
PPOR, Vol. 20, No. 4, 2019, pp.476-485 

ISSN: print - 1726-4685; online - 2519-2876 476 

EFFECT OF ULTRASOUND TREATMENT ON MAGNETIC AND  

CATALYTIC PROPERTIES OF IRON-CONTAINING MORDENITE  

IN THE REACTION OF BENZENE TO PHENOL OXIDATION  

BY HYDROGEN PEROXIDE IN LIQUID PHASE 

Lala Kh. Gasymova 

Y.H.Mammadaliyev Institute of Petrochemical Processes of Azerbaijan National Academy of 

Sciences, Az 1025, Baku, 30 Khojaly ave. 

e-mail:  qasimova7@hotmail.com 

Abstract 
Effect of ultrasonic treatment on magnetic and catalytic properties of 
iron-containing mordenite in reaction of liquid-phase hydroxylation of 
benzene to phenol with hydrogen peroxide was studied. Positive effect 
of ultrasonic treatment was established due to the increase in catalytic 
activity of iron-containing mordenite samples in hydroxylation of 
benzene into phenol. This result is achieved using ultrasonic treatment 
at a frequency of 26 kHz and with an exposure time of 5-60 min. at the 
stage of preparation of catalyst and in liquid-phase hydroxylation 
process. EMR spectroscopy data show that ultrasonic treatment of 
catalyst leads to dispersion and "homogenization" of FeOx magnetic 
phases. It was shown that the treatment of initial modenite samples 
with an aqueous-ammonium solution of iron(III) chloride with further 
calcination in air mainly leads to an increase in the concentration of 
magnetic phases FeOx. Data from DLS studies show that under 
influence of ultrasonic treatment cavitation particle size distribution 
curve in the liquid phase narrows significantly and the system becomes 
almost monodisperse. It was shown that it is possible to maintain 
activity of catalytic system which lost 80% of its activity after 4-6 h of 
reaction cycle by ultrasonic treatment treatment for 10 min. It was 
found that preliminary ultrasonic treatment of catalytic system along 
with maintaining it in a dispersed state cleans the surface of catalyst 
particles from oxidation products and leads to an increase in catalytic 
activity. The dependence of average particle diameter in catalytic 
system and magnetic properties of catalyst on time of ultrasonic 
treatment is determined 

Keywords: benzene, phenol, liquid-phase hydroxylation, iron-containing mordenite, 

ultrasound 

Introduction 

Currently, to intensify and increase the efficiency of chemical reactions leading to valuable 

organic products, various approaches are used, including homogeneous and heterogeneous, 

interfacial catalysis, initiators, external physical effects - magnetic and electric fields, ultraviolet 

radiation, ultrasound and microwaves, high pressures and many others [1,2]. In recent years, 
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there has been an increased interest in the use of ultrasonic treatment (UST) of catalytic systems 

for the intensification of chemical reactions with their participation [3-5]. 

In this paper, using the well-known direct liquid-phase hydroxylation of benzene to phenol 

with hydrogen peroxide as an example, the results of a study of the effect of ultrasonic treatment 

on the magnetic and catalytic properties of iron-containing mordenite in this reaction are 

presented. Note that the reaction of direct hydroxylation of benzene to phenol is one of the most 

interesting reactions of fundamental catalysis with a very significant practical value [6, 7]. The 

complexity of solving the problem lies in the fact that the benzene ring is chemically stable, and 

the reactivity of the oxidation products of benzene, which is formed during the oxidation of 

benzene, is much higher than that of benzene [8-10]. 

Experimental Part 

Ferric chloride FeCl3 * 6H2O, mordenite, ammonium hydroxide NH4OH, benzene, acetic 

acid, hydrogen peroxide H2O2 were used as starting materials. Iron-containing mordenite 

samples were obtained by treating the mordenite with an ammoniacal solution of ferric chloride. 

Further, the obtained samples were dried at 110 °C for 2 hours, and then calcined in a muffle 

furnace at 400,°C for 4 hours. Then, before being introduced into the reaction mixture, dispersed 

to sizes of ~ 1 μm using a PM200 planetary mill, Germany. The elemental composition of the 

samples was determined using an XGT 7000 X-ray fluorescence microscope, Horiba. The iron 

content in the samples was refined by atomic absorption spectroscopy using the spectrometer AA  

iC 3000 from Thermo Scientific. The phase composition and magnetic properties of the samples 

were determined using an XRD D2 X-ray diffractometer (Germany) and an EMXmicro EPR 

spectrometer, Bruker, Germany with an operating frequency of 9.8 GHz is used to study the 

magnetic state of the catalyst. IR spectra were obtained at room temperature using an FTIR 

LUMOS IR spectrometer, Bruker, Germany, in the range 400-4000 cm
–1

.  The state of the 

catalyst, its dispersion, and the effect of US on the particle size distribution before and after the 

reaction were determined by the method of dynamic light scattering (DLS). The used analyzer 

LB 550, Horiba allows to investigate the formation, decay of particles, aggregates, complexes in 

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

power of the radiation source is 5 mW, the wavelength is 650 nm. The Hielscher UP 200S 

cavitator with an operating frequency of 26 kHz and a power of 200 W was used as an ultrasonic 

source. The reaction products were analyzed using GC Phocus, Thermo Scientific, USA 

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

the amount (mmol) of the 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). The amount of self-decomposed H2O2 was determined by the volume of 

molecular oxygen liberated as a result of the reaction, the conversion was determined as the ratio 

of consumed H2O2 (including the amount of self-decomposed 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 amount (mmol) spent hydrogen peroxide. 
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Results and Discussions 
Tab. 1 shows the mineral composition (in terms of oxides) of the initial and acid-treated 

mordenite samples. Before treatment with an aqueous dispersion of iron(III) chloride, the 
samples that underwent acid treatment were subjected to thermo-oxidative treatment at 400 ° C 
for 4 hours in a stream of air. Next, mordenite samples were treated with an aqueous dispersion 
with different concentrations (0.1–5 wt. %) of iron(III) chloride and repeated washing with 
distilled water. Then, these samples were subjected to ultrasonic treatment, dried at 110 °C and 
calcined in air at 400 °C for 4 h. 

Table 1. The mineral composition (in terms of oxides) of the original (initial) and acid-treated 
mordenite samples 

                   Composition 

Sample 

Na2O K2O MgO CaO Al2O3 SiO2 TiO2 FeO 

original 0.56 0.90 0.63 1.59 8.48 86.71 0.31 1.12 

acid-treated 0.73 0.92 0.43 1.20 6.66 88.69 0.31 1.07 

The diffractograms of the initial and iron-containing mordenite are shown in Fig. 1, a, b. 
As can be seen from the above diffractograms, for samples calcined at 400 °C, mordenite and 
iron oxide Fe2O3 (hematite) phases are detected. 

 

 

a)                                                                
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                                                                 b) 

Fig. 1. Diffractograms of mordenite samples containing:  a) 1,54 and b) 9.44 wt % iron-and 

calcined in air at 400 °C for 4 h 

In the IR spectra absorption bands characteristic of mordenite at 480, 610-620, 1060-1120, 

1640-1650 and 3620-3630 cm
-1

 are observed (vibrations of the external tetrahedral Si – O – Al 

bonds and O–H bonds in zeolitic water and hydroxyl groups); quartz 780–800 cm
–1 

(vibration of 

the Si – O bond); amorphous silica 800 cm
–1

 (Si – O bond). Analysis of the IR spectra shows that 

they are represented mainly by mordenite of a high degree of crystallinity. In the studied 

samples, an insignificant amount of amorphous silica is also noted, which can be identified as 

cristobalite. Comparison of difractograms and IR spectra of samples of the original mordenite 

and impregnated with a water-ammonia solution of iron(III) chloride showed that for samples 

dried at 110 °C and then calcined at 400 °C does not cause structural changes in the mordenite. 

Samples of the original mordenite, dried at 110
o
C in air, have a characteristic framework of 

CaAl2Si10O24 *7H2O with exchangeable impurity ions Na
+
, K

+
, Mg

2+
, Fe

3+
, Ti

4+
. 

In Fig.2 the EMR spectra of the initial and iron-containing mordenite samples calcined at 

400 °C were shown The EMR spectrum of a sample of initial mordenite calcined in air for 4 

hours at 400 °C consists of a superposition of, most likely, three signals - from isolated Mn2 + 

ions with g=2.00, A(Mn) = 8.7 mT, Fe
3+

 with g ~ 4.3 and a width of ΔH ~ 8 mT and 

magnetically concentrated FeOx phases with a g factor equa =72, 

mT in the zeolite structure [11–13]. Processing the initial mordenite samples with an aqueous 

ammonia solution of iron (III) chloride leads to an increase in the EMR signals from the 

magnetic phases FeOx with different values of g factors and line widths (g ~ 2.0, ΔH ~ 15 mT 

and g ~ 2.3, ΔH ~ 110 mT, respectively). The size of these particles calculated according to 

[14.15] is ~ 10 nm. And if we take into account that the average particle size of the catalyst in the 
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catalytic medium is, according to the DLS, ~ 0,5 μm, i.e. 500 nm, it can be assumed that each 

such catalyst particle will be a nanostructured microparticle and contain  ~ (4/3) π (D/2)
3
 / (4/3) 

π(d / 2)
3
 = D

3
/d

3
 = (500nm)

3
/(10nm) 

3
 = (125x10

6
/10

3
) ~ 10

5
 superpara /ferromagnetic Fe2O3 

particles ~ 10 nm in size. 

 

            

Fig.2.  EPR spectra of mordenite samples calcined in air during 4 hours at 400 
o
C: a)  original 

and b) modified with iron chloride. 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 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 G, Sweep Width: 

4000 G  

 

It should be noted that the EPR spectra of Fe(III) ions with the [Ar]3d
5
 electron 

configuration and the total electron spin S = 5/2 in oxide matrices with a low concentration of 

these ions are sufficiently well studied [16,17]. However, for oxide systems with a high 

concentration of these ions, the EPR spectra are mainly characterized by wide absorption lines 

[18,19]. Iron oxides/hydroxides, for example, Fe2O3, Fe3O4, FeO(OH), etc., 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 increased iron content. All these 

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

same g – factor values (~ 2.0) and line shape [18–20]. In all these cases, the observed signals can 

be unambiguously attributed to structures that are concentrated by iron ions. However, these 

spectra do not allow to determine the composition and structure of these formations. 

DLS histograms of the liquid-phase catalytic system were shown before (a) and after (b) 

the reaction in Fig. 3. 
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a) 

 

 

 

 

 

                                                                                      

b) 

Fig. 3. DLS histograms of the liquid-phase catalytic system with dispersed FeOx/Mord.  catalyst: 
(a) before and (b) after the reaction 

Table 2. The values  of the DLS parameters of a liquid-phase catalytic system for benzene 

hydroxylation to phenol with hydrogen peroxide in the presence of a FeOx /Mord   

catalyst before and after the reaction 

*Sample 

DLS parameters  

Diameter of the particles in liquid-phase, nm 
Span 

Diffusion coeff., 
(E

-12
m

2
/sec) Median 

The average size of 
particles 

Moda 

1 1.1 1.2 1.1 0.322 579.6 

2 433.9 439.4 424.5 0.559 2.36 

3 582.8 590.4 619.6 0.707 1.76  

4 151.5 161.2 159.0 0.889 6.76  
5 126.3 142.3 123.7 0.873 8.11 

* 1 - without a catalyst, 2 - a system with a catalyst before the reaction, 3 - a system with a catalyst after 4 hours of 

reaction, 4,5 - after being exposed to ultrasound, accordingly, for 10 and 20 minutes on a system with a catalyst that 

has been working in this reaction within 4 h 
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Tab. 3 shows the data of liquid-phase catalytic hydroxylation of benzene to phenol. 

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.  

Table 3. Results of liquid-phase hydroxylation of benzene to phenol in the presence of iron-

containing mordenite (reaction conditions: 39.5 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 

Duration of reaction, 

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. 3, it can be seen that the synthesized samples of FeOx / Mord. 

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 CC6H6 / CH2O2 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 80.1 mol.%, And the selectivity 

of the formation of hydroquinone and benzoquinone does not exceed 2.3 and 2.9 mol.%, 

respectively. 

Note that these nanoscale iron oxide particles can be considered as catalytically active, 

which initially react with hydrogen peroxide to form hydroxyl radicals [21,22]. Numerous 

studies show that OH
•
 radicals have a very high reactivity and hydrocarbons are easily oxidized 

even at temperatures below room temperature. The appearance of these radicals in the reaction 

system leads to the fact that chemical transformations occur not only on the catalyst surface, but 

also in the reaction volume and, as a result, the selective oxidation of organic substrates with 

aqueous solutions of hydrogen peroxide is hampered. Therefore, it is desirable to carry out the 

process in conditions of shortage and portion supply of H2O2. From the foregoing 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 save its catalytic activity, 
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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 effects of ultrasound on the catalytic system. It should be noted that along 

with the dispersion of catalyst particles, when the ultrasound is applied to this catalytic system, 

the surface of the catalyst particles is cleared from the reaction products. Thus, the influence of 

ultrasound can increase the activity of the catalyst by cleaning its surface from the reaction 

products, passivating the active sites of the catalyst. 

Conclusion 

The effect of US treatment on the magnetic and catalytic properties of iron-containing 

mordenite in the reaction of liquid-phase hydroxylation of benzene to phenol with hydrogen 

peroxide was studied. The main feature of the work is resulted in establishment of the US 

treatment effect on the magnetic and catalytic characteristics of iron-containing mordenite in this 

reaction.. The dependence of the average particle diameter in the catalytic system and the 

magnetic properties of the catalyst on the time of exposure to ultrasound is determined. It has 

been shown that it is possible to preserve the catalyst activity for quite a long time by US 

treatment for 10 min. of the catalytic system, which has lost 80% of its activity after 4-6 hours of 

the reaction cycle. It was established that the pre-treatment with US of the catalytic system, 

along with its preservation in the dispersed state, cleans the surface of the catalyst particles from 

oxidation products and leads to maintaining of high catalytic activity.  
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