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A B S T R A C T

Utilization of cavitation in advanced oxidation processes (AOPs) is a promising trend in research on treatment of
industrial effluents. The paper presents the results of investigations on the use of hydrodynamic cavitation aided
by additional oxidation processes (O3/H2O2/Peroxone) to reduce the total pollution load in the effluent from the
production of bitumens. A detailed analysis of changes in content of volatile organic compounds (VOCs) for all
processes studied was also performed. The studies revealed that the most effective treatment process involves
hydrodynamic cavitation aided by ozonation (40% COD reduction and 50% BOD reduction). The other processes
investigated (hydrodynamic cavitation + H2O2, hydrodynamic cavitation + Peroxone and hydrodynamic ca-
vitation alone) ensure reduction of COD by 20, 25 and 13% and reduction of BOD by 49, 32 and 18%, re-
spectively. The results of this research revealed that most of the VOCs studied are effectively degraded. The
formation of byproducts is one of the aspects that must be considered in evaluation of the AOPs studied. This
work confirmed that furfural is one of the byproducts whose concentration increased during treatment by hy-
drodynamic cavitation alone as well as hydrodynamic cavitation aided by H2O2 as an external oxidant and it
should be controlled during treatment processes.

1. Introduction

The production and use of bitumen presents a serious challenge to
environmental protection. During the production the problem concerns
both the formation of volatile organic compounds (VOCs) [1] and
polycyclic aromatic hydrocarbons [2] as well as generation of post-
oxidative effluents [3,4] and further utilization of bitumen [5–13].
Waste gases formed during the production (oxidation) of bitumen are
cleaned in scrubbers sprinkled with wash oil or an aqueous solution of
sodium hydroxide. The latter absorbent in addition to the possibility of
condensation of oil mist and absorption of VOCs can also quantitatively
trap hydrogen sulfide formed from the oxidized vacuum residue as a
result of thermal cracking [3,4]. The remaining gaseous contaminants
are utilized thermally whereas the absorbate, so-called post-oxidative
effluent, needs to undergo further treatment. In many cases, the treat-
ment of effluents containing such a rich and in some cases hard to
define load of pollutants requires a considerable investment associated

with an expensive process plant based on complex physicochemical
processes. The presence of highly toxic organic and inorganic com-
pounds calls for the use of advanced treatment technologies, ensuring a
high degree of oxidation. In the case of bitumens, post-oxidative ef-
fluents are sent to a wastewater treatment plant. However, their unique
composition precludes the use of biological treatment. A common ac-
tivated sludge is suitable for treatment of typical petroleum-derived
contaminants. On the other hand, post-oxidative effluents contain
substantial amounts of oxygenated compounds (ketones, aldehydes,
ethers, alcohols) and nitrogen-containing compounds (mainly pyridine
derivatives, but also aromatic and aliphatic amines) as well as sulfur
compounds [3,4,14–16]. Effluents of this kind require chemical treat-
ment, preferably using advanced oxidation processes (AOPs). A review
of recent literature reveals that hydrodynamic cavitation combined
with oxidation processes has found increasingly more uses for effluent
pretreatment [17–31]. Imploding cavities enable splitting molecules of
water and oxidants into highly reactive radicals, including hydroxyl
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radicals characterized by the highest oxidation potential. A combina-
tion of highly reactive hydroxyl radicals with a high power of implosion
allows splitting solid particles into smaller fragments and oxidation of
the majority of organic contaminants dissolved in effluents, which
cannot be removed by other, traditional methods of treatment. Fur-
thermore, cavities concentrate the number of radicals in a given place
of the reaction system thus resulting in homogenization of the entire
system and improvement of the effectiveness of oxidation [17]. Cavi-
tation processes have found numerous uses mostly in oxidation of or-
ganic contaminants, such as carboxylic acids [18,19], pesticides
[20,21], alcohols [22,23], organochlorine solvents [24] or pharma-
ceutical products [25–27]. In the majority of industrial plants effluent
treatment is sequential. Chemical treatment precedes biological pro-
cesses. The main objective of chemical treatment is the removal of most
toxic contaminants which could inhibit the action of activated sludge.
Hydrodynamic cavitation combined with advanced oxidation processes
(AOP) ensures in many cases a high level of oxidation of organic pol-
lutants (70–100%) [28,29]. The purpose of this work was the in-
vestigation of possibility of application and evaluation of the effec-
tiveness of hydrodynamic cavitation combined with ozonation or
oxidation using hydrogen peroxide for pretreatment of effluents from
the production of bitumens under conditions of basic pH to lower the
total organic load and to oxidize persistent organic pollutants.

2. Experimental

2.1. Chemicals

Real effluents from the production of bitumens were obtained from
the bitumen oxidation unit using Biturox process (Lotos Asfalt, Grupa
Lotos S.A., Gdańsk, Poland), (pH 10.5; COD: 8000–12,000 mg O2L−1).
Deionized water was obtained from the MilliQ water purification
system (Millipore Corporation, USA). The following reagents were used:
anti-foam agent: Struktol® SB 2032 (Schill + Seilacher, Germany), di-
chloromethane (for HPLC, Sigma-Aldrich, USA), acetone (for HPLC,
Sigma-Aldrich, USA), hydrochloric acid (analytical reagent (AR) grade,
Sigma-Aldrich, USA), hydrogen peroxide 30% (POCH S.A., Poland),
reagent for COD analysis (sulfuric acid, potassium dichromate, silver
sulfate, AR grade, POCH S.A., Poland); standard for COD analysis: so-
dium hydrogen phthalate (Sigma-Aldrich, USA); standards for quanti-
tative analysis (Sigma-Aldrich, USA): acetaldehyde, propan-1-al, ethyl
acetate, methyl acrylate, butan-2-ol, tetrahydrofuran, 2-methylpropan-
1-ol, 2-methylbutan-2-ol, butan-1-ol, 2,3-dihydropyran, ethyl acrylate,
pentan-2-one, tetrahydropyran, ethyl propionate, 3-methylbutan-1-ol,
isobutyl acetate, paraldehyde, pentan-1-ol, hexan-2-one, cyclopenta-
none, furfural, hexan-1-ol, heptan-3-one, cyclohexanol, anisole, cyclo-
hexanone, 2-methylcyclohexanone, heptan-1-ol, 3-methylcyclohex-
anone, 2-ethylhexan-1-ol, phenol, benzyl alcohol, acetophenone, o-
cresol, 4-methylbenzaldehyde, m-cresol, 2,6-dimethylphenol, 4-ethy-
lophenol, 4-chlorophenol, 4-chlorobutan-1-ol, 3-chlorobutan-1-one.
Ozone was produced in a Tytan 32 ozone generator (Erem) at a rate of
9.41 g/h.

2.2. Hydrodynamic cavitation

The treatment of effluents from the production of bitumens by hy-
drodynamic cavitation aided by oxidation (using hydrogen peroxide or
ozone) was carried out in a reaction system shown in Fig. 1. The system
consists of a 11-L tank, stirrer, heating and temperature control system,
water condenser, vane pump (MS 801-4, 1360 min−1, TECHTOP®
MOTOR, Shanghai, China), two digital manometers, electromagnetic
flowmeter (MPP 600 by MAGFLO®) and a Venturi tube. The same type
of Venturi tube was investigated in previous papers by S. Raut-Jadhav
[32] and similar by B. Bethi [33] and M. P. Badve [34]. The tank and
connecting elements were made of stainless steel (SS316). Inlet and
outlet tubing was made of poly(tetrafluoroethylene) (PTFE). A Venturi

tube was made of brass. A vane pump (MS 801-4, 1360 min−1,
TECHTOP® MOTOR, Shanghai, China) with a maximum flow rate of
1000 L h−1 was used in the reaction system. The volume of effluent
treated in the system was 5 L plus 2 mL of anti-foam agent. The effluent
temperature was maintained at 40 ± 2 °C by means of an electric
heater and condenser cooled with tap water. A Venturi tube had a
diameter of 10 mm with a throat diameter of 2 mm (Fig. 2). Effluent
treatment was carried out for 360 min at various inlet pressures
(6–10 bar) and flow rates 470–590 L h−1. Samples were collected every
15 min during the first hour of the process. After the first hour, samples
were collected every hour. Ozonation was performed using a Tytan 32
ozone generator (Erem) at a maximum rate of 9.41 g O3 h−1 at a flow
rate of 15 L min−1. Ozone was injected into and behind the throat.
Hydrogen peroxide (30%) was fed to the system using a high-pressure
pump (S-7110 isocratic pump, Merck-Hitachi, Japan) with a flow rate
from 0.5 to 1.5 mL min−1. The pump was connected to the Venturi tube
behind the throat (more details in Fig. 1).

2.3. Process control

2.3.1. COD
Chemical oxygen demand was determined using COD cuvette test

(HACH®, UK). COD of effluents was monitored using a spectro-
photometric method (Spectrophotometer DR2010, HACH®, USA).
Samples were combusted in a thermoreactor (HACH®, USA) at 150 °C
for 2 h.

2.3.2. BOD
The determination of biochemical oxygen demand was carried out

according to ISO 5815-1:2003 (E) standard. Oxygen content was mea-
sured using a dissolved oxygen probe COG-1 (ELMETRON®, Poland).

2.3.3. Analysis of composition of VOCs
Identification and quantitative analysis were carried out by gas

chromatography-mass spectrometry using a QP2010SE GC–MS
(Shimadzu, Japan). Samples were prepared for analysis using dispersive
liquid–liquid microextraction (DLLME). The exact experimental proce-
dure was described previously [15].

2.3.4. Investigation of ozone emission from the reactor
The determination of emission of unreacted ozone from the reactor

was carried out using the ozone wet-chemistry test reported by Rakness
[35]. A piece of PTFE tubing was connected to a tightly closed reactor.
The tubing directed unreacted ozone to two scrubbers, each one con-
taining 400 mL of a 2% potassium iodide solution. Before the scrubbers
the stream was split into two streams having the same flow rate. One of
them was fed directly to the scrubbers and the other to the ventilation
system. Unreacted ozone was collected during the entire treatment and
the solution in the scrubbers was replaced every hour. Next, the col-
lected solutions were titrated with 0.1 N Na2S2O3 to determine the
emission of unreacted ozone from the reactor during every hour of the
treatment.

3. Results and discussion

3.1. Hydrodynamic cavitation

A Venturi tube whose design was described in paper [32] was used
in the investigations. Due to the fact that the industrial effluents in-
vestigated had a complex composition, a tested tube geometry was used
to ensure that the cavitation conditions allow effective degradation of
organic compounds. The use of a previously validated design also al-
lows a comparison of efficiency of degradation of other types of con-
taminants for AOP processes combined with cavitation which provides
information on the applicability of this approach for a wide variety of
contaminants. The main parameter used to evaluate the effectiveness of
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decreasing total pollution load was chemical oxygen demand. The ef-
fectiveness of lowering COD of the effluent solely by hydrodynamic
cavitation is depicted in Fig. 3. Three variants of the treatment process
were used whereby inlet pressure, cavitation number and volumetric
flow rate of the pumped effluent were varied. Process parameters for

the experiments are listed in Table 1. It follows from the data in Table 1
that the most effective treatment was HC-2. At a flow rate of 520 L h−1,
inlet pressure of 8 bar and a cavitation number of 0.103, the effluent
COD was lowered by almost 13% during 120 min of the treatment. This
result is not as good as some of the data reported in the literature.

Fig. 1. Schematic diagram of hydrodynamic cavitation system with Venturi tube. 1 – tank, 2 – stirrer motor, 3 – stirrer arm, 4 – temperature sensor, 5 – water condenser, 6 – vane pump, 7
– Venturi tube, 8 – suction side of the pump, T1 – connection of temperature sensor to control panel; R2 – connection of stirrer motor to control panel; R1 – connection of lighting to
control panel, Z2 – bypass line valve, Z1 – main line valve, P1, P2 – digital manometers, V* – flowmeter.

Fig. 2. Schematic of Venturi tube.

Fig. 3. Comparison of effectiveness for studied hydrodynamic cavi-
tation processes aided by external oxidant.

G. Boczkaj et al. Ultrasonics - Sonochemistry 40 (2018) 969–979

971

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Padoleya et al. [28] treated distillery wastewater having a similar total
pollution load (COD 35,000 mg L−1) and obtained a 34.3% reduction of
COD during 150 min; however, the treatment was carried out at a
neutral pH. Moreover, composition of the effluent was much less ag-
gressive than the effluent from the production of bitumen. Similarly,
Matusiewicz et al. [29] using hydrodynamic cavitation of brewery
spent grain diluted by wastewater with a COD of 630 mg L−1 achieved
a decrease in COD of 24% in 30 min. In the case of effluents from the
production of bitumens pH cannot be lowered owing to a high content
of sulfides which would be released to the atmosphere as hydrogen
sulfide at a neutral or acidic pH. Furthermore, the plot in Fig. 3 reveals
that the COD of the effluent does not change during a certain period of
the treatment. This can be attributed to the presence in the effluent of
organic compounds that are both easy and difficult to oxidize. Readily
oxidizable compounds are oxidized first after just a few passes through
the cavitation zone which causes a substantial reduction of COD of the
effluent in a short time (60–120 min). Next, the effluent COD remains at
the same level (for 2–3 h) until another reduction in COD due to oxi-
dation of resistant compounds. Compounds resistant to oxidation re-
quire much longer residence time in the cavitation zone. The results are
also affected by the cavitation number, which determines the degree of
cavity generation in the throat and intensity of the phenomenon.
Hence, at the same recirculation the intensity of oxidation of pollutants
will be different which results in a nonlinear trend of COD reduction of
the effluent during cavitation. The cavitation number (Cv) describes the
intensity of cavitation phenomenon. An increase in inlet pressure of the
treated medium results in an increase in its flow rate which decreases
the cavitation number. The smaller the cavitation number the greater
the number of cavities generated and the lower the effectiveness of
degradation of pollutants after exceeding the limiting value of inlet
pressure. This is attributed to the generation of a large number of
cavities at a high inlet pressure which results in their coalescence and
formation of a cavity cloud, which hinders an implosion of the gener-
ated cavities. This phenomenon is called choked cavitation and it has
been described in detail [31]. According to the literature data,

cavitation takes place when the cavitation number is equal to or less
than one but in some cases cavities can be generated at a cavitation
number greater than one due to the presence of dissolved gases and
suspended particles which provide additional nuclei for the cavities to
form. However, the effectiveness of generation of cavities is the highest
when Cv is less than 1 [31,36]. Consequently, oxidation of pollutants is
often carried out at inlet pressures allowing the cavitation number to
range from 0.1 to 1. No changes in pH were observed during the ef-
fluent treatment with respect to the initial pH of the effluent which was
10.5. Many AOP processes take place at a neutral or acidic pH due to
much higher effectiveness of oxidation than at basic pH values. This is
the case in, among others, Fenton process. However, effluents from the
production of bitumens require basic pH values in order to completely
retain hydrogen sulfide, which under such conditions occurs in the form
of sulfide ions S2−. Correction of pH prior to treatment of these ef-
fluents is not recommended due to the possibility of release of H2S.
Consequently, this paper reports the results of investigations on the
effectiveness of treatment of the effluents under basic conditions.

3.2. Hydrodynamic cavitation + H2O2

The effectiveness of lowering COD load of the effluent by hydro-
dynamic cavitation aided by oxidation with hydrogen peroxide is de-
picted in Fig. 3. The most effective HC conditions were used along with
three different doses of hydrogen peroxide. In each case hydrogen
peroxide was introduced continuously during the entire treatment
process. Specific process parameters are listed in Table 1. The greatest
reduction in COD (by 20%) of the effluent was achieved when hydrogen
peroxide was fed at 1.0 mL·min−1. Hydrogen peroxide is a weak acid
with a relatively high oxidation potential dependent on pH (1.80 V at
pH = 0; 0.87 V at pH = 14), which does not undergo spontaneous
decomposition yielding hydroxyl radicals in the reaction medium [37].
In the case of this study, the efficiency of the process can be affected by
three different mechanisms of oxidation of organic contaminants:

Table 1
Operating conditions for hydrodynamic cavitation process aided by external oxidant.

*
=

−

×

Cv
P Pv

u ρ
( 2 )

21 2 , p2-downstream pressure [Pa], pv – water vapor pressure at 40 °C [Pa], u – linear velocity at the throat of Venturi tube [ms−1], ρ – density of the pumped medium at 40 °C

[kg m−3].
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• direct reactions between contaminants and oxidant,

• reactions between hydroxyl radicals (generated through cavitation
and decomposition of external oxidant) and contaminants,

• thermal decomposition resulting from collapse of gaseous bubbles.

The use of cavitation involves the last two mechanisms for de-
gradation of organic contaminants. At the same time, the results of
studies on degradation of organic compounds by cavitation alone reveal
that the process reduces COD by 13%. A much improved reduction of
COD for the processes aided by external oxidants demonstrates that the
most important role in degradation is played by the reactions of con-
taminants with hydroxyl radicals and direct reactions with the oxidant.
Hydrogen peroxide as a single oxidant can react directly mostly with
chlorinated alkanes (absent from the investigated effluent), carboxylic
acids and polycyclic aromatic hydrocarbons [38,39]. The mechanism of
direct oxidation involves primarily the reaction of contaminants with
the perhydroxyl anions formed through decomposition of hydrogen
peroxide (Η2Ο2 → H+ + −OOH). Decomposition of hydrogen peroxide
is most effective in an acidic medium. However, in case of a basic pH
(the effluent studied has a pH 10.5), hydrogen peroxide reacts with
hydroxide anions yielding the perhydroxyl anions (Eq. (1)). Under these
conditions it is the perhydroxyl anion that is responsible for oxidizing
properties of hydrogen peroxide. It reacts with organic contaminants
forming adducts which can undergo internal rearrangements to split an
anion or to promote migration of the alkyl radical with an electron pair
to form an oxidation intermediate. An example of such a reaction is the
Baeyer-Villiger reaction of a ketone with hydrogen peroxide yielding an
ester [40]. Consequently, all the oxygenated intermediates are much
more resistant to oxidation by hydrogen peroxide and must remain
much longer in the reaction medium to be completely degraded [37].
Therefore, the mechanism of direct oxidation of organic contaminants
by hydrogen peroxide alone causes lowering of initial concentrations of
the pollutants in the course of the reaction but the reduction of total
pollutant load of the effluent (COD) requires a much larger dose of the
oxidant and a much longer time of the reaction.

In the studied process the main mechanism of oxidation of organic
contaminants involving hydroxyl radicals formed due to decomposition
of hydrogen peroxide under conditions of hydrodynamic cavitation,
which are much better oxidants (oxidation potential 2.8 V) than the
perhydroxyl anions. Hydroxyl radicals react non-selectively with the
contaminants present in the effluent; thus, these are mostly oxidation
reactions which occur in the effluent being treated and are responsible
for the reduction of COD of the effluent. The main mechanisms of
oxidation of selected organic contaminants by hydroxyl radicals are
described in detail in a paper by Bhattacharjee [37]. Combination of
cavitation with oxidation aims at an increase in the number of hydroxyl
radicals in solution (Eqs. (2) and (3)). In this case, the main source of
hydroxyl radicals in the aqueous medium being treated is decomposi-
tion of hydrogen peroxide (H2O2). Most commonly, the amount of
hydrogen peroxide added is selected by calculating the amount of
oxidant needed to lower the COD of the effluent. For the 5 L of effluent
with a COD around 11,000 mg O2·L−1, the amount of 30% hydrogen
peroxide needed to lower COD (complete reduction – 100%) during a
360-min process is equal to about 166 mL (volumetric flow rate during
the treatment is 0.46 mL min−1). The mole ratio of the amount of
oxidant provided by hydrogen peroxide added to COD of the effluent is

%
= =r 1.9OX

HO oxidant
COD waste

( )
( ) (detailed calculation below). Addition of an in-

sufficient amount of the oxidant will cause a substantial decrease in
efficiency of oxidation of pollutants due to too small a number of hy-
droxyl radicals formed as a result of decomposition of H2O2 partici-
pating in the oxidation process [34].

Calculation of rox parameter:
COD reduction: 100%; volumetric flow rate of 30% H2O2:

0.46 ml·min−1; density of 30% H2O2: 1.11 g·mL−1; time of process:
360 min,

COD of the effluent: 11,000 mg O2·L−1,
For 5 L of the effluent: oxygen demand = 5 * 11,000 = 55 g O2;

55/32 = 1.7 mol of O2,
The mass of introduced 30% hydrogen peroxide:

m = 0.46 ∗ 360 ∗ 0.3 ∗ 1.11 = 55.1 g H2O2

The mass of introduced HO% radicals (stoichiometric reaction):
mr = 55.1 g; 55.1/17=3.2 mol of oxidant,

rox = HO%/COD= 3.2/1.7 = 1.9

+ → +
− −H O OH H O HO2 2 2 2 (1)

%
⎯ →⎯⎯⎯⎯⎯⎯⎯⎯H O HO2
cavitation

2 2 (2)

%
+ ⎯ →⎯⎯⎯⎯⎯⎯⎯⎯HO pollutants degradation product

cavitation
(3)

Addition of an excessive amount of hydrogen peroxide is also un-
desirable as it lowers the degree of degradation of pollutants. This is
mostly due to generation of radicals with a significantly lower oxidation
potential than hydroxyl radicals (Eqs. (4)–(7)) as well as reactions of
the radicals with hydrogen peroxide molecules [20,41,42].

% %
+ ⎯ →⎯⎯⎯⎯⎯⎯⎯⎯HO HO H O

cavitation
2 2 (4)

% %
+ ⎯ →⎯⎯⎯⎯⎯⎯⎯⎯ +HO H O H O HO

cavitation
2 2 2 2 (5)

% %
+ ⎯ →⎯⎯⎯⎯⎯⎯⎯⎯ +HO HO H O O

cavitation
2 2 2 2 2 (6)

% % %
+ ⎯ →⎯⎯⎯⎯⎯⎯⎯⎯ +HO O HO O

cavitation
2 2 (7)

The two opposite effects, i.e. decomposition of H2O2 in a basic
medium without the formation of hydroxyl radicals and decomposition
of H2O2 under cavitation conditions to yield hydroxyl radicals were
studied in this work. The desired effect of reducing COD by addition of
hydrogen peroxide would take place if the latter effect (generation of
hydroxyl radicals under cavitation conditions) was predominant.
However, the results of this study reveal that the predominant path for
decomposition of hydrogen peroxide in a basic medium yields the
products with a low oxidation potential. Thus, in order to obtain effi-
cient degradation of contaminants in the investigated system, excess
H2O2 with respect to COD of the effluent has to be used. However, this
solution is not economically justifiable.

Consequently, the most effective lowering of COD of the effluent
was observed at a flow rate of 1 ml·min−1

=r( 4.1)OX . Hydrodynamic
cavitation combined with hydrogen peroxide allows a higher degree of
oxidation of organic pollutants present in the real effluent than the HC
alone: COD reduction of 20% as compared with 13%. Similar results of
an increased effectiveness of effluent treatment by adding an external
oxidant were reported earlier [17–33]. As was the case for HC alone,
also for HC aided by an external oxidant COD of the effluent was found
not to be decreased between 120 and 300 min of the treatment process.
Most likely, under experimental conditions readily oxidizable pollu-
tants are completely oxidized in 120 min. Additionally, no changes in
pH were observed during the treatment process. During the treatment
the effluent gradually became cloudy, followed by a gradual color
change from light yellow to dark brown (until 120 min), which can be
attributed to formation of new chemical structures by the chemical
compounds being oxidized, and then a complete decolorization and
clarification. GC–MS analysis revealed only the formation of furfural as
a byproduct generated during the treatment. The majority of com-
pounds undergo oxidation to nonvolatile or slightly volatile organic
compounds. For example, aromatic compounds containing several hy-
droxyl groups (formed from benzene or phenol) cannot be determined
by GC. Similarly, the opening of an aromatic ring during oxidation
yields compounds having two aldehyde groups which will then be
oxidized to compounds with two carboxyl groups [37]. Such com-
pounds are nonvolatile so they cannot be detected by GC–MS. At the
same time, their formation from VOCs is advantageous in terms of
lowering malodorousness of effluents.
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3.3. Hydrodynamic cavitation + O3

The effectiveness of lowering COD load of the effluent using hy-
drodynamic cavitation aided by ozonation is shown in Fig. 3. Two in-
dependent processes were investigated in which the location of ozone
feed was changed. The process was carried out at a maximum rate of
the ozone generator (9.41 g·h−1). Ozone wet-chemistry test was carried
out according to the procedure reported by Rakness [35], which de-
termined the amount of unreacted ozone in the gas leaving the reaction
system. The studies revealed that no ozone is emitted from the reactor
during the first 2.5 h. However, after this period about 3 g of unreacted
O3 is released from the reactor which constitutes 32% of the introduced
dose. Thus, during the initial 2.5-h period saturation of the aqueous
phase with ozone takes place in addition to oxidation and the ozone
dose used is justified. One of the factors affecting the efficiency of
ozonation is the limited mass transfer between the gaseous phase and
the effluent. A positive effect of combination of ozonation with cavi-
tation is that the flow of the effluent in the setup including the Venturi
tube is turbulent which intensifies the mass transfer between the gas-
eous and the aqueous phase. Ozone undergoing decomposition to hy-
droxyl radicals and reacting directly with organic contaminants must
first be dissolved in the effluent. Only then the majority of desirable
chemical reactions can take place. At the same time the solubility of
ozone in the effluent is limited. Thus the optimum approach is to obtain
saturation of the effluent with ozone under operating conditions. The
results of this study indicate that such an effect is obtained gradually
during the first two hours of the treatment. Details of process para-
meters for the investigations are provided in Table 1. A 40% reduction
of COD of the real effluent was achieved during 6 h of the treatment at
an inlet pressure of 8 bar and a flow rate of 520 L h−1. The highest rate
of removal of COD was observed during the first 60 min of the process
(close to 30% of COD reduction). Doubling this time improved the re-
moval efficiency by another 5% for both the time period 60–120 min
and 120–240 min. No changes in the effluent pH were observed
(pH = 10.5 during the entire treatment). Similarly to application of
hydrogen peroxide, the effluent gradually became cloudy, followed by a
gradual color change from light yellow to dark brown (until 120 min),
and then a complete decolorization and clarification (Fig. 4).

Similarly to hydrodynamic cavitation aided by hydrogen peroxide,
also for HC + O3 three different mechanisms of oxidation can be pro-
posed:

• direct reactions pf contaminants with ozone,

• reactions of contaminants formed as a result of decomposition of
ozone under conditions of hydrodynamic cavitation and

• thermal degradation of contaminants.

The main mechanisms are direct reactions of contaminants with
ozone and with hydroxyl radicals. The mechanism of direct oxidation
with ozone is mainly associated with its chemical structure. Ozone is a
1,3-dipole and can thus behave as a nucleophile or an electrophile.
Therefore, during direct ozonation three different types of reaction with
organic contaminants in the effluent can take place [43–45]. In the case
of dipolar structure ozone forms with contaminants containing double
or triple bonds ozonides, which are converted in the aqueous medium
to ketones or aldehydes (Fig. 5). In the case of electrophilic reactions
ozone reacts with contaminants having high electron density (mostly
compounds containing the aromatic ring). Aromatic compounds having
electron donating groups, such as –OH or –NH2 have high electron
density on the carbon atoms in the ortho and para positions, which
results in the electrophilic attack of ozone on these positions and
opening of the aromatic ring. An example of oxidation of phenol by
ozone in the reaction medium is provided by Fig. 5. The last possibility
of direct oxidation by ozone are nucleophilic reactions. These reactions
take place ozone and contaminants containing electron withdrawing
groups, such as –COOH or –NO2. Ozone reacts in a highly selective
manner oxidizing contaminants to simple organic forms [45]. However,
the main mechanism of oxidation of contaminants in the treatment
process described in this work is the reaction with hydroxyl radicals
formed through decomposition of ozone under conditions of hydro-
dynamic cavitation [37].

The energy of imploding cavities converts water molecules to re-
active radical species which, reacting with ozone, result in the forma-
tion of reactive hydroxyl radicals responsible for oxidation of the ma-
jority of organic pollutants. At the same time, ozone is converted to
reactive chemical species which are further converted to hydroxyl ra-
dicals (Eqs. (8)–(10)).

+ ⎯ →⎯⎯⎯⎯⎯⎯⎯⎯O pollutants degradation product
cavitation

3 (8)

%
⎯ →⎯⎯⎯⎯⎯⎯⎯⎯ +O O O
cavitation

3 2 (9)

% %
+ ⎯ →⎯⎯⎯⎯⎯⎯⎯⎯O H O HO2

cavitation
2 (10)

A significant improvement in the effectiveness of hydrodynamic
cavitation by combining it with ozonation was reported by Gogate and
Patil [21] (50% degradation of triazophos by hydrodynamic cavitation
alone versus complete degradation by combination of HC and ozona-
tion), Raut-Jadhav et al. [32] (5% versus 70%) and Prajapat and Gogate
[46] (30% versus 90%). Location of the place for injecting ozone is also
an important parameter affecting the degree of COD removal. The
highest effectiveness was obtained by injecting ozone in tank where the
flow is undisturbed (1% increase) although the differences in the ef-
fectiveness are small for the same times. Similar results were obtained
by Gogate and Patil [21] who improved the % degradation of triazo-
phos by 8% by introducing ozone in tank instead of at orifice. The
authors attribute this effect by a drop in inlet pressure of the medium
before the orifice resulting from the introduction of ozone and thus
limitation of the cavitation phenomenon. At the same time, a lowered
pressure decreases the solubility of ozone and oxygen in the liquid, thus
reducing the amount of oxidant available for reactions in solution. At an
inlet pressure of 5 bar the flow rate was around 290 L h−1. When ozone
was introduced at the orifice plate the flow rate dropped drastically to
120 L h−1. A decreased flow rate limited the number of passes of liquid
thus affecting the dissociation of water molecules and ozone resulting in
the formation of hydroxyl radicals. A similar effect was observed in this
work although the differences were small. Our results reveal that the
location of ozone injection had no significant effect on the % removal of
organic pollutants present in the effluents from bitumen production
under conditions of basic pH. An important difference between this
research and the references cited is the fact that the effluents in-
vestigated in this study are real effluents having a complex composi-
tion. Thus, the effectiveness of removal of pollutants observed is the

t= 0 min t= 360 mint= 120 min

Fig. 4. Color change of effluent samples in hydrodynamic cavitation + O3 pretreatment
process.
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resultant for chemical compounds belonging to different groups. Hy-
droxyl radicals react nonselectively with contaminants present in the
effluent and the reactions are characterized by large values of rate
constants. Detailed studies of the reaction rates of hydroxyl radicals
with 25 organic contaminants present in drinking water were published
by Haag and Yao [47]. The high efficiency of oxidation of hydroxyl
radicals does not include all contaminants present in a real effluent
which contains both readily oxidizable and refractory compounds.
Contaminants that are readily oxidized by hydroxyl radicals include,
among others, 1-propanal, 2-pentanone or phenol. Compounds for
which hydroxyl radicals exhibit zero or minimal effectiveness of oxi-
dation include, among others, chlorinated compounds [47,48], 4-
chloro-2-nitrobenzene [49], benzene with linear alkyl chains [50,51] as
well as saturated and cyclic hydrocarbons or furfural. In the course of
the treatment the rate of degradation by oxidation decreases due to
removal from the reaction medium of readily oxidized compounds.
Hydroxyl radicals are still generated; however, their excess in the re-
action medium results in consumption in side reactions (reactions
(11)–(13)) [48]:

% %
+ ⎯ →⎯⎯⎯⎯⎯⎯⎯⎯ +H O HO H O HO

cavitation
2 2 2 2 (11)

% %
+ ⎯ →⎯⎯⎯⎯⎯⎯⎯⎯ +O HO O HO

cavitation
3 2 2 (12)

% %
+ ⎯ →⎯⎯⎯⎯⎯⎯⎯⎯ +HO HO H O O

cavitation
2 2 2 (13)

Consequently, oxidation reactions are terminated and COD of the
effluent is no longer reduced after 240 min of the treatment.

3.4. Hydrodynamic cavitation + peroxone (O3 + H2O2)

The effectiveness of lowering COD of the effluent by means of hy-
drodynamic cavitation aided by the peroxone process (combination of
hydrogen peroxide and ozone) was also investigated. The results of
investigations are shown in Fig. 3. The treatment process was carried
out by introducing the oxidants behind the throat due to the results
described in paragraph 3.3. The COD value of the effluent was lowered
by 25%. Compared with hydrodynamic cavitation combined with
ozonation alone, the % removal decreased by 15%. This can be at-
tributed mainly to depletion of reactive forms of ozone by hydrogen

peroxide molecules. Alkaline conditions (the effluent pH 10.5) promote
the reactions of ozone with hydrogen peroxide hydroperoxyl radicals
(which have a lower oxidation potential than hydroxyl radicals), which
in subsequent reactions consume reactive hydroxyl radicals in reactions
yielding water and oxygen (Eq. (14) and (15)). This results in a decrease
of the effectiveness of oxidation of organic pollutants and, conse-
quently, a lowered% COD removal of the effluent.

% %
+ ⎯ →⎯⎯⎯⎯⎯⎯⎯⎯ + +O H O O HO HO

cavitation
3 2 2 2 2 (14)

% %
+ ⎯ →⎯⎯⎯⎯⎯⎯⎯⎯ +HO HO H O O

cavitation
2 2 2 (15)

3.5. Synergism of combined processes and their energy efficiency

The synergism of combined processes was calculated from Eq. (16)
(using hydrodynamic cavitation combined with ozonation as an ex-
ample).

=
+

+

=

+

=

S COD reduction cavitation O
COD reduction cavitation COD reduction O

( )
( ) ( )

39.7
13 20.1

1.2

coefficient
3

3

(16)

The results of calculation (Table 4) reveal that the greatest syner-
gism is for hydrodynamic cavitation aided by ozonation (S = 1.2).
There is no synergism for cavitation aided by hydrogen peroxide
(S = 1.0) whereas for the peroxone process the effect of combined
treatment is worse than the sum of efficiencies of individual processes
(S = 0.5). The synergism for cavitation combined with ozonation is
mostly due to the favorable effect of hydrodynamic cavitation on gen-
eration of turbulence and microcirculation in the liquid. The additional
motion of the liquid limits mass transfer resistance and improves in-
tensification of mixing thus increasing the rate of dissolution of ozone
in the liquid. The larger the amount of dissolved ozone the greater the
number of hydroxyl radicals which improves the efficiency of oxidation
of organic pollutants and reduction of COD of the effluent. Moreover,
the pH of the reaction medium (strongly basic) enhances the chemistry
of treatment by ozonation.

In order to compare energy efficiencies of the investigated processes
in terms of reduction of COD of the effluent, the average power

Fig. 5. Reaction of dipolar structure ozone forms with con-
taminants containing double bonds.
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consumption (in watts) of the devices was used: vane pump – 1100 W;
ozone generator – 450 W. In the case of hydrogen peroxide treatment,
power consumption by small pumps used at low flow rates is negligible.
The energy consumption was related to reduction of COD. The results of
calculations are provided in Table 4. It was demonstrated that the most
energy efficient process was ozonation (lowering COD of the effluent by
1.13 mg O2/dm3 per kJ of energy used) while the least effective process
was hydrodynamic cavitation alone (lowering COD of the effluent by
0.24 mg O2/dm3 per kJ of energy used). Both hydrodynamic cavitation
and ozonation are preferred treatment methods in many industrial fa-
cilities as they limit operating costs to electric energy alone and no
additional chemicals, such as hydrogen peroxide, have to be purchased.
Oil refineries often have surplus of electric energy as a result of co-
generation of steam and electric energy. In this case such a surplus can
be utilized for treatment of effluents.

3.6. Degradation of organic compounds by hydrodynamic cavitation

The results of quantitative analysis of organic compounds present in
the effluent treated by hydrodynamic cavitation are depicted in Fig. 6.
The results are shown for the untreated effluent as well as for the ef-
fluent treated for 180 and 360 min. Parameters of the investigated
process are listed in Table 1 (process HC-2). A detailed description of
the procedure was provided in previous papers [15,16]. The plots re-
present the ratio of concentration of a pollutant after time t to its initial
concentration. The majority of the pollutants present in the effluent
were oxidized. The highest effectiveness of oxidation was achieved after
180 min of the process. Almost 85% of propan-1-al and 70% of pentan-
2-one were oxidized. However, for the remaining pollutants the% oxi-
dation was less than 50%. On the other hand, the furfural content in the
effluent increased which can be attributed to a number of radical re-
actions of fragments of the pollutants being oxidized resulting in the
formation of new, secondary organic pollutants.

3.7. Degradation of organic compounds by hydrodynamic cavitation
+ H2O2

The results of determination of organic pollutants present in the
effluent treated by hydrodynamic cavitation aided by hydrogen per-
oxide are shown in Fig. 7. Parameters of the investigated process are
shown in Table 1 (process HC-2 + H2O2-3). The majority of the pol-
lutants present in the effluent were oxidized. The highest effectiveness
of oxidation was achieved after 180 min of the treatment. Over 60% of
the majority of pollutants present in the effluent were oxidized. Hy-
drodynamic cavitation aided by hydrogen peroxide was found to be

least effective for the oxidation of 1-hexanol and 1-heptanol. Similarly
to the case of hydrodynamic cavitation alone, the content of furfural in
the effluent increased. The results of this investigation reveal that fur-
fural is one of the oxygenated pollutants whose concentration should be
controlled during treatment processes. The formation of by-products
(secondary pollutants) is one of the aspects that have to be considered
during evaluation and selection of the optimum technology of effluent
treatment.

3.8. Degradation of organic compounds by hydrodynamic cavitation + O3

The results of determination of organic pollutants present in the
effluent treated by hydrodynamic cavitation combined with ozonation
are shown in Fig. 8. Parameters of the investigated process are shown in
Table 1 (process HC-2 + O3-2). All the volatile oxygenated pollutants
present in the effluent were oxidized. During 180 min of the process the
content of the investigated organic pollutants was reduced by close to
100%. Hydrodynamic cavitation aided by ozonation is the most effec-
tive treatment among the investigated ones for lowering COD of the
effluent from the production of bitumen. Consequently, it should be
selected for the treatment of an industrial effluent with a COD of
8000–12,000 mg O2L−1.

Seven out of 41 oxygenated organic compounds present in the da-
tabase of the analytical procedure used were determined in the effluent.
The results presented are for the compounds determined by GC–MS.
However, it follows from our previous work that this is the most im-
portant group among VOCs (also with the highest content) occurring in
effluents of this kind. The remaining, high-molecular-weight, com-
pounds are oxidized less efficiently than the VOCs identified in this
study. Effluents of this kind also contain aliphatic and aromatic hy-
drocarbons which are more resistant to oxidation. Furthermore, as
demonstrated in this investigation, secondary contaminants can be
formed during the treatment. For these reasons, there is no correlation
between changes in COD and VOCs during the treatment of the effluent.

3.9. Changes in effluent biodegradability

The efficiency of degradation of organic contaminants present in
effluents from the production of bitumens by the investigated treatment
processes was also studied in terms of changes in BOD5. The knowledge
of COD and BOD of an effluent allows calculation of the so-called
biodegradability index of an effluent. The biodegradability index of the
effluent from the production of bitumens treated by hydrodynamic
cavitation combined with additional oxidation processes (O3 and H2O2)
is listed in Table 2. The biodegradability index (BI) of an effluent

Fig. 6. Degradation of organic compounds by hydrodynamic cavita-
tion.
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provides information on susceptibility of dissolved compounds to de-
gradation by way of biochemical reactions carried out by microorgan-
isms. Most often, BI is expressed as the ratio of BOD5 to COD of an
effluent. According to literature reports an effluent having the BOD/
COD index a minimum of 0.3–0.4 is highly susceptible to biodegrada-
tion (the greater the value is, the better the effects of treatment by the
activated sludge method) [28]. Therefore, a pretreatment resulting in a
BI value of 0.3–0.4 will improve the efficiency of the activated sludge
treatment. The results presented below reveal that both hydrodynamic
cavitation alone as well as hydrodynamic cavitation combined with an
additional oxidation process ensure maintaining the BI index of the
effluent at an optimal level of 0.3–0.4. Preliminary oxidation of organic
compounds having substantial biotoxicity by hydrodynamic cavitation
combined with additional oxidation using hydrogen peroxide or ozone
enables proper activity of activated sludge and degradation of the re-
maining organic contaminants during the subsequent stages of biolo-
gical treatment. The least favorable treatment in terms of biodegrad-
ability of the effluent involves hydrodynamic cavitation aided by
hydrogen peroxide oxidation (lowering BI from 0.41 to 0.26). This
treatment reduces susceptibility of the effluent to biodegradation by

Fig. 7. Degradation of organic compounds by hydrodynamic cavita-
tion + H2O2.

Fig. 8. Degradation of organic compounds by hydrodynamic cavitation + O3.

Table 2
Effect of cavitation pretreatment on biodegradability index of effluent.

Reaction conditions Time (min) COD (mg L−1) BOD5 (mg L−1) COD reduction [%] BOD5 reduction [%] BOD5/COD

Hydrodynamic cavitation, 8 bar 0 8874 3721 0 0 0.42
180 7892 3212 11.1 13.7 0.40
360 7723 3069 13 17.5 0.39

Hydrodynamic cavitation (8 bar) + H2O2 (1.0 mL min−1) 0 11055 4535 0 0 0.41
180 9419 2478 14.8 45.4 0.26
360 8874 2275 19.7 49.8 0.26

Hydrodynamic cavitation (8 bar) + O3 (9.41 g h−1) 0 11020 4488 0 0 0.41
180 7190 2438 34.8 45.7 0.34
360 6642 2241 39.7 50.1 0.34

Hydrodynamic cavitation (8 bar) + O3 (9.41 g h−1) + H2O2

(1.0 mL min−1)
0 11020 4469 0 0 0.41
180 9379 3405 14.9 23.8 0.36
360 8284 3042 24.8 31.9 0.37

O3 0 11035 4358 0 0 0.39
180 9843 3517 10.8 19.3 0.36
360 8828 2846 20.1 34.7 0.32

H2O2 0 11015 4419 0 0 0.40
180 10784 4123 2.1 6.7 0.38
360 10266 3650 6.8 17.4 0.36

Peroxone (O3/H2O2) 0 11041 4255 0 0 0.39
180 8501 2919 23.0 31.4 0.34
360 6956 2493 37.0 41.4 0.36

G. Boczkaj et al. Ultrasonics - Sonochemistry 40 (2018) 969–979

977

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


almost 64%. The most efficient treatment of the effluent from the
production of bitumens in terms of obtaining the optimal BI value is
hydrodynamic cavitation combined with ozonation. In addition to ob-
taining favorable biodegradability, this treatment results in the greatest
reduction of total contaminant load. It should also be noted that due to
the treatment method used BOD is reduced to a greater extent than COD
and, consequently, the BI index must go down.

4. Conclusions

Wastewater treatment in basic pH conditions by means of AOPs
needs further studies. A literature about this topic lacks of many im-
portant data, especially in the case of real industrial effluents [39,52].
One of the solutions which can provide good effectiveness are cavita-
tion based processes. Hydrodynamic cavitation, used as a separate
process for pretreatment of effluents or combined with additional oxi-
dation processes, constitutes a good method of lowering pollutant load
of effluents from chemical processes. The results of investigations pre-
sented in this paper revealed that the most effective process for pre-
treatment of the effluent from bitumen production is hydrodynamic
cavitation aided by ozonation, which reduces COD and BOD values of
the effluent by 40 and 50%, respectively. The other processes in-
vestigated (hydrodynamic cavitation + H2O2 and hydrodynamic cavi-
tation alone) ensure reduction of COD by 20 and 13%, respectively and
reduction of BOD by 49 and 18%, respectively. Additionally, the
treatment resulted in complete removal of all investigated oxygenated
organic compounds with the simultaneous decolorization of the effluent
and reduction in its malodorousness (Table 3). An especially important
conclusion from this part of the work is a very effective degradation of
phenol and its derivatives. Hydrodynamic cavitation combined with
additional oxidation processes can be used as the second step of effluent
pretreatment following currently used physical methods, i.e. plate se-
parators and flotators. Degradation of organic pollutants during pre-
treatment can protect activated sludge from toxic organic compounds
and enable effective biodegradation. In the case of the investigated
effluent, oxidation of oxygenated organic contaminants prior to biolo-
gical treatment (using AOP combined with hydrodynamic cavitation)

ensures optimum activity of the activated sludge which is especially
sensitive to this kind of contaminants. The use of hydrodynamic cavi-
tation aided by external oxidants does not require complicated appa-
ratus and is based on conversion of electric energy to inlet pressure of
the medium and usage of elements generating cavitation, which allows
unattended operation and easy process control.
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