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Cyclohexene was reacted at 523°K over Y-zeolite catalysts with a unit cell constant in the range 
of 2423 to 2448 pm. The selectivity toward the hydrogen transfer products (cyclohexane plus 
methylcyclopentane) increases with the unit cell constant, while the selectivity toward isomeriza- 
tion products (methylcyclopentene plus methylcyclopentane) remains constant in the unit cell 
constant range of 2448 to 2427 pm and increases as the unit cell constant decreases to 2423 pm. The 
results are rationalized on the basis of acid site density and the nature of the reactions. Hydrogen 
transfer, being a bimolecular reaction, is favored by a high-acid site density, while isomerization of 
olefins, being a unimolecular reaction, is not dependent on site density but only on strength of the 
acid site. Thus, reaction of cyclohexene can be used as a test reaction to measure hydrogen transfer 
properties of acid catalysts. The relevance of these results to product quality from catalytic crack- 
ing is discussed. 0 1989 Academic Press, Inc. 

INTRODUCTION 

Increasing the octane of FCC gasoline is 
a goal of many refiners. One of the keys to 
increasing FCC gasoline octane number is 
to increase the rate of cracking relative to 
the rate of hydrogen transfer on the catalyst 
(I, 2). Numerous studies have been de- 
voted to understanding the nature of hydro- 
gen transfer reactions on zeolites (3-6). 
This subject has been reviewed recently by 
Chen and Haag (7). The object of this work 
is to develop a model compound reaction to 
characterize the hydrogen transfer proper- 
ties of solid acid catalysts and to relate 
these properties to the performance of the 
catalysts in gas oil cracking. The dispropor- 
tionation of cyclohexene to benzene and 
cyclohexane is a frequently studied hydro- 
gen transfer reaction in metal catalysis (8). 
This is an interesting reaction as the reac- 
tant can act as both hydrogen donor and 
acceptor. Recently, Magnoux et al. (9) 
have studied the reaction of cyclohexene at 
low pressure (5 kPa cyclohexene partial 
pressure) on ultrastable Y-zeolite. They de- 
termined the effect of temperature on the 

product selectivity. In the present study we 
have explored the effect of acid site density 
of zeolite Y on the product distribution. 

EXPERIMENTAL METHODS 

Catalyst Preparation and 
Characterization 

Low soda Y-zeolites having a rare-earth 
loading of 0 to 13 atoms per unit cell were 
prepared by carrying out ion-exchange and 
calcination processes on each of two com- 
mercially available (Davison Chemical Di- 
vision, W. R. Grace & Co.) faujasite zeo- 
lites (NaREY and Z-14US). Details of the 
ion-exchange methods have been described 
by Rajagopalan and Peters (10). Properties 
of four zeolites are shown in Table 1. 

The zeolites were mixed intimately with 
an alumina sol binder and kaolin clay dil- 
uent and spray-dried to produce spherical 
catalyst particles having a diameter range 
from 20-140 pm. Zeolite content of these 
catalysts was varied from 15 to 40 wt% to 
achieve catalysts of comparable cracking 
activity after hydrothermal treatment. The 
catalysts were steamed in a fluidized bed at 
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TABLE 1 

Properties of Zeolite Catalysts 

Zeolite properties 
BE/unit cell 
wt% zeolite in catalyst 

Catalyst properties 
wt% AIrOr 
wt% BE*03 
wt% NarO 

BET surface area/m* g-r 
Nitrogen pore volume/cm3 g-r 
Bulk density/g crnm3 
Average particle size/pm 
After hydrothermal treatment 

BET surface area/m* g-r 
Unit cell constant/pm 
Al/unit cella 
Al/unit cellb 

13.0 4.2 2.1 0 
15 21 36 40 

43.3 
2.69 
0.23 
142 
0.10 
0.82 
72 

42.6 43.3 43.3 
1 .I1 1.14 0.01 
0.19 0.41 0.26 
200 286 213 
0.21 0.21 0.21 
0.18 0.69 0.13 
54 64 70 

69 
2448 
33.4 
21.8 

128 180 112 
2431 2421 2423 
13.8 9.2 4.6 
8.1 4.2 0 

~1 Calculated as 1.152 x (unit cell - 2419) (II). 
b Calculated as 1.124 x (unit cell - 2423.3) (12). 

1088 K and a steam pressure of 101 kPa for 
a period between 1 and 6 h to simulate aging 
in a commercial FCC unit. 

Properties of the fresh and steam-deacti- 
vated catalysts are shown in Table 1. The 
unit cell constants of the zeolites in the 
steamed catalysts as determined by X-ray 
diffraction (ASTM procedure D-3942-80) 
varied between 2423 to 2448 pm. This cor- 
responds to an aluminum site density range 
of 4.6 to 33.4, as calculated by the correla- 
tion of Breck and Flanigen (11) or 0 to 27.8 
as calculated by the correlation of Fichtner- 
Schmittler et al. (12). 

Catalyst Evaluation 

Cyclohexene reactions were carried out 
using a modified fixed-bed ASTM D-3907- 
80 microactivity procedure. The reactor 
was operated at atmospheric pressure and 
523 K. For a given catalyst, conversion was 
varied by varying the catalyst to feed ratio 
(C/F) while maintaining a constant catalyst 
residence time of 75 s. The gaseous and liq- 
uid products were analyzed by gas chroma- 
tography. The carbonaceous deposit on the 
spent catalyst was measured by carbon de- 
terminator WR-12 (Leco Corporation, St. 
Joseph, MI). The product mass balance 
was typically >95%, and was normalized 

for reporting. Cyclohexene (Aldrich Gold 
Label 99-t% purity) was used without fur- 
ther purification. 

RESULTS AND DISCUSSION 

Catalyst Activity and Product Distribution 

The conversion of cyclohexene as a func- 
tion of the catalyst to feed ratio for the four 
catalysts is shown in Fig. 1. The catalyst 
containing the highest unit cell zeolite and 
the lowest zeolite content had a lower ac- 
tivity than the other three. This is due to 
more extensive zeolite destruction of this 
sample during steaming. However, the 
range of conversion for all the catalysts is 
between 10 and 30 wt%. 

The liquid reaction products were ana- 
lyzed by GUmass spectroscopy. The ma- 
jor components consisted of a hydroge- 
nated product (cyclohexane), isomerized 
products (l-, 2-, and 3-methylcyclopen- 
tene) , isomerized and hydrogenated prod- 
uct (methylcyclopentane), and dimerized 
Ciz’s. Minor amounts of alkylated products 
(dimethylcyclopentane, dimethylcyclopen- 
tene, methylcyclohexane and methylcyclo- 
hexene) were observed. The concentration 
of benzene in the product was very low. 
Low levels of benzene were also observed 
by Magnoux et al. (9). 
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FIG. 1. Conversion of cyclohexene as a function of 
catalyst to oil ratio over Y-zeolite catalysts of unit cell 
size: (Cl) 2448 pm, (0) 2431 pm, (a) 2421 pm, (A) 2423 
pm at 523 K and 75 scontact time. 



356 CHENG AND RAJAGOPALAN 

CYCLOHEXANE YIELD 
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FIG. 2. Cyclohexane yield as a function of cyclohex- FIG. 3. Methylocyclopentane yield as a function of 
ene conversion over Y-zeolite catalysts of unit cell cyclohexene conversion over Y-zeolite catalysts of 
size: (0) 2448 pm, (0) 2431 pm, (a) 2427 pm, (A) 2423 unit cell size: (0) 2448 pm, (0) 2431 pm, (~3) 2427 pm, 
pm. (A) 2423 pm. 

METHYLCYCLOPENTANE YIELD 
3, 

Hydrogen Transfer and Isomerization 

The yield of cyclohexane as a function of 
cyclohexene conversion is shown in Fig. 2. 
As the yields follow a straight line to the 
origin, cyclohexane can be characterized as 
a primary stable product (13). This suggests 
that cyclohexane is formed directly by hy- 
drogen transfer to the reactant cyclohex- 
ene. The initial selectivity, given by the 
slope of the lines, increases as the unit cell 
constant and the site density of the zeolite 
increases. This is the expected result as hy- 
drogen transfer is a bimolecular reaction (1, 
7, 14) and is facilitated by the proximity of 
sites. 

The yield of methylcyclopentane as a 
function of cyclohexene conversion is 
shown in Fig. 3. The extrapolated yield 
curves show a zero slope of the origin, sug- 
gesting that methylcyclopentane is a sec- 
ondary stable product (13). It is formed by 
hydrogen transfer to methylcyclopentenes 
which are formed by the isomerization of 
cyclohexene. The yield of methylcyclopen- 
tane generally increases as the unit cell 
constant of the zeolite increases. The 
unexpectedly higher yield of methyl- 
cyclopentane on the zeolite with 2423 pm 
cell size is attributed to the higher initial 
isomerization activity of this catalyst, giv- 
ing rise to a higher concentration of the in- 

The yield of isomerization products (the 
sum of the methylcyclopentene isomers) as 
a function of conversion is shown in Fig. 4. 
The methylcyclopentenes are primary un- 
stable products capable of further reacting 
by hydrogen transfer to form methylcyclo- 
pentane. The isomerization selectivities of 
the catalysts with zeolite unit cell size from 
2448 down to 2427 pm were equal while that 
of the catalyst with a zeolite unit cell size of 
2423 pm was somewhat higher. Isomeriza- 
tion of olefins is a unimolecular reaction 
(7), and should occur on all sites, including 
isolated sites. Thus, the yield of isomeriza- 
tion products should be independent of site 

ISOMERlZATlON PRODUCTS 
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FIG. 4. Isomerization product yield as a function of 

(A) 2423 pm. 

cyclohexene conversion over Y-zeolite catalysts of 
unit cell size: (El) 2448 pm, (0) 2431 pm, (13) 2427 pm, 

termediate methylcyclopentene. 
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lSOMERlZATlON/HYDROGEN TRANSFER 
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FIG. 5. Ratio of the initial selectivities of isomeriza- 
tion to hydrogen transfer as a function of zeolite unit 
cell size. 

density. This is observed for three of the 
catalysts. The higher isomerization yield of 
the catalyst with the lowest unit cell size 
may be attributed to its higher acid 
strength. Beaumont and Barthomeuf (15, 
26) have shown that as the Si0JA1203 ratio 
of the zeolite increases, the acid site 
strength increases. Higher cracking activity 
of high Si02/A1203 Y-zeolite has also been 
reported by Magee (17) and Mirodatos and 
Barthomeuf (18). 

The initial selectivities are given by the 
slopes of the yield curves at the origin. The 
ratio of the initial selectivities of isomeriza- 
tion to hydrogen transfer is a measure of 
the relative rates of unimolecular and bi- 
molecular processes. A plot of this parame- 

420 2425 2430 2435 2440 2445 2450 
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Fro. 6. Research and motor octane of FCC gasoline 
as a function of unit cell size. From Ref. (2). 

ter as a function of the unit cell constant is 
shown in Fig. 5. The ratio of isomerization 
to hydrogen transfer selectivities decreases 
sharply as the unit cell constant increases 
from 2423 to 2431 pm and decreases more 
gradually as the unit cell constant increases 
beyond 2431 pm. The effect of zeolite unit 
cell size on FCC gasoline octane (research 
and motor) has been reported by Ritter et 
al. (2), and is shown in Fig. 6. There is a 
remarkable similarity in the effect of unit 
cell on gasoline octane and on the isomer- 
izatiomhydrogen transfer ratio during the 
reaction of cyclohexene. In the case of gas 
oil cracking, as the unit cell size and the site 
density decreases, the rate per site of hy- 
drogen transfer (bimolecular) decreases, 
while the rate per site of the cracking reac- 
tion (unimolecular) stays the same or in- 
creases due to the increase in acid site 
strength. This leads to a gasoline which is 
higher in olefin content and higher in octane 
quality. 

CIZ’S and “Coke” 

The yield of Cn’s as a function of conver- 
sion is shown in Fig. 7. The Ci2’s are the 
sum of cyclic olefins and cycloparaffns. 
The Cl2 olefins are expected to be primary 
products capable of being converted to the 
Cl2 paraffins, which are expected to be sec- 
ondary and stable products. Thus, the lump 
sum C12 yields appear to lie along a straight 

DIMERIZATION PRODUCTS 

i”:i! 

96 CONVERSION 

FIG. 7. Diierization product yield as a function of 
cyclohexene conversion over Y-zeolite catalysts of 
unit cell size: (0) 2448 pm, (0) 2431 pm, (U) 2427 pm, 
(A) 2423 pm. 
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COKE YIELD 
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FIG. 8. Coke yield as a function of cyclohexane con- 
version over Y-zeolite catalysts of unit cell size: (0) 
2448 pm, (0) 2431 pm, (f3) 2427 pm, (A) 2423 pm. 

line passing through the origin. Dimeriza- 
tion selectivity appears to be independent 
of the unit cell size. This would be a sur- 
prising result since this reaction is bimolec- 
ular; however, dimerization is an electron 
transfer reaction and not a hydrogen trans- 
fer reaction (7). It can occur on a single site 
between a C6 carbenium ion and a physi- 
sorbed or a gas-phase C6 olefin. 

The “coke” yield, shown in Fig. 8, also 
appears to be independent of cell size. This 
is unexpected since for gas oil cracking, the 
coke yield decreases with decreasing cell 
size (2). However, the measured “coke” 
includes polymerization products (trimers, 
tetramers, etc.) which are not desorbed 
from the catalyst at the reaction tempera- 
ture of 523 K. Thus, the effect of cell size is 
not observed. 

CONCLUSIONS 

In the reaction of cyclohexene over Y- 
zeolites, the selectivity toward hydrogen 
transfer products increases as the unit cell 
size of the zeolite increases from 2423 to 
2448 pm. The selectivity toward isomeriza- 
tion products does not change greatly with 
unit cell size from 2448 down to 2427 pm 
but increases as the unit cell size decreases 
further to 2423 pm. The ratio of the yields 
of isomerization products to hydrogen 
transfer products is a measure of the rela- 
tive importance of unimolecular to bimolec- 
ular reactions. This parameter correlated 

very well with the research and motor oc- 
tane of FCC gasoline. Thus the reaction of 
cyclohexene at a moderate temperature is a 
good model compound reaction for probing 
the hydrogen transfer characteristics of a 
solid acid catalyst. 
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