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The vapor-phase alkylation of benzene with ethylene over the various metal sulfates sup-
ported on the silica-alumina (SA) catalysts has been studied by a flow method under a pressure
of 30 kg/cm2 and within the temperature range of 230-450℃. The metal sulfate supported on

the SA catalyst showed a relatively higher activity than the SA used as a carrier, and the activity 

of the metal sulfate as the modifier of SA is in the order of; manganous sulfate>zinc sulfate> 

chromic sulfate>cupric sulfate. Under the optimum conditions, in which benzene and ethylene 

were brought to reaction at the molar ratio of 2.5, a LHSV of benzene of 1.2 hr-1, under a pres-

sure of 30 kg/cm2 and a reaction temperature of 300℃ over the manganous sulfate supported on

a SA catalyst (the weight ratio of manganese to SA is 1/10), the conversion of ethylene was 
56.7% and the selectivity to ethylbenzene and diethylbenzene was 94.0%.

Aromatic hydrocarbons have been alkylated 

with olefins in the presence of various catalysts 

by many investigators, and much work has been

reported. It is well known that aluminum chlo-

ride, aluminum bromide, and boron fluoride, as 

Friedel-Crafts-type catalyst, and sulfuric acid,
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phosphoric acid and fluoric acid, as protonic-acid 
catalysts, are often used industrially for the alkyla-

tion of benzene with olefin in the liquid phase re-

action. These catalysts are considered to be 

proton donors which form carbonium ions. For 
the vapor-phase alkylation, solid phosphoric acid 

and silica-alumina catalyst have been used. Re-

cently, alkar process has been developed by the 

Universal Oil Products Company for the econom-

ical manufacture of a wide variety of alkylated 

aromatics. This process is operated in the vapor 

phase with the boron fluoride -alumina catalyst. 
We have found that silica-alumina catalysts 

supported with various metal sulfates showed high-

er activities than the SA in the ethylation of ben-

zene at a relatively low temperature. Among 

various metal sulfates, manganous sulfate, zinc 

sulfate, chromic sulfate and cupric sulfate gave 

considerably good selectivities and ethylene con-

versions. 

Experimental 

Materials. Ethylene was obtained from a cylinder 

supplied by the Takachiho Chemical Industrial Cor-

poration. Its purity was above 99.9%. Benzene was 
purified by distillation in the presence of sodium 
metal after treatment with concentrated sulfuric acid 
and a sodium hydroxide aqueous solution. A series 
composed of silica-alumina, alumina-boria and silica-
magnesia, which were used as carriers, was obtained 

TABLE 1. PHYSICAL PROPERTIES OF VARIOUS 

CARRIERS

from the Japan Gasoline Co., Ltd. The physical pro-
perties of these carriers are shown in Table 1. All the 
catalysts were prepared by the impregnation method, in 
which these carriers were dipped into a metal sulfate 
solution for 24 hr, after which water was vaporized on
awater bath. The catalysts were calcined at 270℃ for

4hr after they had been dried at 120℃ for 2 hr. The

catalysts were used in experiments without any treat-
ment. 

Apparatus and Procedure. The apparatus is 
shown in Fig. 1. Fifty cc of a catalyst were packed in 
the stainless steel tube 20 mm in inside diameter and 
700 mm long. The reactant ethylene was admitted 
into the reactor from the gas reservoir through the flow-
controlling needle valve at the flow rate of 100 ml/

Fig. 1. Reaction apparatus. 
(1) Charge cylinder (6) Reactor 
(2) Charge pump (7) Cooler 
(3) Ethylene reservoir (8) Condenser 
(4) Automatic pressure (9) Exhaust gas holder 

controlling valve (10) Temperature re-
(5) Flow controlling corder controller 

valve (TRC)

min NTP. The pressure in the reactor was always 
kept constant at 30 kg/cm2 by an automatic pressure 
controlling valve. Then, benzene was introduced at a 
determined feed rate with the Bosch-type high-pressure 
pump. The molar ratio of benzene to ethylene was 
2.5. The temperature was measured by a chromel-
alumel thermocouple which was immersed into the 
catalyst bed. The exhausted gas was rapidly cooled 
with running water at the exit of the tube, and then 
passed through the flask, which was immersed in ice-
water to condence all the liquid products. The outlet 
gas was caught in the gas holder. The product was 
analyzed at 30 min intervals after an induction period 
of 30 min. As no fouling of the catalyst was observed 
during 180 min of reaction, the conversion of ethylene 
was calculated by means of the average value of all the 
samples. All liquid and gaseous products were analyzed 
by the gas chromatographic method. A PEG-6000
column,3mlong, was used at 120℃ for the analysis

of C6-Cl2 hydrocarbons. An acetonylacetone column,

10mlong, was used for C2-C5 hydrocarbon analysis

at 0℃. Methane was analyzed by a molecular sieve

column,3mlong, at 0℃. Hydrogen was used as

the carrier gas for the analysis of all the products de-
scribed above. An active charcoal column, 2 m long, 
was used for the analysis of hydrogen in the gaseous 
products, using nitrogen as the carrier gas. The acid-
ities and acid strengths of all the catalysts were de-
termined by Benesi's method1) in a benzene solution, 
using n-butylamine as the base and a set of Hammett in-
dicators. The total acidity was measured using p-
dimethylaminoazobenzene, (pKa+ 3.3) as an indicator. 

Results and Discussion 

Material Balance. An example of the ma-
terial balance of both ethylene and benzene is

1) H. A. Benesi, J. Phys. Chem., 61, 970 (1957) ; 
J. Am. Chem. Soc., 78, 5490 (1956).
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TABLE 2. AN EXAMPLE OF MATERIAL BALANCE

Temperature:300℃  Catalyst:50 ml

Pressure:30 kg/cm2  LHSV:1.2

shown in Table 2. More than 90% of the reacted 
ethylene was present in the form of ethylbenzene 
homologues. The side reactions, such as the 
polymerization and cracking of ethylene, were 
found to involve under 2% based on the reacted 
ethylene. More than 98% of the benzene was 
recovered in the liquid product. The carbon 
deposit on the surface of the catalyst was calculated 
to be 2-3%. 

Catalytic Activity of Metal Sulfate. The 
catalytic activities of various metal sulfates sup-
ported on the silica-alumina were examined. 
SA-3 was used as the silica-alumina carrier. The 
weight ratio of the metal in the sulfate to SA-3 
was 1/10. The catalytic activities were measured 
by the conversion of ethylene under a constant 
temperature, a constant pressure, and a constant 
feed rate. The conversion of ethylene and the 
selectivity to ethylbenzene homologues were cal-
culated by the following formula: 

Ethylene Conversion = 

(fed ethylene - unreacted ethylene) (mol)

Manganous sulfate, zinc sulfate, chromic sulfate, 

and cupric sulfate increased the activity of the 

SA-3 catalyst, while cobalt sulfate, nickel sulfate, 

aluminum sulfate, and cadmium sulfate decreased

it. The acidities of these catalysts were then 

measured, and it was found that the metal sulfate 

supported on the SA-3 catalysts always showed 

a lower acidity than SA-3. At the same time, the 

acidities and activities of several silica-alumina 

catalysts which were different in composition were 

measured. The results are shown in Table 3 and 

in Fig. 2. No direct correlation was observed 

between the acidities and the activities of the 

catalysts, but a rough correlation was found in a 

TABLE 3. ACIDITIES AND ACTIVITIES OF THE VARIOUS 

ACID CATALYSTS

* Reaction condition:Temperature 300℃

Pressure 30 kg/cm2, LHSV(benzene)1.2 hr-1

Benzene ethylene 2.5(mol/mol)

Fig.2. Relation between the acidity and the

conversion of ethylene by various catalysts.

Temperature:300℃

Benzene/ethylene:2.5(mol/mol)

Pressure: 30(kg/cm2)

LHSV(benzene): 1.2(hr-1)

* All of the metal sulfates were supported

on SA-3 carrier.
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series of metal sulfates supported on the SA-3 

catalysts, and also within a series of various SA-

catalysts of different compositions. 

The acidities of these catalysts were measured 

at different acid strengths with Hammett indicators 

for both SA and manganous sulfate supported on 

the SA catalyst. The results are shown in Fig. 

3. Some metal sulfate-supported catalysts showed

Fig. 3. Distribution of acid strength. 
I: SA-3 catalyst 

II: MnSO4-SA-3 catalyst 

higher conversions than SA in spite of their lower 

acidities. This may be supposed to illustrate 

how the surface of SA has been modified by metal 

sulfates and how the modified acid sites thus 

produced are responsible for the higher activities. 
The Effect of the Calcination Tempera-

ture on the Catalysts. The metal sulfate-

supported catalysts, at various degrees of hydra-

tion, exhibited different activities. When the 

manganous sulfate-supported catalyst was treated

before reaction at temperatures of 220-400℃,

it was found that the conversion of ethylene 

increased as the calcination temperature was

Taised to at least 280℃, but that thereafter it

gradually decreased with the increase in the 
temperature. The effect of the calcination tem-

perature on the activity of the catalyst is shown 
iin Fig. 4.

Fig.4. Effect of calcination temperature.
Temperature: 270℃
LHSV: 1.2(hr-1)
Pressure:30(kg/cm2)
Benzene/ethylene:2.5(mol/mol)

Fig. 5. Normal curves of differential thermal 

analysis and thermo balance of the hydrate of 

manganous sulfate. 

Sample: MnSO4.5H2O 

Sample weight: 500 mg

Referential material: α-Al2O3

Atmosphere: Nitrogen

Heating rate: 3.3℃/min

A differential thermal analysis and thermobalance 

examination of the hydrate of manganous sulfate 

were then made, as Fig. 5 shows. From the dif-

ferential thermal analysis the endothermic peaks

were found at temperatures of about 70℃,80℃,

110℃,260℃ and 285℃, These peaks were

due to the dehydration of manganous sulfate. 

From the result of the thermobalance examina-

tion, it was also shown that manganous sulfate 

was changed from monohydrate to nonhydrate

at 230-500℃ by releasing water.

Tarama et al.2) reported that the acidity of the 

solid metal sulfate was of the Bronsted type, and 

that it was due to the residual water of the hydrate. 

Tanabe et al.3) also reported from an examina-

tion of the thermobalance, the X-ray diffrac-

tion, and ESR spectra, that the hydrate of nickel 

sulfate, which showed a maximum acidity, was 

in the intermediate state between monohydrate

and nonhydrate upon calcination at 350℃. In

our case of manganous sulfate, the same pheno-

menon was observed, and the relation between 

the calcination temperature and the catalytic 

activity corresponded with the degree of hydra-

tion of the catalyst. 

Activity Change by Different Carriers. 

The activities of manganous sulfate-supported 

catalysts were examined with various carriers,

2) K. Tarama, S. Teranishi, K. Hattori, T. 
Ishibashi, Shokubai, 4, No. 1, 69 (1962). 

3) T. Takeshita, R. Ohnishi, T. Matsui and K. 
Tanabe, ibid, 6, No. 4, 270 (1964).
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TABLE 4. ACTIVITIES OF THE MANGANOUS SULFATE 

SUPPORTED CATALYSTS WITH VARIOUS KIND OF 

CARRIERS

* Reaction condition:Temperature 300℃;

Pressure 30 kg/cm2;LHSV(benzene)1.2,

Benzene/ethylene 2.5(mol/mol)

Fig. 6. Comparison of the activities of both 

catalysts, SA and MnSO4-SA.
-○- MnSO4-SA catalyst

-□- SA catalyst

Temperature: 300℃

Benzene/ethylene: 2.5 (mol/mol) 
Pressure: 30 (kg/cmz) 
W/F: 53 (cc-cat/g-mol.hr-t) 

such as silica-gel, alumina, silica-alumina, silica-
magnesia, and alumina-boria, as is shown in 
Table 4. 

Only small increases in activity were found 
for silica-gel, alumina, alumina-boria, and silica-
magnesia carriers. The silica-magnesia carrier 
did not show any higher activity in spite of its 
high acidity. This indicates that the catalytic 
activities were due to their intrinsic properties 
and not to the number of acid sites. The effect 
of manganous sulfate addition to silica-alumina 
on the catalytic activity was also examined, as is 
shown in Fig. 6. A series of manganous sulfates 
supported on the SA-3 catalysts always showed 
higher activities than SA-3 carrier, and the 
activities varied with the alumina contents in 
SA. The catalytic activity showed a maximum 
at 13 wt% of alumina.

As has been mentioned above, it can be said 
that the increase in activity upon the addition of 
metal sulfate depends largely upon the activity 
of the carrier, although it could not be completely 
explained why some metal sulfates supported on 
the silica-alumina catalysts showed higher activities 
than silica-alumina carriers in spite of their lower 
acidities. 

A Comparison of the Reactivity between 
the Manganous Sulfates Supported on the 
Silica-alumina Catalyst and the Silica-
alumina Catalyst. The effect of the contact 
time and temperature on the activities of the 
manganous sulfates supported on the SA-3 and 
SA-3 catalyst were examined. The relation be-
tween the conversion of ethylene and W/F is 
shown in Fig. 7, while the effect of the tempera-
ture on the activity of the catalysts is shown in 
Fig. 8. Calculating the initial rate of reaction

Fig.7. W/F vs. Conversion of ethylene.

Temperature:300℃ LHSV:1.2(hr-1)

Pressure:30(kg/cm2)

Benzene/ethylene:2.5(mol/mol)

Fig.8 Effect of reaction temperaturePressure:30(kg/cm2)Benzene/etylene:2.5(mol/mol)
LHSV:1.2 (hr-1)
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from the conversion vs. W/F curves in Fig. 7, 
the initial rate for the manganous sulfate supported 
on the SA-3 catalyst was twice as fast as the one 
for the SA-3 catalyst. As Fig. 8 shows, the 
manganous sulfate-supported catalyst showed a 
higher conversion of ethylene than the SA-3
catalyst in the temperature range of 250-400℃,

but the results were reversed above 400℃. The

decrease in the conversion of ethylene was due 

to the fouling of the catalyst. Selectivity was 

higher at a low temperature, and the side reac-

tion was negligible for both catalysts. At tem-

peratures above 400℃, the selectivity for the SA-3

catalyst was remarkably reduced. 

Summary 

The vapor-phase alkylation of benzene with 

ethylene was carried out over a metal sulfate 

supported on the SA-catalyst. It was found that 

some metal sulfates, such as manganous sulfate, 

zinc sulfate, chromic sulfate, and cupric sulfate, 

increased the activity of the silica-alumina catalyst,

and that these metal sulfates supported on the SA 
catalysts always showed higher activities than the 
SA used as a carrier, although the acidities of 
these catalysts were lower than that of the SA-
carrier. Therefore, a direct correlation between 
the acidity and the activity of the catalyst was 
not always observed, though one was found within 
the series of metal sulfates supported on the SA-3 
catalyst, and also within the series of various 
compositions of SA catalysts. It has been suggested 
that the sites of the metal sulfate-supported catalyst 
are characteristic and are active in the ethylation 
of benzene, but the characteristic properties of 
these catalysts have not been explained. 
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