
PPOR, Vol. 20, No. 4, 2019, pp.347-355 

ISSN: print - 1726-4685; online - 2519-2876 347 

OXIDATIVE DEHYDROGENATION OF ETHYLBENZENE  

IN STYRENE ON MgO,ZrO2/Al2O3 CATALYST 

Malahat T. Mammadova 

Y.H.Mammadaliyev Institute of Petrochemical Processes of Azerbaijan National Academy of 
Sciences, Az 1025, Baku, 30 Khojaly ave. 
e-mail:  memmedova-melahet@mail.ru 

Abstract  
For the oxidative dehydrogenation of ethylbenzene to styrene based on γ-
Al2O3, catalysts containing oxides of Ca, Mg, Zr and phosphorus, as well 
as mixtures of these modifiers, were prepared. The introduction of 
orthophosphoric acid into the initial γ-Al2O3 leads to an increase in activity 
in the oxidative dehydrogenation of ethylbenzene in styrene - the yield of 
styrene at 500°C by the end of the first hour reaches 43.0% with a 
selectivity of 85%. It was established that, the impregnation of CaO on γ-
Al2O3 leads to an increase in the activity of approximately 18.6% at an 
oxide concentration of 1%. However, with an increase in the CaO 
concentration, the CaO/ Al2O3 activity decreases even below the activity 
of the original γ-Al2O3. The activities of the samples MgO/Al2O3, 
ZrO2/Al2O3 and MgO-ZrO2/ Al2O3 depend on the amount and ratio of the 
components deposited, and the optimal values are 1.0% by mass of ZrO2 
and 2.0-4.0% by mass of MgO. The synthesized MgO-ZrO2/Al2O3 samples 
have a high activity in the oxidative dehydrogenation of ethylbenzene to 
styrene (EB conversion reaches 60% with a selectivity of 90%). The 
application of MgO and ZrO2 on γ-Al2O3 separately and together 
contribute to a decrease in the process temperature by 20 and 50°С, 
respectively. The introduction of phosphorus  into MgO-ZrO2/Al2O3 
catalysts helps to reduce the catalyst activation time and increases the 
stability of its operation. The development of the catalyst is accompanied 
by the accumulation of carbon deposits, leading to an increase in the yield 
of styrene, and further to a decrease in its activity. Offered the mechanism 
of the process 

Keywords: ethylbenzene, styrene, oxidation, alumina, oxidative dehydrogenation, 
modification, zirconium oxide 

Introduction 
Styrene (St.) is one of the most important monomers in the petrochemical industry. Styrene 

production is based on the dehydrogenation of ethylbenzene (EB) on iron-containing catalysts in 
the presence of a large excess of superheated water vapor at temperatures of 600-620°C [1]. 
Thermodynamic limitations, high endothermicity of the process, low conversion rate of 
ethylbenzene and deactivation of the catalyst as a result of coke deposition on its surface makes 
the development of alternative processes for the production of styrene from ethylbenzene urgent. 
One of the promising processes for the production of styrene is the oxidative dehydrogenation of 
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ethylbenzene [2, 8]. Therefore, the search for active and selective catalysts for this reaction 
attracts the attention of many researchers. The search for new catalysts was carried out in three 
directions: catalysts containing transition metal compounds (having oxidation and reduction 
properties - redox catalysts), acid-base catalysts and complex catalysts with both (redox and 
acid-base properties) properties. 

For the synthesis of acid-base catalysts, alumina, SiO2, ZrO2, etc. are mainly used. 

This paper presents the results of a study of the activity of MeO/Al2O3 (MeO - MgO, CaO, 

ZrO2) acid-base catalysts and their forms promoted with phosphoric acid in the oxidative 

dehydrogenation of EB in St in the presence of O2. 

Experimental Part 

To carry out the oxidation of ethylbenzene to styrene, three series of catalysts were 

prepared. 

The first series of catalysts in which the amount of MgO was varied from 2 to 10% was 

prepared by mixing γ-Al2O3 (Sasol) with calculated amounts of magnesium nitrate. To this end, 

the calculated required quantities of Al2O3 were placed in separate porcelain cups and filled with 

a given solution of magnesium nitrate. After 48 h Al2O3 exposure in these solutions, the aqueous 

part was evaporated, with stirring, until a homogeneous gel-like mass was obtained. The 

resulting mass was formed and dried in air, and then the granulated samples were again placed in 

porcelain cups and continued drying at 80-120°C (5 h) and gradually increasing the temperature 

to 550-570°C, calcined (3 h). A certain part of the MgO/Al2O3 sample prepared in this way was 

again placed in porcelain cups and filled with a solution of zirconyl chloride, taken in an amount 

of 0.4% ZrO2, based on the weight of the finished catalyst. After 24 h of holding the samples in 

these solutions, the aqueous portion was evaporated to a visually dry state and placed in an oven 

where drying of these samples was continued at 80 and 120°С (3 h) and pierced at 550-570°С 

(5 h). 

The second series of catalysts was prepared by preliminary impregnation of varying 

amounts of ZrO2 on A12O3 (Sasol), the content of  ZrO2 in the finished catalysts was varied from 

0.4 to 2.0 wt. % The method of preparation of ZrO2/Al2O3 catalysts is similar to the method of 

preparation of  MgO/Al2O3 contacts. Part of the prepared ZrO2/Al2O3 samples was further 

treated with a solution of magnesium nitrate, taken as calculated for the content in the finished 

catalysts of 2.0 wt. % MgO. The stages of MgO deposition on ZrO2/Al2O3 samples were 

identical to the above described stages of deposition of ZrO2 on MgO/Al2O3 samples. 

The third series of catalysts prepared by joint impregnation of the active components on 

the carrier. To this end, Al2O3 placed a porcelain cup, was poured with a solution containing a 

mixture of magnesium nitrates and zirconyl chloride in amounts corresponding to 1.0 wt.% ZrО2 

and 4.0 wt% MgO in the finished catalyst. 

The method of synthesis of ZrO2, MgO/Al2O3 sample is similar to the methods of synthesis 

of catalysts containing these components separately. 

A part of the samples synthesized by the method described above was treated with H3PO4 

solution (24 hours) and then the aqueous phase was evaporated, and the resulting extrudates were 

dried at 80-120 and 300°C for 3 hours and calcined at 500-600°C. The amount of phosphorus 
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was 5% (in terms of P2O5). 

The experiments were carried out in a flow through catalytic installation equipped with a 

quartz reactor at atmospheric pressure, and the products were analyzed by the chromatographic 

method. 

Results and Discussions 

The aluminum oxide used for the preparation of catalysts is γ-Al2O3 with a specific surface 

area of 200 m
2
/g. Experiments have shown that this oxide exhibits low activity in the oxidative 

dehydrogenation of EB in St (Tab. 1). The introduction of orthophosphoric acid into the initial 

sample leads to an increase in activity in the oxidative dehydrogenation of EB in St. The yield of 

styrene at 500°C by the end of the first hour reaches 43.0% with a selectivity of 85%. 

Table 1. Effect of H3PO4 on the catalytic activity of γ-Al2O3 in the oxidative dehydrogenation of 

EB. Volumetric rate = 0.5h
-1

, EB: air = 1: 6 (mol/mol), T = 500
0
С, τ = 1 h 

Catalyst Conversion of  

EB, % 

Yield of  St, %  Selectivity for St,% 

Al2O3 33.8 26.7 79 

Al2O3 (processed with 5% H3PO4) 50.5 43.0 85.2 

The effect of H3PO4 on the activity of alumina appears to be related to the increased 

electronegativity of the acid-forming element in comparison with aluminum. On the other hand, 

it can be assumed that H3PO4, by neutralizing a certain part of the strong basic centers, decreases 

the yield of CO2 and thus increases the selectivity for styrene [9]. 

It is known that exposure of oxides Ca, Mg, Zr (basic) has a positive effect on the catalytic 

properties of samples that activate the reaction of oxidative dehydrogenation of ethylbenzene to 

styrene [10-12]. The results of the study of the influence of these oxides on the catalytic 

properties of γ-Al2O3 are given in Tab. 2. As can be seen from these data, the impregnation of 

CaO on γ-Al2O3 leads to an increase in the activity of approximately 18.6% at an oxide 

concentration of 1%. However, with an increase in the CaO concentration, the CaO/γ-Al2O3 

activity decreases even below the activity of the original γ-Al2O3. 

Table 2. Conversion of ethylbenzene to styrene on MeO/γ-Al2O3 catalysts.                               

Volumetric rate = 0.5 h
-1

; EB : O2 - 1: 6 (mol/mol); τ = 1 h 

Catalyst Content of oxides, % Conversion of EB, % Selectivity for  St, % 

СаО/Al2O3 1.0 

2.0 

5.0 

8.0 

52.4 

51.4 

29.8 

15.4 

85 

84 

71 

44 

MgО/Al2O3 2.0 

4.0 

6.0 

8.0 

10.0 

57.5 

61.2 

57.8 

53.8 

36.1 

88.5 

89.7 

88.4 

81.5 

81.4 
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Cont. of Tab. 2 
ZrO2/Al2O3 0.4 

0.7 
1.0 
1.3 
2.0 

51.7 
57.2 
61.7 
63.5 
53.5 

86.3 
88.7 
89.1 
91.5 
88.7 

Mg О/Al2O3
* 

2.0  
4.0 
6.0 

55.7 
57.6 
57.5 

89.8 
89.8 
90.1 

ZrO2/Al2O3
* 

0.4 
0.7 
1.3 

54.2 
57.9 
58.1 

88.5 
85.4 
89.3 

* Promotion with H3PO4; P2O5  = 5%; T = 480ºС 

The impregnation of MgO up to 2% has practically no effect on the activity of alumina. 

Increasing the concentration of supported magnesium oxide from 2 to 4.0% leads to an increase 

in activity up to 61.2% and the achievement of almost 90% selectivity for styrene. A further 

increase in the MgO concentration leads to a decrease in both the activity and selectivity of the 

catalyst as in the case of CaO. 

In the case of impregnation of  ZrO2, with an increase in ZrO2 concentration from 0.4 to 

1.3%, the activity of the samples increases to 63.5 (the content of ZrO2 is 1.3%), and then 

decreases. The selectivity of the oxidative dehydrogenation of ethylbenzene to styrene with an 

increase in the concentration of ZrO2 from 0.4 to 1.3% also monotonously increases from 86 to 

91.5%, and then decreases. 

The simultaneous decrease in the activity of catalysts and their selectivity indicates that the 

concentration of CaO, MgO and ZrO2 exceeds 1.0, 4.0 and 1.3%, respectively, contribute to the 

activation of undesirable reactions (deep oxidation, hydrogenolysis) and slow the target reaction. 

Tab. 2 also presents the catalytic characteristics of catalysts promoted with H3PO4 and 

containing the same amounts of ZrO2 and MgO supported on γ-Al2O3, but unlike the non-

promoted samples, these samples additionally contain phosphoric acid 5% (calculated on P2O5). 

From a comparison of data promoted and non-promoted samples can be seen that their catalytic 

characteristics are somewhat unified. It is noteworthy that in this case the reaction temperature 

decreases from 500°С to 480°С. Such a decrease in temperature is apparently not accidental, 

since co-impregnation of MgO and ZrO2 also leads to a decrease in the temperature of the 

oxidative dehydrogenation of ethylbenzene, but the decrease in temperature is more significant - 

50°C. 

Therefore, of interest is the results of studying the activity of catalysts in the oxidative 

dehydrogenation of EB in St, synthesized by joint impregnation of MgO and ZrO2 on γ-Al2O3. 

As can be seen from Tab. 3, under the conditions of standard for aluminum-magnesium catalysts 

(500°C), the subsequent introduction of ZrO2 contributes to a change in the properties of 

aluminum-magnesium catalysts for the oxidation of EB in St. These changes are ambiguous. 

From a comparison of the catalytic properties of samples containing only magnesium (Tab. 2.), it 

can be noted that the change in the activity of zirconium and magnesium containing samples 
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depends on the amounts of supported magnesium. With an increase in the concentration of MgO 

on Al2O3 to 4.0%, the introduction of ZrO2 contributes both to an increase in the activity of the 

sample and to an increase in the yield of the target product — St. A further increase in the 

amount of MgO leads to a decrease in the activity of the catalyst. From a comparison of the 

values corresponding to the conversion of EB and the yield of St, it can be seen that a small 

change in the sample activity (63.0% instead of 61.2%) also affects the selectivity of formation 

of St (83% and 89.7%). 

The introduction of 0.4% ZrO2 in MgO/Al2O3 samples with a high MgO content leads to a 

decrease in their catalytic activity. To clarify this fact, it is necessary to consider the effect of the 

introduction of magnesium oxide on the properties of ZrO2/Al2O3 contacts of EB transformation 

into St. 

Table 3. Conversion of ethylbenzene to styrene on MgO,ZrO2/γ-Al2O3 catalysts.                              

Volumetric rate = 0.5 h
-1

; EB : O2 - 1: 6 (mol/mol); τ = 1 h 

MgO, 

% 

ZrO2, 

% 

Conversion 

of EB, % 

Yield of  St, 

mol % 

ZrO2,

% 

MgO, 

% 

Conversion 

of EB, % 

Yield of  

St, mol % 

4.0 0.0 61.2 50.4 1.3 0.0 63.5 58.1 

2.0 0.4 59.5 48.5 0.4 0.2 55.7 50.1 

4.0 0.4 63.0 52.1 0.7 0.2 60.2 54.8 

6.0 0.4 60.5 49.3 1.0 0.2 63.5 58.4 

8.0 0.4 57.4 42.3 1.3 0.2 60.2 51.2 

10.0 0.4 40.4 32.9 2.0 0.2 53.6 44.5 

In Tab. 3 also summarized the results of the study of the conversion of EB to St on various 

zirconium-alumina catalysts modified with 2.0% magnesium oxide. Presented in Tab. 3 data 

shows that the introduction of MgO into the composition of ZrO2/Al2O3 samples also has a 

complex effect on the oxidation of EB in St. Unlike monocomponent samples, whose activity 

increases up to the content of 1.3% impregnated ZrO2, the introduction of 2.0% MgO leads to an 

increase in the activity of samples containing ZrO2 not higher than 1.0%. For example, the 

activity of the most active 1.3% ZrO2/Al2O3 at 500°С decreases with the introduction of 2.0% 

MgO from 63.5 to 60.2%, while the activity containing 1% ZrO2 increases to 63.5%, and the 

yield of St on the latter corresponds to 58.4%. Thus, based on this particular example, it can be 

assumed that the introduction of 2.0 MgO in 1.0% ZrO2/Al2O3 plays the same role in the 

catalyst, as is 0.3% ZrO2 in the 1.3% ZrO2/Al2O3 sample. It follows that excess of  ZrO2 (more 

than 0.3% compared to 1.0% ZrO2/Al2O3) on the catalyst occupies the same places where 2.0% 

MgO is able to localize. A further increase in the content of ZrO2 (up to 2.0%) leads to a 

decrease in the activity of the catalyst. 

It is known that the monoclinic modification of ZrO2, which is fairly stable at ordinary 

temperatures, at a temperature of ~ 600°C, goes into the metastable tetragonal oxide ZrO2       

[13, 14]. When samples are calcined, the presence of MgO can lead to the formation of solid 

solutions (a crystallographic analogue of feldspar). Apparently, the presence of an excessive 

amount of MgO or ZrO2 (Tab. 3)  in the composition of ZrO2,MgO/Al2O3 leads to the formation 
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of such surface structures that are not active in the oxidation of EB in St. This may explain the 

decrease in the activity of ZrO2,MgO/Al2O3 contacts with the total growth of impregnated 

activating components. 

It should also be noted that the treatment of ZrO2,MgO/Al2O3 catalyst with H3PO4 in 

contrast to MgO/Al2O3 and ZrO2/Al2O3 catalysts does not have a noticeable effect on its activity. 

The maximum activity of 1.0% ZrO2, 2.0% MgO/Al2O3 sample and its promoted with H3PO4 

form  are same in the conversion of ethylbenzene  (conversion of EB is 63% and yield of St is 

59%). 

 

 
 

 

 

Fig. 1. The effect of the duration of the experiment on the oxidation of ethylbenzene to styrene 

on the catalyst 1.0 % ZrO2, 2.0%MgO/Al2O3. T = 480°C, Volumetric rate = 0.5 h
-1

; EB : 

O2 = 1: 6 (mol/mol).   1- conversion of EB; 2 - yield of St. 

One of the most important properties of catalysts is the stability of their functioning. In 

Fig. 1 is showen the dependence of the conversion of EB in St from the reaction time on the 

1.0% ZrO2, 2.0% MgO/Al2O3 sample. A characteristic feature of the formation of St is the 

development of a catalyst in the course of the reaction, which is completed, for example, within 

1 h. Another feature of the catalyst is the nonstability in the studied reaction. 

As can be seen from Fig. 1 after the catalyst reaches its maximum yield of St and a short 

time of functioning with this activity (~ 1 h), the catalyst is deactivated. Treatment of the catalyst 

with phosphoric acid increases the stability of its functioning (Fig. 2). From Fig. 2, it follows that 

modification of  sample with the H3PO4  does not eliminate the effect of catalyst development, 

but it is possible that this process somewhat speeds up (the initial yield  of St at 15 minutes is 

52% against 44%). Fig. 2 shows that the activity of the catalyst after the completion of its 

development remains stable for at least five hours of work, and the yield of St is characterized by 
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high selectivity (Fig. 2., curve 3), which is achieved after the visible development of the catalyst 

(2 h). 

As for the development of catalysts observed at the beginning of the reaction and the 

influence on the stability of the catalyst of phosphoric acid, this may be due to the accumulation 

of compaction products (CP) as a result of the interaction of the reactant - catalyst. Indeed, the 

regeneration treatment of the catalyst with air at elevated temperatures contributes to the burning 

of these surface sediments and leads to the reproduction of the activation period. The increase in 

the stability of the catalyst under the influence of H3PO4 can be associated with the formation on 

the surface of high concentrations of carbon-oxygen centers responsible for the formation of 

styrene [15]. This is confirmed by the fact that the aforementioned catalysts, active in the 

oxidative dehydrogenation of EB with oxygen, are capable of carrying out a similar process 

using carbon dioxide [16-20]. The results of these studies are the subject of a separate report. 

However, it should be noted here that this process is also characterized by effects associated with 

the activation of samples and the effect of phosphate modification on its course. 

 

 
 

 

 

Fig.2. Oxidation of EB in St on the catalyst 1.0% ZrO2,2.0%MgO/Al2O3, modified with H3PO4. 

T = 480°C, Volumetric rate = 0.5 h
-1

, EB : O2 = 1: 6 (mol/mol). 1-  conversion of EB;             

2- yield of St; 3 - selectivity for St. 

Based on these facts, it can be assumed that the accumulation of CP contributes to an 

increase in the active centers on the catalyst surface, which are carbonate-formiate formations 

[21]. Carbonate is reduced to formiate, and EB is oxidized to alcohol: 

 

[СО3]
2-

 +EB    [СО2]
-
 + С6Н5С2Н4ОН              (1) 

Formed formiat in the subsequent stage is oxidized by oxygen: 
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As for phenylethanol, it is dehydrated at the corresponding acid sites in St: 

 

С6Н5С2Н4ОН 
  
    Ст + Н2О              (3) 

So, the modification of samples by phosphating enhances the dehydrating function of the 

sample and thereby its catalytic properties. 

Conclusions 

Thus, based on the joint impregnation of MgO and ZrO2 on Al2O3 and promotion with 

H3PO4, highly active and selective  catalysts of oxidation of  EB   in St in the presence of O2 can 

be created (ethylbenzene conversion not lower than 60% with selectivity for St 92-93% ). 

The activities of these samples depend on the amount and ratio of the components 

impregnated and the optimal values are 1.0% by mass of ZrO2 and 2.0-4.0% mas. of MgO. 

The introduction of phosphorus into MgO, ZrO2/Al2O3 catalysts helps to reduce the 

catalyst activation time and increases the stability of its operation. 
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