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A B S T R A C T   

In this study, a novel hydrodynamic cavitation unit combined with a glow plasma discharge system (HC-GPD) 
was proposed for the degradation of pharmaceutical compounds in drinking water. Metronidazole (MNZ), a 
commonly used broad-spectrum antibiotic, was selected to demonstrate the potential of the proposed system. 
Cavitation bubbles generated by hydrodynamic cavitation (HC) can provide a pathway for charge conduction 
during glow plasma discharge (GPD). The synergistic effect between HC and GPD promotes the production of 
hydroxyl radicals, emission of UV light, and shock waves for MNZ degradation. Sonochemical dosimetry pro-
vided information on the enhanced formation of hydroxyl radicals during glow plasma discharge compared to 
hydrodynamic cavitation alone. Experimental results showed a MNZ degradation of 14% in 15 min for the HC 
alone (solution initially containing 300 × 10− 6 mol L− 1 MNZ). In experiments with the HC-GPD system, MNZ 
degradation of 90% in 15 min was detected. No significant differences were observed in MNZ degradation in 
acidic and alkaline solutions. MNZ degradation was also studied in the presence of inorganic anions. Experi-
mental results showed that the system is suitable for the treatment of solutions with conductivity up to 1500 ×
10− 6 S cm− 1. The results of sonochemical dosimetry showed the formation of oxidant species of 0.15 × 10− 3 mol 
H2O2 L− 1 in the HC system after 15 min. For the HC-GPD system, the concentration of oxidant species after 15 
min reached 13 × 10− 3 mol H2O2 L− 1. Based on these results, the potential of combining HC and GPD systems for 
water treatment was demonstrated. The present work provided useful information on the synergistic effect be-
tween hydrodynamic cavitation and glow plasma discharge and their application for the degradation of anti-
biotics in drinking water.   

1. Introduction 

The increase in the world’s population and the outcome of infectious 
diseases lead to an increasing demand for antibiotic agents for human 
health [1]. Excessive use of antibiotics associated with their improper 
disposal and inefficient wastewater treatment systems have caused the 
release of these compounds into the environment [2,3]. Metronidazole 
(MNZ) is a nitroimidazole compound widely used in human health as a 
broad-spectra antibiotic against bacteria and protozoa infections [4,5]. 
MNZ is also commonly used in animal farming to prevent infectious 
diseases in poultry and fish [5-7]. 

MNZ presents a high persistence in the aquatic environment as a 
result of its high solubility in water and low biodegradability [8,9]. 

Furthermore, MNZ is also photostable and hydrophilic (logP = − 0.1) 
[10]. Those physicochemical properties lead to a high impact of MNZ in 
aquatic organisms [11]. The presence of MNZ in environmental com-
partments can also induce the formation of bacterial strains resistant to 
its pharmacological effects [3,11]. 

Several technologies have been applied for the degradation of MNZ 
in wastewater, such as bioelectrochemical processes [12], biological 
degradation [13,14], dielectric barrier discharge [15], electrochemical 
degradation [16,17], Fenton oxidation [18-20], photocatalysis [21-23], 
ozonation [24,25], and sonochemical methods [26-28]. Most of the 
conventional biological processes for antibiotics degradation present 
limitations due to the high concentrations and toxicity of the compounds 
or their subproducts [29,30]. Physicochemical treatments require high 
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utilization of reagents, mostly oxidants, to treat highly concentrated 
polluted wastewater [31]. 

Cavitation-based processes have emerged as an alternative to 
wastewater treatment [32,33]. Cavitation processes are defined by the 
formation, growth, and implosion of cavitation bubbles in a short time 
[34]. During the formation of cavitation bubbles, due to the high inside 
temperature (up to 4600 K), there is a formation of reactive oxygen 
species (ROS) from the sonolysis of water molecules [34-36]. The 
collapse of cavitation bubbles generates strong shock waves and high- 
shear stress (up to 1000 bar), releasing high amounts of energy to 
liquid media [34,37]. 

The most common cavitation methods are acoustic cavitation (AC) 
and hydrodynamic cavitation (HC). In AC, bubbles are formed due to 
variations of pressure when a sound wave with a frequency between 20 
kHz and 1 MHz is irradiated in a liquid media [36,38]. 

In HC, bubbles are formed due to changes in the pressure of a fluid 
passing through a constriction [39]. When the fluid passes through a 
constriction, there is an increase in kinetic energy and a decrease in 
pressure. If the pressure of the liquids falls below the vapor pressure of 
the liquid at the operating temperature, cavities are formed. After the 
flow of the liquid through the constriction, as the liquid jet kinetic en-
ergy decreases, the liquid pressure recovers, causing the collapse of the 
cavitation bubbles [39-41]. 

HC units may have a different setup: orifice plates, Venturi tubes, 
nozzles, vortex-based devices, or rotor/stator reactors [39,40,42]. HC 
reactors present better characteristics for scale-up and lower energy 
consumption than acoustic cavitation-based reactors [43]. HC technol-
ogy can also be combined with different advanced oxidation processes 
(AOPs) for process intensification in wastewater treatment [44]. 

Recently, some studies have shown the use of HC coupled to glow 
plasma discharge [45,46]. The combination of cavitation bubbles and 
highly reactive conditions during glow plasma discharge produces 
synergistic effects for organic pollutants degradation [45-47]. Due to the 
low electron mobility in the bulk solution, the charges from glow plasma 
discharge are conducted through the surface of cavitation bubbles 
[47,48]. Furthermore, due to the conduction of charges in the surface of 
cavitation bubbles with low internal pressure (i.e., low pressure at the 
flow through constriction), the internal gas content of the bubbles can be 
ionized [49-51]. This process induces the formation of highly reactive 
oxygen species, UV-light emission, and ozone formation, contributing to 
more robust organic pollutants degradation [45,46]. 

Therefore, the aim of the present work is to demonstrate the use of 
HC combined with glow plasma discharge for the degradation of 
metronidazole in drinking water. Experiments were carried out to 
demonstrate the applicability and robustness of the system for the 
degradation of pollutants in drinking water. 

2. Methodology 

2.1. Reagents 

Metronidazole (98%), ammonium molybdate tetrahydrate 
(99.96%), hydrogen peroxide (34.5 to 36.5%), sodium chloride (99%), 
and sodium hydroxide (98%) were obtained from Sigma Aldrich. Po-
tassium iodate (99%) was purchased from Alfa Aesar. Ethanol (99.8%) 
was provided by WVR Chemicals. Sulfuric acid was provided by Thermo 
Scientific. Sodium bicarbonate (98%) was purchased from Solvay. 
Deionized water (conductivity < 2 × 10− 6 S cm− 1) was used to prepare 
the aqueous solutions. 

2.2. Experimental procedure 

Before each experiment, 10 L of a 300 × 10− 3 mol L− 1 MNZ solution 
was prepared with distilled water. Solution pH was measured before the 
experiments with a pHmeter (pH 211, Hanna Instruments, USA). The pH 
of a freshly prepared MNZ solution without any pH adjustment is 5.80. 

Therefore, for the experiments, initial pH of 5.80 was arbitrarily 
selected. For experiments in acidic (pH = 4.0) or alkaline (pH = 9.0), a 
0.1 mol L− 1 H2SO4 or a 0.1 mol L− 1 NaOH solution were used, respec-
tively. Solution conductivity was measured prior to degradation exper-
iments with a conductivity meter (2510-A40103 Tec-4MP, Tecnal, 
Brazil). Degradation processes were carried out in a HC coupled to a 
glow plasma discharge (HC-GPD) reactor, shown in Fig. 1. 

The discharge chamber consisted of a cylindrical quartz tube with a 
40 cm height and 1.2 cm diameter. In the upper part of the reactor, an 
orifice plate was placed as a HC unit. The orifice plate consisted of a 2 cm 
diameter brass plate with four holes with a diameter of 0.4 cm each. The 
cavitation number (Cv) of the system can be calculated with Equation 1. 

Cv =
p2 − pv
1
2 (ρv2

0)
(1)  

where p2 (Pa) is the downstream pressure, pv is the vapor pressure of the 
liquid (Pa), v0 is the fluid velocity at the cavitating device (m s− 1), and ρ 
is the density of the liquid (kg m− 3). In HC unit, the measured pressure 
downstream of the orifice plate was 16212 Pa (the manometric pressure 
in the downstream of cavitation emitter was measured with a manom-
eter), and the fluid velocity at the cavitating device was 99 m s− 1 (this 
value was calculated from the HC device model using COMSOL Multi-
physics software). For water at 25 ◦C, the vapor pressure is 3160 Pa, and 
the density is 997.07 kg m− 3. Therefore, for HC system Cv = 0.0027. 

For the glow plasma discharge, two electrodes made of brass with 5 
cm height and 0.4 cm thickness were placed at a distance of 20 cm. The 
electrodes were connected to a continuum current power supply with a 
voltage of 15 kV and a current of 0.33 A. The power supply was 
equipped with an LCD screen that showed the applied power for plasma 
discharge. The overall power consumption of the system was 21.85 
kWh. 

For the experiments with plasma discharge, two modes were tested. 
In the pulsed glow plasma discharge (HC-PGPD), the pulses lasted for 
one minute of plasma on, followed by one minute with plasma off. For 
continuous glow plasma discharge (HC-GPD), the plasma was on until 
the finish of the treatment. 

A hydraulic pump (NP10/10-150, Speck, Germany), equipped with a 
manometer, was utilized for the liquid circulation with a pressure of 70 
bar, and flowrate of 5.5 L min− 1, with a fluid velocity of 1.82 m s− 1. The 
recirculating liquid was cooled down using a chiller system (Miles 350 
W, Cooltech, Italy). 

The degradation experiments were carried out for 15 min. For col-
lecting each sample, ethanol (10% v/v) was used to quench any radical 
reactions before MNZ measurement [52]. 

2.3. Analytical methods 

The MNZ concentration in the aqueous solution was determined 
using a UV–Vis spectrophotometer (Varian Cary 50, Agilent Technolo-
gies, USA). UV–Vis spectra were recorded using a 1 cm quartz cuvette, in 
the 200 to 800 nm range, with an MNZ maximum absorption peak at 
320 nm (ε = 9185 mol L− 1 cm− 1). The measurement of oxidant species 
formation was carried out with Weissler dosimetry, as described in the 
literature [53]. For this procedure, 1 mL of a 0.4 mol L− 1 KI, 0.05 
mol L− 1 NaOH, and 1.6 × 10− 4 mol L− 1 (NH4)6Mo7O24⋅4H2O) solution 
was mixed with 1 mL of a 0.1 M KHC8H4O4 solution, and 1 mL of treated 
solution. The formation of triiodide ions was measured with a UV–Vis 
spectrophotometer (Varian Cary 50, Agilent Technologies, USA) at a 
wavelength of 350 nm. 

2.4. Kinetic modeling and statistical methods 

The kinetics of MNZ degradation was assessed by fitting the exper-
imental data to pseudo-first-order kinetic model. The pseudo-first-order 
kinetic model is described by Equation 2, which is a first-order differ-
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ential equation (ODE) whose analytical solution is given by Equation 3. 

d[MNZ]
dt

= − k⋅[MNZ] (2)  

[MNZ] = [MNZ]0⋅e− k⋅t (3)  

where [MNZ] is the concentration of MNZ in mol L− 1 in the sample, 
[MNZ]0 is the initial concentration of MNZ, and k is the reaction rate 
constant. 

For kinetic modeling, k was tuned on MNZ experimental results as a 
function of time using the Levenberg-Marquardt method of optimization 
using Origin 2021 software. 

In order to verify statistical significant differences between experi-
ments, a t-test was used to compare the means of two groups, and 
ANOVA test was used to compare the means of more than two groups, 
utilizing GraphPad Instat software. 

3. Results 

3.1. Effect of the treatment process 

To evaluate the effect of the degradation process and its impact on 
MNZ degradation, experiments were carried out in HC, HC with pulsed 
glow plasma discharge (HC-PGPD), and HC with continuous glow 
plasma discharge (HC-GPD). The results are shown in Fig. 2. 

It was noticed a difference in MNZ degradation between all treat-
ments (p < 0.05). Lower degradation rates were observed for the 
treatment using only HC compared to the degradation process coupled 
with plasma discharge. For HC-GPD treatment, a pseudo-first-order ki-
netic constant of 0.174 ± 0.006 min− 1 was observed, 18 times higher 
than the pseudo-first-order kinetic constant observed for the HC process, 
0.009 ± 0.001 min− 1. In HC processes, the main pathway for organic 
molecule degradation is the formation of •OH radicals formed in the 
collapse of cavitation bubbles [43,54]. 

Comparing the process using glow plasma discharge, HC-PGPD, and 
HC-GPD, it was possible to observe a higher degradation in the process 
with continuous discharge instead of the pulsed discharge mode. This 
result indicates the strong effect of plasma discharge on establishing 
synergistic effects in the degradation of MNZ. In the absence of cavita-
tion bubbles, it was not observed any plasma discharge. Similar behavior 
was also observed for acoustic cavitation, with the coupling of an ul-
trasound probe with plasma discharge [47]. 

In glow plasma discharge, the electrical discharge in a liquid media 

containing gas bubbles can induce the formation of hydroxyl radicals, 
hydrogen peroxide, atomic oxygen, ozone, and emission of UV light 
[55]. Hydroxyl radicals (•OH) are the major oxidant species in plasma 
discharge [55,56]. However, due to the short lifetime of •OH radicals 
(~3.7 × 10− 9 s) and its short diffusion in bulk solution (~6 × 10− 9 m) 
[55,57], most of the MNZ oxidation occurs in the interface of cavitation 
bubbles. 

Previous works utilizing a similar HC-GPD system demonstrated a 
UV light emission at 300 nm [46]. Most of the research on MNZ pho-
todegradation published in the literature uses UV-A lamps with a 
maximum UV light emission at 254 nm [58-60]. However, Shemer et al. 
observed MNZ degradation utilizing a medium-pressure mercury lamp 
with a UV-light emission range of 200 to 400 nm [61]. Due to the strong 
synergistic effects of cavitation bubbles and plasma discharge, it is 
challenging to estimate the contribution of each process (i.e. oxidation 
by •OH, photodegradation, and pyrolysis) to MNZ degradation in HC- 

Fig. 1. Experimental setup of HC and plasma discharge reactor.  

Fig. 2. Degradation of MNZ using HC reactor and pseudo-first order kinetic 
constants for degradation reactions. Dots represent experimental data and 
continuous line the pseudo-first-order kinetic model for MNZ degradation. 
Experimental conditions: [MNZ]0 = 300 × 10− 3 mol L− 1, Discharge voltage =
15 kV, Initial pH = 5.80, Inlet pressure = 70 bar, Number of orifices = 4, Orifice 
size = 4 mm, Initial temperature = 14 ◦C, Number of replicates = 2. 
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GPD treatment. Nevertheless, the above results demonstrate the ad-
vantages of coupling HC and glow plasma discharge for the degradation 
of MNZ in drinking water. 

3.2. Effect of pH 

The effect of solution pH was investigated in pH values of 4.0 and 
9.0, which are generally the lower and higher pH observed in most 
wastewater discharges [62]. Freshly prepared MNZ solution presents a 
pH of 5.8, which was the pH chosen for optimization experiments. The 
effects of pH on MNZ degradation during HC-GPD treatment are shown 
in Fig. 3A. Comparing pH values of 4.0, 5.8, and 9.0, no statistical dif-
ferences were observed in the pseudo-first-order kinetic constants 
(ANOVA, p > 0.05). For pH = 4.0 it was observed a kinetic constant of 
0.141 ± 0.013 min− 1, with 88% of MNZ degradation in 15 min. For pH 
= 9.0, it was observed a kinetic constant of 0.142 ± 0.007 min− 1, with 
88% of MNZ degradation in 15 min. MNZ molecule has a pKa = 2.58 
[63]. Therefore, with a pH value higher than 2.58, the molecule presents 
charges in the nitrogen atom of the imidazole ring [63]. 

As shown in Fig. 3B, it was observed a pH decrease during MNZ 
degradation in HC-GPD. For all experiments, the final pH presented 
values of 3.0 to 3.3. pH decreases during organic pollutants degradation 
with plasma discharge are mainly due to carboxylic acids forming as a 
degradation product [56]. Furthermore, a reduction in the pH can 
contribute to organic pollutants degradation since the oxidative poten-
tial of •OH radical is higher in a pH near 3.0 (E0 = 2.70 V) compared to 
an alkaline pH near 9.0 (E0 = 2.34 V) [56]. 

3.3. Effect of the aqueous matrix 

To verify the effects of aqueous matrix constituents in MNZ degra-
dation with HC-GPD system, an experiment was conducted using 
potable water. The water utilized in this experiment was provided by 
SMAT (Società Metropolitana Acque Torino), the company responsible 
for potable water distribution in Turin, Italy. Results of MNZ degrada-
tion are shown in Fig. 4, and the physicochemical characterization of the 
drinking water is shown in Table 1. 

According to Fig. 4, it is possible to observe a pseudo-first-order ki-
netic constant of 0.136 ± 0.002 min− 1, with 86% of MNZ degradation in 
15 min. The results in drinking water are lower than observed for 
distilled water, 0.174 ± 0.06 min− 1, with 90% of MNZ degradation in 
15 min. Considering the values of the hardness of drinking water, it can 
be regarded as very hard water [64]. Inorganic anions and organic 

substances like alcohols and solvents present in water can act as radical 
scavengers for •OH radicals. 

The presence of scavengers causes a decrease in the degradation rate 
of MNZ since there is a competition between the radicals and MNZ to 
react with •OH radicals [56]. The reaction of carbonate and bicarbonate 
anions with •OH radicals promotes to the formation of carbonate radi-
cals (•CO3

–) according to Reactions 1 and 2, respectively [56]. 

CO2−
3 +•OH→•CO−

3 + OH− (1)  

HCO2−
3 +•OH→•CO−

3 + H2O (2) 

For Reaction 1, the pseudo-second-order kinetic constant is k = 4.0 
× 108 mol− 1 s− 1, and for Reaction 2, the pseudo-second-order kinetic 
constant is k = 1.0 × 107 mol− 1 s− 1 [65]. Therefore, considering the 
magnitude of reaction constants, the reaction of hydroxyl with carbon-
ate and bicarbonate to form •CO3

– radicals is faster than the reaction with 
MNZ. Carbonate radicals have a lower oxidation potential (E0 = 1.63 V) 
[65] than hydroxyl radicals (E0 = 2.34 to 2.70 V). Therefore, the 
oxidation rate of organic compounds driven by •CO3

– radical attack is 
lower compared to •OH radicals [56]. As mentioned above, alcohols can 
also scavenge •OH radicals. The reaction of ethanol with hydroxyl rad-
icals is described in Reaction 3. 

CH3CH2OH + ⋅OH→⋅CH2CH2OH +H2O (3) 

The pseudo-second-order kinetic constant for Reaction 3 is k = 3.1 ±
0.4 × 1012 cm− 1 mol− 1 s− 1 [66]. In the presence of ethanol in a con-
centration of 50 × 10− 3 mol L− 1, it was observed a pseudo-first-order 
reaction constant of 0.0601 ± 0.002 min− 1 for MNZ degradation, with 
60% of MNZ degradation in 15 min of reaction. Those results corrobo-
rate the hypothesis of hydroxyl radical oxidation on MNZ degradation in 
HC-GPD processes. 

The presence of inorganic constituents in aqueous solution can also 
influence the plasma discharge [47,50]. For the experiments with 
distilled water and tap water, the input voltage for plasma discharge was 
kept at 15 kV. However, for experiments with tap water was possible to 
observe instabilities in the discharge chamber. In Fig. 5 is possible to 
observe the delivered power for plasma discharge during experiments 
with distilled and tap water. 

During plasma discharge in distilled water (conductivity < 2 ×
10− 6 S cm− 1), the delivered power showed a uniform behavior and 
reached values around 5 kW during plasma discharge. For experiments 
using tap water (conductivity = 451 × 10− 6 S cm− 1), the initial deliv-
ered power was lower (around 3.34 kW) compared to distilled water. It 

Fig. 3. (A) Effect of solution pH on the degradation of MNZ in the HC reactor and (B) variation of pH along the experiment. Dots represent experimental data and 
continuous line the pseudo-first-order kinetic model for MNZ degradation. Experimental conditions: [MNZ]0 = 300 × 10− 3 mol L− 1, Discharge voltage = 15 kV, Inlet 
pressure = 70 bar, Number of orifices = 4, Orifice size = 4 mm, Initial temperature = 14 ◦C, Number of replicates = 2. 
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was also possible to observe a higher deviation of delivered power 
values from tap water than from distilled water. Changes in solution 
conductivity alter the charges conduction during plasma discharge [51]. 

An increase in conductivity causes a decrease in breakdown pulse 
duration and a reduction in the plasma channels. Therefore, due to the 
lower contact time and lower plasma interaction area in the interface of 
bubbles and bulk solution, the quenching of radicals formed during 
discharge is faster. This effect leads to the decrease of applied power 
during plasma discharge, due to shorter time [49,51]. 

Explaining the single effect of inorganic ions in solution in plasma 
discharge is difficult due to the strong synergistic effects. Changes in the 
chemical composition of the aqueous solution utilizing inorganic salts 
(e.g., NaCl and NaHCO3) introduce a source of radical scavengers (i.e., 
Cl− and HCO3

–) and also lead to changes in conductivity. 
To estimate the overall effect of dissolved salts on MNZ degradation 

in HC-GPD system, NaCl and NaHCO3 were arbitrarily selected due to 
the ubiquitous presence of Cl− and HCO3

– anions in drinking water [67]. 
For those experiments, 300 × 10− 3 mol L− 1 MNZ solution were freshly 
prepared in distilled water. NaCl and NaHCO3 were added separately, in 
two levels of concentration, in order to obtain solutions with different 
conductivities. Experimental results are shown in Fig. 6. 

For experiments with bicarbonate anion (HCO3
–), pseudo-first-order 

kinetic constants of 0.112 ± 0.003 min− 1 and 0.112 ± 0.004 min− 1 

were observed for 2 × 10− 3 mol l− 1 and 4 × 10− 3 mol l− 1 HCO3
– con-

centrations, respectively. Solution conductivity ranged from 896 ×
10− 6 S cm− 1 for 2 × 10− 3 mol l− 1 HCO3

– solution and 1812 ×

10− 6 S cm− 1 for 4 × 10− 3 mol l− 1 HCO3
– solution. Even with a 2-fold 

difference in solution conductivity, using a t-test, it was not observed 
a significant difference (p > 0.05) in kinetic constants between 
experiments. 

In experiments with chloride anion (Cl− ), pseudo-first-order kinetic 
constants of 0.095 ± 0.008 min− 1 and 0.099 ± 0.003 min− 1 were 
observed for 0.45 × 10− 3 mol l− 1 and 2 × 10− 3 mol l− 1 HCO3

– concen-
trations, respectively. Solution conductivity ranged from 349 ×

10− 6 S cm− 1 for 0.45 × 10− 3 mol l− 1Cl− solution and 1551 ×

10− 6 S cm− 1 for 2 × 10− 3 mol l− 1Cl− solution. With a 4.44-fold differ-
ence in solution conductivity, using a t-test, it was not observed a sig-
nificant difference (p > 0.05) in kinetic constants between experiments. 

Comparing the effects of experiments with HCO3
– and Cl− anions with 

distilled water, it is possible to observe pseudo-first-order kinetics 1.55 
times lower for HCO3

– experiments and 1.84 times lower for Cl− exper-
iments. The influence of separated anions in the plasma discharge pro-
cess in aqueous solutions is not well described in the literature yet. 

Fang et al. (2019) explored the effect of conductivity in plasma 
discharge in an acoustic cavitation plasma discharge assisted system, 
treating a reactive black 5 (RB5) dye solution. The authors observed 

Fig. 4. Effect of (A) utilization of drinking water and distilled water and (B) scavenging effect of EtOH on the degradation of MNZ in the HC-GPD treatment. Dots 
represent experimental data and continuous line the pseudo-first-order kinetic model for MNZ degradation. Experimental conditions: [MNZ]0 = 300 × 10− 3 mol L− 1, 
Discharge voltage = 15 kV, Initial pH = 5.80, Inlet pressure = 70 bar, Number of orifices = 4, Orifice size = 4 mm, Initial temperature = 14 ◦C, Number of replicates 
= 2. 

Table 1 
Characteristics of the drinking water used in the 
experiments.  

Parameter Value 

pH 7.50 
Conductivity (µS cm− 1) 451 
Hardness (mg CaCO3 L− 1) 230 
Chloride (mg L− 1) 16 
Sulfate (mg L− 1) 36 
Nitrate (mg L− 1) 20 
Bicarbonate (mg L− 1) 228  

Fig. 5. Delivered power oscillations during plasma discharge in distilled and 
tap water solutions. Continuous line represents the average measurements, 
dashed line represents standard deviation. Experimental conditions: Discharge 
voltage = 15 kV, Inlet pressure = 70 bar, Number of orifices = 4, Orifice size =
4 mm, Initial temperature = 14 ◦C, Number of replicates = 4. 
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highest RB5 degradation in solutions with a conductivity ranging from 
10 to 20 × 10− 6 S cm− 1 for a plasma discharge under US field. It was 
observed a decrease in RB5 degradation with the increase of solution 
conductivity. The conductivity upper limit for plasma discharge was 
observed at 1000 × 10− 6 S cm− 1 [47]. In a high conductivity solution, 
the breakdown process necessary for plasma discharge is hindered due 
to the ion flow, which induces a polarization in the electric field [50]. 

Therefore, detailed experiments must be carried out using chemical 
probes and measurement of radical species spectroscopic emission to 
understand the charges conduction in different chemical aqueous con-
ditions [51]. 

Inorganic ions addition can also influence the behavior of cavitation 
bubbles. An increase in salt concentration causes a decrease in cavitation 
bubble size [68] and inhibits bubble coalescence [38]. Due to the 
salting-out effect, the presence of electrolytes also leads to a decrease in 
gas solubility in an aqueous solution, influencing the population of 
active bubbles. Furthermore, electrolytes also affect the surface tension 
and viscosity of the liquid, which can affect the cavitation bubble for-
mation and its implosion [38]. 

However, considering the overall effect of the presence of inorganic 
constituents in tap water, according to the results presented in Fig. 4B, 
the degradation of MNZ in HC-GPD system is possible, presenting 86% 
degradation compared to 90% of degradation in distilled water, after 15 
min of treatment. 

3.4. Sonochemical dosimetry 

In order to estimate the formation of oxidant species during plasma 
discharge, Weissler dosimetry was carried out in experiments with only 
HC and HC coupled to glow plasma discharge (HC-GPD). The production 
of oxidant species is shown in Fig. 7. 

Weissler dosimetry is based on the reaction of hydrogen peroxide 
formed during •OH produced with potassium iodide. I− ions suffer 
oxidation by H2O2 and •OH to form I2. The I2 molecules formed react 
with the excess of I− in solution to form a triiodide complex, which can 
be measured with a UV–Vis spectrophotometer at 353 nm. However, 
those oxidation reactions are not selective to H2O2 and •OH, other 
oxidant species formed can also influence the formation of the triiodide 
complex [38]. 

For experiments using HC alone, it was possible to observe a steady 
formation of oxidant species in the range of 0.12 to 0.15 ×

10− 3 mol H2O2 L− 1 within 15 min of the process. For the HC-GPD pro-
cess, it was observed a linear enhancement in the formation of oxidant 
species. Along reaction time was possible to observe a concentration of 
13.4 ± 0.41 × 10− 3 mol H2O2 L− 1 after 15 min. Plasma discharge in 

aqueous solution increased 87 times the formation of oxidant species, in 
a formation rate of 0.898 ± 0.025 × 10− 3 mol H2O2 L− 1 min− 1 (r2 =

0.994). Those results confirm the hypothesis of degradation of organic 
compounds due to the formation of hydroxyl radicals, mentioned in 
previous studies [46]. However, as discussed above, due to the short 
lifetime and short diffusion of •OH radicals in bulk solution, the utili-
zation of chemical probes, such as iodide in Weissler dosimetry, ac-
counts for only a fraction of the radical species formed [51]. 

In order to verify the synergistic effects of plasma discharge and HC 
on the production of oxidant species, an experiment with only HC with 
the addition of H2O2 was carried out (HC + H2O2), as can be observed in 
Fig. 8. The main purpose of this experiment was to simulate the oxidant 
species formation rate given by sonochemical dosimetry. In experiment 
(HC + H2O2) in the absence of plasma, the only source of hydroxyl 
radicals was the added hydrogen peroxide. Therefore, by adding a 
concentration of hydrogen peroxide similar to the results of the hydroxyl 
radical formation would provide information about the synergistic effect 
between hydrodynamic cavitation and glow plasma discharge, in the 
formation of oxidant species. 

For the HC + H2O2 experiment, it was possible to observe a pseudo- 

Fig. 6. Effect of (A) bicarbonate anion and (B) chloride anion on the degradation of MNZ in the HC-GPD system. Bars represent the pseudo-first-order kinetic 
constant, and scatter represent solution conductivity. Experimental conditions: [MNZ]0 = 300 × 10− 3 mol L− 1, Discharge voltage = 15 kV, Initial pH = 5.80, Inlet 
pressure = 70 bar, Number of orifices = 4, Orifice size = 4 mm, Initial temperature = 14 ◦C, Number of replicates = 2. 

Fig. 7. Measurement of oxidant species formed during HC and HC-GPD process 
by Weissler dosimetry. Experimental conditions: Distilled water, Discharge 
voltage = 15 kV, Initial pH = 5.80, Inlet pressure = 70 bar, Number of orifices 
= 4, Orifice size = 4 mm, Initial temperature = 14 ◦C, Number of replicates = 2. 
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first-order kinetic constant of 0.018 ± 0.003 min− 1 for MNZ degrada-
tion, representing 23% of degradation. This constant is 9.5 times lower 
than the pseudo-first-order kinetic constant for MNZ degradation in HC- 
GPD process. Therefore, it is possible to confirm the role of the syner-
gistic effects and •OH radicals formed in the bubble interface on the 
degradation of MNZ. 

The utilization of electrons as a green reagent for in-situ formation of 
highly reactive •OH radicals in plasma discharge processes is an 
environmental-friendly approach for organic pollutants degradation 
[55,56,69]. In-situ hydrogen peroxide production prevents its dangerous 
handling and storage in industrial facilities. Therefore, the results as 
mentioned above showed the feasibility of HC-GPD system for antibi-
otics degradation in drinking water. 

4. Conclusion 

HC coupled with glow plasma discharge (HC-GPD) was proposed as a 
new and innovative method for the degradation of metronidazole (MNZ) 
in drinking water. Degradation tests provided information on the 
behavior of the HC-PD system for applications in drinking water. 
Experimental results demonstrated the feasibility of the proposed HC- 
GPD system in treating MNZ solutions with conductivity up to 1500 
× 10− 6 S cm− 1, a higher value than reported in the literature. The for-
mation of cavitation bubbles in the HC emitter provides bubbles for the 
charge conduction in a glow plasma discharge. Sonochemical dosimetry 
provided information about the intensification of oxidant species for-
mation under glow plasma discharge during the HC-GPD process. These 
results reveal potential applications for the HC-PD process to degrade 
organic pollutants in drinking water. 
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[4] S. Hena, L. Gutierrez, J.-P. Croué, Removal of metronidazole from aqueous media 
by C. vulgaris, J. Hazard. Mater. 384 (2020), 121400, https://doi.org/10.1016/j. 
jhazmat.2019.121400. 

[5] Z. Fang, J. Chen, X. Qiu, X. Qiu, W. Cheng, L. Zhu, Effective removal of antibiotic 
metronidazole from water by nanoscale zero-valent iron particles, Desalination 268 
(2011) 60–67, https://doi.org/10.1016/j.desal.2010.09.051. 

[6] Y. Pan, X. Li, K. Fu, H. Deng, J. Shi, Degradation of metronidazole by UV/chlorine 
treatment: Efficiency, mechanism, pathways and DBPs formation, Chemosphere 
224 (2019) 228–236, https://doi.org/10.1016/j.chemosphere.2019.02.081. 

[7] W. Cheng, M. Yang, Y. Xie, B. Liang, Z. Fang, E.P. Tsang, Enhancement of 
mineralization of metronidazole by the electro-Fenton process with a Ce/SnO2–Sb 
coated titanium anode, Chem. Eng. J. 220 (2013) 214–220, https://doi.org/ 
10.1016/j.cej.2013.01.055. 

[8] J.O. Ighalo, C.A. Igwegbe, A.G. Adeniyi, C.A. Adeyanju, S. Ogunniyi, Mitigation of 
Metronidazole (Flagyl) pollution in aqueous media by adsorption: a review, 
Environ Technol. Rev. 9 (2020) 137–148, https://doi.org/10.1080/ 
21622515.2020.1849409. 

[9] K. Kümmerer, A. Al-Ahmad, V. Mersch-Sundermann, Biodegradability of some 
antibiotics, elimination of the genotoxicity and affection of wastewater bacteria in 
a simple test, Chemosphere 40 (2000) 701–710, https://doi.org/10.1016/S0045- 
6535(99)00439-7. 

[10] R. Jewell, Metronidazole, in: XPharm: The Comprehensive Pharmacology 
Reference, Elsevier, 2007: pp. 1–7. https://doi.org/10.1016/B978-008055232- 
3.62177-4. 

[11] K. Kümmerer, Antibiotics in the aquatic environment – A review – Part I, 
Chemosphere 75 (2009) 417–434, https://doi.org/10.1016/j. 
chemosphere.2008.11.086. 

[12] Q. Sun, G. Zhu, Enhanced Removal of Metronidazole from Aqueous Solutions via 
Bioelectrochemical Systems, J. Environ. Eng. 148 (2022), https://doi.org/ 
10.1061/(ASCE)EE.1943-7870.0002006. 
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