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Abstract. The article describes a study of basic principles of aerobic liquid-
phase oxidation of ethylbenzene to hydroperoxide. According to the research, 
the use of phthalimide catalysts (N-hydroxyphthalimide and its derivatives) 
can increase the oxidation rate of this hydrocarbon by 1.5-2 times compared 
with initiators of different nature. At the same time, high selectivity of target 
hydroperoxide formation is still present - about 90%. The authors recommend 
conditions for oxidation of ethylbenzene in the presence of phthalimide cata-
lysts based on experimental data. The results obtained can be used to improve 
the technology for co-production of propylene oxide and styrene, valuable 
products of the main chemical and petrochemical synthesis. 
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Introduction  

Propylene oxide is a valuable intermediate product for the basic organic synthesis of pol-
ymers. Thus, such major companies as LUKOIL and SIBUR Holding are interested in polymer 
production expansion [1]. Propylene oxide is mainly produced by chlorohydrin method or by 
epoxidation of propylene with organic peroxides or hydrogen peroxide [2]. Another interesting 
process for producing propylene oxide is known, too. They use cumene hydroperoxide to trans-
fer oxygen. This process has been implemented by Sumitomo Chemical [3]. "Halcon" is a pro-
cess for production of propylene oxide and styrene, based on use of ethylbenzene hydroperox-
ide (EB HP). It is implemented abroad. Domestic implementation is provided by OAO "Nizh-
nekamskneftekhim". The ethylbenzene (EB) oxidation process conducted at the plant produces 
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EB HP with a selectivity not exceeding 70-75% wt. The maximum concentration of EB HP that 
can be obtained is 7-10% wt. This mode of EB oxidation produces a large number of by-prod-
ucts and is associated with significant energy consumption (water, electricity, steam, etc.).  

Nowadays, there is no effective catalyst which allows us to achieve high conversion of EB 
and selectivity of formation of EB HP (more than 90%). These would certainly reduce the pro-
duction cost. In this regard, search of conditions of EB oxidation process (including use of ef-
fective catalysts), which would allow us to increase EB conversion, increase reaction rate, reduce 
reaction time at preservation of high indicators of its formation selectivity, is an actual task. 
This paper presents the results of studies aimed at intensifying the oxidation process of EB using 
N-hydroxyphthalimide (N-HPI) as a catalyst, which has proven to be an effective catalyst in 
oxidation reactions [4]. 

Main body 

Many processes aimed at production of valuable oxygen-containing compounds are based 
on liquid-phase aerobic oxidation of aromatic hydrocarbons [5]. For example, oxidation of 
ethylbenzene to hydroperoxide, which is then used in propylene epoxidation reaction, is the basis 
of "Halcon"-process. Methylphenylcarbinol obtained in the latter reaction undergoes dehydro-
genation, thus two valuable compounds - styrene and propylene oxide - are obtained in the pro-
cess. Their production is one of the major areas of the chemical industry in Russia and abroad. 

 
About 70 thousand tons of propylene oxide and 170 thousand tons of styrene are pro-

duced annually in Nizhnekamsk using this technology [6]. At the same time on the Russian 
market there is an unsatisfied demand for propylene oxide, which is about 100 thousand tons 
and is filled by foreign supplies [7]. Technology of joint production of styrene and propylene 
oxide uses available and produced in a large scale ethylbenzene as a raw material. This technol-
ogy provides simultaneous production of several target products and makes it possible to obtain 
styrene of higher quality compared with dehydrogenation process. Most of styrene is used for 
the production of polystyrene and copolymers (butadiene styrene, isoprene styrene, etc.), which 
are an important element of modern industry due to their wide applicability in various fields. 
Also styrene is used for producing rubbers, latexes, and resins [6, 8]. Magnetic composites de-
rived from styrene are of great environmental importance as adsorbents for oil spills [9]. Pro-
pylene oxide is a raw material for production of many petrochemical products: polyurethanes, 
glycols, cosmetics, and medical preparations. Solid polyurethane foam derived from propylene 
oxide is widely used worldwide in various industries such as construction, transportation, shoes 
and furniture industry [6]. About 5% of propylene oxide is used to produce methylpropazole, a 
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methyl ester of propylene glycol, which is used to make non-toxic coolants, refrigerants, and 
organic solvents. Also propylene oxide is used in relatively small amounts for production of 
non-ionic surface-active agents, isopropanolamines, allyl alcohol, propylene carbonate, and un-
saturated polyester resins [10]. OAO "Nizhnekamskneftekhim" implements "Halcon" process 
using complex catalyst produced as a result of interaction of metallic molybdenum and 
ethylbenzene hydroperoxide in ethyl alcohol. However, experience in production operation has 
revealed disadvantages of the catalyst, namely low content of molybdenum in solution (0.4 to 
0.7% wt.), significant consumption of ethylbenzene hydroperoxide to transfer molybdenum 
metal into solution, as well as instability of the catalyst [11]. 

Since the molybdenum catalyst has the above disadvantages, there were researches for 
search another catalytic systems and initiators of ethylbenzene oxidation process performed. 
In 2003 Melone et al. found that aerobic oxidation of ethylbenzene in acetic acid in the presence 
of catalytic complex I2/N-HFI leads to a quantitative yield of methylphenylcarbinol [12]. 
Whereas, oxidation of EB in acetonitrile in the presence of N-HPI and acetaldehyde as initiator 
at 25 °C for 6 h leads to the formation of ethylbenzene hydroperoxide, acetophenone, and 
methylphenylcarbinol. Depending on conditions of the process conversion of EB is from 15 to 
30% [13]. Additionally, there is the heterogeneous catalytic oxidation of EB to acetophenone in 
the presence of aluminosilicate-based nanocatalyst with cobalt and N-HPI adsorbed on its sur-
face [14]. This catalyst achieves 80% conversion of EB within 10 hours, but the main reaction 
products are acetophenone and methylphenylcarbinol. In 2005, J.L. Fierro et al. studied the 
possibility of achieving high selectivity of EB HP formation (with EB conversion up to 10%) by 
oxidation of EB in the presence of barium compounds [15]. In 2009, using catalytic system 
N-HPI and trace amounts of sodium hydroxide, they managed to increase the conversion of EB 
to 15% with a selectivity of formation of EB HP of about 80% [16].  

Therefore, it is possible to conclude that potential possibilities of intensification of pro-
cesses of EB oxidation to its HP using catalysts (including phthalimide catalysts) are actual ones. 
The effective catalyst in the presence of which it would be possible to achieve high selectivity of 
formation of EB HP of EB and conversion of EB at high speed of its oxidation, acceptable for 
industrial realization, has not been found yet. This paper presents studies of the patterns of 
different parameters influence on the EB oxidation process: temperature, structure, concentra-
tion of the catalyst, duration of the reaction, etc. 

Experimental part 

Study of the effect of temperature and reaction time on the oxidation of ethylbenzene under 
the presence of catalyst and initiator 

We studied the influence of temperature on the process of EB oxidation both under the 
presence of the standard initiator IPB HP and under the presence of N-HPI at the temperature 
range of 110-130 °C. As can be seen (Fig. 1, a, b) the character of kinetic curves of oxygen uptake 
in the oxidation of EB in the presence of N-HPI and IPB HP are similar.  

We observed an increase in the EB HP content by a factor of about 2 in both cases when 
the temperature was increased from 110 to 130 °C (Table 1). For example, under the presence of 
IPB HP, the IPB HP content increased from 5.7 to 10.3% wt. and under the presence of N-HPI 
from 7.6 to 15.1%, while the selectivity of formation of EB HP remained approximately 90%.  
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Fig. 1. Influence of temperature on the liquid-phase oxidation reaction of EB under the presence of: a - IPB HP, 
b - N-HPI. Temperature, °C: 1 - 110; 2 - 120; 3 - 130; IPB HP content is 2.5% wt.; N-HPI content is 3.0% wt. 

Studies under the presence of IPB HP initiator have shown that the best results are 
achieved at a temperature of 130 ° C, the conversion of hydrocarbon in this case is 11.6% with 
a selectivity of hydroperoxide formation of 89.0%. The conversion of EB and the selectivity of 
its HP formation were 16.5% and 91.5%, respectively, in case of oxidation of EB with N-HPI. 
Thus, using N-HPI instead of IPB HP, an increase in the oxidation rate and conversion of EB 
by 1.5-2 times is observed, while maintaining a fairly high selectivity of the process. 

Table 1. Influence of temperature and reaction time on the conversion of EB and the selectivity of its HP formation 
during oxidation. IPB HP content is 2.5% wt., N-HPI content is 3.0% wt. 

Initiator/catalyst 
Tempera-
ture, °C 

Reaction  
time, h 

The EB HP content in the 
oxidation products, % wt. 

Selectivity of for-
mation of EB HP, % 

Conversion 
EB, % 

IPB HP 
110 

3 
5.7 88.0 6.5 

120 8.0 88.5 9.0 
130 10.3 89.0 11.6 

N-HPI 

110 
3 

7.6 89.3 8.6 
120 14.4 93.0 15.5 

130 
1 10.0 93.3 10.7 
2 13.2 92.5 14.3 
3 15.1 91.5 16.5 

Based on the nature of the curves "amount of absorbed oxygen - time" (see Fig. 1), it can 
be seen the more active interaction of hydrocarbon with oxygen in the initial period of time, 
and, consequently, the rate of oxidation of EB over time changes, as evidenced by the results of 
studies. In this case, as can be seen from Table 1, the average rate of accumulation of EB HP 
decreases about 2 times from 10.0 to 5.0% wt. per hour. At the same time there is a slight de-
crease of selectivity of formation of EB HP from 93.3 to 91.5%. 

 
Study on the effect of catalyst and/or initiator structure on the oxidation of ethylbenzene 

We studied the effect of different catalysts and initiators on EB oxidation process at 
120-130 °C, using IPB HP, AIBN and EB HP as initiators, N-HPI and 4-methyl-N-HPI as cata-
lysts, and investigated joint action of N-HPI with EB HP and N-HPI with AIBN (Fig. 2).  
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Table 2 shows the oxidation of EB with the EB HP initiator proceeds at a slower rate com-
pared to the use of IPB HP. Indeed, there is a slight increase in the selectivity of the formation 
of EB HP. The highest content of EB HP (15.1%) is formed by oxidation of EB at 130 °C in the 
presence of N-HPI. Combined action of N-HPI with EB HP allows us to obtain oxidate with 
15.8% HP content, however at that decrease of selectivity of formation of HP from 91.5 to 89.0% 
is observed. 

Table 2. Effect of different catalysts and initiators on the oxidation process of EB. Reaction time is 3 h; temperature 
is 130 °C  

Initiator/catalyst 
The EB HP content in the 
oxidation products, % wt. 

Selectivity of  
formation of EB HP, % 

Average rate of formation 
of EB HP, % wt./h 

IPB HP 

 

10.3 89.0 3.4 

AIBN 

 

10.0 90.0 3.3 

EB HP 

 

8.7 90.1 2.9 

N-HPI 

 

15.1 91.5 5.0 

EB HP and N-HPI 15.8 89.0 5.2 

AIBN and N-HPI 14.9 90.0 5.0 

N-HPI* 14.4 93.0 4.8 

4-methyl-N-HPI* 

 

14.2 92.0 4.7 

* – temperature 120 °С 
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Study on the oxidation of ethylbenzene under the presence of 4-methyl-N-hydroxy-
phthalimide 

We investigated the effect of the concentration of 4-methyl-N-HPI at 120 °C for 1.5 h. By 
Table 3, the increase of catalyst content from 1.7 to 3.3% wt. increases the oxidation rate of EB. 
4-Methyl-N-HPI in comparison with initiator - isopropylbenzene showed higher catalytic ac-
tivity in the process of liquid-phase oxidation of EB to HP. 

Table 3. Effect of temperature and concentration of 4-methyl-N-HPI on the oxidation of EB.  
4-Methyl-N-HPI catalyst content is 3.3% wt.; reaction time is 1.5 h 

Temperature, °C 
Catalyst content, % wt.  

of hydrocarbon feed 
The EB HP content in the  
oxidation products, % wt. 

Selectivity of  
formation of EB HP, % 

110 3.3 9.1 91.0 

120 

1.7 11.3 90.0 

2.5 11.9 91.5 

3.3 13.6 92.3 
130 3.3 15.2 89.8 

We investigated liquid-phase oxidation of EB under the presence of 4-methyl-N-HPI. 
When studying the effect of temperature, the authors found that increasing it from 110 to 
130 °C increases the content of EB HP from 9 to 15% wt. while keeping its formation selectivity 
of about 90% (Table 3, Fig. 3). We studied the effect of catalyst concentration at 120 °C because 
at 130 °C a decrease of selectivity is observed, an increase of catalyst concentration from 1.7 to 
3.3% wt. leads to an increase of EB HP from 11 to 13%. 

  
Fig. 2. Dependence of the oxidation rate of EB on the 
structure of the catalyst and /or initiator(s). 
Temperature is 130 °C; content: initiators (IPB HP,  
EB HP, AIBN) 2.5% wt., catalyst (N-HPI) 3.0% wt.  
Initiator/catalyst: 1 - EB HP; 2 - AIBN; 3 - IPB HP; 
4 - N-HPI + AIBN; 5 - N-HPI; 6 - N-HPI + EB HP. 

Fig. 3. Influence of temperature on the liquid-phase  
oxidation reaction of EB under the presence of  
4-methyl-N-HPI. 4-methyl-N-HPI content is 3.3% wt.; 
temperature, °C: 1 - 110; 2 - 120; 3 - 130 

Table 4 shows the material balance of EB oxidation under the most appropriate condi-
tions. 
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Table 4. Material balance of the liquid phase oxidation of EB. Temperature is 130 ºC; N-HPI catalyst content is 
3.0% wt.; reaction time is 3 h 

Components 
Molecular   

weight, g/mol 
input output 

g mol g mol 

EB 106 43.35 0.409 36.20 0.341 
Oxygen 32 0.09 0.003 - - 
N-HPI 163 1.30 0.008 1.30 0.008 
EB HP 124 - - 6.76 0.055 
Losses - - - 0.50 0.016 
Total - 44.74 0.420 44.74 0.420 

Conclusions 

We studied principles of ethylbenzene oxidation under the presence of isopropylbenzene 
initiator and phthalimide catalysts as well as influence of different parameters: temperature, 
reaction time, concentration of catalyst/initiator. Thus, based on the studies conducted, it is 
possible to recommend the following reaction conditions of EB oxidation: phthalimide catalyst 
content of 3% wt. of hydrocarbon taken for oxidation, temperature is 130 °С, reaction time is 
3 h. The content of formed EB HP is 15.1% wt., the selectivity of formation of EB HP is 91.5 %, 
which is almost 2 times higher than the parameters of the oxidation process of EB at the Nizh-
nekamsk chemical plant. The authors realized, that the presence of N-HPI in the process of 
liquid-phase oxidation of ethylbenzene allows us to increase the speed of hydrocarbon oxida-
tion at maintenance of high (over 90%) selectivity of hydroperoxide formation approximately 
by 1.5-2.0 times. Consequently, application of 4-methyl-N-HPI in the ethylbenzene oxidation 
reaction provides the achievement the same qualitative indices of selectivity, hydrocarbon con-
version, as in the case of application of N-HPI, with reduction of reaction time by 2 times. 
We conducted a balance experiment and compiled a material balance, which is important for 
the industrial implementation of this process. It allows us to monitor the material flows of raw 
materials, semi-products, plan the costs of reagents, and form an idea of the cost of the final 
product and the amount of waste. 

Hence, the use of phthalimide catalysts increases the efficiency of ethylbenzene hydrop-
eroxide production. It can be used to improve the technology of propylene oxide and styrene 
production - valuable products of basic chemical and petrochemical synthesis. 

References 

1. Budarina, V.I.(2021) Petrochemistry. Ecologically clean production of propylene oxide. HPPO-process,  
XI Vserossi-jskij festival` nauki. Nizhny Novgorod: NGASU [online]. Available at: https://www.eli-
brary.ru/item.asp?id=47328061 (accessed 21.04.2023) (in Russian). 

2. Voronov, N.A. (2022) Analysis of modern propylene oxide production technologies, NefteGazoXimiya, (3), 
рр. 22-26. DOI:10.24412/2310-8266-2022-3-22-26 (in Russian). 

3. Kawabata, T., Yamamoto, J., Koike, H. & Yoshida, S. (2019) Trends and Views in the Development of Tech-
nologies for Propylene Oxide Production, R&D Report, “SUMITOMO KAGAKU”, 2019(1), рр. 8. 

4. Kurganova, E.A., Frolov, A.S., Korshunova, A.I., Koshel, G.N. & Yarkina, E.M. (2021) Hydroperoxide 
method for the synthesis of p-tert-butylphenol, Russian Chemical Bulletin, International Edition, 70(10), 
рр. 1951-1956. DOI:10.1007/s11172-021-3302-4.  

https://www.elibrary.ru/item.asp?id=47328061
https://www.elibrary.ru/item.asp?id=47328061


 

65 

5. Kurganova, Е.A., Frolov, A.S., Koshel, G.N. & Kabanova, V.S. (2022) The reaction of cyclohexylbenzene 
oxidation in the presence of solvents, From Chemistry Towards Technology Step-By-Step, 3(1), pp. 88-94 
[online]. Available at: http://chemintech.ru/index.php/tor/2022tom3no1 (accessed 21.04.2023) (in Russian). 

6. Gumerova, E.R., Efanova, E.A. & Murtazin, N.F. (2015) Improvement of ethylbenzene oxidation to ethylben-
zene hydroperoxide, Vestnik Kazanskogo texnologicheskogo universiteta, (18) [online]. Available at: 
https://cyberleninka.ru/article/n/sovershenstvovanie-protsessa-okisleniya-etilbenzola-do-gidroperoksida-
etilbenzola (accessed 21.04.2023) (in Russian). 

7. Golubeva, I.A. & Zhagfarov, F.G. (2020) Gas-processing enterprises of Russia - sources of raw materials for 
oil and gas chemistry. Problems and solutions, Mat-ly III Mezhdunar. nauch.-texn. foruma po ximicheskim 
texnologiyam i neftegazopererabotke «Nefteximiya – 2020». Minsk: BGTU [online]. Available at: 
https://elib.belstu.by/handle/123456789/36965 (accessed 21.04.2023) (in Russian). 

8. Huafeng, Shao, Xiaoxue, Chen, & Aihua, He. (2022) Strategy for isoprene-styrene multi-block copolymers 
obtained by stereospecific copolymerization through TiCl4/MgCl2 catalyst, Materials Today Communications, 
(30) [online]. Available at: https://doi.org/10.1016/j.mtcomm.2021.103044 (accessed 21.04.2023). 

9. Anname, L., Anzel, F., Daniel, O. & Rehana, M.E. (2022) Magnetic styrene polymers obtained via coordina-
tion polymerization of styrene by Ni and Cu nanoparticles, Inorganic Chemistry Communications, (142) 
[online]. Available at: https://doi.org/10.1016/j.inoche.2022.109586 (accessed 21.04.2023). 

10. Danov, S.M., Sulimov, A.V., Ryabova, T.A. & Ovcharov, A.A. (2011) Main trends in propylene oxide pro-
duction, Trudy Nizhegorodskogo gosudarstvennogo texnicheskogo universiteta im. R.E. Alekseeva, 3(90), 
рр. 267-273 (in Russian). 

11. Smolin, R.A., Elimanova, G.G., Batyrshin, N.N. & Kharlampidi, H.E. (2011) Hydroperoxide epoxidation of 
model octene-1 under the presence of molybdenum blue, Vestnik Kazanskogo texnologicheskogo universiteta, 
(18) [online]. Available at: https://cyberleninka.ru/article/n/gidroperoksidnoe-epoksidirovanie-modelnogo-
oktena-1-v-prisutstvii-molibdenovoy-sini (accessed 21.04.2023) (in Russian). 

12. Minisci, F. еt al (2003) Selective functionalisation of hydrocarbons by nitric acid and aerobic oxidation cata-
lysed by N-hydroxyphthalimide and iodine under mild conditions, Tetrahedron Letters, 44(36), рр. 6919-6922. 
DOI: 10.1002/chin.200349050. 

13. Melone, L. et al (2012) Selective catalytic aerobic oxidation of substituted ethylbenzenes under mild conditions, 
Journal of Molecular Catalysis A: Chemical, (355), рр. 155-160. DOI: 10.1016/j.molcata.2011.12.009.  

14. Habibi, D. et al (2013) Efficient catalytic systems based on cobalt for oxidation of ethylbenzene, cyclohexene 
and oximes in the presence of N-hydroxyphthalimide, Applied Catalysis A: General, (466), рр. 282-299. 
DOI: 10.1016/j.apcata.2013.06.045. 

15. Toribio, P.P., Campos-Martin, J.M., Fierro, J.L. & Toribio, P.P. (2005) Liquid-phase ethylbenzene oxidation 
to hydroperoxide with barium catalysts, Journal of Molecular Catalysis A: Chemical, 227(1-2), рр. 101-105. 
DOI: 10.1016/j.molcata.2004.10.003. 

16. Krylov, I.B., Terent’ev, A.O., Krylov, I.B. & Vil, V.A. (2015) Cross-dehydrogenative coupling for the inter-
molecular C–O bond formation, Beilstein journal of organic chemistry, 11(1), рр. 92-146. 
DOI:10.3762/bjoc.11.13 
 
Received 03.05.2023 
Approved after reviewing 12.05.2023 
Accepted 15.06.2023 

http://chemintech.ru/index.php/tor/2022tom3no1
https://cyberleninka.ru/article/n/sovershenstvovanie-protsessa-okisleniya-etilbenzola-do-gidroperoksida-etilbenzola
https://cyberleninka.ru/article/n/sovershenstvovanie-protsessa-okisleniya-etilbenzola-do-gidroperoksida-etilbenzola
https://elib.belstu.by/handle/123456789/36965
https://doi.org/10.1016/j.mtcomm.2021.103044
https://doi.org/10.1016/j.inoche.2022.109586
https://cyberleninka.ru/article/n/gidroperoksidnoe-epoksidirovanie-modelnogo-oktena-1-v-prisutstvii-molibdenovoy-sini
https://cyberleninka.ru/article/n/gidroperoksidnoe-epoksidirovanie-modelnogo-oktena-1-v-prisutstvii-molibdenovoy-sini
https://www.google.ru/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwiN2sbw8q3SAhXCDCwKHVpmBKEQFggcMAA&url=http%3A%2F%2Fwww.sciencedirect.com%2Fscience%2Fjournal%2F13811169&usg=AFQjCNEZwOUMWe8iJkU5ag6rWUqBjzjvbw&sig2=9WJV_Z5mLixTf6bp4_rRgw&bvm=bv.148073327,d.bGg
http://www.sciencedirect.com/science/journal/0926860X
https://scholar.google.com/citations?view_op=view_citation&hl=ru&user=D4r3XcYAAAAJ&citation_for_view=D4r3XcYAAAAJ:W7OEmFMy1HYC
https://scholar.google.com/citations?view_op=view_citation&hl=ru&user=D4r3XcYAAAAJ&citation_for_view=D4r3XcYAAAAJ:W7OEmFMy1HYC
http://dx.doi.org/10.3762/bjoc.11.13

	Introduction
	Main body
	Experimental part
	Conclusions
	References

