corresponds to deposits on the metal and
on the support near the metal. The carbona-
ceous matter on the support could migrate
to the metal crystals to be burnt or could be
burned by the activated oxygen that mi-
grates from Pt (oxygen spillover) (9). Xu
Zhu-sheng et al. (11) stated that on the Pt
surface some carbon deposition is in the
form of multilayers, some exists as a mono-
layer, and there are Pt sites free of de-
position.

A comparison of Fig. 3 and Table 2 is
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made between catalysts which had the
same manipulation but where different
amounts of coke were deposited. To obtain
Pt-Re-S/AlO; containing an amount of
coke similar to that of Pt/Al,O3, a run of 30
h duration was performed. The amount of
coke deposited on Pt-Re-S/Al,O; was
4.16%, similar to that on Pt/AlLO; at 7 h
(4.09%). But the decrease in total activity
of Pt-Re-S/Al,O; was smaller, 4%, than
the decrease of more than 20% in the 7 h
run with Pt/Al,O;. The same amount of
coke on both catalysts is distributed quite
differently. On Pt—Re-S/Al,O; there is less
coke on the metallic function than on Pt/
AlLO; and more coke on the support. For
this reason the H/C ratio is smaller, 0.44,
than the 0.58 of the coke on Pt/Al,O;.

CONCLUSIONS

The deactivation of the bifunctional re-
forming catalysts is mainly due to de-
position of coke on the catalyst surface.
The addition of Re and S to Pt produces,
compared to the monometallic catalyst, a
decrease in coke formation, a great decrease
in the fraction of this coke that is depos-
ited on the metallic function, and a lower
deactivation for a similar amount of total
coke. The coking of the metallic function is
the main reason for the rapid Pt/Al,O; de-
activation during the first few hours of the
run. On Pt-Re-S/Al,O;, Pt is stabilized by
“dilution” with inert Re-S, which de-
creases the Pt atomic ensemble sizes and
decreases the demanding reactions of hy-
drogenolysis and coke formation on the
metal. The effect of Pt dilution by Re—S on
selectivity is similar to the effect produced
by coke deposition on Pt, but it is more
effective because Re-S is uniformly distrib-
uted; while coke leaves great islands of free
Pt where hydrogenolysis selectivity is little
decreased. Pt/ALO; and Pt-Re-S/AlLO;
have different distributions of the deposited
coke, and this could be the reason for the
higher stability of Pt—-Re—S/AlLO;.

The metallic function regulates the
amount of coke over itself and the amount
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of coke precursors that migrate from the
metal to the support. This migration of coke
precursors produces the slow deactivation
of the acidic function of the catalyst which
follows to the rapid deactivation and equili-
bration of the metallic function. The metal-
lic function of the presuifided catalyst is
partially predeactivated and changes little
during the run, producing a small and con-
stant amount of coke precursors that mi-
grate to the support, as shown in Fig. 2.
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