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Pt/KL catalysts prepared by ion exchange (IE), incipient wetness impregnation (IWI), and 
coimpregnation with KCI (IWI + KCI) have been characterized by dynamic techniques, chemisorp- 
tion of H2 and CO, Fourier transform-infrared spectroscopy (FT-IR) of adsorbed CO, and catalytic 
tests using n-hexane (n-C6) and methylcyclopentane (MCP) conversions as probe reactions. Tem- 
perature-programmed reduction (TPR) shows significant differences between the IE and IWl cata- 
lysts. After calcination up to 400°C, the IWI samples contain Pt 4+ ions that are reduced at 250°C, 
but IE samples contain PtO particles that are reduced at 11°C, besides two Pt 2+ species with TPR 
peaks at 80 and 150°C. High-resolution electron microscopy, adsorption, FT-IR, and catalytic 
results consistently show that, after reduction, the IWI catalysts contain smaller Pt particles located 
inside the zeolite channels, while the IE sample has larger particles, some of which are on the 
external surface. At high temperature, excess KC1 reacts with zeolite protons, forming HCI which 
escapes. In comparison to the IE samples, the IWI catalysts are less acidic, less active for n-C6 
conversion, more selective for dehydrocyclization, but less selective for hydrogenolysis, and they 
deactivate less. Since hydrogenolysis requires large Pt ensembles, the small Pt particles in the IWI 
catalysts produce less CI-C 5 compounds and less coke. The product distribution of MCP ring 
opening shows higher than statistical selectivity toward 3-methylpentane, suggesting that the MCP 
molecule becomes oriented inside the zeolite channels. © 1992 Academic Press, Inc. 

1. INTRODUCTION 

Since Bernard reported that Pt/KL is very 
selective for n-hexane aromatization (1), 
much research has been performed on this 
catalyst system. Some researchers use cata- 
lysts prepared by ion exchange (IE) (2-4), 
others prefer incipient wetness impregna- 
tion (IWI) (5, 6), while others use coimpreg- 
nation of KCI (IWI + KCL) (7). A system- 
atic comparison of samples prepared by 
these methods appears desirable. In most 
procedures an aqueous solution of 
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Pt(NH3)4C12 is used for the addition of Pt 
to the zeolite. In the IE preparation 
Pt(NH3) 2+ ions are exchanged against K + 
ions, 

Pt(NH3) 2+ + 2C1- + 2Kz+eol--+ 

2K(+aq) + 2Cl(~q) + [Pt(NH3)4]2eol, (1) 

and the K ÷ and C1- ions are removed by 
filtration and subsequent washes, while in 
the IWI technique these ions remain in the 
zeolite. After destruction of the NH 3 li- 
gands, in the calcination step, Pt 2÷ ions co- 
ordinated to zeolite walls should be pro- 
duced in the IE procedure, but some yet 
unknown distribution of Pt 2+ ions and PtCt 2 
particles, located in zeolite channels, will 
result after drying in the IWI preparation. 
This situation is further complicated by the 
fact that some reduction of Pt 2+ ions or PtC12 
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particles by the action of decomposing NH 3 
ligands is difficult to avoid. As a result of this 
"autoreduction" Pt particles will be formed 
which are oxidized to PtO and PtO2 during 
further calcination. The relative concentra- 
tions of the various Pt species--ions, metal, 
chloride and oxide particles--will be 
strongly dependent on the preparation tech- 
nique. No systematic study seems to be 
known in the open literature of the actual 
composition of the Pt species populating the 
zeolite channels prior to reduction. The 
present work tries to get some information 
on this matter by analyzing temperature- 
programmed reduction (TPR) profiles of 
Pt/KL catalysts after calcination. 

The calcination step is followed by reduc- 
tion with H2. In this process protons of con- 
siderable BrCnsted acidity will be formed 
from Pt 2+ ions, 

Pt 2+ + H2-+ Pt ° + 2H +, (2) 

whereas HC1 or H20 is a co-product of re- 
duction of PtC12 or Pt oxides, respectively. 
For the use of the monofunctional Pt/KL 
catalyst, acidity is highly undesirable; pro- 
tons are known to lower selectivity to aro- 
matics and catalyst stability (1, 3). There- 
fore the IWI procedure is usually preferred; 
even in this case it has been recommended 
that special precautions be taken to neutral- 
ize protons. This led to the addition of KC1 
to the impregnation solution, the rationale 
being that surface protons will react at ele- 
vated temperature with KC1 according to 
the reaction: 

+ + 
H~ol + KCI ~ Kz~o~ + HCI. (3) 

The HC1 can then be driven off at the tem- 
perature of reduction (350°C). 

Temperature-programmed techniques 
have been used successfully to characterize 
Pt (8, 9, 11, 12) and Pd (10) particles sup- 
ported in Y zeolites. These techniques will 
be used in this research along with reaction 
studies, Fourier transform-infrared spec- 
troscopy (FT-IR), and high-resolution elec- 
tron microscopy (HREM) to characterize Pt 
particles incorporated into the KL zeolite. 
An important goal in the preparation of 

Pt/KL catalysts, besides neutralizing acid 
sites, is to obtain small Pt particles located 
inside the zeolite channels without blocking 
them. As calcination, reduction, and cata- 
lytic reaction require high temperatures, the 
ultimate Pt particle size and location are 
controlled mainly by the mobility of precur- 
sors and primary particles through zeolite 
channels. Electron microscopy has been 
used to identify the size and the location of 
the Pt particles in the reduced catalyst. The 
presence of large Pt particles will be related 
to the selectivity for metal cracking, which 
is generally assumed to require large Pt en- 
sembles. 

E X P E R I M E N T A L  

2.1. Catalyst Preparation and Imaging 

The 0.5% Pt/KL IE catalyst was prepared 
from KL zeolite purchased from Tosoh, Lot 
HSZ-500 KOA, by first stirring a suspension 
of 30 g of this zeolite in 3 liters of distilled 
water for 2 h, then adding dropwise 300 ml 
of distilled water containing 0.2715 g of 
Pt(NH3)4Ci 2 to the slurry over 8 h. After 
stirring for an additional 24 h, the slurry was 
filtered and washed with an aqueous NaOH 
solution ofpH I0, until no CI was detected 
in the fresh filtrate. The material was then 
dried in the Bfichner funnel by drawing air 
through it for 24 h. The subsequent calcina- 
tion was carried out in flowing ultrahigh- 
purity (UHP) 02 at a flow rate of 1000 
mi/min/g of catalyst, while the temperature 
was ramped from 25 to 400°C at a rate of 
0.5°C/rain and held at 400°C for 2 h. After 
purging in Ar at 400°C for 1 h, the sample 
was cooled to room temperature and stored 
in a desiccator containing a saturated aque- 
ous NaCt solution. The 1.2% Pt/KL IE cata- 
lyst was made by the same method, except 
that 0.6515 g of Pt(NH3)4CI 2 was used in the 
exchange procedure. 

The 0.5% Pt/KL IWI catalyst was pre- 
pared by spraying l0 g of the KL zeolite 
with 5.7 ml of water containing 0.0911 g of 
Pt(NH3)CI 2. During the spraying procedure 
the round-bottom flask containing the zeo- 
lite was rotated. After impregnation, the 
sample was dried at 100°C for 24 h in a roto- 
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evaporator. The catalyst was then calcined 
and stored as described above for the IE 
catalyst. The 0.5% Pt/KL IWI+KCI cata- 
lyst was made by the same procedure as 
described for the IWI catalyst, with the ex- 
ception that the impregnating solution con- 
tained 2 Pt equivalents of KC1. For prepara- 
tion of the 1.2% Pt/KL IWI + KC1 catalyst 
0.6515 g of Pt(NH3)CI2 was used in an other- 
wise identical procedure. 

To investigate Pt distribution and disper- 
sion in zeolite microcrystals transmission 
electron microscopic studies were carried 
out. Pt/KL samples prepared by IE and 
IWI + KC1 methods were used after their 
reduction at 350°C in flowing H2. 

2.2. H 2 and CO Chemisorption 

Volumetric chemisorption measurements 
were carried out at 25°C in a vacuum system 
with a Setra pressure detector. Usually 0.5 
g of sample was used; it was dried in flowing 
UHP 02 at a flow rate of 1000 ml/min/g with 
the temperature being ramped at a rate of 
0.5°C/rain from 25 to 400°C with a hold at 
400°C for 2 h. The catalyst was then purged 
in UHP Ar at 400°C for 1 h, followed by 
cooling to 350°C. Reduction was carried out 
at 350°C for 2 h in UHP H2, followed by 
evacuation to 5 x 10 -6  Tort at 350°C for 1 
h. The catalyst was cooled to 25°C while 
under vacuum before the adsorptive (H2 or 
CO) was admitted in increments up to pres- 
sures of 70 Torr. 

2.3. Temperature-Programmed Reduction 
and Temperature-Programmed 
Desorption 

The apparatus and procedure for the 
temperature-programmed reduction (TPR) 
and desorption (TPD) experiments were 
described in previous papers (8, 11). Prior 
to TPR experiments the catalyst was dried 
in UHP 02 at a rate of 1000 ml/min/g of 
catalyst with the temperature being ramped 
from 25 to 400°C at a rate of 0.5°C/rain 
followed by a hold at 400°C for 2 h. The 
sample was cooled to 25°C in 02 followed 

by purging in Ar for 30 min and cooling 
to -80°C in Ar. The gas was then switched 
to a 5% H f A r  mixture flowing at a rate of 
25 ml/min. During the TPR experiment 
the temperature was ramped from - 8 0  to 
350°C at a rate of 8°C/rain and the H 2 

consumed was monitored by a TCD cell. 
The TPR experiment was then followed by 
a TPD run. Before TPD the catalyst was 
cooled from 350 to 25°C in the 5% H2/Ar 
stream followed by a purge in Ar flowing 
at a rate of 25 ml/min for 20 min and 
cooling in Ar to -80°C. For subsequent 
TPD the temperature was ramped at a rate 
of 8°C/rain up to 350°C, while H 2 evolution 
was monitored by a TCD detector. TPD 
experiments were also done for H 2 pread- 
sorbed at 24°C for comparison to chemi- 
sorption experiments. In these TPD experi- 
ments the H2 preadsorbed at 350°C, 
following the TPR, was purged off with Ar 
at 350°C for 1 h followed by cooling in Ar 
to 25°C. H2 was then introduced to the 
catalyst for 30 rain followed by a purge in 
Ar for 30 min before the TPD was per- 
formed in the same manner as described 
above. A second TPR run after the TPD 
experiments verified that no reoxidation of 
the Pt ° by surface protons occurred during 
the TPD run. TPR experiments were also 
carried out after the catalyst was reoxi- 
dized at various temperatures. In these 
experiments the adsorbed H 2 from the pre- 
vious TPR was purged off with Ar at 350 ° 
for 30 min followed by a change in the 
temperature to the desired reoxidation tem- 
perature in Ar. The catalyst was then reoxi- 
dized in 02 for 1 h and the TPR was carried 
out as described above. 

Blank runs with metal-free KL showed 
peaks at low temperature due to Ar desorp- 
tion from the support; this was corrected 
for when quantitative TPR or TPD results 
were calculated from peak integration. 

2.4. TPR-MS and Temperature- 
Programmed Reoxidation-MS 

TPR-MS measurements were carried out 
in the same manner as described above ex- 
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cept that H 2 consumption, H20 evolution, 
and HC1 evolution were monitored by mass 
spectrometry. The gas downstream from the 
reactor is split, so that about one-half of the 
gas is vented; the remainder passes into a 
two-stage pressure reduction system. This 
consists of a capillary tube which is pumped 
down by a mechanical pump. The mass 
spectrometer continuously samples the gas 
mixture from the capillary tubing through 
a variable leak valve. It is pumped with a 
turbomolecular pump and operates at about 
10 .6 Tort. The mass spectrometer and the 
temperature programmer are interfaced to a 
personal computer for data acquisition. 
After TPR-MS the catalyst was purged with 
Ar at 350°C for 1 h, followed by cooling to 
-80°C at which the gas was switched to 
a 5% OJHe mixture flowing at 40 ml/min. 
Temperature-programmed reoxidation was 
then carried out by ramping the temperature 
from - 80 to 500°C at a rate of 8°C/min. 02 
consumption and the evolution of H 2 and 
H20 were monitored by mass spectrometry. 
After TP reoxidation-MS runs, TPR-MS ex- 
periments were carried out on the same sam- 
ples. For monitoring the evolution of HCI, 
the same temperature regimes and gas flow 
rates were used. However, pure hydrogen 
was used instead of H2/Ar to avoid interfer- 
ence of HCI with the Ar isotopes 36Ar and 
38At. For the same reason, samples were 
purged with He rather than Ar after calcina- 
tion. As our mass spectrometer is less sen- 
sitive than our TCD cell, the MS experi- 
ments were carried out on 1.2% Pt/KL 
samples (IE and IWI + KC1). 

2.5. Catalytic Tests 

Methylcyclopentane (MCP) and n-hexane 
reactions were carried out at atmospheric 
pressure in a continuous-flow microreactor 
as described before (14). The experimental 
conditions were as follows: 350°C, a space 
velocity of 2000 ml/min/g of catalyst, and 
a H2/hydrocarbon ratio of 20/1. The total 
conversion was always below 20% and the 
products were analyzed by an on-line gas 
chromatograph equipped with a FID detec- 

tor. The pretreatment of these catalysts be- 
fore the reaction was the same as for the 
chemisorption experiments except that no 
evacuation took place prior to the reac- 
tion. 

2.6. Temperature-Programmed Oxidation 

Temperature-programmed oxidation 
(TPO) experiments were conducted in a sim- 
ilar manner as described before (15). After 
10-h catalytic tests with n-hexane, as de- 
scribed above, the catalyst was cooled to 
room temperature under flowing At. The 
microreactor was then sealed with Teflon 
valves and transferred to a manifold con- 
nected to a mass spectrometer as described 
above. Moisture in the dead volume of the 
microreactor was removed by three evacua- 
tion and Ar purge sequences before opening 
the valves isolating the catalyst. The cata- 
lyst was then cooled to - 80°C in flowing Ar 
before the gas was switched to a 5% O2/He 
mixture flowing at 40 ml/min. The tempera- 
ture was ramped from - 8 0  to 550°C at a 
rate of 8°C/min. During the TPO runs the 
consumption of 02 and evolution of CO, 
CO2, and H20 were continuously monitored 
by mass spectrometry. 

2.7. Fourier Transform-Infrared 
Spectroscopy 

Thin self-supported wafers of the sample 
(without binders) with a thickness of ap- 
proximately 7-13 mg/cm 2 and a diameter 
of 8 mm were pressed and placed into the 
sample holder of the IR cell described in 
(16). The spectra were measured at 27°C 
using a Nicolet 60SX Fourier transform 
spectrometer with a resolution of 1 cm-l .  
Before the spectroscopic measurements the 
samples were heated in a 120 ml/min flow of 
02 from 27 to 497°C, ramping the tempera- 
ture at 0.5°C/rain, then holding at 497°C for 
2 h. After calcination the system was purged 
with He at 497°C for 20 min before cooling 
the samples to 27°C in He. The reduction 
temperature was ramped from 27 to 347°C 
at a rate of 8°C/min and kept at 347°C for 20 
min. Then the samples were purged at 347 ° 
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T A B L E  1 

H 2 and CO Chemisorpt ion of  0.5% Pt /KL Catalysts  

Preparation method  H.dJPt COads/Pt 

Ion exchange  (IE) 1.11 0.45 
Incipient wetness  0.95 0.69 

impregnat ion (IW1) 
IWI + KCI 1.01 0.51 

with He for 20 min and cooled in flowing He 
to 27°C, and the background spectra of the 
reduced samples were measured. A 5/30 
CO/He mixture was passed through the cell 
for 10 min at a flow rate of 70-80 ml/min 
and the cell was purged with He to remove 
gaseous CO. 

R E S U L T S  AND DISCUSSION 

3.1. Chemisorption and Temperature- 
Programmed Desorption 

The static chemisorption data expressed 
as H/Pt and  CO/Pt ratios are compiled in 
Table 1 for the 0.5% Pt/KL catalyst. They 
agree well with values reported by Larsen 
and Hailer (3). For the IE preparation the 
H/Pt ratio calculated from TPD in Table 2 is 
in good agreement with the value deter- 
mined by static chemisorption. However, 
for the IWI catalysts (with and without KC1) 
integration of the TPD profiles, obtained 
after adsorption of H2 at 350°C, results in 
higher H/Pt values than found by chemi- 
sorption of H2 at room temperature. As seen 
in Tables 1 and 2, both methods consistently 
give the same value, within experimental 
error, for the IWI and IWI+KCI 0.5% 
Pt/KL samples. To verify whether the dif- 
ference in adsorption temperature is respon- 
sible for the different H/Pt values, we also 
measured TPD after adsorption at 24°C. 
These data are given in the second column 
of Table 2; they are in perfect agreement 
with the data in Table 1. It follows that for 
the samples prepared by impregnation, the 

amount of hydrogen chemisorbed at 24°C is 
about one-half that chemisorbed at 350°C 
followed by cooling in H 2. 

The CO/Pt ratio is smaller than the H/Pt 
value for all samples. The t. ~;h H/Pt ratios 
indicate that in all catalyst, studied in this 
work the Pt particles are very small. Evi- 
dently, not all Pt atoms that are accessible 
to H 2 a r e  also accessible to the larger CO 
molecule. Some channel blocking by Pt par- 
ticles appears conceivable. It follows that 
some Pt atoms may also be inaccessible to 
the probe reactants used here; therefore, 
we decided to base the turnover frequencies 
(TOFs) for the catalytic results on the CO/Pt 
ratios (17). It is noteworthy that a lower 
CO/Pt ratio is found for the 0.5% Pt/KL 
IWI + KCL catalyst than for the 0.5% Pt/KL 
IWI catalyst. This finding suggests some 
channel blocking by some combination of 
excess KC1 and Pt clusters inside the zeolite 
channels. 

3.2. Temperature-Programmed Reduction 

Figure 1 shows the initial TPR of the 0.5% 
Pt/KL IE catalyst and the effect of different 
reoxidation temperatures on the TPR pro- 
file. Integration of these profiles gives the 
total hydrogen consumptions, shown in Ta- 
ble 3. It is clear that the Pt valence in the 
catalysts prepared by the IE method is about 
2+ in all cases. Small differences in the 
calculation of these valences may be due to 
uncertainties in the Ar desorption peak, as 
discussed earlier. In the initial TPR profile 
three peaks exist at 11,80, and 150°C. Upon 
reoxidation at 25°C the second TPR spec- 

T A B L E  2 

TPD Data for 0.5% P t /KL Catalyst  

Preparation method Hads/Pt, H~a~/Pt, 
T.d ~ = 350°C T~ds = 24°C 

Ion exchange (1E) 1.10 
Incipient wetness 2.14 1.02 

impregnation (IWI) 
IWI + KCI 1.93 1.02 
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FIG. 1. Temperature-programmed reduction spectra 
for the 0.5% Pt/KL IE catalyst. (A) Calcined to 400°(2. 
(B) reoxidized at 25°C. (C) veoxidized at 100°(2. (D) 
reo×idized at 200°C. (E) reoxidized at 300°C. (F) reoxi- 
dized at 400°C. (G) reoxidized at 500 °. (H) TPR Ar 
Desorption from the KL zeolite without Pt. 

trum shows only the I I°C peak, while the 
80°C peak emerges only if the reoxidation 
temperature is -> 200°C. The 150°C peak 
appears only if the reoxidation temperature 
is -> 500 °. In general, the TPR profile shifts 
to higher temperatures with increasing reox- 
idation temperature. These data suggest that 
the chemistry of heating Pt/KL-IE in 02 is 

similar to that identified previously for 
Pd/NaY-IE: at low temperature PtO is 
formed, which can be identified by its low 
temperature TPR peak; at higher tempera- 
ture PrO reacts with zeolite protons to Pt 2+ 
ions + H20. 

Figure 2 shows the same sequence of 
TPRs for the 0.5% Pt/KL IWI + KC1 cata- 
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FIG. 2. Temperature-programmed reduction spectra 
for the 0.5% Pt/KL IW1 + KCI catalyst. (A) calcined to 
400°C. (B) Reoxidized at 25°C. (C) Reoxidized at t00°C. 
(D) Reoxidized at 200°C. (E) Reo×idized at 300°C. (F) 
Reoxidized at 400°C. (G) Reoxidized at 500°C. (H) TPR 
Ar desorption from the KL zeolite without Pt. 
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T A B L E  3 

TPR Data for the 0.5% Pt /KL Catalysts  

Preparation Oxidizing treatment Apparent Pt 
method valence 

IE Calcined up to 400°C 1.99 
IE Reoxidized at 25°C 1.98 
IE Reoxidized at 100°C 2.04 
IE Reoxidized at 200°(? 2.01 
IE Reoxidized at 300°C 2.28 
IE Reoxidized at 400°C 2.02 
IE Reoxidized at 500°C 2.08 
IWI Calcined up to 400°C 3.2 
IWI Reoxidized at 400°C 2.12 
IWI + KC1 Calcined up to 400°C 4.00 
IWI + KCI Reoxidized at 25°C 1.94 
IWI + KCI Reoxidized at 100°C 2.09 
IWI + KCI Reoxidized at 200°C 2.11 
IWI + KCI Reoxidized at 300°C 1.98 
IWI + KCI Reoxidized at 400°C 2.16 
IWI + KCI Reoxidized at 500°C 3.68 

lysts. The difference between these and the 
IE samples is striking. The initial TPR has 
a peak at 250°C; integration shows a Pt va- 
lence of  4 + .  The reduction peak at 250°C is 
assigned to the reduction of Pt 4+ ions. 
Lieske et al. (18) found that Pt/AI203 cata- 
lysts prepared by impregnation of HzPtCI 6 
display Pt 4+ ions after calcination; they are 
reduced at 250°C. In the present work the 
catalyst precursor  is a Pt 2+ salt; if autore- 
duction occurs under calcination conditions 
and the resulting Pt ° atoms are oxidized, one 
would have to assume that PtO 2 is formed 
to account  for a Pt valence of 4 + .  This oxide 
could subsequently react with surface pro- 
tons to generate water and Pt ions. 

Upon reoxidation between the tempera- 
tures of 25 to 400°C a different state of Pt is 
established; integration of the second TPR 
profile reveals a Pt valence of 2 + .  How- 
ever,  if reoxidation is carried out at 500°C, 
the following TPR profile shows that the 
valence of Pt is, again, 4 + .  This valence 
state was never  observed for the IE sam- 
ples. A common element,  however,  is that 
the TPR profile shifts to higher temperatures 
as the reoxidation temperature increases. 

Whereas differences between IE and 
IWI + KCI preparations have been expected 
for the first TPR after initial calcination, it 

is surprising that the samples still " remem-  
ber"  their original preparation conditions 
after reduction and reoxidation. We assume 
that the presence of CI - ions is essential for 
this chemistry;  i.e., the coordination and 
possibly also the location of the Pt ions will 
be different in the presence and absence of 
CI (18). 

The TPR results of the 0.5% Pt /KL IWI 
catalysts in Fig. 3 show some similarity to 
those of  the 0.5% Pt /KL IWI + KC1 samples. 
Again, the calculated valence of Pt exceeds 
2 + ;  it drops from 3.2+ to 2 .12+.  After 
reoxidation, the TPR profile shifts to lower 
temperatures.  However ,  the initial TPR pro- 
file for this catalyst is less structured than 
that of the IWI + KC1 catalyst. Reduction 
peaks at low temperature indicate that ini- 
tially some Pt 2+ ions or PtO particles are 
present,  in accordance with the observed 
average valence lower than 4 + .  

To discriminate between Pt 2÷ ions and 
PtO particles, we used mass spectrometry,  
since only reduction of PtO or its reaction 
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FIG. 3. Tempera ture-programmed reduct ion spectra  

for the 0.5% Pt /KL IWI catalyst .  (A) Calcined to 400°C. 
(B) Reoxidized at 400°C. (C) TPR Ar desorpt ion from 

the KL zeolite without  Pt. 
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FIG. 4. Temperature-programmed reduction for the 
1.2% Pt/KL Catalysts. (A) IE. (B) IW + KCI. (C) TPR 
Ar desorption from the KL zeolite without Pt. 

with zeolite protons will produce water. A 
sequence of TPR-MS, followed by TP reoxi- 
dation-MS, and TPR-MS was used. Since 
mass spectrometry in our setup is less sensi- 
tive than the TCD, we prepared 1.2% Pt/KL 
analogs of the IE and IWI + KCI catalysts 
for these experiments. The TPR spectra, 
monitored by the TCD, are shown in Fig. 4 
for these catalysts to facilitate comparison 
to the TPR-MS experiments. Surprisingly 
it appeared that the TPR profiles of these 
samples are also dependent on the metal 
loading. The TPR profiles shifted to lower 
temperatures with increasing metal loading. 
Figure 5 shows the TPR-MS, TP reoxida- 
tion-MS, and TPR-MS sequence for the 
1.2% Pt/KL IE catalyst. The initial TPR- 
MS shows that water is the product of Pt 
reduction, indicating that the TPR peak at 
11°C results from the reduction of PtO. PtO 
can be formed during calcination by oxida- 
tion of the Pt ° generated via the autoreduc- 
tion process shown in reaction (4). The wa- 
ter peak in this spectrum does not mirror 
that of H2 consumption. The reason for this 
may be that the water is trapped in the zeo- 
lite and leaves it only at higher tempera- 

tures. The TP reoxidation-MS spectrum in- 
dicates that 02 consumption occurs at 
200°C; it is mirrored by H20 evolution. This 
may be the result of PtO formation followed 
by the formation of Pt 2+ via the reaction, 

2(-T-O-H) + PtO--+ H20 + Pt(O-T)2, (4) 

where T stands for A1 and Si. The rate of this 
reaction also increases, as the reoxidation 
temperature is increased from 210 to 500°C, 
forming additional ions. The ion formation 
at 200°C during TP reoxidation-MS corre- 
lates well with the formation of the 80°C 
TPR peak in Fig. 3 as the reoxidation tem- 
perature surpasses 200°C. The formation of 
ions as the TP reoxidation approaches 500°C 
also correlates with the 150°C TPR peak 
after reoxidation at 500°C. The TPR-MS 
after reoxidation confirms the presence of 
Pt 2+ in that a new reduction peak appears 
at 150°C and less water is formed. 

In Fig. 6 the TPR-MS, TP reoxidation- 
MS, and TPR-MS spectra sequences of the 
1.2% Pt/KL IWI+KCI catalyst are dis- 
played. A slow evolution of HC1 is observed 
in TPR-MS, starting at 80°C and rising until 
the temperature reaches 250°C. Upon fur- 
ther raising the temperature the HCI evolu- 
tion rate remains constant. This HCI forma- 
tion is attributed to reaction (3), which is 
the important mechanism to remove protons 
from the catalyst surface. It is interesting, 
that no well-defined HCl peak is observed 
in the TPR-MS profile, although one might 
expect that HC1 formation becomes sub- 
stantial near 250°C where Pt 2+ ions are re- 
duced and protons are formed by reaction 
(2). Apparently, proton formation is not the 
rate-limiting step for HCI evolution. The 
HCl formation below 250°C is indicative of 
a reaction with protons which were formed 
during autoreduction of Pt by decomposing 
ammine ligands. 

The TP reoxidation-MS spectra show that 
02 consumption starts slowly at 10°C and 
peaks at 200°C. A second 02 consumption 
peak occurs between 410 and 500°C. The 
valence of the Pt ions resulting from reoxi- 
dation at 25 to 400°C is only 2 +.  Reoxida- 
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FIG. 5. TPR-MS, TP reoxidation-MS, and TPR-MS after reoxidation spectra for the 1.2% Pt/KL 1E 
Catalyst. 

tion at 500 ° results in the re-formation of 
Pt  4+ ions. Surprisingly, a large amount of 
water is formed during reoxidation of this 
sample, indicating that it still contains a suf- 
ficient concentration of protons to convert 
Pt oxides into Pt ions and water by a reaction 
of type (4). This interpretation is confirmed 
by the MS data of the following reduction: 
only a small amount of water is detected, 
showing that reduction follows mainly reac- 
tion (2). The second TPR-MS spectrum, 
after reoxidation, is virtually identical with 
the initial TPR-MS spectrum, confirming 
that  Pt  4+ ions are regenerated. However, in 
view of the FT-IR data (see below) it ap- 
pears that protons of very low BrCnsted 
acidity are formed. The OH groups formed 
by this reduction are conceivably located in 
cancrinite cages, where they are inaccessi- 
ble to gaseous molecules, and their interac- 
tion with Pt particles in the main channel 
will be weak. 

Electron micrographs such as those 

shown in Fig. 7 and 8 show that more than 
90% of the noble metal is dispersed within 
the zeolite channels, when prepared by IW! 
or IWI + KC1, in contrast to the IE catalyst, 
where large metal particles are observed on 
the exterior of the zeolite crystallites. 

3.3. n-Hexane Conversion 

Relevant data for n-hexane conversion at 
atmospheric pressure are listed in Tables 
4-7 for the 0.5% Pt/KL catalysts. The IWI 
samples (with and without KC1) are less ac- 
tive than the IE sample, but they have higher 
benzene selectivities and lower C l-C5 selec- 
tivities, and show less deactivation with 
time on stream. There is not much differ- 
ence between the IWI and the IWI + KCI as 
far as benzene selectivity is concerned, but 
the IWI + KC1 catalyst deactivates more 
rapidly in spite of its lower CI-C5 selectiv- 
ity. The cracking patterns of these catalysts 
indicate that C~, C2, C4, and C5 predominate 
for the IWI catalysts, whereas for the IE 
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sample C 3 is produced in relatively large 
amounts. The cracking patterns for the IWI 
catalysts indicate that the KL channel di- 
rects the n-hexane molecule to preferen- 
tially terminal carbon adsorption on the 
small Pt particles located inside the channel. 
As large Pt particles are known to catalyze 
internal fission of hydrocarbons, the large 
amount of C 3, in the cracking product of the 
IE catalyst, suggests that this hydrogeno- 
lysis will be catalyzed by large Pt particles 
at the external surface of the zeolite. If so, 
not  all of the metal is located in the channels 
for this catalyst. This is confirmed by the 
FT-IR data (see below). The terminal crack- 
ing index (TCI = n-CJn-C4) increases paral- 
lel to the benzene selectivity. These results 
are in agreement with those of Tauster and 
Steger (4), who proposed that an enhanced 
probability of terminal carbon adsorption is 
the cause for both a high terminal cracking 
index and a high benzene selectivity of 

n-hexane dehydrocyclization. The underly- 
ing concept of molecule orientation in the 
pores of the L zeolite is further supported 
by the product distribution of methylcyclo- 
pentane (see below). 

After the end of a catalytic run, the car- 
bonaceous deposits were analyzed by 
temperature-programmed oxidation. The 
TPO spectra are shown in Fig. 9; the chemi- 
cal analysis of the coke, derived from the 
mass balance, is given in Table 8. The data 
show that the amount of coke formation fol- 
lows the same trend as catalyst deactiva- 
tion, as seen in Table 7. The TPO spectra 
consist of a peak at 200°C, ascribed to coke 
on the metal particles, and a shoulder peak 
at 280°C, assigned to coke deposited on non- 
metal sites, which might be acidic. 

3.4. Methylcyclopenteane Conversion 

MCP reaction data for the 0.5% Pt/KL 
catalysts are listed in Tables 9-12. As the 
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FIG. 7. Electron micrograph of Pt/KL IWI + KCI catalyst. 

rate of MCP ring enlargement is known to 
be strongly enhanced by the presence of 
acid sites (19), the ring enlargement/ring 
opening (RE/RO) ratio has been used as a 
measure of catalyst acidity. Using this crite- 
rion, the IE catalyst appears to have a higher 
acidity than the other samples. Of the IWI 
catalysts, the KCl-free sample appears to 
be more acidic than the KC1 coimpregnated 
one. This trend of acidity is in agreement 
with the other acid site-sensitive experi- 
ments reported in this paper (FT-IR and 
TPO). The results suggest that more acid 
sites are created by the reduction of Pt 2÷ 

ions in reaction (2) than by the reduction of 
an impregnated Pt salt, giving, e.g., HC1 as 
the co-product of reduction. The results also 
suggest that reaction (3) is an efficient means 
of removing BrCnsted sites from the cata- 
lysts. 

The MCP conversion is capable of provid- 
ing valuable information on the micro- 
geometry surrounding active metal sites. 
Small Pt particles on an amorphous support 
were found by Gault to give a statistical 
distribution of ring opening products, 
i.e., 2-methylpentane:3-methylpentane:n- 
hexane = 2 : 1 : 2 (20). Table 12 shows that 
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FIG. 8. Electron micrograph of Pt/KL 1E catalyst. 

TABLE 4 

n-Hexane Turnover Frequencies (min -~) for the 
0.5% Pt/KL Catalysts a 

TABLE 5 

n-Hexane Mole Percentage Selectivities for the 0.5% 
Pt/KL Catalysts" 

Catalyst Ct-C5 2-MP 3-MP MCP Bz 
Catalyst Cj-Cs 2-MP 3-MP MCP Bz Reaction 

IE 46.7 13.3 7.8 17.1 15.0 
IE 2.10 0.60 0.35 0.77 0 ,68  4.50 
IWI 0.61 0.40 0.28 0.72 1.01 3.02 IWI 20.2 13.2 9.3 23.8 33.4 
IWI+ KCI 0.29 0.37 0.29 0.84 0.91 2 . 7 0  I W I + K C I  10.7 13.7 10.7 31.1 33.7 

a Reaction temperature = 350°C. Time on stream = u Reaction temperature = 350°C, Time on stream = 
20 h. 20h .  
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TABLE 6 

n-Hexane C r C  5 Selectivities (Mole Percentages)" 
A 

Catalyst CI-Cz C3 C4 C5 Cyclo-C5 

IE 16.1 14.8 8.0 6.7 1.0 ~ '  
IWI 7.1 5.7 2.8 3.5 1.0 
IWI + KCI 4.7 2.3 0.93 1.94 0.8 "~ 

"E 

Reaction temperature = 350°C. Time on stream = 
20 h. 

the RO products over Pt/KL catalysts sig- 
nificantly deviate from the statistical pat- 
tern: they form less n-C6, and more 3-MP. 
For the rationalization of this stereoselectiv- 
ity it is tempting to consider a geometric 
interpretation, although it is not possible to 
exclude that different electronic states of Pt 
might also play a role. Geometric models 
have been published before (21, 22). Two 
phenomena are considered: 

1. The enhanced formation of 3-MP is pro- 
posed to be a consequence of the orientation 
of the MCP molecule with its long axis paral- 
lel to the channel axis of the KL pores, simi- 
lar to the hexane orientation proposed by 
Tauster and Steger (4). As a result, an MCP 
molecule preferentially hits a Pt particle ei- 
ther with its flat bottom or with the methyl 
group. In the former case ring opening pref- 
erentially breaks the 3-4 C-C bond, i.e., 
3-MP is formed; in the latter case demethyl- 
ation will occur rather than ring opening. 
Both predictions are confirmed by the pres- 

TABLE 7 

n-Hexane Reaction Data a 

Catalyst TCI 2-MP/3-MP % Deactivation0.3-20 h 

IE 0.95 1.56 61.2 
IWI 1.24 1.43 20.5 
IWI + KCI 2.09 1.28 39.1 

Reaction temperature = 350°C. Time on stream = 
20 h. 
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Fro. 9. TPO spectra for the 0.5% Pt/KL IE, 
IWI + KC1, and IWI catalysts. 

ent results: the 3-MP/2-MP ratio exceeds the 
statistical value of 0.5 significantly; in the 
cracking pattern the demethylation product 
cyclopentane is prominent. The former re- 
sult has recently been reported by Alvarez 
and Resasco (23) in full agreement with the 
present data. A higher than statistical 3-MP/ 
2-MP ratio was noted before for Pt/NaY cat- 
alysts, but the deviation from the statistical 
value is greater for the Pt/KL catalysts than 
for Pt/NaY, as might be expected in view 
of the one-dimensional channel structure of 
the L sieve. 

2. For ring opening of MCP to yield n-C 6, 
it is probable that the MCP is initially chemi- 

TABLE 8 

TPO Data for the 0.5% Pt/KL Catalyst 

Catalyst C/Pt C/H 

1E 9.0 1.70 
IW 4.1 1.60 
IW + KCI 4.7 1.45 
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T A B L E  9 

M C P  T u r n o v e r  F r e q u e n c i e s  (rain i) for  the  0 .5% 

P t / K L  Ca ta ly s t s "  

T A B L E  11 

Se l ec t i v i t i e s  for  the  0 .5% P t / K L  C a t a l y s t s  a 

C a t a l y s t  C~ ff-C 2 C 3 C 4 C 5 C y c l o - C  5 
Catalyst c i - c  5 MCP 2 2 - M P  3-MP n-C 6 Bz Reaction 

I E  5.02 1.03 0.50 0.80 1.4 
IE 0.53 0.60 1.50 0.92 1.0 1.51 6.06 I W I  1.60 0.30 0.10 0.20 0.60 
IW 0.4.0 0.66 4.22 3.40 3 .16  1.98 13.82 
IW+KCI 0.25 0.62 2.46 1.94 1.89 1.64 8.8 I W l  + K C I  1.60 0.40 0.10 0 .20 0.50 

a R e a c t i o n  t e m p e r a t u r e  = 350°C. T i m e  on  s t r e a m  = a R e a c t i o n  t e m p e r a t u r e  = 350°C. T i m e  on  s t r e a m  = 

20 h. 20 h. 

sorbed with its tertiary carbon atom, by 
breaking the C-H bond. Therefore only one 
face of the MCP molecule is active for this 
chemisorption. Since the zeolite channel im- 
pedes the MCP molecule from rolling over, 
only one-half of the molecules impinging 
with the tertiary C atom near a Pt site will 
be able to enter this reaction channel leading 
to n-C6 formation. This restriction causes 
the n-C6/2-MP ratio to be less than the statis- 
tical value of 1:1, in agreement with the 
observed results (21). 

Both deviations of the experimental ratios 
from their statistical values and from the 
experimental data of Pt on amorphous cata- 
lysts are indicative for the fraction of Pt 
located inside the channels of the zeolite. 
The present data thus show that the IWI 
catalysts have a larger fraction of the Pt 
inside the channels than the IE sample. This 
is in agreement with the above conclusion 
based on the product pattern of n-hexane 
hydrogenolysis. 

T A B L E  10 

M C P  S e l e c t i v i t i e s  M o t e  P e r c e n t a g e s  for  the  0 .5% 
P t / K L  C a t a l y s t s  a 

Catalyst CI-C5 MCP 2- 2-MP 3-MP n-C 6 Bz 

IE 8.6 9.8 24.4 15.0 17.6 24.6 
IWI 2.9 4.8 30.5 24.6 22.9 14.3 
IWI+KC1 2.8 7.0 28.0 22.0 21.5 18.6 

3.5. Fourier Transform-Infrared Data 

FT-IR spectra of the Pt/KL IE, Pt/KL 
IWI, and Pt/KL IWI+KCI samples, all 
measured in the region of the stretching vi- 
bration of hydroxyl groups, were published 
in a recent paper (24); therefore they are not 
reproduced here. An intense band at 3740 
cm- l is ascribed to terminal silanols located 
at the external surface of zeolite; whereas 
bands at or near 3690 cm 1 are assigned 
to nonacidic hydroxyl groups. Bands in the 
region 3650-3630 cm -I are assigned to 
acidic bridging hydroxyls. Both acidic and 
nonacidic hydroxyls are apparently pro- 
duced during reduction of Pt ions. The 
bands are weak for all Pt/KL samples under 
study, but the intensity of the acidic bridging 
hydroxyl bands shows a clear trend; it de- 
creases from IE via IWI to IWI + KC1. 

Of special relevance are FT-IR spectra of 
CO adsorbed at room temperature on the 
same Pt/KL samples. These spectra have 
been published in the same paper (24). The 
predominant band on all samples is in the 

T A B L E  12 

M C P  R e a c t i o n  D a t a  for  the  0 .5% P t / K L  C a t a l y s t s  a 

Catalyst 2MP/3MP n-C6/ rt-C6/ RE/RO 
3MP 2MP 

IE 1.63 1.18 0.72 0.43 
IWI 1.24 0.93 0.75 0.18 
IWI + KCI 1.27 0.97 0.77 0.26 

a R e a c t i o n  t e m p e r a t u r e  = 350°C. T i m e  on  s t r e a m  = a R e a c t i o n  t e m p e r a t u r e  = 350°C. T i m e  on  s t r e a m  = 

20 h. 20 h. 
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range Uco = 2070-1950 cm- 1, with maxima 
at 2067, 2051, 2031, 2008, 1998, and 1979 
cm -j. These are due to linear CO on Pt, 
but show a remarkable dependence on the 
sample preparation. Bands which may be 
attributed to the bridging CO are very weak, 
and the band which is typical for CO ad- 
sorbed on large Pt particles (25) is totally 
absent. The total intensity of the bands at- 
tributed to Pt carbonyls (2067-1760 cm -~) 
is significantly higher for Pt/KL-IWI than 
for Pt/KL-IE, showing that the metal disper- 
sion is highest in Pt/KL-IWI, while the Pt/ 
KL-IWI + KC1 sample presents an interme- 
diate case close to Pt/KL-IE. The band in- 
tensity data thus confirm the sequence for 
the Pt dispersion derived above from the 
direct CO chemisorption data. 

The spectra show that various discrete 
states exist for the adsorbed CO; the relative 
abundances of these states depend greatly 
on the preparation conditions. For linear 
CO, the bands at 2067-2051 cm-t predomi- 
nate for the IE sample. In contrast, the band 
at 2031 cm- 1 is the most intense for Pt/KL- 
IWI; also, the bands at 2008-1998 cm -1 are 
rather strong. For the zeolite coimpregnated 
with KCI the bands at 2008-1998 cm -~ are 
predominant; in addition, the intensity of 
the bands of bridging carbonyls is higher 
than for the other samples. 

The results can be rationalized in terms 
of different electronic states of Pt. Ac- 
cording to Besoukhanova et al. (25) and 
Larsen and Hailer (26) a low frequency for 
linear Pt carbonyls is indicative of the low 
extent of "electron deficiency" of the Pt 
particles. As our previous data strongly sug- 
gest that "electron deficiency" is due to the 
formation of Pt-proton adducts, the fre- 
quency of the CO band should be shifted to 
higher values with increasing proton con- 
centration. Indeed, the CO spectrum of the 
IE sample shows maximum intensity for the 
high-frequency band of the linear CO. 

A result of the incipient wetness method is 
that counterions, e.g., CI-, must be present. 
They are instrumental in removing BrCnsted 
protons, e.g., as HCI according to Eq. (3). 

This is confirmed by the absence of acidic 
hydroxyls for Pt/KL-IWI and Pt/KL- 
IWI + KC1. In the absence of protons the 
positive charge on the Pt particles is ex- 
pected to be low, which is in agreement with 
the predominance of the low-frequency 
bands. An excess of KC1 further decreases 
the concentration of residual protons and 
thus of the charge on the Pt particles. This 
is in accordance with the predominance of 
the low-frequency bands in the IR spectrum 
of adsorbed CO. 

4. CONCLUSIONS 

The following conclusions emerge from 
the experimental data presented in this 
paper: 

1. Size and location of Pt particles and 
their precursors in zeolite KL depend 
strongly on the method of introducing the 
precursor, e.g., by ion exchange (IE), im- 
pregnation by incipient wetness (IWI), or 
coimpregnation of the Pt salt with KCI (IWI- 
KC1). 

2. Catalysts prepared by IE contain, after 
calcination at 400°C, PtO particles that are 
reduced at 11°C and two forms of Pt 2+ ions 
that are reduced at 80 and 150°C, respec- 
tively. 

3. Catalysts prepared by IWI contain, 
after calcination, predominantly Pt 4+ ions 
with a minority of Pt 2+ ions. In the calcined 
IWI + KC1 catalyst virtually all Pt is present 
as Pt 4÷ ions. 

4. After reduction the Pt particles of the 
IWI catalysts (both with and without KC1) 
are located predominantly inside the chan- 
nels, while in the IE sample part of the metal 
is located on the external zeolite surface. 

5. The acidity of all Pt/KL catalysts is 
low. The order of increasing acidity is 
IWI + KCI < IWI < IE. This confirms that 
protons are formed in the reduction of Pt 
ions and that KC1 reacts with protons to give 
HC1, which escapes. FT-IR of adsorbed CO 
indicates that in the IE samples some elec- 
tron-deficient Pt-proton adducts might be 
formed. 
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6. A preferred C-C scission of methylcy- 
clopentane (MCP) between C atoms 3 and 4 
leads to a higher than statistical concentra- 
tion of 3-methylpentane in the ring opening 
product. This can be rationalized by assum- 
ing that the MCP molecules are oriented 
inside the channels of KL with their long 
axis roughly parallel to the pore axis. 
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