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Abstract 

The possibility of environmentally friendly and energy-saving deactivation 

of a catalyst complex based on aluminum chloride used in the processes of 

producing alkyl aromatic hydrocarbons, propylene oxide and epoxidized 

soybean oil in an ultrasonic field is shown. The studies were carried out on a 

model reaction of benzene alkylation with hexene-1. The action of 

temperature, molar ratio of epoxy groups to aluminum chloride on the degree 

and rate of deactivation of the catalyst complex using ultrasonic exposure  

was studied. It was found that with an increase in the molar excess of epoxy 

groups to aluminum chloride and temperature, the degree of deactivation 

increases. The maximum degree of deactivation of the aluminum chloride-

based  catalyst complex equal to 99.6% is observed when propylene oxide is 

used as a deactivating agent in an ultrasonic field at a molar ratio of [AlCl3]: 

[EG] = 1:6 and a temperature of 70 °C. Thus, not only ultrasonic exposure  

provides an increase in the degree of the aluminum chloride-based catalyst 

complex deactivation, but also in the initial speed of the process. The initial 

rate of deactivation of the AlCl3-based catalyst complex during the benzene 

alkylation with hexene-1 using an ultrasonic field with a frequency of 35 

kHz under selected optimal conditions with propylene oxide is 3 times 

higher than with epoxidized soybean oil. For the first time, the regularity of 

deactivation of a catalyst system for the benzene alkylation with olefins 

using epoxy compounds (propylene oxide and epoxidized soybean oil) in an 

ultrasonic field was established 

Keywords: deactivation, aluminum chloride, alkylation, propylene oxide, epoxidized soybean 
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Introduction 

Ultrasonic exposure is widely used in various fields, such as metallurgy, mechanical 

engineering, biochemistry, environmental protection, food industry, agriculture, woodworking 

and paper industry, leather industry, utilities, as well as chemical industry. A new direction of 

chemistry arises - sound chemistry, which makes it possible to accelerate many chemical 

technological processes and to obtain new compounds. Many theoretical and experimental 

studies have been carried out in the field of sound chemical reactions; sound technologies make 

it possible to create new substances and materials and intensify chemical reactions and 

technologies [1-3]. 
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Our work on improving the stage of AlCl3-based catalyst complex deactivation in the 
process of benzene alkylation with hexene-1 by using ESBO showed the promising outlook of 
this approach [4]. In the deactivation process, free aluminum chloride is bound to form a stable 
organic compound and, as a result, the release of free hydrogen chloride is prevented. 

The general scheme for the AlCl3-based catalyst complex deactivation with an epoxy 
compound can be represented as follows [5]: 

3 R CH CH2

O
+ AlCl3

Al O СН2 СНСl R
3

Al O СН СНСl CH3

R

3  
This eliminates the disadvantages of existing industrial technologies for the production of 

ethyl and isopropyl benzene by benzene alkylation with ethylene and propylene, respectively: the 
formation of a large amount of wastewater as a result of the deactivation of the catalyst complex 
with aqueous solutions of alkalis, corrosion of equipment with hydrogen chloride released in the 
process etc. [6-8]. 

Propylene oxide proved to be an effective deactivating agent, but its deficiency, as well as 
high volatility, fire and explosion hazard, led to the search for an alternative epoxy-containing 
compound, for which we used epoxidized soybean oil. Literature data describe the possibility of 
using epoxy-containing compounds to deactivate a catalyst system based on aluminum chloride, 
but the laws of this process have not been studied enough so far [9,10]. 

The reaction of alkylation of benzene with hexene-1 was chosen as a model reaction. The 
catalyst used was a Gustavson liquid complex based on aluminum chloride, propyl chloride and 
benzene (AlCl3 : C3H7Cl : C6H6= 1 : 1 : 2.5, mol). 

Experimental Part 
The following substances were used in the work: benzene (99.7 %); hexene-1 (99.8%); 

anhydrous aluminum chloride (Acros Organics, 99%); propyl chloride; propylene oxide (PO) 
(Nizhnekamskneftehim, 99.9%); epoxidized soybean oil (ESBO), the characteristics of which are 
shown in Tab. 1.  
Table 1. Epoxidized soybean oil characteristics, Hairima, China     

No. Indicator Value 

1.  Color saturation (Pt-Co) 120 

2.  Density, g/cm
3 

0.993 

3.  Epoxy oxygen content, % mas. 6.2 

4.  Acid number, mgKOH/g 0.5 

5.  Iodine number, g I2/100 g 1.6 

6.  Ignition temperature, °С 300 

7.  Refraction index, 20 °С 1.47 
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The catalyst complex was prepared in a vessel with a hermetically sealed stopper to 

prevent moisture ingress, into which benzene and aluminum chloride were first placed, and then 

propyl chloride was added. The resulting mixture was kept for at least 6 hours with stirring at a 

temperature of 40 °C. 

Alkylation was carried in a three-neck glass flask equipped with a mixing device and a 

backflow condenser. The flask was loaded with feed materials – benzene and catalyst complex. 

Then, hexene-1 was added via the addition funnel while stirring intensively. Alkylation reaction 

was carried out at a temperature of 60°C for 3 h. The concentration of the aluminum chloride 

catalyst complex was 2% of the mas. 

The process of the catalyst complex deactivation was carried out by adding the calculated 

amount of the deactivating agent to the alkylation reaction mass.  

To carry out the process of deactivation of the AlCl3-based catalyst complex under the 

exposure of an ultrasonic field, the flask with the reaction mass was placed in a «Sapphir» 

ultrasonic bath (volume is 2.8 liters) with an operating frequency of 35 kHz. 

During the deactivation process, samples of reaction mass, in which the amount of free 

AlCl3 and the degree of the catalyst complex deactivation are determined, were taken according 

to the methodology given in the work [3]. 

Results and Discussions 
The most important parameter ensuring the effectiveness of deactivation is the molar ratio 

of the deactivating agent to AlCl3, which is part of the catalyst complex. 

Theoretically, for the complete binding (deactivation) of aluminum chloride, it is necessary 

to add three equivalents (mol) of epoxy groups per 1 mol of aluminum chloride (which 

corresponds to a molar ratio of epoxy groups: aluminum chloride = 3 : 1).  

A study of the effect of the molar ratio of propylene oxide to aluminum chloride during the 

benzene alkylation with hexene-1 (Fig. 1, curves 2,3,4) shows that with an increase in the molar 

excess of the deactivating agent from 3 to 6, the degree of AlCl3-based catalyst complex 

deactivation increases from 50.6% to 95%. A further increase in the molar ratio of deactivating 

agent was impractical because no significant increase in the degree of catalyst deactivation was 

observed (Fig. 1, curve 1). It can also be seen from the Fig. 1 that, when the catalyst system is 

deactivated with propylene oxide at all molar ratios studied, the main deactivation of the catalyst 

complex takes place in the first 15 minutes, i.e. first, the deactivation rate is high, and then it 

increases very slowly. 

Incomplete deactivation of the complex when using excess of propylene oxide can be 

associated with the occurrence of side reactions, in particular, the polymerization of a 

deactivating agent [4]: 
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Fig. 1.  Dependence of the degree of deactivation of the catalyst complex with propylene oxide 

(PO) on the time of deactivation during the benzene alkylation with hexene-1 in a molar 

ratio  AlCl3:PO = 1:7 (1), 1:6 (2), 1:4 (3), 1:3 (4). T = 70°С 

Thus, the molar ratio of PO:AlCl3 = 6:1 is the most optimal for the deactivation of the 

aluminum chloride-based catalyst complex. 

When studying the ESBO as a deactivating agent, a gradual increase in the degree of 

deactivation of the AlCl3-based catalyst complex is also observed. (Fig. 2).  

 
 

Fig. 2.  Dependence of the degree of deactivation of the catalyst complex with ESBO on the time 

of deactivation during the benzene alkylation with hexene-1 in a molar ratio AlCl3: EG = 

1:8 (1), 1:6 (2), 1:4 (3), 1:3 (4). T = 70°С 
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The introduction of a 3-4 fold molar excess of ESBO (according to the content of epoxy 

groups) (Fig. 2, curves 3 and 4) to aluminum chloride does not lead to complete binding of 

aluminum chloride. The concentration of unbound aluminum chloride decreases by about 40-

50% within 60 minutes and the formation of dark flakes is observed. The resulting dependencies 

are not smooth, because heterogeneity of the reaction mass makes it difficult to select the correct 

samples for titrimetric analysis.  

An increase in the molar excess of ESBO from 3 to 6 (Fig. 2, curves 4 and 2) leads to an 

increase in the rate of deactivation reaction and the degree of the catalyst complex deactivation, 

which is 94%. The amount of flocculent sediment decreases, but does not disappear completely. 

A further increase in the number of epoxy groups in the ESBO to 8 moles per 1 mole of 

aluminum chloride does not lead to an increase in both the rate and degree of catalyst complex 

deactivation (Fig. 2, curve 1). 

A known method of intensifying the mixing of viscous media and increasing their 

homogeneity is the use of an ultrasonic field. This technique was used in this work.  

 

 
Fig. 3.  Dependence of the degree of deactivation of the catalyst complex with ESBO during the 

benzene alkylation with hexene-1 on the time of deactivation in the US field (1-3) at 

various temperatures and without USE (2') 

[AlCl3] : [EG] = 1:6, mol. USE frequency = 35 kHz.  Т, ⁰С =70 (1); 60(2, 2'); 50(3) 

It is important to note that in the range of all the temperatures studied, the use of ultrasonic 

exposure leads to homogenization of the reaction mass during the deactivation of the catalyst 

system with epoxidized soybean oil.
 

This may be due to the fact that, when exposed to 

ultrasound, the viscosity of the reaction mass decreases and gelation disappears, which is 

observed without the use of ultrasound, i.e. it can be assumed that the diffusion and spatial 

restrictions are eliminated during the course of the reaction. 

The use of ultrasonic exposure (USE) leads to both an increase in the rate of deactivation 

of the catalyst complex and an increase in degree of deactivation.  
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When carrying out the process in an ultrasonic field at a temperature of 50 °C (Fig. 3, 
curve 1) during the first 5 minutes, the degree of aluminum chloride deactivation with ESBO is 
approximately 50%. Then there is an increase in the degree of deactivation and after 60 minutes 
it is 86%. A subsequent increase in time leads to almost no increase the degree of deactivation. 

At Т = 60 °С (Fig. 3, curve 2), the process is characterized by a higher initial reaction rate 
and degree of deactivation. In the first 5 minutes, the degree of deactivation is about 60%, and 
after 1 hour it reaches 91.5%. 

The highest degree of deactivation of the catalyst system with epoxidized soybean oil in an 
ultrasonic field is observed at a temperature of 70 ° C (Fig. 3, curve 3).  Degree of deactivation is 
97.1% after 60 minutes, which is 3.1% higher compared to the experiment without USE. A 
further increase in the reaction temperature did not lead to an increase in the degree of 
deactivation. 

Ultrasound exposure was also used in the deactivation of the catalyst complex for the 
benzene alkylation with hexene-1 using propylene oxide. In this case, there were no problems 
with the viscosity of the reaction mass, which remained homogeneous at all used molar ratios of 
PO:AlCl3. Nevertheless, ultrasound has a positive effect on the speed and degree of the catalyst 
complex deactivation (Tab. 2). In the range of studied temperatures from 20 °C to 70 °C, an 
increase in the degree of the catalyst complex deactivation is observed compared to the process 
without ultrasonic exposure.  

The temperature has a great influence on the deactivation rate of the AlCl3-based catalyst 
complex. It was found that with increasing temperature, the deactivation rate increases, both with 
the use of ultrasonic exposure and without it (Tab. 4).  

Table 2. The degree of deactivation of the catalyst complex for the alkylation of benzene with 
hexene-1 using propylene oxide at various temperatures. PO:AlCl3 = 6:1, mol., t = 60 
min.; USE frequency = 35 kHz 

Temperature, °С Degree of deactivation, % 

Without USE With USE Increase, % 

20 69.4 72.9 4.8 

40 73.8 81.6 9.6 

60 91.5 94.3 2.9 

70 95 99.6 4.6 

Ultrasound exposure leads to an increase in both the degree of deactivation and its initial 
rate for all studied molar ratios [AlCl3]: [PO] (Tab. 3). 

Table 3. The initial rate of deactivation of the AlCl3-based catalyst complex with propylene 
oxide during the benzene alkylation with hexene-1. T = 70°С, 60 min 

Molar ratio 
[AlCl3] : [EG] 

Initial rate v
0
*10

4
,mol/l*s 

With USE Without USE Increase, % 

1:1 2.30 2.14 6.95 

1:3 3.00 2.50 16.67 

1:6 4.28 3.74 12.61 
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At the same time, in the ultrasonic field, the initial rate of deactivation of the AlCl3-based 

complex when using propylene oxide as a deactivating agent increased by 12.6%, when using 

ESBO - by 14.2%. The table also shows that the rate of deactivation of the catalyst complex with 

propylene oxide is higher than with ESBO.  

Table 4. The initial rate of deactivation of the AlCl3-based catalyst complex during the benzene 

alkylation with hexene-1 at various temperatures. [AlCl3] : [EG] = 1:6, mol.,  USE 

frequency = 35 kHz 

T,°С Initial rate v
0
*10

4
, mol/l*s 

Propylene oxide ESBO 

USE No USE Increase, % USE No USE Increase, % 

50  3.34 2.56 23.3 1.15  1.12 2.6 

60  3.56 2.85 19.9 1.30 1.15 11.5 

70  4.28 3.74 12.6 1.40  1.20 14.2 

Thus, the maximum rate and degree of deactivation of the AlCl3-based catalyst complex 

during the benzene alkylation with hexene-1 was achieved using propylene oxide as a 

deactivating agent in an ultrasonic field at a molar ratio of PO:AlCl3 = 6:1; T = 70 °C for 60 

minutes.  

Conclusions 

1. The optimal conditions for the deactivation of an AlCl3-based catalyst complex for the 

alkylation of benzene with olefins using epoxidized soybean oil and propylene oxide 

were revealed – temperature of deactivation 70ºС, molar ratio AlCl3:EG = 1:6, period of 

deactivation 60 minutes. PO was shown to be a more effective deactivating agent. 

2. For the first time, the regularity of deactivation of a catalyst system for the benzene 

alkylation with olefins using epoxy compounds (propylene oxide and epoxidized soybean 

oil) in an ultrasonic field was established. It was found that the use of ultrasonic exposure 

with a frequency of 35 kHz leads to an increase in the rate and degree of deactivation of 

the AlCl3-containing catalyst complex with propylene oxide and epoxidized soybean oil.  
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