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Catalysts consisting of Ir clusters in zeolite KLTL were pre-
pared by reduction of [Ir(NH;)sCl]Cl; in the zeolite with H; at
temperatures 300 or 500°C. The catalysts were tested for reactions
of n-hexane and H, at 400, 440, and 480°C and were characterized
by temperature-programmed reduction, hydrogen chemisorption,
transmission electron microscopy, infrared spectroscopy of ad-
sorbed CO, and extended X-ray absorption fine structure spectros-
copy. The clusters consist of 4 to 6 Ir atoms on average and are
sufficiently small to reside within the pores of the zeolite. The
infrared spectra characteristic of terminal CO suggest that the
support environment is slightly basic and that the Ir clusters are
electron rich relative to the bulk metal. Notwithstanding the small
cluster size, the support basicity, and the confining geometry of
the LTL zeolite pore structure, the catalytic performance is simi-
lar to those of other Ir catalysts, with a poor selectivity for aroma-
tization and a high selectivity for hydrogenolysis. These results
are consistent with the inference that the principal requirements
for selective naphtha aromatization catalysts are both a nonacidic
support and a metal with a low hydrogenolysis activity, i.e.,
Pt.  © 1995 Academic Press, Inc.

INTRODUCTION

Pt clusters in basic LTL zeolite are active, stable, and
selective catalysts for the dehydrocyclization of straight-
chain paraffins to give aromatics (1-4). Research with
these catalysts has led to the commercial development of
a new naphtha reforming process for production of ben-
zene for the petrochemical industry (5, 6).

Several explanations have been proposed for the ex-
ceptional performance of this catalyst, and the issues are
still debated. There is general agreement that the dehy-
drocyclization is catalyzed by a single function, the Pt (2,
4, 7), and that the support must be nonacidic to prevent
yield loss by acid-catalyzed isomerization and hydro-
cracking (2, 8). Several groups have demonstrated that
the more basic the LTL support, the higher the aromatic
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selectivity of the catalyst. The interaction of the Pt clus-
ters with the basic support is thought to result in an in-
crease in the electron density of the Pt, leading to a modi-
fication of the adsorptive (9, 10) and catalytic (11-15)
properties.

The zeolite support may influence the catalytic perfor-
mance by affecting the steric environment of the clusters.
According to one explanation (16), the one-dimensional
pore structure of the LTL zeolite orients the reacting
straight-chain paraffin parallel to the pore axis, thereby
increasing the probability of terminal adsorption. Colli-
mation effects have been demonstrated for ring opening
of methylcyclopentane, whereby the methyl group is ori-
ented parallel to the pore axis, increasing the selectivity
to 3-methylpentane and n-hexane (17). Alternatively, cy-
clic adsorption of paraffins on the zeolite pore wall has
been suggested to orient the reactant in a pseudocyclic
conformation similar to the transition state required for
aromatic formation (18).

However, the same group which proposed this cyclic
adsorption model later ruled out the importance of spatial
and adsorptive effects of the zeolite because catalytic
selectivities similar to those observed for the zeolite-sup-
ported Pt clusters were also observed for Pt clusters sup-
ported on basic magnesia—alumina hydrotalcite clay (19—
21). But the steric influence of the narrow zeolite pores
has been proposed to inhibit deactivation of the Pt cata-
lyst, presumably by restricting bimolecular reactions
leading to carbon deposition; thus the high aromatic se-
lectivity has been suggested to be characteristic of the
clean Pt surface (22).

Because well-prepared catalysts incorporate extremely
small Pt clusters (with approximately 6 atoms per cluster,
on average), with almost no Pt outside the pores (7, 23,
24), the high benzene selectivity has alternatively been
attributed to the low hydrogenolysis activity of Pt clus-
ters smaller than about 1 nm (8). The small cavities char-
acteristic of the LTL structure evidently favor small, sta-
ble Pt clusters.
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In summary, the role of the zeolite support in these
catalysts is not yet well understood, and our objective
was to prepare and investigate small clusters of another
metal, Ir, in this support to determine whether small clus-
ters of this metal in the zeolite would have a higher selec-
tivity for dehydrocyclization than is associated with Ir,
which typically has a high selectivity for hydrogenolysis
and a low selectivity for dehydrocyclization. The catalyst
was made from an iridium salt and characterized by ex-
tended X-ray absorption fine structure (EXAFS) spec-
troscopy, infrared spectroscopy of adsorbed CO, H,
chemisorption, and transmission electron microscopy
(TEM).

EXPERIMENTAL METHODS

Catalyst Preparation

[Ir(NH3)sCIICl; was prepared according to published
procedures (25). A solution of 3.1 g of K;[IrClg] - 3H,0,
29 g of (NH4),CO;, and 20 g of NH,CI in water was re-
fluxed under NH;. The product was recrystallized and
washed with aqueous solutions of HCI and then ethanol.
Elemental analysis confirmed the synthesis.

The KLTL zeolite (Union Carbide) was washed with
water until the pH of the wash solution was 9.5. The
dried zeolite was calcined in air at 400°C and then
crushed into a fine powder. [Ir(NH,)sCIICl; (1 g) was dis-
solved in 40 ml of water by heating to 70°C, and the
solution was added dropwise to 50.0 g of zeolite. Elemen-
tal analysis of the catalyst indicated that it contained 1.0
wt% Ir, 8.3 wt% Al, and 13.0 wt% K; the Si: Al atomic
ratio of the zeolite was 3.6, and the K : Al atomic ratio
was 1.08 [a value that has been shown to give good Pt/K-
LTL dehydrocyclization catalysts (7)]. The Ir/KLTL
catalyst was reduced in flowing H, at 1 atm; the tempera-
ture was increased at 5°C/min from room temperature to
either 300 or 500°C.

Catalytic Reactions

The conversion of n-hexane (Aldrich, 99.5%, with im-
purities of 0.4 wt% methylcyclopentane and 0.1 wt% 3-
methylpentane) was conducted at 1 atm in a once-
through Pyrex flow reactor at a temperature of 400, 440,
or 480°C. H, (Matheson, 99.999%) and He (Matheson,
99.999%) were purified by flow through activated traps
containing a 4 A molecular sieve and Cu,0. Catalyst (15
to 100 mg) was crushed to 150-180 wum particles and
mixed with inert alundum particles in a volume ratio of
1:10. Prior to reaction, the catalyst was reduced in flow-
ing H; by heating at 5°C/min to 500°C. After 1 h at 500°C,
the catalyst was cooled to the reaction temperature. n-
Hexane was fed by a syringe pump to a vaporization
chamber heated to 73°C, where it was mixed with H, and
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He. The H,, He, and n-hexane flow rates were adjusted
to give an n-hexane partial pressure of 76 Torr and a
H; : n-hexane molar ratio of 6. The reaction product va-
pors were analyzed with an on-line gas chromatograph
equipped with a flame ionization detector and a 30 ft X §
in. 23% SP-1700/Chromosorb PAW packed column. At
480°C in the absence of catalyst, there was no measurable
conversion of n-hexane.

Catalyst Characterization

Temperature-programmed reduction (TPR). Approx-
imately 50 mg of Ir/KLTL was heated from 25 to 800°C
at 5°C/min in 5% H, in N, flowing at 10 ml/min; the
products were detected by a thermal conductivity de-
tector.

Transmission electron microscopy. The electron mi-
croscope was a Philips 400T TEM operated at 120 kV.
The Ir/KLTL catalyst was prereduced at 500°C, cooled
to room temperature in H,, and purged for 15 min with
N, prior to exposure to air. The sample was ground to a
fine powder, embedded in LR white resin, and sectioned
with an ultramicrotome. Thin sections were mounted on
copper grids and lightly coated with carbon.

Hydrogen chemisorption. Samples were crushed and
screened to 60/100 mesh particles and reduced for 1 h in
flowing H; at 1 atm and either 300 or 500°C. The reduced
catalysts were evacuated at 300°C for 12 h at 10~ Torr.
Hydrogen adsorption measurements were made in con-
ventional apparatus at pressures between 0 and 300 Torr.
Measurements were also made for KLLTL zeolite with-
out Ir. Details are given in a thesis (26).

Infrared spectroscopy of adsorbed CO. Transmission
infrared spectra of adsorbed CO (Matheson, 99.999%)
were obtained with a Nicolet 510M spectrometer. Prere-
duced samples were pressed into semitransparent wafers
in a Ny-filled glovebox and loaded into sealed cells with
NaCl windows. The infrared cell could be heated with the
sample in the presence of flowing gases or under vacuum.
The reduced samples were exposed to 28 Torr of CO for
30 min, followed by evacuation of the cell (5 x 1073 Torr)
at room temperature. For samples exposed to flowing CO
and treated at different temperatures, the spectra were
obtained after purging with flowing He and cooling to
25°C.

EXAFS spectroscopy. Data were collected at beam
line X-11A at the National Synchrotron Light Source at
Brookhaven National Laboratory. The storage ring oper-
ated with an electron energy of 2.5 GeV and a current of
200-200 mA. The Si(111) monochromator was detuned
by 30% to minimize higher harmonics in the X-ray beam.
The samples were pressed into self-supporting wafers
and placed into a controlled atmosphere cell. Data were
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collected at the Ir Lj;; edge (11,215 eV) at liquid nitrogen
temperature and in the presence of H, after reduction of
the catalyst in flowing H at either 300 or 500°C. The data
were acquired in the transmission mode for 1 s per point
in the range from 200 eV before the absorption edge to 30
eV beyond the absorption edge, for 2 s from 30 to 400 eV
beyond the edge, and for 4 s at higher energies.

EXAFS data analysis (27). Experimentally deter-
mined phase shifts and backscattering amplitudes for Ir—
Ir and Ir-O were obtained from EXAFS data for Pt foil
and Na,Pt(OH)¢, respectively. The data from two scans
for each Ir/KLTL catalyst were averaged and analyzed
with the Vaarkamp-Koningsberger University of
Utrecht EXAFS data analysis software to estimate the
parameters that characterize the high-Z (Ir) and low-Z
(O) contributions by multiple-shell fitting in k space (& is
the wave vector) and in r space (r is the distance from the
absorbing atom, Ir). The different contributions in the
EXAFS data were determined by applying the Konings-
berger difference file technique to phase- and amplitude-
corrected Fourier transforms (27). To avoid a significant
underestimation of the contributions of either the low-Z
or high-Z contributions, the fit parameters characterizing
the Ir and O contributions were optimized with both k'-
and k*-weighting. Once a close fit was obtained for the
EXAFS parameters, N, Ac?, R, and AE; (where N is the
coordination number, Ac? the Debye—Waller factor, R
the radial distance from the absorber to the backscatter

133

atom, and AE, the inner potential correction) with &'- and
k*>-weighting, the fit was optimized by allowing a few of
the parameters to be fitted while the rest of the parame-
ters were held fixed.

RESULTS

Temperature-Programmed Reduction

The Ir-containing zeolite consumed H; in two stages,
indicated by the peaks at about 270°C and about 290°C in
the TPR spectrum (Fig. 1). The reduction of Ir was
judged to be complete after 10 min at 300°C in flowing
10.4% H, in N,. These results indicate that Ir(Ill) ions in
the zeolite had been fully reduced to zerovalent Ir at
treatment temperatures > 300°C.

H, Chemisorption

Extrapolation of the hydrogen adsorption isotherm to
zero pressure resulted in a H/Ir value of 2.6 for both the
catalyst reduced at 300°C and that reduced at 500°C. Sim-
ilar hydrogen chemisorption results were obtained for
highly dispersed Ir/alumina catalysts and were suggested
to indicate formation of iridium hydride-like species (28).
The quantity of hydrogen adsorbed by the KLTL sup-
port was approximately 5% of that observed for the sup-
ported Ir catalyst.

3
e
=
>
-
g |
4‘3 271°C
<
3
-
3
-9
E
3
a
-3
Q
~
=
!
292°C
S W dde i e s ey sna ey e Sl B A
0 1008 2008 Joo¢ 400¢ 5000 6000 7000 8000
Time, s

FIG. 1.

Temperature-programmed reduction data indicating hydrogen consumption by the KLTL zeolite prepared from [Ir(NH;)sCI|Cl,.
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FIG. 2.
1.0 wt%.

Transmission Electron Microscopy

An electron micrograph Ir/KLTL reduced at 500°C is
shown in Fig. 2. The KLTL zeolite crystals are cylindri-
cal (23) and appear rounded or rectangular in shape, rang-
ing in size from 0.03 to 0.5 um. Lattice images, with a
spacing of 1.66 nm, are normal to the channel direction in
the rectangular particles. Few Ir clusters larger than
about 2 nm are evident in the micrographs (Fig. 2). At
high magnification, a few small Ir particles are visible
between the lattice spacings; however, the majority of
the Ir clusters are too small to be imaged with the micro-
scope. Similar results (not shown) were obtained for the
catalyst reduced at 300°C. The results suggest that after
reduction at each temperature, the Ir was highly dis-
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Electron micrograph of KLTL zeolite prepared with [Ir(NH;);CIICl, after treatment in flowing H, at 500°C for 1 h. The Ir loading was

persed, and the cluters were small enough to be located
inside the pores of the zeolite,

Infrared Spectroscopy of Adsorbed CO

The infrared spectrum of Ir/KLTL reduced at 300°C
and exposed to 28 Torr CO (Fig. 3) is characterized by
linearly bonded CO, with v¢o bands at 2067s, 2036s, and
1986s cm~! and a bridge-bonded CO with a v¢o band at
1773 cm~'. Exposure of the Ir/KLTL catalyst reduced at
300°C to CO at 1 atm and 50°C (Fig. 3B) resulted in a
spectrum with vco bands at 2065ssh, 2032s, 2004s,
1960m, and 1895w cm~!. The spectrum of the catalyst
reduced at 500°C and exposed to 28 Torr of CO was
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FIG. 3. Infrared spectra of chemisorbed CO on Ir/KLTL zeolites.

(A) Sample that had been treated at 300°C in H, for 1 h, evacuated at
8 % 10-3 Torr, exposed to 28 Torr CO at 25°C, and evacuated at 5 x 10-°
Torr; (B) sample that had been treated at 300°C in H, for 1 h, treated in
flowing CO at 1 atm and 50°C for 1 h, and purged with He at 25°C.

almost the same as that of the catalyst reduced at 300°C
(e.g., Fig. 3A).

EXAFS Analysis

The raw EXAFS data for Ir/KLTL reduced at 300 and
at 500°C are given in Fig. 4A. At low values of &, the
amplitude of the EXAFS function is slightly greater for
the catalyst reduced at 300°C than for that reduced at
500°C. In addition, there is a slight shift in the node posi-
tions in the range of k = 3-5 A~!. At high values of , the
amplitude is slightly greater for the catalyst reduced at
500°C. The normalized EXAFS functions are shown in
Figs. SA and 5C. Fourier transforms (not shown) of the
EXAFS data show a slight increase in the amplitude of
the Ir=Ir contribution at around 2.7 A for Ir/KLTL re-
duced at 500°C relative to that reduced at 300°C. An addi-
tional scatterer besides Ir is evident as a separate peak
near 1.8 A (uncorrected). This peak is larger for the cata-
lyst reduced at 300°C than for that reduced at 500°C.

Multiple shell fitting of the Fourier-@ltered EXAFS
spectrum (k*-weighted, Ak: 3.64—11.68 A~'; Ar: 1.592-
4.183 A) of Ir/KLTL reduced at 300°C resulted in the
identification of three significant contributions (Table 1):
an Ir-Ir contribution at 2.70 A with a coordination num-
ber of 3.2 (indicating ca. 4 Ir atoms/cluster), an Ir-O
contribution at 2.18 A with a coordination number of 1.2,
and a second Ir-O contribution at 2.60 A with a coordina-
tion number of 2.5. The number of parameters used to fit
the data is 12, with approximately 14 degrees of freedom.
This latter value was estimated from the Nyquist theorem
(29), n = (2AkAr/mw) + 1, where Ak and Ar, respectively,
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TABLE 1

EXAFS Results Characterizing the KLTL Zeolite-Supported
Iridium Clusters Prepared by the KLTL Zeolite with

[Ir(NH;)sCIICl, Followed by Flowing H; at 300°C and
latmfor1h

EXAFS
Shell N R (A) Ac? (A AE, (eV) reference
Ir-Ir 3.2 2.70 0.0017 —~(.45 Pi-Pt
Ir-0O, 1.2 2.18 0.0034 —4.68 Pt-O
Ir-0, 2.5 2.60 0.0088 -0.47 Pt-O

Note. N, coordination number for absorber-backscatterer pair; R,
radial absorber-backscatterer distance; Ao ?, Debye—-Waller factor (dif-
ference with respect to reference compound); AE,, inner potential cor-
rection (correction of the edge position), Estimated precision: N, +20%
(Ir=Ogyppors * 30%); R, = 2% (Ir-Ir, £ 1%); Ac?, * 30%: AE,, *10%.
The subscripts s and | refer to short and long, respectively.

are the k and r ranges used in cthe forward and inverse
Fourier transforms (Ak = 8.04 A~!; Ar = 2.59 A).
Comparisons of the k'- and 43-weighted data and fit,
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FIG. 4. Raw EXAFS data at the Ir Ly, edge for samples of KLTL
zeolite containing | wt% Ir after treatment (A) in H, at 300°C for 1 h and
(B) in H, at 500°C for 1 h. Samples were scanned in the presence of H,
at liquid N, temperature.
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Fourier transform

Fourier transform

Results of EXAFS analysis obtained with the best calculated coordination parameters characterizing supported Ir clusters prepared by

treatment of KLTL zeolite prepared from [Ir(NH,)sCI]Cl, treated at 300°C in flowing H; for 1 h. (A) Normalized EXAFS function (solid line) and
sum of the calculated Ir-Ir + Ir-Og + Ir-O; contributions (dotted line) (k'-weighted, Ak = 3.8-9.2 A-Y: (B) imaginary part and magnitude of
Fourier transform of the experimental EXAFS (solid line) and sum of the calcuiated Ir-1r + Ir-Og + Ir-0O, contributions (dotted line) (k!-weighted,
Ak = 3.8-9.2 A '); (C) normalized EXAFS function (solid line) and sum of the calculated Ir-Ir + Ir-Og + 1r-O, contributions (dotted line) (4*-
weighted, Ak = 3.8-9.2 A-1): (D) imaginary part and magnitude of Fourier transform of the experimental EXAFS (solid line) and sum of the
calculated Ir-Ir + Ir-Og + Ir-O, contributions (dotted line) (k’-weighted, Ak = 3.8-9.2 A1,

both in k space and in r space, are shown in Figs. SA-5D.
The residual spectra determined by subtracting the Ir-Ir
or the two Ir-O contributions from the raw data are
shown in Figs. 6A and 6B, respectively.

Multiple shell fitting of the Fourier-filtered EXAFS
spectrum (k>-weighted, Ak: 3.67-11.62 A-!; Ar: 1.730-
4.201 A) of Ir/KLTL reduced at 500°C also identified
three contributions (Table 2): an Ir-Ir contribution at
2.70 A with a coordination number of 4.3 (indicating ca. 6
Ir atoms/cluster), an Ir-O contribution at 2.09 A with a
coordination number of 0.7, and a second Ir-O contribu-
tion at 2.67 A with a coordination number of 1.2. The
number of parameters used to fit the data is 12, with 13
degrees of freedom. The data (not shown) are similar to
those shown for the sample treated in H, at 300°C.

Catalyst Performance

n-Hexane conversions less than about 10% were ap-
proximately differential. The reaction products were ben-
zene, methylcyclopentane, 3-methylpentane, 2-methyl-
pentane, 1-hexene, 2-hexene, 3-hexene, cyclohexane,
cyclohexene, and C,_s hydrocarbons. The turnover fre-
quency (TOF), based on an Ir dispersion of unity, was
about 0.12 s™! at 400°C. For comparison, the TOF for Pt/

KLTL zeolite at 420°C has been reported to be approxi-
mately 2 s~! (7).

The product selectivity is given in Table 3. Benzene
selectivity is defined as the fraction of n-hexane con-
verted to benzene divided by the total conversion of n-
hexane. Because hexane isomers (methylcyclopentane,
2-methylpentane, and 3-methylpentane), Cs olefins, cy-
clohexane, and cyclohexene can also react to form ben-
zene, a second (conventional) definition of benzene se-

TABLE 2

EXAFS Results Characterizing the KLTL Zeolite-Supported
Iridium Clusters Prepared by the KLTL Zeolite with

[Ir(NH;)sCIICl, Followed by Flowing H, at 500°C and
latmfor1 h

EXAFS
Shell N R (A) Ac? (AY) AE, (eV) reference
Ir-Ir 4.2 2.70 0.0022 0.68 Pt-Pt
Ir-Os 0.7 2.09 0.0085 7.05 Pt-O
Ir-0, 1.2 2.67 0.0085 -6.50 Pt-O

Note. Notation as in Table 1. Estimated precision: N, = 20% (Ir-
Oupports £ 30%); R, = 2% (Ir-Ir, * 1%); Ac?, *+ 30%; AE,, = 10%.
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Fourier transform

Fourier transform

FIG. 6. Results of EXAFS analysis obtained with the best calcu-
lated coordination parameters characterizing KLTL zeolite-supported
Ir clusters prepared by treatment of a KLTL zeolite prepared from
[Ir(NH,)sCI]Cl, treated at 300°C in flowing H, for 1 h. (A) Residual
spectrum illustrating the EXAFS contributions characterizing the Ir-Ir
interaction: imaginary part and magnitude of Fourier transform (k-
weighted, Ak = 3.8-9.1 A1) of raw data minus sum of the calculated
Ir-Os + Ir-0O; EXAFS (solid line) and calculated Ir-Ir EXAFS (dashed
line) (Pt—Pt phase and amplitude corrected); (B) residual spectrum illus-
trating the EXAFS contributions characterizing the Ir—O,,0n interac-
tion: imaginary part and magnitude of Fourier transform (k!-weighted,
Ak = 3.8-9.1 A1) of raw data minus EXAFS calcutated for Ir-Ir (solid
line) and sum of the calculated Ir-Og + Ir-O; EXAFS (dashed line) (Pt-
O phase and amplitude corrected).

lectivity is also used to account for the irreversible loss of
C¢ hydrocarbons by hydrogenolysis. This selectivity, re-
ferred to as the ultimate benzene selectivity, is the ratio
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of the n-hexane converted to benzene divided by the n-
hexane converted to benzene and light (C,_s) hydrocar-
bons. Finally, the ring closure selectivity is defined as the
mass ratio of 1-6 ring closure products (the sum of ben-
zene, cyclohexane, and cyclohexene) to 1-5 ring closure
products (the sum of methylcyclopentane, 2-methylpen-
tane, and 3-methylpentane).

Under the reaction conditions, approximately 40% of
the products were olefins formed from dehydrogenation
of n-hexane. An additional 30-40% of the n-hexane was
converted into C,—C;s hydrocarbons by hydrogenolysis of
n-hexane. Approximately 15% of the n-hexane was con-
verted into benzene, and the remaining 109% of the prod-
ucts (methylcyclopentane, 2-methylpentane, and 3-
methylpentane) resulted from 1-5 ring closure of
n-hexane. The ultimate benzene selectivity was approxi-
mately 0.4 and was similar to the values reported briefly
for Ir/KL.TL (30, 31) and other Ir catalysts on nonacidic
supports, e.g., Ir/SiO, (30) and Ir/MgO (31). The ring
closure ratios (1-6/1-5) were 1.0, 1.4, and 2.6 at 400, 440,
and 480°C, respectively, and were similar to the value
observed for Pt/KLTL catalyst (4, 7, 31). For nonacidic
Pt catalysts, ring closure ratios greater than 1.0 were ob-
served only when the support was KLTL zeolite,
whereas ring closure ratios of approximately 0.5 were
observed for all other zeolite and amorphous catalysts
(32).

DISCUSSION

Catalyst Structure

The results obtained by TPR, hydrogen chemisorption,
infrared spectroscopy of adsorbed CO, TEM, and EX-
AFS spectroscopy are all consistent with the conclusion
that the Ir** ions introduced into the zeolite were reduced
to give small metal clusters at temperatures greater than
300°C. After reduction at 300°C, the first-shell Ir-Ir coor-
dination number of 3.2 indicates that the average Ir clus-

TABLE 3

Selectivities in n-Hexane Conversion Catalyzed by
Ir/KLTL Zeolite?

1-6/1-5
Reaction Ultimate  ring closure
temperature (°C) C, C,-Cs i-C; i-C; Benzene benzene ratio
400¢ 0.23 0.31 0.12 022 0.12 0.18 1.0
4404 0.17 0.16 0.09 045 0.13 0.39 1.4
480° 0.29 0.09 0.06 0.39 0.16 0.42 2.6

2 1 atm total pressure, 76 Torr n-hexane partial pressure, H,/n-hexane = 6.

b j-Cq is the sum of methylcyclopentane, 2-methylpentane, and 3-methylpentane.
¢ n-Hexane conversion was 6.7% after 10 h.

4 n-Hexane conversion was 6.2% after 10 h.

¢ n-Hexane conversion was 7.9% after 10 h.
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ter nuclearity was about four atoms, corresponding to a
diameter of about 6 A. Reduction of Ir/KLTL at 500°C
increased the average cluster size slightly to about six
atoms/cluster (N = 4.3), corresponding to an average
diameter of about 8 A. After reduction at each tempera-
ture, the clusters were small enough to reside within the
channels of LTL zeolite.

The Ir-Ir bond distance of 2.70 A in the 4- to 6-atom Ir/
KLTL clusters is the same as that for bulk Ir metal and
other supported Ir catalysts, e.g., Ir clusters on alumina
(33), silica (33), and magnesia (34). For example, in Ir/
Si0,, with an average Ir particle nuclearity of about 100
atoms, an Ir-Ir coordination number of 8.5, and an ap-
proximate particle size of 20 A, the Ir-Ir bond distance
was 2.70 A (33). However, the Ir-Ir bond distance was
found to be 2.64 A for small Ir clusters (N = 5.5) on
alumina, approximately 0.06 A shorter than the bulk
bond distance (35). The contraction of the metal-metal
bond distance, however, was determined for a sample in
the absence of chemisorbed hydrogen. In contrast, the
EXAFS measurements of the catalysts reported here
were made for samples in hydrogen. Similar results for
the metal-metal bond distances in small Pt clusters have
been reported; i.e., bulk metallic bond distances are ob-
served for samples in the presence of chemisorbed hy-
drogen (36), whereas a contraction of about 0.1 A in the
bond distance has been observed for samples under vac-
uum (37).

In the highly dispersed Ir/KLTL zeolite catalysts,
nearly all the Ir atoms are in contact with the support.
Two Ir-O EXAFS contributions were observed for each
sample (Tables 2 and 3). The shorter Ir-O distance is
approximately equal to the sum of the covalent radii and
is characteristic of metal atoms in contact with oxygen
ions of the support (38). Similar metal-oxygen distances
have been observed for Ir/Al,O; (33, 35), Ir/MgO (33),
Rh/MgO (33), and Pt/zeolite (36) catalysts. The longer
Ir-O distance (2.67 A) is significantly greater than the
sum of the covalent radii of Ir and O, and it has been
proposed that hydrogen atoms, similar in nature to
chemisorbed hydrogen, reside between the support and
the metal particles, leading to the long metal-oxygen dis-
tance (36, 38). A longer Pt-0O distance (2.7 A) was ob-
served for supported Pt catalysts after low-temperature
reducEion (at 300°C), whereas a shorter Pt—O distance
(2.2 A) was present after high-temperature reduction
(500°C) (36). The presence of the longer metal-oxygen
distance after reduction at 500°C in the Ir/KLTL zeolite
indicates that the long Ir-O distance is more thermally
stable than the long Pt—O distance and is consistent with
the higher hydrogen chemisorption capacity of Ir relative
to Pt.

The infrared bands of linearly adsorbed CO in Ir/K-
LTL zerolite are in the frequency range of other zerova-
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lent and anionic iridium carbonyl compounds (39-41) and
supported catalysts (42-44), but the spectra of these vari-
ous samples are different enough from each other that no
strong structural conclusions emerge from the infrared
spectra presented here.

The infrared spectrum of adsorbed CO on Ir/KLTL
zeolite is also similar to that of CO terminally adsorbed
on Pt/KLTL (11, 12, 32, 45, 46) and Pd/KLTL zeolites
(32), for which several broad overlapping absorption
bands occur between about 1950 and 2100 cm™'. The low-
frequency CO absorption bands for terminal CO on zeo-
lite-supported and amorphous metal-oxide-supported Pt
catalysts, at about 1950 cm™', are observed only when
the supports are alkaline. These bands are thought to
result from CO adsorbed on electron-rich Pt clusters in-
teracting with basic metal oxide supports (11, 12, 15).
The linear CO bands in the infrared spectra of Pt/KLTL
zeolite were observed to shift to lower frequency as the
catalyst was dried at higher temperatures (46). It was
concluded that at low temperature adsorbed water on the
K* ions disrupts the ion-dipole interaction, increasing
the CO absorption frequency. A similar shift to lower
frequency in the linear CO absorption bands is observed
for CO adsorbed on Ir/KLTL zeolite at 50°C. The infra-
red spectra of Ir/KLTL zeolite therefore indicate that the
zeolite is nonacidic, or slightly basic (consistent with the
elemental analysis), with K* ions near the iridium clus-
ters. Although the K* ions were sufficiently close to the
Ir clusters to affect the frequency of the terminally
bonded CO, the K* ions were not detected by EXAFS
spectroscopy.

Implications for Catalysis

The size and steric and electronic environment of the Ir
clusters in the Ir/KLTL catalysts of this investigation
are almost identical to those of well-prepared Pt/KLTL
naphtha reforming catalysts (23, 47). Although the Ir/K-
LTL support is nonacidic and n-hexane was converted
into benzene by a mono-functional pathway, the hydro-
genolysis selectivity of the Ir-containing catalysts was
found to be high and the n-hexane aromatization selectiv-
ity poor, as is typical of other Ir catalysts, e.g., Ir/SiO;
(30) and Ir/MgO (31). We infer that the combination of
cluster size, electronic modification of the Ir by the sup-
port, and the steric environment near the metal clusters
was not sufficient to suppress the high intrinsic hydrogen-
olysis selectivity of Ir. Thus, by comparison of these
results with the results for Pt/KLTL zeolite, we infer that
two criteria are critical for obtaining a selective aromati-
zation catalyst: a nonacidic support (1, 8, 19) and a metal
with low hydrogenolysis selectivity.

The excellent performance of Pt/KLTL zeolite cata-
lysts implies that, although there are many potential cata-
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lysts consisting of Pt on nonacidic supports, the structure
of the support is important in providing some small im-
provements in selectivity, activity, and aromatization
process economics. In Pt/KLTL catalysts, the hydro-
genolysis activity is suppressed by addition of alkali (14,
47), which has been shown by infrared (11, 12, 15) and X-
ray photoelectron spectroscopies (15) to increase the
electron density on the metal clusters. The hydrogenoly-
sis selectivity is also cluster size dependent, decreasing
with decreasing cluster size (8). Furthermore, the specific
pore geometry of the LTL zeolite increases the selectiv-
ity for 1-6 ring closure relative to 1-5 ring closure. This
has an indirect effect on the hydrogenolysis selectivity,
which becomes important at high conversion. For exam-
ple, catalysts with a high 1-5 ring closure selectivity pro-
duce high yields of methylcyclopentane, 2-methylpen-
tane, and 3-methylpentane. Before these can back-react
to give benzene, they must first be converted into n-hex-
ane through the methylcyclopentane intermediate. Each
of the 1-5 ring closure products is also subject to hydro-
genolysis. The higher the selectivity to 1-5 ring closure,
therefore, the higher the hydrogenolysis selectivity in the
limit as all the hexanes are converted into benzene, i.e.,
at high conversion. Thus, while there are many potential
nonacidic naphtha aromatization catalysts, the most ac-
tive and selective have small Pt clusters located within
the pores of zeolite LTL with alkali contents adjusted to
give the lowest hydrogenolysis selectivity while main-
taining high aromatization activity.

CONCLUSIONS

Ir clusters in zeolite KLTL, consisting of four to six
atoms on average, with sizes of about 6-8 A, were pre-
pared by reduction of [Ir(NH;)sCl]Cl; in the zeolite in H,
at temperatures = 300°C. The clusters are sufficiently
small to reside within the pores of the zeolite. EXAFS
structural analysis indicates that there are two Ir-O dis-
tances, about 2.1 and 2.7 A. The shorter distance is ap-
proximately the sum of the covalent radii of Ir and O. The
longer distance has been suggested to result from chemi-
sorbed hydrogen located between the Ir atoms and the
oxygen ions of the support surface. The long Ir-O dis-
tance is thermally more stable that that observed in simi-
lar Pt/KLTL catalysts. The low-frequency infrared CO
absorption bands characteristic of terminal CO suggest
that the support environment is slightly basic and that the
Ir clusters are electron rich relative to the bulk metal.
Notwithstanding the small cluster size, the basic support
environment, and the specific geometry of the LTL zeo-
lite pore structure, the catalytic performance is similar to
that of other Ir catalysts, with a poor selectivity for aro-
matization and a high selectivity for hydrogenolysis. Se-
lective naphtha aromatization catalysts therefore require
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both a nonacidic support and a metal with a low hydro-
genolysis activity, like Pt. Further improvements in the
catalyst’s aromatization selectivity result from reduction
of the hydrogenolysis selectivity by optimization of the
support alkalinity, cluster size, and steric environment.
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