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Abstract: The production and use of manufactured chemicals have risen significantly in the last
few decades. With interest in preserving and improving the state of the environment, there is
also growing interested in new technologies for water purification and wastewater treatment. One
frequently discussed technological group is advanced oxidation processes (AOPs). AOPs using
sulphur-based radicals appear to reduce the volume of organic contaminants in wastewater signifi-
cantly. The use of persulfate has excellent potential to successfully eliminate the number of emerging
contaminants released into the environment. The main disadvantage of sulphur-based AOPs is the
need for activation. We investigated an economically and environmentally friendly solution based
on hydrodynamic cavitation, which does not require heating or additional activation of chemical
substances. The method was evaluated for emerging contaminant removal research, specifically
for the group of steroid estrogens. The mixture of estrone (E1), 17β-estradiol (E2), estriol (E3), and
17α-ethinylestradiol (EE2) was effectively eliminated and completely removed during a treatment
that lasted just a few seconds. This novel method can be used in a broad spectrum of water treatment
processes or as the intensification of reactions in chemical engineering technologies.

Keywords: hydrodynamic cavitation; advanced oxidation processes; estrogens removal; water
treatment; persulfate activation

1. Introduction

Steroid estrogens (Figure 1) are representatives of a group of pollutants called en-
docrine disruptors. Their increased environmental presence poses a potential risk to
wildlife and human health, even at low concentrations. Estrogens are suspected of caus-
ing the development of certain defects and diseases, such as reproduction dysfunction,
metabolic diseases, cancer, and many others. The suggested link to the increased numbers
of patients with breast cancer—the most diagnosed cancer in women—is alarming [1].
Besides harming humans and animals, steroid estrogens also affect plant growth [2].
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Figure 1. Chemical structure of selected estrogens. 

The physical-chemical properties of these compounds play an essential role in pre-
dicting their fate in the environment. Estrogens are poorly soluble in water. The values of 
the octanol/water coefficient (Kow)—defined as the ratio of the concentration of a com-
pound in n-octanol and water under equilibrium conditions at a specific temperature—
indicate slightly hydrophobic behavior and, thereby, a tendency to sorb to the solid phase 
and thus be retained in the environment [3,4]. Most estrogens are excreted from the body 
in the urine in conjugated form. These polar conjugates are biologically inactive and more 
soluble in water. Nevertheless, at the influent of the wastewater treatment plant, primarily 
unconjugated estrogens are found, indicating hydrolysis of the conjugates prior to enter-
ing the treatment plant caused by bacteria like E. coli [4]. 

The crucial factor in polluting the environment with these substances is inadequate 
wastewater treatment. Although there are already methods that can satisfactorily reduce 
concentrations of various pollutants entering the environment, their application in prac-
tice are both technologically and economically demanding. On the other hand, 
wastewater treatment research has been actively producing new technologies based on 
various mechanisms with various efficiency levels. Traditional Fenton and Fenton-like 
processes, ozonization, UV-based methods, or other heterogenous photocatalyzed pro-
cesses have been studied, modified, and intensified for over two decades [5]. Significant 
development has been achieved in advanced oxidation processes (AOPs) based on highly 
reactive radicals. 

Sulphate radical (SO4•−)-based AOPs play a significant role in advanced wastewater 
treatment development. Sulphate radicals are usually generated from persulfate (PS), sup-
plied as Na2S2O8, or less commonly from peroxymonosulphate (PMS) in the form of 2 
KHSO5·KHSO4·K2SO4 [6]. It should be noted that the PS method is more cost-effective and, 
in practice, more user-friendly than PMS [7]. Sodium persulfate is a white crystalline com-
pound highly soluble in water (73 g/100 g H2O at 25 °C [6,8], providing easy manipulation. 
Although PS is a powerful oxidant, some form of activation needs to be used for pollutant 
degradation at a reasonable rate [7]. Many papers have already been published on PS ac-
tivation; some introduce potentially environmentally responsible technologies, such as 
thermolysis or photolysis. 

Heat- or UV-activated persulfate has a significant advantage as it does not require 
additional chemicals, thus it is a potentially environmentally responsible technology. 
However, it is necessary to consider the cost and impact of using the electric energy 

Figure 1. Chemical structure of selected estrogens.

The physical-chemical properties of these compounds play an essential role in predict-
ing their fate in the environment. Estrogens are poorly soluble in water. The values of the
octanol/water coefficient (Kow)—defined as the ratio of the concentration of a compound
in n-octanol and water under equilibrium conditions at a specific temperature—indicate
slightly hydrophobic behavior and, thereby, a tendency to sorb to the solid phase and
thus be retained in the environment [3,4]. Most estrogens are excreted from the body in
the urine in conjugated form. These polar conjugates are biologically inactive and more
soluble in water. Nevertheless, at the influent of the wastewater treatment plant, primarily
unconjugated estrogens are found, indicating hydrolysis of the conjugates prior to entering
the treatment plant caused by bacteria like E. coli [4].

The crucial factor in polluting the environment with these substances is inadequate
wastewater treatment. Although there are already methods that can satisfactorily reduce
concentrations of various pollutants entering the environment, their application in practice
are both technologically and economically demanding. On the other hand, wastewater treat-
ment research has been actively producing new technologies based on various mechanisms
with various efficiency levels. Traditional Fenton and Fenton-like processes, ozonization,
UV-based methods, or other heterogenous photocatalyzed processes have been studied,
modified, and intensified for over two decades [5]. Significant development has been
achieved in advanced oxidation processes (AOPs) based on highly reactive radicals.

Sulphate radical (SO4•−)-based AOPs play a significant role in advanced wastewater
treatment development. Sulphate radicals are usually generated from persulfate (PS),
supplied as Na2S2O8, or less commonly from peroxymonosulphate (PMS) in the form of
2 KHSO5·KHSO4·K2SO4 [6]. It should be noted that the PS method is more cost-effective
and, in practice, more user-friendly than PMS [7]. Sodium persulfate is a white crystalline
compound highly soluble in water (73 g/100 g H2O at 25 ◦C [6,8], providing easy manipu-
lation. Although PS is a powerful oxidant, some form of activation needs to be used for
pollutant degradation at a reasonable rate [7]. Many papers have already been published
on PS activation; some introduce potentially environmentally responsible technologies,
such as thermolysis or photolysis.

Heat- or UV-activated persulfate has a significant advantage as it does not require
additional chemicals, thus it is a potentially environmentally responsible technology. How-
ever, it is necessary to consider the cost and impact of using the electric energy needed for
UV lamps or other additional energy to heat the system. Moreover, it must be recognized
that heating is not economical because thermal heating has been classified as pollution, nor
is it ecological [6] in recent literature. Table 1 lists some examples of PS activation methods.
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Table 1. Examples of PS activation methods.

Method Pollutant Efficiency Commentary Reference

UV and/or transition metals:
Fe(II), Fe(III), Co(II), Ag(I) 2,4-dichlorophenol 99.9% within 4 h

The high scavenging
effect, possible
inhibition by dissolved
oxygen, secondhand
water contamination
with high
concentrations of metal
ions, prolonged
reaction time

[9]

Iron-based nanoparticles
(bimetallic zero valent
nanoparticles) Fe/PS process

trichloroethylene >99% in 20 s reaction time

High cost and potential
environmental risk
caused by
nanoparticles

[10]

PS and PMS activation by
electrophilic transition metal
cations (Ag+ and Co2+), UV
(300 < λ < 400 nm) and/or heat
(T = 30 ◦C)

microcystin-LR ∼77% in 10 min

Best results achieved at
lower pH (pH = 3) and
higher PS
concentrations
[PMS]/[MC-LR] molar
ratio = 100

[11]

Magnetite nanoparticles/PS norfloxacin 90% within 60 min

The concentration of PS
1 mM; dose of
nanoparticles: 0.3 g
L−1; adjusted pH = 4.0

[12]

TiO2/light/PS acetaminophen up to 100% in 9 h, pH 9

High costs and
complicated in practice
(high dose of PS, pH
adjustment, prolonged
reaction time)

[13]

Phenols/PS nitrobenzene over 60% in 8 h, pH 11.5

Addition of hazardous
chemicals and the need
for significant pH
adjustment, prolonged
reaction time

[14]

PS activated by quinones PCBs over 60% in 1 h, over 80%
in 2 h

The mechanism of
persulfate activation
was primarily
elucidated

[15]

PS activated by Fe2+ diuron, ibuprofen
and caffeine >90% in 240 min

pH adjustment needed;
kinetics model
primarily evaluated

[16]

PS activated by
nitrogen-modified carbon
nanotubes

phenol >90% under 30 min
Phenol concentration =
20 ppm; catalyst dose
0.2 g L

[17]

PS/activated carbon Azo dye (orange 7) 80% degradation and 50%
mineralization in 5 h

The activation
effectiveness decreased
by adsorption of the
pollutant on the
catalyst

[18]

Thermally activated PS 59 volatile organic
compounds >90% in 72 h

The best results were
achieved in
combination with 5 g
l−1 of Na2S2O8 at 40 ◦C
for 72 h

[19]
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Table 1. Cont.

Method Pollutant Efficiency Commentary Reference

Thermally activated PS antipyrine 80% removal within 2 h
Anaerobic conditions
favoured degradation
(20%)

[20]

UV/PS sulfamethazine >95% in 45 min

Photolysis (22.0%),
persulfate oxidation
(15.10%), UV/H2O2
(87.5%) efficiencies
were also investigated

[21]

UV/PS cylindrospermopsin >99% in 20 min

UV (less than 5%) and
UV/H2O2 (~20%)
efficiencies were also
investigated

[22]

UV/PS 2,4,6-
trichloroanisole >80% in 30 min

Mechanism and
kinetics were primarily
investigated

[23]

PS/sonolysis carbamazepine 89.4% in 120 min, pH 3.0

PS and ultrasound
efficiencies were also
investigated; PS alone
with less than 50% and
ultrasound with less
than 5%

[24]

PS/sonolysis bisphenol A >90% under 60 min

High temperatures
enhanced sulfate
radical formation but
impeded sonochemical
activity.By-products
were also investigated

[25]

Both environmentally and economically sustainable methods are still needed in opti-
mal wastewater treatment technology. The methods mentioned above are only effective to
a certain extent and are associated with high time requirements. Experiments are usually
performed within tens of minutes, sometimes up to two or three hours, once for days [9–30].
Such a time delay is difficult to achieve in real-life water treatment. Therefore, we present
results with a time allowance of a few seconds and an efficiency comparable to or higher
than previously published alternatives.

We studied hydrodynamic cavitation (HC) as a persulfate activation process, which is
presented as an essential step in persulfate-based AOPs. Hydrodynamic cavitation is based
on lowering the pressure in the system, causing the formation of imploding bubbles and a
local increase in temperature. The imploding process generates a shock wave with enough
energy to produce radicals that are the basis of AOP [31,32]. The main advantage is that
there is no need for other added substances nor pH adjustment, and it requires significantly
shorter treatment time (seconds) and saves energy (the system does not need to be heated,
and cavitation can be provided just with the gravitation-based flow).

2. Materials and Methods
2.1. Chemicals and Reagents

Estrone standards (E1; 99%): 17β-estradiol (E2; 98%), estriol (E3; 98%), and 17α-
ethinylestradiol (EE2; 98%) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
As internal standards for the quantification of estrogens, deuterated 17β-estradiol (E2D)
was used for the quantification of estrone, estradiol, and estriol, and deuterated 17α-
ethinylestradiol (EE2D) for the quantification of ethinylestradiol cations, both purchased
from C/D/N Isotopes Inc. (Pointe-Claire, QC, Canada). The solvents methanol and
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acetonitrile for LC-MS and acetone for HPLC were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Ultra-purified distilled water was produced directly in the laboratory
using a Millipore system (Merck KGaA, Darmstadt, Germany).

Formic acid was used as the mobile phase (0.7 mM), hydrochloric acid to adjust the pH
of the samples before analysis, dansyl chloride (1 mg mL in acetone) in the derivatization
of estrogens to increase the sensitivity of the method, and sodium bicarbonate (100 mM;
pH = 10.5) as a derivatization buffer.

For the experiments, Na2S2O8 was purchased from Sigma-Aldrich (St. Louis, MO,
USA), and KI and NaHCO3, which was used in the spectrophotometric determination of
PS, from Penta, s.r.o., (Czech Republic).

2.2. Experiment Design

The experiments were performed on two litres of spiked water with an estrogen
concentration of 300 ng L−1 in the cavitation unit consisting of a tank, a pump, Venturi
tube, and control valves (Figure 2). The unit operates in circulation mode at speed flow 0.45
L s−1, inlet pressure 450 kPa, and pump power 0.75 kW. The experiment was performed
in three variants: (i) PS activation by HC, (ii) with thermal activation of persulfate (60 ◦C)
combined with HC, and (iii) with HC only.
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Figure 2. Design of laboratory cavitation equipment.

The PS dose was chosen to be 0.1 mM in accordance with the available literature
dealing with a similar topic with a low time requirement and a task to keep the dose at a
reasonable level [12,19–25,31].

Treated water was circulated through the system and sampled after 4, 8, 12, and
20 s of treatment (1, 2, 3, and 5 cycles through the system). The monitored parameters
include pH, conductivity, persulfate, and estrogen concentrations. With regard to future
research, neither the ionic strength nor the pH of the solutions was adjusted in any way to
minimize the operational steps, hence the procedure was as economical as possible and
potentially suitable for practical implementation. The pH, temperature, and conductivity
were measured using a Combo pH/EC meter (Hanna, HI 98129). As the sulfate radical is
more stable and, therefore, has a longer lifetime than the hydroxyl radical and a slower
reaction rate [33], after collection, the samples were untouched for 3 h and 24 h, allowing
the degradation of destabilized molecules sufficient time to take place.

2.3. Analytical Method

The analytical method of estrogen analysis has already been published and de-
scribed [34]. The sample was analysed using the HPLC/MS (QQQ) system by Agilent



Water 2022, 14, 3816 6 of 13

Technologies (Santa Clara, CA, USA). The column used for analysis was Poroshell 120
EC-C18 (2.1 × 100 mm, 2.7 µm); the mobile phase was a mixture of 7 mM HCOOH and ace-
tonitrile with a flow of 0.35 mL min−1. In short, the pH of 50 mL of the sample was adjusted
to pH = 3 (±0.2), extracted with an SPE cartridge (Waters Oasis hydrophilic-lipophilic
balance (HLB) cartridges) to 8 mL of methanol, dried, reconstituted in 20 µL of acetone,
derivatized with dansyl chloride, dried again, and dissolved in 1 mL of 40% methanol.

Spectrophotometric analysis was used to determine the persulfate concentration.
Exactly 1 mL of reagent (KI/NaHCO3) was added to 200 µL of the sample [35], and the
sample was mixed well and allowed to react for 20 min in the dark. The reaction product
was analysed at 394 nm in a 96-well plate using a SparkTM multimode microplate reader
(Tecan, Austria).

3. Results

All the experiments were performed using a persulfate concentration of 0.1 mM. In
the first set, the system was activated by hydrodynamic cavitation only (without heating).
As can be seen in Figure 3, after only one cycle through the cavitation unit (t = 4 s), the con-
centration of the estrogen mixture drops to approximately 60% of the initial concentration.
After 24 h, the concentration lowered to a fraction of the initial amount. Simultaneously, a
decrease in persulfate content in the mixture was observed, confirming its consumption in
estrogens removal (see Figure 3B).

Water 2022, 14, x FOR PEER REVIEW 6 of 13 
 

 

 
Figure 3. (A) Relative concentration of estrogens after treatment with persulfate (0.1 mM) activated 
by HC; (B) Relative concentration of estrogens after treatment with persulfate (0.1 mM) activated 
by HC combined with heat (60 °C); (C) Relative concentration of estrogens treated with persulfate 
(0.1 mM) activated by HC (8, 12, and 20 s treatment) analysed 3 and 24 h after reaction; (D) Relative 
concentration of estrogens treated with persulfate (0.1 mM) activated by the combination of HC (8, 
12, and 20 s treatment) and heat (60 °C) analysed 3 and 24 h after the reaction. 

The second set of experiments was performed by combining heat and HC activation. 
The combined activation showed slightly less pronounced results 3 h after treatment, but 
no significant difference was observed after 24 h (Figure 3B). 

Although the most significant data obtained are related to a single flow through the 
cavitation device, degradation after 2, 3, and 5 cycles (8, 12, and 20 s) was also observed. 
Within 3 h, post-reaction processes occurred, and more intensive estrogen removal was 
observed. However, after 24 h, these differences disappeared, and PS activated by hydro-
dynamic cavitation destroyed 95–99% of the selected estrogenic compounds, similar to 
the PS activated by HC and 60 °C heating (compare Figure 3C,D). 

The graphical results are supported by the calculation of the rate constants in Table 
2. Based on the kinetic model of pseudo-first order, degradation constants (k) of estrogens 
were calculated according to Formula (1): ln (𝑐𝑐 ) = 𝑘 × 𝑡, (1) 

where c0 and ct represent the initial concertation and concentration at time t (min), respec-
tively [32,36]. 

  

Figure 3. (A) Relative concentration of estrogens after treatment with persulfate (0.1 mM) activated
by HC; (B) Relative concentration of estrogens after treatment with persulfate (0.1 mM) activated
by HC combined with heat (60 ◦C); (C) Relative concentration of estrogens treated with persulfate
(0.1 mM) activated by HC (8, 12, and 20 s treatment) analysed 3 and 24 h after reaction; (D) Relative
concentration of estrogens treated with persulfate (0.1 mM) activated by the combination of HC (8,
12, and 20 s treatment) and heat (60 ◦C) analysed 3 and 24 h after the reaction.

The second set of experiments was performed by combining heat and HC activation.
The combined activation showed slightly less pronounced results 3 h after treatment, but
no significant difference was observed after 24 h (Figure 3B).
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Although the most significant data obtained are related to a single flow through the
cavitation device, degradation after 2, 3, and 5 cycles (8, 12, and 20 s) was also observed.
Within 3 h, post-reaction processes occurred, and more intensive estrogen removal was
observed. However, after 24 h, these differences disappeared, and PS activated by hydro-
dynamic cavitation destroyed 95–99% of the selected estrogenic compounds, similar to the
PS activated by HC and 60 ◦C heating (compare Figure 3C,D).

The graphical results are supported by the calculation of the rate constants in Table 2.
Based on the kinetic model of pseudo-first order, degradation constants (k) of estrogens
were calculated according to Formula (1):

− ln
(

ct

c0

)
= k × t, (1)

where c0 and ct represent the initial concertation and concentration at time t (min), respec-
tively [32,36].

Table 2. The pseudo-first-rate constants of estrogens degradation; r > 0.97.

Conditions kE1 (min−1) kE2 (min−1) kE3 (min−1) kEE2 (min−1)

PS 0.1 mM + HC 1.24 1.51 0.94 1.2

PS 0.1 mM (heat
activated 60 ◦C) + HC 1.15 1.40 1.68 1.54

PS concentration was also monitored during the experiments. The results show that
only about half of the dosed PS was needed (Figure 4), and there is room for possible dose
reduction. Moreover, no significant difference in PS concentrations was observed between
the sets with and without thermal activation.
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Figure 4. (A) Concentration of PS after treatment with PS (0.1 mM) activated by HC; 1, 2, 3, and 5
cycles through the unit corresponding with 4, 8, 12, and 20 s of treatment; (B) Concentration of PS
after treatment with PS (0.1 mM) activated by HC combined with heat (60 ◦C); 1, 2, 3, and 5 cycles
through the unit corresponding with 4, 8, 12, and 20 s of treatment.
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To evaluate the effect of HC alone, a set of experiments was performed without added
PS. Figure 5 shows that HC alone does not eliminate estrogens and only acts as a tool to
activate PS.
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Figure 5. Relative concentration of estrogens after treatment with HC only.

Simultaneously, the pH value was monitored for all samples. It can be seen (Figure 6)
that the pH value decreases slightly with an increasing number of cycles (longer reaction
time). This phenomenon is possibly caused by the formation of sulphates in the aqueous
solution [37]. This trend was observed for both the HC-only and HC-heat-activated sets.
However, even in this case, no difference was observed between the two variants.
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For the purpose of the cost comparison of some advanced oxidation processes, electric-
ity consumption can be used [33]. Electric energy per mass (EEM) and Electric energy per
order (EEO) were reported to be useful for calculating different types of treatment [38,39].
When contaminant concentrations are greater than 10 mg L−1, EEM should be applied,
while EEO should be applied when contaminant concentrations are less than 10 mg L−1. To
calculate treatment costs for the estrogen’s concentrations, (300 µg L−1) EEO was selected.
EEO values (kWh m−3 order−1) were calculated using the following Formula (2) [38].

EEO =
PHC × t × 1000

log
(

ci
c f

)
× V

, (2)

where PHC is the rated power of the pump (kW) in the HC system, t is the treatment time
(h), ci and cf are the initial and final concentrations (mol L−1) of each estrogen, and V is the
reaction volume (L).

Calculated values in kWh m−3 order−1 for PS 0.1 mM activated by HC, 4 s long
treatment are EEO(E1) = 2.02, EEO(E2) = 2.10, EEO(E3) = 1.12, and EEO(EE2) = 2.15. In the
case of PS 0.1 mM activated by the combination of HC and heat, the energy of external
heating depending on the heating source must be considered, so the formula cannot be
applied. Obviously, energy consumption is much higher in heat-combined activation as
compared to the case of HC activation.

4. Discussion

Our experiment setup is unique due to the short time needed for the actual treatment
and the lack of need for additional system heating. For comparison, the study performed on
wastewater to eliminate frequently occurring pharmaceuticals using PS was accomplished
at increased temperatures of 55, 64, and 75 ◦C. To achieve at least a 50% decrease in the
concentration of the monitored drugs, the wastewater had to be heated up to 75 ◦C and
allowed to react for 50 min (PS concentration ≤ 500 µM) [30].

Other studies focusing on eliminating estrogens by AOP produced results in reducing
concentration, summarised in Table 3 [26].

Table 3. Estrogen removal based on AOP with focus on PS-based AOP.

Method Estrogen Efficiency Reference

Fenton oxidation EE2 (200 µg L−1) 100% in 10 min [27]

Photo-Fenton E2 (272 µg L−1) 86.4% in 8 h [28]

Photo-Fenton E2 (1 mg L−1) 98% in 60 min [29]

PS/modified Fenton-like process E2 (6 mg L−1) 100% in 90 min [30]

PS/UV E1, E2 and EE2 (5 µM) over 95% in 5 min [31]

UVC/PS/TiO2 (on ceramic membrane) E2 and EE2 (100 µg L−1) uder 45% (radiation time 4.6 s) [40]

PS activated on nanoscale zero-valent
iron loaded porous graphitized biochar E2 (3 mg L−1) 100% in 45 min [41]

PS/visible light/Bi2WO6/Fe3O4 E2 (5 mg L−1) ~70% in 60 min [42]

PS activated by reduced graphene
oxide–elemental silver/magnetite

nanohybrids
EE2 (10 µM) ~90% in 15 min [43]

PS/ultrasound E2 (5 mg L−1) over 90% in 90 min [44]

PS/ultrasound E1, E2, E3 and EE2 (17–239 ng
L−1), real wastewater sample over 95% in 10 min [45]

PS/HC E1, E2, E3 and EE2 (300 µg
L−1) 99% in 4 s treatment This study
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Although these methods show promising efficiencies, some even in a relatively short
time, Fenton-like oxidations are specific for the relatively high amount of waste and the
demand for added chemicals and/or energy [46]. For example, to eliminate EE2 200 µg L−1

within 10 min, 5 mg L−1 of Fe2+ and 8.6 mg L−1 of H2O2 is needed [26].
Promising results were observed in the literature: using UV-activated PS (c = 40 mg L−1),

50% of the E2 concentration was removed in deionized water within 5 min. However, in
natural wastewater, it was necessary to increase the concentration of PS to 200 mg L−1 to
achieve similar results [47]. Comparable results were observed in a study degrading E1, E2,
and EE2 (5 µM) in 5 min (PS dose 5 mM, pH = 6, UV-B) [31]. UV-based activation of PS has
been shown to be fast and effective. The main disadvantage in comparison to a PS/HC
system is the need for a UV source, which represents extra operation costs.

Furthermore, heating activation was performed to eliminate the common pharmaceu-
tical drug ibuprofen. The temperature required to achieve the half-life of 3.6 min (initial
concentration 20.36 µM) was 70 ◦C [48]. When using a PS concentration of 2 mM and 50 ◦C
temperature conditions, more than 360 min were required to remove at least 50% of the
sulfamethoxazole. For other sulfonamides, at least 6 min were required to halve the initial
concentration [49].

Another drug, the antibiotic chloramphenicol, was degraded by combining PS/UV.
The experiments were performed under natural conditions, and complete elimination was
achieved within 1 h [50]. Similarly time-consuming is the successful degradation of the
beta-blocker bisoprolol, which requires thermal activation of PS for at least 60 ◦C and
a contact time of 1 h [51]. A study combining thermal and UV activation on municipal
wastewater achieved E2 removal of over 90% within an hour [52].

Based on the available literature, it is assumed that SO4
−• and HO• radicals are

involved in removing estrogens by HC-activated PS [45,52]. HC-based treatment has also
been reported to promote the generation of HO2• and O2

•– radicals [53,54]. Nevertheless
SO4

−• and HO• are significantly stronger oxidants than HO2• and O2
–• [53].

The positive synergy of PS and HC has already been proven on the degradation of
polycyclic aromatic hydrocarbons in sediments removing PAH by 79% in 60 min [39]. Our
set-up proves the ability of HC-activated PS to effectively eliminate estrogens in a short
time, even in a flow-through-like system.

Since AOPs represent a large number of various processes, they are difficult to compare
with each other from different points of view. Based on EEO values, AOP can be classified
into three groups:

• <1 kWh m−3 order−1 for representing a realistic range for full-scale application,
• 1–100 kWh m−3 order−1 for a group that is possibly too energy intensive for most prac-

tical applications, but that can still be recommended for further full-scale-application
investigation,

• >100 kWh m−3 order−1, which is considered as not (yet) energy efficient [55].

Our results show that the PS activated by HC should be classified in group 2. Nev-
ertheless, the financial complexity of AOP processes is highly dependent on operating
costs. Here, it is necessary to think about the equipment’s lifespan. For comparison, this
can be a limiting factor in PS activation in frequently used UV lamps (with a lifespan of
around 12,000 h) and other UV-based AOPs. In addition, compared to similarly operating
ultrasonic activation, HC has been reported to be 10 times more efficient in the means of
electricity consumption [56].

The above examples show that heating, adding additional chemicals, and/or UV radi-
ation are required to eliminate estrogens or other drugs using PS-based AOPs successfully.
Compared to using hydrodynamic cavitation as PS activation, all these processes require
higher initial costs and high operating costs, whether in the form of increasing energy
prices or input chemicals. With the increasing demand for environmental responsibility,
there is a growing need for functional “green” technologies, and cavitation activation has
the potential to become an example of such technology.
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5. Conclusions

We demonstrated that selected estrogens could be effectively eliminated from water
during a short treatment time—within seconds. Venturi tube cavitation is an easy-to-
install and easy-to-use economically and environmentally friendly technique compared
to other known AOP (PS/AOP) alternatives. Based on the presented results, it can be
assumed that cavitation acts as persulfate activation. Its main advantage is that it requires
neither adding/dosing other substances into the treated water nor heating it, as opposed
to methods described in earlier papers. This method can be used in a broad spectrum of
water treatment processes or to intensify reactions in chemical engineering technologies.
Calculated values of EEO can be used for further comparison with other similar techniques
and scale-up.

A lab-scale experiment, which proved the efficiency of PS activation, was conducted in
this study. Pilot or other scale-up experiments are required to assess the different processes’
efficacy on real wastewater fully. Nonetheless, the short treatment time (4 s), estrogens
removal rate 99%, and flow rate of the lab-scale equipment 4.5 m3 h−1 proved that this
novel technology for removing estrogenic compounds is promising.
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