JOURNAL OF CATALYSIS 155, 43-51 (1995)

Skeletal Reactions of n-Hexane over Pt—NaY, Pt/SiO,, HY, and
Mixed Pt/SiO, + HY Catalysts

Zoltan Paal,* Zhaoqi Zhan,*? Istvan Manninger,* and W. M. H. Sachtlert!

*Institute of Isotopes of the Hungarian Academy of Sciences, P.O. Box 77, H-1525 Budapest, Hungary; and tCenter for Catalysis and
Surface Science, Northwestern University, Evanston, Illinois 62007

Received September 16, 1994; revised February 6, 1995

The activity and selectivity of three samples of 8% Pt-NaY
calcined at 633, 723, and 823 K, respectively, have been probed
with n-hexane as the model reactant at 603 K and subatmospheric
pressures in a glass closed-loop reactor. These catalysts were com-
pared with 6.3% Pt/SiO, (EUROPT-1), HY, and a physical mixture
of the latter two. The activity of all Pt-NaY catalysts is superior
to EUROPT-1 and they deactivate more slowly. The selectivity
pattern of all Pt—-NaY samples is closer to that characteristic of
monofunctional Pt catalysts, as opposed to the pronounced acidic
character of pure HY and the mechanical mixtures. The sample
calcined at 633 K, which has the highest dispersion and probably
contains Pt particles anchored to the support as [Pt, — H,]**
entities, shows the highest aromatization selectivity. The sample
precalcined at 823 K with the lowest dispersion has a pronouncedly
high skeletal isomerization selectivity. The isomerization pathway
may be related to the C; cyclic route on metal sites that are more
abundant on the larger crystallites of this catalyst and are more
easily accessible with its partially collapsed zeolite framework.
Characteristic differences between samples in the response of their
catalytic performance to changes in hydrogen and hydrocarbon
pressure are discussed.  © 1995 Academic Press, Inc.

INTRODUCTION

Platinum catalysts supported on nonacidic zeolites rep-
resent a new, monofunctional aromatization catalyst for
n-hexane (1, 2). The properties of these catalysts have
been explained either by zeolite geometry or by various
electronic interactions between platinum and zeolite. For
example, the influence of zeolite pore geometry on the
selectivity of methylcyclopentane (MCP) ring openings
was observed over Pt—-NaY catalyst (3). Deactivation of
metal sites in the narrow zeolite pores was slower, since
they present unfavorable geometry for polymerization of
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unsaturated coke precursors (4). The interaction of metal
centers with the basic sites of the zeolite framework has
been claimed to promote aromatization (5-7). This effect
is not restricted to zeolitic supports (8, 9).

The in situ reduction of Pt ions in zeolites creates a
situation different from other systems. Reduction with H,
of an oxidized Pt precursor in Pt black or Pt/SiO, will
produce water as the co-product:

PtO + H, — Pt + H,0.

On zeolites, however, protons are always created when
metal ions are reduced with H, (10, 11):

Pt* + H,— Pt® + 2 H".

These protons are produced in the vicinity of metal sites
and form chemical bonds with them (11, 12):

Pt, + xH* — [Pt, — H,|**.

The presence of such entities may explain the presence
of ‘‘electron-deficient Pt particles’’ supposedly present
on a zeolite support (13). The Pt-H-0,. ;. bond anchors
the Pt, particle to the support. These combined [Pt,-H, ]**
sites also exhibit peculiar catalytic propensities; for ex-
ample, the bifunctional pairs of metal-acid active sites
atomically close to each other offer a novel bifunctional
route for aromatization by a C, ring enlargement route
without shuttling the intermediates between metal and
acid sites (11). These sites also have an intrinsically lower
activity in MCP ring openings (12). Ring enlargement due
to [Pt,—H,]** clusters was minor or absent with Pd sup-
ported on NaY, as opposed to Pd/HY (11).

Three types of Pt—-NaY catalysts with platinum parti-
cles located in different positions of the zeolite have been
obtained by employing different calcination temperatures
prior to reduction at 723 K (14-16). Small Pt particles in
the supercages were produced by a calcination at 633 K,
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‘“‘grape-like’’ particles extending over a number of cavities
were obtained at 723 K, while the calcination at 823 K
resulted in rather large Pt crystallites supposedly at the
outer surface of the support grains (14, 16). Alternatively,
the zeolite structure may collapse as a result of Pt particles
outgrowing the space within the framework (17), the metal
particles becoming thus more accessible to the reactants.
Hence Pt—-mordenite catalysts of lower metal dispersion
showed higher activity in n-heptane reactions (17).

In the present study, n-hexane was used as the model
hydrocarbon. Pt sites catalyze its isomerization, Cs cycli-
zation, aromatization, and fragmentation; these reactions
are accompanied by dehydrogenation (18-21). Pt cata-
lysts with an acidic zeolite support showed a high isomer-
ization selectivity, whereas C; cyclization and aromatiza-
tion prevailed on Pt supported on basic zeolites (6).
Pt-KL catalyst reduced by H, produced more isomers
than Pt—KL reduced by NaBH, or a Pt-KL catalyst
treated subsequently with KNO; (20). The geometric con-
straint exerted on the reactant molecules (hence, the ex-
pected deactivation (4)) and the metal-acid (or
metal-base) structure at the molecular level should be
different in these catalysts.

In this work, the interplay of the support and metal
centers as well as catalyst geometry will be related to the
catalytic properties of three Pt—NaY catalysts. These are
compared with Pt/Si0, (EUROPT-1), HY, and their me-
chanical mixture in order to distinguish between the effect
of anchored bifunctional clusters and that of acid and
metal centers separated in space (11).

EXPERIMENTAL

Catalysts and Their Pretreatment

Pt-NaY was prepared by an ion exchange method at
Northwestern University; details of its preparation and
characterization were reported earlier (16). Before cata-
lytic runs, each sample was calcined in O, with a flow
rate of 1000 ml min~! g~!, raising the temperature from
300 K to its final value (T, = 633, 723, and 823 K, respec-
tively) at a heating rate of 30 K h™!. Samples were kept
for 2 h at T, before being cooled. The subsequent reduc-
tion was carried out in a mixture of 5% hydrogen, 95%
nitrogen at a flow rate of 30 ml min~' g~' from 300 to
773 K at 10 K min~'. The final calcination temperature
determines the location and dispersion of platinum in Y-
zeolite (14—16). The three types of Pt—-NaY catalysts are
denoted PtY-633, PtY-723, and PtY-823. Their platinum
content is 8.6%, as determined by atomic absorption spec-
troscopy (16). The metal dispersion, expressed by the
atomic ratios of adsorbed hydrogen to platinum, H/Pt,
have been reported to be 1.10, 0.60, and 0.30 for PtY-
633, PtY-723, and PtY-823, respectively (16).

A standard 6.3% Pt/SiO, (EUROPT-1) (23) was used
as a monofunctional metal catalyst. Its average platinum
particle size is 1.8 nm, dispersion 60%. The sample was
reduced in hydrogen flow at 673 K before use (21). The
HY zeolite was a commercial sample from Russia. It has
been pretreated in hydrogen at slow heating under oxygen
to 573 K followed by a hydrogen treatment at 623 K (5).

Reactants

The purity of n-hexane (nH) was higher than 99.95%.
The hydrogen was purified by passing it through a
Pd-Ag thimble.

Catalytic Tests

The runs were performed in a glass closed-loop reactor
(19, 22), with mixtures of n-hexane and hydrogen at 603 K.
Small amounts, 1.3 to 5.2 mg, of Pt—NaY and EUROPT-1
were used. The mixed catalyst consisted of 2.3 mg of Pt/
SiO, and 21 mg of HY. Samples were taken at various
moments of the run (I to 100 min after the start). No
long duration tests have been carried out with the mixed
catalyst. The catalysts were regenerated after each run
with O, and H,, as described earlier (21, 22). Sometimes,
after longer runs, repeated regeneration cycles had to be
applied to restore the initial activity and selectivity.

A Packard 437 type gas chromatograph with a capillary
column (50 m by 0.32 mm fused silica, CP Sil 5 coating)
was used for product analysis (18-20).

RESULTS

Activity

Figure 1a shows the absolute activity of the metal-con-
taining catalysts, Pt-NaY, Pt/SiO,, and Pt/SiO, + HY,
at a pressure ratio p(nH): p(H,) = 10:120. The titration
results of Ref. (16) were used to calculate the amount of
surface Pt atoms. The dispersion of PtY-633 was taken to
be 1.0, disregarding the titration value of 1.1. All zeolite-
supported catalysts were more active than EUROPT-1,
the activity sequence being PtY-823 > PtY-633 > PtY-
723. The mechanical mixture of HY and EUROPT-1
showed the highest level of activity.

Increasing the hydrogen pressure from 120 to 480 Torr
(Fig. 1b) brought the activity of all Pt-NaY samples (and
that of the mixed catalyst) close to each other. The activity
of PtY-823 did not change much and that of the two other
samples increased. The activity of EUROPT-1 was still
far below that of the other samples.

Increasing both hydrogen and x-hexane pressure (keep-
ing the n-hexane-to-hydrogen ratio constant at 1:12) ac-
celerated the conversion of n-hexane over all zeolitic sam-
ples. PtY-823 and PtY-723 were the most active, although
the latter started to deactivate earlier (Fig. 1¢). The perfor-
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FIG. 1.

Specific activity of the five catalyst samples (expressed as transformed hexane molecules per surface Pt atom) as a function of the

reaction time. (@) p(nH) : p(H,) = 10: 120, (b) p(nH): p(H,) = 10: 480, (c) p(nH): p(H,;) = 40:480. Note that the same scale is used in all three
cases but there are results up to r = 100 min for Fig. 1c, and the fitting used also points outside the range depicted.

mance of the mixed catalyst was behind the zeolite-sup-
ported samples. EUROPT-1 had again the poorest activity
at about the same level as observed at 10 : 480. The activity
of PtY-823 was almost the same at the lowest hydrogen
excess (40: 120), as in Figure lc, while that of all other
catalysts was considerably lower. The activity of the
mixed catalyst showed a less marked hydrogen and hydro-
carbon pressure dependence.

The deactivation rates shown in Table 1 for two pres-
sure ratios have been estimated by fitting a second-order
polynomial to the curves in Fig. 1 in their initial section.
The most rapid deactivation with PtY-633 is confirmed,
while both PtY-723 and PtY-823 deactivated more slowly.
The lower deactivation rates at p(nH): p(H,) = 40:480
are clearly seen.

Selectivity

a. Initial selectivities. Plotting selectivities as a func-
tion of the conversion (S-X curves) permits one to distin-
guish between primary and secondary products (24). Fig-
ure 2 compares the Pt—-NaY catalysts at p(nH): p(H,) =
10: 120. Although overall rates were nearly identical with
PtY-723 and PtY-823 (cf. Fig. 1a), rather different selectiv-
ity patterns appeared. Hexenes with the highest selectiv-
ity at the lowest conversions are primary products. PtY-

633 seems to possess an inherent aromatization ability in
the first moments of the run, while initial Cs cyclization
and fragmentation behavior appeared with PtY-723 and
PtY-823. With dropping olefin selectivity, methylcyclo-
pentane becomes one of the predominant products on
PtY-633 and PtY-723 (together with benzene). Skeletal
isomers predominate on PtY-823 even initially.

The mixed catalyst (Fig. 3) exhibited some low, intrinsic

TABLE 1

Deactivation Rates of Various Catalysts

Catalyst  Pressure ratio nH:H, (Torr)  Deact. rate® (A%) min™})
Pt-633 10:120 —4.2
40:480 -0.93
Pt-723 10:120 -0.53
40:480 -0.39
Pt-823 10:120 -0.53
40:480 -0.47

4 Percent change of the reaction rate per minute up to an overall
conversion of 10%, by fitting a second order polynomial. The amount
of molecules transformed per surface Pt atom at this conversion is ca.
14 at p(nH) = 10 Torr and ca. 55 at p(nH) = 40 Torr.
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FIG. 2. Selectivity for various product classes over three Pt—-NaY (8%) samples and Pt black (presintered at 473 K) as a function of the
overall conversion at pressure ratio p(nH): p(H;) = 10:120. Symbols: O, <Cq; +, isomers; V, methylcyclopentane; O, hexenes; X, benzene.

initial C, cyclization and aromatization activity but frag-
mentation became more and more important at higher
conversions.

Skeletal isomers were major products at all pressure
ratios over PtY-823, as shown in Fig. 4, where a similar
graph for Pt black has been included for p(nH):
p(H,) = 40:480. A high initial and rapidly decreasing
hexene selectivity was characteristic at other p(nH):
p(H,) ratios as well, especially at p(nH):p(H,) = 40:
120. At p(nH):p(H,) = 10:480, in turn, all products

consist mainly of methylpentanes (MP), together with 2,3-
dimethylbutane (2,3DMB) with selectivities in the range
of 1to 2%. EUROPT-1 produced roughly 0.5% 2,3DMB
while its selectivity could reach 5% with Pt on acidic

TABLE 2

Summarized Results on the Selectivity of n-Hexane Reactions

Selectivity (%)

seemed to be primary. Conv.
o . . Catalyst (%) <Cq Iso MCP Bz Hex
b. Selectivities in the stabilized state. The three
Pt—NaY catalysts showed a more similar selectivity pat- A. nH:H, = 10:480
tern in their stabilized state (Table 2). The amount of gg'gg g; :g 27 ::’/ ;g §
hexenes was minor and the fragmentation selectivities PtY:823 » 17 5; 18 PR
were similar. Of all Pt—-NaY catalysts, PtY-633 produced
the most benzene. Its selectivity decreased gradually with EUROPT-1 10 § 2 28 11
. . . . EUROPT-1+HY 6 30 46 18 6 tr.
higher calcination temperatures. The abundance of iso- 4y 0.7 8 16 — —
mers showed the reverse sequence; the highest isomeriza- 3.5 82 17 1 —
tion selectivity of PtY-823 is clearly seen. Skeletal isomers
B.nH:H; = 10:120
60 PtY-633 15 15 23 30 27 S
o T o <ce PtY-723 15 6 36 26 18 4
o - i PtY-823 16 12 57 16 9 6
e
40 o,o/ v e EUROPT-I 8 8 21 46 17 8
R S Lo s mcp EUROPT-1+HY 6 51 28 16 5t
@ Q HY 0.6 81 19 — — —
201 el o Hex 3 8 17 1 —
\ T 7Y ¢ Bz
N C. nH:H, = 40:120
o Lo o ER RS
° z 4 6 8 10 PLY-823 20 8§ 72 6 4 10
X, % EUROPT-1 4.5 7 10 35 13 35
EUROPT-1+HY 11 56 38 4 1 |
FIG.3. Selectivity for various product classes over mixed EUROPT- HY 0.5 59 39 2 —_— -
1 + HY catalyst as a function of the overall conversion. Pressure ratio 7 65 34 05 — 0.5

p(nH)/p(Hy) = 10:120.
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FIG. 4. Selectivity for various product classes over PtY-823 at three different p(nH): p(H,) ratios. together with selectivity over Pt black
(presintered at 473 K) at p(nH): p(H,) = 40:480, as a function of the overall conversion. Symbols as in Fig. 2.

support (6). Figure 5 shows that the ratio of 2,3DMB/MP
decreases with higher precalcination temperature (17).

Hydrogen and hydrocarbon pressure effects have also
been included in Table 2. Higher p(H,) favored hydrogen-
olysis and hampered dehydrogenation. No straightfor-
ward correlation was observed with the other products.
Benzene selectivity was not suppressed by higher hydro-
gen pressures. The high isomerization and low methyl-
cyclopentane selectivity over PtY-823, especially at
p(nH):p(H,) = 40: 120, is worth mentioning.

The mixture of EUROPT-1 and HY gave rise to pro-
nounced amounts of C, products with rather high amounts
of fragments. More hydrogen in this case favored nonde-
structive reactions.

The HY catalyst exhibited high selectivity for fragmen-
tation, but isomers and traces of other products were
also formed. The degradative selectivity was lowest at
p(nH)): p(H,) = 40:120. Selectivities at two conversion
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FIG. 5. Ratio of 2,3-dimethylbutane to the sum of methylpentanes

(2,3DMB/MP) over various Pt-NaY catalysts, at different p(nH) : p(H,).
Conversion: 10 = 1%.

values shown for HY indicate that the values are fairly
constant and, in most cases, independent of the con-
version,

The distribution of fragments shown in Table 3 indicates
a predominant random or ‘‘internal’’ fission over Pt—-NaY
catalysts and EUROPT-1. This is characteristic of metal-
catalyzed hydrogenolysis and is confirmed also by the
M; value (25) being higher than unity. A preference for
propane formation, reported also with other Pt catalysts
(18, 19, 21), is evident, ethane and butane being formed in
nearly equal but smaller amounts. Clarke et al. attributed
terminal scission to electron-rich Pt sites (26). They re-
ported preferential internal scission of n-pentane for chlo-
rine-free Pt/MgO catalysts (27). Approximately the same
amounts of complementary fragments were produced in
both cases mentioned, as opposed to the present study
where the methane excess indicated that a multiple split-
ting may have been superimposed on the predominant

TABLE 3
Distribution of Fragments from n-Hexane, nH:H, = 10:120

Fragment distribution

Conv.

Catalyst (%) G G G ¢ G Mf
PtY-633 7 37 15 18 13 17 4.1
PtY-723 9 33 16 20 15 16 5.2
PtY-823 7 32 17 21 1S 15 5.6
EUROPT-1 7 33 16 24 14 13 5.4
EUROPT-1+HY S S 4 58 19 14 45
HY 4 3 3 58 22 15 83

@ M = 3(C,-Cs)/CH, (25).
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TABLE 4

Characteristic Product Ratios [ p(nH : p(H,) = 10:120]

Ratio
Conv.

Catalyst (%) MCP/Iso Bz/Cg sat. <Cy/Cq 2MP/3MP
PtY-633 7.6 2.0 0.53 0.15 1.32
PtY-723 6.9 2.7 0.40 0.13 1.64
PtY-823 7.3 0.74 0.19 0.14 1.43
EUROPT-I 8.2 2.2 0.29 0.092 1.94
EUROPT-1+HY 8.6 0.50 0.082 1.18 1.61
HY 4 0.06 0 4.8 1.71
0.8% Pt-NaY*“ 7.7 3.1 0.75 0.115 1.92
0.8% Pt-NaX“ 8.0 3.0 0.29 0.104 1.82
0.8% Pt-KL? 7 3 0.4 0.15 1.3
0.8% Pt-KL+K?* 7 5 0.5 0.13 1.4

@ Taken from Ref. (6).

® Taken from Ref. (20), catalyst reduced by H,. Data extracted from figures.

¢ Catalyst treated with KNQO; solution.

single rupture. This situation was similar to that found
with EUROPT-1 (18). The possible difference in the elec-
tric charge of Pt particles in our three samples did not
seem to influence the fragment composition. Hardly any
methane was formed and the value of M; was very high
whenever HY was present, pointing to a prevailing acid-
catalyzed cracking (28, 29).

Table 4 compares a few product ratios calculated at the
beginning of the stabilized stage of all present catalysts
with similar values observed over other Pt-zeolite cata-
lysts. PtY-633 and PtY-723 were closest to EUROPT-I;
the formation of MCP was even higher over PtY-723 than
on Pt/Si0,. PtY-823 produced not only more isomers but
also less MCP than the others. The ratios 2MP/3MP were
below the statistical value of 2. It showed no clear-cut
dependence on pretreatment temperature or on the hydro-
gen or hydrocarbon pressure, as opposed to that reported
for EUROPT-1 (18). The ratios obtained over Pt-NaY
also over other Pt/zeolites were different from those ob-
served in the presence of HY.

DISCUSSION

Significant activity differences are seen between vari-
ous Pt—-NaY samples. Remarkably, the activity per unit
mass of Pt was higher with samples of lower metal disper-
sion; a similar result was reported and interpreted in Ref.
(17). The overall activity of Pt/zeolite catalysts was not
far from that of the physical mixture of EUROPT-1+HY,
although the state of metal particles and the relative posi-
tion of metal and acidic sites were certainly different.
Thus, bifunctionality may increase the activity but mere
activity results cannot give a final answer on the likely

nature of the active sites (metals, acids, or combined
[Pt,—H, ]** clusters).

The responses in overall activity of various catalysts
to hydrogen and hydrocarbon pressure changes were not
the same. With EUROPT-1, the ratio of n-hexane and
H, pressure was less important (19, 21) than the abso-
lute hydrogen pressure. We found a reverse situation
here. The rates were much higher and more stable at
p(rH): p(H,) = 40: 480 (and 10 : 480) than at 10 : 120. This
effect of higher hydrogen pressure has been attributed to
the competition between H, and hydrocarbons for surface
sites (30). The superiority of Pt—-NaY catalysts over the
mechanical mixture appears mainly at higher n-hexane
and hydrogen pressures (Figs. 1b and 1c¢).

The relative activity and deactivation rates of the three
Pt—-NaY samples are in good agreement with the sugges-
tion (17) that a better accessibility of metal sites in a
partially collapsed zeolite framework results in higher lev-
els of activity. As reported by Jaeger et al. (31), growing
metal particles can induce a local collapse of the zeolite
framework in Pt-loaded NaX catalysts. This phenomenon
was not considered in some older work (16). This collapse
starts even after a pretreatment at 723 K and should be
pronounced in PtY-823 where the Pt crystallites should
be situated in a partly destroyed zeolite pore system rather
than on the outer surface of the support grains. The high-
est activity of these samples is most obvious at p(n-
H):p(H,) = 40:480 (Fig. 1c). A fourfold increase in n-
hexane pressure did not affect the activity of PtY-633,
where its diffusion to the small Pt particles through zeolite
pores can be most important, but its slower deactivation
rate, as predicted in Ref. (4), manifested itself (Figs. 1b
vs lc, and Table 1). For the sake of clarity we ought to
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mention that pore diffusion control can affect the local
reactant/product ratio in the steady state whereas the
ratio H,/hydrocarbon will remain almost independent of
the location.

The selectivity pattern of HY (Table 2) illustrates that
its pure (and strong) acidic sites produce mainly fragments
and some skeletal isomers under our conditions. Pure
metal sites of EUROPT-1 give mainly C¢-saturated prod-
ucts (18, 19, 21) with lower fragmentation and aromatiza-
tion selectivities {ca. 10% each).

The general selectivity pattern of Pt—NaY catalysts
shows several analogies with EUROPT-1 (Tables 2 and
3). All products that could have formed over metal sites
appear also on Pt-zeolites. The hydrogen pressure depen-
dence and the initial changes of selectivities were similar
and so was the fragment distribution.

The high aromatic selectivity of PtY-633 is in agreement
with the predicted ability of small Pt particles to promote
C, dehydrocyclization (4, 9, 23, 32). These small particles
can be anchored to the support via [Pt,—H,]*" entities.
An increase of benzene formation parallel to the decrease
of MCP selectivity with both PtY-633 and PtY-723 may
point to the novel bifunctional aromatization route via
C; — C, ring enlargement (11) as an additional aromatiza-
tion pathway (Fig. 2). The abundance of {Pt,-H, ]** clus-
ters must be lower here than in metals supported on HY
(11, 12). The present catalysts may be analogous to
Pd-NaY, which exhibits mainly metallic properties (with
a90% ring opening and 10% ring enlargement selectivities)
at the beginning of the run (11). The anchoring function
of the protons, in turn, can still exist, obviously with the
excess metallic Ptin the clusters, i.e., n being much higher
than x in [Pt,—H,]*" entities.

Aromatization over PtY-633 is somewhat superior to
the Pt-KL sample treated with K* ions (Table 4), which
exhibited the highest benzene selectivity of several
Pt—KL samples (20). The best aromatizing catalyst of all
samples listed in Table 4 was a 0.8% Pt-NaY (6). Its
lower metal loading gave rise, probably, to still smaller
Pt particles, and hence it produced more benzene (Table
4). At the same time, the relative amount of benzene over
all 8% Pt-NaY catalysts was higher than on a highly
basic 0.8% Pt—NaX (6). Hence, we believe that the basic
support is not the only factor promoting aromatization;
the slower deactivation of the small Pt crystallites may
be more important, as was proposed by Iglesia and
Baumgartner (4).

Benzene formation via a stepwise dehydrogenation of
hexane followed by ring closure has been proposed for
monofunctional metals (33). In addition, a **direct’’ route
of aromatization seemed to appear at higher hydrogen
excess (34). Likewise, direct aromatization seems to oc-
cur in the first period of reaction over all Pt—-NaY cata-
lysts. The ability of the mixed (HY plus EUROPT-1) cata-

lyst to produce benzene and MCP in addition to isomers
and fragments is clearly seen in Fig. 3. This reaction is
probably making use of the traditional bifunctional route.

The main pathway of isomerization over metal centers
involves surface cyclopentane-like intermediates (35).
They may desorb as methylcyclopentane or as methylpen-
tanes. Since this latter reaction requires the uptake of
two hydrogen atoms, a higher hydrogen excess favors
isomerization (30), cf. Table 2. The actual hydrogen avail-
ability on the metal sites is lower with smaller particles,
hence smaller MCP/isomer ratios appeared on PtY-823
than on PtY-723. EUROPT-1 and other Pt-zeolite sam-
ples (6, 20) produced more MCP (Table 4). The selectivity
pattern of PtY-723 was closest to that observed with
EUROPT-1 (18, 19, 21), with MCP being still more abun-
dant on PtY-723 (Table 4).

In addition, another route may contribute to isomeriza-
tion on Pt—NaY catalysts of higher dispersion, probably
with the participation of [Pt,—H,]** entities, i.e., by an
acid-catalyzed reaction. The amount of 2,3DMB is a good
indicator of this pathway. Up to 5% 2,3-dimethylbutane
selectivity had been observed with Pt on an acidic support
(6), with the 2,3DMB/MP ratio being about 0.15. The
value of an analogous ratio, viz. multiple-branched/mono-
branched isomers from n-heptane over Pt—-mordenite cat-
alysts, was between 0.13 and 0.19. It decreased as the
dispersion of Pt decreased and the metallic character of
the catalyst became more pronounced (17). In the present
study, the 2,3DMB/MP ratio was significantly lower (Fig.
5). The abundance of 2,3DMB decreased in the sequence
PtY-633 > PtY-723 > PtY-823, as did the possible contri-
bution of acidic centers in isomerization. This decrease
in acidity is likely to be accompanied by the local collapse
of the zeolite framework as reported in Ref. (17) and an
enhancement of the metallic character of the catalyst.

PtY-823 exhibited an outstandingly high isomerization
and low MCP selectivity (Tables 2 and 4). A direct -
hexene — methylpentane reaction can occur with the
lowest hydrogen excess, i.e., p(nH): p(H,) = 40:120 in
the initial period of the run (Fig. 4). The selectivity pat-
terns point to a similar reaction on Pt black with more
hydrogen present (i.e., at p(nH): p(H,) = 40:480 (Fig.
4)) since higher p(H;) is necessary to maintain a similar
surface hydrogen abundance on that catalyst. (One has to
recall the enhanced alkene formation also from n-pentane
over Pt/TiO, with low hydrogen excess (26).) A MCP —
isomer route gradually displaces the hexene — isomer
reaction as hydrogen pressure increases. Isomerization
over this catalyst is thus attributed to the metallic func-
tion. The relatively large Pt particles in this sample may
contain sufficient surface hydrogen to accelerate the ring-
opening step of isomerization while the zeolite framework
prevents their deactivation (4).

The 2MP/3MP ratio (Table 4) being lower than the sta-
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tistical value for all catalysts indicates some steric hin-
drance (3) in forming and decomposing the Cs cyclic sur-
face intermediate on all Pt—-NaY catalysts. Clarke et al.
(27) claimed that this ratio was determined by the initial
point of attachment of the Cs cyclic surface intermediate
to the active sites. Similar ideas with somewhat different
surface structures were put forward by one of the present
authors (18, 36). The 2MP/3MP ratios over all three
Pt-NaY catalysts were below 2, i.e., lower than the values
near 2 with EUROPT-1 (Table 4 and Ref. (18)) and much
lower than those reported with Pt/MgO (up to ~3, Ref.
(27). This, in turn, may indicate that acidic centers also
play some role in ring opening (37). Hence, our test reac-
tion may, indeed, indicate a different primary attachment
of the surface intermediate with Pt—NaY than with Pt/
MgO. This is in good agreement with the expected reverse
direction of charge transfer in the postulated [Pt,—H,]**
entities as opposed to that assumed with Pt/MgO (27).

CONCLUSIONS

Pt—-NaY catalysts with 8% metal loading show mainly
metallic character. All Pt—NaY catalysts exhibited higher
overall activity than a monofunctional Pt/SiO,(EUROPT-
1). The higher activity of PtY-723 and especially PtY-823
as opposed to PtY-633 may be connected with the better
accessibility of metal sites bought about by opening
broader channels through the local collapse of the zeolitic
framework (17). PtY-633, with the highest dispersion,
shows the highest aromatization selectivity. [Pt,—-H, ]**
entities not only anchor the smallest Pt particles in PtY-
633 but can also contribute to aromatization and skeletal
isomerization on that sample and, to a minor extent, even
on PtY-723. The latter showed a selectivity pattern closest
to that of EUROPT-I. The pronounced isomer selectivity
of PtY-823, the temporal evolution of which resembled
that observed with unsupported Pt black, is attributed to
its enhanced metallic properties.
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