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The threshold value of the energy required for the decomposition of benzene after the
cessation of cavitation has been established. The regularities of the oxidative destruction of
benzene in the cyclic mode “cavitation-exposure” were established. The possibility of destruction of
benzene in case of initiation of the process by introducing a certain amount of its cavitationally
activated part into the water-benzene medium is shown. The role of oxygen in the cavitation
decomposition of benzene was experimentally confirmed.
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Introduction

Wastewater from many chemical and petro-
chemical enterprises contains a considerable amount
of aromatic compounds, both mono- (benzene, tolu-
ene, phenol, cresols) and polycyclic (anthracene, na-
phthalene, pyrene, phenanthrene) [1]. These com-
pounds exhibit carcinogenic, mutagenic and terato-
genic effects on living organisms. They are charac-
terized by high bioresistance and, accordingly, slight
biodegradability, which naturally decreases with an
increase in the number of benzene rings in the
structure of the aromatic compound. This ensures
their stability in the environment and the possibility
of transmission through the trophic chain.Therefore,
the search for effective energy-saving methods of
neutralizing aromatic compounds, in particular,
benzene, is an urgent task within the framework of
the implementation of the “zero emissions” policy.

The destruction of benzene in aqueous media
was studied using processes that differed signifi-
cantly in their physical and chemical nature. In par-
ticular, these were the following processes: aerobic-
anaerobic degradation [2], photocatalysis based on
TiO, [3] or nanocomposites [4] and cavitation [5-9];
benzene extraction was also carried out by two-phase
extraction [10]. Wu et al. [11] investigated the
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degradation of benzene under the influence of
ultrasonic radiation at a power of 40 W. It was
established that the rate of destruction of benzene
was lower than that of cyclohexene. Under the action
of acoustic cavitation, the degree of benzene
destruction reached 88 % [5]. In the mode of sta-
tionary cavitation, the degree of benzene conversion
of 89...91 % was achieved [6]. The application of the
combined treatment of the water environment with
the effect of ultrasound radiation and Fenton’s
reagent [9] made it possible to achieve a degree of
benzene decomposition of 93.4 %. Research conduc-
ted using a hydrodynamic cavitator with a 1.1 kW
pump [12] established a high efficiency of benzene
decomposition — the degree of its conversion reached
98.9 %. The results of the study of cavitation
destruction of aromatic compounds are also given in
[13-15].

Previous studies have established that the
introduction of air in the amount of 2 % (by volume)
into the water-benzene medium made it possible to
increase the speed of the process by at least two
times. Based on the obtained results, a conclusion
was made about the radical mechanism of benzene
oxidation [5]. Therefore, it was proposed to conduct
a study of the destruction of benzene under
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conditions of non-stationary cavitation excitation, in
which the decomposition of benzene was predicted
even after the cessation of cavitation excitation after
the generation in the reaction medium of a certain
critical concentration of products of a radical nature,
which would further contribute to the continuation of
the chain radical process. It was also assumed that
such a process can occur after the introduction of a
certain amount of energy into the reaction medium,
at which the course of the benzene oxidation process
is possible even after the cessation of cavitation
excitation.

The purpose of the work: to study the
process of benzene destruction under conditions of
non-stationary cavitation excitation.

Materials and research methods

The research used a model benzene solution
(MBS), which was prepared by mixing benzene
(purity 99.9 %, Deza Company, Czech Republic) with
distilled water; initial concentration of benzene —
0.67...0.73 g/dm? (8.60...9.35-10° mol/dm®); the last
value corresponded to the maximum solubility of
benzene at a temperature of 20 °C.

Research was conducted on laboratory instal-
lations in which the phenomenon of cavitation was
excited by fundamentally different methods. The
first is with the help of an ultrasonic magnetostrictive
emitter “Ultrasonic UD-20” (radiation frequency 20
kHz, power — 10.2 W) (Fig. 1). In addition to an
ultrasonic emitter 3 with a concentrator 2 and a
power supply unit 6, the installation contained a
reaction tank 1; The UTU-4 ultra-thermostat 6 is
equipped with a removable bath 7, which was placed
on a magnetic stirrer 8. The temperature in the reac-
tion vessel 1 was determined by a thermometer 8.

The volume of MBS medium, which was
placed in flask 1, was 150...250 cm®.

In the second laboratory installation (Fig. 2), a
hydrodynamic jet type cavitator 8 was used to excite
cavitation. The installation also included: circulating
tank 1 with temperature control system 2 and agitator
3, circulating centrifugal pump 6. The MBS consum-
ption and the pressure, which was determined by the
manometer 15, were regulated by valves 5, 7, 16.
The air in the MBS was supplied by the compressor
13 through the rheometer 12 and aerator 4.
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Fig. 1. Scheme of the installation for the study
of cavitation neutralization of benzene:
1 —reaction flask; 2 — ultrasound concentrator;
3 — magnetostrictive emitter; 4 — power supply unit of the
ultrasound emitter; 5 — magnetic stirrer; 6 — thermostat;
7 —thermostatic bath; 8 — thermometer
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Fig. 2. Installation scheme withcavitation reactor:
1 —circulation tank; 2 — cooling system; 3 — stirrer;
4 —airinlet; 5, 7, 14, 16 — taps; 6 — circulation pump;
8 — cavitator; 9 — thermometer; 10 — hydrophone;
11 - PC; 12-rheometer; 13 — compressor;
15 — manomether

The body of the cavitator 8 is made of quartz
glass, which made it possible to visually observe the
formation of the cavitation area. The cavitation area
was formed due to the collision of the MBS jets,
which were formed at the exit from the profiled
nozzles: the number of nozzles is 3; the diameter of
the nozzles at the exit is 2 mm, the angle of attack
(the angle between the axes of adjacent nozzles) is
160...165 degrees.

The volume of MBS in the system was equal
to 17.5 dm®. The consumption of MBS at a certain
pressure was determined by the volumetric method
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at the entrance to the circulation tank 1. The nominal
power of the centrifugal pump was 1.1 kW. The
pressure at the entrance to the cavitator 8 was varied
in the range of 0.2...0.36 MPa.

Research at the first installation was perfor-
med in adiabatic and isothermal (at a temperature of
293 + K) conditions, at the second — in adiabatic
conditions. Analysis of the water environment for
benzene content during the research was carried out
using spectrophotometers “Specord M40” (in the
range of 200...900 nm) and ULab 102 (at a wave-
length of 254 nm, which corresponds to the maxi-
mum absorption of benzene).

The amount of energy (W), which is int-
roduced into the reaction system by the ultrasound
emitter, was determined according to the equation

N-7

V
where N — power of the ultrasound emitter, W; 7 —
duration of cavitation treatment, sec; V — volume of
the reaction medium that was subjected to proces-
sing, dm”.

Taking into account the radical mechanism of
oxidative destruction of benzene, the research was
carried out in the following modes of non-stationary
cavitation excitation: 1) periodic in the mode “cavi-
tation — exposure — cavitation — exposure ...”; 2) int-
roducing a certain volume of pre-cavitationally treated
model solution into the water-benzene medium.

W=

Results and discussion

The studies were carried out with the power of
the ultrasound emitter of 10.2 W and with constant
turbulent mixing of the MBS. It was established that
after cavitation treatment of the solution for at least
300 sec, benzene destruction occurs (initial content
8.6-10° mol/dm?®) even after cessation of cavitation
excitation. During this time, 51 kJ/dm® (68 W/dm®)
of energy was introduced into the solution. This
value of energy was taken as a “threshold”, which is
necessary to create conditions in the environment for
further destruction of benzene even without
cavitation. However, the main condition for this is
the presence of oxygen in the system, which is
absorbed from the air under conditions of intensive
mixing of the liquid phase. Therefore, in the future,
research in the non-stationary mode of cavitation
excitation was carried out under the condition that
the amount of energy introduced into the liquid-
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phase medium should not be less than the
“threshold” value.

Investigation with periodic excitation of
cavitation were carried out in adiabatic (T, = 293 K)
conditions and the power of ultrasound radiation was
10.2 W; the duration of cavitation was equal to 300
sec, and exposure — 600 sec (accepted on the basis of
the results of previous studies). In adiabatic
conditions, the reduction of the C¢Hg concentration
to the MPC was achieved in three periods of
“excitation — exposition” (Fig. 3).

A greater angle of inclination of individual
areas corresponding to the cavitation mode meant an
increase in the speed of the process; at the same
time, the temperature of the solution increased by
4.5..5 degrees. During exposure, the temperature
decreased due to heat transfer to the environment.
The average rate of benzene destruction during
cavitation was almost twice as high as during solution
exposure in the corresponding periods. Thus, in periods
| and II, the rate of benzene decomposition during
cavitation was 11.63-10% and 3.50-10° mol/sec-m?,
while during exposure it was 1.71-10° and 1,31-10°®
mol/sec-m®. At the same time, it is worth noting that
during exposure, the destruction of benzene continued,
albeit at a slower rate. Interestingly, in the Il period,
the rate of benzene decomposition during cavitation
was higher than in the Il period and was 5.52-10°
mol/s-m®. This can be explained by an increase in the
temperature of the reaction medium to 307 K under
adiabatic conditions. An increase in the temperature of
the solution contributes to an increase in the rate of
benzene destruction during cavitation. During 30 min.
a degree of benzene conversion of ~70 % was
achieved. The total duration of the process until the
maximum permissible concentration (MPC) of benze-
ne is reached is ~50 min. The energy consumption for
the decomposition of benzene under periodic
excitation of cavitation in adiabatic conditions is
about 9000 kJ/mol.

The obtained results convincingly testify to
the radical mechanism of oxidative destruction of
benzene, which is initiated by cavitation phenomena.

In the future, the decomposition of benzene
was studied after mixing certain volumes of MBS:
pre-activated by cavitation and initial. The research
was carried out at different ratios of cavitationally
activated (CAMBS) and initial (IMBS) model
benzene solution; duration of cavitation treatment of
MBS was 10 and 30 min.
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Fig. 3. Dependence of benzene concentration (1)
and medium temperature (2) on time in adiabatic
conditions: mode: Cav — cavitation; Exp — exposures
(without cavitation)

During 10 min under the influence of ult-
rasound radiation with a power of 10.2 W, the
concentration of CgHs (volume of MBS 100 Cms)
decreased from 9.35 to 4.58 mol/m® (section A;B; in
Fig. 4). After that, 25 cm® of CAMBS was quickly
taken from the reaction mixture and added to 75 cm®
of IMBS with intensive stirring (CAMBS content in
the mixture was 25 %) and in contact with air. The
concentration of CgHg in the mixture was calculated
based on the content of CgHg in CAMBS and IMBS
and their volumes — it was equal to 7.52 mol/m®
(point C4, Fig. 4). After that, the benzene content in
the reaction mixture was periodically determined un-
der constant intensive stirring (section D1E;, Fig. 4).
After 30 min (after mixing CAMBS and IMBS) the
degree of CsHg conversion was equal to 72 %. The
estimated duration of the process until reaching the
MPC was about 80 min.

Similar studies were conducted with preli-
minary cavitation activation of simulated wastewater
for 30 minutes. The ratio between CAMBS and
IMBS was the same — 1:3. Changes in the concent-
ration of CgHg in MBS during cavitation treatment
and in a mixture of CAMBS and IMBS are shown in
Fig. 4 (sections A,B, and C,E,). Within 600 sec after
mixing CAMBS with IMBS, the degree of conver-
sion was ~66 %, and the duration of the process was
~95 min. Therefore, increasing the duration of
cavitation treatment of MBS slightly reduces the
efficiency of benzene decomposition. This confirms
the conclusion about the radical mechanism of the

process: with an increase in the concentration of
radicals formed during cavitation in the solution, the
probability of their recombination increases and the
probability of interaction with benzene decreases. In
addition, an increase in the duration of wastewater
treatment will lead to an unproductive increase in
energy consumption for the implementation of the
process. Therefore, further studies were carried out
with the processing of MBS for 600 sec and the con-
tent of CAMBS in a mixture with IMBS 15; 10; 5 %.
It is interesting that the dependences of the change in
the concentration of C6H6 for the above-mentioned
content in the mixture differed very little from those
for 25 % of the CAMBS content, which led to
conducting research at an even lower (0.25-1.00 %)
CAMBS content in the mixture with IMBS (Fig. 5).
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Fig. 4. Dependence of benzene concentration on time:
during cavitation activation of MBS (areas A;B; and A;B,);
after mixing CAMBS and IMBS (areas C;E; and C,E;) with

a volume ratio of CAMBS and IMBS =1 : 3; duration of
cavitation treatment of MBS, sec: 1 — 600; 2 — 1800 (the
moment of addition of CAMBS is shown by an arrow)
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Fig. 5. Dependence of benzene concentration on time
during MBS processing and after mixing CAMBS and
PMBS (introduction of CAMBS is shown by an arrow);
the content of CAMBS in the mixture, %:
1-05;2-0.75;3-1.0
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The change in the degree of conversion of
benzene from the moment of mixing CAMBS with
IMBS is shown in Fig. 6 (the initial concentration of
C¢Hs in the mixture of CAMBS with IMBS was
taken to be equal to its concentration in the original
solution).
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Fig. 6. Dependence of the degree of benzene conversion
on time after mixing CAMBS with IMBS; the content
of CAMBS in the mixture, %: 1 -0.5;2-0.75; 3-1.0

For the content of CAMBS in a mixture with
IMBS 1.00; 0.75; 0.50 % time to reach MPC is about
52, 47 and 67 minutes respectively (Fig. 7). A further
decrease in the content of CAMBS causes a sharp
decrease in the rate of benzene destruction and,
accordingly, an increase in the duration of the
process.
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Fig. 7. Dependence of the duration of benzene
transformation on the volume content of CAMBS
in the mixture

Therefore, for effective benzene removal, it is
advisable to activate about 1 % of wastewater by
cavitation and then mix it with untreated water. The
specific energy consumption for the destruction of
benzene will be about 10 kd/m® (0.17 kW/m®).
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To confirm the role of oxygen in the destruc-
tion of benzene, its decomposition was investigated
after mixing CAMBS with IMBS both under
constant stirring, which ensured oxygen absorption,
and without stirring (Fig. 8).
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Fig. 8. Dependence of benzene concentration on time
in a mixture of CAMBS with IMBS: the content of COI
in the mixture, %: 1 — 1.0; 2 — 0.25; hydrodynamic
conditions: 1, 2 — with mixing; 3, 4 — without mixing

As expected, without mixing, that is, practically
without oxygen absorption, the destruction of benzene
practically does not occur (Fig. 8, curves 3 and 4). In
addition, the change in the concentration of benzene
(in contrast to the mixing process) with the content of
CAMBS in the mixture of 1.0 and 0.25 % s
practically the same. This confirms the role of oxygen
in the destruction of benzene as a radical process. The
decrease in the concentration of benzene during the
first 600 sec of the process is due to the absorption of
oxygen from the air during the preparation of the
model solution. Therefore, in all cases during this
time, the rate of benzene destruction was the same and
equal to approximately 5.7-10° mol/sec-m®. But with
limited oxygen access, the process of benzene de-
composition quickly subsides (Fig. 8, curves 3 and 4).
With intensive absorption of oxygen, oxidation
occurred according to patterns similar to those given
above. This convincingly confirms the very important
role of oxygen in the destruction of benzene precisely
as an oxidative process.

The results obtained on a laboratory setup
with an ultrasonic emitter were confirmed during
technological studies using a hydrodynamic cavitator
(Fig. 9). After the cessation of cavitation excitation
for 30 min (the pressure in front of the cavitator was
equal to 0.39 MPa, air consumption 80 cm‘°’/min), the
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solution was still circulated in the installation with
constant mixing and air supply for another 40 min.
Circulation of the environment is necessary for
uniform and constant absorption of oxygen. There
was a kind of exposition of MRB (the pressure in
front of the cavitator was equal to 0.1 MPa, under
these conditions cavitation is not excited). At the
same time, a further decrease in the concentration of
benzene was observed (Fig. 9). The total degree of
benzene conversion after 70 min (30 min — cavita-
tion, 40 min — exposure) was equal to 92.8 %.
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Fig. 9. Dependence of benzene concentration on time:
air consumption, cm*min: 1 — 40; 2 — 60; 3—80

An increase in the flow of air, which is sup-
plied to the water environment in front of the hydro-
dynamic cavitator, contributes to the destruction of
benzene.

If the benzene solution was subjected to
continuous cavitation treatment for 70 minutes (thou-
sand 0.39 MPa, air flow rate 80 cm3/min), the degree
of benzene conversion decreased by 15 %. This is
probably due to the intense recombination of radicals
that are formed during cavitation.

In the case of a hydrodynamic cavitator, the
pump consumes a large amount of energy to circu-
late the reaction solution for a longer period of time,
say 70 min. However, limiting cavitation to the first
30 minutes reduces the pump power consumption
required for the total treatment time, which reduces
the total treatment cost. Therefore, the use of cavi-
tation within a limited treatment time can be con-
sidered a cost-effective approach to benzene degra-
dation. However, a necessary condition for the
decomposition of benzene in this mode is the pre-
sence of oxygen in the reaction system.
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Conclusions

The process of cavitation destruction of
benzene takes place by a radical mechanism with the
participation of oxygen absorbed from the air.

Oxidative destruction of benzene is charac-
terized by the presence of a “threshold” energy value
equal to 51 kiJ/dm® (68 W/dm®), after its introduction
into the water-benzene solution, the destruction of
benzene can occur even after the cessation of
cavitation, but with the mandatory presence in the
oxygen system.

Reduction of energy consumption for the
destruction of benzene is achieved by carrying out
the process in the periodic “cavitation—exposure”
mode, provided that the duration of the cavitation
mode ensures the introduction of energy, the value of
which is not less than the “threshold”.

To neutralize benzene, it is not advisable to
treat the entire volume of wastewater — it is enough
to initiate the process by treating only part of it
(about 1 % of the total volume).

The work was carried out with the support of the
Ministry of Education and Science of Ukraine within the
framework of the joint Ukrainian-Indian research project
“Hydrodynamic cavitation as the basis of an energy-
saving technology for cleaning wastewater of industrial
enterprises from toxic organic compounds and solid-
phase dispersed particles”.
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BceTraHoB/1eHO MOporoBe 3Ha4YeHHs eHeprii, HeoOXigHOI /s Aerpajnauii GeH3eHy mic/si MPUIUHEHHSA
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