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Abstract-  Large-pore zeolites H-Beta, H-Mordenite and H-Omega were loaded with platinum and applied for the 
hydroisomerization of n-hexane and n-heptane. The catalytic activity of Pt-loaded zeolite showed good correlation 
with the effective acidity probed by pyridine rather than with the total acidity probed by ammonia when equal amounts 
of metal sites are present. The selectivity to mulfibranehed isomers over three different catalysts was found dependent 
upon the conversion of n-paraffin. At low conversion, the selectivity to multibranched isomers was higher over Pt-load- 
ed zeolites with high acid strength. At high conversion level, however, the selectivity was mainly governed by the 
metal/acid balance. On H-Mordenite and H-Omega, large amount of strong acid sites are located in the small pore 
or cage. In Pt/H-MOR, the metal/acid balance was poor because there was detrimental loss of metal sites caused 
by isolation of Pt in the side pockets of 8-MR and/or pore blockage of the linear 12-MR channel. Even though the 
acidity of H-Beta was very low compared to H-MOR and H-Omega, Pt/H-Beta yielded the best performance for 
the hydroisomerization of n-paraffin because of better metal/acid balance in Pt/H-Beta. 
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I N T R O D U C T I O N  

Bifunctional Pt/zeolite catalyst plays an important role in 
processes such as hydrocracking, isomerization and catalytic 
dewaxing [Maxwell and Stork, 1990]. The activity of bifunc- 
tional Pt/zeolite catalyst and the selectivity of i-paraffins are 
strongly influenced by the numbers of  acid and metal sites 
[Guisnet and Perot, 1984]. The optimum performance of Pt/H- 
Y with respect to hydroisomerization of  n-heptane was ob- 
tained when the ratio of  strong acid sites to metal sites is be- 
low 6 [Giannetto et al., 1986; Alvarez et al., 1987]. In the Pt/ 
H-Y catalysts, the number of  strong acid sites was charac- 
terized by the heat of adsorption of ammonia exceeding 100 
kJ/mol and the number of metal sites by hydrogen chem- 
isorption. In this case, all the strong acid sites including those 
located in small pore or cage will be counted irrespective of 
the fact that those acid sites cannot participate in the transfor- 
mation of bulky carbenium ions. And the distribution as well 
as the dispersion of metal might be characterized differently 
due to the structure of zeolites in which platinum particles 
are dispersed [lee and Rhee, 1997]. Therefore, the distribution 
as well as the numbers of  acid and metal sites should be tak- 
en into account for platinum loaded zeolites having different 
structures. 

In this study, 12-MR large-pore zeolites with various Si/ 
A1 ratios were synthesized and loaded with platinum, and 
then applied for the hydroisomerization of n-paraffin. Espe- 
cially, we were concerned with the distribution of acid and 
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metal sites in Pt-loaded zeolites and the effect of metal/acid 
balance on the hydroisomerization of n-paraffin was discuss- 
ed. Finally, the difference in activity among Pt/H-MOR, Pt/ 
H-Omega and Pt/H-Beta was discussed in detail. 

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

1. Catalyst Preparation 
Zeolite Beta was synthesized hydrothermally in a Teflon- 

lined autoclave from Na20-SiO2-AI203-(TEA)zO-HzO system 
using tetraethylammonium hydroxide (TEAOH) as template 
[Wadlinger et al., 1967; Leu et al., 1991]. Zeolite Omega was 
synthesized according to the procedure reported by Nicolas et 
al. [1988]. The structure of synthesized zeolite Omega and 
Beta were analyzed by XRD and FI'IR spectroscopy and the 
results were found to match well with those reported earlier 
[Wadlinger et al., 1967; Leu et al., 1991; Nicolas et al., 1988]. 
The as-synthesized zeolites were calcined in air at 550 ~ and 
ion exchanged with 1 M (NH3)4CI three times at 80 ~ un- 
der reflux. H-Beta and H-Omega were obtained by calcina- 
tion of  (NH3)4-zeolite in air at 540 ~ 

Steaming at high temperatures and subsequent acid leach- 
ing procedures were applied for H-Omega to dealuminate 
parent H-Omega. Typically, 1.0 g of H-Omega was loaded 
in a quartz reactor and was heated up to 600 ~ or 700 ~ in 
air flow (20 cc/min). And steam (PH2o=37.1 kPa) was direct- 
ed into the reactor at the planned temperatures for 2 hr. The 
steamed samples were treated with HNO3 solution (300 cc/g- 
zeolite) of various concentrations (0.05, 0.1 and 0.2 N HNO3) 
at 80~ under reflux for 12 hr. The dealuminated samples 
were designated as OMSA-1 (steaming at 600 ~ leaching with 
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Table 1. Summary of platinum-loaded zeolite preparation 

Catalyst Pt (wt%) Si/A1 r a t i o  Method 

Pt/H-MOR 0.5 22.5 IE 
0.5 6.5 IE 
2.0 6.5 IE 

Pt/H-Beta 0.5 12.5 IWI 
0.5 12.5 IE 
0.5 15.4 IWI 
2.0 15.4 IWI 
0.5 37.5 IWI 

Pt/H-Omega 0.5 5.6 IWI 
Pt/OMSA-1 0.5 36.7 IWI 
Pt/OMSA-2 0.5 48.6 IWI 
Pt/OMSA-3 0.5 10.8 IWI 

IE: Ion-exchange, IWI: Incipient Wetness Impregnation. 

0.1 N HNO3), OMSA-2 (600~ 0.2 N) and OMSA-3 (700 ~ 
0.2 N). H-MOR were taken from commercial samples (PQ 
Corp., SiOJA1203=13.0, 25 and 45) and commercial zeolite 
Beta's (PQ Corp., SIO2/A1203=25 and 75) were also used. The 
Si/Al ratios of synthesized H-Beta and H-Omega were analyz- 
ed by ICP-AES and EDX. 

Platinum loaded zeolites were prepared by both the ion-ex- 
change and the incipient wetness impregnation methods us- 
ing [Pt(NH3)4]CI2 as precursor. Platinum loaded catalysts were 
dried at l l0~ overnight and then heated at a rate of 0.5~ 
min in 02 flow (1 l/min, g-cat) up to various calcination tem- 
peratures Tc (200, 300, 350, 400 and 500~ The catalysts 
were maintained at each of these temperatures for 2 hr and al- 
lowed to cool down to the room temperature in He flow. Re- 
duction was then performed in H2 flow (200 cc/min.g-cat) by 
raising the temperature at a rate of 2 ~ to 500 ~ and the 
temperature was held at 500 ~ for 1 hr. The catalysts examin- 
ed in this study are summarized in Table 1. 
2. Catalyst Characterization 

For temperature programmed desorption (TPD) of ammonia 
and pyridine, the bed of H-form zeolite (0.1 g) was heated 
at 500 ~ in He flow for 1 hr. Ammonia or pyridine was in- 
troduced in He flow into the bed after cooling the bed to 
100 ~ or 200~ respectively. The TPD was started by in- 
creasing the temperature at a rate of 15 ~ The desorb- 
ed ammonia and pyridine was detected by TCD and an in- 
terraced computer was used for data recording. 

To investigate the structural changes of dealuminated zeo- 
lite Omega samples, 27AI MAS NMR spectra were obtained 
on a Bruker ARX300 MAS spectrometer. 27A1 NMR spectra 
were recorded at 78.3 MHz with radiofrequency pulses of 2.8 
Ixs. A number of 1,000 free induction decays were accumula- 
ted per sample at a repetition time of 1 s .  AI(OH2)63§ was 
used as external reference to measure the chemical shifts. 

For FTIR study of CO adsorbed catalysts, self-supporting 
wafers of It/H-Beta and Pt/H-MOR were pretreated in-situ 
under the same operation conditions as mentioned above in 
a glass cell which was fitted with NaC1 windows and high- 
vacuum stopcocks. Afterwards, the cell was evacuated to a 
pressure of approximately 10-2-10 -3 Tort and cooled down 
to room temperature (RT). The samples were then exposed to 
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CO at 20 Torr for 15 min. The spectrum was recorded after 
evacuation to the base pressure at room temperature and 100 
~ respectively, for 15 rain. 

Hydrogen chemisorption was performed in a static vacuum 
volumetric apparatus at RT to investigate metal dispersion. 
The detailed procedure was described elsewhere [Lee et al., 
1996]. For EXAFS measurements, pretreated samples of 200- 
250 mg were pressed into self-supporting wafers (10 mm di- 
ameter). The samples calcined at different temperatures were 
reduced at 500~ as described above. These samples were 
reduced again in H2 flow at 573 K using a Pyrex U-tube re- 
actor and transferred to an EXAFS cell with Kapton (Du 
Pont, 125 ktm) windows. The cell was sealed off under H2 
with flame. The EXAFS was measured using Beam Line 10B 
at the Photon Factory in Tsukuba in the transmission mode 
at the Pt Lm at room temperature. A Si(311) channel cut mo- 
nochromator was used and the resolution (AF_JE) was 1 • 10 4. 
The X-ray energy was increased by 2.2 eV steps. The X-ray 
intensity was measured by using gas ionization chambers. X- 
ray absorption data was analyzed by standard methods using 
the UWXAFS 2.0. 
3. Reaetion Experiment 

The reaction experiment was conducted in a fixed-bed down- 
flow reactor with H2/n-paraffln molar ratio of 6.0 under the 
atmospheric pressure, n-Paraffin (purity>99.5 %) was fed to 
the reactor in H2 flow by a microfeeder. To investigate the 
hydrogenation activities of platinum-loaded zeolite catalysts, 
the hydrogenation of benzene was also conducted at 100~ 
with Hz/benzene molar ratio of 9.8 and WHSV=29.3 hr-1 un- 
der the atmospheric pressure. The product was analyzed by 
using a GC-FID fitted with HP-PONA (crosslinked methyl- 
silicone, 50 m • 0.2 mm • 0.5 ~xn) capillary column. 

RESULTS AND DISCUSSION 

1. Acidity and Acid Sites Distribution in Zealites 
The acidities of zeolites were examined by using ammonia 

and pyridine as probe molecules. The amount of strong acid 
sites of various zeolites probed by ammonia and pyridine, re- 
spectively, are given in Table 2 and they are plotted against 
Si/A1 ratio of zeolites in Fig. 1. From the results of ammonia 
TPD, it is evident that the strength and amount of strong 
acid sites were largest on H-Omega among three different 
zeolites (Table 2). The acidity of H-Beta turned out to be 
lowest. When pyridine was used as probe basic molecules, 
however, the acidity of H-Beta was largest among three zeo- 
lites as shown in Table 2. 

The amount of acid sites measured by ammonia TPD de- 
creases as the Si/AI ratio increases. But the amount of strong 
acid sites does not show linear dependence on AI content. 
The amount measured by pyridine TPD, however, was rather 
independent of the Si/AI ratio of different type zeolites. These 
results suggest that large amount of acid sites are inaccessi- 
ble to pyridine with molecular size of about 5.85 /~ in H- 
MOR and H-Omega while ammonia can have access to al- 
most all the acid sites in microporous zeolites. 

The amount of strong acid sites of OMSA-n (n=1,2,3) ser- 
ies substantially decreased compared to that of parent H- 
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Table 2. Acidic properties of various zeolltes 

Zeolites NH3 desorbed (mmol/g-cat) Pyridine desorbed (txmol/g-cat) 
(Si/A1 ratio) LT-peak a (T,~, ~ HT-peak b (Tz, ~ LT-peak c (Tin, ~ HT-peak d (Tin, ~ 

H-MOR 
(6.5) 0.63 (230) 0.48 (550) 12.71 (305) 10.52 (620) 
(22.5) 0.24 (230) 0.24 (680) 11.62 (285) 51.61 (685) 

H-Beta 
(12.5) 0.53 (220) 0.31 (320) 17.31 (303) 41.62 (595) 
(15.4) 0.44 (225) 0.29 (375) 19.23 (320) 33.02 (-) 
(37.5) 0.19 (210) 0.23 (390) 6.03 (265) 24.82 (685) 

H-Omega (5.6) 1.05 (225) 0.73 (575) 7.67 (305) 14.44 (-) 
OMSA-1 (36.7) 0.30 (210) 0.18 (375) nd nd 
OMSA-2 (48.6) 0.16 (195) 0.19 (520) nd nd 
OMSA-3 (10.8) 0.46 (220) 0.36 (-) 32.96 (285) 15.75 (-) 

aAmmonia desorbed at 100-325 ~ bAmmonia desorbed above 325 ~ CPyridine desorbed at 200-400 ~ dPyridine desorbed above 400 
~ eMaximum desorption temperature in ~ 
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Fig. l .Amounts  of ammonia ( 0 )  and pyridine (11) desorbed 
at high temperature vs. Si/A! ratio of various zeolites. 

Omega when ammonia was used as probe molecule. On the 
other hand, the acidity of OMSA-3 was higher than that of 
parent H-Omega when probed by pyridine. This result indi- 
cates that the zeolite Omega tends to have more open struc- 
ture and there exist more acid sites accessible to pyridine even 
though the A1 content decreases by dealumination. 
2. 27A1 MAS NMR Spectra 

27A1 MAS NMR spectra of parent H-Omega and dealumi- 
nated OMSA-3 are presented in Fig. 2. Two resonance lines 
are observed at 55 ppm and 0 ppm. The peak at 55 ppm 
corresponds to the tetrahedrally coordinated AI of the lattice 
and the additional peak at 0 ppm to octahedral AI species ex- 
tracted from the lattice. In the parent H-Omega, some of A1 
exists as octahedral species. It is understood that during the 
calcination of as-synthesized and NIL-form zeolite Omega, 
some of the lattice A1 could be extracted out of framework as 
octahedral AI species before dealumination procedure. The 
amount of AI in the framework of zeolite Omega decreased 
in OMSA-3 compared to the parent H-Omega. 

A close examination of the resonance peak around 55 ppm 
reveals that there are two crystallographically non-equivalent 
A1 sites. The framework of zeolite Omega contains two dif- 

T 
V 

1 I 5 100 75 ,5o ~ 0 

ppm 

l~g.2.~A! ~ ~ spectra of (a) H-Ome~ and (b) OMSA- 
3. 

ferent AI sites, site A and site B, which are located in the 4- 
MRs (4-membered tings) of the gmelinite cages (S4R) and 
in the 6-MR (S6R), respectively[Klinowski and Anderson, 
1986; Massiani et al., 1988]. In the NMR spectra of parent 
H-Omega, the peak at higher ppm is more intense but the 
peak at lower ppm became more intense in OMSA-3. The 
peak at higher ppm was assigned to AI in S4Rs and that at 
lower ppm to AI in S6Rs [Buckermann et al., 1993]. There- 
fore, A1 in the S4Rs of gmelinite cages are more easily ex- 
tracted than that in S6Rs. These results lead us to the deduc- 
tion that the linear channel of 12-MR could be partially de- 
stroyed to have more open structure and the AI sites deep 
in the S6Rs could be exposed to the main channel of 12- 
MR by preferential dealumination in S4Rs near main chan- 
nel. 
3. H2/CO Chemisorption and EXAFS Results 

The H/Pt values obtained from H2 chemisorption for Pt/H- 
MOR and Pt/H-Beta are plotted against the calcination tem- 
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perature in Fig. 3. The catalysts are reduced at 500 ~ for 1 
hr. The maximum value of H/Pt was obtained when Tc=350 
~ for Pt/H-MOR or To=300 ~ for Pt/H-Beta. When the cat- 
alysts were calcined at temperatures below 400 ~ all the cat- 
alysts had H/Pt value greater than the assumed stoichiomet- 
ric value of 1.0. 

The EXAFS results are given in Table 3. The nearest neigh- 
bor coordination numbers (CN) of platinum clusters in Pt/H- 
MOR are below 6, which corresponds to the average diame- 
ters of spherical platinum clusters of below 10 ,~ [Shpiro et 
al., 1991]. In the case of Pt/H-Beta, CN values are in the 
range of 8.1-9.5 depending on the calcination temperatures. 
These CN values correspond to spherical platinum clusters 
of  below 15 ,g, in diameter which could possibly be located 
in the channel intersections of zeolite Beta. The particle size 
of Pt in Pt/H-MOR is smaller than that of Pt in Pt/H-Beta 
probably because Pt/H-MOR was prepared by ion-exchange 
while Pt/H-Beta by impregnation method. 

For both catalysts, there exist optimum calcination temper- 
atures. In accordance with previous pretreatment studies of 
Pt/Y zeolites [Homeyer and Sachtler, 1986] and Pt/ZSM-5 
[Folefoc and' Dwyer, 1992], the calcination temperature should 
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Pig.3. H/Pt ratios of Pt/H-MOR (II) and Pt/H-Beta (O) cat- 
alysts calcined at various temperatures. 

Table 3. EXAFS parameters and CO/Pt ratios for Pt/H-MOR 
and Pt/H-Beta after different treatments 

Catalysts N ~ R (.~)b At52 (.A.2fx 100 CO/Pt 
M300 d 5.7 2,72 0.81 0.40 
M350 5.9 2.72 0.85 0.44 
B200 e 9.5 2.76 0.57 0.21 
B300 8.1 2.75 0.65 0.31 
B500 8.9 2.75 0.67 0.40 

Note; All catalysts were loaded with 2.0 wt% Pt and were re- 
duced at 500 ~ for 1 hr. 

aPt-Pt coordination number (___0.3). 
bPt-Pt coordination distance (___ 0.001). 
CThe Debye-Waller factor (_  0.04). 
dCalcination temperature (~ of 2.0 wt% Pt/H-MOR. 
"Calcination temperature (~ of 2.0 wt% Pt/H-Beta. 

November, 1 9 9 7  

be high enough to decompose the amine ligands of Pt pre- 
cursor otherwise mobile neutral Pt species which accelerate 
agglomeration of Pt could be formed. When the calcination 
temperature increased, on the other hand, most of  Pt 2+ ions 
probably migrate into small pore [Chmelka et al., 1989] or 
near pore mouths. Upon reduction at 500~ metal atoms 
gradually migrate to the extemal surface of the zeolite, where 
they could form large particles. 

The CO/Pt ratios obtained from CO chemisorption are also 
given in Table 3. Compared to the CN values, the CO/Pt ra- 
tios from Pt/H-MOR are not so much higher than those from 
Pt/H-Beta. For example, the CO/Pt ratio from B500 is the 
same as that from M300 even though CN value from M300 
is much smaller than that from 13500. This implies that some 
of Pt particles in Pt/H-MOR are inaccessible to CO. The cat- 
alysts listed in Table 3 contained 2.0 wt% of Pt. Since the 
growth of  particles would be accelerated by the amount of 
metal loading [Homeyer and Sachtler, 1989], the average di- 
ameters of Pt particles in Pt/H-MOR and Pt/H-Beta loaded 
with 0.5 wt% Pt are expected to be smaller than that in cat- 
alysts loaded with 2.0 wt% Pt. Therefore, Pt particles must 
be well dispersed in the channels of both zeolites. 
4.ln-situ CO-IR 

The infrared spectra of CO adsorbed on Pt/H-MOR are 
presented in Fig. 4. At saturation coverage, three bands were 
observed at 2,124, 2,087 and 1,867 cm -1, respectively. The in- 
tense peak at 2,087 cm -1 was assigned to the linear CO band 
while the small band at 1,867 cm-t to the bridging CO band. 
As shown in Fig. 4, the absorbance of the band at 2,124 cm -~ 
increased with T,. The peak location suggests that this pla- 
tinum species was in a low positive oxidation state. Some au- 
thors [Zholobenko et al., 1994; Otten et al., 1994; Stakheev 
et al., 1997] assigned this peak to CO adsorbed on very small 
clusters or monatomic Pt I monocarbonyl species. The peak po- 
sition of linear CO band shifted to the lower wave number by 
10 cm -1 when the sample was evacuated at 100~ instead of 
at RT. The peak position of  band at 2,124 cm 1, however, 
was unaffected by CO coverage. This indicates that CO spe- 
cies observed at 2,124 cm -~ had little interaction with neigh- 
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Fig. 4. Infrared spectra of CO adsorbed on Pt/H-MOR cata- 
lysts calcined at various temperatures. 
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boring CO and thus the clusters serving as adsorption sites 
for CO were associated with isolated Pt species in H-MOR 
channel. Mortier [1977] determined Ca § ion sites in CaMOR 
to show that the sites deepest in the side-pockets of 8-MR are 
preferentially occupied and the sites in the main channel of  
12-MR were the second in population and stability of  the 
cations at high temperature above 350 ~ Mortier suggested 
that the favorable coordination of bipositive ions with oxy- 
gen ions would be the reason for the stability of Ca § ions 
in the side-pockets. 

The infrared spectroscopy of CO adsorbed on Pt/H-MOR 
and Pt/H-Beta calcined at 350~ are presented in Fig. 5. 
The intensity of band at 2,124 cm -1 on Pt/H-MOR is much 
more intense than that on Pt/H-Beta. There might be two ex- 
planations for this result. One is that the proton concentra- 
tion which interacts with Pt atoms is high in H-MOR be- 
cause the Si/A1 ratio of H-MOR is lower than that of H- 
Beta. The other is that Pt atoms could be isolated in the 
side pockets of 8-MR in H-MOR, while all the channels of 
H-Beta are composed of 12-MR. 

Therefore, the increase in absorbance of band at 2,124 cm-1 
with Tc may be regarded as an evidence that Pt § ions initially 
located in the main channel might have migrated into the 
side-pockets. After the reduction step, some of Pt clusters 
still remain in the side-pockets, where Pt clusters interact 
with H § to have electron deficient character. Therefore, it is 
reasonable to assign the band at 2,124 cm -1 to CO adsorbed 
on isolated Pt dusters in the side-pockets of mordenite chan- 
nel. 
5. Activity of Platinum-loaded Zeolites 

In Fig. 6, the conversion of n-hexane over platinum-load- 
ed (0.5 wt%) zeolite catalysts are plotted against the amount 
of  strong acid sites probed by ammonia and pyridine given 
in Table 2. As shown in Fig. 6(a), the catalytic activity of 
bifunctional Pt/zeolite showed maximum when the amount 
was around 0.3 retool/g-cat. This amount of strong acid sites 
would correspond to the ratio of acid sites to metal sites of 1.2 
if the metal dispersion is 1.0. This value of the ratio is suf- 
ficient enough to be a good hydroisornerization catalyst ac- 
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Fig. 5. Infrared spectra of  CO adsorbed on Pt/H-Beta and 
Pt /H-MOR catalysts calcined at 350 ~ 

cording to the study by Gianneto et al. [1986] and Alvarez 
et al. [1987]. 

The catalytic activities of various Pt-loaded zeolites for the 
hydroisomerization of n-hexane is presented in Fig. 6(b) with 
the strong acid sites determined by pyridine TPD instead of 
ammonia. In contrast to the strong acid sites determined from 
ammonia, the conversion increased with the strong acid sites 
determined from pyridine. If the molecular sizes of mono- (>5 
/~) and di-brached isoalkenes (> 6 /~)  are taken into account, 
the acid sites which are inaccess~le to pyridine could not serve 
as adsorption sites for relatively large reaction intermediates. 
When the number of acid sites is obtained by ammonia, the 
acid sites which could not participate in the transformation of 
bulky iso-carbocations might be counted. As shown in Fig. 
6(a), the activity decreased again when acid/metal ratio de- 
creased from the optimum ratio. For all the zeolites, how- 
ever, the ratio of acid sites determined from pyridine to those 
determined from ammonia is below 0.2 because TPD was 
run after adsorption of probe molecules under flowing con- 
dition. For more rigorous analysis, adsorption of probe mole- 
cules under vacuum is recommended. 

The results from hydroisomerization of n-hexane over Pt- 
loaded zeolite catalysts are listed in Table 4. The catalytic 
activity and the yield of i-C6 were highest over Pt/H-Beta. 
The activity of Pt/H-Omega is very low compared to those 
of Pt/H-MOR and Pt/H-Beta though the acidity and the el- 
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Fig. 6. Convers ion of  n-hexane vs. the amount  of  strong acid 

sites determined from (a) ammonia  and (b) pyridine 
over various Pt/zeoHte catalysts (WHSV=l .58  hr -z, H~J 
n-hexane=6.0, 280 ~ Numbers  inside the parentheses 
denote the Si/Ai ratio. 
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Table 4. Product distributions from hydroisomerization of n-hexane over Pt-ioaded zeolite catalysts 

Catalysts Conversion Product composition, wt% 
(Si/A1 ratio) (%) C1-C5 ~DMB a 2-MP b 3 -MP c 

i-c6 
E/-C6 selectivity (%) 

Pt/H-MOR 
(6.5) 70.7 1.2 13.9 33.8 21.8 69.5 98.3 

(12.5) 74.3 3.5 15.0 33.2 22.6 70.8 95.3 
(22.5) 68.7 9.5 12.0 28.8 18.4 59.2 86.2 

Pt/H-Beta 
(12.5) 83.1 5.9 23.8 32.3 21.2 77.3 92.9 
(15.4) 80.2 3.2 23.7 33.3 21.7 78.7 96.1 
(37.5) 76.2 1.0 15.9 36.3 23.1 75.3 98.7 

Pt/H-Omega 44.8 6.0 7.2 19.1 12.6 38.9 86.6 
Pt/OMSA-1 54.9 1.7 7.3 26.7 17.9 51.9 94.6 
Pt/OMSA-2 62.9 3.0 10.1 30.8 20.3 61.2 97.2 
Pt/OMSA-3 75.4 7.1 14.2 32.8 21.2 68.2 90.5 

Notes; Reaction conditions: WHSV=1.58 hr -1, Hz/n-hexane=6.0, temp.= 280~ 
wt% Pt. 

a2,3-Dimethylbutane+2,2-Dimethylbutane, b2-Methylpentane, C3-Methylpentane. 

total pressure=l arm. All catalysts were loaded with 0.5 

Table 5. Product distributions from hydroisomerization of n- 
heptane over Pt/H-Beta and Pt/H-MOR catalysts at 
va~ous temperatures 

Catalyst Pt/H-Beta Pt/H-MOR 

Temp. (~ 260 270 300 240 260 270 
Product (wt%) 

C 6 - 5.6 19.2 61.6 1.9 14.4 33.4 
(%i-C4) (39.3) (52.1) (51.5) (52.6) (54.2) (54.2) 
EMono -a 48.6 46.3 21.1 24.0 35.5 30.8 
EMulti -b 14.2 20.2 11.6 5.4 12.1 11.7 
Conv. (wt%) 68.4 85.7 94.3 31.3 62.0 75.8 
i-C7 yield (wt%) 62.8 66.5 32.7 29.4 47.6 42.4 
i-C7 selec. (%) 91.8 77.6 34.6 93.8 76.8 56.0 
/x RON (C5 +) 38.2 49.9 56.3 16.7 32.9 38.7 

Notes; Reaction conditions: Hz/n-Heptane=6.0, WHSV=l.639 
hr -1, Total pressure=l arm. 

aMethylhexanes+Ethylpentane. 
bDimethylpentanes+Trimethylbutane. 

fective pore size of H-Omega are largest. When H-Omega 
was subjected to dealumination under various conditions, the 
activity was considerably increased. The acidity determined 
from ammonia of OMSA-n series substantially decreased com- 
pared to the parent H-Omega as given in Table 2. On the oth- 
er hand, the acidity probed by pyridine was higher on OMSA- 
3 than that on  H:Omega. Over Pt/OMSA-3, the catalytic ac- 
tivity and the yield of i-C6 were comparable to those over Pt/ 
H-MOR while Pt/H-Omega (5.6) showed very low activity. 

Presented in Table 5 are the product distributions from hy- 
droisomerization/laydrocracking of n=heptane over Pt/H-MOR 
and Pt/H-Beta. The maximum yields of i-C7 over Pt/H-Beta 
and Pt/H-MOR are 66.5 wt% and 47.6 wt%, respectively. The 
yield of multibranched isomers is much higher over Pt/H- 
Beta than that over Pt/H-MOR. In the cracked product, i-C4 
(/-butane) is above 50 mole% over both catalysts. 
6. Selectivity to Muitibranched Isomers 

Both the catalytic activity and the selectivity to multibranch- 
ed isomers were highest on Pt/H-Beta as given in Table 4 
and 5. However, the selectivity was not always higher over 

Pt/H-Beta. In Fig. 7 the selectivity to multibranched isomers 
from hydroisomerization of n-hexane [Part (a)] and n-heptane 
[Part (b)] are plotted against the contact time and the conver- 
sion. At low conversion (or low contact time), the selectiv- 
ity was higher over Pt/H-MOR because of the higher slrength 
of acid sites in H-MOR. The selectivity over Pt/H-Beta in- 
creased rapidly with conversion to become higher than that 
over Pt/H-MOR at high conversion. As the conversion in- 
creases, the residence time of carbenium ions on acid site 
would become much larger, and then the metal/acid balance 
in Pt/zeolite seems to play an important role for the high 
selectivity to multibranched isomers. 
7. Effect of  Pretreatment Conditions 

PffH-Beta and Pt/H-MOR were prepared under various pre- 
treatment conditions and applied for the hydroisomerization 
of n-hexane and n-heptane. The catalytic activities of Pt/H- 
MOR and Pt/H-Beta for the hydroisomerization of n-hexane 
are plotted against the calcination temperature in Fig. 8(a) and 
also against the reduction temperature in Fig. 8(b). Clearly, the 
catalytic activity of bifimctional Pt/zeolite strongly depends on 
the activation temperatures. The highest activity was obtain- 
ed with the catalysts calcined at 300-350 ~ and subsequent- 
ly reduced at 500 ~ Since the acidities of both Pt/H-MOR 
and Pt/H-Beta are unaffected by the thermal activation condi- 
tions adopted in this study, the activity variation must be caus- 
ed by the change in metallic centers. 

The activities of Pt/H-MOR and Pt/H-Beta for the hydro- 
isomerization of n-hexane are plotted against the H/Pt value 
(Pt dispersion) in Fig. 9. When the H/Pt value was low, the 
activity increased with H/Pt and then approached to a limit- 
ing value as H/Pt increased. For identical value of H/Pt, the 
activity of  Pt/H-Beta was higher than that of Pt/H-MOR 
and the difference in activity became larger as H/Pt increas- 
ed. Since the number of  metal sites are identical in both cat- 
alysts, the acidity and the distribution of Pt clusters in zeolite 
channels should be responsible for the difference in activity. 

To compare the hydrogenation activity between Pt/H-MOR 
and Pt/H-Beta, the hydrogenation of benzene was conduct- 
ed. The hydrogenation activity of Pt/H-Beta (TOF=30-100 s -1) 
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16 

was extremely high in comparison to that of Pt/H-MOR (I'OF= 
0.4-2.7 s -1) when the Pt dispersion was about the same for 
both catalysts. If most of  the Pt clusters are located on the 
outer surface of the zeolite crystallites, the hydrogenation ac- 
tivities of both catalysts would be similar. Therefore, the large 
difference in hydrogenation activity between the two catalysts 
might be attributed to the difference in the number of Pt clus- 
ters exposed to benzene or the accessibility of benzene to the 
Pt clusters in the zeolite channels. As discussed on the EX- 
AFS results and CO/Pt values, large amount of Pt clusters 
in Pt/H-MOR are inaccessible to CO and benzene although 
they are highly dispersed in the channel of H-MOR. 

According to the 1-12 chemisorption, EXAFS and in-situ CO- 
IR results, Pt clusters were found to be highly dispersed in Pt/ 
H-MOR and Pt/H-Beta. The Pt particle size in Pt/H-MOR 
is smaller than that in Pt/H-Beta. Some of Pt clusters, how- 
ever, remained isolated in the side-pockets of H-MOR and 
these metallic centers increased in population with the cal- 
cination temperature. In such a case, the metal/acid ratio in 
the main channel of H-MOR would decrease, so the selectiv- 
ity to multibranched isomers should be low at high conver- 
sion. In addition, mordenite has one-dimensional pore struc- 
ture with side-pockets at the wall of main channels, so if the 
platinum clusters in the main channel grow in size to fit the 
pore size of  H-MOR during the reduction step, many of  acid 
sites as well as platinum clusters located in the interior to the 
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Fig. 9. Activity of Pt/H-Beta (O) and Pt/H-MOR (l l )  vs. H/Pt 
ratio for the hydroisomerization of n-hexane (WHSV= 
9.9 h-1, H2/n-hexane 6.0, 270 ~ 

pore-plugging large clusters near the pore mouth would be- 
come inaccessible to the reactant and reaction intermediates. 
This supposition could be supported by the low hydrogena- 
tion activity of Pt/H-MOR compared to that of Pt/H-Beta. 

On the other hand, zeolite Beta consists of intergrowth of 
linear channels (5.7x 7.5 .A) of 12-MR and tortuous chan- 
nels (6.5 x 5.6 A,) with channel intersections [Higgins et al., 
1988]. Therefore, even if one of  the channels are blocked 
by large particles (the linear channel might be blocked first), 
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reactant and reaction intermediates can have access to some 
of metal sites through the other channels. In conclusion, the 
metal/acid balance in Pt/H-Beta would be better than that in 
Pt/H-MOR even though the acid strength is lower and Pt 
particle size is larger than in Pt/H-MOR. 

CONCLUSIONS 

Platinum loaded large pore zeolites were tested for the hy- 
droisomerization of n-hexane and n-heptane. The catalytic 
activity and the selectivity to multibranched isomers were 
found to be strongly dependent upon the distribution of acid 
and metal sites as well as the number of those' sites in the 
bifunctional Pt/zeolite. The catalytic activity increased with 
the effective acidity probed by pyridine rather than with the 
total acidity probed by ammonia. 

The selectivity to multibranched isomers was higher over 
Pt/zeolite with higher acid strength at low conversion. As 
the conversion increased, the metal/acid balance seemed to 
play an important role for high selectivity to multibranched 
isomers. The platinum particle size in Pt/H-MOR was much 
smaller than that in Pt/H-Beta. However, some of platinum 
particles remained isolated in the side-pockets of 8-MR and 
these metal sites increased in number as the calcination tem- 
perature increased. The hydrogenation activity of Pt/H-Beta 
was extremely high compared to Pt/H-MOR when the I-I/Pt 
values were identical in both catalysts. Among three differ- 
ent Pt-loaded zeolites, Pt/H-Beta showed the best performance 
for the hydroisomefization of n-paraffin by virtue of the prop- 
er metal/acid ratio in Pt/H-Beta in spite of the fact that the 
acid strength of H-Beta is much lower than that of H-MOR 
and H-Omega. 
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