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Infrared Spectroscopy of Adsorbed Carbon Monoxide on
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Infrared spectroscopy of adsorbed carbon monoxide was investigated on a series of platinum
(or palladium) zeolite catalysts plus platinum on silica. The platinum catalysts all showed a strong
absorbance band around 2070 = 20 cm ™' due to linear-bonded CO and a weaker band around
1850 + 20 cm ™! due to bridge-bonded CO. Four platinum catalysts, Pt/K~ LTL, Pt/K~ MFI,
Pt/K* MTW, and Pt/K~ SiO,, had an additional absorbance near 1970 cm~'. The additional band
is not observed for Pt/silica, Pt/La*? LTL, or platinum supported on H* LTL or H- MFI. i.e.,
neutral and acidic supports. The additional band on the alkalized catalysts is speculated to result
from an electrostatic attraction of linear-bonded CO with an alkali cation when Pt is on a nonacidic
support. The electrostatic attraction increases the CO adsorption strength and lowers the stretching
frequency. The additional linear CO absorption band was also observed on Pd/K~ LTL. The
additional band. therefore, is not specific to platinum. Although the presence of this additional
infrared band suggests a “"new type of metal (catalytic) site,”" no relation was found between the
catalytic activity or selectivity for n-hexane dehydrocyclization and the additional CO absorbance

band.

¢ 1993 Academic Press, Inc.

INTRODUCTION

Infrared spectroscopy of adsorbed spe-
cies is an established technique for charac-
terizing surface sites in highly dispersed,
supported metal catalysts. In particular, CO
is frequently used as the adsorbing molecule
because of its high extinction coefficient,
which gives strong absorbances when ad-
sorbed on Group VIII metals (/-3). Most
of the prior work on platinum catalysts has
focused on amorphous supports, such as
platinum on alumina (3—10) or silica (3, 4, 7,
11-14). In these studies, linear- and bridge-
bonded CO species have been assigned to
bands absorbing at 2040-2100 cm~! and
1790-1860 cm !, respectively (3, /5). Simi-
lar frequencies are reported for unsupported
platinum, i.e., single crystals (3, 16-22).
The location of the CO stretching frequency
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is known to shift, and several interpretations
have been postulated. For example, the shift
in stretching frequency may be due to dilu-
tion effects (dipole—dipole interactions),
changes in the exposed platinum crystallite
faces (particle size), or electron density
changes induced by the catalyst support or
cations, which affects the number of elec-
trons available for back-bonding to the CO
w* orbitals.

Platinum supported on zeolites is particu-
larly interesting since the average metal par-
ticle size can be kept uniformly small, with
the size of the largest metal particles limited
to the size of the zeolite pore(s) or cage(s).
A recent review (23) suggests that these cat-
alysts combine the intrinsic electronic ef-
fects of a small metal particle (24) with elec-
tronic modifications resulting from the
interaction of the metal particle with the
strong ionic potential of the zeolite surface
(25-29). For example, the infrared spectra
for palladium supported on acidic and non-
acidic FAU(Y) exhibits one linear- and one
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bridge-bonded CO absorption. In addition,
the palladium interacts with the acid sites,
shifting the CO stretching frequency to
higher wavenumbers. This shift to higher
frequency is suggested to result from elec-
tron-deficient palladium. By interacting
with the acid sites, palladium has fewer
metal electrons to w-bond with adsorbed CO
(25). Generally, platinum in nonacidic zeo-
lites, e.g., Na® FAU(Y), also exhibits one
linear and one bridging CO infrared fre-
quency (24). For platinum supported on
nonacidic LTL, however, three CO absorp-
tion bands have been reported (30-32). In
addition to the usual linear- and bridge-
bonded stretching frequencies, nonacidic
LTL displayed an additional absorbance
band centered around 1970 cm ~'. The exact
position of the CO absorbance was depen-
dent on the specific cation (Li~, Na*, K*,
Rb*, or Cs*) exchanged into the zeolite.
The frequency shifted to lower wavenum-
bers for the larger, more basic cation, e.g.,
Cs™*. The additional band was assigned to
linearly adsorbed CO located on the very
small Pt particles within the zeolite chan-
nels, which were thought to form (basic)
carbonyl clusters on exposure to CO (3/).
Three infrared CO absorption bands have
also been observed for a Pt/Na*t FAU(X)
or FAU(Y) after heating the catalyst to
573 K for 16 h in CO (33). This additional
band was absent, however, without heating.
For platinum in Na* FAU(X), the additional
absorption band was thought to result from
CO linearly adsorbed on electron-rich plati-
num atoms in contact with negatively
charged framework oxygen atoms in alumi-
num-rich zeolites. The frequency of the ad-
ditional band decreased with increasing
(zeolite) oxide basicity. Comparison of cata-
lytic activity for n-hexane dehydrocycliza-
tion for Pt/Na* FAU(X), Pt/K* LTL, and
Pt/Na* FAU(Y) parallels the catalysts’ ba-
sicity. It was suggested that the most active
platinum atoms for n-hexane aromatization
were the atoms in contact with the zeolite
surface, activated by the negatively charged
framework oxygen atoms (33).
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In this study, we compare the infrared
spectra of CO adsorbed on a series of plati-
num-supported catalysts. The supports in-
clude nine potassium-exchanged zeolites,
Si0,, and K* SiO,. The potassium-ex-
changed zeolites are nonacidic and have the
platinum located in the zeolite pores. Sev-
eral of the catalysts exhibited three CO ab-
sorption bands. For these catalysts, plati-
num in acidic zeolites of the same structure
was prepared for comparison. For the non-
acidic platinum catalysts, the activity and
selectivity for dehydrocyclization of n-hex-
ane was determined, and the catalytic per-
formance was compared with the catalysts’
infrared spectra. Finally, palladium-sup-
ported, nonacidic LTL catalysts showed
that the third CO absorption band was not
specific to platinum.

EXPERIMENTAL
Cuatalyst Preparation

Catalysts were prepared from nonacidic,
potassium-exchanged supports by impreg-
nating a platinum (or palladium) salt, de-
composing the metal salt, and reducing
the metal. The zeolites were obtained as
commercial samples or were synthesized.
Na® FAU(Y), Na® FAU(X), and K* LTL
were commercial samples obtained from
Union Carbide (now UOP). Na~ MOR
was a commercial sample obtained from
Norton.

MFI1 (ZSM-5) (34), ZSM-12 (MTW) (35),
Na* gmelinite (GME) (36), Na™ ( (MAZ)
(37), and B (38) zeolites were synthesized
following reported methods. For zeolites
prepared with organic amine, the zeolites
were calcined at 540°C for 16 h prior to po-
tassium exchange. Each zeolite (except
LTL) was potassium exchanged with
KNO;. Typically, 75 g of zeolite was ex-
changed with 500 ml 1.5 M KNO, at 60°C
for 4 h. The exchanged zeolite was filtered,
washed with 500 ml cold H,0, and refiltered.
The K *-exchanged zeolite was given a sec-
ond wash with dilute KOH. The pH of the
500 ml water wash was adjusted to 9.5 with
KOH. The zeolite was filtered, dried, and
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TABLE |

Elemental Analysis

Catalyst Potassium Sodium Aluminum Cation/Al

(wt9%) (Wt%) (Wi%%) (mole ratio)
K~ FAU(Y) 10.20 2.73 9.30 1.10
K~ FAU(X) 11.50 6.67 15.60 1.01
K-8 4.100 — 2.58 1.10
K* MOR 10.00 0.04 5.90 1.18
K~ MAZ 11.0 — 7.00 1.08
K~ GME 11.90 1.15 9.50 1.00
K- MTW 1.45 — 0.99 1.01
K+ MFI 2.28 — 1.35 .16
K- LTL 11.75 — 7.73 1.0S
Ba’* LTL 9.70 (7.2 Ba) 8.0 1.19
La'" LTL 6.40 (4.3 La) 7.10 .98
H- LTL 5.60 —_ 11.50 0.34
H* MFI _ — 2.20 0.00
K~ Si0o, 0.60 —_ — —
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calcined at 540°C for 3 h. Table | summa-
rizes a partial elemental analysis of each
support.

Other ion-exchanged zeolites were pre-
pared as briefly described below. A Ba®”
LTL support was synthesized by ion ex-
change of K™ LTL with 0.6 M Ba(NO,), at
60°C for 2 h, A H* LTL was prepared by
ion exchange of 130 g of K™ LTL in 1000
ml of 1.5 M NH,NO; at 60°C for 2 h. The
exchanged zeolites were filtered, washed
with 500 ml of hot water, dried overnight,
and calcined at 540°C for 3 h. To prepare
H* MFI, following the synthesis of MFI,
the zeolite was calcined at 540°C for 16 h to
remove the tetrapropylammonium bromide.
The zeolite was exchanged three times with
1.5 M NH,NO,, washed, dried, and cal-
cined at 500°C for 3 h. Finally, La** LTL
was prepared by ion exchange of K™ LTL
with 0.2 M La(NO,),-5H,0 (40 g/500 ml
H,0). The zeolite was ion exchanged twice,
washed, dried, and calcined at 540°C for
3 h.

The SiO, catalysts were prepared from
silica (PQ Corporation) with a surface area
of 215 m*/g and a pore volume of 1.0 cm¥/
g. Alkalized silica was prepared by addition
of dilute KOH to the silica. The KOH was

continually added until the pH of the solu-
tion remained 9.5. The alkalized silica was
filtered, dried, and calcined at 540°C for
4 h.

To each zeolite (or silica), platinum was
impregnated using an aqueous solution of
tetraammineplatinum(ll) nitrate to a weight
loading of 1.0% platinum. Platinum-impreg-
nated zeolites were calcined in air at 260°C
and then reduced in hydrogen at 500°C. In a
similar fashion, the palladium catalysts were
prepared using an aqueous solution of tetra-
amminepalladium(lI) nitrate to weight load-
ings of 0.5% palladium.

Infrared Spectroscopy

Sample preparation. Typically, a reduced
catalyst sample was ground to a fine, uni-
form powder. Catalyst wafers were formed
by compressing 100 mg in a 1.25-in. (3.18
cm) diameter, gold-plated, stainless-steel
die with a pressure of 9.0 metric tons. The
wafer of approximately 10 mg/cm? was
trimmed to 30 X Il mm and mounted into
a quartz sample holder, and the vacuum sys-
tem was sealed.

Infrared procedure. The vacuum mani-
fold, sample chamber, and infrared cell as-
sembly were evacuated to a pressure less
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than 10~* Torr. The sample was then rere-
duced in situ by admitting hydrogen to a
pressure of 50 Torr, followed by heating to
480°C for 1 h. After reduction, the hydrogen
was evacuated to less than 1074 Torr for 15
min at 480°C. The sample was cooled to
room temperature and lowered into the in-
frared beam (Nicolet 740). The entire spec-
tral region was scanned to obtain a reference
spectrum of the reduced catalyst. Spectral
resolution was 4 cm ™' for all spectra.

Following reduction and evacuation, re-
search grade CO (99.999%) was admitted
from a glass bulb to a pressure of 8.0 Torr
at ambient temperature. A second spectrum
was collected. The background (reference)
spectrum was digitally subtracted from the
CO absorbance spectrum.

RESULTS

For each of the zeolite catalysts, trans-
mission electron microscopy verified that
the platinum was within the zeolite pores
with no large external platinum particles. At
high resolution, the largest platinum parti-
cles appeared to fill some of the zeolite pores
or cages. Electron micrographs of several
catalysts prepared by these methods have
been reported elsewhere (39, 40).

Infrared Spectroscopy

Potassium-exchanged zeolites. Nine plat-
inum on potassium-exchanged zeolites were
examined by infrared spectroscopy to deter-
mine the number and frequency of CO ab-
sorption bands. For comparison, the infra-
red spectra of platinum on SiO, was also
obtained. The spectra reveal significantly
different features among the catalysts. Most
of the catalysts, Pt/SiO,, Pt/K* FAU(Y),
Pt/K* FAU(X), Pt/K* MOR, Pt/K* GME,
Pt/K* MAZ, and Pt/K* 8, exhibit a typical
CO absorption spectrum with a band at
2040-2100 cm™' due to linear-bonded CO
and a second, broader band located around
1790-1860 cm ™! due to bridge-bonded CO.
Representative spectra are given in Fig. 1.
Generally, the absorption bands on the zeo-
lites are broader than the corresponding
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Pt/K-MOR
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Pt/Silica
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|
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Fi1G. 1. Infrared spectra of CO adsorbed on Pt/K~
MOR, Pt/K~* 8, PtUK* MAZ, and Pt/silica at 8.0 Torr
CO and room temperature after reduction and evacua-
tion at 480°C.

bands on amorphous catalysts; for example,
compare the infrared spectrum of Pt/SiO,
with the Pt/zeolite catalysts in Fig. 1. Table
2 summarizes the location for the major
bands for each catalyst.

Unlike the spectra of Fig. I, the infrared
spectrum of CO adsorbed on Pt/K* LTL,
Fig. 2, displays an additional absorbance
around 1960 c¢cm™!. Depending on the
method of preparation and the pretreatment
procedure, the location of the additional ab-
sorbance band was found to shift (less than
10 wavenumbers) and change in intensity
relative to the absorbance band assigned to
linear-bonded CO, 2060 ¢cm~'. Also shown
in Fig. 2 are the spectra for Pt/K* MFI
and Pt/K* MTW. Both of these catalysts
display a third CO absorption band, pre-
viously observed for Pt/K* LTL (30-32).
The additional infrared absorbance ob-
served for each of these catalysts was devel-
oped by exposure to CO at room tempera-
ture and did not require heating overnight
at 573 K in CO as required for Na™ FAU(Y)
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TABLE 2

Infrared Absorbance of CO Adsorbed on Platinum Catalysts

Catalyst Linear-bonded CO Additional band Bridge-bonded CO

(2020-2090 cm ™) (1890~2000 cm~") (1775-1850 cm™")
Pt/Si0O, 2075 nd 1900
Pt/K* FAU(Y) 2020 nd 1780
Pt/K~ FAU(X) 2045 nd 1800
PUK™ B 2055 nd 1820
Pt/K~ MOR 2050 nd 1820
PU/K™ MAZ 2070 nd 1840
Pt/K* GME 2030 nd 1790
PUK™ MTW 2050 1890 1810
Pt/K~ MFI 2058 2000 1778
Pt/K™ LTL 2060 1960 1790

Note. nd, not detected.

(33). Table 2 also summarizes the locations
of the band maxima for these three cata-
lysts. Although we refer to the additional
absorbance as a single band, it could be re-
solved into multiple bands whose positions
and relative intensities were a function of

® PUK-MTW
Q
[=
@
L0
=
o
3
<« PU/K-MFI
L
PUK-LTL
Il - H — o

2200 2100 2000 1800 1800 1700 1600

Wavenumber (cm'!)

Fi1G. 2. Infrared spectra of CO adsorbed on Pt/K*
MTW. Pt/K~ MFI, and Pt/K* LTL at 8.0 Torr CO
and room temperature after reduction and evacuation
at 480°C.

catalyst preparation, pretreatment, and CO
dosing procedure. For simplicity, we con-
tinue to refer to this absorbance band or
group of absorbance bands as an additional
absorbance.

Following saturation of Pt/K* LTL with
CO., the catalyst was evacuated to partially
remove CO. The stretching frequency for
both the linear CO absorption, e.g., at 2075
cm™ ', and the additional absorption at 1960
cm™ !, shifted to lower frequency with de-
creasing surface coverage. In addition, the
intensity of the linear band decreased more
rapidly than the intensity of the additional
band. The additional band apparently re-
flects CO chemisorbed more strongly than
linearly adsorbed CO. Since the band inten-
sities decrease independently, it is unlikely
that the two bands result from a symmetric
and antisymmetric stretch from a gem-di-
carbonyl as observed for supported rhodium
(41). Adsorption of CO at pressures from
0.0003 to 8.3 Torr, i.e., increasing surface
coverage, indicates that the linear band and
additional band develop before the bridging
CO band. In addition, the intensity of the
new band develops at lower pressure com-
pared with the linear band. Adsorption and
desorption of CO indicate that the additional
band is independent of the linear band, but
behaves similar to the linear band.
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F1G. 3. A comparison of infrared spectra of CO ad-
sorbed on various ion-exchanged LTL catalysts at 8.0
Torr CO and room temperature after reduction and
evacuation at 480°C.

The effect of support acidity. Figures 3
and 4 show the CO absorption spectra for
platinum supported on potassium and hy-
drogen forms of LTL and MFI, respec-
tively. For both catalysts, three CO absorp-
tion bands are observed on the nonacidic,
potassium-exchanged zeolite, but only two
CO bands are present on the acidic, H-zeo-
lites. For Pt/H* LTL and Pt/H* MFI, both
the linear- and bridge-bonded CO are shifted
to higher frequency compared with the po-
tassium-exchanged zeolite. The locations of
the band maxima are given in Table 3. Simi-
larly, addition of alkali to Pt/SiO, also af-
fects its infrared spectrum (Fig. 5). For
Pt/8i10,, two CO absorbances are observed,
while for Pt/K* SiO,, three CO absorban-
ces are observed. As observed for H* LTL
and H* MFI, the linear- and bridge-bonded
bands are shifted to higher frequency in the
alkali-free SiQ, catalyst, e.g., Pt/SiO,.
While H* LTL and H* MFI have strong
Brgnsted acidity, SiO, does not. The ap-
pearance of the additional infrared band,
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therefore, requires the presence of alkali or
basic supports. Although this seems to be
necessary, it is not a sufficient condition
for development of the additional band. For
example, catalysts in Fig. 1 contain alkali
and are nonacidic, yet display only two in-
frared bands, i.e., one linear- and one
bridge-bonded CO absorption band.
Although different alkali cations cause the
CO infrared bands to shift, the additional
band is only observed on nonacidic LTL,
MTW, MFI1, or SiO,. In a previous study of
Pt/LTL, the location of each infrared band
shifted to lower frequency as the alkali cat-
ion was changed from Li*, Na*, K*, Rb",
to Cs*™ (37). For each alkali-exchanged
Pt/LTL catalyst, however, the new band
located near 1970 cm ™! was present. Figure
3 shows that the three absorption bands are
also present on Pt/Ba’* LTL. The locations
of the absorption frequencies have been
summarized in Table 3. Although three in-
frared CO absorption bands are present in
Pt/K* LTL and Pt/Ba’* LTL, when LTL
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Pt/H-MF
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Wavenumber {cm™ )

2200 1600

F1G. 4. A comparison of infrared spectra of CO ad-
sorbed on K*- and H"-exchanged MFI catalysts at 8.0
Torr CO and room temperature after reduction and
evacuation at 480°C.
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TABLE 3

{nfrared Absorbance of CO on Acidic and Nonacidic Platinum Catalysts

Catalyst Linear-bonded CO Additional band Bridge-bonded CO

(2020-2090 cm ™) (1890-2000 cm ™) (1775-1850 cm ™)
Pt/K- LTL 2060 1960 1790
Pt/Ba®~ LTL 2060 1965 1750
Pt/H" LTL 2090 nd 1875
Pt/La’~ LTL 2075 nd 1850
PU/K* MFI 2035 2000 1778
Pt/H™ MFI 2085 nd 1877
PU/K"™ SiO, 2050 1990 1775
P1/Si0O, 2075 nd 1900

Note. nd. not detected.

is lanthanum exchanged, the band at 1970
cm~!is absent. Figure 3 shows the infrared
spectrum for Pt/La** LTL with the absorp-
tion frequencies given in Table 3. Similar to
what was observed for Pt/H* LTL, the two
CO absorption bands on Pt/La** LTL have
shifted to higher frequency compared with
Pt/K* LTL.

Py/K-Silica

Absorbance

JL
2200 2100

Pt/Silica
N

1700

. d L
2000 1900 1800
Wavenumber {cm’ ')

1600

F1G. S. Infrared spectra of CO adsorbed on Pt/K~
silica and Pt/silica at 8.0 Torr CO and room temperature
after reduction and evacuation at 480°C.

Palladium. The infrared spectra of CO
adsorbed on four palladium/zeolite cata-
Iysts were also obtained. The catalysts were
paltadium on K* FAU(Y), Na* FAU(Y),
K* LTL, and Ba?* LTL. The FAU(Y) cata-
lysts exhibited the infrared spectra that have
been observed for palladium catalysts, that
is, a linear-bonded CO band around 2070
cm™! and a strong bridge-bonded band
around 1820 cm ™! (25, 26). Since these spec-
tra are similar to those previously reported,
the spectra are not shown; however, the
band positions are given in Table 4. In con-
trast to FAU, infrared spectra of both
Pd/K* LTL and Pd/Ba’* LTL exhibit three
CO absorption bands, with an additional ab-
sorption located around 1970 cm ', The fre-
quency of the additional band on Pd/K~*
L TL is similar to that on Pt/K* LTL. The
size and shape of the additional infrared ab-
sorbance at 1970 cm™ ' for Pd/K* LTL is
much smaller and sharper than the bridging
band at 1850 ¢cm~'. The additional band is
similar in intensity and half-width to the lin-
ear-bonded CO band at 2075 cm ~'. Figure
6 shows the infrared spectra for CO ad-
sorbed on the Pd/K~ LTL and Pd/Ba®*
LTL. The frequencies of the infrared bands
are given in Table 4.

Catalytic results. The platinum, non-
acidic catalysts were tested at 400°C in an
atmospheric, continuous-flow, fixed-bed re-
actor for conversion of n-hexane to ben-
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TABLE 4

infrared Absorbance of CO Adsorbed to Palladium Catalysts

Catalyst Linear-bonded CO Additional band Bridge-bonded CO
(2020-2090 cm™"  (1890-2000 cm~')  (1775~1850 cm™")
Pd/K™ FAU(Y) 2070 nd 1820
Pd/Na® FAU(Y) 2075 nd 1850
Pd/K™ LTL 2075 1965 1850
Pd/Ba’* LTL 2075 1975 1840

Note. nd, not detected.

zene. The experimental apparatus and pro-
cedure have been described previously (40).
Throughout a catalyst test (approximately
6 h), the nonacidic catalysts displayed no
change in activity or selectivity. In addition
to benzene, the reaction products included
light (C,-C;) gases, methylcyclopentane, 2-
methylpentane, and  3-methylpentane.
Methylcyclopentane, 2-methylpentane, and
3-methylpentane result from one-five ring
closure of n-hexane, while benzene results
from one-six ring closure (40, 42). The selec-

Pd/K-LTL

Absorbance

Pd/Ba-LTL

i L i I 1 !
2200 2100 2000 1800 1800 1700

Wavenumber (cm™' )

2300 1600

F1G. 6. Infrared spectra of CO adsorbed on Pd/K~
LTL and Pd/Ba’* LTL at 8.0 Torr CO and room tem-
perature after reduction and evacuation at 480°C.

tivity to reaction products, at 10% conver-
sion, is given in Table 5 along with the ratio
for ring closure reactions, e.g., the ratio of
one-six to one-five ring closure. For each
catalyst, except Pt/K* LTL and Pt/K*
MAZ, the ratio of one-five/one-six ring clo-
sure is nearly constant at 0.5. Not only do
these catalysts favor one-five ring closure,
but the (ring closure) selectivity differences
among the catalysts are small. For Pt/K"”
MAZ, however, there is an increase in the
selectivity for one-six ring closure, i.e.,
higher benzene selectivity, although the rate
of one-five ring closure is still higher than
one-six ring closure. In Pt/K* LTL, the
benzene selectivity is further increased, and
the rate of one-six ring closure exceeds the
one-five ring closure rate.

Catalyst activities are given in Table 6
and were calculated in two ways. First, the
relative activity per gram of catalyst was
determined by the weight of catalyst re-
quired to affect constant conversion. The
Pt/K* Si0O, was assigned a relative activity
of 1.0. Since the CO chemisorption capacity
in each catalyst is different, the specific ac-
tivity, i.e., the activity per exposed plati-
num, for the rate of formation of benzene is
also given in Table 6. The platinum surface
areas were determined by H, chemisorp-
tion. Despite the differences in pore and
cavity sizes, all the zeolite catalysts were
more active than the Pt/K* Si0,. Among
the potassium-exchanged zeolites, Pt/K*
LTL and Pt/K* MAZ were highly active,
with Pt/K ™ 8 the most active for conversion
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TABLE 5

n-Hexane Reaction Productions

Catalyst Product selectivities®
C,-Cs One-five One-six One-five
Ring closure” Ring closure
(benzene)

MFI 0.20 0.52 0.28 0.54
MTW 0.15 0.56 0.29 0.52
GME 0.20 0.53 0.27 0.51
B 0.14 0.56 0.30 0.53
MAZ 0.11 0.48 0.41 0.85
LTL 0.09 0.41 0.50 1.25
FAU(Y) 0.06 0.67 0.27 0.40
FAU(X) 0.11 0.69 0.20 0.29
K~ SiO, 0.12 0.59 0.29 0.49

¢ Selectivities determined at 109 conversion.
 One-five ring closure is defined as the sum of methylcyclopentane, 2-methylpen-

tane, and 3-methylpentane (40).

of n-hexane. These catalysts were also the
most active for formation of benzene.

DISCUSSION

Previously, three CO infrared absorption
bands for platinum/zeolite catalysts have
been reported for alkali-exchange LTL
(30-32) and for Na™ FAU(X) after heating
overnight at 573 K in CO (33) It was sug-

TABLE 6

Catalyst Activities

Catalyst n-Hexane! Benzene"  Benzene
TOF’
K™ SiO, 1.0 1.0 0.0066
K™ MFI 4.0 3.6 0.38
K™ MTW 5.4 5.2 0.38
K- GME 5.8 5.4 0.11
K- B 16.6 17.2 0.21
K~ MAZ 7.3 10.3 0.12
K™ LTL 10.0 17.2 0.37
K™ FAU(Y) 5.0 5.2 0.076
K™ FAU(X) 4.5 3.1 0.057

“ K™ 8i0, is defined as 1.0 Relative Activity.
» (Absolute) Turnover frequency (TOF), based on
H, Chemisorption, at 400°C and | atm.

gested that the additional infrared band in
Pt/K* LTL resulted from CO linearly ad-
sorbed on very small, internal platinum par-
ticles, while the band at 2060 ¢cm~' was
thought to result from CO adsorbed on
larger, internal particles of approximately
1.0 to 2.5 nm (30). Figures 2, 5, and 6 show
that the band near 1970 cm ™! is not unique
to nonacidic LTL, nor specific to platinum.
From TEM, each of the catalysts was deter-
mined to have all of the platinum (or palla-
dium) located within the zeolite pores. In
Pt/K* LTL, for example, there are few par-
ticles larger than 1.0 nm visible by TEM
(40). In addition, EXAFS confirms that the
average particle size is very small (43). Nev-
ertheless, three CO infrared absorbance
bands are observed for Pt/K* LTL with
small particles. With the absence of large
internal particles, the linear absorbance
band cannot be attributed to large internal
platinum particles. Therefore, the linear
band and the additional band in the infrared
spectra of Pt/K* LTL, Pt/K*/MFI, Pt/K*
MTW, and Pt/K* Si0, must be associated
with the small metal particles located within
the zeolite pores.
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In previous studies of metal catalysts dis-
playing three infrared CO absorbances,
there has been little agreement on the origin
of the additional band near 1970 cm™! (9,
10, 13, 14, 30-33). For Pt/Al,O; (9), the
additional band was attributed to CO lin-
early bonded on high Miller index Pt atoms,
i.e., the step and corner Pt atoms. The num-
ber of these atoms should directionally in-
crease in catalysts with small platinum parti-
cles. This explanation, however, is not
consistent with the presence of the third
band on potassium LTL, MFI, and MTW
and the absence of the band in the H* zeo-
lites. It likewise does not explain why the
third infrared band is absent in the other
potassium-exchanged zeolites, for example,
Fig. 1. In all the zeolite catalysts, the Pt
particles are extremely small, and one
would not necessarily expect to have
smaller particles, with an increase in the
number of steps and corners, only for K*
LTL, K* MFI, and K* MTW. In fact, re-
cent EXAFS analyses indicate that the plati-
num particles are slightly smaller on Pt/H*
LTL than on Pt/K* LTL (44).

Two other possible hypotheses have also
been proposed. The first proposal suggests
that the additional band resuits from CO
adsorbed on platinum with increased elec-
tron density. The increased electron density
results from the interaction of platinum with
the strongly negative oxide-surface ions (30,
31, 33). According to this hypothesis, in alu-
minum-rich zeolites, e.g., FAU(X) and
LTL, the oxide ions of the support are
strongly basic with a large, local negative
charge. The strongly negative-oxide ions,
which are adjacent to platinum atoms, are
thought to interact, donating electron den-
sity to those platinum atoms. The increased
electron density of the platinum results in
increased bonding to the CO #* orbitals de-
creasing the infrared stretching frequency
(33). Since three CO absorption bands are
observed for Pt/K* MFI and Pt/K*™ MTW,
which contain 1.35 and 0.99 wt% Al, respec-
tively, it does not appear that aluminum-
rich zeolites are the only catalysts that may
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show the new infrared absorbance. Indeed,
three infrared bands are observed on Pt/K~
Si0,, Fig. 5, and in Ref. (14), and this cata-
lyst does not contain aluminum. Although
the aluminum content of the zeolite does
not appear to directly determine whether
the new CO band will be observed, we also
do not believe that the charge of the surface
oxide affects the presence of the additional
band. For instance, KOH is strongly basic,
and the excess (alkali) oxide could be donat-
ing electron density to adjacent platinum
atoms affecting the number of CO bands. A
comparison of the amount of potassium, in
excess of the structural aluminum, with the
infrared spectra shows no correlation; refer
to Table 1. For example Pt/K* FAU(Y),
PUK?* B, P/K* MOR, and Pt/K* MAZ all
have more excess potassium than Pt/K*
LTL, yet the former display only one linear-
and one bridge-bonded CO absorption.
According to the second hypothesis, the
additional band is thought to arise from an
electrostatic interaction, for example an
ion—dipole attraction, of the oxygen atom
of the linearly adsorbed CO with the alkali
cation (14, 45—-49). The additional attraction
strengthens the bond and lowers the CO
stretching frequency. We believe that this
proposal is consistent with our results. In
some zeolites, it appears that the position
of the cation and platinum is such that only
one environment exists for linear bonded
CO, whereas in other zeolites, such as LTL,
MFI, and MTW, two environments exist.
For example, one CO may be oriented
through the pore window while a second CO
may be oriented toward an alkali cation near
the wall. If the presence of the additional
band is associated with the two environ-
ments, these two environments readily exist
in potassium-exchanged LTL, MFI, MTW,
and K* Si0,; hence, the spectra exhibit the
additional infrared absorbance band. On the
other hand, other zeolites may not have
these two environments. For Pt/Na*
FAU(Y), the 1990 cm ! infrared band is ob-
served only after heating to 573 K for 16 h
in CO (33). It is possible that at elevated
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temperatures in the presence of CO the plat-
inum or alkali may migrate and may create
the same two environments that readily ex-
istin LTL, MFI, MTW, and K* SiO, with-
out high-temperature treatment.

While three CO infrared bands are ob-
served on some nonacidic platinum zeolite/
catalysts, for example, Pt/K* LTL., only
two infrared bands were observed for Pt/H™
LTL. If the additional band arises from the
interaction of the oxygen of CO and the cat-
ion, in the absence of cation no band should
be observed (Figs. 3-5). Indeed, that is what
is observed. In Pt/La®" LTL, potassium
ions were exchanged by oxophilic lantha-
num (3 +) ions. One might expect that if the
CO-—cation interaction were purely electro-
stafic in origin, the three bands should be
observed for Pt/La’> LTL. The occurrence
of only two absorption bands implies that
in addition to the proper orientation of the
adsorbed CO and the cation, the surface
must be nonacidic.

Catalytic performance and infrared spec-
tra. Comparison of the catalytic results for
n-hexane aromatization with the infrared
spectra shows little correspondence of ac-
tivity or selectivity with the presence of the
new infrared band. For example, in Table
5, PYK* LTL, with three infrared bands,
is the most selective catalyst for one-six ring
closure. The next most selective catalyst,
as determined by the one-six/one-five ring
closure ratio, is Pt/K* MAZ, which exhibits
only two infrared bands. On the other hand,
Pt/K* MFI, Pt/K* MTW, and Pt/K* Si0,,
catalysts with three infrared bands, have a
lower one-six ring closure selectivity than
Pt/K* LTL. For the former, the selectivity
ratio for ring closure is also very similar to
catalysts exhibiting only two infrared bands;
for example, compare PUK™* 8 or Pt/K*
GME.

A similar conclusion can be drawn by
comparison of the catalytic activity in Table
6 with the infrared spectra. Although Pt/K~
LTL has the highest specific activity for for-
mation of benzene, Pt/K* 8 and Pt/K*
MAZ are each very active. By contrast,
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Pt/K*™ MFI, Pt/K* MTW, and Pt/K* SiO,
have low activity. In general, we find no
relationship between the number (or fre-
quency) of infrared bands and the catalytic
performance for hexane aromatization.
However, the presence of the additional
band has been shown to be dependent on
the temperature treatment (33), and the ca-
talytic environment at reaction temperature
may differ from that at room temperature,
where the infrared spectra were collected.

CONCLUSION

The infrared spectra of adsorbed CO for
the nine platinum, potassium-exchanged ze-
olites all show a strong absorbance around
2070 * 20 cm™! due to linear-adsorbed CO
and a weaker absorbance around 1850 = 20
cm~! due to bridge-bonded CO. On potas-
sium-exchanged LTL, MFI, MTW, and al-
kalized SiO,, there is an additional infrared
absorbance near 1970 cm~'. Both adsorp-
tion and desorption of CO indicate that the
additional band behaves similarly to the lin-
ear-bonded CO band. At the same time, sur-
face coverage experiments indicate that the
additional band and linear-bonded CO band
are independent bands and do not, there-
fore, result from a gem-dicarbonyl. Al-
though three infrared bands are present on
Pt/K* LTL, Pt/K* MFI, Pt/K* MTW, and
Pt/K* SiO,, the new (linear) CO band is
absent in (alkali-free) silica, La’* LTL, H*
LTL, and H* MFI, i.e., neutral and acidic
supports. The occurrence of three infrared
bands is not attributed to a bimodal distribu-
tion of platinum inside the zeolite pores, nor
to the negatively charged surface oxide ions
in aluminum-rich zeolites. In addition, the
infrared spectra of PdA/K~ LTL and Pd/Ba’*
LTL show that the additional CO band is
not unique to platinum. In the palladium
LTL catalysts, the size and shape of the
new infrared band were similar to the linear
CO band at 2075 cm™~’, consistent with the
assignment of the new band to linearly
bonded CO.

It i1s speculated that the structure of the
support influences the location of the po-
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tassium ions relative to platinum and lin-
early adsorbed CO. In some basic catalysts,
two environments are created: one giving
rise to the typical linear-bonded CO and a
second giving rise to the additional band due
to the CO-alkali interaction. The electro-
static attraction of the alkali with the oxygen
atom increases the CO adsorption strength,
decreasing the infrared stretching fre-
quency.

The catalytic activity or selectivity for
aromatization of n-hexane did not corre-
spond to any feature of the infrared spectra.
Neither the occurrence of the additional
band nor the frequency of the additional
band could be associated with catalytic per-
formance. Although it has been shown that
good catalysts for hexane aromatization re-
quire nonacidic supports, and for a given
zeolite, the catalytic selectivity increases
with increasing basicity of the support, it
also appears that basicity alone cannot pre-
dict which support will yield an active and
selective catalyst. Of the zeolites examined,
the most selective catalysts for one-six ring
closure, i.e., Pt/K*™ LTL and P/K* MAZ,
have similar geometries with one-dimen-
sional pores and large internal cavities.
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