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Studied the conversion of ethylbenzene to styrene in the presence of CO2 in a model 

alumochrom catalyst catalyst modified with copper. Replacement of an inert diluent - 

nitrogen, to carbon dioxide, selectively oxidizing the released hydrogen, allows to inten-

sify the process of the production of styrene from ethylbenzene. The carbon monoxide, 

produced in the reaction, effectively utilized to the CO2 and hydrogen 
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Preparation of styrene (St), one of the most important monomers used by industry, is pro-

duced by direct dehydrogenation of ethylbenzene (EB). The process is energy-consuming due to 

thermodynamic limitations typical for dehydrogenation reactions. High demand for styrene re-

quires an intensification of its production technology and the most optimal solution of this prob-

lem is to replace the direct dehydrogenation of EB to St by oxidative dehydrogenation [1, 2]. 

However, for this purpose use a cheap air oxygen [3], has not found industrial implementation 

because of the high explosive. Search other oxidants showed the possibility of using carbon    

dioxide  for this purpose. Catalysts of dehydrogenation of EB to St in the presence of  CO2 are 

systems similar to those used for the direct and oxidative dehydrogenation of  this compound   

[4-7], and carbon monoxide is fixed in the reaction products. Thus, modern  successful industrial 

translation of  EB to St requires replacement of  nitrogen by CO2 and utilization of  formed car-

bon monoxide. Use for this purpose the steam conversion of carbon monoxide will create a pro-

cess with recycle of  CO2 and create an additional source of  hydrogen. 

Thus, the solution of the problem requires the combining of  EB dehydrogenation process 

with steam reforming of  CO. However, the role of the steam conversion of  CO in the  activation 

conversion of  EB to St in the presence of  CO2 was unclear [8, 9]. Therefore, the aim of this 

study is a comparative study of the effect of CO2 and CO on conversion of  EB to St on the mod-

el dehydrogenating alumohrom catalyst promoted with copper under conditions close to those of 

the industrial process. 
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EXPERIMENTAL  PART 

Studies of conversion of  EB to St and steam conversion of carbon monoxide (SCCM) was 

performed on alumochrom catalyst (ACH), promoted by potassium and copper. The catalyst 

used was prepared by precipitation of alyumochrom gel from a solution containing predeter-

mined amounts of aluminum and chromium nitrate with ammonia. Next, the gel was washed 

with distilled water, dried at 80 
0
C (3 h) formed in the cylinder, and then the sample was heat-

treated successively at 120, 200, 500 
0
C (6 h) and calcination at 700-720 

0
C (6 h). The resulting 

sample was impregnated with a specify copper nitrate solution, dried at 80-100 
0
C (6 h); further 

treated with an ammonium carbonate solution, rinsed with distilled water and a solution contain-

ing a promoted potassium carbonate predetermined amount. The sample is then evaporated, 

dried, and calcined as described above. Ready catalyst sample contained 18 % Cr2O7, 5 % K2O, 

1.0 % Cu and Al2O3 remainder.   

Before carrying out the experiments and regeneration after experiments ACH catalyst was 

treated  with air (3-5 h) at  700 
0
C and with hydrogen at 580-600 

0
C (1 h). The conversion of  EB 

to St and SCCM were studied in a flow reactor with varying ratios of  CO2: EB, EB: H2O, H2O: 

CO at atmospheric pressure and temperature 580 
0
C, and at  2.0 h

-1
 (for liquid) volume velocity 

of EB. The volumetric flow rate of the other remainder components of studied reactions (includ-

ing H2 O) was maintained at 1000 h
-1

, except for the experiments with a ratio of CO2: EB> 6. 

Analysis of the reaction products was performed by chromatographycally. 

Pure carbon monoxide (CO) was prepared as follows: CO2 gas from the bottle was 

collected into the rubber chamber and supplied through reometer - flowmeter to the reactor with 

BАU, which was  heated to 750 – 800 
0
C. The exhaust gas mixture of CO2 and CO washed by 

bubbling through a concentrated solution of alkali (KOH) for absorption of CO2, and further  the 

purified CO, after the desiccant (SiO2), was fed into the reactor. Cleanliness of CO is 99.9 %.  

A mixture of CO and H2 obtained from methanol. For this purpose methanol by a syringe 

doser (volumetric rate - 2 h
-1

) were injected to the reactor, which was filled with 5 sm
3
 of com-

mercial methanol synthesis CMC - 5 copper-zinc catalyst and was heated to 300 – 320 
0
C. The 

exhaust gas purified from unreacted CH3OH, and other possible impurities (CO2 HCOOCH3) 

passing through a washing bottle with a solution of alkali (KOH). Further, a gas mixture of CO 

and H2 was passed through a water bubbler at a controlled temperature (0 – 50 
0
C) and fed to the 

reactor. 

Conversion (α) of EB to CO was determined by the formula: 

 

0

0

m

mm t
 ,      (1) 

 

where m0 and mt concentration of the initial EB or CO at the inlet and outlet of the reactor at a 

certain time of reaction t. Selectivity of  formation of  St determined by the formula 
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t

tn
Sel


 ,       (2) 

where nt – yield of St in reaction time t. Selectivity of the reaction  SCCM was also determined 

by the formula (2). 

RESULTS  AND  THEIR  DISCUSSION 

Effect of CO2 on the conversion of EB to styrene 

The data presented in Fig. 1 show the effect of carbon dioxide on the activity of the 

alumochrom catalyst in the transformation  on EB to St. From the analysis of the reaction prod-

ucts it was determined that in addition to styrene a small amount of benzene, toluene and low 

molecular weight C1-C2 hydrocarbons are formed. The approximate average composition of the-

se hydrocarbons (%), corresponding to the selectivity of  90-92 %  is following: CH4 – 0.3; C2 – 

0.7; C6H6 -2.2; C7H8 -1.8. 

 
ratio СО2 : EB 

Fig. 1. Effect of CO2 on the dehydrogenation of EB to styrene on AСH catalyst.   T = 580° C; volume   

velosity = 2 h
-1

: 1 - conversion ; 2 - selectivity 

 

Under the influence of CO2 conversion of  EB increases. However, this effect on the dehy-

drogenation of  EB to St is complex. Thus, increasing the ratio of CO2:EB from 0 to 4 conver-

sion of  EB increases more than two times reaches 65 % and maintains this value practically con-

stant up to a ratio of CO2: EB, equal to 6. Then, the increase of ratio of CO2: EB reduces the 

conversion of  EB. Stability of the ACH catalyst at direct conversion of the mixture of CO2: EB 

is negligible. Deactivation of the catalyst is almost independent of the ratio of CO2: EB used in 

the mixture and  for the 30 minutes of the experiment is reduced to below 30 %. Comparison of 

the data shown in Fig. 1 shows that the carbon dioxide exerts promoting effect to the dehydro-

genation of  EB to styrene as  compared with N2: CO2 conversions corresponding to the point 

CO2 : EB = 0. Thus in the reaction products indicated the presence of CO, whose yield is not  

depending on the ratio of CO2: EB corresponds to a molar yield of styrene. 
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It should be noted that, as a result of the studying reaction the ACH catalyst is subjected to 

coking. Coking is causing deactivation.  Deactivated ACH catalyst can  to reactivate by the treat-

ing with carbon dioxide at temperatures above 750 
0
C. 

It is known that the introduction of the water vapor exerts a positive effect on the stability 

of the dehydrogenation of  EB to St through the  acceleration of the desorption of  conversion 

products from the catalyst surface. Wherein the water molecules have no effect on the process of  

transformation of  EB [10]. The data in Fig. 2 show the effect of water vapor on the conversion 

of mixtures of  CO2: EB. A characteristic feature of this impact is the expected growth of the sta-

bility of the catalyst ACH. When the concentration of water molecules with respect to the reac-

tants increases from 0.25 to 2.0 the stability of the catalyst monotonically increases to a maxi-

mum value (120 m). Further increase in the concentration of water vapor to the ratio of  H2O: EB 

= 2.5, under the studied conditions does not affect the stability of the process. 

 

 
Fig. 2. Influence of water vapor on the conversion of  EB to styrene, in the presence of CO2.  

T = 580 °C; volume velosity = 2 h
-1

; CO2: EB = 1:5; conversion of a mixture of H2O (CO2: EB = 1:5): 

1-0.25; 2-0.5; 3-1.0, 4-2.0, 5-2.5; 1-5; 6 - styrene selectivity 

 

The composition of transformation products  of EB at stable selectivity of formation of sty-

rene, equal to 90-92 %, corresponds to the data given above. However, analysis of the reaction 

products of  transformation of mixtures CO2: EB in the presence of H2O showed that (Fig. 3) in-

creasing H2O content leads to a decrease in the yield of CO and increase in the yield of hydro-

gen. Moreover, variation of  the yield  of hydrogen correlates with EB conversion and accurately 

corresponds to the change of catalyst stability, as well as in the limit, becomes equal to a molar 

yield of styrene.  

As regards the formation of carbon monoxide, the analysis of the reaction products show 

that the total molar yield of CO and H2 corresponds to a yield of St and with increasing concen-

trations of  H2O in a stable functioning of the catalyst is reduced to trace amounts. Thus, due to 

the presence of water vapor  the operation of the catalyst is stabilized and increases the yield of 

the desired product of reaction - styrene, i.e. blocked reactions promoting side reactions and de-

activation of  the  ACH  catalyst.  Reduction until substantially absence of CO molecules in the 

Time, min 
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presence of water vapor  in the reaction product and increase the yield of hydrogen in the con-

version of  mixtures of carbon dioxide with the EB, correlated with conversion of  EB to styrene 

indicate the flow of direct reaction of SCCM. 

 
 

Fig. 3. Influence of H2O on the yield of H2 at the conversion of mixture of CO2: EB = 1: 5 to styrene.  

T = 580 °C; volume velosity = 2 h
-1

; selectivity - 90-92 %; hydrogen yield at H2O (CO2 and EB = 1:5) 

1-0.25; 2-0.5; 3-1.0, 4-2.0, 5-2.5 

 

This result suggests a high activity of  ACH catalyst in SCCM. Therefore, to confirm this 

assumption, we investigated patterns of CO conversion on the ACH catalyst. 

 

Steam reforming of carbon monoxide 

Contacting carbon monoxide with the ACH catalyst at 580 
0
C leads to the fact that in the 

first minutes the initial CO undergoes minor transformations (Table 1).  However, by the 15th 

minute of the experiment marked CO conversion almost completed. The result of the conversion 

of CO is a coking of the catalyst and formation of carbon dioxide. Therefore, we can assume that 

carbon monoxide undergoes disproportionation (Boudoir reaction): 
 

2CO → C + CO2      (3) 
 

and due to carbon deposition catalyst is rapidly deactivated. 

Table 1. Effect of H2O on the CO conversion on the ACH catalyst 

Н2О  

СО 
conversion СО,% τ*, min yield of Н2О 

selectivity 

СО2 +Н2 

0 13 5 - - 

0.25 36 30 0.017 0.88 

0.5 62 60 0.013 0.93 

1.0 94 75 0.0205 0.97 

2.0 >97 >120 0.0215 0.98 

2.5 >97 >120 0.0217 1.00 

* Time stable operation of the catalyst 

Time, min 
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With the introduction of the H2O molecules to the reaction, i.e.  in the case of contacting 

ACH catalyst with a mixture of CO: H2O, CO conversion character changes dramatically. In this 

case, depending on the mixing ratio the operating stability and CO conversion on the ACH cata-

lyst increases. Thus, as is apparent from Table 1, increasing the ratio of H2O: CO promotes se-

lectivity of direct conversion of carbon monoxide. Synchronous increase of parameters charac-

terizing direct SCCM is additional confirmation of alleged deactivation of ACH catalyst of Bou-

doir reaction. 

The process of EB dehydrogenation to styrene is characterized by cleavage of hydrogen 

molecules from the reactant. In conjunction this reaction with SCCM, hydrogen, as reaction 

product, may influence the CO conversion. To determine the possible effects of hydrogen (i.e. 

backlash) on CO conversion experiments were performed similar to those described above, but 

with mixtures of (CO: H2): H2O. The obtained results are shown in Fig. 4. 

 

 
 

Fig. 4. Effect of the ratio of H2O vapor to steam reforming of CO in H2O mixtures (CO: 2H2) on ACH cata-

lyst: 1-0.25; 2-0.5; 3-1.0; 4-2.0; 5-2.5, T = 580 °C; volume velosity = 500 h
-1

 

 

When compared the data of Fig. 4 with data Tab.1, it can be seen that, the presence of    

hydrogen has no significant impact on the nature of the conversion of carbon monoxide. The re-

action is fully consistent with the thermodynamics of the process [10], i.e., indicats a shift in the 

equilibrium of  SCCM  in the conditions of dehydrogenation of EB to St towards formation of 

carbon dioxide. 

Thus, as can be seen from Fig. 1, under the influence of CO2 ACH activity of the catalyst 

in the conversion of EB to St increases significantly. Growth  the yield of  St, correlates with the 

formation of CO, with an increase in the ratio of  CO2: EB may explain the occurrence of reverse 

SCCM, i.e. evolved in the dehydrogenation of EB hydrogen consumed for recovery of CO2 and 

the process moves upward the desired product. Reacting the water vapor promotes stability of 

the catalyst in the conversion of EB to St in the presence of CO2. Comparison of these results 

(Fig. 2) with data for converting CO at the same catalyst under the same close conditions of con-

version of  EB to St, it may be noted similar effects on SCCM: a) in the absence of water vapor, 

Time, min 
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carbon monoxide undergoes disproportionation and deactivated due to carbonization of the cata-

lyst surface; b) with entering the water vapor to the reactor and with the increasing of  ratio of 

CO: H2O, there is an increase in product yield and selectivity of SCCM, as well as increased sta-

bility of  the  catalyst. Considering that the conversion of EB to St in the presence of CO2 ac-

companied by the formation of carbon monoxide can assume the relationship between the pat-

terns of both reactions, which are associated with the presence of CO molecules therein. EB con-

version decrease with increasing the ratio of CO2: EB> 6 (Fig. 1) that reduce partial pressure 

generated by the reaction of reverse SCCM water, confirms this assumption, since otherwise de-

crease partial pressure of EB should would have a positive influence on its conversion to St. The 

ability to regenerate the deactivated catalyst in the absence of  water  vapor after both reactions, 

by treatment with CO2 at elevated temperature, i.e. reacting reverse disproportionation of carbon 

monoxide as an argument confirming the role of carbon monoxide in the deactivation of the cata-

lyst ACH. 

Conversion of EB to St involving CO2, taking into account views on the mechanism 

SCCM can be described schemes: 

 

            (4) 

 

                       (5) 

 

The absence of CO in the reaction products has shown that in the conditions of conversion 

of EB to St on the ACH catalyst on the reaction scheme of (2) is completely shifted towards the 

formation of CO2 and H2 products. 

According to the scheme (4) dehydrogenation of EB to St regardless, but shifted toward 

the formation of the desired product, due to the consumption of generated hydrogen to recovery 

of  CO2. On the other hand, the absence of CO in the products and the presence of hydrogen in 

the amount corresponding to the formation St shows that, in conditions close to those in the in-

dustrial production of St  from EB, step (5) is shifted toward the formation of products direct 

SCCM. Conjugate nature of the forward and reverse SCCM, activated by ACH catalyst, allows 

us to consider CO2 as the cyclic oxygen carrier. 

Thus, the implementation of the process of  obtaining of St from EB in the presence of CO2 

at a higher volume velocity (2 h
-1

) as compared with the conventional EB dehydrogenation [10] 

and the absence of CO in the products allows  significantly intensify this process without any 

significant changes in the adopted industrial technology. 

CONCLUSIONS 

1. Model copper-containing alumochrom catalyst allows to intensify the process of obtain-

ing of styrene from ethylbenzene by replacing the inert diluent nitrogen to carbon diox-

ide, oxidizing the released hydrogen. 
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2. The carbon monoxide produced in the conditions of conversion of ethylbenzene to      

styrene in the presence of CO2 at copper-containing alumochrom catalyst according to 

the content in the reaction medium of water vapor, is effectively utilized turning into CO2 

and hydrogen by steam reforming. 
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