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A B S T R A C T

Ciprofloxacin (CIP) has been listed in the last version of the surface water due to its ability to kill human cells by
inhibiting the activity of DNA topoisomerase IV. Thus, CIP, along with other antibiotic pollution has become a
serious threat to the environment and public health. Ozonation has been used as an advanced technique that is
applied in wastewater treatment to remove CIP, but the primary limitation of this method is the low solubility of
ozone in water. This study is the first report of CIP removal in a scale-up of its aqueous solution using a self-
developed aerator pump-enhanced ozonation (APO) system, which only employs a propeller and a zigzag
arrangement of meshes. This aerator pump decreased the size of ozone bubbles by 90% and increased the effective
ozone solubility to 0.47 ppm. The mechanism of degradation of CIP is attributed to an oxidation reaction of the
antibiotic with reactive oxygen species, such as hydroxyl, oxygen, and hydroperoxyl radicals, generated on the
surface of the ozone microbubbles. It was found that the rate and efficiency of degradation of CIP using the APO
system were 3.64 � 10�3/min and 83.5%, respectively, which is higher compared with those of conventional flow
ozonation (FO) systems (1.47 � 10�3/min and 60.9%). The higher degradation efficiency of CIP by the APO
system was also revealed by its higher electrical energy efficiency (0.146 g/kWh), compared to that of the FO
ur).
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Figure 1. The chemical structure of
system (0.106 g/kWh). The degradation of CIP was also monitored by the resulting antibacterial activity against
Escherichia coli and Staphylococcus aureus.
1. Introduction

Antibiotics have saved millions of lives since their discovery in the
1930s. They are used extensively to improve human health as well as in
veterinary practice to treat infectious diseases and to promote growth.
These diverse uses have resulted in a steady increase in global antibiotic
consumption. The global antibiotic consumption rate was projected to
rise from 42.3 billion defined daily doses (DDDs) in 2015 to 128 billion
DDDs in 2030, which is equal to an increase of 15.8 DDDs per 1,000
inhabitants each day [1]. Typically, more than 58% of the consumed
antibiotics are not metabolized, and they are excreted through urine and
feces into the sewerage system and surface waters [2]. Contamination of
water bodies with antibiotics is a serious concern due to the proliferation
of antibiotic-resistant pathogens [3, 4, 5].

Ciprofloxacin [CIP; C17H18FN3O3] (Figure 1) is one of the reported
antibiotic pollutants found in aquatic environments [6, 7]. CIP is the
second generation of fluoroquinolone antibiotics and has a broad spec-
trum of pharmaceutical and biological activity. This antibiotic kills bac-
terial cells by inhibiting the catalytic activity of DNA gyrase and
topoisomerase IV enzymes during replication and transcription [8]. CIP
can also interact with human DNA topoisomerase II [9], and therefore has
the potential to kill various human cells [10]. CIP tends to accumulate in
aquatic environments, due to its low biodegradability, eventually leading
to high concentrations [11, 12]. CIP can also disperse into the foodchain
via trophic transfer [13, 14, 15, 16, 17]. In addition, a sub-inhibitory dose
of CIP may lead to the development of resistance to antimicrobial drugs,
therefore it poses threats to both environmental and human health [18].

Due to the problems outlined above, an effective treatment to remove
CIP and other antibiotics from wastewater is long overdue. Biological
treatment is the conventional method used to remove antibiotics in
general in wastewater treatment plants (WWTPs). However, this method
is inefficient at removing antibiotics based on fused aromatic rings, such
as CIP [2, 19, 20]. Moreover, some studies have reported that WWTPs
cannot remove recalcitrant organic compounds (ROCs). This means that
the treatment plants require the use of a large amount of energy and use
an excessive amount of oxygen [21]. Because of this, CIP was found at
concentrations of 28–31 mg/L in the effluent of a pharmaceutical
manufacturing unit [22] and was even reported to be as high as 6.5 mg/L
in two Brazilian lakes [23, 24].

The application of advanced oxidation processes (AOPs), which
employ either ozone microbubbles, UV light, or catalysts, have been re-
ported as promising methods for oxidative removal of various organic
contaminants in polluted water [25]. The basic principle of AOPs is that
they generate reactive oxygen species (ROS), including hydroxyl (OH�‒),
ciprofloxacin.
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oxygen (O2
�‒), and hydroperoxyl (HO2

�‒) radicals on the surfaces of ozone
microbubbles or catalysts [26]. For AOPs, the amount of oxidizing agent
required depends mainly on the volume of effluent and the concentration
of contaminants to be removed. Typically the volumes and concentra-
tions can be high, therefore the use of electrochemical methods are
inefficient and the use of complex chemical oxidizing agents is consid-
ered inappropriate [22, 27, 28, 29], because they need high surface area
of the electrode and the use of excessive oxidizing agents merely in-
creases the operational cost and the amount of toxic waste.

Among the AOP-based methods, dielectric barrier discharge plasma
(DBDP) is an efficient green technology for the degradation of antibiotics
[22, 26, 30, 31]. However, DBDP has high operational costs, making it
impractical for industrial process scale-up [32]. This is unfortunate
because DBDP is more effective than UV light-based AOP, which needs to
be used in combination with other treatments in order to achieve a useful
oxidizing efficiency [33, 34, 35]. Another limitation of DBDP is that the
ozone that it produces has low solubility in water with a Henry’s law
solubility constant (HCP) of 1.0 � 10�6

–1.3 � 10�4 mol/m3.Pa] [36].
This results in a low mineralization capability. Therefore, ozone pro-
duction on its own is inadequate for the treatment of persistent con-
taminants in wastewater. This problem could be overcome by flowing the
ozone into the wastewater in the form of microbubbles and nanobubbles
using a simple aerator pump. Ozone microbubbles and nanobubbles have
a low Rayleigh number in water [37], allowing them to rise slowly to-
ward the water surface [38], so they can remain dispersed in the
wastewater for a longer time. This increases the probability that organic
contaminants will react with ROS produced on the surface of the ozone
microbubbles and nanobubbles [39, 40, 41].

The present study aims to analyze the following:

(i) The concentration of dissolved ozone in an aqueous solution pro-
duced using either aerator-pump-based ozonation (APO) or diffused
flow ozonation (FO) systems.
(ii) The efficiency of CIP degradation by the resulting ozone
microbubbles.
(iii) The pseudo-first order kinetics of the process based on spectro-
scopic data.
(iv) The effectiveness of the APO and FO systems, in terms of the
degradation efficiency and electrical energy consumption.
(v) The residual environmental hazard of the treated CIP waste,
evaluated from the antibacterial activity against Escherichia coli and
Staphylococcus aureus bacterial strains.

This study uses a scaled up volume of CIP solution (10 L), which is
challenging, because a larger volume makes it harder to disperse the
ozone. This is the first report of scaled-up removal of CIP solution using
ozonemicrobubbles. One of the challenges that is addressed is the limited
availability of advanced quantification tools, such as ultra-high perfor-
mance liquid chromatography, high-performance liquid chromatography,
and liquid chromatography-mass spectroscopy. The solution provided in
this study was to quantify the degradation of CIP using a simple UV-Vis
spectrophotometer which could adequately provide quality control ana-
lyses. The successful application of the method was further confirmed by
antibacterial studies on the treated CIP waste-stream.

2. Experimental

2.1. Materials

Ciprofloxacin (1-Cyclopropyl-6-fluoro-4-oxo-7-(piperazine-1-yl)-1,4-
dihydro-quinoline-3-carboxylic acid, CAS# 85721-33-1, Sigma Aldrich,
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17850), methanol (Merck, 106009), potassium iodide (KI, Merck,
105043) and sodium thiosulfate (Na2S2O3, Merck, 106516) were pur-
chased from Merck (Darmstadt, Germany) and used without further
purification. A 1.000 mg/L stock solution of CIP was prepared in meth-
anol. The stock solution was further diluted 100� in ultrapure water [pH
7, and resistivity 19.8 MO.cm (Milli Q Integral 5 purification system;
Millipore, USA)] to obtain a 10 mg/L solution of CIP as a simple model of
wastewater contaminated by antibiotics. This pure water was free from
trace elements or natural organic matter, while organic carbon (OC) was
2.7 ppm. No pH changes were observed in the CIP solutions before and
after dilution in any of the experiments performed.

2.2. Ozone generator

Ozone was generated using a DDBD plasma generator, which consists
of two Pyrex glass barriers separated from each other by 3 mm [42, 43].
This type of DDBD is known to generate high purity ozone, because the
barriers keep the electrodes free from corrosion preventing contamina-
tion [43]. Pure oxygen was used as a feed-gas source. The volumetric
flow rate of the oxygen gas into the generator was set to be 0.3 L/min,
while the voltage discharge applied to the DDBD was 3 kV.

2.3. Ciprofloxacin treatment and sampling methods

10 L of CIP solution was placed inside an open acrylic tube with di-
mensions of 37 � 24 � 15 cm3. Ozone, which was generated by DDBD
plasma generator, was injected into this solution continuously for 600
min. Ozone was injected either through diffused-ozonation using a stone
diffuser (d ¼ 1.2 cm and h ¼ 2.9 cm) or through an enhanced-ozonation
method employing an aerator pump which provided a pressurized
dissolution to generate microbubbles, as schematically shown in Fig. S1.
This aerator pump has a propeller that is perpendicular to both the ozone
intake [44, 45] and the flow direction of the CIP solution (Fig. S2). The
volumetric flow rate of the CIP solution was 50 L/min, while the pro-
peller rotated this solution at higher speed, so that the pressure of flowing
solution was much lower than the pressure of inlet ozone around the
propeller. This is known as a cavitation phenomenon and produces ozone
microbubbles. The comparative degradation efficiency of CIP was then
investigated using conventional ozonation and using the ozone
microbubbles.

The degradation of CIP in the acrylic tube was monitored every 30
min. To achieve this, 4 mL aliquots of the CIP solution were taken from a
depth of 3 cm below the surface using a 5 mL plastic syringe at five
different locations (Fig. S1c). This was repeated for five different obser-
vation sites. The total volume of CIP solution collected from each
monitoring time before and after ozone microbubble treatment was 100
mL. This sampled solution was stored in an amber glass bottle covered
with aluminum foil. The solutions were kept at 4 �C for further antimi-
crobial activity tests. All of these experiments were performed in
duplicate.

2.4. Ozone concentration and dissolution measurement

The concentration of ozone generated (CO3 ) by the DDBD plasma
generator was measured using the iodometric titration method following
procedures that have been previously reported [46]. Briefly, the output
ozone was injected into 50 mL of KI solution (0.2 M) for 3 min. The
injected ozone oxidizes I‒ ions to form I2 molecules, which gives a yellow
to brown color to the initially clear KI solution. This ozonated KI solution
was then titrated with Na2S2O3 solution (0.4 M) until it became clear
again. The volume of spent Na2S2O3 solution was measured to calculate
the output concentration of ozone (CO3 ) [46]. The output ozone capacity
(KO3 ) was then calculated by multiplying the value of CO3 by the flow rate
(VO2 ). Both of CO3 and KO3 were measured several times during the
3

experiments to ensure the reproducibility and stability of the DDBD
ozone generator.

Although, there is no a standard method to measure ozone dissolution
in water, in this study, ozone dissolution was measured using a colori-
metric method (Spectroquant® MoveDC Mobile Colorimeter, Merck,
173635), which was set to have the largest measurement range. The
generated ozone was continuously injected into 10 L distilled water for
120 min. About 4 mL of the ozonated distilled water was taken every 10
min. This was repeated three times. Thus, the dissolved ozone concen-
tration (CDO3 ) was measured in triplicate. Unlike the measurement of CO3

and KO3 , the measurement of CDO3 was performed only during the opti-
mization experiment. The highest CDO3 value obtained from optimization
experiment was assumed to be a reliable parameter to determine the
optimum operational conditions such as the voltage (V) and the flow rate
of oxygen inlet (VO2 ).

2.5. Quantification of bubble characteristics

The diameters of microbubbles generated through the aerator pump
were measured based on images captured using a digital single-lens re-
flex camera (Canon EOS 70D) operating with a lens aperture of f/9, a
shutter speed of 1/3200 s and ISO of 12800. The focus was set at 2 cm
above the output nozzle of the aerator pump (Fig. S3). With this setup,
the expected minimum diameter of ozone microbubbles captured by the
digital camera was approximately 12.0 μm. The captured images were
processed using ImageJ software to produce quantitative data on bubble
diameters [47]. For this analysis a 24-bit uncompressed-color image was
converted to an 8-bit gray-scale image. In the images, circles with a solid
white border were then identified as in-focus ozone microbubbles. The
image of an object with a known diameter was used as a standard to
verify the conversion factor from pixel units to a physical dimension unit
(Fig. S4). This calibration was applied to all of the captured images. The
dimensional analysis of the bubbles was carried out by quantifying a
selected area of 2 � 1.5 cm2 from the original image.

2.6. Quantification of ciprofloxacin concentration

The concentration of the CIP solution before and after being treated
with ozone microbubbles was quantified based on its absorption spec-
trum, which was measured in 1-cm standard cuvette cell using a UV-
visible spectrophotometer (Genesys 150, Thermo Scientific, USA). The
absorption spectra were recorded at slow scan rate with a spectral range
from 200 nm to 600 nm. Prior to every measurement, the cuvette was
cleaned by rinsing three times with distilled water, then dried. A standard
calibration curve was made of absorbance as a function of CIP concen-
tration, in the range of 1–19 mg/L. 1% v/v methanol was used as blank
solution during this quantification. The R2 values of linear regression of
the calibration curves at 287, 322, and 333 nm were 0.967, 0.992, and
0.992, respectively, as shown in Fig. S5. The peak at 322 nm was chosen
to determine the concentration of CIP, because this peak had the highest
linearity determinant and molar extinction coefficient.

The degradation efficiency (η%) and the electrical energy efficiency
(Eeff ) of CIP upon ozone microbubble treatment were calculated from the
experimental data using Eqs. (1) and (2), respectively [48, 49]:

η¼C � C0

C0
� 100 (1)

Eeff ¼ðC0 � CÞ � V0

P� t � 60
(2)

where C0 is the initial concentration of CIP in the solution (mg/L), C is
the remaining concentration of CIP after a given treatment time t (min),
V0 is the volume of aqueous solution of CIP (L), P is the electrical power
(W).
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2.7. Quantification of organic carbon

The Walkley-Black method was used to quantify the concentration of
OC in the sample during ozonation [50, 51]. The organic matter (OM)
existing in the sample was oxidized by a mixture of 0.4 N potassium
dichromate (K2Cr2O7) and concentrated sulfuric acid (H2SO4). The
remaining chromate was then quantified based on the absorbance of the
solution mixture at 600 nm. This method calculates oxidizable organic
matter based on organic matter containing 58% carbon.

2.8. Disk diffusion assay

A standard disk diffusion assay was employed to determine the anti-
bacterial activity of CIP against E. coli and S. aureus. The disk diffusion
assay was performed according to the guidelines of The European Com-
mittee on Antimicrobial Susceptibility Testing (2021) [52]. Each bacte-
rium was inoculated in tryptic soy broth (TSB, Merck 1054590) and it was
then incubated overnight at 37 �C. The density of each culture was
adjusted to be 0.5 McFarland standard using BaCl2 and H2SO4. The
resulting cell suspensions were further used for inoculation of tryptic soy
agar (TSA, Merck 1054585007), and 20 μL aliquots of the cell suspensions
were deposited on sterile discs (Oxoid CT-0998B). The sterile disks were
dried in a laminar flow and placed on inoculated TSA dishes, followed by
incubation for 24 h at 37 �C. After the incubation, the zone of bacterial
growth inhibition produced on the disks was measured and the diameter
was expressed in mm (see Fig. S6). This experiment was performed in
triplicate and replicated three times, and the inhibition diameter was
presented as the average value of nine measurements.

2.9. Broth microdilution

The broth microdilution method was used to determine the minimum
inhibitory concentration (MIC) of CIP solution, before and after being
treated with ozone microbubbles, against E. coli and S. aureus. This broth
microdilution method was done by adapting the protocol reported by
Wiegand et al. [53] and Sarangapani et al. [54]. TSB alone and TSB þ
bacterial cells were used as a negative control and a positive control,
respectively. The concentration of treated CIP was varied to be within
0.001–50% (see Fig. S7). The lowest antibiotic concentration that
inhibited the growth of the microorganism was detected by the lack of
visual turbidity (matching the negative control) and was determined as
the MIC value. This experiment was carried out in triplicate and repeated
twice and thus, the MIC value was an average of six measurements.
Figure 2. The size distribution of ozone microbubbles the aqueous solu

4

3. Results and discussion

3.1. The size distribution of microbubbles

The images captured by a digital camera show that ozone micro-
bubbles are nearly spherical. There were 34 microbubbles (out of 94
bubbles) in the sampling area in the APO system, which is higher
compared with the FO system (0 microbubbles out of 49 bubbles). As
shown in Figure 2A and B the diameter of the microbubbles was between
62 to 306 μm in the APO system, which is much smaller compared with
that in the FO system (in the range of 109–2719 μm). Fitting the size
distribution with a Gaussian function revealed that the peak of size dis-
tribution was 108 and 1170 μm for the APO and FO system, respectively.
It is clearly observed that the average size of microbubbles generated
through the APO system is about 10-fold smaller than those produced by
the FO system. Therefore, this simple cost-effective aerator pump could
successfully improve the cavitation properties, increasing the population
of small-sized ozone microbubbles by up to 39% compared to the diffu-
sion system. One may therefore expect that the higher population of
ozone microbubbles would play a significant role in increasing the
availability and resupply of solvated ozone in water, leading to enhanced
degradation of CIP. This finding has favorable implications for cost
effective wastewater management.

3.2. Concentration of ozone and dissolved ozone microbubbles

After ozonation using the DDBD, the CO3 was found to be 1.92 g/L.
The highest KO3 value for the APO and FO systems was 28.16 and 34.56 g
h�1, respectively. Both CO3 and KO3 increased to 2.35 g/L and 42.24 g/h
in APO and FO systems. Fortunately, there was no significant difference
for the value of CO3 and KO3 (p > 0.05) between the two systems. These
data showed that the ozone generator provided good reproducibility and
stability.

The time-dependent CDO3 values achieved by the APO and FO system
are shown in Figure 3A, emphasizing that the APO system provides
higher CDO3 values than the FO system. The CDO3 values were then fitted
with the Boltzmann equation, as this equation is known to give the most
satisfactory results in interpreting the solubility of ozone in water [55].
The R2 values of the best fits of the Boltzmann equation on the experi-
mental data are 0.935 and 0.943 for the APO and the FO system,
respectively. The best fitting lines revealed that the APO system reaches
saturation at 20 min, which is faster than the FO system (40 min), as
shown in Figure 3B. The highest CDO3 value in distilled water for the APO
tion produced through (A) the APO system and (B) the FO system.



Figure 3. (A) Plots of the dissolved ozone concentration (CDO) in distilled water generated in the APO system (black square), in the FO system (red circle), and the
difference of CDO between the two systems (blue triangle) against time, and (B) the best fit of Boltzmann equation to the experimental data.
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and FO systems was 0.43 and 0.31 mg/L, respectively. The difference in
the saturation level of CDO3 is attributed to the smaller size and the longer
persistence of the ozonated microbubbles in the water generated by the
APO system as compared to the FO system (see Figure 2).

The generation of ozone microbubbles and nanobubbles using such
an aerator pump has been reported in several studies [56, 57, 58]. It has
been pointed out that the volumetric flow rate of gas is the most influ-
ential parameter for the efficiency of ozone microbubble production
[59]. In this study, the flow rate used to generate ozone microbubbles
was set based on our optimization study on different flow rates of gas. It
was demonstrated that the aerator pump could increase the population of
small-sized ozone microbubbles, compared with those produced using a
stone diffuser. However, the concentration of dissolved ozone, CDO3 , was
saturated, similar to the findings reported by Yao et al. [40], though the
current CDO3 value is far below the reported ozone solubility [59]. The
main limitation is the lack of an acceptable standard technique in
quantifying CDO3 [60]. Thus, the reported CDO3 values tend to differ from
each other depending on the quantification method. Ozone also rapidly
decomposes into a various reactive oxygen species (ROS) after being
injected into wastewater [61]. Therefore, many studies have stated that
OH�‒, O2

�‒, and HO2
�‒ radicals play key roles in degrading pollutants in

wastewater, rather than ozone itself [26, 54, 62]. In other words, ozone
microbubbles in aqueous solution generate various radicals which then
oxidize the organic compounds and antibiotics, including CIP [26, 63]. In
this case, the solubility of ozone mediates the formation of ROS, espe-
cially OH�‒, O2

�‒, and HO2
�‒ radicals.

The pH and temperature of the CIP solution remained unchanged
during the ozone treatment, as shown in Fig. S8. A similar finding has
been reported by Wang et al. [59]. In this study, the pH of the CIP so-
lution was stable, which is most likely due to the large volume of the CIP
solution, for which slight changes in the amount of Hþ and OH‒ ions
would not affect the acidity of the solution. In contrast, Sarangapani et al.
reported that the pH of their solution decreased when using a small
volume of CIP solution [54]. In other words, in a larger volume of CIP
solution, the chance of ROS formation by interactions between ozone and
H2O molecules should be higher, but at the same time ozone decompo-
sition processes would be accelerated. Considering the mechanism of
ozone dissolution in water and the pH characteristic of the solution in
this study, it is conceivable that ozone decomposition might produce a lot
of hydroperoxyl (HO2

�‒) and O2
�‒ radicals [the oxidation potential (E0) ¼

1.65 V and 1.23 V, respectively]. The efficiency of HO2
�‒ radical gener-

ation in the CIP solution is inversely proportional to the number of OH�‒

radicals because the HO2
�‒ and O2

�‒ radicals are generally formed after
OH�‒ radical decomposition (E0 ¼ 2.80 V). The formation of HO2

�‒ and
5

O2
�‒ radicals is believed to reduce the oxidation potential of organic

contaminants in wastewater [32, 61]. The relatively small proportion of
OH�‒ radical under this scenario could be another reason for the stability
of pH of the CIP solution treated by ozone microbubbles even after 600
min. As the pH stability of the CIP solution was observed in both the APO
and FO systems, one could consider that the proportion of ROS in the two
systems was comparable.

3.3. Ciprofloxacin degradation

The time-dependent absorption spectra of CIP solution treated using
the APO and FO systems are shown in Fig. S9. Based on these absorption
spectra, the respective initial concentrations of CIP (C0) were 10.94 and
11.86 mg/L (p > 0.05), while their final concentrations (Cf) after treat-
ment with ozone microbubbles generated by the APO and FO systems for
600 min were 1.80 and 4.64 mg/L, respectively. This suggests that the
degradation efficiency of CIP treated using the APO system was 83.5%,
which is significantly higher than when treated by the FO system
(60.9%). The degradation kinetics of CIP were then evaluated by fitting
the C/C0 with a single exponential function with respect to treating time
(t), as given by Eq. (3) [49, 54];

C=C0
¼ e�kt (3)

where C is the remaining concentration of CIP in the solution, and k is the
reaction rate constant of CIP degradation by ozonation.

As shown in Figure 4, the degradation kinetic data of CIP in the APO
and FO systems were fitted well to a single exponential function with an
R2 of 0.990 and 0.984, respectively, confirming that the degradation of
CIP upon ozonation followed the first-order kinetics. This was further
confirmed by the linear relationship between ln C/C0 as a function of t
(R2 ¼ 0.984 and 0.970). This finding suggested that the ozone micro-
bubbles can be considered to be rigid bulky materials in the aqueous
solution, generating ROS on their surfaces, which accept an electron from
CIP, leading to degradation of the antibiotic with pseudo-first-order ki-
netics [64]. Pseudo-first-order kinetics has also been reported in several
studies on the degradation of CIP using photocatalysis [65] and photo-
chemical oxidation [33]. Based on the best fits to a single exponential
function over time (see Figure 4), the k value of CIP degradation upon
ozonation injected through the APO system and FO system was 3.64 �
10�3/min and 1.47 � 10�3/min, respectively. This shows that the
degradation of CIP upon ozonation through the APO system was 2.4
times faster than through the FO system. This result can be explained by
the higher concentration of dissolved ozone microbubbles in the APO



Figure 4. The kinetics of ciprofloxacin degradation by ozonated microbubbles generated through the APO system (black square) and in the FO system (red circle). The
curve lines represent the best fits of C=C0

¼ e�kt , whereas the linear lines are the best fits of C=C0
¼ e�kt , on the experimental data, from which the degradation rate, k,

was deduced.
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system compared with that in the FO system, as ozone solubility is pro-
portional to the k value. In other words, the greater the ozone solubility,
the greater the value of k [20].

The oxidation power of ozone to degrade CIP depends on the number
and surface area of ozone microbubbles that can interact with the drug in
the wastewater. In this sense, the APO system produces high population
and smaller size of ozone microbubbles as compared with the FO system.
It is also expected that the small ozone microbubbles will have lower
buoyancy and high number density [38], causing the microbubbles to
rise more slowly toward the solution surface and allowing the small
ozone microbubbles to interact with more CIP molecules for longer via
the mass transfer of ozone microbubbles to the wastewater. As a result,
the oxidation power of small ozone microbubbles, which can be attrib-
uted larger surface area to degrade CIP, is significantly increased.
Figure 5. (A) The removal of OC (left panel) and CIP (right panel) using the APO s
system (black squares) and the FO system (red circles) as a function of treatment tim
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3.4. Organic carbon removal

Mineralization of CIP by ozonation tends to be lower than that of
pseudo persistent organic pollutants having only aromatic rings and
oxygenated groups [20]. In this sense, the initial concentration of OC in
both the APO and FO systems was measured to be 346.7 ppm. In the first
300min during the treatment, the removal of OCwas only about 10% (35
ppm) and 3% (10 ppm) for APO system and FO system, respectively
(Figure 5a). These removal efficiencieswere significantly lower compared
to those of CIP which were 68% for APO system and 30% FO system. This
result suggests that OC was not efficiently decomposed in the ozone
treatment [66], while CIP degraded through a large number of in-
termediates which were easily attacked directly by ozone. Such results
were previously reported before in several studies [21, 66, 67, 68, 69].
ystem and the FO system, and (B) the plot of C/C0 of OC treated using the APO
e and the best fits of single exponential function.
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A plot of C/C0 of OC as a function of treatment time t is shown in
Figure 5b, revealing that concentration of OC decreased nonlinearly,
which is similar to CIP. It is noteworthy that the fraction of OC removal
was around 10% with respect to its initial concentration, in contrast to
ozonation of CIP and amoxicillin in model hospital wastewater, for which
99% removal could be achieved [70]. Although the data points are
scattered, fitting themwith a single exponential function according to Eq.
(3) gave k values for OC removal upon treated with the APO system and
the FO system of 4.97 � 10�3/min and 9.52 � 10�3/min, respectively.

3.5. Electrical energy consumption

As the degradation efficiency of pollutant is related to the energy
efficiency, one could estimate either the degradation efficiency of
pollutant per unit energy, or the energy consumption per unit mass of
degraded pollutant. In this study, the electrical energy consumed by the
APO system was measured to be 0.50 kW h, which was higher than that
by the FO system (0.38 kWh). However, as mentioned above, the APO
system successfully degraded 84% of 10.94 mg/L initial concentration of
CIP, while the FO system could only degrade around 61%. Based on these
data, the energy consumption analysis showed that the degradation ef-
ficiency of CIP per unit electrical energy in the APO and FO systems was
0.146 g/kWh and 0.106 g/kWh, respectively, as shown in Figure 6. This
energy consumption analysis unambiguously highlights that the APO
system requires lower energy consumption per unit mass of degraded CIP
compared with the FO system. As these results indicated that the
degradation efficiency of CIP per unit electrical energy of the APO system
was 37.7% greater than that of the FO system, it is reasonable to consider
that this enhanced energy efficiency could be attributed to the higher
population of ozone microbubbles (39%) produced by the aerator pump
in the APO system as compared to the conventional diffusion in the FO
system. In other words, the introduction of an aerator pump of the APO
system, to generate a higher population of ozone microbubbles, added
economic value to the ozone injection technology compared with the
diffused injection of the FO system. The higher efficiency is most likely
due to the burst of microbubbles that can independently generate ROS,
aside from ozone-generated ROS [71].

3.6. Antibacterial activity

It is interesting to recall that, as CIP is an antibiotic, the degradation
of CIP should reduce its antibacterial activity, and this reduction was
confirmed in this study. Using a concentration of 10.94 and 11.86 mg/L
of CIP, the pre-treatment samples of APO and FO system showed no
Figure 6. The degradation efficiency of ciprofloxacin, η, (blue histograms) and
energy yield (orange histograms) by ozone microbubbles generated through the
APO system and in the FO system.
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significant difference in antibacterial activity, as the two pre-treated
samples exhibited similar inhibition zone, i.e. 20 mm against E. coli (U
¼ 32; p¼ 0.489) and 14–15mm against S. aureus (t16¼ 0.304; p¼ 0.765),
respectively, as shown in Fig. S6. After treatment with ozone micro-
bubbles using the APO system, the inhibition zone decreased to 6 mm for
both E. coli and S. aureus bacterial strains, as shown in Figure 7. These
results confirm that the ozone microbubbles in the APO system reduced
antibacterial activity of CIP against E. coli and S. aureus by 14 mm and 8
mm, respectively. These results are higher than that of the ozone
microbubbles in the FO system which reduced the antibacterial activity
to just 7 and 5 mm against E. coli and S. aureus, respectively (Tables S1
and S2). However, this disk diffusion assay was not sufficient to explain
the antibacterial activity of residual CIP and its decomposition products
generated by ozone in the two systems. Thus, the MIC test with a broth
microdilution procedure was performed to determine the toxicity of re-
sidual CIP and its decomposition products after the ozone treatment.

The MIC values of the CIP solution before ozone treatment in the APO
and FO systems were 0.043 and 0.035 g/mL against E. coli and 0.093 and
0.085 g/mL against S. aureus, as presented in Fig. S7 and Tables S3–S5.
The CIP solution after treatment in the APO system showed no antimi-
crobial activity even when the dose of CIP administered was increased to
0.9 g/mL. In contrast, the FO system still showed an inhibition activity
when the administered CIP was 0.073 and 0.58 g/mL for E. coli and
S. aureus, respectively, as shown in Figure 8. These results confirm that
the residual CIP and its decomposition products from in the APO system
were 12 and 1.5 times less toxic against E. coli and S. aureus as compared
with those resulted in the FO system. This provides an interpretation that
ozone attacked the piperazinyl moiety of CIP [54], which is responsible
for its antibacterial activity against both Gram-negative and Gra
m-positive bacteria [72]. The amplification of CIP biodegradability al-
lows ozone to break down CIP into smaller molecules [73]. The elimi-
nation of the carboxyl groups as well as oxidation of the fluorine group of
quinolone, which are the moieties that play important roles in the
binding process to the DNA gyrase enzyme of the target protein to inhibit
microbial proliferation [59, 72, 74] are believed to be the reasons for the
decreasing antimicrobial activity of CIP [54].

It is also noteworthy that the piperazinyl moiety of CIP has a large
electron density, making it susceptible to being attacked by free radicals
such as OH�‒, O2

�‒, and HO2
�‒ [26, 49, 65]. In many reports, these ROS

would likely attack the fluorine group first through substitution or hy-
drolysis reactions [33, 54, 65], although the cleavage of the C–F bond in
Figure 7. The diameter of growth inhibition zone, d (mm), of E. coli and
S. aureus bacterial strains treated by ciprofloxacin solution before and after
being treated with ozone microbubbles generated through the APO system and
the FO system.



Figure 8. The MIC towards E. coli and S. aureus of ciprofloxacin solution before
and after being treated with ozone microbubbles before and after being treated
with ozone microbubbles generated through the APO system and the FO system.
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the fluorine group requires more energy than those needed to break the
C–H or C–N bonds [33]. These are due to both OH‒ and O3 having high
oxidation potentials of 2.7 and 2.08 V, respectively. Substitution re-
actions of the fluorine group by a hydroxyl compound or hydroxylation
could also occur, as it has been proposed by Sarangapani et al. [54]. This
direct attack of the piperazinyl moiety of CIP tends to involve a high
potential oxidizing agent to degrade this compound, which is known to
have a mechanism of steric hindrance [75, 76].

4. Conclusion

In conclusion, a comparative study of the degradation of ciprofloxacin
(CIP) using ozone microbubbles injected via the conventional diffusion
(FO) system and the aerator pump (APO) systems has been investigated.
Overall the performance of the APO system was better than the FO sys-
tem based on all tested parameters. While the mechanism of degradation
of CIF by ozone treatment is generally attributed to the oxidation reaction
of the antibiotic with reactive oxygen species, such as hydroxyl, oxygen,
and hydroperoxyl radicals, generated on the surface of ozone micro-
bubbles, it was shown that the introduction of an in-house aerator pump
design significantly enhanced the efficiency and efficacy of ozonation in
the degradation of fused-ring antibiotics such as CIP. The rate and effi-
ciency of degradation of CIP were estimated to be 3.64 � 10�3/min and
83.5% using the APO system, higher compared with those of the FO
system, where the degradation rate and efficiency were 1.47� 10�3/min
and 60.9%, respectively. The enhanced degradation efficiency of CIP by
the APO system was also revealed by its higher electrical energy effi-
ciency (0.146 g/kWh), compared to that of the FO system (0.106 g/
kWh). These results are in line with the lower antibacterial activity and
minimum inhibition concentration of the remaining CIP and its by-
products in the solution, against both E. coli and S. aureus bacteria,
after being treated with the APO system compared with the FO system.
Overall findings confirmed that the introduction of an aerator pump in
the APO system generated higher population of smaller sized micro-
bubbles, which proportionally improve degradation efficiency of CIP,
compared with the diffused injection of the FO system. The results pre-
sented in this work opened up a vista for advanced degradation of
pharmaceutical contaminants such as CIP using ozone microbubbles.
However, the method could be further developed to generate more ozone
microbubbles and nanobubbles, and to reduce the number of macro-
bubbles. In addition, further investigation is necessary to analyze the
8

removal of antibiotics using ozone microbubbles where other organic
contaminants are present in the wastewater as these organic contami-
nants may compete as scavengers for the ROS generated in the
wastewater.
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