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n-Butylbenzene was reacted over a series of catalysts covering a wide range of 

acidic and dehydrogenation activities (Pt-SiO,, Pt-SiOz-AhO,, Pt-AhO+ and SiO,- 
AlsOa). All the basic reforming reactions-dehydrogenation, cyclization, isomeriz. 

ation, and cracking-were observed. The acid- and metal-catalyzed processes were 

distinguished, thus establishing the relative importance of each. There are two 
cyclization mechanisms: one catalyzed by acid sites, the other by the Pt metal. 

Over Pt-SiOr, only the Pt-catalyzed reaction occurs. Cyclization by this mechanism 
produces nearly equal amounts of five- and six-membered ring products (i.e., 
methylindan and naphthalene) . Over Pt-SiO,AhO, the acid-catalyzed cyclization 
mechanism predominates, which produces only methylindan, leading to a very much 

higher methylindan/naphthaIene product ratio over Pt-SiO,-ALO than over Pt- 
SiO, (22.6 versus 1.46). Isomerization might proceed by three mechanisms: Over 

nonacidic Pt-SiOz, set-butylbenzene is formed via cyclic intermediates and a non- 

carbonium-ion-type l-2 methyl shift forms isobutylbenzene. Acid-catalyzed iso- 
merization occurs over SiO,ALO, and Pt-SiO,-ALO,. On Pt-SiO,, fragmentation 
proceeds exclusively by Pt-catalyzed hydrogenolysis. In this reaction the different 

side chain bonds have about equal scission probabilities. Over PtSiOz-ALO, and 

Pt-AlsOa, both Pt-catalyzed hydrogenolysis and acid-catalyzed cracking occur. It 
has been believed that the role of the Pt in dual-functional reforming catalysts was 
primarily the dehydrogenation of saturated hydrocarbons. This work shows that Pt 

metal has considerable dehydrocyclization and isomerization activity as well. 

Dual-functional catalysts exhibiting 
acidic and dehydrogenating activities are 
used in catalytic reforming. The reactions 
occurring over these catalysts are isomer- 
ization, dehydrogenation, cyclization, hy- 
drogenolysis, and cracking. We wanted to 
clarify the roles of the acidic and metallic 
components of reforming catalysts in these 
reactions. n-Butylbenzene serves as a 
particularly good model compound to 
elucidate the reaction mechanisms. 

EXPERIMENTAL 

Hydrocarbon Feed 

Phillips 66 research grade n-butylbenzene 
was used in all of the experiments. Its 
purity (by gas chromatography) was over 
99.8%. Impurities (in mole percent) were 
toluene, 0.0010; ethylbenzene, 0.0015; n- 

propylbenzene, 0.0016; see-butylbenzene, 
0.0143; cymenes, 0.0400; other, 0.0600. 

Catalysts 

Platinum on silica gel. Fifty-two grams 
of Davison desiccant-grade silica gel (800 
m”/g BET surface area) was impregnated 
with a solution of 42 ml of H,PtCl,. The 
solution contained 1.04 g of platinum. The 
impregnated catalyst was dried in a 
vacuum oven at 105’C in nitrogen to 
constant weight, then calcined in air for 3 
hr at 450°C. The finished catalyst con- 
tained 2% platinum by weight. Its density 
was 0.82 g/ml. 

Platinum on alumina. We used a com- 
mercial reforming cat.alyst containing 
0.75% Pt. The platinum surface area, 
determined by CO chemisorption according 
to the procedure of Hughes, Houston, and 
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Sieg (1)) was 25 pmole CO/g of catalyst. 
Catalyst density was 0.46 g/ml. 

Platinum on silica-alumina. The catalyst 
was prepared in a process similar to the 
one we used in the preparation of platinum 
on silica gel. The catalyst contained 2% 
platinum. The silica-alumina was a 450 
m”/g BET surface area Socony Mobil 
white TCC bead cracking catalyst. It 
contained 10% alumina. The platinum 
surface area was 66 pmole CO/g of 
catalyst. Catalyst density was 0.678 g/ml. 

Silica-alumina. Silica-alumina was a 
Socony Mobil white TCC bead cracking 
catalyst. Its density was 0.635 g/ml. 

Procedure 

The fixed-bed reactor was a 6.35-mm OD 
stainless steel tube. We mixed 1/s ml, 60- 
100 mesh size catalyst samples with 1/2 
ml, 100-200 mesh size Alundum. Reaction 
conditions were atmospheric tot,al pres- 
sure, hydrogen diluent, hydrogen-to-butyl- 
benzene molar ratio at about 3, temper- 
atures between 316” and 482’C, and liquid 
hourly space velocities (LHSV) between 
4 and 37. We kept conversions at a low 
level to avoid secondary reactions. The 
experiments were between 22 and 85 min 
long. Liquid products were condensed in 
an acetone-dry ice cooled condenser. Col- 
lection of the liquid samples started 10-40 
min after the experiments were started. 
Liquid samples were handled at dry ice 
temperature before being analyzed. Re- 
action effluent samples were taken at 
various intervals during the experiments. 
A Beckman sampling valve was used for 
reaction effluent sampling. 

Five additional experiments were made 
with I-methyI-2-ethylbenzene feed at 
390°C temperature. The procedure and the 
reaction conditions were the same as with 
the n-butylbenzene feed. 

Analytical Procedure 

Total reaction effluent samples were 
analyzed with a temperature-programmed 
silicon elastomer gas chromatography 
column. Gaseous reaction produets were 
determined from these reaction effluent 
sample analyses. However, the resolution 

of some of the aromatic reaction products 
was incomplete. Hence liquid products 
were further analyzed with two high- 
resolution and high-sensitivity capillary 
gas-chromatographic columns. Retention 
times of the different hydrocarbons and 
column operating conditions are shown in 
Table 1. The retention times of most 
alkylbenzenes and styrenes, indan, indene, 
the decalins, tetralin, and naphthalene were 
determined by using standards (supplied 
by API or the Phillips Petroleum Com- 
pany) . Determination of the retention times 
of the dimethylethylbenzene and diethyl- 
benzene isomers was described by Baumann 
and Csicsery (a). Retention times for the 
1-phenyl-1-butenes, 1-methylindan, and l- 
methylindene were determined as described 
in the above reference. No reliable boiling 
point data existed for the l-phenyl-2- 
butenes and 3-methylindene. Two peaks 
with nearly constant area ratios to the l- 
phenyl-I-butenes were tentatively identi- 
fied as the cis- and trans-1-phenyl-2- 
butenes. Similarly, the identification of 3- 
methylindene was based on its constant 
ratio with I-methylindene. 

Capillary column gas chromatography of 
the reaction products obtained over the 
more acidic catalysts showed a number of 
unidentified small peaks. Retent,ion times 
of these compounds were (on the temper- 
ature-programmed capillary column) : 4.07, 
4.26, 4.90, 4.92, 4.97, 5.14. 5.46, 5.77, 5.80, 
5.95, and 6.28. Most of these compounds 
are isomeric methylindans, methylindenes, 
and the two 1-phenylbutadiene isomers 
(5.77 may be the retention time of one of 
the latter). 

Several of the liquid products were also 
analyzed by low-voltage mass spectroscopy. 
The ionizing potential was 8.0 V, and the 
repeller potential was 3.OV, giving an 
actual ionizing potential of 9.5V. MS 
analyses showed more methylindenes (or 
phenylbutadienes) than the gas-chromato- 
graphic analyses. This also suggested that 
the unidentified compounds in the gas- 
chromatographic analyses were isomeric 
methylindenes and phenylbutadienes. 

n-Butylbenzene conversions are shown 
in Table 2. 
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TABLE 1 
RELATIVE GAS-CHROMATOGRAPIIIC RETENTION TIMES 

Gas-chromatographic column 

Hydrocarbon 
Tempera;;;~x;gramm~ 

s Isothermal capilaryb Silicone elastomerC 

Benzene 0.66 0.54 0.66 
Toluene 1.000 1.000 1.00 

Ethylbenzene 1.55 1.69 
o&o-Xylene 1.91 2.18 
mela-Xylene 1.67 1.83 
para-Xylene 1.64 1.80 
Styrene 2.11 2.42 

1.32 
- 
- 

n-Propylbenzene 2.35 2.83 
Isopropylbenzene 2.02 2.32 
1-Methyl-Z-ethylbenzene 2.72 3.42 
1-Methyl-3-ethylbenzene 2.48 3.00 

1.61 
- 

1,2,3-Trimethylbenzene 3.42 4.57 
1,2,4-Trimethylbenzene 2.98 3.82 
1,3,5-Trimethylbenzene 2.69 3.36 

- 

cu-Methylstyrene 3.04 

truns-fl-Methylstyrene - 

ortho-Methylstyrene 3.26 
meta-Methylstyrene 3.31 

para-Methylstyrene 3.44 

3.87 

5.47 
4.24 

- 

- 
- 
- 

Indan 3.63 5.19 
Indene 4.27 6.61 

n-Butylbenzene 3.60 4.98 

xc-Butylbenzene 2.90 3.73 
Isobutylbenzene 2.86 3.68 
tert-Butylbenzene 2.70 - 

l-Methyl-2-n-propylbenzene 

l-Methyl-3-n-propylbenzene 
1-Methyl-4-n-propylbenzene 

3.78 

3.53 
3.57 

- - 

l-Methyl-2-isopropylbenzene 3.36 
l-Methyl-3-isopropylbenzene 3.09 

l-Methyl-Gsopropylbenzene 3.15 

4.25 
- 

- 

1,ZDiethylbenzene 3.68 4.80 

1,3-Diethylbenzene 3.47 4.71 
1,4Diethylbenzene 3.57 4.96 

- 
- 

1,2-Dimethyl-3-ethylbenzene 4.50 7.26 

1,2-Dimet~hyl+ethylbenzene 4.14 6.20 
1,3-Dimethyl-Z-ethylbenzene 4.21 6.46 
1,3-DimethyU-ethylbensene 4.06 6.00 

1,3-Dimethyl-5-ethylbenzene 3.75 5.20 

I,4-Dimethyl-2-ethylbenzene 3.98 5.80 

1,2,3,4-Tetramethylbenzene 
1,2,3,5-Tetramethylbenzene 
1,2,4,5Tetramethylbenzene 

5.35 
4.90 
4.77 

- 

- 
- 
- 
- 
- 
- 

- 
- 
- 
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TABLE 1 (Continued) 

Gas-cbromatographic column 

Hydrocarbon 
Temperature-programmed 

capillarya Isothermal capillary* Silicone elastomerC 

n-Butylcyclohexane 2.48 

cis-1-Phenyl-1-butene 4.14 

trans-1-Phenyl-1-butene 5.05 
tis-1-Phenyl-2-butened 4.23 

truns-1-Phenyl-Z-butened 4.06 

2,4Dimethylstyrene 

2,5-Dimethylstyrene 
2,6-Dimethylstyrene - 

1-Methylindan 4.18 

1-Methylindene 5.66 
3-Methylindened 4.47 

trans-Decalin 

cis-Decalin 
Tetralin 

Naphthalene 

l-Methylnaphthalene 

2-Methylnaphthalene 

- 
- 

5.58 

6.67 

- 
- 

6.41 - 

8.95 2.18 

6.22 2.08 
5.95 1.86 

8.00 - 
7.63 - 

6.60 - 

6.61 2.02 
11.74 

7.43 - 

4.20 - 
5.54 - 

lO.Y2 

17.1 2.26 

2.46 
23.6 2.42 

a A 91.5-m long, 0.508-mm ID stainless steel capillary column filled with Ucon LB-550-X polypropylene 

glycol. It was temperature-programmed between 60-130°C at l”C/min heating rate in a Perkin-Elmer 
Model 800 gas-chromatographic apparatus. 

6 A column similar to the one above, operated isothermally at 130°C in an F and M Model 810 gas- 

chromatographic apparatus. 
c A 6.56-m long, 4.75-mm OD copper column with silicon elastomer liquid phase. It was temperature- 

programmed between 76-215°C at 4.7”C/min heating rate in a Research Specialties gas-chromatographic 
apparatus. 

d Tent#atively identified. 

RESULTS studied. The n-butylbenzene + 1 phenyl- 

Dehydrogenation 
butene equilibrium is unknown. We expect 

The products of the dehydrogenation of 
close similarity between this equilibrium 

n-butylbenzene are 1-phenylbutenes: 
and that of the n-propylbenzene + l- 
phenylpropene equilibrium. Equilibrium 

It -H, +H, 

Over the platinum-on-silica gel and 
platinum-on-alumina catalysts, dehydro- 

constants calculated for the n-propylben- 
zene * tran.s-1-phenyl-1-propene + H, re- 

genation conversions are limited by equi- action from Rossini’s data (3) are very 
librium within the temperature range close to the experimentally obtained 
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TABLE 3 
DEHYDROGENATION EQUILIBRIUM CONSTANTS 

Temperature 
(“C) 

316” 371’ 427” 482” 

n-Butylbenzene F=? trans-1-phenyl-l-butene + Ht (experimental) 0.00023 0.002 0.012 0.052 

n-Propylbenzene s trans-l-phenyl-1-propene + H2 (calculated) 0.00017 0.00115 0.0075 0.0304 

equilibrium constants for the n-butylben- 
zene reaction (Table 3). The two log K 
versus l/T curves are parallel (Fig. 1). 

Equilibrium distributions of the different 
1-phenylbutene isomers will be discussed 
elsewhere, 

Over platinum-on-silica-alumina cata- 
lyst, dehydrogenation conversions are 
lower than over platinum on silica gel 
(Table 4). 

Some of the 1-phenylbutenes could 
isomerize to olefins with a different skeleton 
over the strongly acidic silica-alumina sup- 
port; however, the total amount of un- 
identified “other” products (3.85%) in 
Experiment 17 is too low to account for 
the decreased level of 1-phenplbutenes. 

Platinum apparently has lower dehydro- 
genation activity on silica-alumina support 
than on silica gel or alumina. 

We did not observe any dehydrogenation 
over silica-alumina. If phenylbutenes were 
formed, they quantitatively reacted further 
by other reactions. 

TABLE 4 

EFFECTS OF SUPPORT ON DEEIYDROGESATION 

CONVERSIONS 

I-Phenylbutenes, 
% of butylbenaene 

plus I-phenylbutenes 

Catalyst 

PlaCnum on silica-alumina 

Platinum on silica gel 

427°C 482X 

2.2 3.0 
2 s 9.0 

2 b” /y 6 
F 0.002 
s 

w 

I / B ,p 
8 /jr/ 

2 @ 

s 
z s / P 

‘& 
x 

0.0005 ,y 

i/. c , Q’” 

/I 

0.0002 1’ 350 400 450 500 
., , ( 

1:7 I:0 1:5 1:4 I13 
TEMPERATURE 

IOOO/T*K 

FIG. 1. Dehydrogenation equilibria of alkylbenzenes. 
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Dehydrocyclization benzene with those of n-propylbenzene and 

Dehydrocyclization produces l-methyl- l-methyl-2-ethylbenzene. The cyclization 
indan, methylindenes, and naphthalene. of n-propylbenzene to indan forms a five- 

membered ring, and this involves the 

Naphthalene 

1-Methylindan l-Methylindene 3-Methylindene 

Tetralin and decalins were not observed in 
any of the experiments. Between 0.02% 
and 0.1% tetralin and less than 0.001% 
decalins were expected if these compounds 
were in equilibrium with the naphthalene 
formed [equilibrium conversions calculated 
from the data of Egan (4)]. 

There are two essential differences be- 
tween cyclizations to naphthalene and 
methylindan. The first reaction forms a 
six-membered ring and involves the ad- 
dition of a primary carbon atom to the 
aromatic ring. Formation of methylindan 
(and methylindenes) creates a five-mem- 
bered ring and involves the addition of a 
secondary carbon atom to the aromatic 
ring. 

The nature of these two different 
cyclization processes might be clarified by 
comparisons of the reactions of n-butyl- 

attachment of a primary carbon atom to 
the aromatic ring. This reaction, and the 
cyclization of 1-methyl-2-ethylbenzene, 
was studied by Shephard and Rooney (5). 
In Shephard and Rooney’s experiments, 
product distributions were essentially 
similar over platinum-on-alumina and 
platinum-on-silica-gel catalysts. The meth- 
ylethylbenzene/n-propylbenzene cyclization 
rate ratio in Shephard and Rooney’s 
experiments was about 1.6. In our experi- 
ments, the methylethylbenzene/rz-butylben- 
zene to methylindan cyclization rate ratio 
over platinum on silica gel was 1.8 (Table 
5). Thus, cyclization rates of n-propyl- 
benzene to indan and n-butylbenzene to 
methylindan are essentially the same over 
platinum on silica gel. This indicates that 
the positions of the carbon atom involved 
in the cyclization step (primary versus 

TABLE 5 
DEHYDROCYCLIZATION OF I-METH~L-~-ETH~LBENzENE AT 399°C TEMPERATURE, ATMOSPHERIC 

TOTAL PRESSURE. AND AT A HYDROGEN-TO-HYDROCARBON MOLE RATIO OF 3 

Catalyst: Platinum-on-silica gel PeAlz01 

Experiment No.: 
Residence time bet): 0% cl%3 

22 
1.14 

Dehydrocyclimtion products (Mole %) 
Indan 11.36 17.25 20.35 3.95 4.60 
Indene 0.59 0.89 1.10 0.24 0.28 
n-Propylbenzene 1.73 5.18 6.63 0.12 0.22 

First-order cyclization rate constants (See-l) 0.505 0.458 0.231 0.141 0.181 
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FIQ. 2. Dehydrocyclization of n-butylbenzene over 2% platinum-on-silica-gel catalyst. Cycliza- 
tion to methylindan and methylindenes, solid lines; cyclization to naphthalene, dashed line. 

secondary) do not influence the rate of silica gel are plotted against the concen- 
reaction. Carbonium ions are not involved tration of bicyclic aromatics formed on 
in this type of cyclization over platinum Fig. 2. The rate constant decreases with 
on silica gel. increasing level of naphthalene and methyl- 

First-order rate constants for the de- indene concentration. This suggests that 
hydrocyclization reaction over platinum on the rate of cyclization might be inhibited 

CYCLIZATION TO i? METHLINDAN AfiD 

F METHYLINDENES 

,” 
3 
g  
” 

6 
0.1 

TEMPERATURE 

IOOO/T’K 

FIG. 3. Dehydrocyclization of n-butylbenzene over 2% platinum-on-silica-gel catalyst. The effect 
of temperature on cyclization. 
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TABLE 6 
DEHYDROCYCLIZATION PRODUCT DISTRIBUTIONS OF WBUTYLBENZENE OVER DIFFERENT CATALYSTS 

Catalysts 
(Methylindan + metbylindenes) M&h lindenes 7 ,,f methyl- l-Methylindene 

Naphthalene incke + &thOylindenes 3-Methylindene 

LHSV 316’ 3710 427’ 482 ’ 316” 371” 427’ 482’ 316” 371’ 427’ 482’ 

2% Platinum on silica 36 
d 18 

9 

4 
0.75y0 Platinum on 8 

alumina 
2% Platinum on 9 

silica-alumina 
Silica-alumina 9 

- 1.60 - - - 7.4 - - - 9-- 
- 1.61 - - - 6.0 - - - 11 - - 

3.05 1.46 0.92 0.57 2.7 7.5 27.5 51 - 14 10 8 

2.92 1.47 - - 2.0 6.3 - - 11 9-- 
- 1.81 - ---- - 8.9 - - - 33 - - 

- 22.6 10.5 7.3 - 6.1 24.6 39.4 - 11 8 9 

- - cc 36 --- 7.1 - - - 28 

by (bicyclic) product desorption. In a silica-gel-supported platinum catalyst than 
similar reaction, the dehydrogenation rate over platinum on silica-alumina (Table 7). 
was controlled by the rate of product Apparently, the silica-alumina support 
desorption (6). decreases the six-membered ring dehydro- 

Rate constants are plotted against the cyclization activity of the platinum metal. 
reaction temperature on Fig. 3. The acti- Over platinum on silica-alumina, rates of 
vation energy of the dehydrocyclization dehydrocyclization to five-membered rings 
forming napht.halene is about 8-9 kcal 
higher than that forming methylindan zs- 
and methylindenes. This value is in good 
agreement with the results of Kasanski zo- 
and Liberman (7). 

The (methylindan plus methylindenes)/ 2 ,8- 
naphthalene ratio does not change with f; 
changing space velocity (Table 6). The f ,8- 
ratio decreases with increasing temperature Z 
(Fig. 4). The methylindenes as percent of 2 ,4- 
the sum of methylindan and methylindenes 2 
increase with temperature but do not g ,s- 
change with space velocity (Table 6). The 3 
methylindan e methylindene equilibrium z ,o- 
is not known, The observed ratios probably % 
represent equilibria. The 1-methylindene/ 2 *- 
3-methylindene ratio is not affected by 2 
either temperature, space velocity, or 2 s- 
catalyst on-stream time. The ratio is = 
about 1O:l (Table 6). Y  4- 

Dehydrocyclization selectivities are very 
different over platinum on silica-alumina 
compared to platinum on silica gel (Table 
7 and Fig. 5). The methylindan/naphtha- 
lene ratios are about an order of magnitude 

p$i$yJ 
o 

1.4 1.3 I lOOO/T’K 

higher over the platinum on silica-alumina 300 350 400 -4m *c 

than over platinum on silica gel. Rate TEMPEibxTUSE 

constants for cyclization to six-membered FIG. 4. Cyclization of n-butylbenzene. Methyl- 

rings are 11-26 times higher over the indan/naphthalene ratios. 
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TABLE 7 
DEHYDROCYCLIZATION FATE CONSTANTS OF n-BUTYLBENZENE OVER DIFFERENT CATALYSTS AT 

1 ATM TOTAL PRESSURE AND WITH A HYDROGEN-TO-HYDROCARBON MOLE RATIO OF 3:l 

First-order cyolisstion 
rate eonetants 

ks 
To iUethylindn~~ 

Temperature and lie, 
Catalyst ("C) LHSV metnylindenea To naphthalem /,.5/h 

2% Platinum on silica gel 316" 9 0.009 0.003 3.05 

4 0.009 0.003 2.9x 
3Tl" 36.2 0.200 0.125 1.59 
- 18.1 0.146 0.090 1.61 
- 9 0.125 0.086 1.4G 

- 4 0.116 0.079 1.46 
425” 9 0.475 0.515 0.W 
48'" 9 0.95s 1.670 0.57 

O.ij% Platinum on alumina 371" s 0.0x3 0.04;: 1.61 
2% Platinum on silica-alumina 371" s 0.179 0.008 2'2 6 

42'7" 9 0.388 0.037 10.5 
482" 9 0.47'7 0.065 7 3 

Silica-alumina 427” 9 0.006 - 

482" 9 0 035 0.001 3A5 

are similar to those of platinum on silica platinum on silica-alumina. One mechanism 
gel (Table 7). However, the reaction over is similar to the one observed with platinum 
platinum on silica-alumina has a signif- on silica gel. It is catalyzed by the plat- 
icantly lower apparent activation energy inum metal. When supported by silica- 
than over platinum on silica gel (Figs. 3 alumina, platinum probably has low 
and 5). activity for dehydrocyclization to six- 

Five-membered rings may be formed by membered rings. Therefore, lower rates are 
two dehydrocyclization mechanisms over expected for the platinum-catalyzed de- 

5 
@z 300 350 
LL 

400 
’ 

450 500 
, 

1.7 
I 

1.0 1.5 1.4 I.3 

TEMPERATURE 

OC 

IOOO/T*K 

FIG. 5. Dehydrocyclization of n-butylbenzene over 2% platinum-on-silica-alumina catalyst. 
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hydrocyclization to five-membered rings 
also. Acid-catalyzed self-alkylation is a 
second possible cyclization mechanism. De- 
hydrogenation produces phenylbutenes and 
phenylbutadiene. A phenylallyl cation may 
be produced by proton addition to phenyl- 
butadiene or by hydride ion removal from 
phenylbutene. Ring closure proceeds by the 
formation of a bond between the electron- 
deficient y-carbon atom of the side chain 
and an ortho position of the aromatic ring. 
The bicyclic carbonium ion is stabilized 
by hydride ion addition (forming methyl- 
indan) or by proton removal (forming 
methylindene). 

such a mechanism. This reaction would 
involve a very unstable primary carbonium 
ion: C&H,-CH2-CH?-CH,-CH,+. Also, this 
carbonium ion lacks the strong resonance 
stabilization of the phenylallyl system. 

Among the olefin isomers, cis-l-phenyl- 
1-butene has the most advantageous con- 
figuration for cyclization. This isomer was 
present in less than equilibrium concen- 
tration among the I-phenylbutenes. Pref- 
erential cyclization of this isomer explains 
this phenomenon. Naphthalene might iso- 
merize over platinum-on-silica-alumina 
catalyst to methylindan. However, at the 
conditions of our experiments (an H, 

Proton addition to cis-l-phenyl-2-butene partial pressure of only 0.75 atm), such an 
is another possible reaction path. Cycli- isomerization must be negligible. We may 
zation of the carbonium ion C,H,CH,CH,- conclude that acid-catalyzed self-alkylation 
‘CH-CH,, followed by proton loss, gives l- is responsible for the high methylindan/ 
methylindene). naphthalene ratio over platinum on silica- 

Silica-alumina is 
catalyze reactions 

a strong acid able to alumina. 
with carbonium ion The acid-catalyzed self-alkylation of n- 

intermediates. Over platinum on silica- butylbenzene over silica-alumina may be 
alumina, most of the cyclization of n- compared with that of 1-methyl-a-ethyl- 
butylbenzene to methylindan probably benzene. In the case of the methylethyl- 
proceeds by this mechanism. Naphthalene benzene, the two possible carbonium ion 
cannot be formed from n-butylbenzene by intermediates are primary. 
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c-. + 
a <I c or 0: :I 

YT 
C C+ 

Resonance would stabilize only the second 
one (i.e., the benzylic carbonium ion). 
Hence, the acid-catalyzed cyclization 
might contribute less to the total cyclization 
than in t,he case of n-butylbenzene, where 
a secondary carbonium ion is involved. 
Cyclization of 1-methyl-2-ethylbenzene 
to indan is indeed faster over platinum on 
silica gel than over platinum on silica- 
alumina (Table 5). Over platimmr on silica 
gel, methylethylbenzene has a higher 
cyclization rate constant than n-butyl- 
benzene. Over plat,inum on silica-alumina 
we olxrrve the opposite (Table 8). 

TABLE 8 
DEHYDROCYCI,I&.~TIO~ RATE C:OSST.\NTS 

First-order cyclization Pt- 
rate constants at 399°C SiOz 

Pyi~Oo,- 
q  3 

1-Met~hyl-2-etl~ylt~er~ze~~e ---f iudul 051 0 14 

n-Butyll)enzene ---t methylindall 0.2s 0.26 

n-Butyll)enzene ---f nnphthalene 0.20 0 010 

The butylbenzenc data Tvere determined 
graphically from Figs. 3 and 5. 

This observation also supports the theory 
of two mechanisms. Over platinuin on 
silica gel, the cyclization of mrthylethyl- 
benzene to indan and t’he cyclization of 
,n-butylbenzene to mcthylindan proceeds 
by the platinum-metal-catalyzed mecha- 
nism. n-Butylbenzenc cyrlizes to mcthpl- 
indan over platinum on silica-alumina 
predominantly by an acid-catalyzed self- 
wlkylation mechanism. The contrrbution of 
the acid-catalyzed mechanism to tlrc 
cyclization of 1-methyl-2-ethylbenzene 
might be significant but not as great as in 
the case of the n-butylbenzene, where a 
secondary carbonium ion is involved. 

Dehydrocyclization rates over the 
platinum-alumina catalyst (0.75? plati- 
num) are lower than over platinum 
on silica gel (2% platinum). The ratio 
of dehydrocyclization to five-membered 
rings, to dehydrocyclization to naph- 
thalcne ik,/lc,;, Table 7) over platinum- 
alumina is slightly higher than over 

platinum on silica gel but substantially 
lower than over platinum on silica-alumina 
(1.81, 1.46, and 22.6, respectively). Acid- 
catalyzed cyclization (so important over 
platinum on silica-alumina) contributes 
only to a minor extent to the formation 
of methylindan over platinum on alumina. 
About four-fifths of the methylindan is 
formed by the platinum-catalyzed route. 

Another indication of the acid-catalyzed 
cyclization process over the platinum-on- 
alumina catalyst is the relative increase 
of n-butylbenzene cyclizat.ion rate com- 
pared to the rate of cyclization of l- 
met,hyl-2-ethylbenzene. The ratio of the 
cyclization rate of methylethylbenzene to 
the cyclization of n-butylbenzene to 
methylindan and methylindencs over plati- 
num on silica gel is 1.8. Over platinum on 
alumina, the ratio is about 1.1 (methyl- 
ethylbenzene value extrapolated). That is, 
the rate of n-butylbenzenc cyclization to 
five-membered rings over the platinum on 
alumina is relatively higher than over the 
neutral platinum on silica gel catalyst. 

Over silica-alumina cracking catalyst, the 
rate of dchydrocyrlization to naphthalene 
is practically zero. Dehydrocyclization to 
five-membered rings is very slow. At, 427°C 
the rate of dchydrocyclization to five-mem- 
bered rings over platinum on silica-alumina 
is about 70 times faster than over silica- 
alumina (Table 7). Dchydrocyclization 
over t.he silica-alumina cracking catalyst 
most probably proceeds by an acidic 
mechanism (i.e., through phenylbutene and 
phenylbutyl carbonium ion intermediates) . 
The rat’e-limiting step is probably the slow 
formation of t#he phenylbutenc. ?;o mcthyl- 
indenes arc observed at 427°C. At 482°C 
the metl~ylindenes/mct~hylindan ratio is 
0.08. The equilibrium ratio is nhout 1. 
The 1-methylindenc,/3-methylindenc ratio 
is 29, far above the equilibrium value of 
about 10. Rat’es of the mcthylindan * 
methylindene dehydrogcnation and the l- 
methylindenc zs 3-mcthylindene isomcr- 
ization are very much slower over silica- 
alumina than over the platinum-containing 
catalysts. The methylindan plus methyl- 
indenes fraction contains an excess of 
mcthylindan relative to the equilibrium. 
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The primary cyclization product over A cationic (acid-catalyzed) reaction will 
silica-alumina is apparently methylindan 
(and not methylindene) . Similarly, the 

produce both isomers. Over acidic molyb- 

primary product of the dehydrogenation of 
denum-alumina catalysts at 484”C, Covini 

methylindan is 1-methylindene (and not 
and Pines (8) observed that nearly equal 

3-methylindene) . The dehydrocyclization 
amounts of set-butylbenzene and isobutyl- 

path over silica-alumina may be re- 
benzene were formed from n-butylbenzene. 
Roberts and his co-workers (9) observed 

constructed : that aluminum chloride catalyzed the iso- 

Phenylbutene may be formed by thermal 
dehydrogenation. Proton addition gives 
carbonium ion (I). Hydride ion removal 
from n-butylbenzene may also form I. 
Ring closure of (I), and subsequent loss of 
a proton, forms 1-methylindan. This may 
dehydrogenate to l-methylindene. 3-Me- 
thylindene may be formed in a subsequent 
double-bond isomerization step. 

Isomerization 

Isobutylbenzene and set-butylbenzene 
are produced by skeletal isomerization of 
the alkyl side chain of n-butylbenzene. 
First-order isomerization rate constants of 
n-butylbenzene are summarized in Table 9. 

merization of n-butylbenzene to a 2: 1 
mixture of isobutylbenzene and sec-butyl- 
benzene. Both isomers are formed over 
silica-alumina. The reactions probably 
involve carbonium ion intermediates. 
Methyl migration produces isobutyl- 
benzene. 

set-Butylbenzene may be formed by 
either phenyl or ethyl migration. Methyl 
migration is less favored than phenyl or 
ethyl migration. set-Butylbenzene-to-iso- 
butylbenzene ratios at 427” and 482°C 
temperatures are 8.7 and 3.2. 

set-Butylbenzene and isobutylbenzene 
are formed over the neutral platinum on 
silica gel catalyst also. Reaction mecha- 
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CT 
C \c/c, c c+ 

=I + c- 

0 

c I ‘z’ 

c,+/c 

- 

0 
‘I g 
\ 

nisms are different here than over silica- The ratio does not change with changing 
alumina. set-Butylbenzene is probably space velocity. 
formed from methylindan by ring opening. Isobutylbenzene cannot be formed by 

The ratio of methylindan (plus methyl- 
indenes) to see-butylbenzene is constant 
within experimental error over wide ranges 
of temperature and space velocity (Table 
10). 
The set-butylbenzene/isobutylbenzene ra- 
tio increases with increasing temperature. 
(This ratio decreased over silica-alumina!) 

ring cleavage of any of the primary 
cyclization products of n-butylbenzene. 
Variations of the set-butylbenzene/iso- 
butylbenzene ratio suggest also that these 
two compounds are formed by two different 
mechanisms. Isobutylbenzene is probably 
formed by a methyl shift. 1-2-Methyl 
shifts have been recently described by 

TABLE 9 

ISOMERIZATION RATE CONSTANTS OF n-BUTYLBENZENE OVER DIFFERENT CATALYSTS AT 1 ATM TOTAL 
PRESSURE AND WITH A HYDROGEN-TO-HYDROCARBON MOLE RATIO OF 3:l 

2% Platinum on silica gel 

0.75% Platinum on alumina 

2% Platinum on silica-alumina 

Silica-alumina 

316” 
371” 

427” 

482” 
371” 

371” 
427” 
427” 

48’2” 

TO 
To methyl-n- 

wc-butylbeneene To isobutylbensene 
propylhenzene 
and o-eymene 

0.0009 

0.0035 

0.0158 
0.0295 

0.0033 
0.0104 
0.0294 

0.0020 
0.0034 

0.0013 - 

0.0056 0.0002 
0.0136 - 

0.0205 0.0025 
0.0039 
0.0146 

0 0216 0.0068 

0.0011 

TABLE 10 

ISOMERIZATION PRODUCT RATIOS OVER PLATIN~JM ON SILICA GEL 

316” 371” 427” 482” 

LHSV 4 36 18 9 4 9 9 
see-Butylbenzene 0.4 0.6 0.6 0.6 0.8 1.16 1.14 

Isobutylbenzene 

set-Butylbenzene 0.040 0.033 0.025 0.028 0.030 0.033 0.031 

Methylindan plus methylindenes 
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Anderson and Avery (10) and by Barron, is formed only through methylindan inter- 
Maire, Muller, and Gault (11). The re- mediate, the set-butylbenzene/methylindan 
action proceeds through a-y-diabsorbed + methylindene) ratio is nearly constant 
intermediates over platinum deposited on (about 0.03). These ratios vary from 0.03 
neutral supports. The reaction does not to 0.08 over platinum on silica-alumina 
involve carbonium ion intermediates. If the because two other reactions affect the sec- 
n-butylbenzene it isobutylbenzene reaction butylbenzene level. set-Butylbenzene levels 
proceeds by this platinum metal-catalyzed could increase due to contributions from 
isomerization, the following steps would be the acid-catalyzed mechanism. The sec- 
involved : butylbenzene level could decrease due 

W,,C/C\c,~ . . . . . 
- : : 

* * * * 

OX- 

C,H,-- C,c/C, . , . . C . 
C,H,-C \c/s.c 

* * 

Some set-butylbenzene may be formed by 
this route also. 

Isomerization to see-butylbenzene and 
isobutylbenzene over platinum on silica- 
alumina is faster than over any of the 
other catalysts tested. The sec-butyl- 
benzene/isobutylbenzene ratio increases 
with increasing temperature (Table 11). 

TABLE 11 
ISOMERIZATION PRODUCT RATIOS OVER PLATINCM 

ON SILICA-ALVMINA 

Temperature (“C) : 
set-Butylbenzene/ 

isobutylbenzene: 

371” 427” 482” 

0.7 1.4 2.3 

Isobutylbenzene may be formed through 
the two different reaction paths: the acid- 
catalyzed and the platinum-cat,alyzed 
processes. 

set-Butylbenzene could be formed by 
either the acid-catalyzed reaction or 
through a methylindan intermediate (as 
occurs over platinum on silica gel). On 
platinum-silica gel, where see-butylbenzene 

* * 

to excessive cracking. (set-butylbenzene 
would dealkylate much faster over a 
silica-alumina supported catalyst than n- 
butylbenzene.) 

Isomerization rates decrease with de- 
creasing catalyst on-stream times. The 
decrease was particularly great at 482”C, 
the highest temperature studied (Table 12). 
Isomerization may also be retarded by 
some of the reaction products (perhaps 
methylindenes) . This retardation is more 
pronounced at higher temperatures. The 

TABLE 12 
EFFECTS OF ON-STREAM TIME 

ON I~~MER~~ATION 

Temperature 
(“C) 

371” 427” 482’ 

set-Butylhenzene + isobutyl- 0.92 1.62 0.68 
benzene at ZO-min on-stream 
time 

see-Butylbenzene + isobutyl- 0.87 1.12 0.35 
benzene at 65-min on-stream 
time 
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rate of isomerization is lower at 482°C than A similar mechanism was proposed by 
at 371°C. Methylindene concentration in Shephard and Rooney for the l-methyl- 
the reaction product at 482°C is 4.2% 2-ethylbenzene Z$ n-propylbenzene isomer- 
versus only 0.32% at 371°C temperature. ization (5). 

Both acid- and platinum-catalyzed mech- 
anisms may contribute to the overall iso- 
merization over platinum (0.75%) on 
alumina. The rates may be compared with 
those observed over the neutral platinum 
(2%) on silica gel catalyst. If there were 
only platinum-catalyzed isomerization, the 
two rates would be in proportion to the 
dehydrogenation activities (or Pt contents) 
of the two catalysts. However, relatively 
higher isomerization rates arc observed 
over platinum-alumina (0.003 to sec- 
hutylbenzenc and 0.0039 to isobutyl- 
benzene) than over platinum on silica 
(0.0035 and 0.0056). This relatively higher 
isomerization rate OVCl platinum on 
alumina suggests contributions from t,hc 
acid-catalyzed mechanism. 

Small amounts of l-methyl-2-isopropyl- 
benzene, I-methyl-2-n-propylbenzene, and 
1,2-diethylbenzene are produced over most 
of the catalysts tested. These compounds 
may be formed by sequential cyclization 
and ring-opening steps. 

All types of isomerization conversions de- 
crease with increasing catalyst on-stream 
t,imes over all the catalysts tested. 

Fragmentation Reactions 

There are two types of fragmentation 
reactions: cracking and hydrogenolysis. In 
cracking, one of the products is an olefin. 
A molecule of hydrogen is added in hydro- 
genolysis, and no olefin is formed. However, 
differentiating between the two reactions 
is not always simple. In the presence of 
hydrogen over a hydrogenating catalyst, 
the olefinic products of cracking could be 
completely saturated; or vice versa, the 
paraffinic products of hydrogenolysis may 
he dehydrogenated. 

Only cracking is observed over silica- 
alumina. Cracking rates over this catalyst 
are high; SS-88% of the overall n-butyl- 
benzene react’ion is cracking. Most of the 
scission occurs between the phenyl ring and 
the a-carbon atom (Table 13). Benzene 
and butenes are produced. Butenesbenzene 
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mole ratios are about 0.9 (Table 2). Most toluene plus propane) is the most prevail- 
of the butenes (and butanes) do not re- ing (Table 13). At higher temperatures 
adsorb and crack further to lower hydro- (427-482°C) cleavage between the second 
carbons. Only a small fraction of the and third carbon atoms of the butyl side 
butenes is hydrogenated. The main product chain (producing ethylbenzene plus ethane) 
of hydrogenation is isobutane (Table 2). becomes more important. Through the 
Normal olefins may be converted to iso- whole temperature range studied, hydro- 
paraffins over acidic catalysts. The re- genolysis between the ring and the (Y- 
action is commonly known as “hydro- carbon atom is the least important of the 
isomerization” (12). different types of scissions possible (Fig. 6). 

Hydrogenolysis reactions over platinum At longer residence times (at higher 
on silica gel produce benzene plus butane, conversion levels), hydrogenolysis rates are 
toluene plus propane, ethylbenzene plus more retarded than cyclizat,ion rates (Fig. 
ethane, and n-propylbenzene plus methane. 7). Hydrogenolysis-to-total cyclization 
Hydrogenolysis rates are between one-third molar ratios decrease from 0.35 to 0.24 
and one-fourth of the overall cyclization with the LHSV changing from 36 to 4. 
rate. The reaction is not selective. At Retardation of hydrogenolysis is prob- 
lower temperatures (316-371°C)) hydro- ably caused by bicyclic aromat,ics (naph- 
genolvsis between the first and second thalene and methylindenes) . 
carbon of the butyl side chain (producing The distribut,ion of different types of 

FIG. 6. Hydrogenolysis of n-butylbenzene over platinum-on-silica catalyst at a H, to feed mole 
ratio of 3 and a LHSV of 9. 
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FIG. 7. Reactions of n-butylhenaene over platinum on silica gel at 371°C 

HYDROCENOLYSlS/CYCLlZATlON 

k -0.20 

OO 
I I I I I I . 

0.1 0.2 0.3 0.4 0.5 0.6 

RESIDENCE TIME, SECONDS 

H2:feed mole ratio of 3. 

hydrogenolysis reactions is unaffected by 
changing residence times (Table 13). 
Secondary hydrogenolysis is very limited. 
The paraffin product of hydrogenolysis- 
once it leaves the catalyst-does not re- 
adsorb and react further. In most of our 
experiments, n-but,ane/benzene mole ratios 
are about 0.95. 

Over platinum on silica-alumina, acid- 
catalyzed cracking and platinum-catalyzed 
hydrogenolysis reactions proceed simulta- 
neously. The different contributions from 
the two types of fragmentation determine 
the distribution of the scission products 
(Table 13), About one-half of the fragmen- 

tation occurs between the aromatic ring 
and the a-carbon atom. Over platinum on 
silica gel, this is the least frequent position 
of hydrogenolysis. Benzene and a C, olefin 
may be produced in cracking. However, 
most of the olefins are subsequently hydro- 
genated on platinum sites. Over the 
platinum on silica-alumina catalyst, con- 
centrations of benzene plus butanes and 
n-propylbenzene plus methane do not 
match each other (Table 2). There is an 
abundance of methane relative to n- 
propylbenzene, and less butanes are found 
t.han benzene. Butane/benzene ratios are 
0.56 and 0.59 at. 371’ and 427°C temper- 
atures. At 482’C the butane/benzene 
ratio is only 0.34. Part of the butanes 

temperature at a 

initially formed may be readsorbed later 
and crack further. 

Contributions of the acid-catalyzed 
cracking and platinum-catalyzed hydro- 
genolysis may be determined separately. 
Fission between the p-7 and y-6 carbon 
atoms proceeds predominantly via the 
platinum-catalyzed hydrogenolysis. (On 
silica-alumina cracking catalyst, cracking 
at these positions is below 0.067,, Table 
13). Hydrogenolysis selectivities may be 
similar over platinum-on-silica-alumina 
and platinum-on-silica-gel catalysts. From 
the hydrogenolysis patterns observed over 
platinum on silica gel (where acid-cata- 
lyzed cracking is absent), one may calcu- 
late hydrogenolysis of the phenyl-cu and 
(Y-P bonds. The total extent of hydrogen- 
olysis over Pt on silica-alumina may be 
estimated. At 371” and 427”C, hydrogen- 
olysis may be responsible for about 55% 
of the total fragmentation (0.51 mole $J 
and 0.75 mole SO,. At 482”C, hydrogen- 
olysis is about 0.92 mole %, only 37% of 
total fragmentation. Platinum supported on 
the silica-alumina has only one-third to 
one-eighth of the hydrogenolysis activity of 
platinum supported by neutral silica gel. 

Hydrogenolysis and cracking rates in- 
crease with increasing temperature (Table 
2). 

Over platinum on alumina, the rat,es of 
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hydrogenolysis and cracking are high, 
similar to the rates of cyclization. The 
distribution of the products of fragmen- 
tation reactions is similar to that observed 
over the platinum on silica-alumina cata- 
lyst. Fission between the aromatic ring 
and the a-carbon atom of the side chain 
is the predominant reaction (Table 13). 
Relative rates for hydrogenolysis and 
cracking were determined in a manner 
similar to that used for platinum on silica- 
alumina. Hydrogenolysis-to-cracking ratios 
are probably 59:41. It is interesting that 
cyclization over platinum on alumina fol- 
lows the pattern of the neutral platinum 
on silica gel, while cracking is similar to 
that observed over platinum on silica- 
alumina. However, on platinum on alumina, 
only a small fraction of the butenes cracks 
furt’her down to smaller fragments. Butane/ 
benzene ratios are 0.9 and 0.95 at 20 
min and 65 min catalvst on-stream t,imes 
over platinum on alumina (T-ersus 0.56 and 
0.62 over platinum on silica-alumina). 

produces almost exclusively five-membered 
rings from n-butylbenzene. 

Platinum metal catalyzes cyclization by 
a different mechanism. Between 371” and 
427°C at atmospheric pressure and at an 
H,-to-hydrocarbon mole ratio of 3, the 
platinum-metal-catalyzed rates of cycli- 
zation to five- and six-membered rings are 
about equal. Over dual-functional catalysts 
(e.g., platinum on acidic supports), acid- 
and platinum-catalyzed cpclizations may 
proceed simultaneously. 

Isomerization. Platinum metal catalyzes 
at least two types of isomerization 
processes. One of these involves cyclic inter- 
mediates; the other is a l-2 methyl shift, 
involving a-y diadsorbed intermediates. 

Acid-catalyzed isomerization, involving 
carbonium ions, occurs over platinum on 
silica-alumina and silica-alumina. By de- 
hydrogenating n-butylbcnzcne to phenyl- 
butenes, platinum facilitates the formation 
of carbonium ions and thus increases the 
rate of isomerization. 

Other Reactions 

Small amounts of n-butylcyclohexane 
are formed over all the catalysts tested 
(Table 2). 

Higher molecular weight hydrocarbons 
may be formed by acid-catalyzed trans- 
alkylation reactions over platinum on 
silica-alumina. Mass-spectrometric analysis 
shows C,, alkylbenzenes (0.2%)) dimethyl- 
indans and dimethylindenes (0.4%)) 
methylnaphthalenes (0.1%) , and traces of 
dimethylnapht~halenes in the product of the 
482°C experiment. 

Fragmentation: Hydrogenolysis and 
cracking. Fragmentation of n-butylbenzene 
over silica-alumina occurs exclusively by 
cracking. The reaction is very selective. 
Cracking of the bond between the aromatic 
ring and the side chain occurs more than 
100 times more frequently than cracking 
of all the other bonds combined. 

Hydrogenolysis occurs over platinum 
on neutral supports. Scission of the dif- 
ferent, side-chain bonds have about equal 
probability. 

The possible reactions of n-butylbensene 
are summarized in Fig. 8. 

fhJMX4RY 

Dehydrogenation. Dehydrogenation con- 
versions are equilibrium-limited over plat- 
inum on silica and platinum on alumina. 
Dehydrogenat,ion rate is substant,ially lower 
over platinum on silica-alumina than over 
the other platinum catalysts. Silica-alumina 
does not catalyze dthydrogenation. 

Dehydrocyclization. There are at least, Interaction between platinum and the 
two different dehydrocyclization processes acid sites. When platinum is impregnated 
over supported platinum catalysts. Cycli- on silica-alumina, both the specific activ- 
z&ion over acidic catalysts is a self- ities of platinum (dehydrocyclization, 
alkylation process involving carbonium ion dehydrogenation, and hydrogenolysis) and 
intermediates. The stability of the inter- the acidity of t,he silica- alumina decrease. 
mediate carbonium ion determines whether This mutual activity loss suggests an 
cyclieation forms five- or six-membered interaction between platinum and the acid 
rings. The acid-catalyzed cyclization sites of the support.. A similar interaction 
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FIG. 8. Catalytic reactions of n-butylbenzene. 

between the acid sites of silica-alumina 
and nickel has been recently described 
by Langlois, Sullivan, and Egan (IS). 
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