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The sulfur poisoning of a Pt/BaK-LTL catalyst has been studied with X-ray absorption spectros-
copy and hydrogen chemisorption. The fresh catalyst contained highly dispersed platinum inside
the zeolite pores. EXAFS analysis determined a Pt-Pt coordination number of 3.7, suggesting an
average platinum cluster size of 5 or 6 atoms, consistent with the TEM and chemisorption data
(H/Pt = 1.4). The catalyst was poisoned with H,S until the dehydrocyclization activity of n-hexane
decreased to 30% of fresh activity. The first-shell Pt—Pt coordination number increased to 5.5,
indicating a growth of the average platinum cluster size to 13 atoms. Hydrogen chemisorption
measurements of the poisoned catalyst show a decrease in the H/Pt value to 1.0. The EXAFS data
also provide evidence for the presence of sulfur adsorbed on the surface of the platinum particles
with a Pt—S bond distance of 2.27A. The high sensitivity of the PYLTL catalyst to poisoning by
very low levels of sulfur is attributed to the loss of active platinum surface by adsorption of sulfur
and the growth of the platinum clusters. Much of the available platinum surface was found to be
capable of chemisorbing hydrogen, but with no activity for dehydrocyclization. Growth of the
platinum particle was sufficient to block the pore. In the sulfur-poisoned catalyst, only the sulfur-
free platinum atoms exposed through the pore windows remain active. The evidence suggests the
location of the sulfur was at or near the metal-zeolite interface. Since both high activity and
selectivity require extremely small platinum particles, regeneration of sulfur-poisoned catalysts will

require removal of the adsorpted sulfur and restoration of the original particle size.

Press, Inc.

INTRODUCTION

Platinum supported on LTL zeolite has
been found to be a highly active and selec-
tive catalyst for dehydrocyclization of
straight-chain paraffins, giving high yields
of benzene from n-hexane (I, 2). Despite its
excellent catalytic properties, this catalyst
suffers from a high sensitivity to sulfur poi-
soning (2). Therefore, feedstocks with a sul-
fur content lower than 1 ppm must be used
(3). Several authors have characterized the
Pt/LTL catalyst with techniques including
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IR (¢) and TEM (4-6), demonstrating the
presence of small platinum clusters incorpo-
rated within the pores of the zeolite.

In a recent publication (6) we described a
detailed EXAFS study of a Pt/BaK-LTL
catalyst. EXAFS analysis determined a
Pt—Pt coordination number of 3.7, sug-
gesting that the average platinum cluster in
the zeolite consists of 5 or 6 atoms, consis-
tent with TEM and chemisorption data.
EXAFS also detects the platinum-zeolite in-
terface, indicated by Pt—O contributions at
2.14 and 2.71 A, and a Pt-Ba contribution
at 3.8 A.

Here we report the results from sulfur
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poisoning of the same Pt—-BaK-LTL cata-
lyst. The objective of this study was to de-
termine the effect of sulfur on the catalyst
structure and relate those changes to the
catalyst performance. The catalyst was uni-
formly poisoned with H,S to a level of 30%
of the original activity. The results of our
hydrogen chemisorption and EXAFS exper-
iments show that after poisoning, the aver-
age platinum particle size increases and that
sulfur is bonded to the surface of a metallic
platinum particle. In addition to changes in
the catalyst activity, sulfur also affects the
hydrogenolysis selectivity.

EXPERIMENTAL
Preparation of Catalyst

The K-LTL zeolite was obtained from
Linde and found by analysis to contain 6.4
wt% Al, 11.3 wt% K, and 0.04 wt% Na.
The zeolite was ion-exchanged with 0.6 M
barium nitrate for 3 hr at 363 K, washed, and
dried at 400 K. The resulting Ba-exchanged
zeolite contained 7.4 wt% Ba. The
BaK-LTL zeolite was impregnated with
tetraamine platinum (II) nitrate to give a
sample containing 1.2 wt% Pt. Prior to any
further experiments, the sample was re-
duced at 773 K for 1 hr.

Sulfur Poisoning

After reduction, the sample was cooled
to room temperature and transferred to a
round-bottom flask. Small quantities of H,S
in H, were added to the gas above the cata-
lyst, and the catalyst was rapidly shaken.
Following H,S addition, the catalyst was
rereduced at 773 K. The activity of the poi-
soned catalyst (n-hexane conversion, de-
scribed below) was about 30% of fresh activ-
ity. Sulfur levels were too low to be reliably
determined by elemental analysis.

Hydrogen Chemisorption

Volumetric hydrogen chemisorption mea-
surements were performed in a conven-
tional glass system at 298 K. Hydrogen was
dried by passage over silica. Before mea-
surement of the chemisorption isotherm, the
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catalyst samples were rereduced for 1 hr
(heating rate, 5 K/min) at 773 K and evacu-
ated (1072 Pa) for 1 hr at 773 K. After hydro-
gen admission at 473 K (hydrogen partial
pressure = 93 kPa), desorption isotherms
were measured at room temperature. The
amount of chemisorbed H, was obtained by
linear extrapolation of the high-pressure
part of the isotherm to zero pressure. Details
are given elsewhere (7).

Catalyst Testing

The fresh and sulfur-poisoned catalysts
were rereduced at 773 K for 1 hr before
testing. Catalytic activity and selectivity for
n-hexane conversion were evaluated at
673 K using 2.0 g of catalyst in a fixed-bed,
continuous-flow, bench-scale reactor. The
reactor was operated at atmospheric pres-
sure under flowing hydrogen at 150 ml/min
(measured at room temperature and atmo-
spheric pressure). A syringe pump was used
to deliver the n-hexane (99 +% purity) at
flow rates of 1.5 and 3.4 g/hr, equivalent to
0.75 and 1.7 WHSV, respectively. Catalytic
activity and selectivity were measured 30
min after reactor temperature and reactant
flow rates had stablized. Product analyses
were conductd by off-line gas chromatogra-
phy using a 1/8” X 6’ n-octane on Porasil C
column.

EXAFS Data Collection

The sample was characterized by EXAFS
spectroscopy at the Synchrotron Radiation
Source in Daresbury, U.K., Wiggler Station
9.2, using an Si (220) double-crystal mono-
chromator. The storage ring was operated
with an electron energy of 2 GeV and a cur-
rent between 120 and 250 mA. At the Pt L,y
edge (11564 eV), the estimated resolution
was 3 eV. The monochromator was detuned
to 50% intensity to avoid the effects of
higher harmonics present in the X-ray beam.
The measurements were done in the trans-
mission mode. To decrease low- and high-
frequency noise as much as possible, each
data point was counted for 1 sec and 6 scans
were averaged.
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The sample was pressed into a self-
supporting wafer (calculated to have an ab-
sorbance of 2.5) and placed in a controlled-
atmosphere cell (8), with the sample handled
in the absence of air. The sample was heated
at a rate of 5 K/min to 723 K in flowing
hydrogen (purified and dried) at atmo-
spheric pressure. The sample was held at
this temperature for one additional hour,
then cooled to room temperature as hydro-
gen flow was continued. The measurements
were done with the sample at liquid nitrogen
temperature in the presence of hydrogen at
atmospheric pressure.

EXAFS Data Analysis

Data reduction. Standard procedures
were used to extract the EXAFS data from
the measured absorption spectra (9, 10).
Normalization was done by dividing the ab-
sorption intensities by the height of the ab-
sorption edge and subtracting the back-
ground using cubic spline routines. The final
EXAFS function was obtained by averaging
the individual background-subtracted and
normalized EXAFS data (6 scans). The
standard deviations were calculated for the
individual EXAFS data points as a measure
of the random error in the final EXAFS func-
tion. The EXAFS data analysis is usually
performed on an isolated part of the data
obtained by an inverse Fourier transforma-
tion over a selected range in r-space. The
isolated EXAFS function was obtained by
averaging the inverse Fourier transforma-
tions of each individual EXAFS data set (6
scans). The standard deviation calculated
from the individual data points of the several
isolated EXAFS functions provided a mea-
sure of the random error in the average iso-
lated EXAFS function.

Reference data. Data for the phase shifts
and backscattering amplitudes were ob-
tained from EXAFS measurements of refer-
ence compounds. Pt foil was used as a refer-
ence for the Pt—Pt interactions, Na,Pt(OH),
for the Pt-O interactions, and H,PtCl, for
the Pt-S interactions. The justification for
the use of the latter reference is provided by
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both theoretical (/1) and experimental (12)
results. The data analysis procedures used
to obtain the reference data for Pt foil and
Na,Pt(OH), are described elsewhere (13).
The determination of the EXAFS reference
data for Pt—-S was also straightforward, as
the first-shell peak in the Fourier transform
of H,PtCl, shows no overlap with higher
shells.

Data analysis. To reliably determine the
parameters characterizing the high Z (Pt)
and low-Z (O, S) contributions, multiple-
shell fitting in k-space and in r-space was
done, with application of k' and &3
weighting. Further optimization of the fit
was done by applying the difference file
technique and phase- and amplitude-
corrected Fourier transforms (6, 10, 13).

RESULTS
Catalytic Experiments

The reaction network for conversion of
n-hexane over Pt/LTL zeolite catalyst is
well established (2, 14, 15). The formation
of benzene from n-hexane is irreversible
and occurs via direct 1-6 ring closure. In
addition, n-hexane reversibly reacts via
1-5 ring closure to form methylcyclopen-
tane, which can ring-open to form methyl-
pentanes. Hydrogenolysis to light gases
(C,—Cs) also occurs. Methylcyclopentane
and the methylpentanes were not consid-
ered converted products since they can
eventually react back to n-hexane and sub-
sequently to benzene and light gases. Con-
version as we have defined it here, there-
fore, includes only the irreversible
reactions, and represents the sum of hydro-
genolysis products (C,—Cs) plus 1-6 ring
closure (benzene). Selectivity to benzene
was defined as the yield of benzene divided
by the conversion. Hydrogenolysis selec-
tivity was defined as the yield of C,-C;
product divided by the conversion.

The results of the catalyst testing are
given in Table 1. Relative activity of the
fresh catalyst is defined as 1.0. The relative
activity of the sulfur-poisoned catalyst has
decreased to 0.3. The benzene selectivity
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TABLE 1
Dehydrocyclization of n-Hexane
Relative Benzene
activity selectivity
Fresh 1.0 0.90
Sulfur-poisoned 0.3 0.85

decreased from 0.90 to 0.85. The limit
of accuracy for the determination of the
selectivity is 0.02, indicating a small, but
real, effect of sulfur on benzene selectivity.

Hydrogen Chemisorption

Extrapolation to zero pressure yields a
value of H/Pt of 1.0 (+0.1) for the sulfur-
poisoned catalyst. While the chemisorption
method we used systematically gives higher
H/Pt values by (about 20%) compared to the
conventional procedure (I6, 17), this
method was used in order to enable direct
comparison with the correlation of Kip et
al. (7). The hydrogen chemisorption data of
the fresh and the sulfur poisoned catalysts
are plotted in Fig. 1 together with a correla-
tion derived from Kip er al. from several
Pt/alumina catalysts.

0 0.4 0.8 1.2 1.6
—» H/Pt

2 1

Fic. 1. Combination of hydrogen chemisorption and
first-shell Pt—Pt EXAFS coordination number for fresh
(triangle) and sulfur-poisoned (circle) Pt/BaK-LTL
catalysts. Correlation from Kip et al. (7) as extended
by Vaarkamp et al. (6).
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EXAFS Data Analysis

The raw EXAFS data for the fresh and
sulfur-poisoned catalyst are shown in Fig.
2a. The signal to noise ratio is calculated to
be20atk=4A"and2at k = 12 A",
The larger EXAFS amplitude of the sulfur-
poisoned catalyst points to a larger Pt—Pt
contribution. The growth of the Pt-Pt con-
tribution of the sulfur-poisoned catalyst is
more clearly seen in the Fourier transform
(k! weighted, Ak: 2.6-12 A=) of the data
(see Fig. 2b).

The Pt-Pt absorber-backscatterer pair
has a nonlinear phase shift and a backscat-
tering amplitude which is strongly depen-
dent on k. This leads to the presence of
multiple peaks in a normal, uncorrected
Fourier transform of a single Pt—-Pt contribu-
tion, most clearly seen when a normal un-
corrected Fourier transform is weighted
with k* or k'. Applying a Pt~Pt phase- and
amplitude-correction leads to a single sym-
metrical Pt—Pt peak in the Fourier transform
of a single Pt—-Pt EXAFS contribution
(Fig. 3).

A Fourier transform with the same
weighting and over the same k range was
also calculated for the EXAFS data charac-
terizing Pt foil (Fig. 4, dotted line). The mag-
nitude of the Pt foil EXAFS function was
adjusted until the first-shell Pt—Pt peak in
the Fourier transform scaled with the corre-
sponding peak derived from the sulfur-
poisoned catalyst. A comparison of the Fou-
rier transforms (both magnitude and imagi-
nary parts) in Fig. 4 clearly shows the pres-
ence of higher Pt—Pt coordination shells in
the sulfur-poisoned Pt/BaK-LTL zeolite.
As expected, the first Pt—Pt peak in a Pt—Pt
phase- and amplitude-corrected Fourier
transform of the Pt foil data (Fig. 4, dotted
line) appears as a single symmetrical peak.
The peaks located at 2.75 A in the Pt-Pt
phase- and amplitude-corrected Fourier
transforms of the sulfur-poisoned sample
have asymmetrical magnitudes and imagi-
nary parts. This confirms the presence of
additional scatterers besides platinum for
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FiG. 2. EXAFS spectrum and Fourier transform of the fresh («------ ) and sulfur-poisoned ( )

Pt/BaK-LTL catalyst: (a) raw EXAFS spectrum; (b) Fourier transform (magnitude) [k!, Ak = 2.6-12

AN

both the fresh and sulfur-poisoned catalysts.
A full analysis of the EXAFS data of the
fresh catalyst showed that the observed dif-
ferences were due to the presence of neigh-
boring atoms from the metal-zeolite inter-
face (O and Ba) (6). The differences between
the first peaks in the Fourier transforms as
shown in Fig. 4 are caused by the presence
of adsorbed sulfur atoms and neighbors
from the metal—zeolite interface in the sul-
fur-poisoned catalyst.

1.40

Fourier Transform
(-] o -t =
o ® o N
o o o o

o
FY
o

GR(A)B

F1G. 3. Fourier transform (magnitude) (!, Ak = 3-12
A1, Pt—Pt phase- and amplitude-corrected] of EXAFS
data for fresh (------- ) and sulfur-poisoned ( )
Pt/BaK-LTL catalysts.

The isolation of the EXAFS contributions
giving rise to peaks in the normal Fourier
transform between 0.65 and 3.4 A was car-
ried out by applying an inverse Fourier
transform (AR: 0.65-3.4 /D\) to the data
shown in Fig. 2b. First-guess Pt—Pt parame-
ters were obtained by applying a k-
weighted fit in the range from 6 to 12 A~ ' to
emphasize the high-Z (viz., Pt—Pt) contribu-
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FIG. 4. Fourier transform (magnitude and imaginary
part) [k', Ak = 3-12 A~!, Pt—Pt phase- and amplitude-
corrected] of EXAFS data for the poisoned
Pt/BaK-LTL catalyst ( )} and Pt foil (--—---- ). The
latter is scaled to the main peak of the FT of the poi-
soned catalyst.
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tions and deemphasize the low-Z contribu-
tions (viz., sulfur and the Pt-zeolite inter-
face). Subtraction of the metal-metal
contribution resulted in an EXAFS function
which was fitted with contributions charac-
terizing sulfur and the metal-zeolite inter-
face. An iterative fitting procedure (includ-
ing all contributions) was used to optimize
the fits over the whole range of £ (3.5-12
A1), both in k-space and in r-space (using
both k! and k* weighting). A comparison of
the fit with the raw data in k-space and in
r-space (k' weighting) is shown in Fig. 5.
The result of this fitting is the identification
of three significant contributions (Table 2):
a Pt—Pt contribution at 2.75 A, a Pt-O con-
tribution at 2.69 A, and a Pt-S contribution
at 2.27 A. The separate contributions to the
EXAFS spectrum are shown in Fig. 6. The
Pt—S phase-corrected Fourier transform of
the difference file obtained by subtracting
the Pt—Pt and the Pt—O contributions from
the primary EXAFS data (i.e., the inverse
Fourier transform of the raw data) is shown
in Fig. 6a. The Pt-O contribution is shown
in Fig. 6b.

The resulting coordination parameters
obtained for the poisoned catalyst together
with the results of the fresh catalyst are
given in Table 2. The standard deviations

given for the sulfur-poisoned catalyst are
calculated from the covariance matrix in-
cluding the actual noise obtained for the
Fourier filtered EXAFS function as outlined
in the experimental section (EXAFS Data
Analysis). The value of the goodness of fit
(€2) as defined in the ‘‘Report on Standards
and Criteria in XAFS Spectroscopy’ (/8)
was 14.7 with 12 fit parameters and 3.9 de-
grees of freedom.

DISCUSSION
Structural Results

The EXAFS results clearly show growth
of the platinum particles after exposure to
sulfur. The Pt-Pt coordination number in-
creases from 3.7 to 5.5. A Pt-Pt coordina-
tion number of 5.5 represents, for spherical
particles, an average cluster size of approxi-
mately 8 A containing 13 platinum atoms.
Consistent with the larger particles, the
Debye-Waller factor decreases for the
sulfur-poisoned catalyst, and higher Pt—Pt
shells are observed which were not present
in the fresh catalyst. The first-shell Pt-Pt
distance of 2.746 A and the distances of the
observed higher Pt—Pt shells are consistent
with the presence of metallic platinum par-
ticles.

In addition to the particle growth, EXAFS
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TABLE 2

EXAFS Results for Fresh and Sulfur-Poisoned Pt/BaK—-LTL Fitted Parameters with Standard Deviations®

Backscatterer N R(A) Ac? (A? x 1079 AE, (eV)
Pt
Fresh 3.7+03 2.75 = 0.02 32+ 5 1.4 0.5
Sulfur-poisoned 55*03 2.746 = 0.002 27+ 4 2.4 0.5
(0]
Fresh 0.6 £ 0.1 2.14 = 0.03 67 * 10 1.8 0.5
Fresh 1.1 0.2 2.71 = 0.03 95 + 20 2 *1
Sulfur-poisoned 1.1 £0.3 270 = 0.03 40 = 34 4 =2
Ba
Fresh 1.4 0.2 3.76 = 0.05 90 = 20 6.6 1.0
Sulfur-poisoned — — —
S
Fresh — — - —
Sulfur-poisoned 1.2 = 0.1 2.27 = 0.01 34+ 9 s =2

4 Standard deviations for sulfur-poisoned catalyst calculated from a full statistical analysis including the
standard deviation at each data point. Estimates for fresh catalyst were made from estimates of the signal/noise

present in the scans.

clearly shows the presence of sulfur chemi-
sorbed on the outer surface of the platinum
particle. The observed platinum-sulfur dis-
tance of 2.27A is shorter than the distances
for bulk PtS (2.31 A) (/9) and PtS, (2.40 A),
which is consistent with sulfur chemisorbed
on a metallic particle. For example, LEED
measurements of sulfur chemisorbed on Ni
single crystals indicate that neither bulk nor
surface nickel sulfides are formed, and that
the Ni-S bond distance is 0.1 to 0.2 A
shorter than observed for Ni,S,, NiS,, and
a-NiS (20, 21). Also, alonger Pt—-Pt distance
at 3.54 A, such as would be present in bulk
PtS,, is not observed. The measured coordi-
nation number of 1.2 indicates that each
platinum atom sees, on average, slightly
more than one sulfur atom in its first coordi-
nation shell. Since sulfur tends to adsorb on
platinum faces in hollow sites, this coordina-
tion number indicates a surface S/Pt atomic
ratio of about 0.4.

The presence of sulfur on the surface of
the platinum particles has a pronounced ef-
fect on the structure of the platinum zeolite

interface: both the Pt—O distances and coor-
dination numbers are affected. In the fresh
catalyst two Pt—O distances are observed,
oneat2.14 A andone at 2.71 A. The distance
at2.14 A is believed to be due to zero-valent,
interfacial platinum supported on an oxide
surface. The longer distance of 2.71 A is
believed to be due to the presence of hydro-
gen between the platinum cluster and the
zeolite oxide surface (22). In the sulfur-
poisoned Pt/BaK-LTL catalyst, the shorter
Pt—-O distance of 2.14 A is no longer ob-
served. In addition, the total Pt—O coordina-
tion number decreases from 1.7 in the fresh
catalyst to 1.0 for the sulfur-poisoned cata-
lyst. This decrease in the contribution from
the platinum-zeolite interface is consistent
with an increased platinum particle size. It
is also possible that the adsorbed sulfur is
at or near the platinum-zeolite interface,
reducing the amount of interfacial oxygen
atoms in the first coordination shell.

In addition to changes in Pt—O contribu-
tions, the Pt—-Ba distance observed for the
fresh catalyst could not be detected in the
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sulfur-poisoned catalyst. This result also in-
dicates a lower contribution from the plati-
num-~zeolite interface.

In summary, the sulfur-poisoned catalyst
has larger platinum particles than the fresh
catalyst. The platinum particle, however,
remains metallic in character and does not
form platinum sulfide. Rather, the short
Pt-S distance determined by EXAFSis con-
sistent with sulfur chemisorbed on the sur-
face of a metallic platinum cluster. Finally,
the weakened Pt—O contribution and the ab-
sence of a Pt—Ba contribution suggests that
the sulfur is located at the metal-zeolite in-
terface.

Chemisorption and Catalytic Performance

As pointed out above, sulfur poisoning
increased the average platinum particle size
from 5-6 atoms to about 13 atoms. The fresh
catalyst had an average coordination num-
ber of 3.7 and an H/Pt of 1.4, while the
poisoned catalyst had an average coordina-
tion of 5.5 and an H/Pt of 1.0. Based on
the previous correlation of particle size and
hydrogen chemisorption (6, 7), a sulfur-free
platinum catalyst with a coordination num-
ber of 5.5 would be expected to have a H/Pt
value of 1.1 (see dotted line in Fig. 1). Thus,

of the 0.4 H/Pt difference between the fresh
and sulfur-poisoned catalyst, 0.3 H/Pt can
be attributed to the particle growth. Only
the remaining 0.1 H/Pt is due to coverage
by sulfur. This difference is at or near the
experimental accuracy of the technique. As-
suming sulfur occupies a three fold coordi-
nation site (23, 24), the first-shell Pt—S coor-
dination number of 1.2 corresponds to about
0.4 sulfur atoms per surface platinum atom.
Thus, while the EXAFS results show that
the sulfur is chemisorbed on the platinum
surface, nearly all of the surface platinum
atoms remain capable of chemisorbing hy-
drogen.

With a Pt-S coordination number of 1.2,
one might expect the catalyst to have little
or no activity. However, since 30% of the
fresh activity remained, it is clear that much
of the platinum surface is not poisoned by
sulfur. The unexpectedly high hydrogen
chemisorption, coupled with the higher than
expected activity, strongly suggests that sul-
fur is not evenly distributed over the plati-
num surface, but rather, is concentrated at
or near the metal-zeolite interface, leaving
most of the exposed platinum surface unpoi-
soned. The location of the sulfur at the
metal—-zeolite interface is also consistent
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FiG. 7. Molecular gnodel of LTL zeolite channel (parallel to c-axis) containing platinum cluster
represented by an 8-A sphere. Sulfur and zeolite cations omitted for clarity. Molecular of n-hexane

shown to scale.

with the observed weakening of the Pt-O
and Pt-Ba interactions detected by
EXAFS.

While the available platinum surface (as
measured by hydrogen chemisorption) de-
creased by only 25%, the catalytic activity
decreased by 70%. Therefore, a large frac-
tion of the platinum surface remains capable
of chemisorbing hydrogen, but is inactive
for hexane dehydrocyclization. While en-
semble size effects cannot be ruled out,
these results suggest that the larger platinum
particles may partially block the zeolite
channels. A 13-atom cluster is approxi-
mately 8 A in diameter, nearly filling the
zeolite channel (11 A at its widest point) (see
Fig. 7). It is evident from Fig. 7 that the
space between the platinum particle and the
opposite wall of the zeolite channel is large
enough to allow chemisorption of hydrogen

to the platinum surface atoms but too small
to admit the larger hexane molecule.
While there was a large decrease in cata-
lytic activity, the selectivity to benzene de-
creased from 0.90 for the fresh catalyst to
0.85 in the sulfur-poisoned catalyst. Selec-
tivity to light gases (C,-Cs), i.e., hydrogeno-
lysis selectivity, increased from 0.10 in the
fresh catalyst to 0.15 in the sulfur-poisoned
catalyst—a 50% increase in hydrogenolysis
selectivity due to sulfur poisoning. Hydro-
genolysis is well known to be a structure-
sensitive reaction (the specific activity is
particle size dependent) (25, 26). The ob-
served increase in hydrogenolysis selectiv-
ity may, therefore, be attributed to the in-
crease in the platinum particle size. This, in
turn, implies a larger ensemble requirement
for hydrogenolysis as compared to dehydro-
cyclization. Thus, as the particle size grows,
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larger ensembles are formed, favoring hy-
drogenolysis over dehydrocyclization. It is
worth noting that sulfur-poisoning of large
metallic particles generally results in a de-
crease in hydrogenolysis selectivity, gener-
ally attributed to the loss in the number of
large, unpoisoned ensembles (27, 28). How-
ever, suppression of hydrogenolysis by sul-
fur passivation has been reported only for
catalysts ‘with much larger metallic par-
ticles.

CONCLUSION

Poisoning of Pt/BaK-LTL catalysts by
sulfur results in a growth in the platinum
particles. Bulk platinum sulfides are not
formed—the platinum remains metallic
with surface chemisorbed sulfur. Sulfur
also appears to disrupt the metal-zeolite
interface and the evidence suggests prefer-
ential location of sulfur at the metal-zeolite
interface. Backscattering contributions
from the zeolite surface oxygen are re-
duced and barium contributions are no
longer observed. Also, the long Pt—O con-
tribution due to interfacial hydrogen is
no longer observed. The disruption of the
platinum-zeolite interface by sulfur may
also contribute to the observed growth in
the platinum particle size.

The extreme sensitivity of Pt/ TL cata-
lysts poisoning by low levels of sulfur
appears to be due, at least in part, to the
growth of the platinum particles. Poisoning
of the platinum surface by sulfur appears
to be qualitatively similar to poisoning by
sulfur in nonzeolitic catalysts. The promo-
tion of particle growth by sulfur provides
an additional means by which active metal
surface is lost. As the platinum particle
size approaches the size of the zeolite
channel, much of the platinum surface is
no longer accessible to reactants.

The growth of the platinum particle also
effects the reaction selectivity. Hydrogeno-
lysis selectivity increases on the larger
particles, resulting in lower benzene selec-
tivity.

VAARKAMP ET AL.

The results of this study indicate that
successful regeneration of sulfur-poisoned
Pt/LTL catalysts requires both the removal
of sulfur from the catalyst and restoration
of the original small platinum particle size.
At the same time, the platinum particles
must remain with the zeolite channels.
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