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Abstract 

The effect of ultrasound (US) on the spectra of electron magnetic resonance 

(EMR) and dynamic light scattering (DLS) of a catalyst based on Fe / Zr oxide 

and its activity in liquid-phase hydroxylation of benzene to phenol with 

hydrogen peroxide is studied. Hydro-, benzoquinones, catechol and tar were 

found as the side products of the reaction. It was shown that, in the absence of 

a catalyst, only traces of the desired product are detected and without 

hydrogen peroxide, benzene is not converted to phenol in the presence of a 

catalyst. It was shown that for hydroxylation of benzene, both the catalyst and 

hydrogen peroxide should be used. The yield of phenol in our case was 

12.81%. The positive effect of US on the catalytic system is observed before 

the reaction, and after the loss of catalyst activity. The impact of US allows to 

restore almost the initial activity of the catalyst after its working for 4 hours, 

and also to keep it for a long time by cleaning the catalyst surface from the 

reaction products. It was shown that the catalytic activity of Fe / Zr oxide 

system in the liquid-phase hydroxylation of benzene to phenol is due to the 

presence of nanoscale iron oxide structures that activate hydrogen peroxide 

with the formation of hydroxyl radical, which directly reacts with benzene and 

forms phenol 

Keywords: benzene, phenol, hydroxylation, Fe/Zr oxide catalyst, ultrasound 

Introduction 

At present, various approaches are used to improve the efficiency of chemical reactions, 

including homo- and heterogeneous, inter-phase, micellar catalysis, initiators, external physical 

effects-magnetic and electric fields, ultraviolet radiation, ultrasound and microwaves, high 

pressures and many others [1-5]. 

This paper presents the results of an investigation of the effect of ultrasound on the spectra 

of electron magnetic resonance (EMR) and dynamic light scattering (DLS) of the catalytic 

system of hydroxylation of benzene to phenol by hydrogen peroxide in the liquid phase in the 

presence of an Fe / Zr oxide catalyst and on the activity of the catalyst in this reaction. We note 

that the reaction of direct hydroxylation of benzene to phenol is one of the most interesting 

catalytic reactions with a very significant practical value [6,7]. The difficulty of the solving of 

this problem lies in the fact that the benzene ring is chemically stable, and the reactivity of the 
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products of oxidation of phenol, formed during the oxidation of benzene, is higher than that of 

benzene [8, 9]. 

Experimental Part 

      The liquid phase catalytic system for the hydroxylation of benzene in phenol with hydrogen 

peroxide in the presence of finely dispersed Fe / Zr oxide catalyst, the influence of ultrasound on 

its EMR and DLS spectra, the activity of the catalyst in this reaction was chosen as the object of 

the study. Zirconium chloride ZrOCl2 x 8H2O chloride, ferric chloride FeCl3 x 6H2O, hydrogen 

peroxide H2O2, ammonium hydroxide NH4OH, benzene, acetic acid were used as starting 

materials. The Fe/Zr oxide catalyst was synthesized according to [10]. The catalyst samples were 

then dried at 120 °C., calcined in a muffle furnace at 400 and 800°C for 4 hours and then 

dispersed to the size of ~ 1 μm using a planetary mill PM200, Retsch, Germany, before being 

introduced into the reaction mixture. For these samples, the influence of ultrasound on the 

magnetic state of the catalyst, the spectra of the DLS of the catalytic system, its activity and 

stability in the hydroxylation of benzene in phenol were studied. As a source of ultrasound, the 

ultrasonic device Hielscher UP 200S with a frequency of 26 kHz and a power of 200 W was 

used. The average catalyst particle size and size distribution before and after the reaction were 

determined by dynamic light scattering using Horiba's LB 550 analyzer. This analyzer makes it 

possible to investigate the processes of formation, decay of particles, aggregates, complexes in 

the temperature range of 278-343 K. The range of measured particle sizes is 0.001-6 microns. 

The power of the radiation source is 5 mW, and the wavelength is 650 nm. The EMR spectra of 

the catalysts were recorded at room temperature using an EMXmicro spectrometer, Bruker, 

Germany. The reaction products were analyzed using spectrophotometers 6850 UV / Vis, 

Jenway, FTIR Alfa from Bruker, Germany and GC Phocus, Thermo Scientific, USA. The phenol 

yield was determined as the ratio of the amount (mmol) of phenol to the amount (mmol) of 

starting benzene, the selectivity for phenol as the ratio of the amount (mmol) of phenol to the 

total amount (mmol) of the mixture (phenol + hydroquinone + benzoquinone + cathechol). 

Besides hydro-, benzoquinones and catechol, the tar was detected as a byproduct of the reaction. 

The balance mass of the reaction products was about 95-96% . The amount of self-decomposed 

H2O2 was determined by the volume of molecular oxygen released as a result of the reaction, the 

conversion was determined as the ratio of consumed H2O2 (including the amount of self-

decomposing H2O2) to the initial amount of H2O2, the selectivity for H2O2 was determined as the 

ratio of the amount (mmol) of H2O2 consumed for the formation of phenol per total (mmol) 

consumed hydrogen peroxide. 

Results and Discussion 

Preliminary experiments have shown that in the absence of a catalyst under the specified 

reaction conditions, only traces of the target product are detected and without hydrogen peroxide 

benzene is not converted to phenol in the presence of a catalyst. Thus, it can be concluded that 

under the conditions studied for oxidative transformations of benzene, both the catalyst and 

hydrogen peroxide should be simultaneously present. Tab. 1 shows the data of liquid-phase 

catalytic hydroxylation of benzene to phenol.   
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Table 1. Results of liquid-phase catalytic hydroxylation of benzene to phenol (reaction 

conditions: 42.5 mg of catalyst, 2 ml (22.48 mmol) of benzene, 5 ml (49.4 mmol) of 

H2O2 and 25 ml of acetic acid (423.6 mmol); reaction time 120 minutes at 70 °C 

*Reaction 

System 

Phenol, 

mmol 

Hydroquinon, 

mmol 

Benzoquinon, 

mmol 

Catechol, 

mmol 

Yield of 

phenol, % 

Selectivity 

on phenol, % 

1 trace - -  - - 

2   2.88 0.09 0.06 0.08 12.81 92.6 

3   3.30 0.20 0.12 0.16 14.68 87.3 

4   2.56 0.08 0.06 0.09 11.38 91.8 

*1 - without Fe2O3 / ZrO2 catalyst, 2 — system with catalyst after 2 hours of reaction, 3- system 

with catalyst, pre-treated with ultrasound for 10 minutes before and 4- after 4 hours of reaction.  

Tab. 2 shows the data of liquid-phase hydroxylation of benzene to phenol in the presence 

of Fe / Zr oxide catalyst, depending on the reaction time (from 20 to 120 minutes) at 70 °C. 

Table 2. Results of liquid-phase hydroxylation of benzene to phenol in the presence of a Fe / Zr 

oxide catalyst (reaction conditions: 42.5 mg of catalyst, 2 ml (22.48 mmol) of benzene, 

5 ml (49.4 mmol) of H2O2 and 25 ml of acetic acid ( 423.6 mmol); reaction time from 

20 to 120 minutes at 70 °C 

Reaction time, 

min. 

Ratio 

C6H6/H2O2 

Conversion 

С6Н6, % 

Conversion 

Н2О2, % 

Selectivity for Н2О2, 

% 

20 Without H2O2  - -  

20 1/2 42.4 92.8 7.31  

60 1/2 53.7 93.3 7.93  

120 1/2 58.0 93.9 8.03 

20 1/4 59.6 86.2 4.78  

From the data given in Tab. 2, it can be seen that the synthesized samples of Fe / Zr oxide 

catalyst with an increase in the duration of the experiment from 20 to 120 minutes. the value of 

the C6H6 conversion increases from 42.4% to 53.7%. When the ratio C(C6H6) / C(H2O2) is equal 

to 1/4, the conversion of benzene also increases from 42.4 to 59.6% with the same duration of 

the experiment. The conversion of H2O2 in these experiments was 86.2-93.2%. It should be 

noted that the main product of the conversion of benzene in the presence of an iron-zirconium 

catalyst is phenol. The maximum value of the selectivity of the latter is 92.6%, and the 

selectivity of the formation of hydro-, benzoquinone and catechol does not exceed 2.89, 1.93 and 

2.57%, respectively. Regeneration of the catalyst for 4 hours by ultrasound provides almost 92% 

selectivity for phenol. 

     Fig. 1 shows the histograms of the DLS of a liquid phase catalytic system with a dispersed 

Fe/Zr oxide catalyst: (a) before and (b) after the reaction. 
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Fig.1.  Histograms of the DLS of a liquid phase catalytic system with a dispersed Fe / Zr oxide 

catalyst: (a) before and (b) after the reaction 

     Tab. 3 shows the DLS data of the liquid phase catalytic system for the hydroxylation of 

benzene into phenol by hydrogen peroxide in the presence of an Fe / Zr oxide catalyst before and 

after the reaction. 

Table 3. Values of DLS parameters of liquid phase catalytic system of benzene hydroxylation in 

phenol by hydrogen peroxide in the presence of Fe / Zr oxide catalyst before and after 

the reaction 

*Sample 

Dynamic light scattering (DLS) parameters 

Diameter of particles in liquid phase, nm 

Span 

Diffusion 

coeff.,            

E
-13

 m
2
/sec 

The average diameter for 10, 

50 and 90% particles 
Me- 

dian 

Particles 

size 

(average)  

Moda, 

10 50 90 

1 1.0 1.1 1.4 1.1 1.2 1.1 0.322 5796.1 

2 815.2 1050.5 1307.4 1050.5 1060.2 1068.3 0.4685 5.5721 

3 916.0 1180.3 1479.0 1180.3 1191.5 1212.9 0.4769 4.9576 

4 1012.7 1342.0 1745.5  1342.0 1364.7 1390.0 0.4561 4.3604 

5   469.8  657.5  871.5   657.5 667.7   702.3 0.6110 4.6744                  

*1- without catalyst, 2 - system with catalyst before reaction, 3,4 - system with catalyst after 2 

and 4 hours of reaction; 5 - after exposure to ultrasound for 10 minutes on the system with a 

catalyst that has been used in this reaction for 4 h 

        Fig. 2 shows X-ray diffraction patterns of Fe / Zr oxide catalyst samples calcined in air at 

400 and 800 C, which indicate the presence of only Fe2O3 (hematite) phase crystallites for 

samples calcined in air at 400 C. For these samples, crystalline phases characteristic of 

zirconium oxide are not detected. The absence of these phases in these samples is due to their 

amorphous state, since these samples, calcined at 600 and 800°C for 4 hours clearly exhibit 
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Fig.2.  X-ray diffraction patterns of Fe / Zr oxide catalyst samples calcined in air for 4 hours at          

a) 400 and b) 800 °C 

      The results of X-ray fluorescence microscopic investigations for the sample calcined in air at 

400 
o
C during the 4 hours and the X-ray fluorescent spectrum of this sample are given in the 

Tab. 4 and Fig.2, accordingly.  
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Fig. 3. The X-ray fluorescence spectrum of the sample of Fe/Zr oxide catalyst calcined at 400°C 

in air for 4 h 

Table 4. Content of Fe and Zr in the sample of the Fe/Zr oxide catalyst calcined in air at 400°C 

for 4 hours, according to X-ray fluorescence microscopic analysis by scanning at 4 

randomly chosen points on the surface of this sample 

*Element Line 
Mass 

[%] 
3-sigma 

Atom 

[%] 

Intensity 

[cps/mA] 
Formula 

Mass 

[%] 

Molecular 

[%] 

26Fe K 10.09 0.31 7.12 280.96 Fe2O3 14.42 11.51 

40 Zr K 63.35 0.33 27.40 2237.78 ZrO2 85.58 88.49 

O  26.56 0.18 65.48     

26Fe K 13.40 0.21 9.34 2064.88 Fe2O3 19.15 15.45 

40 Zr K 59.85 0.22 25.55 11558.82 ZrO2 81.85 84.55 

O  26.75 0.12 65.11     

26Fe K 0.27 0.04 0.09 24.58 Fe2O3 0.36 0.47 

40 Zr K 69.69 0.04 39.89 6849.42 ZrO2 99.64 99.53 

O  30.04 0.02 60.02     

26Fe K 11.96 0.06 8.32 225.61 Fe2O3 17.11 13.82 

40 Zr K 61.36 0.03 25.97 1534.43 ZrO2 82.89 86.18 

O  26.78 0.33 65.71     

* The results shown in the table are for the sample of the catalyst with the surface,  which was 

scanned  by the beam with area 10 microns in diameter 

Fig. 4, a, b shows the EMR spectra of Fe / Zr samples of the oxide catalyst calcined in air 

for 4 hours at 400 and 800 °C, respectively. The EMR spectrum of the Fe / Zr sample of the 

oxide catalyst calcined in air for 4 hours at 400 °C consists of a superposition, most likely two 

signals-intense with g-factor equal to g = 2.117 and a width  H = 69.6 mT and a weak signal at 

g ~ 4.23 and a width H ~ 8-9 mT. The EMR spectrum of the Fe/Zr sample of the oxide catalyst 

calcined in air for 4 hours at 800 °C consists of a superposition of at least three signals - intense 
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with a g factor equal to g ~ 2.0 and a width H ~ 15-20 mT, wider and an intense signal with an 

average g factor equal to g ~ 2.3 and a width H ~ 90-110 mT and a weak signal at g ~ 4.23 with 

a width H ~ 8-9 mT. Signals with g factor equal to 4.23 belong to isolated Fe
3+ 

ions  in the ZrO2 

structure, and wide signals with a g factor of about 2 are most likely due to 

superpara/ferromagnetic particles of Fe2O3 [11-16]. The size of these particles calculated 

according to [17-22] is ~ 10 nm. And if we take into account that the average particle size of the 

catalyst in the catalytic medium is, according to the DLS data, ~ 2.5 μm, i.е. 2500 nm, it can be 

assumed that each such catalyst particle will be a nanostructured microparticle and contain ~ 

(4/3)(D/2)
3
 / (4/3)(d /2)

3
 = D

3
/d

3
 = (1000nm)

3
 / (10nm)

3
 = (10

9
/10

3
) = 10

6
 superpara 

/ferromagnetic particles of Fe2O3 with a size of ~ 10 nm.    

 

 
 

a) 

 
 

b) 

                                                                      

Fig. 4. EPR spectra of Fe/Zr oxide samples calcined in air during 4 hours at: a) 400 and b) 

800C. The conditions of EMR measurements: a) Frequency: 9.872 GHz, Power: 2.081 

mW, Mod. Frequency: 100.00 kHz, Mod. Amplitude: 5.00 G, Receiver Gain: 1.00e+003, 

Center Field: 3480.000 G Sweep Width: 4000.000 G; b) Frequency: 9.873 GHz, Power: 

2.081 mW, Mod. Frequency: 100.00 kHz, Mod. Amplitude: 5.00 G, Receiver Gain: 

1.00e+003, Center Field: 3480.000 G, Sweep Width: 4000.000 G (EMR parameters for 

the sample calcined in air for 4h:  a) at 400
o
 C: EMR spectra consist of superposition of 

two spectra with average g
1
=4.23 with H=8-9 mT  and g

2
  = 2.117 with H=69.6 mT;  

and b) more complicated spectra consist of no less than superposition of three spectra 

It should be noted that the EPR spectra of Fe(III) ions with the electron configuration [Ar] 

3d
5
 and the total electron spin S = 5/2 in oxide matrices with a small concentration of these ions 

have been studied quite well [17-23]. However, for oxide systems with an increased 

concentration of these ions, the EPR/EMR spectra are mainly characterized by broadened 

absorption lines [22,23]. Iron oxides / hydroxides, such as Fe2O3, Fe3O4, FeO(OH) and the like, 

are also characterized by the same broad absorption lines, which makes it difficult to interpret 

the EPR / EMR spectra of iron-containing oxide structures with an elevated iron content. All 

these oxide structures and Fe(III) ions at high concentrations in oxide matrices have almost the 

same g-factor values (~ 2.0) and line shape [18-23]. In all these cases, the observed signals can 

[*103] 
[*106] 
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be unambiguously assigned to structures concentrated with iron ions. However, these spectra do 

not allow us to determine the composition and structure of these formations.  Note that these 

nano-sized iron oxide particles can be considered as catalytically active, which initially react 

with hydrogen peroxide, forming 
●
OH radical [24-27]. Numerous studies show that this radical 

have very high reactivity and oxidize hydrocarbons even below room temperature [28-33]. The 

appearance of these radicals in the reaction system allows to suppose the  occur of chemical 

transformations both on the catalyst surface and in the reaction volume and, as a result, the 

decrease the selectivity of the  oxidation of organic substrates with aqueous solutions of 

hydrogen peroxide. Therefore, it is desirable to carry out the process in conditions of shortage 

and portion supply of H2O2. From the above it follows that centers that are able to effectively 

activate H2O2 and minimally catalyze the decomposition of H2O2 to O2 and H2O should form on 

the surface of the selective catalyst. Studies show that ultrasound is a good tool for modifying the 

surface of oxide catalysts and thereby activating hydrogen peroxide. It can be concluded that, 

when ultrasound acts on a liquid-phase catalytic system, catalyst particles are dispersed, particles 

with small sizes are formed, having coordination-unsaturated ions with increased reactivity, 

ultrasound has a positive effect on the benzene hydroxylation reaction to phenol, allows to 

increase and maintain for a long time its catalytic activity. Studies show that the dispersion of 

particles increases with increasing duration of exposure to ultrasound. High dispersion with a 

narrow interval of particle distribution for this system is achieved after 45-50 minutes of the  

effects of ultrasound on the catalytic system. It should be noted that along with the dispersion of 

catalyst particles, the effect of ultrasound leads to cleaning of the surface of the catalyst particles 

from the reaction products. Thus, the influence of ultrasound can increase the activity of the 

catalyst as by dispersion of catalysts particles and cleaning of their surface from the reaction 

products that passivate the active sites of the catalyst.  

Conclusion 

Investigation of the influence of ultrasound on the spectra of the EMR and DLS of the 

catalytic system of liquid-phase hydroxylation of benzene in phenol by hydrogen peroxide in the 

presence of finely dispersed Fe/Zr oxide catalyst and its activity in this reaction allows us to 

conclude the following. 

1. The positive effect of ultrasound is observed when the ultrasound impact on the 

catalytic system before the reaction, and after the loss of catalyst activity. The impact of 

ultrasound allows you to allows to restore almost the initial activity of the catalyst after 

its working for 4-x hours, and also to keep it for a long time by cleaning the surface of 

the catalyst from the reaction products. 

2. The catalytic activity of Fe / Zr oxide systems in the reaction of liquid-phase oxidation 

of benzene to phenol is primarily due to the presence of nanoscale iron-oxide structures 

in these systems that activate hydrogen peroxide with the formation of hydroxyl radical, 

which directly reacts with benzene and forms phenol. 
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