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Presence of pharmaceuticals, especially antibiotics, in industrial and domestic effluents causes serious damage to
the environment. Classic wastewater treatment processes, in particular conventional biological treatment
methods, are not sufficient to rapidly eliminate antibiotics. Typically, Advanced Oxidation Processes (AOPs)
based on activation of hydrogen peroxide, ozone or persulfate for formation of particular type of radical species
or singlet oxygen are used. A one of cutting-edge technologies to increase effectiveness of AOPs based on ozone
are nanobubbles based processes. Thus, this paper focuses on utilization of ozone in the form of nanobubbles for
degradation of tetracycline (TC). The effects of several reaction parameters, such as antibiotic concentration,
ozone intake, pH, presence of salts, were investigated. This study revealed that the presence of ozone nano-
bubbles had a substantial positive impact on the degradation of TC. This improvement may be attributed to the
enhanced mass transfer and the production of reactive radicals that occur during the collapse of the nanobubbles.
Identification of Reactive Oxygen Species (ROS) revealed a significant contribution of hydroxyl radicals in the
degradation of the antibiotic. AOP based on O3 nanobubbles generated mostly hydroxyl ("OH) and superoxide
anion (Ogze") radicals providing 100 % degradation of 100 mg/L TC within 20 min at 8 mg/L ozone concen-
tration. Based on identified by LC-MS intermediates a detailed degradation mechanism has been described.
Degradation of TC and intermediates transformations included methylation, hydroxylation, ring-opening steps as
well as cleavage of C-N bonds. This research introduces a novel technique combining nanobubbles with advanced
oxidation processes (AOPs), which is anticipated to provide enhanced efficiency and environmental
sustainability.

1. Introduction

The COVID-19 outbreak has had a significant impact on global public
health, resulting in nearly 6.5 million fatalities. The World Health Or-
ganization has declared the COVID-19 a “public health emergency of
international concern” [1,2]. During the early stages of the pandemic,
infected individuals displayed symptoms similar to bacterial pneumonia
and were incorrectly treated with antibiotics that are ineffective against
viral respiratory illnesses [3,4]. High levels of antibiotics in hospital
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effluent have been linked to the high frequency of antibiotic treatments
in medical facilities [5]. Human consumption of antibiotics rose 39 %
globally between 2000 and 2015, and it is predicted that by 2030,
antibiotic use may reach 200 % of that level [6]. After being adminis-
tered therapeutically, the majority of them are expelled by people into
the sewage system, where wastewater treatments only remove a portion
of them. To avoid contamination of receiving waters, the parent chem-
icals and their metabolites are released [7]. As a result, one of the main
factors contributing to antibiotic resistance is the widespread use of
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antibiotics in a variety of settings, including soil [8], water, and sludge
[6]. The emergence and spread of antibiotic resistance genes (ARGs) in
the environment have consequently raised concerns about public health,
particularly the prevention and management of human illness [9-11].
Antibiotics, a class of medicines, are widely used in treatments and are
recognized as a prominent category of persistent pollutants. Their
presence in aqueous streams through the discharge of animal hus-
bandry, pharmaceutical wastewater, and medical wastewater raises
significant environmental concerns [12-15]. Frequently used pharma-
ceutical medications include ibuprofen, metformin, tetracycline, and
acetylsalicylic acid, among others [16]. Among the antibiotics, tetra-
cycline is one of the broad-spectrum antibiotics, effective against in-
fections caused by gram-positive and negative microorganisms,
mycoplasma, and protozoan parasites. It is used extensively in veteri-
nary medicine, human treatment and the agricultural industry as a feed
ingredient [17,18]. Tetracycline is often used as a growth promoter in
aquaculture to amplify nutrient absorption, hence facilitating farmers in
augmenting production and productivity [19]. The persistent use and
inadequate handling practices contribute to the identification of tetra-
cycline in various water matrices including surface water, ground water,
sewage water, and drinking water, range from nanograms per litre (ng/
L) to micrograms per litre (ug/L) [20-22]. In the long term, tetracycline
presents a substantial risk to both plant and animal life. Therefore, it is
essential to create efficient remediation technology in order to guar-
antee the elimination of tetracycline from wastewater [23].

Amongst the various techniques, advanced oxidation processes such
as Fenton/Fenton-like oxidation [24], photocatalysis [25,26], electro-
catalysis [27], ozone oxidation [28,29], ultrasound [30,31] are the
best recommended technologies for the treatment of the organic pol-
lutants present in wastewater [32]. The underlying principle of the
advanced oxidation process is the generation of reactive oxygen species,
including hydroxyl radicals, that help in the degradation of the organics
[33,34]. The utilisation of AOPs, specifically ozone-based AOPs, has
become prevalent in the oxidation and potential mineralization of
diverse harmful and resistant organic pollutants in wastewater,
intending to attain sustainable development goals (SDGs) [35]. These
processes derive their efficacy from the consistent production of potent
hydroxyl radicals ("OH) and ROS [36,37]. Although there has been
significant progress in the creation of very effective catalysts for cata-
lytic ozonation processes, the stability and deactivation of these cata-
lysts during prolonged operation have severely limited their commercial
uses [38,39]. Khan et al. [88] studied the degradation of tetracycline by
conventional ozonation and investigated effects of pH variations, pro-
tonation and dissociation of functional groups and variation in free
radical exposure were investigated to elucidate the transformation
pathway. The toxicity of TC was decreased at a faster rate at pH 7.0 than
pH 2.2. The removal of TOC reached a maximum of ~40 % after 2 h of
ozonation. Osz-based AOPs procedures for wastewater treatment are
further hampered by the limited solubility and low mass transfer of
ozone, which result in high operating costs [40,41]. The addition of
nanobubble technology to the ozonation process (O3/NBs) holds a great
potential to supplement the current conventional AOPs for efficient
pollutant removal because it has a higher ROS generation rate and
improved gas mass transfer efficiency than conventional ozonation
technology (O3 macrobubbles) [41,42,92]. Nanobubbles are gas-filled
cavities owing to some distinctive properties such as high stability
[43], a high surface area to volume ratio [44], high negative zeta po-
tential [45], low buoyancy [46], and the ability to generate radicals [47]
which allow them to contribute to physical, chemical and biological
water treatment processes in many ways [48]. Yang et al. [55] investi-
gated the oxidative capacity of reactive oxygen species (ROS) produced
by ozone bubbles of different sizes. The results showed the generation of
ROS because of bubble shrinkage and collapse. Hydroxyl radicals were
produced after the reaction between ozone and hydroxide ions. Tetra-
cycline in its various chemical forms has been studied using the micro
nanobubble technology for its removal from the wastewater. Wang et al.
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[49] studied the degradation of oxytetracycline using oxygen nano-
bubbles coupled with photodegradation. With the rise in pH (4.0-11.0),
the photodegradation efficiency of OTC increased from 45 to 98 percent.
Quenching tests showed that the photodegradation of OTC was mostly
caused by the *OH radical as the active species [49]. Chen et al. [50]
investigated the effect of activated hydrogen peroxide on the degrada-
tion of tetracycline hydrochloride using air micro and nanobubbles.
Also, MNBs (micro-nano bubbles) with ozone in wastewater treatment,
improved ozone’s mass transfer efficiency and boosted ozone solubility
and also helped in lengthening the reaction activity. Numerous experi-
mental researches on micro-nano bubbles in combination with other
processes have been conducted [51,52,53].

Although there are recent studies on the degradation of the tetra-
cycline using oxygen [49] and air micro and nanobubbles [50], and
ozone microbubbles [86]. Wang et al. [86] studied the degradation of TC
using ozone microbubbles of size less than 50 ym with 500 mg/L of TC
concentrations. It was evident from the rate constants that tetracycline
degraded more rapidly in acidic solutions than in basic ones. Radical
scavenging and mineralization experiments were also performed.
However, little emphasis has been placed on investigating the associated
reaction kinetics, degradation routes, and nanobubble generation.
Studies available on the degradation of the antibiotic tetracycline using
ozone in the form of nanobubbles are scarce and only some preliminary
attempts were published. Thus, the major objective of this work is to
study the degradation of tetracycline using ozone as a potential oxidant
in the form of nanobubbles. Furthermore, various parameters such as
ozone flow rates (2.5-10 L/min), initial tetracycline concentration
(100-400 mg/L), varying pH (4-11), addition of salts (NaCl, 0.1-100
mM) and scavenging experiments were performed. Radical quenching
experiments, reaction kinetics, and liquid chromatography coupled to
mass spectrometry (LC-MS) were performed owing to the explanation of
the degradation mechanism of tetracycline. This study aimed to develop
a catalyst-free and green technology method for the degradation of
antibiotics.

2. Materials and methods
2.1. Chemicals and reagents

Tetracycline (98 %) was purchased from Sigma Aldrich and was used
without any further purification. Sodium chloride (NaCl, 99.5 %), so-
dium hydroxide (NaOH, 97 %), hydrochloric acid (HCI, 37 %), 2-Prop-
anol ((CH3)2CHOH, 99.5 %) and ethanol were purchased from Merck
chemicals. Pure water was gathered from the Milli-Q system (Milli-Q
Direct-16 water purification system) having a resistivity of 18.2
MQ-cm ™! and pH of 7.1 at a temperature of 25 °C and that has been used
in all the experiments. Before the experiment, distilled water and all
stock solutions were checked using a NanoSight NS300 (Malvern In-
struments, UK) for nanoscale contaminants, however, no appreciable
quantities of nanoscale entities were discovered. A stock solution and
the experiment water were assessed using NanoSight before the testing
to rule out any prior nanoscale contamination. When handling and
maintaining the experimental setup, additional safety precautions have
been adopted. Disposable pipettes, vials, and syringes devoid of latex
were used to avoid contamination.

2.2. Experimental setup

The experimental setup is presented in Fig. 1. The stock solutions for
tetracycline (TC) were prepared by adding the desired amount of
tetracycline to Milli-Q water in the beaker and stirring it magnetically
for 45 min at 600 rpm. For the ozonation to be carried out, the experi-
mental setup consisted of an acrylic tank (10" x 10" x 15" (L x B x H)), a
circulating pump (Earth 12 V DC 150 psi Diaphragm Motor Pump Dia-
phragm Water Pump), an ozone generator (ISM 5-OXY, OZ-Air (India)),
an oxygen concentrator, and a nanobubble generator (manufactured by
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Fig. 1. Illustrative representation of the experimental set-up for the degradation of tetracycline. The dissolved ozone has been measured online using the dissolved
ozone analyser. The degradation of TC is characterized by analysis through UV Spectrophotometer and LC-MS analysis. Photography of collected samples document

real change of color of treated solution, while treatment.

NanoKriti Pvt. Ltd. India) which were used for the generation of nano-
bubbles. The ozone was produced through the corona discharge with a
purity of 5-8 wt%. A pressure gauge was also installed in the ozone gas
sparging line connected to the nanobubble generator. With varying
ozone flow rates, the gas sparging pressure measured to be in the range
of 40-50 kPa during the experiments.

The ozone nanobubbles were generated using the nanopore diffusion
method and varying the ozone flow rates from (2.5 to 10 L/min, 40-50
kPa). The set up was run for a period of 30 min in recirculation mode.
Ozone gas was fed from the ozone generator, flow rate of which was
controlled through an ozone rotameter (1-10 L/min, Flowstar Engi-
neering Pvt. Ltd). The dissolved ozone was measured online using a
dissolved ozone analyser (Q46H, Analytical Technology Inc., College-
ville, Pennsylvania, US). The dissolved ozone monitor used a polaro-
graphic membrane sensor to determine the dissolved ozone
concentration accurately. The display range of the monitor was 0-200.0
mg/L, and the accuracy was £0.1 mg/L. Calibrations for the analyser
were performed beforehand using Ozone Zero Cal and Ozone Span Cal
method. The excess ozone produced during the ozonation experiments
were fed to the ozone destructor (OD-10, Ozone Destructor, Faraday
Ozone) which was placed above the acrylic tank. The destructor works
on a catalytic reaction where MnO, worked as a catalyst to convert the
excess ozone gas to oxygen before releasing it to the atmosphere. The
experiments were performed in a room with air-conditioning. The dia-
phragm pump used for the recirculation of the solution helped in
maintaining the temperature at ambient conditions as the heat losses
were minimized. The sample was collected in a glass vial after a period
of 30 min and further characterized using NTA analysis (detailed
explanation provided in Supporting Information, Fig. SI 7). The exper-
imental protocol to study different parameters is as follows: the prepared
stock solution of TC was placed in the acrylic tank and the setup was run
in a recirculation mode with ozone being fed to the nanobubble gener-
ator from the ozone generator. The experiment was run for 60 min and
the samples were collected every five minutes. Various parameters such
as ozone flow rates (2.5-10 L/min, 40-50 kPa), initial tetracycline
concentration (100-400 mg/L), varying pH (4-11), addition of salts
(NaCl, 0.1-100 mM) and scavenging experiments were performed. The
removal rate was calculated as follows:

(Cao — Ca)

Y%removal = C
AO

@

For the kinetic studies of TC degradation, after analysis for the cor-
relations of zeroth, first and second order reactions [50], it was clear
that the degradation of TC were observed to bear a second order kinetics
as follows:

—ro= kC3 2

Upon integrating Eq (2). from t = 0; Cp = Cpp to t = t; Cy = Cp, we get
the following expression as in Eq (3).
1 1

= 4kt 3
Ca Cao )

where C, is the concentration of TC at any time t, Cpp is the initial
concentration of TC taken, t is the time and k is pseudo second order rate
constant.

The volumetric mass transfer coefficient was determined by
measuring the dissolved ozone concentration through a dissolved ozone
analyzer. The ozone concentration was measured by passing the ozone
gas through the membrane module as depicted in Fig. 1 into the liquid
tank, where the ozone analyzer was placed for the measurements. The
concentration was recorded at every 1-minute interval. The mass bal-
ance equation for dissolved ozone can be given as:

- Z—C =ka (C" - C) — kaC, @

t

where C* (mg/L), C; (mg/L), kg, kra and Cp (mg/L) are the saturated
concentration, concentration at any given time t (min), ozone decom-
position rate constant, volumetric mass transfer coefficient of ozone
(min’l) and initial concentration (mg/L), respectively. The time t is
measured in minutes. At the initial condition of t = 0, the concentration
C¢ = Co. Integrating Eq.4 for kq = 0 yields the following expression as in
Eq.5 [54], which is the case when pure water is being used. The reason
for neglecting self-decomposition kq = 0 of ozone is that the entirety of
the experiment was conducted while ozone nanobubble generation was
taking place inside the reaction vessel. According to the recent literature
it is safe to assume that the self-decomposition of the ozone would be
insignificant as compared to the accumulation of ozone into the system
during the ozone nanobubble generation process [55,56].

C -G
In (m) = (kia)t (5)


http://mostwiedzy.pl

A\ MOST

P. Koundle et al.

In the present case, when TC is present in the solution, the model
equation required to calculate the mass transfer coefficient can be
derived from Eq.4. Solving Eq.4 and re-arranging the variables, the final
equation is in the form Eq. (6). Finally, the value of kq will be substituted
in Eq.6.

Ct kLa

=t _ o (kuat kq)t
" las kg 1€ ) ©)

Consequently, the rate constant of the ozone consumed by chemical
reaction over time can be measured by the following equation by
determining the slope of the curve fit for the data of O3 concentration
versus time curve [55]:
Ct —kgt

G @)

The sample calculations to estimate the mass transfer coefficient
from Eq. (6) have been presented in SI.

2.3. Analytical procedures

A spectrophotometer (DR3900, HACH) was used for the detection of
the concentration of TC remaining in the samples after the degradation.
The absorbance curves were calculated and attained a maximum value
at a wavelength of 357 nm [57]. The calibration curve was plotted at
various concentrations of TC (1-50 mg/L, 100-400 mg/L) with R? =
0.99 has been presented in supporting information (Fig. SI 6). The
radicals generated during the ozonation process were qualitatively
measured by radical scavenging experiments. 2-Propanol was used as a
radical scavenger for *OH radical as it inhibits the activity of the *OH
radicals. The intermediates formed during the process were analyzed by
LC-MS. The degradation of TC was analyzed on a LC-MS instrument
(XEVO G2-XS QTOF, Waters). An electrospray ionization (ESI) in a
positive mode was used with analysis of full scan range from 0 to 1000
with a C18 column (Symmetry C18 Column, 4.6 mm x 250 mm, 3.5 um).
The set up was run with mobile phase of 50:50 % acetonitrile and water
[58]. Nanobubbles were characterized using Nanoparticle Tracking
Analysis (NS300, Malvern) (detailed explanation provided in Support-
ing Information, Fig. S7).

3. Results and discussions
3.1. Effect of TC dosage on degradation kinetics

The generation of ozone nanobubbles was performed using nanopore
diffusion methods. Ozone nanobubbles were characterized by nano-
particle tracking analysis (NTA), as shown in Fig. 2. The bubble number
density shows a positive correlation with the ozone flow rate. Further-
more, to ascertain the contamination, the nanobubble refractive index
(RI) was estimated, and the refractive index was close to unity,

(i)

S
k= =
= £
X Z
4 M-
— =
£3 o=
25 z
=) Y =}
3' ~ &
A0 : . . ; . {

Z 100 200 300 400 500 600

Bubble diameter (nm)
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confirming that the measurement relates to nanobubbles [59]. The
stability of ozone nanobubbles was studied over a period of 30 days
(results presented in Supporting information Fig. S6). Nanobubbles
seem to disappear at a slower rate at high concentration of ozone
nanobubbles as in the case of 10 L/min. Even after 30 days, a consid-
erable amount of nanobubbles are still present in the solution. Mean-
while, the mean bubble diameter experiences a relatively small but
significant increase from 230 to 260 nm in case of 2.5 L/min of ozone
flow rates.

To study the effect of the initial concentration of TC and ozone
intake, the experiments were performed at different reaction conditions.
The initial concentrations of TC were varied from 100 to 400 mg/L. The
flow rates of ozone were taken from the start of 2.5 standard litre per
minute (L/min), 5 L/min to the highest of 10 L/min values. The setup
was run in a re-circulation mode and ozone was fed to the reactor to
produce ozone nanobubbles. The amount of ozone being fed to the
reactor plays a major role in the degradation process as it is an important
aspect on which the degradation is dependent. The nanobubble char-
acterization at different ozone flow rates was done using NTA (Nano-
particle Tracking Analysis, Malvern). The results of the characterization
are depicted in Fig. 2. Based on the obtained results, it can be clearly
depicted that at 10 L/min, the highest amount of nanobubbles are being
formed with the highest intensity. The results for varying initial con-
centration of TC and ozone intake are depicted in Fig. 3 where the trends
for the decrease in the concentration of TC are shown. From Fig. 3 (i),
(ii), and (iii), it can be evaluated that the lower the concentration of the
antibiotic, the lesser is the time needed for the quantitative degradation.
The initial concentration of 100 mg/L achieves 100 % degradation
within 15 min in the case of 10 L/min ozone flow rate. Subsequently at 5
and 2.5 L/min, the time taken is 30 and 35 min respectively. Following
this, as the concentration of TC is increased from 100 to 400, the time
needed to obtain 100 % degradation also increases. This phenomenon is
observed in respect to all studied conditions (ozone flow rate values).
The rate constant was calculated for each set of experiments and their
values were compared. Fig. 3 (iv), (v) and (vi) show that the reaction
kinetics follows the second order reaction with coefficient of determi-
nation, R? = 0.98. It can be clearly noticed, that at 10 L/min the reaction
rates were the highest with a value of 0.01285 L mg'min~! at 100 mg/L
of TC. Overall, based on this part of experiments, it can be concluded
that the best degradation results were achieved at 10 L/min as the
highest rate constants were achieved here. The probable reason for this
would be the amount of dissolved ozone present at that particular flow
rate. Since ozone is acting as the prime free radical source responsible
for the degradation of tetracycline, the amount of ozone being generated
during these experiments plays a vital role. The online measurements
were done for the dissolved ozone during the degradation process at
each initial concentration of TC as well as when no antibiotic was pre-
sent. Also, the molar ratio (Ozone/TC), degradation efficiency of TC and
molar excess of ozone were compared to find out the plausible reason for
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Fig. 2. Effect of ozone flow rate on nanobubble generation (i) bubble size distribution (ii) scattering intensity of nanobubbles tracked at different flow rates.
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the degradation. The results obtained are depicted in Fig. 4.

The results depicted in Fig. 4 were presented for a particular flow
rate at 10 L/min. Fig. 4 (i) presented the amount of dissolved ozone
present when no antibiotic was there compared to dissolved ozone at
various concentrations of TC when degradation processes were taking
place. The amount of excess ozone (mmol/L) at every point of time
during the degradation process is illustrated. From Fig. 4, it can be
concluded that the amount of excess ozone was being produced at each
point of time. At 100 mg/L of TC concentration, since lower concen-
trations of contaminants were present here, a lower amount of dissolved
ozone was utilised to degrade the contaminant. This can further be
explained through online dissolved ozone measurements. The dissolved
ozone concentration when no TC was present to various TC concentra-
tions (100-400 mg/L) are presented in Fig. 4 (ii). From the graph, it was
evident that with increase in TC concentrations, the dissolved ozone
decreased as compared to the case of without TC. The difference be-
tween these concentrations would provide the amount of excess ozone
present at each point as shown in Fig. 4 (i). Upon addition of TC from
100-400 mg/L, the consumption of ozone to degrade the contaminant
has been depicted here where we found out that higher amount of ozone
is required at higher concentrations of TC. So, out of 12 ppm of ozone
concentration, 7 ppm has been consumed for the degradation of TC
while the rest 5 ppm is still present as in Fig. 4 (ii). Therefore, at a low
concentration of TC, the amount of excess ozone was measured to be

more as compared to those at higher concentrations e.g. 400 mg/L. Also,
the dissolved ozone measurements at each point of time during the
degradation has been presented in Supporting Information (Fig. S2) with
comparison to when no TC was present at every ozone flow rate and TC
concentration. The mass transfer coefficient for each concentration of
TC at different flow rates is shown in Fig. 4 (iii). The mass transfer co-
efficients were measured and it can be inferred that higher amount of
dissolved ozone concentrations lead to increased MTC rates. At 10 L/
min, 8 ppm concentration of ozone is achieved with a mass transfer
coefficient of 0.32309 min-1. On the other hand, lower dissolved ozone
concentrations at 2.5 and 5 L/min resulted in lower MTC values.
Therefore, it can be concluded that higher the ozone flow rates, more is
the dissolved ozone concentration leading to greater mass transfer rates
and better degradation kinetics at the corresponding flow rates of ozone.
This can be explained by the fact that higher concentrations of nano-
bubbles were being formed at higher flow rates. Also, increased flow rate
leads to higher turbulence which creates better mixing conditions. This
further helps in increasing the ozone mass transfer coefficients. The
molar ratio (Ozone/TC) at each point of time was calculated and is
depicted in Fig. 4 (iv). Increasing trends of molar ratio prove that excess
ozone is present at each time during the degradation process. When the
degradation efficiency of TC was compared to excess molar ozone as
shown in Fig. 4 (iv), it could be seen that each point of degradation %
corresponds to molar excess ozone %. Based on these observations, it can
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be concluded that molar excess of ozone serves as the limiting factor 3.2. Degradation characteristics of TC in alkaline and acidic medium
responsible for the degradation of the antibiotic. Similar trends were
achieved for 2.5 and 5 L/min ozone flow rates (presented in Fig. S1, SI). The initial pH of the reaction mixture plays a vital role in the

degradation mechanism of TC as it affects the formation of reactive
radicals and the chemical activity of the ozone bubbles being formed
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Fig. 5. Effect of acidic and alkaline mediums on degradation of TC (i) Degradation of 200 mg/L TC under different pH conditions (ii) Rate constant k under different
pH conditions (iii) Online dissolved ozone measurements during degradation of TC (iv) Mass transfer coefficient of ozone at various pH conditions.
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during the process [50,49]. Fig. 5 represents the experiments performed
under various pH values. The effect of pH was examined by keeping TC
concentration (200 mg/L) and ozone flow rates (10 L/min) constant.
The pH values were varied from 4 to 11. Ozone molecules under acidic
conditions may undergo the following reactions [60]:

03 -0+ 02 (8)

The dissociation process produces the O atom, which is thought to be
the precursor for *OH in acidic ozone solutions [61].

0+ H,0 -2 HO"® )

On the other hand, ozone in the presence of OH™ (basic conditions)
may be activated by the following mechanism [62]:

03 +0H - 0, +HO; 10)
0;+HO, - 03 + HO*+ 0, a1
O3+ 05 - 05 + 0, (12)
05 +H,0 —» HO*+OH + O, 13)

From Fig. 5 (i), TC degradation reached a value of 96.05 % at pH = 4,
while the degradation efficiency decreased as pH was raised to 11 with
94.39 %. Acidic medium favors the degradation of TC which is consis-
tent with literature [63,64]. The plausible reason for the efficient
degradation could be the high mass transfer coefficient of ozone at low
pH. Furthermore, the reaction followed pseudo-second-order kinetics as
depicted in Fig. 5 (ii) with rate constant k values being highest at pH 4
(0.00266 L mg'min~1) and lowest at pH 11 (0.00179 L mg 'min?). The
concentration of dissolved ozone increases as the pH drops. Similar
trends were reported in Clever et al. [65]. When the pH dropped from
6.8 to 2.7 at 35 °C, the solubility of ozone in water increased from 6.8
ppm to 39.6 ppm. Also, Henry’s law constant of ozone tends to decrease
at lower pH thereby leading to a higher solubility of ozone at acidic pH
[66,67]. While at basic pH, the presence of OH™ catalyses the decom-
position of ozone leading to decreased dissolved ozone concentrations
[68].

The pH of the solution plays a significant role as it affects the ioni-
zation of tetracycline due to its pKa values. The pKa values for TC are
pKal (3.3), pKa2 (7.7) and pKa3 (9.5) [87]. When pH < pKal i.e. pH <
3.3, TC tends to exist in its protonated form (TC") and most TC mole-
cules have not lost their first proton yet. When pKal < pH < pKa2, TC is
partially ionized as it is present in both forms ((TC" and TC). At pKa2,
when pH > 7.7, TC tends to exist in deprotonated form (TC") where most
TC molecules have lost both protons. The degradation efficiencies were
found to be almost similar at pH 4 and 9 with a value of 96.05 % and
95.59 % respectively within 35 min. This can be explained by the fact
that dissolved ozone concentration was found to be the highest in
respect to these two pH values. Further, their mass transfer coefficients
were also the highest among other pH values as depicted in Fig. 5 (iv).
The pH affects the activity of ozone as the mechanism of free radical
generation changes with the pH. There are two mechanisms possible in
which the ozone reacts at different pHs. In acidic pH, direct ozone attack
is prominent while in basic mediums, ozone decomposes to form *OH
radicals and ROS which further react with the organic compounds [57].
However, the degradation efficiencies at pH 4 and 9 were insignificant
as after 15 min of ozonation, degradation of tetracycline reached more
than 90 %, and all slightly increased to approximately 96 %. Only at pH
=11, the degradation curve is different from those of other pH values. It
follows from the amount of dissolved ozone (Fig. 5(iii)). It can be
elucidated that no dissolved ozone was detected during the first five
minutes of the experiments, beyond which it gradually increased from
0.5 to 1.2 ppm by end of the reactions. While, for other pH values the
dissolved ozone ranged from 3-4 ppm. The rate constants suggest that
there was a negligible difference in the kinetics of the degradation re-
actions. Thus, TC was readily degraded by direct ozonation (Os
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molecule) and indirect ozonation (*OH generated by ozone and Hy0)
throughout the procedure, making the difference in TC degradation at
different pH levels insignificant.

3.3. Degradation kinetics in the presence of monovalent salts

To investigate the effect of the presence of salts, monovalent salts
were selected for this particular study. A sodium chloride (NaCl) was
used in the concentration range of 0.1-100 mM. The experimental setup
was run for 30 min and the concentrations were measured within in-
tervals of 3 min intervals. The dissolved ozone concentrations were also
measured online during the experiments. A presentation of how the
dissolved ozone plays a major role is depicted in Fig. S3 (in SI). From the
trends, it can be stated that the ozone concentrations decrease in pres-
ence of salts as compared to that in DI water (Fig. S3 (i) SI). Also, dis-
solved ozone curves were compared when only salt was present to ozone
concentration during degradation of TC. The graphs showed (Fig. S3 (ii)
and (iii) SI) the difference in the dissolved ozone thereby claiming the
amount of ozone being consumed for TC degradation. The results for the
effects of salt on the degradation of TC are represented in Fig. 6.
Following the observations from Fig. 6 (i), it can be exclaimed that the
presence of salts or an increase in the concentration of salts declines the
overall degradation of TC. The degradation of tetracycline majorly de-
pends upon the amount of ozone being dissolved by ozone nanobubbles
which has been displayed in Fig. 6 (ii). Dissolved ozone is the highest at
0.1 mM salt concentration with 1 ppm ozone concentration followed by
0.75 ppm at 10 mM salt concentration. Similarly, the mass transfer co-
efficients decrease with an increase in salt concentration (see Fig. 6 (iii)).
The highest mass transfer coefficient values were obtained at 0.1- and 1-
mM concentrations of salt and the degradation rate is highest at these
two concentrations. The plausible mechanism for this can be explained
by phenomenon termed as salting out effect.

The presence of salts affects the efficiency of ozone dissolution and
its ability to react with the organic contaminant (TC). Higher salt con-
centrations reduce the contact time between ozone and TC because of
the low solubility, leading to lower degradation rates and overall
treatment efficiency. The dissolved ozone measured decreased with in-
crease in salt concentrations, owing to the higher ozone decomposition
rates in the presence of chloride ions. Based on the reaction kinetics, it
was observed that the degradation of the TC by O3 nanobubble follows
the pseudo 2nd order reaction kinetics as shown in Fig. 6 (ii). The re-
action rate constant was measured for various salt concentrations and it
was almost the same with a negligible difference as depicted by the
concentration profiles overlapping each other except for 100 mM salt
concentration. Now, comparing the degradation efficiencies when no
salts were present in the system, it can be observed that in the absence of
salts the degradation was higher with 98.44 % while when the salt is
added, the degradation efficiency lowers down to 94 %, thereby inhib-
iting the role of ozone in the presence of salts [69]. Furthermore, in the
presence of salt, ozone also reacts with chloride ions, and therefore, it
hinders the degradation of TC. The ozone reacts with chloride ions by
following a reaction mechanism [70,71]:

03 +Cl" - 0, + OCl” 14)

03 =+ OCF—)ZOZ + ClI” (15)

These two equations (14) & (15) might be used to simulate ozone
disintegration in the presence of chloride ions, which would explain the
decrease in ozone lifespan and further its dissociation to superoxide
radical ions. Compared to the hydroxyl radicals and ozone itself, the
oxidation potential of superoxide radicals is lower. Therefore, presence
of salts in the reaction systems dissociates ozone into less oxidation
potential radicals thereby decreasing the overall degradation efficiency
of TC.


http://mostwiedzy.pl

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl

P. Koundle et al.

0 = i g 3 ; i O. i
2001 © il
£ Y —-0--5mM
£ i -0 10mM
‘g 150+ ;\’ L -0-50mM [
£ D 0-0. -0- 100 mM
g 1 8‘} \D\D
2 100+ R \ F
3 8\ \ =}

2 5 0 o- i
£ 50 x o8 O,

2 Q ‘:Q:'?{:“‘:v £ o-o_

2 Q0000

£ o

[

0 5 10 15 20 25 30

Time (min)
(iii) v . . . .
. < o m
1.0 _o- 50 mMm 2T
= —O—10mM 0-0-0
£ 0.8{-0-smMm od oot
=) < fee 1 mM o 000k k
5] =0-0.1mM / 74
£ 0.6 o0 Frg-000 |
S d  ©-0-¢0-0-0-0-0-0
B 0.4 d 9—; -0-0-0-0-0-0-0-0
% O/ O-DAD/
Zo2{ o -
o pad
007 < ;

0 5 10 15 20 25 30
Time (min)

Chemical Engineering Journal 501 (2024) 156236

000907 :

=0.0075{ 008
g

i <0.06{

20.00604 ~ 0 3
il 0.02

~0.00454{ 000 H
k= 0 5 10(15 )20 25 30

< t(min

s 0.00303
2 0.00304 F
§ 0.00218 20825 0.00235 40215

% 0_001540.00128 L
~

0.0000-
100 50 10 5
NaCl (mM)
(iv) =~
g 2
£ 0.157
<
—\‘._l
5 0.101
2 :
& ‘
1]
S B
S 0.05 :
5
&
g
2 0.00+— ; ; ————
L 01 1 5 10 50 100
NaCl (mM)

Fig. 6. Influence of monovalent salt addition on degradation of TC (i) Degradation of 200 mg/L TC under different NaCl concentrations (0.1-100 mM) (ii) Rate
constant k at under different NaCl concentrations (iii) Online dissolved ozone measurements during degradation of TC (iv) Mass transfer coefficient of ozone at

various salt concentrations.

3.4. Degradation efficiency of TC by different methods

To study the effect of ozone in different forms, experiments were
carried out under 4 different reaction systems namely (i) O3 NBs (ii) O3
MBs (iii) Oz MBs (iv) O3 Sparging. The effect of adding H,O5 to each of
the above reaction systems was also evaluated-H;O; is considered to
increase the overall oxidation potential when combined with ozone in
AOPs. The first system studied the effect of O3 NBs alone and in
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combination with 1 M H30,. The second system consisted of O3 MBs
(prepared by MNB400 + SBT50, Riverforest Corp) alone and in the
presence of 1 M Hy05. In the third system, the effect of oxygen MBs was
measured in absence and presence of 1 M Hy05. The fourth system
comprised of ozone being sparged directly to the stock solution through
a sparger (G4 fritz quartz disc, 10 um) in absence and presence of 1 M
H305. As described in the experimental setup, the stock solutions were
prepared in Milli-Q water with an initial value of tetracycline to be kept
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constant at 200 mg/L. The flow rates of oxygen and ozone were also
conserved at 10 L/min. The experiments were run for 45 min and the
change in concentration of TC, rate constants, and mass transfer co-
efficients were measured. All the results of the above-mentioned ex-
periments are depicted in Fig. 7. The degradation curve represented in
Fig. 7 (i) clearly illustrates that no significant amount of degradation of
TC was observed in the case of oxygen microbubbles as compared to the
ozone microbubbles through sparging. Within 45 min, 23.17 % degra-
dation was achieved while the degradation increased to 42.17 % in case
when O MBs were combined with 1 M H50,. Whilst in the case when
ozone was being sparged to the reactor, degradation efficiency of 76.75
% was attained while adding 1 M Hy0; increased the degradation effi-
ciency to 81.75 %. The effect of adding hydrogen peroxide served as a
classic description of the peroxone process [72,73]. By means of electron
transfer, the HoO, will facilitate the O3's breakdown; conversely, the Os
will activate (a so-called peroxone process) the HyO5, producing HO®
and HO3 which can be shown in Eq. (15) [72]:

H202+ 03 — HO*® JrHO; + 02 (16)

Further, when O3 reacts with a HO®, it can produce less reactive
radicals like HO3, which O3 can then transform into *OH and O, as
shown in Eq. (17) and (18) [74,75]:

HO* + 03— O, +HO; an

O3 +HO; —-20, +HO*® (18)

Thus, adding HoO5 enhances the degradation efficiency. To study the
advantage of using ozone nanobubbles, comparison of ozone nano-
bubbles with microbubbles was also studied. For O3 MBs, the degrada-
tion efficiency was 83.85 % while in case of 1 M HyOo, it increased to
93.85 % as shown in Fig. 7 (i). Out of the four systems compared, the
best degradation results were achieved for O3 NBs as the degradation
efficiency reached a maximum value of 95.73 % and 96.51 % for O3 NBs
+ 1 M H205. These results can further be concluded by calculating the
rate constants as shown in Fig. 7 (ii). From Fig. 7 (iii) it can be concluded
that the highest concentration of dissolved ozone was produced in the
presence of ozone nanobubbles + 1 M Hy0, with the concentration of
7.1 ppm which further decomposes and forms radicals as mentioned
above due to the peroxone reactions. In case of microbubbles, the dis-
solved ozone 1.5 and 2 ppm in absence and presence of 1 M H30s.
Subsequently, when ozone was sparged in the presence or absence of 1
M H30,, the concentrations reached 1.9 and 0.5 ppm, respectively.
Depending upon the concentration measurements, the mass transfer
coefficient was calculated for each system as depicted in Fig. 7 (iv).
Clearly, the mass transfer coefficient was the highest for ozone nano-
bubbles + 1 M H20, (0.16401 min~"), O3 NBs alone (0.15045 min™ 1),
O3 MBs + 1 M H,0, (0.14658 min~'), O3 MBs alone (0.11335 min ')
followed sparger + 1 M Hy05 (0.07199 min~!) and lastly sparging ozone
(0.00853 min™").

Furthermore, Fig. 7 (ii) shows the kinetics of the degradation of
tetracycline under different conditions. The kinetic study showed that
the degradation of TC exhibited a strong match with the pseudo-2nd-
order reaction kinetics. The k value of TC degradation for NB + 1 M
H30, (0.00288 L. mg'lminfl) was 4 times higher than that of O, MBs + 1
M H50- (0.00007 L mg'lmin_l) and 3 times higher than that of O3 MBs
+1 M Hy05 (0.00076 L. mg 'min!). The findings of this study show that
the incorporation of ozone nanobubbles improved the effectiveness of
degradation of tetracycline (TC). This can also be validated by calcu-
lating the synergistic index (£) which can be determined by contrasting
the rate constants of the sole processes to that of the combined processes
[76]:

kcombined rocess
&= kip (19)
Z sole process

where XKgole process Will be the sum of rate constant values of individual
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processes and Keombined process Will be the sum of all the rate constants of
the processes mentioned in the table. Higher values of ¢ demonstrates
lower influence in the degradation using Os in various processes.
Following the above formula, the synergistic coefficient values are
depicted in the Table 1.

The observed enhancement may be attributed to three variables,
namely: (a) the influence of ozone in the degradation mechanism, which
facilitated the generation of reactive radicals responsible for the
degradation of TC (b) the stability of nanobubbles is much greater
compared to regular ozone sparging. Moreover, nanobubbles exhibit a
prolonged release of ozone into water, resulting in an extended duration
of ozone supply. Consequently, nanobubbles provide enhanced effi-
ciency in delivering a greater amount of ozone throughout the oxidation
process (c) the increased surface area of nanobubbles has the potential to
enhance mass transfer efficiency throughout the degradation process.
Reactive oxygen species and radicals, such as superoxide and hydroxyl
radicals [53,77], are also produced during the collapse of the nano-
bubble, and this might help with the TC breakdown.

In addition, to provide valuable insights on the efficiency and sus-
tainability of using ozone nanobubbles, a quantitative comparison with
the conventional AOP degradation techniques such as Fenton/Fenton
like, photodegradation, photocatalysis etc. has been presented in
Table 2. Parameters like degradation rates, formation of by-products,
energy consumption and other operational parameters have been
taken from the previous literature. These findings from the literature
have been compared to the present work as in Table 2. Amongst all the
AOPs listed, 100 % degradation of the antibiotic was achieved in O3/
H20,/UV as well as in O3 NBs. But in case of conventional O3, complete
mineralization of antibiotic TC was not achieved. Presence of organic
intermediates with high m/z values were still present even after 100 %
degradation. While in case of O3 NBs, complete degradation was ach-
ieved at varying ozone flow rates (2.5 — 10 L/min). Since 100 %
degradation efficiencies were achieved at all the varying concentrations,
it is an important aspect to optimize the ozone flow rates in order to
provide a cost and energy efficient process. While at 10 L/min the time
taken was 15 min, but for same reaction conditions 40 min were
required in case of 2.5 L/min. The amount of electricity being consumed
would be less when the degradation process is run for a smaller period of
time. Considering the above parameters, the best operational conditions
would be to run the set-up at 10 L/min in order to achieve rapid
degradation and saving energy costs since very less time is required to
achieve 100 % degradation.

Further, cost estimation of several oxidation processes for tetracy-
cline degradation and their combinations have been presented in Table 3
[86]. The operational costs have been calculated for millibubble Og,
Milli bubble O3 + Fenton, Milli bubble O3 + Ultrasound, Millibubble O3
+ Ultrasound + Fenton with the degradation of tetracycline using ozone
nanobubbles in the present work. The removal %, TC concentration and
running time for each method with operation cost per run has been
mentioned in Table 3 From the table, it can be clearly depicted that the
cost was the lowest for ozone nanobubbles even at higher range of TC
(400 mg/L) of 0.072 USD/run compared to other conventional methods.

Table 1
Synergistic index for various treatment methods in degradation of tetracycline.

Process k (Lmg'min~1) 3 EfficiencAy (%,/min)
Contact time
05 NBs 0.00244 - 95.73/45 min
O3 NBs + 1 M Hy0, 0.00288 1.177 96.71/45 min
O3 Sparger 0.000376 — 76.75/45 min
O3 Sparger + 1 M H;0, 0.000494 1.294 81.75/45 min
1 M H,0, 0.000006 - 17.23/45 min
O3 MBs 0.000509 — 83.85/45 min
O3 MBs + 1 M H,0, 0.000761 1.478 93.85/45 min
0O, MBs 0.0000238 - 23.17/45 min
O3 MBs + 1 M Hy0, 0.0000785 2.634 42.17/45 min
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Table 2
Quantitative comparison of conventional AOPs to O3 NBs for tetracycline degradation.
AOPs Conditions By-products Degradation % Energy Ref.
consumption
Fenton H,0, = 0.3 mM Sludge formation 76 % Low [93]
(Fe*" = 0.003-0.3 mM) (pH = 7)
Fenton-like H20, = 100 mM FeO@CeO,, catalyst ~ Sludge formation 94 % Low [94]
=0.1g/L
Photo-catalysis MIL-53 (Fe)/UV No by-products formed 99.7 % (80 mins) High [95]
Photo- Mainly indirect photolysis Biochar, syngas 89.95 % High [20]
degradation
03/H;0,/UV O3 =0.012 mM High molecular mass organics still present(Not 99 % High [96]
(H505 = 0-5.9 mM) (A = 254 nm) completely mineralised)
(pH = 8.5)
O3 NBs 6-12 mg/L dissolved ozone No by-products formed 100 % (15 mins, 10 L/ High Present
min) work.
100 % (25 mins, 5 L/
min)
100 % (40 mins, 2.5 L/
min)
Table 3 ozone) produced through electrochemical generation methods where
able

Cost estimation of various AOPs for tetracycline degradation compared to O3
NBs.

Methods TC TC Conc. Running Operation Cost
Removal (mg/L) time (USD/run)
(%)
Milli bubble O3 + 98 50 10 min 0.539
Fenton
Milli bubble O3 + 98 50 20 min 0.655
Ultrasound
Milli bubble O3 98 50 20 min 0.313
Millibubble O3 + 98 50 10 min 0.371
Ultrasound +
Fenton
Ozone Nanobubbles (USD/run)
(Present study)
1 mg/L 100 1 0.83 min 0.0013
10 mg/L 100 10 1.67 min 0.0026
50 mg/L 100 50 2 min 0.0032
100 mg/L 100 100 15 min 0.024
400 mg/L 100 400 45 min 0.072

**Here the costs were calculated based on electricity prices in Ropar, India (Rs 8
KWh ') and further converted to US $ equivalents (1 Rs. = 0.012 US $ as in July
2024).

Thus, application of ozone nanobubbles is cheaper than other conven-
tional methods.

3.5. Effect of radical scavengers and determining the degradation
pathway

It has been discovered that the generation of nanobubbles leads to
the release of reactive oxygen species [89] which can be explained by a
hypothesis termed as Rayleigh collapse [90]. It states the generation of
ROS occurs through hydrodynamic cavitation such as sonication etc.
where extreme pressure and temperature conditions (~10 MPa and
~5000 K) result in NB collapse. In these circumstances, it would be
advantageous for water to molecularly dissociate into hydrogen atoms
(‘H) and hydroxyl radicals (-OH) [97]. Nevertheless, some studies
showing no ROS during nanobubble generation. For instance, Chae et al.
[90] found that benzoic acid degradation was not seen in the presence of
oxygen nanobubbles, even when sonication was utilized to accelerate
the collapse process. There was no electron paramagnetic resonance
(EPR) signal. Further, it was suggested that the pressure and tempera-
ture generated by the collapse of nanobubbles would be lower than that
of hydrodynamic cavitation, which might limit their capacity to facili-
tate the dissociation of water. However, Gaurav et al. [91] measured the
formation of ROS in nanobubbles (mixture of oxygen, hydrogen and

10

ESR (electron spin resonance) technique was used for the analysis. It was
found that the spectrum exhibits discernible peaks that bear resem-
blance to the presence of superoxides in the nanobubble sample. The
radical quenching experiments were performed to examine the role that
indirect radical oxidation (*OH, 0%, '0,) and direct ozone molecule
oxidation play in the tetracycline’s degradation. Many researchers have
utilized 2-Propanol, Sodium azide, chloroform (CLF) as a scavenger of
the *OH, 0, and O% radicals respectively in oxidation experiments to
comprehend the impacts of direct and indirect oxidation pathways
because of the strong response it has with the radicals mentioned above
[78,79,49,80]. In order to assess the total scavenging of *OH, 0%, 10,
radical production by ozone nanobubbles, each scavenger with a con-
centration of 1 mM were introduced at the start of the process. Fig. 8 (i)
represents the degradation of TC in the presence and absence of radical
scavengers and Fig. 8 (ii) depicts the pseudo second-order rate kinetics
for the experimental runs.

It can be elucidated that in the presence of radical scavengers, the
degradation efficiency decreases. The TC removal achieved a level of
roughly 99 % when it was oxidized without the addition of any scav-
enger. Upon the addition of 1 mM 2-Propanol, the removal of TC shows a
drop reaching a level of around 49.19 %, 1 mM Chloroform shows a drop
to 66.37 % and 1-mM sodium azide decreases the TC efficiency to 76.75
%. This observation suggests that the degradation process of tetracycline
was impeded due to the scavenging action of 2-Propanol on *OH radi-
cals, chloroform on O% and sodium azide on 10,. The kinetics have been
displayed in Fig. 8 (ii) where the reaction rate constants have been
measured and as mentioned earlier, it follows pseudo second-order ki-
netics. The rate constant when no scavengers were used was 0.0096 L
mg'lmin_l, then it decreased to 0.000410, 0.000234 and further
decreased to a value of 0.000131 L mg'min~! at 1 mM sodium azide,
CLF and 2-propanol respectively, thereby indicating the presence of
radicals. Lower values of rate constant imply higher presence of that
specific radical in the degradation process. Therefore, it can be
concluded that *OH radicals played predominant role followed by 0%
and 102.

Given the notable improvement in the degradation efficiency of
tetracycline using ozone nanobubbles, it becomes imperative to ascer-
tain the degradation route associated with this novel synergistic activity.
Consequently, a comprehensive investigation was conducted, specif-
ically employing liquid chromatography-mass spectrometry (LC-MS).
To investigate the degradation routes further, LC-MS analysis was used
to identify the intermediates formed during the degradation process.
The mass spectra at a time interval of 15 min are shown in Fig. S6. The
mass spectra (all obtained by LC-MS technique by analysis of treated
aqueous samples) of the intermediates were used for identification
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Fig. 8. Effect of addition of 2-propanol as an *OH scavenger (i) Degradation of TC (200 mg/L) under the influence of 1 mM 2-propanol, sodium azide and chloroform

(ii) Pseudo second order rate constant at particular experimental conditions.

presented in Table S1 (supporting information). The proposed structure
of the main intermediates has been presented along with intermediate
numbers marked on degradation mechanism (Fig. 9 and Schemes 1-4).
In Figure S6 at 0 min, in the first spectra, a peak of tetracycline (m/z =
445.263) was observed [58,81,82,83]. The spectra majorly displayed
the intermediate products with m/z values of 445, 410, 363, 340 and
227. Notably, the degradation pathways of TC include demethylation,
decarbonylation, hydrolysis, ozonolysis, decarboxylation and alcohol
oxidation [84,85]. Under the constant light, active species (h+, *OH,
and 0%) and ozone attacked the TC molecules and their intermediates,
breaking them down into secondary products with a reduced molecular
weight.

TC molecule (m/z = 445) when attacked by ozone (O3 addition)
during the initial stages of ozonation forms an intermediate P1 (molo-
zonide) which is a transient and relatively an unstable compound.
Further P1 rapidly decomposes to P2 (ozonide) which eventually
breakdown to carbonyl compound (P3) after the oxidative step. P3
fragmented into P4 (m/z = 410) and P25 (m/z = 340). The fragmen-
tation of P3 through oxidative demethylation, oxidation of amine, imine
hydrolysis, subsequent ozonolysis and decarboxylation lead to the for-
mation of P25 (m/z = 340) (Fig. 9). Whereas P4 may further disintegrate
by 1,2,3-tricarbonyl oxidation followed by ozonation of C—C double
bond at P11 to decarboxylation leading to the formation of an inter-
mediate P15 (m/z = 362) (Fig. 9). P15 further breaks down into inter-
mediate P18 (m/z = 226) upon decarboxylation and alcohol oxidation
forming a polar intermediate (Fig. 9). Intermediates identified by LC-MS
(Table S1) are marked in Fig. 9 by a frame. Since equivalent degradation
products were formed when TC molecules were progressively dislodged,
it was anticipated that these products would eventually disintegrate into
CO,, Hy0, NH4 molecules, and other intermediates [50]. Depending
upon the above degradation analysis, the chemical equation and process
for the breakdown of TC by ozone nanobubbles can be presented as
[62,50,87]:

TC + Os—Products k =0.01285 Lmg 'min~" (20)
0s+0H  —0,+ HO, 1)
05+ HO; - 05 + HO" + 0, (22)
03 + 05 —05 + 0, (23)
05+ H,O —» HO*+ OH  +0, (24)
HO*® + TC —intermediates —-CO, + H,0 (25)
05 + TC —intermediates —CO, + H,O (26)
11

4. Conclusion

Tetracycline (TC) is a widely used antibiotic that is useful in treating
a wide range of infectious disorders. The chemical and biological
properties of tetracycline, such as its non-biodegradable nature and the
development of resistance to its effects, present significant concerns.
This study aimed to examine the degradation of tetracycline through
ozone nanobubbles while considering various operational parameters.
The results indicated that employing ozone nanobubbles at a lower pH
level (pH = 4) and lower salt concentrations (0.1 mM NaCl) resulted in
enhanced ozone concentration, as well as more effective degradation of
tetracycline compared to other combinations. The degradation kinetics
follow pseudo-second-order kinetics using ozone nanobubbles which is
better compared to first-order kinetics reported for sole ozonation. It is
to be noted here that comparisons were made based on the same reactor
volume. After comparing the effectiveness of other methods, it was
found that using ozone in the form of nanobubbles produced the best
degradation efficiency. This technique could work with actual waste-
water from the medical and pharmaceutical sectors since ozone nano-
bubbles can treat solutions with high concentrations. Preserving the
high potential of ozonation requires avoiding the presence of eOH
radical scavengers, such as 2-Propanol, as the oxidation process of ¢OH
radicals are one of the essential processes in the mineralization of
organic molecules. The presence of intermediates was verified through
LC-MS analysis. O3 and ¢OH has the ability to target the ortho or para
position of the phenol ring on TC. Additional oxidation causes the un-
stable intermediates to ultimately breaking down into inorganic com-
pounds like CO,, Hy0, and NHJ. Ozone nanobubbles have the potential
to enhance AOPs by lowering expenses and the need for chemicals. This
work offers a new technique for enhancing conventional advanced
oxidation processes, and nanobubbles and AOPs will play a significant
role in the very effective removal of contaminants. Therefore, the best
results with parameters for 100 % degradation were at 100 mg/L of TC
at 8 mg/L (10 L/min) concentrations of dissolved ozone within 20 min of
time span.

Future studies will focus on scaling up the ozone nanobubble tech-
nology to promote a practical approach to the degradation of waste-
water containing antibiotics. Optimization of parameters such as ozone
consumption, cost effectiveness, energy consumption can be studied. On
the other hand, it is worth exploring the degradation mechanism of
other types of antibiotics having different structural characteristics by
ozone in the form of nanobubbles. Comparison of the conventional AOPs
with the ozone nanobubbles in terms of degradation rates, efficiency, by-
product formation and energy consumption can be carried out to get
better insights on the advantages of ozone nanobubbles.

5. Environmental implication

Tetracycline in wastewater poses a serious risk to the environment
and public health. AOPs such as electrocatalysis, photocatalysis etc.
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Fig. 9. Possible degradation pathway mechanism of tetracycline through LC-MS technique.

limit their commercial uses due to less stability of catalysts and pro-

longed operations. O3 based AOPs are hampered by limited solubility,

low mass transfer of ozone resulting in higher operation costs. This study
has demonstrated a novel technique of using ozone in the form of
nanobubbles as AOPs. O3 Nanobubbles help in increasing the mass
transfer coefficient thereby enhanced degradation. This work contrib-
utes to a greener and effective AOP for the degradation of antibiotics.
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