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KLTL zeolite-supported platinum catalysts were synthesized
from aqueous tetraammineplatinum(ll) nitrate solutions and
nonacidic KLTL zeolite crystallites, including some with dimen-
sions as little as 300 x 500 A. The zeolite crystallites had various
morphologies, some being predominantly disk-shaped particles and
some predominantly mosaics of rod-like domains with a range of
c-dimension lengths. The activity and selectivity of each catalyst
were evaluated for dehydrocyclization of n-hexane in the presence
of H, to form predominantly benzene at conversions of typically
45-90%. The data presented here provide a detailed characteriza-
tion of the deactivation of such catalysts in the absence of sulfur.
EXAFS data show that the platinum in each catalyst was present in
clusters of about 20 atoms each, on average. Electron micrographs
show that the platinum clusters were nearly evenly dispersed on the
surfaces of the zeolite crystallites, including the intracrystalline and
extracrystalline surfaces. The catalytic performance was virtually
independent of the zeolite channel length, but activity, selectivity,
and resistance to deactivation were found to be correlated with the
ratio of the surface area external to the crystallite domains to that
within the intracrystalline pores. The catalyst performance is de-
pendent on this ratio (which is related to the zeolite morphology)
as follows: in comparison with the others, the catalysts with the rel-
atively low fractions of platinum outside the intracrystalline pores
are more active, more selective for benzene formation, and more
resistant to deactivation. One well-prepared catalyst, for example,
gave greater than 90% selectivity for benzene and no measurable
deactivation over 140 h of operation in a flow reactor at 420°C and
atmospheric pressure. These data match those characterizing the
most selective catalysts reported. Consistent with the interpretation
of E. Iglesia and J. E. Baumgartner (in “New Frontiers in Cataly-
sis” (L. Guczi, F. Solymosi, and P. Tetenyi, Eds.), p. 993, Studies in
Surface Science and Catalysis, Vol. 75. Elsevier, Amsterdam, 1993),
catalyst deactivation is associated with platinum outside the zeo-
lite pores; it is hypothesized that coke formation outside the pores
is relatively rapid and that a distinguishing characteristic of the
best catalysts is the presence of most of the platinum in the in-
tracrystalline pores, where coke formation may be inhibited by the
constraints of the pores.  © 1998 Academic Press
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INTRODUCTION

Platinum clusters in basic LTL zeolite are active, sta-
ble, and selective catalysts for the dehydrocyclization of
straight-chain alkanes to give aromatics (1-4). An indus-
trial process is carried out with such catalysts for the se-
lective reforming of naphtha to give aromatics to be used
as petrochemical intermediates (5). High selectivities have
been observed with platinum on various nonacidic supports
(6-9), and the best of the known catalysts for this process
are platinum clusters supported in LTL zeolite. Reviews of
this subject have appeared recently (10, 11), and critical as-
sessments are included in the papers by Miller et al. (12)
and McVicker et al. (13).

The reasons for the high dehydrocyclization selectivity
of platinum supported on LTL zeolite are still not fully
resolved. There is a consensus that the support must be
nonacidic and that the catalyst is monofunctional, with plat-
inum providing the catalytic sites. High selectivities for de-
hydrocyclization are associated with small clusters of plat-
inum; these have been found to be as small as about 5-12
atoms in nuclearity (14).

Davis and Derouane (8) found that platinum supported
on basic, high-surface-area magnesia-alumina was as active
and selective as a sample of platinum supported on LTL
zeolite, and Iglesia and Baumgartner (7) found that, prior
to rapid deactivation during n-heptane conversion in the
presence of H, (in the absence of sulfur), platinum sup-
ported on silica was as active as an LTL zeolite-supported
catalyst. The results led these authors, and others (9-11), to
emphasize the importance of the platinum cluster size.

Iglesia and Baumgartner (7) found that silica-supported
platinum underwent much more rapid deactivation than
their zeolite LTL-supported platinum, and they inferred
that bimolecular self-poisoning reactions that led to deac-
tivation of platinum on silica were not significant when the
platinum was confined as clusters in the zeolite pores. This
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interpretation is supported by NMR results of Sharma et al.
(15) for CO adsorbed on platinum in each of the two types
of catalyst. These results are consistent with the attribu-
tion of the high selectivities of the zeolite LTL-supported
catalysts to a high intrinsic selectivity combined with sta-
bility of platinum clusters confined in the zeolite LTL
pores.

Miller et al. (12), agreeing with the importance of the
small platinum cluster size and the need for a nonacidic
support, concluded that part of the reason for the high se-
lectivity of platinum in LTL zeolite for n-hexane dehydro-
cyclization at 420°C is the unique geometry of the LTL ze-
olite pores, whereby the adsorbed n-hexane is presumably
aligned in the pore in a manner that favors 1-6 ring clo-
sure in the alkane (consistent with the earlier suggestion of
Derouane and Vanderveken (16)). Miller’s evidence for this
geometric effect is his experimental ratios of the rate of 1-6
ring closure to the rate of 1-5 ring closure at about 10%
conversion of n-hexane in the presence of catalysts consist-
ing of highly dispersed platinum on various supports, char-
acterized by hydrogen chemisorption (12). This ratio was
found to be about 1.3 when the support was zeolite LTL
and substantially less when the supports were other zeo-
lites or mesoporous solids. On the other hand, Mielczarski
etal. (9), who made measurements similar to those of Miller
etal. (12), butatahigher temperature (460°C), observed de-
hydrocyclization selectivities at conversions of about 15%
that did not depend on the pore structure of the various
zeolites and mesoporous solids; these authors concluded
that the platinum dispersion (characterized by hydrogen
chemisorption) and not the pore size was important in af-
fecting the selectivity.

There are only a few reports of deactivation of LTL
zeolite-supported platinum catalysts, and almost all are con-
cerned with deactivation in the presence of sulfur. Hughes
etal. (3) reported the sensitivity of the catalyst to sulfur poi-
soning, and McVicker et al. (13) presented data illustrating
the rapid catalyst deactivation caused by sulfur poisoning.
The latter authors concluded that sulfur compounds caused
migration of the platinum to form clusters large enough to
block the zeolite pores and thus isolate the platinum within
them. They found that regeneration gave catalysts with in-
creased resistance to sulfur poisoning (17), but regenera-
tion did not lead to full recovery of the activity. Vaarkamp
et al. (18) found that exposure of the catalyst to sulfur in-
creased the platinum cluster nuclearity from about 6 atoms
to about 13 atoms, on average; the 13-atom clusters, if spher-
ical, would be approximately 8 A'in diameter, large enough
to block the zeolite pores.

Our objectives were to prepare and characterize highly
dispersed Pt/LTL zeolite catalysts by using zeolite crystal-
lites of relatively well-defined morphology and size and
to determine how the morphology and preparation meth-
ods affect the catalytic activity, selectivity, and stability
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in n-hexane conversion in the absence of sulfur. Various
batches of LTL zeolite crystallites were prepared, with most
of the crystallites being extremely small and offering the
prospect of good characterization by transmission electron
microscopy (TEM) to allow determination of the distribu-
tion of platinum inside and outside the pores. The platinum
clusters were characterized by extended X-ray absorption
fine structure (EXAFS) spectroscopy, and the catalyst per-
formance was determined for high conversions of n-hexane
in Hy at 420°C. The data reported here are the first giv-
ing detailed evidence of the deactivation of LTL zeolite-
supported platinum catalysts for alkane dehydrocyclization
in the absence of sulfur.

EXPERIMENTAL METHODS

Catalyst Preparation

One of the samples of LTL zeolite (Sample 1, Table 1)
was provided by Miller; it is similar to samples described in
his work (6, 12). Other zeolite samples were synthesized as
described elsewhere (19). Each zeolite was calcined in air
at 590°C for 2 h.

The platinum precursor was tetraammineplatinum ni-
trate (Strem, 99%). Small amounts of each zeolite sample
(0.14-1.5 g) were impregnated with an aqueous solution of
the precursor by the incipient wetness method. Each im-
pregnated sample was dried at room temperature under
vacuum for 1 h, calcined in air at 260°C for 3 h, and re-
duced in flowing H, at 500°C for 1 h (60 cm®/min, 1 atm).
One of the samples (Sample 3, Table 1) was treated with
additional KCI, added after the zeolite had been neutral-
ized (by washing to a pH of 7) and prior to the addition
of platinum. Table 1 is a summary of the catalyst samples
with the notation used to designate them and details of the
synthesis and characterization.

Catalytic Reactions

The catalytic conversion of n-hexane (Aldrich, 99.3%,
with impurities of 0.6 wt% methylcyclopentane (MCP) and
0.1 wt% 3-methylpentane) was carried out at atmospheric
pressure in a once-through stainless-steel flow reactor at
420°C. H3 (99.99999%) was formed by electrolysis of water
in a Balston 75-33 H; generator and flowed through traps
containing activated 4A molecular sieve and MnO. Catalyst
particles (100-250 mg) were mixed with inert a-Al,O3 par-
ticles in a mass ratio of 1:1. Prior to reaction, the catalyst
was reduced in flowing H, at 500°C for 1 h and then cooled
to the reaction temperature in flowing H,. Liquid n-hexane
feed flowed from an ISCO 260D pump to a vaporizer held
at 140°C, where it was mixed with H,. The H, and n-hexane
flow rates were adjusted to give a H,: n-hexane molar ratio
of 7.8:1.
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TABLE 1

List of Catalysts and Details of Synthesis

Preparation

Composition of Techniques used to c-Direction Extracrystalline to
synthesis mixtur Pt determine crystallite  dimension of intracrystalline
Sample K,0: Al,O3: g Pt/ gsoln/  content, morphology and crystallites Zeolite surface area
number SiO;: HO gsoln gzeolite wt% dimensions (A) morphology ratio
12 10:1:25:400 — — 1.2 TEM 500-3000 well developed smallest
cylinders
2 10:1:25:400 11 0.0077 0.85 TEM and XRD line 200 disk-like crystallites small
broadening of [001] 1000 A diameter;
peak same as Sample 3
after addition of
KCI
3 10:1:25:400 0.8 0.0104 0.83 TEM and XRD line 200 disk-like crystallites small
(before addition broadening of [001] 1000 A diameter;
of KCI) peak same as Sample 2
before addition of
KCI
4 10:1:20:1000 1.17 0.0075 0.88 TEM and SEM 1000-5000 mosaic crystals with small/
1000-5000 A intermediate
grains
5 10:1:20:600 1.16 0.0075 0.86 TEM 300-600 mosaic crystals intermediate
consisting of
aligned cylindrical
grains
6 10:1:20:400 0.77 0.0104 0.80 TEM and XRD line 300 mosaic crystals largest
broadening of [001] consisting of aligned
peak nanocrystalline
grains (300 x 150 A)
7 10:1:20:400 1.19 0.0063 0.75 TEM and XRD line 300 mosaic crystals largest

broadening of [001]

peak

consisting of aligned
nanocrystalline
grains (300 x 150 A)

@ Sample provided by Miller and similar to that of Lane et al. (6).

The reaction products were analyzed with an on-line
Hewlett Packard 5890 Series Il gas chromatograph with
a flame ionization detector and a J&W alumina PLOT col-
umn 0.53 mm in diameter and 30 m long. All the major
products were separated in the column, except for cyclo-
hexane and MCP, which co-eluted.

Because the catalyst samples had different platinum con-
tents (in the range of 0.8-1.2 wt%), the data were nor-
malized by using values of weight hourly space velocity
(WHSV) based on mass of platinum; WHSV varied from
125 to 3920 g of n-hexane/(g of Pt - h).

Catalyst Characterization

Transmission electron microscopy. Samples were char-
acterized with a Philips 430 microscope operated at 200 kV
and with a Jeol ARM-1000 microscope operated at 800 kV.
Energy dispersive X-ray (EDX) microanalysis was per-
formed on a Jeol Jem 200 CX AEM instrument equipped

with a KEVEX high-angle energy dispersive X-ray detec-
tor. Most of the micrographs and all the EDX spectra were
recorded by using a liquid nitrogen-cooled stage to mini-
mize sample damage; high-resolution images were recorded
with 1-s exposures and the total time in the beam was kept
less than 5 s; thus, it is believed that no substantial changes
of the platinum clusters resulted from beam damage.

EXAFS spectroscopy. Data were collected at beam
line X-11A at the National Synchrotron Light Source at
Brookhaven National Laboratory, Upton, New York. The
storage ring operated with an electron energy of 2.5 GeV
and a current of 170-220 mA. The Si(111) double crystal
monochromator was detuned by 20% to minimize higher
harmonics in the X-ray beam. The samples were pressed
into self-supporting wafers and placed into a cell which
allowed treatment in flowing gases prior to measurement
(20). Data were collected at the Pt L, edge (11564 eV)
with the sample under vacuum and cooled to nearly liquid
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nitrogen temperature. The fresh catalyst samples were re-
duced at various temperatures in flowing H, (Matheson
99.999%) prior to data collection. The data were acquired
in the transmission mode and integrated for 1 s at each en-
ergy in the range from 200 eV below the absorption edge
to 975 eV beyond the edge.

A sample of catalyst that had been used in the flow reac-
tor was transferred under N, to the EXAFS cell, treated in
flowing H; at 500°C and 1 atm for 1 h, and then evacuated
and scanned.

EXAFS reference data. The EXAFS data character-
izing the zeolite LTL-supported platinum catalysts were
analyzed by using experimentally and theoretically deter-
mined reference data. The experimental references were
obtained from materials of known structure. The Pt-Pt and
Pt-O interactions were measured by using platinum foil and
Na,Pt(OH)g, respectively, with reported parameters (21).
Pt-Si, Pt-Al, Pt-K, and Pt-C interactions were modeled with
the FEFF-4 software of Rehr et al. (22).

EXAFS DATA ANALYSIS

The data from six scans for each of the Pt/KL TL zeolite
catalysts characterized by this method were averaged and
analyzed with the XDAP software (23) to estimate the pa-
rameters that characterize the high-Z (Pt) and low-Z (O)
contributions by multiple-shell fitting in k space (k is the
wave vector) and in r space (r is the distance from the ab-
sorbing atom, Pt). The EXAFS contributions were deter-
mined by applying the difference file technique to phase-
and amplitude-corrected Fourier transforms (24). The fit
parameters characterizing the Pt and O contributions were
optimized with both k* and k® weighting to avoid overem-
phasizing or underemphasizing either the high-Z (Pt-Pt) or
low-Z (Pt-O) contributions.

Once a good fit had been obtained to estimate the EX-
AFS parameters N, Ac?, R, and AE, (where N is the co-
ordination number, Ac? the Debye-Waller factor, R the
Pt-backscatterer distance, and AE, the inner potential cor-
rection) with k* and k® weightings, the fit was optimized
by allowing a few of the parameters to be fitted while the
other were held fixed. As a final step in the optimization,
additional small contributions were added to the total fit to
determine their effect on the larger Pt-Pt and Pt-O contri-
butions. These small contributions are not reported explic-
itly; they were used only to test their influence on the larger
contributions and to ensure that the fitted contributions re-
mained within the reported error bounds.

The number of parameters used to fit the data was limited
to at most the statistically justified number, n, calculated
from the Nyquist theorem (25) (n=2AkAr/z + 1, where
Ak and Ar are the ranges used to fit the data in k and in r
space, respectively).
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RESULTS

Transmission Electron Microscopy

Images of catalyst samples supported on LTL zeolite
crystallites are shown in Fig. 1. The zeolite particles are
classified roughly into three groups, namely, disks (Sam-
ples 2 and 3), large mosaic crystals (Samples 4 and 5), and
smaller mosaic crystals (Samples 6 and 7) which have been
reported elsewhere (26). The disks of Samples 2 and 3 were
typically about 200 A long and 1000 A in diameter. The
crystallite c-axis (the axis parallel to the channels) was ori-
ented along the 200-A length. The rod-shaped crystallites
of Samples 6 and 7 were typically 200-300 A long (along the
c-axis) and approximately 150 A in diameter. These crys-
tallites formed a mosaic tertiary structure. The rods tended
to align with each other and form small clusters which were
also roughly cylindrical in shape, consisting usually of <10
rods per cluster (19). The small clusters of rods forming
the particles of Samples 6 and 7 were stable under the con-
ditions used to impregnate the zeolite with platinum. The
mosaic crystallites of Samples 4 and 5 were characterized
by a morphology similar to that of Samples 6 and 7, but with
larger rod and crystallite sizes. The catalyst investigated by
Lane et al. (6) and Sample 1 of this work were rounded
or rectangular crystallites with lengths of roughly 500—
3000 A.

The surface areas of the crystallites are categorized into
an intracrystalline fraction and an extracrystalline fraction,
the latter corresponding to surfaces not isolated by the ap-
proximately 7.1-A restriction of the zeolite pore channel.
The extracrystalline fraction includes the particle exteriors
and the surfaces between the crystal domains. Some of the
zeolite crystal domains were so small that the external area
was a significant fraction of the total area. The diameters of
the pores between the domains were found to range from
the intracrystalline zeolite pore diameter to the domain
size.

The TEM images allow a qualitative grouping of the cata-
lyst samples on the basis of the ratio of external surface area
to intracrystalline surface area. The catalyst samples are
numbered (Table 1) in order of increasing ratio of extracrys-
talline to intracrystalline surface area; the ratios were found
to be about the same for Samples 2 and 3 and for Samples 6
and 7.

The samples were examined at high magnification after
impregnation and reduction at 500°C, and several were also
examined after use as catalysts. The TEM images lead to
the following observations about the fresh and used cata-
lysts: the relatively large zeolite LTL particles in Samples
1 and 4 gave no indication of contrast in the TEM images
that could be interpreted as evidence of platinum clusters or
particles. Microtomy was not attempted for Samples 1 and
4, but Sample 1 was examined by EDX, as described below.
The remaining samples consisted of thin zeolite crystallites,
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FIG.1. Transmission electron micrographs of catalyst samples: A, Sample 1, 500-3000 A cylinders; B, Sample 2, disk-like crystallites; C, Sample 4,

large grain mosaics; D, Sample 5, large grain mosaics.

in which numerous small scattering centers were observed,
which are interpreted as evidence of platinum clusters and
particles.

Beam damage occurred during the TEM experiments,
but observations made in the early stages are believed to
characterize virtually unperturbed samples. The images in-
dicate that the contrast attributed to platinum clusters ex-
tended into regions smaller than those characterized by
the contrast associated with the 12-membered zeolite ring
openings or fringe spacings, suggesting the presence of plat-
inum clusters smaller than about 10 A in diameter; the loca-
tion of the platinum was within 12-membered ring channels,
as shown in Fig. 2, where views down the c-crystallographic
direction and perpendicular to the c-crystallographic direc-

tion are presented for Samples 2, 5, and 6. No preferen-
tial location of the platinum was indicated by the micro-
scopic data. Platinum appeared to be randomly distributed
throughout the intracrystalline pores as well as on the exter-
nal surfaces; the data do not allow a distinction between the
sizes of the platinum clusters supported on the extracrys-
talline surfaces and those supported on the intracrystalline
surfaces. Equivalent results were obtained for Sample 1 by
EDX analysis in the STEM with a 100-A beam. About 10
spots were analyzed in three zeolite crystals, and no prefer-
ential location of platinum was indicated.

Prolonged observation of the catalyst samples led to the
breakup of the zeolite lattice by the beam and to the ap-
pearance of platinum clusters and particles with contrast



FIG. 2. Transmission electron micrographs of catalyst samples showing contrasts attributable to platinum clusters between fringe spacings of
18.4 A: A, Sample 2; B, Sample 6: C, Sample 5.
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extending into regions larger than the zeolite unit cell. It EXAFS Spectroscopy

is evident that platinum migration and agglomeration took

place during the destruction of the zeolite framework, as The raw EXAFS data characterizing Sample 3, reduced
expected (27). in H, at 300°C for 1 h, were Fourier filtered from 3.60 to
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TABLE 2

EXAFS Data Characterizing Fresh and Used Pt/LTL Zeolite Catalysts?

Catalyst sample

number Treatment Backscatterer N R, A Ao?, A? AEg, eV

1 H,, 300°C, 1 h Pt 5.06+0.12 2.667 4+ 0.002 0.0104 4 0.0003 —4.734+0.18
O 1.67+£0.03 2.078 +-0.002 0.0009 £ 0.0002 —1.504+0.20
(@] 1.55+0.04 2.6414+0.003 0.0002 + 0.0004 9.12+0.31
1 H,, 300°C, 1 h Pt 5.56 £0.07 2.721 +0.001 0.0046 4 0.0001 —3.244+0.17
then 500°C, 1 h (@] 1.07 +0.05 2.090 £ 0.005 0.0082 4+ 0.0008 —0.6040.58
O 0.83+0.02 2.72540.003 —0.0018 4= 0.0003 —2.36+0.38
3 H,, 300°C, 1 h Pt 4.49+0.01 2.74+£0.001 0.0028 4 0.0001 0.60+£0.26
(@] 1.54+0.04 2.62 +0.004 0.0009 + 0.0004 7.73+0.55
3 H,, 300°C, 1 h Pt 5.36 £0.12 2.743+0.001 0.0033 4= 0.0001 —0.544+0.26
then 500°C, 1 h (@] 0.32+0.04 2.143 4+0.005 —0.0024 £+ 0.0008 —14.96 +0.95
O 1.70+0.11 2.616 4-0.006 —0.0023 4 0.0060 11.424+1.02
6 H,, 300°C, 1 h Pt 5.04+0.10 2.742 +0.001 0.0027 4 0.0002 —1.374+0.15

(@] 0.17+0.03 2.17+0.02 —0.005 +0.002 —114+44

O 1.08+£0.26 2.49+0.01 —0.001 +0.002 17.7+1.3
6 H,, 300°C, 1 h Pt 486+0.14 2.742 4+0.001 0.0034 4+ 0.0001 —2.86+0.07
then 500°C, 1 h O 0.93+£0.03 2.197 +0.003 0.0024 4 0.0005 —13.80+0.26
(@] 0.45+0.04 2.718 +0.007 —0.0003 +0.0006 —6.854+0.85

3 Notation: N, Pt-backscatterer coordination number; R, distance from Pt to backscatterer; Ac?, Debye-Waller factor; AEy, inner potential

correction.

15.88 A~tin k space, and then from 1.31 to 4.11 Ain r space.
The k3-weighted, filtered EXAFS data (the average of six
scans) and the best fit are shown in Fig. 3A. The Fourier
transform of these data (k® weighted) and the Fourier trans-
form of the best fit are presented in Fig. 3B; these show
good agreement with each other between values of r of 1.8
and 3.0 A. The representation of the residual remaining af-
ter subtraction of the fit from the filtered EXAFS data is
presented in Fig. 3C. The standard deviation representing
the data scatter in the six spectra (Fourier filtered) which
were averaged prior to analysis (Fig. 3C) is of the same
magnitude as the residual, indicating that the fit represents
the data to within twice the standard deviation of the six
scans. These data were fitted with two shells, Pt-Pt and Pt-O.
Figures 3D and 3E show the Fourier transform representa-
tions of these shells.

Using the result of the Nyquist theorem (n=2ArAk/zm =
18.4) to estimate the number of parameters n that can be
statistically justified to determine a fit with these data, we
infer that four shells is the maximum justified number. Thus,
an alternative fitting was carried out with four shells, a Pt-Pt
shell, two Pt-O shells, and a Pt-Si shell. The addition of the
second Pt-O shell and the Pt-Si shell improved the overall
fit only slightly, and because the contributions of the ad-
ditional shells were of the order of the noise in the data,
they are regarded as insignificant and not presented here.
The fitting of the data with up to four shells did, however,
provide a basis for estimating the effect of these small con-
tributions on the Pt-Pt coordination number. The range of
Pt-Pt coordination numbers obtained by fitting from two to

four shells was 4.2 to 4.9, which corresponds to a deviation
of only less than 10% from the coordination number of 4.5
that was obtained with the best two-shell fit. The EXAFS
parameters determined in the preferred two-shell fit are
summarized in Table 2.

EXAFS data were also obtained characterizing fresh
catalyst Sample 3 after an additional reduction in H, at
500°C and Samples 1 and 6 after reduction in H; at 300°C
and again after an additional reduction in H, at 500°C. The
method of data analysis is as described above for Sample 3.
The EXAFS parameters are summarized in Table 2. The
data characterizing each sample indicate a strong Pt-Pt con-
tribution with a distance R of about 2.7 A with a Pt-Pt coor-
dination number of about 5.1, corresponding to an average
platinum cluster nuclearity of approximately 20 atoms and
an average diameter of about 7 A (28). The Debye-Waller
factor characterizing the Pt-Pt shell in each sample was
found to be relatively large (Table 2), which indicates a sub-
stantial variation in the Pt-Pt distances, possibly indicating
arelatively nonuniform distribution of cluster structures. In
addition to the Pt-Pt contribution, a Pt-O contribution was
found for each sample, with a Pt-O distance of about 2.6 A.
With the exception of Sample 3 after the first reduction at
300°C, the data indicated an additional Pt-O contribution
at about 2.1 A.

Catalyst Performance

The major reaction products formed from n-hexane in the
presence of H; at 420°C were benzene, cyclohexane/MCP,
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Results of EXAFS analysis characterizing Pt/KLTL zeolite Sample 3 after 1 h in H; at 300°C: A, chi (EXAFS function) representation,

k3-weighted; B, Fourier transform representation, k®-weighted; C, chi standard deviation and residual; D, Fourier transform of Pt-Pt shell, k®-weighted;

E, Fourier transform of Pt-O shell, k'-weighted.



574

methylpentanes, and C;5 hydrocarbons (hydrogenolysis
products), in agreement with earlier reports; no alkene
products were observed. Catalyst Sample 1, which is vir-
tually the same as those reported earlier (6, 29, 30), was
tested over a range of space velocities under conditions
matching those of Lane et al. (6). The product distribution
data (which are similar to those of Lane et al. (6)) show that
the concentrations in the product of benzene and of C;.5 hy-
drocarbons increased with increasing n-hexane conversion
and that the concentrations in the product of methylpen-
tanes and of cyclohexane/MCP passed through maxima at
n-hexane conversions of 0.8 and 0.5, respectively.

The conversion data shown in Fig. 4A indicate the sta-
bility of the catalysts during operation in the flow reactor.
Catalyst Samples 1, 2, and 3 maintained total n-hexane con-
versions >90% during operating periods of up to 140 h;
these catalysts hardly lost any activity during this opera-
tion. In contrast, the other catalysts lost substantial activity
(Table 3). The trends in the total conversion of n-hexane
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(Fig. 4A) are similar to the trends in the conversion of
n-hexane to benzene (Fig. 4B). Catalyst Samples 1 and 2
gave low and nearly constant conversions to C;.5 products
(0.04 and 0.06, respectively) (Fig. 4C). Catalyst Sample 3
gave a similarly low (0.06) but slightly decreasing conver-
sion to Cy.5 hydrocarbons, and catalyst Sample 6, tested at a
higher space velocity, gave a low but decreasing conversion
to C;5 hydrocarbons. The remaining catalysts gave much
higher initial conversions to these products with rapidly
decreasing conversions that stabilized at about 0.08 after
20 to 40 h on stream.

The product distribution data (Figs. 5A-C) show that
benzene was the major product, with the benzene selectiv-
ity, defined as moles of benzene produced/mole of n-hexane
converted, being between 0.60 and 0.91 for all catalysts for
all times on stream (Fig. 5A). The benzene selectivity was
highest and remained nearly constant for catalyst Samples
1 and 2. Catalyst Samples 3, 4, and 5 gave slightly lower
benzene selectivities that decreased slightly with increasing
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FIG. 4. Deactivation of Pt/KLTL zeolite catalyst in n-hexane conversion at 420°C: A, n-hexane; B, benzene; C, C;—Cs. Symbols: @, Sample 1;
[, Sample 2; ¥, Sample 3; ®, Sample 4; A, Sample 5; ©, Sample 6; A, Sample 7.
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TABLE 3
Rates of Catalyst Deactivation, Represented in Terms of Decline in Conversion to Benzene with Time on Stream
Catalyst WHSV, Rate of deactivation Rate of deactivation Extacrystalline to
sample g of n-hexane/ averaged over 30 h extrapolated to zero time intracrystalline
number (g of Pt-h) onstream, h™! on stream,” h~! surface area ratio
1 144 0.0006 4 0.0003 0.001 Smallest
2 145 0.0002 +0.0003 0.000 Small
3 143 0.0008 4 0.0003 0.001 Small
4 142 0.0031 +0.0003 0.006 Small/intermediate
5 146 0.0059 4+ 0.0003 0.008 Intermediate
7 139 0.0065 + 0.0003 0.025 Largest
6 504 0.0042 +0.0003 0.016 Largest
Note. Qualitative external/internal surface area ratios and c-direction crystallite length were determined from TEM data.
Reaction conditions for all catalysts were H,/HC molar ratio = 7.8; temperature = 420°C.
2 Defined as magnitude of change in conversion to benzene/time on stream, averaged over the first 30 h on stream; mol
benzene/mol n-hexane h.
b Defined as magnitude of change in conversion to benzene/time on stream extrapolated to zero time on stream.
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TABLE 4

Initial n-Hexane Conversion Data and Product Selectivities for the Reaction Catalyzed by Pt/LTL Zeolite

c-Direction
Catalyst n-Hexane Benzene C1-Cs Cyclohexane/MCP Methylpentane crystallite
sample conversion selectivity? selectivity? selectivity? selectivity? length, A
1 0.92 0.91 0.05 0.01 0.04 500-3000
2 0.92 0.91 0.07 0.01 0.03 200
3 0.92 0.83 0.07 0.01 0.09 200
4 0.90 0.79 0.15 0.01 0.05 1000-5000
5 0.91 0.78 0.17 0.01 0.06 300-600
7 0.85 0.68 0.17 0.04 0.08 300
6° 0.63 0.69 0.08 0.08 0.17 300

Note. Values were determined by extrapolation to zero time on stream. Qualitative external/internal surface area ratios and c-direction crystallite
lengths were determined from TEM data. Reaction conditions as stated in Table 3.
aSelectivity defined as mole fraction product component/mole fraction n-hexane converted to product; C;—Cs selectivity calculated on basis of moles

of Cs.
b Sample 6 run at higher space velocity than other samples (Table 3).

time on stream. Catalyst Samples 6 and 7 were character-
ized by lower initial benzene selectivities, and these de-
creased during catalyst deactivation (e.g., by about 12%
for Sample 7).

Each of the catalysts made from the relatively small ze-
olite LTL crystallites (Table 1) is characterized by initial
selectivities for benzene formation that are less than that
characterizing the catalyst provided by Miller (Sample 1);
correspondingly, the former catalysts are characterized by
hydrogenolysis selectivities greater than that of the Miller
catalyst. Catalyst Sample 2 was closest in performance to
that of the Miller catalyst (Sample 1), having only slightly
lower initial selectivity for benzene formation (0.90 vs 0.92)
and only a slightly higher initial selectivity for C;—Cs prod-
ucts (0.06 vs 0.04). The catalysts that deactivated the least
(Samples 1, 2, and 3) were almost unchanged in selectivity
over the full periods of operation. The benzene selectivities
of Samples4 and 5 decreased by 4 and 7%, respectively, over
the course of operation, and that of Sample 7 decreased by
10% (Fig. 5A).

The initial n-hexane conversions, representing the per-
formance of the undeactivated catalysts, are summarized
in Table 4. These values are determined by extrapolation
to zero time on stream of the data shown in Fig. 4A; the
data representing the catalysts that underwent relatively
rapid initial deactivation are characterized by larger uncer-
tainties. Samples 1-5 are characterized by nearly the same
initial total n-hexane conversion of 0.90-0.92. Sample 7 was
significantly less active initially, with a total n-hexane con-
version of 0.85.

The initial selectivity to each product, defined as the frac-
tion of n-hexane converted to the product divided by the to-
tal conversion of n-hexane, extrapolated to zero on-stream
time, is given in Table 4.

Rates of catalyst deactivation, determined both as an av-
erage of values, determined from data taken during the first
30 h on-stream and, alternatively, by differentiation of the

data fitted with empirical curves and extrapolated to zero
time on-stream, are summarized in Table 3. Catalyst Sam-
ples 1-3 underwent little deactivation, whereas Samples 4—
7 underwent deactivation at substantial rates. Each of the
three former samples is characterized by a high selectivity
for benzene formation and by low selectivities for C;—Cs
and for cyclohexane/MCP. Samples 1 and 2 also exhibited
low selectivities for methylpentanes. The remainder of the
catalysts are characterized by higher selectivities for these
products; however, Sample 5 was exceptional, having a rel-
atively high selectivity for C;—Cs products and a relatively
low selectivity for cyclohexane/MCP and methylpentanes.

DISCUSSION

Comparison of Selectivities of Various Pt/LTL
Zeolite Catalysts

A striking characteristic of the Pt/LTL zeolite catalysts
that have found application is their high selectivities for
formation of aromatic products. Thus, an important basis
for comparison of the various samples of such catalysts is
their selectivities for formation of benzene from n-hexane.
Because the reaction network involves sequential reactions,
with a number of the intermediates ultimately being con-
verted into benzene (4), the selectivity is strongly depen-
dent on conversion, and a satisfactory comparison of cata-
lysts on the basis of selectivity requires data for each at the
same conversion. Data characterizing the reported cata-
lysts with the highest benzene selectivities are collected in
Fig. 6; details of the catalysts and the reaction conditions
are summarized in Table 5.

The most selective catalysts reported are all supported on
nonacidic or almost nonacidic LTL zeolites and incorporate
relatively small clusters of platinum. Of the most highly
selective catalysts represented in Fig. 6, those that have
been characterized by EXAFS spectroscopy (designated
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with closed symbols in Fig. 6) have been found to incorpo-
rate platinum clusters with average nuclearities less than
roughly 20.

The data of Fig. 6 demonstrate that most of our catalysts
are characterized by selectivities that are high, relative to
those reported and approximately as high as the highest.
The EXAFS data (Table 2) show that the catalysts reported
here that have the highest selectivitiesalso incorporate plat-
inum clusters smaller than about 10 A in average diameter
(with nuclearities less than roughly 20). Thus, we conclude
that some of our catalysts were well prepared; good prepa-
ration implies small platinum clusters on a nonacidic sup-
port.

Because the same catalyst preparation method was used
to prepare Samples 2-7, we infer that the important dif-
ferences from one of these catalyst samples to another are
associated with differences in the zeolite particle morpholo-
gies. Our data provide the first opportunity to determine the
effects of zeolite morphology and zeolite crystallite size on
catalyst performance in n-hexane dehydrocyclization.
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Lack of Effect of Zeolite Channel Length (Crystallite
Length) on Catalytic Properties

EXAFS data were obtained for Samples 1, 3, and 6
(Table 2). The average platinum cluster sizes in these sam-
ples were all nearly the same. In the following paragraph,
we compare the conversion, selectivity, and stability (resis-
tance to deactivation) results characterizing these catalysts,
using data taken at the same space velocity. The highest
conversions, selectivities, and stabilities were observed for
Samples 2 and 3, which are characterized by the smallest
zeolite crystallite lengths (about 200 A). Samples 4 and 5,
with crystallite lengths of about 1000-5000 and 300-600 A,
respectively, showed almost the same (but slightly lower)
initial n-hexane conversions (typically, 0.90vs 0.92, Table 4).
However, Samples 4 and 5 gave significantly lower benzene
selectivities and higher rates of deactivation. Sample 7, with
crystallite lengths similar to those of Samples 2 and 3 (200-
300 A), was the least active catalyst and the one with the
lowest benzene selectivity and the highest rate of deactiva-
tion. The results give no evidence of a correlation between
the zeolite crystallite length and conversion.

Thus, because the TEM data indicate nearly uniform dis-
tributions of platinum in the intracrystalline pores of these
samples, the reaction results give no evidence of intracrys-
talline mass transfer influence. A practical conclusion fol-
lowing from this inference is that it does not appear to be
feasible to improve on catalyst performance simply by the
use of smaller zeolite crystallites.

Effect of Zeolite Morphology on Catalyst Performance

The TEM data show no preferential locations for the
platinum clusters; neither the extracrystalline nor intracrys-
talline regions are favored. This observation, in combina-
tion with the wide range of extracrystalline to intracrys-
talline surface area ratios in the family of samples, allows
us to infer that the catalysts with the higher extracrystalline
to intracrystalline surface area ratios incorporate relatively
large fractions of the platinum outside the intracrystalline
pores. Reaction data show that the catalyst performance is
dependent on this ratio (which is related to the zeolite mor-
phology), as follows: in comparison with the others, the
catalysts with the relatively low fractions of platinum out-
side the intracrystalline pores are more active (but only
slightly, Fig. 4A), more selective for benzene formation
(Fig. 5A), and more stable (and the differences are large,
Fig. 4A). These observations are the central results of this
work. Specifics follows.

Samples 2 and 3, made from the 200 x 1000 A disk-
shaped zeolite crystallites and having relatively small frac-
tions of the platinum present outside the intracrystalline
pores, were found to be the most active (Fig. 4A), selective
for benzene formation (Fig. 5A), and resistant to deacti-
vation (Fig. 4A), with the activity indicated by the initial
conversion of n-hexane. The catalysts prepared from small
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TABLE 5

Conditions and Catalyst Descriptions for Benzene Selectivity Data Presented in Fig. 6

Total Hydrogen/
Preparation Temperature, pressure, hydrocarbon
Symbol Ref. Support technique °C atm ratio, molar
O Mielczarski et al. (9) KLTL zeolite Vapor impregnation 460 1 6
O Bernard et al. (2) KLTL zeolite, Incipient wetness with 460 1 6
Si/Al ratio = 2.7 (molar) Pt(NH3)4Cl;
[ J Lane et al. (6) KLTL zeolite, Incipient wetness with 420 1 7.8
Si/Al ratio = 2.3 (molar) Pt(NH3)4(NO3),
A McVicker et al. (13)? KLTL zeolite with binder lon exchange 510 8.17 6
+ Tamm et al. (4) KLTL zeolite Incipient wetness with 466 6.8 6
Pt(NH3)4(NOs3)
AV, D This work KLTL zeolite Incipient wetness with 420 1 7.8
® e, v Pt(NH3)4(NO3),

2 Feed conversion defined as 100 — (Wt% n-hexane + wt% MCP).

b W, Sample 1; &, Sample 2; ¥, Sample 3; ©, Sample 4; &, Sample 5; ¢, Sample 6; ¥, Sample 7.

(200-300-A long) mosaic crystallites (Samples 6 and 7) and
having the largest fraction of the platinum clusters out-
side the intracrystalline pores show relatively low n-hexane
conversions (Fig. 4A), relatively low benzene selectivities
(Fig. 5A), and relatively rapid deactivation (Fig. 4A). The
catalysts prepared from the larger (300-600-A and 1000-
5000-A long) mosaic zeolite crystallites (Samples 5 and 4,
respectively) and having intermediate fractions of the plat-
inum clusters outside the intracrystalline pores gave rel-
atively high n-hexane conversions (Fig. 4A), only slightly
lower than those observed for Samples 2 and 3, which
were prepared from the disk-like crystallites. However,
Samples 4 and 5 showed significantly lower benzene selec-
tivities than Sample 2 (Fig. 5A) and relatively rapid deacti-
vation (Fig. 4A), similar to what was observed for Samples 6
and 7 (prepared from the small mosaic crystallites).

The data plotted in Figs. 6-8 summarize the selectivity as
a function of conversion and show that the pattern is simi-
lar for both the fresh and the partially deactivated catalysts.
There is no clearly discernible effect of the catalyst aging on
the selectivity versus conversion plots that can be separated
from the effect of decreasing total n-hexane conversion on
the selectivity. Furthermore, the data of Figs. 7 and 8 are
consistent with the reaction network of Tamm et al. (4), in-
dicating the primary products (e.g., cyclohexane/MCP) and
secondary products (e.g., methylpentane). The relatively
low selectivities of Samples 4, 5, and 7 for benzene forma-
tion (Fig. 6) correspond to relatively high selectivities of
these catalysts for hydrogenolysis (Table 4).

Thus, a key question appears to be the following: What
explains the effect of the location of the platinum on the
catalyst performance? We suggest some answers in the fol-
lowing paragraphs:

Why is the initial conversion lower for Samples 4, 5,
and 7 than for Samples 2 and 3? Several possibilities are

suggested:

e First, intracrystalline mass transfer might be consid-
ered to play a role, but, as stated above, the data weigh
against this possibility.

e Second, the results might instead be accounted for by
the suggestion that the platinum clusters outside the in-
tracrystalline pores were larger than those in these pores,
providing relatively less surface area for reaction than those
in the intracrystalline pores and thus lower activity. The
TEM data are not sufficient to confirm or rule out the
suggestion that the platinum clusters outside the intracrys-
talline pores were significantly larger, on average, than
those in the intracrystalline pores. Thus, this suggestion re-
mains a possibility.
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FIG. 7. Summary of selectivity data for primary products (cyclohex-
ane/MCP) formed in n-hexane conversion catalyzed by Pt/KLTL zeolite
samples at 420°C. Symbols: @, Sample 1; [0, Sample 2; ¥, Sample 3;
@, Sample 4; A, Sample 5; ©, Sample 6; A, Sample 7.
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e Third, because alkane hydrogenolysis is structure sen-
sitive (31), the high initial hydrogenolysis activities of the
catalysts with the relatively large fractions of the platinum
outside the intracrystalline pores (Fig. 4C) might also be
explained by the (unverified) suggestion that the platinum
clusters outside the intracrystalline pores were relatively
large.

e Fourth, we do not entirely rule out the possibility that,
notwithstanding the consistency of the synthesis procedures
used for all the catalyst samples, some of the samples may
have retained some slight acidity. Thus, we should not rule
out the possibility that the relatively high hydrogenolysis
selectivities and correspondingly relatively low benzene se-
lectivities observed for Samples 4, 5, and 7 might be as-
sociated with some residual acidity. However, we tend to
discount this possibility because the measurements of acid-
ity of KLTL zeolite samples (by ammonia desorption) re-
ported by Mielczarski et al. (9) give no indication of residual
acidic groups. Furthermore, we emphasize that the data rep-
resenting Samples 4, 5, and 7 show that as the catalysts deac-
tivated, both hydrogenolysis activity and benzene activity
decreased, consistent with the loss of activity of platinum
for both reactions.

The reaction data show that rate of catalyst deactivation
also depends on zeolite particle morphology, as follows. Of
the catalysts prepared in this work, Sample 2 exhibited the
lowest rate of deactivation, the lowest ratio of extracrys-
talline to intracrystalline surface area, and the lowest initial
hydrogenolysis selectivity. Catalyst Samples 4 and 5 exhib-
ited higher rates of deactivation, intermediate extracrys-
talline to intracrystalline surface area ratios, and high se-
lectivities for hydrogenolysis. Catalyst Sample 7 exhibited
the highest rate of deactivation, the highest extracrystalline
to intracrystalline surface area ratio, and a high selectivity
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for hydrogenolysis. Samples 4, 5, and 7, all characterized
by high hydrogenolysis selectivities, underwent relatively
rapid deactivation and rapidly lost hydrogenolysis selectiv-
ity (Fig. 4C). Thus, the rapid decrease in hydrogenolysis
selectivity is correlated with the presence of platinum clus-
ters outside the intracrystalline pores. Presumably, these
extracrystalline clusters deactivate relatively fast.

Thus, the pattern of the deactivation datais broadly in ag-
reement with the explanation of Iglesia and Baumgartner
stated in the Introduction (7). However, our data are
not sufficient to determine the validity of Iglesia and
Baumgartner’s suggestion that the extracrystalline plat-
inum has the same initial selectivity as the intracrystalline
platinum. Part of the difficulty regarding this issue may
be related to the different conversions used in their work
(<15%) and ours (>60% for fresh catalysts and >45%
for those that had deactivated), the fact that they used
n-heptane and not n-hexane as the hydrocarbon reactant,
and the fact that we do not know how much our catalyst
performance changed during the operation prior to the first
product samplings.

TEM results indicate that the platinum shown by EX-
AFS spectroscopy to be highly dispersed on the fresh cata-
lysts does not form significantly larger clusters or particles
during deactivation and suggest that the zeolite stabilizes
small platinum clusters, perhaps even those deposited on
the external zeolite surfaces, which constitute a significant
fraction of the total in some samples (e.g., Samples 6 and 7,
Table 1). The premise of stabilization of platinum clusters
on the external zeolite surfaces is consistent with the con-
clusion that these clusters are deactivated predominantly
by coke formation (7) rather than aggregation and loss of
platinum surface area.

In summary, we infer that there are intracrystalline and
extracrystalline sites in the zeolite sampleswhere small clus-
ters of platinum are stably supported and that the platinum
in the latter sites is susceptible to relatively rapid deacti-
vation in the absence of sulfur, presumably by virtue of
coke formation. The interpretation is consistent with that of
Iglesia and Baumgartner (7), who compared the deactiva-
tion of silica-supported and LTL zeolite-supported plat-
inum catalysts and concluded that the platinum in pores
larger than the intracrystalline pores of LTL zeolite is not
protected by the steric influence of these pores and is there-
fore susceptible to deactivation by coke formation. Fur-
thermore, the platinum on the extracrystalline surface is
more highly selective for hydrogenolysis, although the rea-
son why is not evident from the data presented here.

Characteristics of Good n-Hexane
Dehydrocyclization Catalysts

The data reported here confirm the established con-
clusions that good monofunctional n-hexane dehydrocy-
clization catalysts consist of small platinum clusters on
nonacidic LTL zeolite supports. Furthermore, they show the
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advantage of having a large fraction of the platinum within
the intracrystalline pores.

SUMMARY

The morphology of the LTL zeolite support influ-
ences the activity, selectivity, and stability of LTL zeolite-
supported platinum cluster catalysts, but the length of the
zeolite crystallites (200-5000 A) was found not to influ-
ence the catalyst performance. The most stable catalysts are
found to be those with supports consisting of disks of zeo-
lite crystallites, and the least stable are those with supports
consisting of mosaic zeolite crystallites. There is a strong
correlation between the extracrystalline to intracrystalline
surface area ratio and the activity, selectivity, and stabil-
ity of the catalysts. These data indicate that platinum in
the intracrystalline zeolite pores and the platinum on the
extracrystalline surfaces behave differently. Both the ex-
tracrystalline and intracrystalline surfaces stabilize small
(on average, approximately 20-atom) clusters of platinum;
the platinum on the external surfaces is deactivated more
rapidly than that in the zeolite pores, consistent with the
interpretation of Iglesia and Baumgartner (7), who postu-
lated that the platinum within the zeolite pores is protected
from deactivation by coke formation (a bimolecular reac-
tion) by steric restrictions in the pores, whereas platinum
on the extracrystalline surfaces is not.

A practical conclusion is that to synthesize a highly sta-
ble catalyst which is highly selective for benzene formation,
the zeolite particles should be selected to have low values
of the extracrystalline to intracrystalline surface area ratio,
and the zeolite pore lengths may be as great as about 5000 A
without introduction of significant mass transfer limitations
for conversion of n-hexane to benzene. The platinum clus-
ters in the intracrystalline zeolite pores are more selective
for benzene formation than those outside these pores, pos-
sibly because both hydrogenolysis and dehydrocyclization
are structure-sensitive reactions.
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