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The catalytic properties of a series of Pt—Cr/ZSM-5 zeolites with variable Pt/Cr ratios have been
studied in propane and ethane hydrogenolysis. Kinetic results demonstrate a strong effect of the
chromium additive both on the reaction rates and activation energies. With propane, the reaction
rates drop by an order of magnitude and the activation energies increase from 80 to 120-150 kJ
mol~'. The major effect in ethane hydrogenolysis is a dramatic increase of the apparent activation
energy from 135 k) mol~ ' (P/ZSM-5) 10 230-330 kJ mo!l~! (Pt-Cr/ZSM-S). The amount of chromium
above 0.75 wt% only slightly affects both the reaction rates and activation energies. The role of
chromium in suppressing the hydrogenolysis reaction is explained on the basis of structural analysis
of Pt—Cr catalysts and segregation of platinum in the surface monolayer of the alloy particles.
The platinum—chromium interaction is assumed to reduce the strength of bonding between the
hydrocarbon or its fragments and the metal surface and, consequently to reduce the hydrogenolysis
activity. The kinetic compensation observed with ethane may be related to Pt—Cr particle redisper-
sion, noted by EXAFS. The behavior of Pt—Cr catalysts in ethane aromatisation depends on the
chromium loading. At lower loading (0.75%) the aromatisation selectivity increases significantly.
while at higher loadings the aromatics yield drops dramatically. The promotion is attributed to

Pt—Cr alloying, while pore blockage by chromia is probably responsible for deactivation.
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INTRODUCTION

The demands placed on technology by en-
vironmental concerns and legislation justify
the continuing interest in research on bime-
tallic and multimetallic supported catalysts.
The development of appropriate physical
techniques also offers real opportunities to
study structure—function relationship, both
for pure alloys and supported materials
which contain very highly dispersed alloy
particles. Among bimetallic catalysts, pro-
moted platinum systems are still of most
interest due to their tremendous importance
in gasoline reforming and other current and
prospective industrial processes.
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Many different approaches have been
proposed to explain catalytic effects in-
duced by alloying, the ensemble effect being
most popular and clearly recognised (/-3),
especially when active and inactive compo-
nents are mixed. Monte-Carlo simulations
(4-6) and other theoretical approaches (7,
8) have been used to show selective segrega-
tion of the promoter to specific sites, such
as corners and edges on the alloy surface
and to estimate the probability of forming
ensembles with different numbers of atoms.
Coq et al. (7, 8) applied a site-segregation
model to explain the different effects of gal-
lium and germanium on the properties of
bimetallic rhodium catalysts. There is none-
theless much experimental data, especially
for promoted platinum catalysts, that are
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not well explained by the ensemble model.
Recently Joyner and Shpiro (9) proposed a
quite different segregation model. This
model was suggested by surface science
studies of various Pt alloys that revealed
formation of so-called sandwich structures
in the surface layers, with the top layer con-
sisting entirely of platinum and the second
layer enriched in the additive (J0-12). The
model explains Pt promotion by additives
(Ir, Cr, Ga, Re) as due to an electronic inter-
action between platinum, which comprises
exclusively the outer surface layer, and the
second component which is enriched in the
immediate subsurface layer.

This paper presents results on the cata-
lytic activity of a relevant bimetallic system,
Pt—Cr/H-ZSM-5, using as test reactions
propane and ethane hydrogenolysis. Nor-
mally these reactions are used as a test of
structure sensitivity and the ensemble effect
(1-3, 14-16), but recent results derived for
highly dispersed systems (/7, /8) show that
the reactions are also sensitive to the elec-
tronic state of the metal. We seek to estab-
lish the relationship between the structure
and composition of Pt-Cr alloy particles,
characterised in detail in Part I (/3), and
their catalytic properties. We hope to arrive
at a general understanding of promotion in
bimetallic Pt-supported catalysts. Pt-Cr
formulations are not only important as
model catalysts, since they have been suc-
cessfully used for gasoline reforming and
lower alkane aromatisation (/9-217). Despite
extensive studies of Pt-Cr/Al,O; catalysts
(19, 20, 22-24), direct evidence of chro-
mium reduction to the metallic state and
possible alloying with Pt was found only
quite recently (20, 23). The catalysts studied
by Engels et al. (23), however, contain
rather large and nonuniform particles. The
advantage of the Pt—Cr/zeolite catalyst is
that very highly dispersed Pt-Cr clusters
are produced (25) and size effects can be
excluded, because the dispersions of both
Pt/H-ZSM-5 and catalysts with different
Pt-Cr compositions are very similar (/3, /8,
25).
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EXPERIMENTAL
Materials

Details of catalyst preparation methods
have been given in Part I (/3). In addition
to the series of Pt—Cr catalysts prepared
by co-impregnation of NH,/ZSM-5 with a
mixture of H,PtCl; + CrO, solutions, sev-
eral 0.5% Pt-0.75% Cr/H-ZSM-5 samples
prepared by different routes have been
investigated. The catalysts are listed in
Table 1.

Cuatalytic Studies

Propane and ethane hydrogenolysis reac-
tions were carried out in a flow microreac-
tor, described in Ref. (26). Preliminary ex-
periments were performed to establish the
region of differential operation; linearity be-
tween conversion and reciprocal space ve-
locity was found for hydrocarbon conver-
sions up to 6%. Normally conversion was
restricted to <2%, with a catalyst charge of
0.05 g. a linear velocity of 1.2 1 h™! and a
hydrocarbon/H, ratio of 1/10. Conversion
and reaction rate results are accurate to
within 109%. Several samples were checked
to ensure reproducibility. The Pt/ZSM-5
samples showed highly reproducible activ-
ity over the full range of temperatures stud-
ied (from lower temperature to higher tem-
perature and back), with reaction rates
reproducible to within 209% and activation
energies to within 10 kJ mol~!. For some
Pt—-Cr samples, activation or deactivation
effects observed at higher temperatures
caused increased errors. Error bars there-
fore were estimated individually for each
sample, as indicated in Tables 2 and 3. With
propane, the selectivity towards ethane for-
mation was calculated as S(C,H)/% = 100
- Y(C,Hg)/[Y(CHy + Y(C,Hy)], where Y is
the yield of the corresponding hydrocarbon.

Ethane aromatisation was studied using
a pulse microreactor described in Ref. (21).
After reduction, the samples were exposed
to a helium flow and after 20 min an ethane
pulse was injected into the flow (V = 0.8
ml).
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TABLE 1

Composition of Catalysts and Details of Preparation®

No. TPt %Cr [nitial compound Preparation procedure 510,/ Al,0,
1 0.5 — Pt{NH,),Cl, lon exchange + impregn. 3540
2 0.5 0.75 H,PtCl, + CrO; Coimpregnation 35:40
3 0.5 0.75 Pt(NH,),Cl,;CrO; lon exchange (Pt), then 3s

impregnation (Cr)
4 0.5 1.25 H,PtCl, + CrO, Coimpregnation 40
5 0.5 1.75 H,PtCl, + CrO, Coimpregnation 40
6 0.5 2.25 H,PtCl, + CrO, Coimpregnation 40
7 0.5 0.75 Pt(NH,),Cl,, Coimpregnation 35

Cr(NOy,

8 — 0.75 CrO, lon exchange and 35

impregnation
“ The NH, form of H-ZSM-5 was used as the starting zeolite.

RESULTS

Catalyst Characterisation

In addition to the experiments described
in Part 1 (13) EXAFS spectra were recorded
for the sample 0.5% Pt-0.75% Cr/H-ZSM-
5 after treatment with a 1:4 mixture of
C,H,/Ar, at 823 K. The sample was then
cooled in the flowing gas to 300 K, and ex-
posed to the synchrotron beam. XPS spec-
tra for an analogous specimen were also
measured. The procedures for analysis of
both EXAFS and XPS measurements are
given in Part I (/3).

Propane Hydrogenolysis

The reaction was studied in the tempera-
ture range 523-673 K (Table 2, Fig. 1). Two
main effects were observed when chromium
was added to Pt/H-ZSM-5, namely, a de-
crease of the reaction rate by an order of
magnitude, and an increase of the activation
energy. The major changes occurred with
the addition of 0.75% Cr by weight. Further
increase of the chromium content only
slightly influenced the reaction rate or the

TABLE 2

Propane Hydrogenolysis Activities and Selectivities
H,/C:Hy = 10/1, At

over Catalysts Studied (Conversion Less than 6%,
mospheric Pressure)

Cat. no. Reaction temperature {K) E 1kl mol™ 1)
823 548 573 598 623 648 673
we §° w A w S w S w 5 w ) w A

1 0.76 40 4.6 24 8.6 20 29 7.5 76 = 10
2 0.08 38 0.35 3s 0.69 37 29 34 12 38 136 = 20

{0.06) [RE)] (0.10) (42) 10.39) (37) (0.85) [E1HN 120 = 20
3 0.36 27 Q.55 28 28 34 32 20 22.4 26 120 = 20
4 0.05 42 0.22 37 0.82 42 2.5 23 26 kL 150 = 20
5 0.21 37 0.36 37 1.2 s 10 k) 150 + 20
6 0.22 37 1.2 33 39 k1] 9.8 36 150 = 20

« W——overall reaction rate based on propane conversion, umol (g Pty ~'s - L

# §—selectivity of ethane formation, mol%-

¢ Figures in parentheses were obtained in a run from higher to lower tel

mperatures.



INTERMETALLIC CLUSTERS IN ZEOLITES, II 269

TABLE 3

Ethane Hydrogenolysis Reaction Rates and Activation Energies over Catalysts Studied (Conversion Less than
6%, H./C,H, = 10/1. Atmospheric Pressure)

Cat. no. %Pt %Cr Reaction temperature (K) E, (k] mol™")
623 648 673 698 723 748

Reaction rate (umol (g Pt)~' s™)

1 .S 0 1.2 2.7 7.2 15.8 39.0 —_ 134 = 10

2 0.5 0.75 a a 7.3 36 120 2100 260 + 20

3 0.5 0.75 0.36 1.83 9.8 38 — — 215 = 20
(12.3)

4 0.5 1.25 0.56 3.2 18 126 651 270 = 20

5 0.5 1.75 a u 2.0 25 60 990 300 + 30

6 0.5 2.25 “ “ a 1.2 5.4 140 320 = 30

Note. All samples were air calcined and reduced at 793 K.
“ No measurable activity.
» Back from higher temperature.
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F1G. 1. Arrhenius plots for propane hydrogenolysis over platinum-chromium/zeolite catalysts. The
numbers for the curves correspond to the catalysts listed in Table 1. The insert shows the changes
in temperature dependence between the first (from lower to higher temperature) and second (from
higher to lower temperature) run.
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Fi1G. 2. Arrhenius plots of ethane hydrogenolysis over platinum-chromium zeolite catalysts. The
numbers for the curves correspond to the catalysts listed in Table 1.

activation energy. During one set of experi-
ments a slight deactivation was observed,
but the activation energy remained the same
within experimental error (see inset in
Fig. 1).

The selectivity of ethane formation by Pt
and Pt—Cr catalysts is rather similar at lower
temperatures (26-35%) and is independent
of temperature for Pt—Cr catalysts. By com-
parison, Pt catalysts produced significantly
more methane at higher temperatures.

Ethane Hydrogenolysis

The behavior of Pt—Cr catalysts and Pt
catalysts is different in ethane hydrogeno-
lysis. For temperatures at which both Pt and
Pt-Cr catalysts are operative (for instance,
623 K), their activity is very similar. At
lower temperatures (573 K) the Pt—Cr cata-
lysts have no activity under the chosen con-
ditions, while at higher temperatures they
become more active than Pt/H-ZSM-5
(Table 3). Chromium introduction thus re-
sults in a substantial increase of the apparent
activation energy. As for propane, the major
effect was found when changing from 0.5%
Pt/ZSM-5 to 0.5% Pt-0.75% Cr/ZSM-5 cat-
alysts. Further increases of the chromium
loading caused less pronounced effects. An

exception was the 0.5% Pt-2.25% Cr/ZSM-
5 catalyst, which was less active over the
whole temperature range with respect to
other catalysts (see Fig. 2).

We have examined the influence of prepa-
ration and pretreatment on catalytic activity
(Table 4). The chromium effect is more pro-
nounced for 0.5% Pt-0.75% Cr catalysts re-
duced at 823 K than at 673 K (catalyst no.
3), the most important change being in the
activation energy for the latter sample,
which approached that of Pt/ZSM-5.
Changes in preparation method have less
important effects. It should be noted that
subjecting both preparations to subsequent
high-temperature reduction resulted in the
observation of metallic chromium and
Pt—Cr alloy formation (/3).

Ethane Aromatisation

The experiments performed in the pulse
mode (Fig. 3) demonstrate the effect of chro-
mium on catalytic activity and selectivity in
ethane aromatisation at 823 K. The catalyst
containing 0.5% Pt-0.75% Cr yields more
aromatics than Pt/H-ZSM-5 and less of the
hydrogenolysis/cracking product, methane.
Cr/H-ZSM-5 is essentially inactive. On go-
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TABLE 4

The effect of preparation and pretreatment of 0.5% Pt-0.75% Cr/HZSM-5 on the activity in ethane hydrogenolysis

Preparation Reduction Cat. no. Reaction rate, E, (kJ mol™")
temperature (K) (uwmol (g Py~ 57! (623-748 K)
623 K 673 K
H,PtCl; + CrO; 823 2 0.056* 7.3 260 = 20
P(NH,),C1,.CrO, 823 3 0.36 9.8 215 = 20
Pt(NH;),Cl,,Cr0, 673 3 1.84 12.3 154 = 20
Pt(NH;),CL" 823 1 1.2 7.2 134 £ 10

¢ Determined by extrapolation of the Arrenius plot.

2 0.5% Pt/H-ZSMS.

ing to higher chromium contents the aroma-
tisation activity sharply declined, and the
catalysts produced mainly methane.

Ethane Interaction with Pt-Cr/H-ZSM-5
Catalysts

The results reported earlier (27) indicate
a distinct effect of ethane treatment on the
activity of prereduced Pt—Cr catalysts, both
in hydrogenolysis and aromatisation. To
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look for possible changes in the structure
and dispersion of metallic particles in the
course of the reactions, we have studied
the ethane interaction with several Pt—Cr
catalysts at high temperature, 823 K, by in
situ EXAFS. A preliminary account of these
experiments was reported earlier (28).
Treatment of the prereduced catalyst with
ethane led to a decrease of the nearest
neighbour Pt—Pt coordination number (CN)
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Fi1G. 3. The yields of aromatics (A) and methane (B) obtained in ethane aromatisation at 823 K in
pulse mode experiments, with Pt and Pt—Cr loaded H-ZSM-5 catalysts. Curve (1) 0.75% Pt-0.75%
Cr/H-ZSM-5, (2) 0.5% Pt/H-ZSM-5, (3) 0.5% Pt-1.75% Cr/H-ZSM-5, and (4) 0.5% Pt-2.25% Cr/H-
ZSM-5. All catalysts were prereduced in hydrogen at 823 K.
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which is outside experimental error (Table
5). The absolute errorin N1 (Pt-Pt) does not
exceed = 0.8, including correlation between
the CN and the Debye—Waller factor, while
relative errors are expected to be signifi-
cantly smaller, probably * 0.5 (29). The re-
sults obtained show metallic particle redis-
persion during high-temperature ethane
treatment. The average particle size de-
creased from 12 + 2 A to 8 = 1 A and
the number of atoms in the average cluster
decreased from 60 = 20 to 15-20 (£5), as-
suming spherical particles (/8). The ob-
served changes are not due to increasing
static disorder within the metal particles
since the Debye—Waller factors did not in-
crease on exposure to ethane.

Reaction with ethane is the most probable
explanation for the disruption of metal parti-
cles. To probe whether metal-carbon bonds
were formed during ethane treatment, a
platinum-carbon shell was included in
EXAFS analysis, replacing the Pt—0 shell.
This led to a slight improvement in the fit and
a further reduction of the Pt—Pt coordination
number. The changes in fitting indexes are
too small to allow definite conclusions, since
phase shifts for carbon and oxygen are very
similar. The redispersion or disruption was
not observed with 1% Pt-0.75% Cr/H-ZSM-
5 catalyst, which contained larger particles,
20-25 A in diameter.

DISCUSSION

It is first interesting to compare the hydro-
genolysis results for metal in zeolite cata-
lysts with those observed for catalysts of
platinum on amorphous supports. The refer-
ence catalyst EUROPT-1, containing 6.3%
Pt at ca 60% dispersion on silica, is a particu-
larly appropriate comparison since repro-
ducible results, including turnover numbers
and activation energies, are available from
several laboratories, and are said to be gen-
erally representative of platinum catalysts
(30). Measurements on the reference cata-
lyst were performed under similar condi-
tions to those used here, in particular the
hydrogen and hydrocarbon pressures were
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similar. Table 6 gives comparative data for
both ethane and propane hydrogenolysis
and for catalysts with and without chro-
mium. It can be seen that at 573 K the turn-
over numbers for platinum-only catalysts on
the H-ZSM-5 and the silica support are simi-
lar, although the close agreement for ethane
hydrogenolysis is probably fortuitous. The
activation energies obtained on the zeolite
supported materials are lower than noted on
the silica support. In view of the marked
compensation effects observed both in our
studies and for EUROPT-1 (30), the signifi-
cance of these differences is unclear. Diffu-
sion limitations, which might be expected
to be more severe in the zeolite catalyst,
seem unlikely to be responsible. The turn-
over numbers are similar at 573 K, which
is the lowest temperature reported in our
studies. The lower activation energy for the
Pt/H-ZSM-5 catalyst therefore means that,
at temperatures higher than 573 K, the reac-
tion is faster for this material than it is over
the silica-supported catalyst.

Table 6 shows that the extent of ‘‘deep”
hydrogenolysis of propane to give solely
methane as the product, is greater for the
zeolite-supported materials than for EUR-
OPT-1. This may reflect sequential reaction
of ethane in the zeolite pores, although the
turnover number for ethane hydrogenolysis
is much smaller than that for propane.

The results show that inclusion of chro-
mium in the catalysts markedly changes
their behaviour in hydrogenolysis. For pro-
pane the rate and extent of hydrogenolysis
is decreased and the activation energy in-
creased, while for ethane the rate is broadly
similar although the activation energy is dra-
matically increased. Since neither H-ZSM-
Sor Cr/H-ZSM-5 is active in hydrogenolysis
under the conditions used, the changes ob-
served are attributed to a direct interaction
between chromium and platinum. Varia-
tions in dispersion can be ruled out, since
both EXAFS and TEM indicate that addi-
tion of chromium has little influence on par-
ticle size. Moreover, varying the particle
size for Pt/H-ZSM-5 catalysts in the range



273

INTERMETALLIC CLUSTERS IN ZEOLITES, II

3duRsSIp O-1d B Jo pesjsul aduelsip D—id e Suipnpur sig ,
"M 86T 01 SuIjood J3)Je UdNE] a1om BIdAdS [V 210N

onapa

O0F0LCT TO+90 €00F96T ,£0F80 900F88+V 90FI'T C00F8E 1 FECEC 100FSLT S0FCS ur painseaul
WO/ TOFS0 £00FL61 CO+1TT 900T®Y 90F61 T00=8¢ 1F0¢ I'0*9.°C 0509 nq ‘Iequng

A 078 1e

1y /3uryia

00 L9C TOF90 €00=*T6T LL£0FL0 $00F 8P LOO+8T WOFI6E 1 F8Z 100F9.C »£07F0S Juneay pue
W0F69CT TOF¥90 €00=/.61 POoF PO+ a8y LO+CTC Wox06¢ 1*LT 100FSLT S0F9¢ uonoanpal .Yy

usforpAy
W00+89C TOFLO £00=F¢661 POF6'l tO0+98Y LOFE€T T00F8E 1 F88C 100FSLC S0x¢€L 08 eSunesy

V) y N (V) o N V) ¥ N (y) o N (yr o N
10-d (D=1 O—d d-id

ISA[RIRD ID-1d 10§ $)nsay SAVXH

§314vL



274

SHPIRO ET AL.

TABLE 6

Comparison of Hydrogenolysis Results with Those of the Reference Catalyst, EUROPT-1

Hydrogenolysis EUROPT-1¢ Pt/H-ZSM-5 Pt—-Cr/H-ZSM-S
reaction (average values)
result
Ethane hydrogenolysis
Turnover number at 573 K (h™") 0.2 0.23¢ <0.01*
Activation energy (kJ mol™") 205 + 15 134 = 10 240 + 40
Propane hydrogenolysis
Turnover number at 573 K (h™1) 1.5 5.4 0.25-0.4
Activation energy (kJ mol™") 185 = 5§ 76 = 10 130 = 20
Selectivity to ethane (%) 43¢ 24 33+ 4
at 573 K¢
Selectivity to ethane (%) — 7.5 353
at 623 K

“ From Ref. (30): Py, = 0.83-0.94 bar, Py,gcubon = 0.04-0.08 bar.

* Extrapolated from Fig. 2.
¢ For method of calculation, see text.

¢ Recalculated from Ref. (30), assuming 90% selectivity to ethane + methane: temperature not specified.

8-500 A has been shown to change only the
reaction rate, and not the activation energy
(18, 30), in contrast to the results reported
here.

We relate the changes in catalytic behav-
iour to the formation of Pt—Cr alloy parti-
cles, which has clearly been demonstrated
by EXAFS. Where catalysts have been sub-
jected only to low temperature reduction
(623 K), which does not cause alloy forma-
tion, the behaviour of Pt—Cr catalysts is sim-
ilar to that of Pt/H-ZSM-5 materials. Spe-
cifically, and as shown in Table 4, the
activation energy is the same. EXAFS mea-
surements show that the chromium content
of the Pt—Cr alloys is little affected by the
chromia loading of the catalyst. This indi-
cates clearly why the activity changes ob-
served are independent of chromium con-
tent. The only exception is the highest
chromium-containing catalyst in the ethane
hydrogenolysis reaction, where pore
blocking may render sites unavailable.

The results can be understood within our
general structural proposal for bimetallic
platinum reforming catalysts (9), and the
specific structural model for these catalysts

that has been developed in Part I (/3). We
have suggested that additives to platinum
catalyst, such as gallium, iridium, and chro-
mium, form a unique structure in which the
surface monolayer is wholly platinum, while
the immediate subsurface layer is enriched
in the additive. Observations of decreased
hydrogenolysis activity as a result of alloy
formation are commonly interpreted within
the ensemble hypothesis, in which the
added atom is argued to break up the ensem-
ble of contiguous platinum atoms necessary
to carry out the reaction. There are, how-
ever, strong arguments why the ensemble
model is not applicable to Pt-Cr catalysts,
since it is normally invoked for additive
atoms such as copper and tin that are inert
in hydrogenolysis. The most important ob-
jection s that chromium should have a much
higher activity in hydrogenolysis than plati-
num. Because chromia is difficult to reduce
and maintain in the zerovalent state, there
are no measurements of its hydrogenolysis
activity. However, the comprehensive stud-
ies of Sinfelt’s group show that its
neighbours, iron, cobalt and nickel, all have
similar activities for alkane hydrogenolysis,
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and that these are ca. 10* times that of plati-
num (/4). In the absence of experimental
measurements on chromium catalysts we
must assume that it is also a much more
active catalyst for hydrogenolysis than plati-
num. Thus, if chromium were present in the
surface layer of the alloy particle we would
expect an increase in hydrogenolysis activ-
ity rather than the decrease that is noted.
For chromium-containing catalysts, this ar-
gument also invalidates the decoration
model for the role of additives that has been
proposed by Coq et al. (7, 8) and by Strohl
and King (5).

A possible role of the additive in promot-
ing structural change should also be consid-
ered. Somorjai et al. have shown that hydro-
genolysis of a range of hydrocarbons occurs
at a more rapid rate on stepped and kinked
planes than our flat surfaces (37), although
there are no data for ethane or propane hy-
drogenolysis. Engstrom et al. have per-
formed extensive studies of these molecules
on nickel and iridium single crystals
(32-34). Ethane hydrogenolysis is structure
dependent, and slow on the close-packed
(111) plane, where it is thought to occur only
at defects. Reaction is more rapid on the
more open (100) plane and accompanied by
a significant decrease of the activation en-
ergy. For the platinum catalysts both
EXAFS and electron microscopy suggest
that the particles are spherical in the ab-
sence of chromium, and will therefore ex-
pose predominantly (111) surface planes.
In the chromi..n-doped materials both
techniques provide some evidence for the
existence of rafts, which EXAFS suggests
expose the (100) plane preferentially.
Within the framework of structure sensitiv-
ity adopted by Engstrom et al., this would
be expected to cause an increase rather
than a decrease in the hydrogenolysis
activity.

The structural model for the doped plati-
num catalysts which we have proposed pre-
viously (9), and which is considered in detail
in Part 1 (/3), requires that the surface
monolayer of the catalysts is entirely com-
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posed of platinum and that the chromium is
present only in the subsurface layers. The
evidence for the model comes from XPS and
EXAFS measurements, from our LEISS
studies of a bulk Pt—Cr alloy, from metallur-
gical considerations and from relevant sur-
face science studies (10-12, 35, 36). From
this model, it is clear that the role of the
chromium additive is to modify the elec-
tronic properties of the active surface of the
catalyst. Adsorption studies on plati-
num—cobalt and platinum-titanium alloy
surfaces (/10-12), provide an important clue
to understanding our kinetic results. Alloy-
ing has been shown to reduce the strength of
chemisorption of carbon monoxide on these
surfaces below that found on pure platinum.
The reason for this is not clear, but Rodrigez
et al. have reported similar observations re-
sulting from electronic interactions in Pd-Ti
and Pd-Mo monolayer alloys (37). Bonding
between platinum and the additive element
appears to be stronger than that between
platinum and platinum, and this is an im-
portant driving force in the ‘*sandwich’ sur-
face segregation model (35). The chemisorp-
tion results suggest that an approximate sum
rule may apply between the (Pt—Additive)
and the (Pt—Adsorbate) bond strengths. The
reduction of adsorption strength that is ob-
served for carbon monoxide is equally ex-
pected to occur for other adsorbates such
as alkanes.

The effect of the decrease in the strength
of the chemisorption bond on catalytic per-
formance can be deduced from the compre-
hensive set of kinetic information on hydro-
genolysis provided by Sinfelt (/, 14).
Volcano relationships exist for the Group
VIII metals, and platinum lies far towards
the weak adsorption extreme. Also, the acti-
vation energies observed for platinum and
the otherrelatively inactive metals are much
higher than found for the highly active met-
als at the centre of the volcano plot. We
therefore conclude that weak adsorption is
correlated with a high activation energy for
hydrogenolysis, and that decreasing the ad-
sorption strength further will cause the acti-
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vation energy to increase. This is exactly
what is observed. Alloying with chromium
causes a doubling of the activation energy
for ethane hydrogenolysis, from 135 kJ
mol~' to 280-320 kJ mol— 1. For propane
the increase is equally significant, from 76
kJ mol™! to 120-150 kJ mol~!. Evidence
that alloying weakens chemisorption is also
provided by the changes observed in the
depth or extent of the hydrogenolysis of pro-
pane, as a result of alloying. In the tempera-
ture range where the results overlap, the Pt/
H-ZSM-5 catalyst promotes more extensive
deep hydrogenolysis, resulting in a higher
methane/ethane ratio than is observed for
the chromium-doped material.

For propane hydrogenolysis the increase
in the activation energy leads to a marked
decrease in the reaction rate over the whole
temperature range of interest. For ethane,
the activation energy also increases, sup-
pressing the reaction completely at the low-
est temperatures studied. However, in-
spection of Fig. 2 indicates that marked
compensation between the activation en-
ergy and the preexponential terms is oc-
curring, since the rate of hydrogenolysis be-
comes similar to that for the platinum-only
catalysts at intermediate temperatures, and
is significantly greater at the higher tempera-
tures studied.

Although alloying increases the activation
energy more for ethane than for propane,
the extent of the compensation effect is also
greater. Our EXAFS observations may pro-
vide a partial explanation of this larger com-
pensation for ethane, since they show that
some redispersion of the alloy particles oc-
curs at the higher temperatures used for eth-
ane hydrogenolysis. The change in disper-
sion is modest, from ca. 70% to ca. 90%, and
thus insufficient to explain the magnitude of
the increase in the preexponent for ethane,
but the decrease in particle size that it repre-
sents will have associated electronic and
structural consequences that may be im-
portant. Further structural and kinetic mea-
surements will be necessary to explore this
point.
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Two final remarks should be made con-
cerning aromatisation activity and the possi-
ble nature of the platinum—chromium inter-
action. From experiments reported here and
results published earlier, it is evident that
aromatisation of lower alkanes, including
methane, proceeds more effectively on
some Pt-Cr compositions than on Pt/H-
ZSM-5. This is a consequence of the sup-
pression of hydrogenolysis of certain hydro-
carbons. Because aromatisation conditions
are quite different from our experiments
with hydrogenolysis (low partial hydrogen
pressure in aromatisation, hydrogen excess
in hydrogenolysis), we suggest that the com-
pensation effect may not be operative in the
aromatisation reaction, so conclusions
drawn from the low-temperature hydro-
genolysis studies will be valid for the aro-
matisation reaction. At higher chromium
loadings, detrimental effects such as pore
blockage by chromia may be enhanced and
aromatics formation suppressed.

Platinum—-chromium electronic interac-
tions are very probable in small particles,
either within the sandwich bilayer model or
for randomly distributed chromium (38).
Earlier studies postulated that charge trans-
fer from chromium to platinum increased
the platinum electron density (22). Similar
conclusions have been derived from XPS
observations for platinum alloyed with other
electron-positive elements (Ti, Co) (10-12).
We found no significant chemical shifts for
Pt and Cr in the unsupported alloy (/3). For
platinum-chromium particles in zeolites
positive shifts were observed in Pt 4f levels;
these have been discussed extensively ear-
lier (13, 27). The preliminary conclusion
from Pt 4f peak analysis of 0.5-0.75 Cr/H-
ZSM-S is that the fraction of Pt(8+) state
decreases with respect to 0.5 Pt/H-ZSM-5.

CONCLUSIONS

The marked effects of chromium on the
catalytic properties of Pt/H-ZSM-5 are un-
ambiguously related to the formation of
small (10~15 A) alloy particles within the
zeolite matrix. We postulate that segrega-
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tion in such particles parallels that in plati-
num alloys diluted with chromium or or-
dered intermetallics, with the formation of
a sandwich bilayer. This model explains the
kinetic results, since the activation energy
increases, suppressing the activity in the
temperature range where the Pt catalysts
are active. This implies that a plati-
num-chromium  e¢lectronic  interaction
rather than simpie dilution of platinum with
chromium is responsible for the strong cata-
Iytic effects found both for hydrogenolysis
and aromatisation of lower alkanes. The im-
provement of selectivity and stability of
Pt—Cr containing catalysts for gasoline re-
forming, noted in the literature, can also be
explained by this approach. EXAFS mea-
surements on particle redispersion in the re-
action mixture revealed that active site re-
construction can also influence the kinetic
results.
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