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PtTe/A120, and PtSb/A&O, bimetallic catalysts were studied using the model n-hexane isomeriza- 
tion, aromatization, and hydrocracking reactions at 673 K and the cyclohexane dehydrogenation 
reaction at 573 K, under atmospheric pressure in a recirculation batch reactor. An increase in the 
selectivity for isomerization (and a corresponding decrease in hydrocracking selectivity) was found 
for all coimpregnated PtTe/Alz03 and PtSb/AlzO, catalysts compared to Pt/A120,. The change in 
selectivity can be caused either by electronic effects, which increase the specific activities for 
isomerization, or by geometric effects, which reduce the rate of hydrocracking. The results of the 
kinetic experiments, along with FTIR spectroscopy of adsorbed CO using the isotopic dilution 
method, suggest that electronic effects can be identified with TelPt alloying in catalysts of low (Tei 
Pt < 0.06) Te content, while geometric effects predominate in catalyst formulations more concen- 
trated in the post-transition metal. The dehydrogenation turnover frequencies were also enhanced 
at low Te/Pt ratio; in this respect the dehydrogenation and isomerization reactions are similar. 
Direct six-member ring closure, rather than ring expansion by way of an adsorbed methylcyclopen- 
tane intermediate, accounted for most of the production of benzene. PtTe/AlzOl catalysts were also 
prepared by vapor deposition of Te onto Pt/AIZO,. These catalysts exhibited selectivities which 
were influenced by the type of carrier gas used to deposit the tellurium. A carrier gas containing 
n-hexane improved the selectivity relative to hydrogen or helium carrier gases. The mechanism 
of this selectivity effect is unknown but possibly due to carbon incorporation into a Pt-Te alloy. 
Q 1989 Academic Press. Inc. 

INTRODUCTION 

Bimetallic reforming catalysts have 
played an important role in petroleum refin- 
ing processes over the last two decades. In 
most industrial applications the traditional 
reforming catalyst, Pt/AI,O,, has been mod- 
ified by incorporating a second metal such 
as Re (1) or Ir (2). Some of the advantages 
offered by bimetallic catalysts include re- 
duced rates of deactivation, higher refor- 
mate yields, and higher activities. Research 
on other bimetallic systems which may fur- 
ther improve the current reforming pro- 
cesses has not ended. Bimetallic systems 
such as PtAu (3) and PtCu (4) have been 
investigated and reported to provide desir- 
able characteristics as reforming catalysts. 

An important improvement which might 

I To whom correspondence should be addressed. 

be accomplished by alloying techniques is 
the suppression of hydrogenolysis or hy- 
drocracking reactions thus resulting in an 
improvement in the C: liquid yields. Two 
theories (5, 6) are conceivable to explain 
the suppression of hydrogenolysis or hy- 
drocracking reactions by alloying: 

1. Geometric effect (dilution effect). Al- 
loying of Pt with the other metal simply di- 
lutes the Pt-Pt ensembles. The hydrogeno- 
lysis reaction, which requires multiple 
contiguous adsorption sites, is thereby sup- 
pressed. 

2. Electronic effect (ligand effect). The 
electronic interaction between the Pt and 
the second metal alters the strength of the 
adsorbate bond to the adsorption site. The 
different chemisorption bond strengths 
result in altered catalytic activity and selec- 
tivity. 
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The post-transition metals of groups 
IVA, VA, and VIA have been considered 
candidate elements which can form bime- 
tallic clusters with Pt to enhance desirable 
characteristics of reforming catalysts, e.g., 
selectivity to aromatics, activity, and activ- 
ity maintenance. Catalysts containing Sb 
(7), Bi (7), S (8), Te (9, IO), Pb (II), Sn (II, 
Z2), and Ge (12) have been examined re- 
cently by different investigators. Modifica- 
tion of Pt/A1203 by Sb or Bi (7) stabilizes 
the activity for cyclohexane dehydrogena- 
tion and n-heptane dehydrocyclization at 
high temperatures (723-773 K). Total cata- 
lytic activity and selectivity were shown to 
be a maximum when the Sb/Pt or Bi/Pt 
atomic ratio is l/I. However, the catalysts 
are inactive at lower temperatures (~573 
K). The authors suggested that the inhibi- 
tion of hydrogenolysis reactions is due to 
the dilution of the Pt sites by the second 
metal component, while the lower tempera- 
ture inactivity is caused by electronic ef- 
fects. Similar results were found using 
PtSn/A&O, and PtPb/AlzOX catalysts (If ). 
These results are contrary to the earlier re- 
port on PtSn/AlzOj by Davis et al. (12), 
who suggested that the change in selectivity 
is caused by changes in electronic density 
of the platinum atoms which weaken the 
Pt-C bond strength and thereby decrease 
rates of poisoning by coke. 

Goldwasser and co-workers (13) studied 
the isomerization and hydrogenolysis reac- 
tions of n-butane catalyzed by PtGe/Alz03 
(I wt% Pt and O-l wt% Ge). The specific 
hydrogenolysis activity decreases with in- 
creasing Ge content while that of isom- 
erization is only weakly influenced. The 
results were attributed to electron donation 
from Pt to reduced Ge ions. In naphtha re- 
forming at 773 K, Eberly (9) and Brignac 
and Swan (10) showed that, upon addition 
of 0.1 wt% of either Te or S to a 0.3 wt% Pt/ 
0.3 wt% Re or Ir alloy, the yield to hydro- 
cracking products decreased and the yield 
to aromatics increased. The product distri- 
butions and stabilities of these catalysts are 
strongly dependent on the reaction condi- 

tions and the metal alloy compositions, as 
well as on the catalyst preparation proce- 
dure. 

In commercial reforming catalysts, chlo- 
rine is usually added in order to enhance 
the acidity of the support. These catalysts 
are termed bifunctional; that is, the metal 
and the support play important individual 
roles in the reaction network. However, Pt 
itself can catalyze hydroisomerization inde- 
pendently. To avoid complications in the 
present work, the Pt-Te and Pt-Sb alloys 
have been supported on nonchlorinated y- 
A1203, which is shown to be relatively non- 
acidic. Both kinetic data and structural 
information concerning these catalyst for- 
mulations have been obtained. 

EXPERIMENTAL 

1. Catalyst Preparation 

(a) AlZ03 used for all catalysts was Linde 
type 60-503. The manufacturer’s reported 
composition is 99.85% A1203, 0.1% SiOz, 
0.003% Na20, 0.02% Fe20j, and 0.005% 
SO4 by weight. The surface area is 215 m2/g 
and the pore volume is 0.71 cm3/g as re- 
ported by the manufacturer. 

(b) PtTe/A1203 catalysts were prepared 
using both vapor deposition and coim- 
pregnation methods. In the vapor deposi- 
tion technique, highly dispersed Cl--free 
Pt/A1203, prepared by ion exchange of 
[Pt(NH&](OH), with A&O3 (14, 15), was 
placed in a Pyrex-glass vessel of a recircu- 
lation batch reactor system and reduced 
with H2 at 673 K. Elemental tellurium, 
which was placed upstream of the Pt/A1203 
bed and heated to vaporize the Te, was car- 
ried by HZ, He, or a model compound re- 
forming feed stream (a mixture of n-hex- 
ane, HZ, and He), and deposited onto the 
Pt/A1203 at 673 K. A high flow rate (~25 
cc/s) of carrier gas caused most of the Te to 
bypass the bed, while at a low flow rate the 
entrance to the bed was more heavily tel- 
lurided than was the exit. A uniformly tel- 
lurided catalyst was preferred; therefore, 
high flow rates were used. Analysis by 
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atomic absorption determined that the Pt 
content was 0.7-0.8 wt%, and the TelPt 
atomic ratios were found to be 0.14-0.40. 
These measurements indicated that one- 
third to one-half of the original Te was suc- 
cessfully deposited. 

Coimpregnated, nonchlorinated PtTe/ 
A1203 was prepared by coimpregnation of 
an acid solution of HZPtC16 . 6HzO and 
H2Te04 . 2Hz0 on the porous support. The 
catalyst was dried overnight in an oven 
maintained at 393 K and was reduced using 
flowing H2 at 673 K for 15 hr. In order to 
remove chlorine, the solids were washed 
thoroughly with 5% ammonia (16) and de- 
ionized water. Final overnight drying was 
at 393 K. The catalyst contained 1 wt% Pt 
and the Te/Pt atomic ratio was varied from 
0.0 to 1.2. 

(c) PtSb/Al,O, was prepared by the coim- 
pregnation method as described above, 
with the exception that the solution con- 
tained H,PtCI, . 6Hz0 and SbC13. The Sb/Pt 
atomic ratio was varied from 0.0 to 1.24 and 
the Pt content was 1.1 wt%. 

The chlorine content of three typical 
(co)impregnated catalysts, Pt/Al,O,, PtTe/ 
A1203 (Te/Pt = 0.06), and PtSb/AlzOj (Sb/Pt 
= 0.67), was found to be 80, 50, and 130 
ppm, respectively, using X-ray fluores- 
cence kindly provided by Exxon Research 
and Development in Baton Rouge, Louisi- 
ana. These measurements indicate that rel- 
atively small amounts of chlorine were 
present as anticipated. 

A thermogravimetric analyzer (Perkin- 
Elmer TGA 7) was used to determine the 
reducibility of telluric acid. H2Te04 was re- 
duced to the zero valent state in flowing 
hydrogen at 673 K after a time period of 
about 12 hr, though this time period was 
impossible to measure accurately because 
elemental Te also vaporizes slowly and is 
observed as a mirror on the cool sections of 
the quartz enclosure. The low metal con- 
tent of the supported cat lyst prevented us 
from obtaining similar re ults on the actual 
catalyst. However, redu 

i 
tion of the actual 

catalyst should require le s time as the sur- 

face area of H2Te04 is greatly enhanced 
upon dispersion on the A1203 support. 

2. Blank Runs 

The catalytic activity of 200 mg of ammo- 
nia-washed A&O) was examined at 673 K 
using 3.3 kPa hydrocarbon (n-hexane, 
methylcyclopentane, cyclohexane, or l- 
hexene), 59 kPa HZ, and He to atmospheric 
pressure. No product formation was ob- 
served for the n-hexane, methylcyclopen- 
tane, or cyclohexane reactions after 2 hr on 
stream. Carbon skeletal isomerization of l- 
hexene was less than 5% after 2 hr on 
stream, although I-hexene was readily con- 
verted to double-bond isomers (2- and 3- 
hexene). Similar results were obtained us- 
ing Sb/A1203 catalysts. Tellurium is not 
stable on A&O3 at 673 K; therefore, Te/ 
A1203 could not be tested. These results 
suggest that the global activities for all the 
catalysts studied in this work can be attrib- 
uted to the Pt metal function. 

3. Chemisorption of Hz and CO 

Chemisorption capacities of all catalysts 
were determined with H2 and CO. The pub- 
lished ratios H/Pt = 1, CO/Pt = 1.15 for Pt/ 
A1203, and CO/Pt = 1 .O for PtTe/AlzOx and 
PtSb/A1203 were employed to calculate the 
metallic dispersion (17-19). The adsorption 
isotherms were obtained at 298 K and pres- 
sures ranging from 10 to lo4 Pa. Langmuir- 
type isotherms were obtained when Hz was 
used as the adsorbate. However, when CO 
was used, a double adsorption isotherm 
method was required in order to take into 
account the weakly bound fraction (20). 

Before each experiment, the catalyst was 
first treated with flowing Hz for at least 3 hr 
at 673 K, followed by evacuation at 673 K 
(< 1Om6 Torr) for 2 hr, then cooling. The iso- 
therm was determined using an all-glass, 
static volumetric apparatus with pressures 
given by a lo- to 104-Pa diaphragm gauge 
(MKS). 

It should be mentioned that the chemi- 
sorption experiments on the vapor depos- 
ited PtTe/AlzOx catalysts were performed 
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STORAGE FLASKS INLET 

FIG. I. Recirculation batch reactor system. 

after test reactions. Therefore, effect of 
carbonaceous deposits on the adsorption 
capacity of the Pt active sites cannot be ex- 
cluded. 

4. Catalytic Reactions 

A recirculation batch reactor with gas 
chromatographic (GC) analytical facilities 
(Carle Model 111H) was used. Total system 
volume was 580 cc and the calculated dis- 
placement rate of the pump was approxi- 
mately 25 cc/s. A schematic diagram of the 
system is shown in Fig. 1. Partial pressures 
of reactants and products could be followed 
with respect to time by this arrangement. 
Reaction products could also be identified 
by GC-MS as necessary. The observed re- 
action rates of catalysts of two different 
particle sizes were similar at the reaction 
conditions, and calculations based on the 
methods of Wheeler (21) indicated that 
mass transfer limitations on catalyst opera- 
tion were insignificant. A standard mixture 
of reaction components for GC calibration, 
used in conjunction with a mass balance for 
each sample taken, ensured that the accu- 
racy of the data are within +5%. 

Before each reaction experiment, 20 to 
200 mg of the catalyst was reduced with H2 
at 673 K for at least 13 hr with a liquid N2 
trap placed in the recirculation loop to re- 
move water. The temperature of the cata- 
lyst was controlled by a PID controller 
(Love Model 151), with a reproducibility of 
? 1 K. Following activation, the rest of the 
system was evacuated, and then the system 
was filled with 3.3 kPa n-hexane or cyclo- 
hexane, 59 kPa HZ, and He to 107 kPa. The 
reaction mixture was sampled periodically 
and analyzed by GC. Cyclic hydrocarbons 
were separated by a 6-m 15% Carbowax on 
Chromosorb column. A 2-m Chromosorb 
102 column and a 5-m 23% SP-1700 column 
were used to separate light gases (HZ, Cl, 
and C2) and C3-C6 alkanes, respectively. 
All columns were maintained at 364 K. For 
the n-hexane reaction, the results using dif- 
ferent catalysts were interpreted based on 
30% conversion of n-hexane unless other- 
wise specified. The products were grouped 
as aromatic (benzene), isoparaffins [2- and 
3-methylpentane (MP)], methylcyclopen- 
tane (MCP), and cracking products (the 
C 1 -C5 paraffins). Pt/Al,O, catalysts, pre- 



ROLE OF Te AND Sb IN REFORMING CATALYSTS 329 

pared by ion-exchange and impregnation 
methods, were used for the comparisons 
with vapor-deposited PtTe/A1203 and coim- 
pregnated catalysts, respectively. The ini- 
tial activities for the isomerization and 
cracking reactions of the catalysts were de- 
termined by the initial slopes of the product 
vs time accumulation curves. It was as- 
sumed that the active sites available for the 
reactions are those which can adsorb H? or 
CO; therefore, the catalytic activities are 
reported as mole hydrocarbon converted 
per time per mole surface Pt atom. This cal- 
culation, based on the initial slopes of the 
accumulation curves, is no better than 
t 15%, but it provides data for rudimentary 
comparisons of rate and selectivity. 

5. Characterization by FTIR 
The isotopic dilution method (22-24) was 

employed to determine the relative contri- 
butions of geometric and electronic effects 
resulting from alloying with Te or Sb pro- 
moters. The method can be explained 
briefly as follows. Assuming only a single 
Pt atom on the support, a CO molecule ad- 
sorbed on this atom exhibits a characteris- 
tic isolated C-O stretching band frequency. 
However, on the real catalytic surface, 
each Pt atom is surrounded by other Pt at- 
oms and by additional X atoms for PLY/ 
A1203 catalysts. Two effects on this band 
frequency result, namely dipole-dipole 
coupling and an electronic effect related to 
PtX alloying. The dipole-dipole coupling is 
an interaction force between adsorbed CO 
molecules which is inversely proportional 
to intermolecular distance cubed (25) and 
which results in a higher band frequency 
than the isolated band frequency. In the 
presence of electronic effects related to Pt- 
X alloying, changes from the isolated 
stretching band frequency depend on elec- 
tron transfer between the outer orbitals of X 
and the Pt d-orbitals. If there is electron 
donation from X to Pt orbitals, then back 
donation from Pt to the CO antibonding or- 
bitals causes the weakening of the CO bond 
and therefore decreases the band fre- 

quency. On the other hand, if X withdraws 
electrons from Pt, the band frequency will 
shift to a higher value. Dipole-dipole cou- 
pling can be eliminated by adsorbing a di- 
lute gas mixture of i2C0 in 13C0 on the sur- 
face, since the coupling between Pt-WO 
and PtJ3C0 is negligible. Any observed 
differences in band frequencies for CO ad- 
sorbed on Pt/AI,O, and Pt.X/A1203 at this 
condition of isotopic dilution can therefore 
be ascribed to the electronic effects of al- 
loying. Experimentally, it is impossible to 
observe band frequencies at infinite dilution 
because the absorbance of the i2C0 band is 
too small. Alternatively, it is customary to 
extrapolate the curves for CO band fre- 
quency vs gas mixture composition to infi- 
nite dilution. 

The IR experiments were conducted in 
situ, employing a UHV cell in which the 
catalyst can be heated, evacuated, and ex- 
posed to the gas phase. A schematic dia- 
gram of this cell is shown in Fig. 2. The 
wafer, 13 mm in diameter, was prepared by 
pelletizing 20 mg of the catalyst at 100 MPa. 
It was pretreated with flowing H2 at 673 K 
for at least 13 hr, evacuated at the same 
temperature for 3 hr, and cooled to room 
temperature under dynamic vacuum. Then 
2.7 kPa of the gas mixture of ‘*CO and i3C0 
was admitted to the cell, which after 15 min 
was evacuated to about 10 Pa. The IR spec- 
tra were recorded on an IBM IR/32 FTIR 
instrument. These procedures were deter- 
mined based on the reproducibility of the 
data. 

RESULTS 

1. Chemisorption of El2 and CO 

The accessible Pt metal fractions of all 
the catalysts were determined by chemi- 
sorption of H2 and CO. The support, A1203, 
Te/A1203, and Sb/A1203 showed no or insig- 
nificant adsorption capacity at the same 
conditions. The results of H2 and CO che- 
misorption were similar for the coim- 
pregnated PtTe/A1203 and PtSb/A1203; 
these results are given in Fig. 3. The 
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FIG. 2. High vacuum IR cell. Capability: P = 10m4 Pa, T = 820 K. I, High vacuum stopcock; 2, FIG. 2. High vacuum IR cell. Capability: P = 10m4 Pa, T = 820 K. I, High vacuum stopcock; 2, 
sample holders; 3, catalyst wafer; 4, thermocouple, 5, 6, viton o-rings; 7, NaCl window; 8, window sample holders; 3, catalyst wafer; 4, thermocouple, 5, 6, viton o-rings; 7, NaCl window; 8, window 

attached to sleeve; 9, cajon ultra-Torr adaptor; IO, cooling water tubing: I I, thermal insulation: 12, attached to sleeve; 9, cajon ultra-Torr adaptor; IO, cooling water tubing: I I, thermal insulation: 12, 
heating wire. 

amounts adsorbed decrease with increasing 
post-transition metal content; a dramatic 
fall in adsorption capacity is evident upon 
initial addition of Te or Sb. Te inhibits the 
adsorption more strongly than does Sb. 

When the same experiments were per- 
formed on PtTe/AlzOj catalysts prepared by 
vapor deposition, insignificant amounts of 
HI were adsorbed. The CO uptake, how- 
ever, was approximately 20 to 30% of that 
on Pt/A1203. The PtTe bimetallic clusters 
formed using coimpregnation and vapor 

1 x H2 PtTe/Al203 1 

0.0 ! 

1 

0:o 0:2 0:4 0:6 o:a 1.0 1.2 1.4 
Te, Sb / Pt Atomic Ratio 

FIG. 3. Chemisorption of Hz and CO on PtTe/AlzOl 
and PtSb/AlzOx, measured at 298 K. Coimpregnated 
catalysts. 

deposition methods are therefore different. 
This is further demonstrated by the cata- 
lytic results, reported below. 

2. n-Hexane Reaction 

(a) Vapor-deposited PtTelAlzOj . The de- 
posited Te is not completely stable for the 
duration of the activation periods and reac- 
tion experiments. A film of Te was visually 
observed on the downstream cold wall of 
the glass reactor. The Te content which is 
reported was determined by atomic absorp- 
tion spectroscopy after the test reactions. 
The initial Te content was roughly two to 
three times the final, stable values. 

In order to determine the dependence of 
the catalytic behavior on Te content and 
method of deposition (using different car- 
rier gases), each catalyst was subjected to 
several test reactions at the same condi- 
tions, 673 K and 3.3 kPa initial pressure of 
n-hexane. Between each test reaction, the 
catalyst was treated with 57.8 kPa Hz and 
He to 107 kPa for at least 12 hr. In Tables 1 
and 2, the yield to hydrocracking and isom- 
erization products for the different cata- 
lysts are compared based on 30% conver- 
sion of the reactant n-hexane. Typical 



TABLE I A1203 catalysts which were prepared using 

Yield Percentage to Cracking Products, PtTe/A1201 a H2 or He carrier gas initially exhibited 
(Vapor Deposition) Catalysts” at 673 K higher yields to hydrocracking products 

(Table 1); these yields decreased in succes- 
Carrier 

gas 
Te/Pt Tim& Yield percentage 

at 30% conversion 
sive runs (in which n-hexane was the pri- 
mary reactant). The selectivity toward 

1st’ 2nd 3rd 4th 5th isomerization products eventually ap- 
He 0.37 71 6.6 3.8 3.4 3.4 3.5 proached a steady value which was consid- 
He 0.24 
HZ 0.38 
Red 0.40 

110 6.3 5.0 4.3 4.5 - 
38 8.1 4.2 4.7 5.2 

erably higher than that of Pt/A1203 (Table 
- 

325 3.0 3.1 3.4 - - 2). However, when a feed stream contain- 
Red 0.14 
H? + He 0.00 

350 3.0 3.4 4.5 5.2 5.6 
20 8.9 

ing n-hexane was used as the carrier gas for 
- - - - Te deposition, the PtTe/Alz03 immediately 

0 Catalysts, 0.1 g. 0.7 wt% Pt. displayed a high selectivity for isomeriza- 
h Time to reach 30% conversion for the first test reaction 

(min). 
tion products. The yield to hydrocracking 

’ Test number. products for these catalysts was the lowest 
,J A “reforming” gas mixture consisting of 3.3 kPa n-hex- 

me. 57.8 kPa Hz, and He to 107 kPa. 
among all those tested; but for those sam- 
ples of low Te/Pt ratio (0.14), the yield 
to hydrocracking products increased in 

product distributions obtained using Ptl successive reactions. This activation phe- 
A1203 and PtTe/A1203 are given in Table 3. nomenon was not observed for the other 
The yields reported in the tables are mole catalysts of higher Te content, whose 
percent of reactant converted to products. selectivities remained relatively constant. 
As indicated in Table 3, the addition of Te Finally, it is noted that the fragmentation 
to Pt/AI,O, generally increased the yield to pattern for hydrogenolysis products is also 
isomerization products (2-MP and 3-MP) at altered upon Te addition. PtTe/A1203 dis- 
the expense of both dehydrocylization and plays a clear preference for scission of in- 
hydrocracking products. The overall activ- 
ity also decreased by about one order of 
magnitude. These changes in product distri- TABLE 3 

bution took place only after the PtTe cata- 
lysts were exposed to a feed stream which 
included n-hexane at 673 K. The PtTe/ 

Product Yields, PtiAIzOl and PtTe/AlzO, 
Catalysts at 673 K 

Pt/AIZOj PtTe/AlzOz” 

TABLE 2 Time (min) 20 325 95 
Cl 0.69 =O.OO =O.OO 

Yield Percentage to 2MP + 3MP, PtTe/AIZ03 c2 I.01 0.59 0.34 
(Vapor Deposition) Catalysts” at 673 K c3 2.50 0.95 0.45 

i-C4 0.14 0.49 =o.oo 
Carrier Tell+ Tim& Yield percentage 

at 30% conversion 
n-C4 1.78 0.61 0.33 

gas 
i-C5 0.38 =O.OO =o.oo 

151’ 2nd 3rd 4th 5th n-C5 2.40 0.36 =O.OO 

He 0.37 77 14.2 17.8 19.8 19.7 19.6 XI-C5 8.9 3.0 1.12 
He 0.24 110 17.6 16.9 19.1 19.7 - 
HI 0.38 38 II.1 15.X 14.7 15.2 

i-C6 12.0 18.5 6.88 
- 

Re” 0.40 325 IX.5 18.1 18.1 MCP ii.0 6.6 3.18 - - 
Red 0.14 350 21.9 19.1 18.7 15.6 15.3 Benzene 3.1 I.9 0.52 
Hz + He 0.00 20 12.0 - - - - 

% Conversion 30.0 30.0 11.7 
a Catalysts. 0.1 g. 0.7 wet Pt. 
h Time to reach 30% conversion for the first test reaction IminI. 
( Test number. 0 The carrier gas was a reforming mixture consisting 
’ A reforming gas mixture consisting of 3.3 kPa n-hexane, 57.8 kPa H?, of’ 3.3 kPa n-hexane, 58.7 kPa Hz, and He to 107 kPa. 

and He to 107 kPa. Final Te/Pt atomic ratio was 0.40. 
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TABLE 4 

Product Yields, PtTe/AlrO, (Coimpregnation) 
Catalysts at 673 K 

CatalystU wt RXll Yield percentage at 30% conversion 
Te/Pt cat. time 

(mg) (min) 2MP + 3MP Cl-C5 MCP Benzene 

0.00 20 43 7.2 11.0 6.0 5.8 
0.06 20 40 11.6 6.3 6.6 5.5 
0.23 loo 39 11.2 6.8 6.8 5.2 
0.76 ml 51 12.5 7.1 6.4 4.0 
I.2 200 SO II.3 8.4 6.3 4.0 

(1 Pt I WI%. 

ternal C-C bonds instead of terminal cleav- 
age; such hydrocracking leads primarily to 
the formation of C2-C4 products. 

(b) Coimpregnated PtTelA1203. PtTel 
A1203 prepared by the coimpregnation 
method exhibited even greater stabilities 
than vapor-deposited PtTe/Alz03 during re- 
action experiments. No tellurium was 
evolved from the catalyst surface during 
these tests. The product distribution results 
for these catalysts at 673 K and 30% con- 
version of n-hexane are given in Table 4. 
Similar to the PtTe/AlzOj catalysts pre- 
pared by vapor deposition, the use of coim- 
pregnated catalysts caused a decrease in 
the yield to cracking products, thereby fa- 
voring the formation of isomerization prod- 
ucts. The product compositions of methyl- 
cyclopentane and benzene were similar for 
all the catalysts. Note that even the intro- 
duction of a small amount of Te (Te/Pt 
atomic ratio = 0.06) was sufficient to dra- 
matically alter the selectivities for isomer- 
ization and hydrocracking. 

The initial rates of these coimpregnated 
catalysts for isomerization and hydrogeno- 
lysis are given in Table 5. At low Te con- 
tent, the turnover frequency of Pt/Te cata- 
lysts for isomerization is significantly 
higher than that of Pt/A1203, while the 
cracking activity of both catalysts is practi- 
cally the same. Therefore, the increase in 
the isomerization selectivity is due to an 
increase in isomerization activity. How- 
ever, at high Te content, the increase in 
isomerization selectivity observed for PtTe 

TABLE 5 

Initial Rates of Isomerization, Cracking (n-Hexane, 
673 K), and Dehydrogenation (Cyclohexane, 573 K) 

Catalyst Initial rate 
(mol of reactant/s/surf.Pt) X IO’ 

Isomerization Cracking Dehydrogenation 

PtlAl20, 
PtTe/A120, 

TelPt 
0.06 
0.23 
0.76 

F’tSb/A1203 
SblPt 
0.14 
0.4 I 
0.69 
0.97 
1.24 

3.4 4.8 58 

7.7 5.3 99 
3.8 2. I 62 
3.6 1.6 68 

3.4 1.0 41 
4.0 1.5 39 
3.3 0.8 32 
2.6 0.9 40 
3.0 1.5 43 

catalysts is due more to a decrease in hy- 
drocracking activity. 

(c) Coimpregnated PtSbIA1,03. The 
product distributions for n-hexane conver- 
sion using coimpregnated PtSb/AlzOj cata- 
lysts are given in Table 6, and the initial 
turnover frequencies for isomerization and 
hydrocracking are provided in Table 5. 
Similar in behavior to the coimpregnated 
PtTe/Alz03 catalysts, the Sb-containing bi- 
metallics display a substantial increase in 
the yield to isomerization products by in- 
hibiting the hydrogenolysis reactions, when 
compared to Pt/A1203 (Table 6). The yield 
to cyclic products is relatively constant 
with respect to Sb/Pt ratio. As shown in 
Table 5, the changes in observed selectivi- 

TABLE 6 

Product Yields, PtSb/A120z (Coimpregnation) 
Catalysts at 673 K 

catzdyw wt RXll Yield percentage at 30% conversion 
Sb/Pt cat. time 

(mg) (mint 2MP + 3MP Ct-CS MCP Benzene 

0.0 20 43 7.2 II.0 6.0 5.8 
0.14 50 44 12.8 5.1 6.8 5.3 
0.41 50 70 13.5 5.4 6.7 4.4 
0.69 50 I08 15.4 4.5 6.6 3.5 
0.97 50 II5 13.7 5.1 6.8 4.4 
1.24 50 17.0 13.9 4.5 7.4 4.2 

a Pt I.1 VA%. 
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FIG. 4. Isotopic dilution experiments, coimpreg- 
nated catalysts. 

ties using the PtSb/AlzOj catalysts can be 
attributed to a decrease in the rate of hydro- 
cracking. 

3. Cyclohexane Reaction 
The dehydrogenation activity for cyclo- 

hexane catalyzed by coimpregnated PtTe/ 
A1203 and PtSb/AlzOj has been investigated 
at 573 K. The results are presented in Table 
5. Benzene was found to be the only dehy- 
drogenation product for all the catalysts. 
No or insignificant amounts of hydrogeno- 
lysis products were observed, even at high 
conversion (>90%). The low-Te-content 
PtTe/AlzOj has a higher dehydrogenation . . acttvtty than Pt/Al,O,. High-Te-content 
catalysts exhibit dehydrogenation activity 
at about the same levels as Pt/Al,O,, while 
PtSb/Al,O, shows moderately lower dehy- 
drogenation activities. 

4. FTIR 

(a) Coimpregnated PtTe/Al,O3. The iso- 
topic dilution method was employed to ex- 
amine the relative importance of geometric 
and electronic effects in the behavior of 
coimpregnated PtTe/Alz03 catalysts. These 
results suggest the absence of phase separa- 
tion because only a single Pt-‘*CO peak ap- 
peared (-2040-2080 cm-t) at the adsorp- 
tion temperature. Only the set of data for 
the low Te/Pt atomic ratio (0.06) catalyst is 

presented in Fig. 4; the higher Te/Pt atomic 
ratio catalysts exhibited a peak of such low 
intensity that the data were not reliable. On 
the basis of these data, an electronic effect 
is possibly in operation because the band 
frequency curves for Pt/A1203 and PtTe/ 
A1203 apparently do not coincide at infinite 
dilution, though scatter in the data makes 
the extrapolation somewhat uncertain (Fig. 
4). Geometric effects are seemingly mini- 
mal for this low-Te-content catalyst, be- 
cause the two curves are separated by al- 
most equal frequencies at every percentage 
of ‘*CO. The PtTe/A1203 curve lies below 
Pt/A&O,, suggesting that electrons have 
been transferred from tellurium s- or p-or- 
bitals to platinum d-orbitals. This electron 
transfer increases the back-donation of 
electrons to the CO antibonding orbitals 
and thereby decreases the CO bond 
strength. Such a phenomenon has been ob- 
served for PtSn/A120-i and PtPb/Al,O, (22, 
26), but is contrary to that observed for PtS/ 
A1203 (27) (electron withdrawal by S from 
Pt) and PtCu/A120-i (23) (no observable 
electronic effects). 

(b) Coimpregnated PtSbIAl20,. The iso- 
topic dilution method for PtSb/A120j gave 
results which differed from those of PtTe/ 
Al203 (Fig. 5). All of the band frequencies 
for CO adsorbed on PtSb/A1203 converge to 
the frequency associated with adsorption 
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FIG. 5. Isotopic dilution experiments, coimpreg- 
nated catalysts. 
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on Pt/A1203 at infinite dilution. Therefore 
all band frequency deviations at higher 
t2C0 amounts are attributable to dipole-di- 
pole coupling. This behavior is similar to 
that found using PtCu/AlzOj (23). 

DISCUSSION 

The inhibition of gas uptake (Fig. 3) is 
possibly caused by partial poisoning of Pt 
active sites by Te or Sb. Catalyst poisoning 
can be considered a “geometric” effect and 
may be desirable since the rate of the hy- 
drogenolysis reaction, which requires an 
ensemble of sites, is thereby diminished. It 
is also possible that the decrease in gas ad- 
sorption is due to the surface enrichment of 
Te or Sb on the Pt crystallites, since Te and 
Sb have lower surface free energies than 
platinum, if one estimates the surface free 
energy as one-quarter the component’s 
heat of sublimation (28, 29). This enrich- 
ment hypothesis can be invoked only if the 
alloy crystallites formed are relatively 
large, because macroscopic thermody- 
namic properties may not apply to very 
small crystallites particularly under nonin- 
ert gas environments (29). A further possi- 
bility could be electronic modification of 
the Pt on bonding with the second metal. 
This is possibly the main factor in the sup- 
pression of H2 adsorption on vapor-depos- 
ited PtTe/Alz03 catalysts. However, exper- 
iments using the isotopic dilution method 
indicated no electronic interactions be- 
tween Pt and Sb. 

It is evident that PtTe/A1203 catalysts 
prepared by the vapor deposition method 
differ from catalysts prepared by the coim- 
pregnation method, as demonstrated by dif- 
ferences in their stabilities and capacities 
for Hz adsorption. The instability of vapor- 
deposited catalysts prevented us from per- 
forming spectroscopic studies and also 
from obtaining absolute isomerization and 
cracking activities to correlate with Te con- 
tent. Nevertheless, the modified catalysts 
displayed higher selectivities for isomeriza- 
tion than Pt/AI,O,. 

The results obtained for the vapor-depos- 

ited PtTe/AlzOJ catalysts suggest that the 
unusual behavior of the catalysts is possibly 
due to the incorporation of carbonaceous 
deposits in the PtTe system since the most 
selective catalysts were formed only when 
n-hexane was added to the carrier gas used 
for tellurium deposition. There is no direct 
evidence of carbon participation in the for- 
mation of an active species, but consider 
the incorporation of Te into the Pt crystal- 
lites of the highly dispersed monometallic 
Pt/A120X catalyst. As the vaporization of Te 
begins, less then 1% of the catalyst surface 
is occupied by the Pt metal. A legitimate 
question arises as to whether the vaporized 
Te molecules can “see” and alloy with the 
Pt clusters on the alumina surface. Weak 
physical adsorption of Te could explain the 
instability of Te in these catalysts. Possibly, 
the catalyst just consists of individual is- 
lands of Pt and Te clusters which are indif- 
ferent to the presence of H2 or He. How- 
ever, changes occur on the surface of the 
catalyst when it is in contact with a stream 
containing n-hexane. Carbonaceous de- 
posits, by-products of hydrogenolysis reac- 
tions, may act as a linkage between Te and 
Pt, or may block the passage of Te in and 
out of the pores. Therefore, the catalyst 
system might be some form of Pt-Te-C, 
although the role of carbon in this catalyst 
and the details of alloy formation are highly 
speculative. 

The influence of C deposits on the opera- 
tion of reforming catalysts has been noted 
by several researchers. Lang et al. (30) 
showed that the rate of dehydrocyclization 
of n-heptanes and the selectivities for isom- 
erization and hydrogenolysis in the reac- 
tions of n-heptanes are dependent upon the 
ordering of the carbonaceous layer. In an 
investigation of ethylene hydrogenation on 
a Pt(lI1) surface, Weinberg et al. (31) con- 
cluded that the carbonaceous layer is the 
catalytic site. Similar conclusions were also 
reached by Gardner and Hansen (32) using 
a tungsten-stepped surface. Volter et al. 
(11), in studying PtSn/AlzOX and PtPb/AlzO, 
catalysts, also pointed out that both C de- 
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posits and the second metal are responsible 
for the modified selectivities and activities 
of Pt sites. 

Although coimpregnated PtTe/AlzOj 
shows similar selectivity behavior to vapor- 
deposited PtTe/AlzOj, the formation of a 
stable PtTe cluster in the coimpregnated 
material which is somehow different from 
that of vapor-deposited PtTe/AlzOX is indi- 
cated by the differences in their stabilities 
and capacities for H2 adsorption. In addi- 
tion, relatively stable alloys of Pt and Te on 
coimpregnated PtTe/AIZOj must have been 
formed before the reaction experiments. 
Otherwise, a film of Te would have been 
visually observed on the downstream cold 
wall of the glass reactor during the activa- 
tion periods and reaction experiments. 
Note that our experiments showed that 
Te is not strongly adsorbed on A1203 at 
673 K. 

The kinetic results for the coimpregnated 
catalysts can be explained as follows. The 
increase in selectivity for isomerization and 
concurrent decrease in hydrocracking se- 
lectivity can result from either an increase 
in isomerization activity or a decrease in 
hydrocracking activity. PtTe/AlzOj with 
low Te content falls into the former cate- 
gory; the isomerization activity increases 
while the cracking activity is about the 
same as Pt/A1203. The increase in isomer- 
ization activity is possibly caused by elec- 
tron donation from Te as determined by the 
r2C0 stretching frequency. High-content 
Te catalysts and all PtSb/AlzOj fall into the 
latter category, for which geometric effects 
appear to predominate. Alloying of Pt with 
Te or Sb dilutes the active Pt surface such 
that ensemble size is reduced. Hydrocrack- 
ing reactions typically take place on larger 
Pt ensembles than does isomerization; hy- 
drocracking rates are therefore decreased. 
Barbier and Marecot (33) also attributed to 
the dilution effect the observed decrease in 
the rates of coking and hydrogenolysis re- 
actions when Pt/A1203, Ir/A1203, or PtIr/ 
A1203 catalysts were partially poisoned by 
sulfur, although they did not exclude other 

possibilities. Dehydrogenation reactions 
are typically similar to isomerization reac- 
tions with respect to their sensitivity to 
electronic effects and insensitivity to geo- 
metric effects. This assertion is borne out 
by the results of Table 5. 

Electronic effects were not observed on 
any PtSb/AlzOj catalyst, although it should 
be noted that the Sb/Pt ratios in all cases 
exceeded -0.10. The modifications in se- 
lectivity and activity for PtSb/A1203 re- 
semble those of PtTe/A1203 with high Te 
content. Similar arguments presented pre- 
viously for the behavior of high-Te-content 
PtTe/A120j therefore apply to PtSb/AlzO, as 
well. 

Another notable, though less significant, 
effect of alloying is the roughly constant 
yield to benzene, compared to Pt/Al,O+ 
Isomerization and aromatization reactions 
generally proceed through a common cyclic 
intermediate, adsorbed methylcyclopen- 
tane, when acidic supports are used. This 
has also been shown to be true for certain 
alloy systems (34,35). A number of investi- 
gators (7, 9-12) have found that alloying 
with Sb, Bi, Te, Sn, and Pb improves the 
yield to aromatics. The discrepancy be- 
tween our results and their work may be an 
effect of the relatively nonacidic support 
used here, as it is generally believed that 
ring expansion from a five-member to a 
six-member ring requires the independent 
action of the metal and acidic centers of 
reforming catalysts (36, 37). In fact, direct 
six-member ring closure, which occurs on 
the metal surface without involving acidic 
centers, is favored for metal catalysts on 
nonacidic supports (38, 39). Because hy- 
drogenolysis of MCP to form 2-MP and 3- 
MP can occur on metal (Pt) sites (40, 41), it 
is not surprising that metal alloy catalysts 
on nonacidic supports display higher yields 
to isomerized rather than aromatized prod- 
ucts. In addition, it appears that direct six- 
member ring closure is not affected by the 
addition of post-transition metal elements, 
as indicated by the roughly constant yield 
to benzene. 
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In summary, we conclude: 2. 

1. The addition of Te or Sb to Pt sup- 
ported on relatively nonacidic alumina in- 
creases the isomerization selectivity and re- 
duces the selectivity to hydrocracking 
products. 

3. 

4. 

2. Alloy formation of vapor-deposited 
PtTe/Alz03 may require carbonaceous de- 
posits. The resulting alloy system behaves 
differently from coimpregnated PtTe/A1203. 

5. 

3. For coimpregnated catalysts, elec- 
tronic effects are recognizable in samples of 
low Te content and geometric effects are 
recognizable in all others. An electronic ef- 
fect caused by Te to Pt electron donation 
increases the specific activities of isomer- 
ization and dehydrogenation reactions for 
catalysts of low Te/Pt ratio (0.06). A geo- 
metric effect, which may arise from partial 
poisoning of the Pt surface by added Te or 
Sb, decreases the specific activity of the hy- 
drocracking reaction and is the dominant 
effect when the post-transition metal/Pt ra- 
tio exceeds -0.1. Although their mode of 
action differs, both effects result in im- 
proved selectivity to desired products. The 
kinetic data are in agreement with results 
using FTIR and the isotopic dilution 
method. 
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