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Reactions of n-Hexane over Pt-Zeolite Catalysts of Different Acidity
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Pt-HY, Pt-NaHY, Pt-NaY, and Pt-NaX catalysts, which possess
decreasing acidity and increasing basicity in the above sequence,
were tested at 603 K in n-hexane conversion as a model reaction.
Pt-HY and Pt-NaHY, which are acidic, are more active by about an
order of magnitude than the two non-acidic catalysts. Selectivities
measured at different hydrocarbon and hydrogen pressures are
presented as a function of the overall conversion. Pt-HY and Pt-
NaHY produce mainly skeletal isomers, fragments and, at most,
minor amounts of benzene. Fragment composition indicated that
pronounced cracking occurs over Pt-HY only, together with minor
hydrogenolysis on the metallic centers. This latter reaction is re-
sponsible for most fragments over the other three catalysts. Metal-
catalyzed Cs-cyclic isomerization, ring closure, and pronounced
aromatization prevail over Pt-NaY and Pt-NaX. The latter behaves
like a typical non-acidic metal catalyst. Pt-NaY exhibits an out-
standing aromatization selectivity which can possibly be attributed
to the interaction of basic centers of the framework with the Pt
particles rather than to geometric reasons. <© 1994 Academic Press, Inc.

INTRODUCTION

Pt-zeolite catalysts have obtained a considerable impor-
tance in reforming C,—C, hydrocarbons (1). Their zeolite
supports are, as a rule, non-acidic (e.g., K- or Ba-L zeo-
lite). Hydrocarbons should, therefore, undergo metal-cat-
alyzed transformations over these catalysts, as opposed
to the bifunctional reactions occurring over traditional
reforming catalysts (2) or metals supported on strongly
acidic zeolites. The detailed mechanism of action of these
catalysts is still not clear: either geometric or metal-sup-
port interactions have been suggested as possible reasons
for their outstanding activity. The ‘‘confinement model’’
(3) belongs to the first category: it assumes a direct ring
closure in the narrow zeolite channels over single Pt atoms
exposed in zeolite windows. Another explanation as-
sumes a hindered deactivation of metallic sites in the
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narrow zeolite pores which present unfavorable geometry
for polymerization of unsaturated residues (4). The possi-
ble interplay of metallic sites and acidic sites of various
strength would render a bifunctional mechanism possible.
The introduction of Pt into the zeolite by ion exchange
and its subsequent reduction by H, creates acidic sites
in the vicinity of metal particles (5) which can and do
participate in skeletal hydrocarbon transformations. For
example, enhanced isomerization of n-hexane has been
reported over Pt-KL reduced by H, as opposed to a Pt-
KL where acidity was suppressed by second ion exchange
with KNO, after reduction (6). On the other hand, Pt
catalysts on basic supports have been found to be favour-
able for aromatization (7).

The problem of the catalytic properties of metallic and
acidic/basic sites present simultaneously can be studied
systematically with Pt over zeolitic supports of controlled
acidity. Such catalysts have been prepared and character-
ized recently (8—10). The infrared wavenumbers of lin-
early adsorbed CO indicate that the acidity decreases in
the order Pt-HY, Pt-NaHY, Pt-NaY, Pt-NaX. The basic-
ity of framework oxygen increases in the same sequence
(11). No benzene formation from n-hexane was reported
at 773 K over the first two samples at 773 K; the activity
of Pt-KL fell between that of Pt-NaY and Pt-NaX (8).
Their benzene hydrogenation activity decreased as elec-
tron transfer from the support to Pt increased over more
and more basic catalysts (9).

n-Hexane is the simplest alkane that is able to undergo
Cs-cyclization and Cs-cyclic isomerization as well as aro-
matization, fragmentation, and other types of metal- and/
or acid-catalyzed isomerization processes. Among sev-
eral possible model hydrocarbons, it seemed to be a suffi-
ciently versatile probe molecule even for testing Pt-KL
catalysts of various acidity (6). The present paper reports
on its reactions over a series of Pt-zeolite catalysts of
low metal loading, high dispersion and different acidity
(8, 9). A well-characterized (12) non-acidic 6% Pt/Si0,
(EUROPT-1) was selected for comparison. Another ap-
proach, describing the interplay of metallic and acidic
centres in mechanical mixtures of HY and EUROPT-1 is
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reported in a companion article (13). The temperature of
the reaction (603 K) is closer to that of other laboratory
studies of model hydrocarbons (14, 15) than to the condi-
tions of industrial reforming. We hope, nevertheless, that
the information obtained will be useful in elucidating the
actual mechanisms of skeletal hydrocarbon transforma-
tions over such catalysts.

EXPERIMENTAL

Four catalysts (Pt-HY, Pt-NaHY, Pt-NaY, and Pt-
NaX) have been prepared according to Refs. (8-10). Pt-
HY was received as Pt-NH,Y and decomposed in situ in
the catalytic reactor. Some of the important characteris-
tics of these catalysts are given in Table 1. About 10 mg
of each catalyst was calcined in O, (flow rate, 30 liter
h~!), according to a temperature programme (10 K h™!)
from 300 to 573 K and kept at 573 K for 3 h. The flow
was then switched to N, and the temperature increased
to 623 K during 1 h. Then H, was gradually introduced
to the N, stream and the catalysts were kept in a flow of
3 liter h~! H, overnight.

Catalytic runs with n-hexane (nH) model reactant were
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TABLE 1
Characteristics of Pt-Zeolite Catalysts

Pt
Na atom
Na (per unit m.d. D?
Catalyst (w/w %) cell) (w/w %)  (nm) (%)
Pt-HY 0.77 4 0.77 1.2 86
Pt-NaHY 5.4 31 0.73 1.1 96
Pt-NaY 8.25 49 0.80 1.2 84
Pt-NaX 13.1 84 0.82 1.3 78

4 Mean particle diameter, according to Ref. (7).
b Dispersion, as determined by hydrogen titration, Ref. (7).

carried out in a closed circulation loop (13, 16) at 603 K, at
two n-hexane pressures (10 and 40 Torr) and two hydrogen
pressures (120 and 480 Torr). The total pressure was the
sum of the H, and n-hexane pressure (no inert gas added).
Regeneration between runs was carried out by treating
the catalyst with O,, evacuating and then with H, (16).
The amount of Pt was between 0.07 and 0.13 mg with
each catalyst, including also EUROPT-1. A few compara-
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Specific activity of various catalysts, umol transformed per unit mass of Pt at various hydrocarbon and hydrogen pressures as a

function of the reaction time. T = 603 K. (a) Pt-HY (0.085 mg Pt) and EUROPT-1 (0.13 mg Pt); (b) Pt-NaHY (0.10 mg Pt); (c) Pt-NaY (0.072

mg Pt); (d) Pt-NaX (0.115 mg Pt).
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tive runs were also carried out with a pure HY zeolite
catalyst (13).

A 50-m by 0.32-mm fused quartz capillary column
(coated with CP Sil 5) was used for analysis. It separated
well most products from methane to benzene under iso-
thermal conditions except for ethane, ethene, propane,
and propene, which could not be separated.

RESULTS

a. Catalyst Activity

Figure 1 shows the amount of transformed n-hexane
per mass unit of Pt as a function of the sampling time
(note the different time and activity scales). The activity
of Pt-HY and Pt-NaHY was higher by about an order of
magnitude than that of Pt-NaY or Pt-NaX, with
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EUROPT-1 in an intermediate position. Hardly any deac-
tivation was observed with Pt-HY and Pt-NaHY, as op-
posed to the other two zeolitic catalysts.

b. Catalyst Selectivity

Selectivity values (§) are shown in Table 2 at similar
overall conversions (4-5%) in the sequence of decreasing
acidity of the catalysts. Because of the different catalytic
activities, different contact times belong to the values
shown in the table which, unlike the results shown in Fig.
1, have not been corrected for the different Pt content of
the catalysts.

The HY sample without Pt loading produced almost
exclusively fragments and isomers. The amount of iso-
mers relative to that of the fragments increased over Pt-
containing catalysts. A dramatic drop in the fragmentation

TABLE 2

Selectivity of n-Hexane Transformation over Various Pt-Zeolite Catalysts®

Selectivity S (%)

Conversion
Catalyst p(nH):p(Hy) X (%) <Cg Iso MCP Bz Hexenes
HY (12 mg) 40: 120 4.0 63 45 1 0 1
10: 120 3.6 82 16 2 0 0
40:480 4.4 64 34 1 0 1
10:480 3.5 82 17 | 0 0
Pt-HY (11 mg) 40:120 4.3 49 34 1 0 16
10: 120 5.1 17 53 1 0 29
40: 480 33 14 74 1 1 10
10: 480 34 11 79 2 3 5
Pt-NaHY (14 mg) 40:120 5.0 3 51 5 6 35
10: 120 4.2 5 51 9 15 20
40: 480 4.1 5 44 16 15 20
10:480 4.0 9 38 24 27 2
Pt-NaY (9 mg) 40:120 4.4 3 12 29 30 26
10:120 5.2 6 11 34 32 17
40: 480 3.9 4 18 40 38 1
10: 480 4.7 6 19 37 38 0
Pt-NaX (14 mg) 40:120 4.2 7 15 4] 17 20
10:120 3.8 7 14 45 15 19
40:480 4.6 7 44 36 10 3
10: 480 5.5 9 49 32 10 0
EUROPT-1 (2.1 mg) 40:120 3.3 b 8b 29 11 47
10:120 5.3 8 20 44 17 11
40: 480 5.1 8 37b 43 10 2
10:480 4.8 9 45° 32 12 2
8% Pt-NaY* 40: 120 4.1 8 25 25 18 24
10:120 4.8 12 18 36 24 10
40: 480 5.6 12 28 34 24 2
10: 480 3.8 18 21 35 23 3
9T = 603 K.

b Containing 0.2 to 0.5% 2,3-dimethylbutane.

¢ Sample according to Ref. (17) (pretreated at 633 K).
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selectivity (to or below 10%) is seen with Pt-NaHY and
with the catalysts having still lower acidity. Isomerization
selectivity decreased monotonically in parallel with de-
creasing catalyst acidity. The isomers consisted mainly
of 2- and 3-methylpentanes. While the formation of meth-
ylcyclopentane (MCP) was negligible over catalysts HY
and Pt-HY, more MCP was formed over Pt-NaHY where
also a marked hydrogen effect could be observed. MCP
had the highest selectivity over Pt-NaY, Pt-NaX, and
EUROPT-1. An opposite hydrogen dependence of iso-
merization and Cs-cyclization appeared over the latter
two catalysts. Pt-NaY produced mostly benzene, aro-
matic selectivity being less over Pt-NaX with still lower
catalyst acidity. Increasing hydrogen pressures favor also
aromatization of n-hexane over each catalyst, except for
Pt-NaX.

The introduction of Pt to a HY zeolite resulted in the
appearance of olefins (various n-hexene isomers). Their
formation was suppressed by increasing hydrogen pres-
sures.

Table 2 also includes results obtained over a 8% Pt-
NaY catalyst (17). The general trends were the same in
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both cases; however, the Pt-NaY catalyst with the higher
metal loading had a lower benzene selectivity.

c. Selectivities at Various Contact Times

The change of selectivity varies with increasing conver-
sions (§ vs X curves) may supply additional information
as far as the possible reaction pathways are concerned.
Primary products have finite S values and secondary prod-
ucts have zero § values extrapolated to zero conversion
(18, 19). Selectivities as a function of the conversion ob-
tained at p(nH):p(H,) = 10:120 over all four zeolite-
supported catalysts are shown in Fig. 2.

Isomers and hexenes were the main products over Pt-
HY at low conversion values (Fig. 2a). The selectivity of
hexenes was not negligible in this range of low conver-
sions, the curves of olefins and isomers having an opposite
trend at the beginning of the run. Further on, isomer
selectivity remained constant at around 50% and that of
fragments increased at the expense of hexenes. Hardly
any MCP and no benzene was observed.

Skeletal isomers predominated over Pt-NaHY in the
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FIG. 2. Seclectivities of various product classes (<C, fragments; MP, methylpentanes; MCP, methylcyclopentane; Bz, benzene; Hex, hexenes;
DMB, dimethylbutanes) as a function of the overall conversion, X (%). T = 603 K, p(nH):p(H;) = 10:120. (a) Pt-HY; (b) Pt-NaHY; (c) Pt-

NaY; (d) Pt-NaX.
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whole conversion range. Their selectivity increased at the
expense of hexenes. Benzene selectivity decreased and
that of fragments increased, whereas the S value of meth-
ylcyclopentane remained practically constant with in-
creasing conversion (Fig. 2b). All these products had non-
zero selectivities extrapolated to zero conversion;i.e., all
of them were real primary products.

The number of primary products was lower over the
other two catalysts. Hexenes belonged to them over both
Pt-NaY and Pt-NaX (Figs. 2c and 2d). Their selectivity
dropped to rather low values with increasing conversion
(the respective contact times were actually higher by al-
most an order of magnitude with these catalysts than
with Pt-NaHY). The aromatizing ability of Pt-NaY was
outstanding in the whole conversion range and so was its
Cs-cyclization selectivity. Both fragments and isomers
seemed to be secondary products (Fig. 2c¢).

Two primary products, namely hexenes and methylcy-
clopentane, seemed to be produced over Pt-NaX (Fig.
2d); of these, the selectivity of MCP was highest above
ca. 2-3% total conversion.

Methylpentanes represented the main body of skeletal
isomers. Dimethylbutanes were present in much lower
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amounts. These products have been plotted separately
in Fig. 2 to demonstrate that their selectivity decreased
markedly with decreasing catalyst acidity. 2,2-Dimethyl-
butane was observed over Pt-HY and Pt-NaHY only, with
rather low selectivities (up to 1%).

d. Hydrogen Pressure Sensitivity
at Various Conversions

The increase of absolute hydrogen pressure did not
increase the rate of conversion at 10 Torr n-hexane pres-
sure but did so at p(nH) = 40 Torr, except for Pt-NaHY
where the relative rate was highest at p(nH):p(H,) =
40:120 (Fig. 1). At identical pressure ratio, higher rates
were observed at the higher total pressure. This was espe-
cially marked with Pt-HY and EUROPT-1 (Fig. 1a).

The similar S vs X curves of n-hexane reactions had a
pronounced hydrogen sensitivity over EUROPT-1 (19).
A comparison of these values over three catalysts (Pt-
NaHY, Pt-NaY, and Pt-NaX) with a reactant mixture
p(nH):p(H,) = 10:480 could reveal if there were any
hydrogen effects and if so whether they were similar to
those observed with the non-acidic EUROPT-1 catalyst.

754 75 -
a o <cg b

o] <C
+  MP 6

50 + MP

A McP
y K" R 4 Mcp
- u) Hex ~
(4]
25 _:z______‘__,_a m * Bz
A “*s“\‘ s Bz
e DMB
%O_O_ —e —o e DMB
8
o m - X
o} 5 10 15 20
X, %
(o] <cs
* + MP
) 4 McCP
¢ Bz
o . S -—
[¢] 5 10 15 20
X, %
FIG. 3. Selectivities of various product classes as a function of the overall conversion, X (%). T = 603 K, p(nH):p(H,) = 10:480. (a) Pt-

NaHY; (b) Pt-NaY; (¢) Pt-NaX. Abbreviations are as in Fig. 2.
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Essentially the same trends were observed in the § vs
X plot over Pt-NaHY in Fig. 3a as in Fig. 2a but the actual
S values were different. The selectivity of isomerization
was highest but its value remained below 50%; those of C,-
cyclization and aromatization, in turn, increased, together
with a much lower initial hexene selectivity.

Hexenes did not appear over Pt-NaY and Pt-NaX at
this p (H,); at the same time, isomers seemed to remain
secondary products, in spite of their much higher actual
selectivity (Figs. 3b and 3c¢). Cs-cyclization was more pro-
nounced at a higher hydrogen pressure. This agrees well
with previous experience (19, 20); the higher benzene
selectivity at higher p (H,) was, however, unexpected. No
marked hydrogen effect appeared in the selectivity of
dimethylbutanes.

e. Hydrocarbon Pressure Sensitivity

Higher reaction rates were observed at 40 Torr than
at 10 Torr n-hexane pressure at any hydrogen pressure,
except for Pt-HY where the rate was higher at the 10: 120
conditions than at 40: 120 (Fig. 1).

Higher n-hexane pressure (40 Torr) considerably
slowed down the reactions. The results included in Table
2 for a pressure ratio p(nH):p(H,) = 40:120 can be
regarded as typical: an enhanced hexene formation (de-
creasing much more slowly during the run) and much
lower S values of all other products than with a ratio of
10: 120 were observed. The priorities of product forma-
tion over all three catalysts did not exhibit dramatic
changes.

The S vs X curves at a pressure ratio p(nH): p(H,) =
40 : 480 resembled those observed with p(nH):p(H,) =
10: 120, the hydrocarbon-to-hydrogen ratio being equal
to 1:12 in both cases. At p(nH):p(H,) = 40:480, the
hexene selectivity dropped more rapidly than at 10: 120
and, at higher conversions, slight changes of the actual
S values were also seen: e.g., S;,, went up to 55-60%
over Pt-NaHY instead of 65-70%. Both Sycp and S,
were higher over Pt-NaY. Pt-NaX gave lower MCP and
higher isomer selectivities.

[f. Product Distribution

Various product ratios have been considered as charac-
teristic of the geometry, acidity, or surface state of sup-
ported Pt catalysts. For example, the ratio benzene/(ben-
zene + fragments) was suggested to be characteristic of
the position of Pt in or on zeolites: lower ratios would,
accordingly, indicate more particles on the outer zeolite
surface (21). This ratio changed roughly parallel to particle
size even at this low temperature and pressure (6). In our
case, very low values (0.01 to 0.12) were seen with Pt-
HY. Much higher ratios (higher than 0.4) appeared with
the other three catalysts, the maximum values (0.77 to
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0.86) being observed over Pt-NaY. These values in-
creased with the conversion under the same conditions
(in accordance with Figs. 2 and 3).

The isomer ratios (2-methylpentane/3-methylpentane,
2MP/3MP) have been suggested to depend on, among
other factors, the acidity of the catalyst, lower values
indicating acidic isomerization (6, 22, 23). Hydrogen pres-
sure is another factor (20, 24) together with Pt geometry;
this latter factor includes also the presence of ‘‘adlineation
sites’” at the metal-support borderline (25). In the present
study, 2MP/3MP was between 1.4 and 1.9 with Pt-HY,
Pt-NaHY, and Pt-NaY, whereas values around 2 are ob-
served over Pt-NaX, supporting the importance of acidity
in our case.

The benzene/methylcyclopentane (Bz/MCP) ratio has
been found to increase with temperature and decrease
with increasing pressure (26, 27), and may be characteris-
tic of the amount of hydrogen availability on the active
centers of Pt catalysts. The values of the benzene/C, satu-
rated ratio (considering both MCP and isomers as prod-
ucts of the same surface intermediate) have been collected
in Table 3. These values depend on the nature of the
catalyst rather than on the hydrogen pressure: low values
are characteristic of the acidic catalysts (exhibiting high
isomerization selectivity) as well as of Pt-NaX where the
formation of C, saturated products prevails.

The distribution of fragments is shown in Fig. 4 for the
runs shown also in Table 2 (or similar ones at X = 4-5%).
Whenever butenes, pentenes, and/or isobutane and iso-
pentane were present (mainly at lower hydrogen excess
over Pt-HY and Pt-NaHY), the respective C, and C; frac-
tions contain also their amounts. Results obtained with a
mechanical mixture of EUROPT-1 plus pure HY (13) have
also been included in Fig. 4 for comparison.

TABLE 3

Hydrogen Effects on C;- and C; Ring Formation
over Various Zeolites

Conversion Ratio benzene/  Ratio benzene/
Catalyst p(nH):p(H.) X (%) C, saturated MCP
Pt-HY 40:120 6.7 0.01 0.8
10:120 11.3 0.02 —
40: 480 10.9 0.01 0.6
10: 480 8.9 0.02 0.95
Pt-NaHY 40:120 10.8 0.08 1.5
10:120 11.7 0.20 1.6
40: 480 10.5 0.21 1.1
10: 480 11.3 0.46 14
Pt-NaY 40:120 10.1 0.80 1.3
10:120 10.6 0.81 1.1
40:480 11.3 0.55 1.1
10: 480 11.7 0.62 1.3
Pt-NaX 40:120 53 0.31 0.43
10: 120 10.1 0.25 0.35
40: 480 8.9 0.11 0.33
10: 480 9.6 0.11 0.36
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from Ref. (13).

The product composition may be informative whether
a hydrogenolysis or cracking mechanism prevails. This
is the situation with the mixed catalyst. Pt-HY is the only
catalyst where the formation of C, and C, fragments was
minor, especially at p(H,): p(nH) = 10:120. A marked
methane excess indicates a multiple fragmentation super-
imposed on single rupture (20) in all other cases. The
product distribution resembled that observed over com-
pletely non-acidic EUROPT-1 (with a slight preference
of middle rupture); hence, it can be stated that hydrogeno-
lysis rather than cracking is the main process of fragmenta-
tion. Less methane was formed at higher hydrogen pres-
sure (Fig. 4b) and the distributions, even with Pt-HY,
were still closer to that appearing over EUROPT-1. How-
ever, at higher conversion cracking reactions were more
important (e.g., at ca. 25% conversion the amount of
propane already exceeded that of the methane over
Pt-HY).

DISCUSSION

The activity of the Pt-zeolite catalysts can be classified
into two groups: those having more pronounced acidity
(Pt-HY and Pt-NaHY) constitute the first group and are
more active by an order of magnitude than the others in
the second group where acidity is suppressed. EUROPT-1
is between the two classes, similarly to various Pt-KL.
catalysts (6).

Increasing the hydrocarbon pressure from 10 to 40 Torr
(at identical pressure ratio) increased also the reaction
rates, although less than proportionally (except with Pt-
HY), indicating that a saturation coverage with hexane
was approached but not reached. This type of dependence
of the overall rate on the n-hexane pressure resembled
that observed with EUROPT-1 (12, 16). On the other
hand, the effect of hydrogen on overall rate was much
less marked.

The deactivation of acidic samples was almost unno-
ticeable, wheres that of non-acidic samples was pro-
nounced. A specific feature of the applied closed circula-
tion loop is that the hydrogen on the active metal
surface of the catalyst (‘*"Pt-H'") is gradually replaced
by not too deeply dehydrogenated hydrocarbons and
becomes a ‘‘Pt-C-H’" system (28). The degree of the
coverage of the metal and the extent of dehydrogenation
of sorbed hydrocarbon is a function of the hydrocarbon/
hydrogen pressure ratio (28a). Pt deactivation occurs
when this surface ‘‘hydrocarbon pool” is gradually
dehydrogenated further to give a ““Pt-C*’ catalyst (29,
30). (One has to recall earlier assumptions (12) that one
C, molecule may be sufficient to cover the free metal
atoms of a small Pt particle with dimensions of 1-2 nm
and that its gradual dehydrogenation can do this work.)
Apparently, deactivation is slower in the presence of
acidic centers. The present experiments point to a higher
rate of migration of coke precursors from metal to the
support in the presence of acidic sites. It must be
stressed that this statement should be valid for the
behavior of coke precursors during a catalytic run. The
behavior of a ‘‘stabilized coke’ was reported to be
different: coke on acidic support sites was more resistant
to oxidation than coke on metallic centers (31).

The main function of Pt on a HY support was dehydro-
genation (producing olefins). There was a short initial
period (Fig. 2a) with decreasing isomer and increasing
olefin selectivity, corresponding to the rapid initial re-
placement of surface hydrogen by surface hydrocarbons
(19). It is just the presence of “‘Pt-C-H™ entities that
prevents the complete rehydrogenation of hexenes, as
observed also when hexenes were used as reactants over
Pt/Si0, (30). A further decrease of hexene selectivity was
accompanied by a parallel increase of fragmentation. This
may mean a rapid deactivation of the metallic sites with
a concomitant more and more important fragmentation
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over acidic sites (cf. Figs. 1a and 2a). The overall activity
remained apparently constant during all these selectivity
changes. The complete absence of methylcyclopentane
over Pt-HY indicates the absence of Cs-cyclic surface
intermediates (15), and hence isomers were probably not
produced over metallic sites in this catalyst.

The predominant reaction over both acidic catalysts
was acid-catalyzed isomerization. The acidity of our sam-
ples was apparently not sufficient to bring about massive
cracking, its extent being comparable with that of isomer-
ization over Pt-HY and rather unimportant over Pt-
NaHY. This is confirmed also by the fragment distribution
(Fig. 4), which points to detectable cracking over Pt-HY
only. A mechanical mixture of EUROPT-1 and HY (13)
produced more C, fragments and less methane than any
of the zeolite-supported Pt catalysts. This indicates that
our Pt-zeolite catalysts possessed a lower acidity. The
hydrogen effect on Pt-HY is remarkable: at lower hydro-
gen excess it behaves like the mechanical mixture whereas
higher hydrogen pressure enhances the relative impor-
tance of hydrogenolysis to a higher extent than with the
mixed catalyst.

Isomers were the main products over Pt-NaHY. The
rather low selectivity of MCP indicates that some metal-
catalyzed isomerization took place. The methylcyclopen-
tane selectivity was higher at higher p (H,); with a purely
metal-catalyzed pathway, it would decrease and that of
isomers would increase (19, 20). This inverse hydrogen
response points to the minor importance of the metal-
catalyzed isomerization pathway over Pt-NaHY, also.

Pt-HY was totally inactive in aromatization. No ben-
zene formation was reported from n-hexane over Pt-
NaHY at 773 K (la, 8). Some benzene has been found in
the present study but the benzene selectivity was rather
low also over Pt-NaHY. Aromatization seems to be a
largely metal-catalyzed process under these conditions.

Much higher MCP selectivities were observed over Pt-
NaY, together with an enhanced aromatization. The pri-
mary character of methylcyclopentane is obvious (Fig.
2¢); the maximum in the curve for MCP indicates that it
reacted further to give isomers which were not primary
products over this catalyst. The response of Syqp and
Sisomer t0 hydrogen pressure changes was typical for a
metallic catalyst: higher p (H,) enhances isomerization at
the expense of Cs-cyclization (16, 19, 20, 26). It is, how-
ever, unexpected that higher hydrogen pressure favors
aromatization. The opposite trend of hexene and benzene
selectivity (Fig. 2¢) indicates that the aromatization route
involving unsaturated intermediates (14, 32) prevailed
here. Hexenes disappeared more rapidly at p(nH):
p(H,) = 40:480, MCP and benzene selectivities being
otherwise similar to those shown in Fig. 2c. With high
hydrogen excess (Fig. 3b), no hexenes appeared; benzene
seemed to be a primary product, formed probably by a
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“direct route’” (33). This may be another example of a
‘*mechanism changeover’’ caused by hydrogen (19, 20,
34).

The selectivity changes on Pt-NaX (Figs. 2d and 3¢)
showed a pattern typical of a supported metallic catalyst
favoring, first of all, the formation of C, saturated prod-
ucts. Their hydrogen response as well as that of benzene
(suppressed by higher hydrogen pressure) corresponded
to earlier observations (16, 19, 20). The initial selectivity
changes (Fig. 3c) were similar to those reported for
EUROPT-1 (19), corresponding to the changes from the
Pt-H to the Pt-C-H state.

Although the amount of 2,2- and 2,3-dimethylbutanes
was marked over acidic Pt-HY and Pt-NaHY only, it has
to be stressed that probably a “*bond shift’’-type of metal-
catalyzed isomerization produced some 2,3-dimethylbu-
tane over Pt-NaY, Pt-NaX (Figs. 2¢c and 2d), and even
EUROPT-I (Table 2).

Two of our catalysts (Pt-HY and Pt-NaHY) behaved
like acidic catalysts with some additional metal function,
and the two others (Pt-NaY and Pt-NaX) like a metal on
a non-acidic support (similar to Pt/SiO,). The interaction
of centers which are acidic and metallic, or alternatively
basic and metallic, can be regarded as responsible for the
subtle features of each catalyst. The most remarkable of
these is the enhanced benzene selectivity over Pt-NaY
which shows also a non-typical hydrogen response. Re-
cent results reported high aromatization selectivity on Pt/
MgO (7a). One possible explanation of this phenomenon is
the enhanced aromatization activity of Pt sites interacting
with the basic support (7b, 35). Hence, it is not excluded
that the interaction of moderately basic sites with Pt re-
sulting in electron donation to the metal, which has been
demonstrated experimentally (8), is the main reason for
the outstanding aromatization selectivity. At the same
time, the lower aromatization selectivity of the more basic
Pt-NaX indicates that other factors such as metal geome-
try (20, 36, 37) may also be important. The Pt-NaY sample
of the present study produced higher benzene selectivities
than any of the KL samples previously studied (6) and
than any of a series of 8% Pt-NaY catalysts pretreated at
different temperatures (17). The series Pt-HY, Pt-NaHY,
and Pt-NaY may exemplify that the acid-base properties
can be more important than structure effects. Pt-NaX
with highest basicity, in turn, was more active in Cs-cyclic
reactions than in aromatization (Table 3), indicating that
acid-base properties may not represent the exclusive fac-
tor responsible for the catalytic properties exhibited in
n-hexane reactions.
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