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Abstract—We developed a novel and efficient degradation process for oxytetracycline (OTC), an antibiotic that remains
in the aquatic environment and affects humans and animals. OTC was decomposed by applying a fusion TiO, photo-
catalytic oxidation process adding microwaves, and various unit technologies and their fusion effects were investigated.
As the microwave power increased, the decomposition efficiency increased, and the highest decomposition rate was
shown in the neutral pH reaction solution. The decomposition rate was greatly increased by the addition of hydrogen
peroxide, and it showed a synergistic effect that the decomposition efficiency was doubled by fusion with other pro-
cesses. Eleven intermediate products of OCT decomposition were detected by liquid chromatographyOmass spectrome-
try; CO,, H,O, NHj, and NO; by active oxidizing species, such as OH radicals generated by the microwave-assisted
fused TiO, photocatalytic oxidation process were mineralized.
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INTRODUCTION

Approximately 200,000 tons of antibiotics are manufactured world-
wide every year. Among them, tetracycline (TC) is the most com-
mon broad-spectrum antibiotic that has been used for bacterial
treatments in humans and animals [1,2]. Oxytetracycline (OTC)
causes gastrointestinal allergy and photosensitivity allergy, damages
calcium-rich areas such as teeth and bones, and candidiasis (thrush)
appears to a small extent when used extensively. It is the most
widely used tetracycline antibiotic, and it has been detected at ppb
to ppm concentrations in water, soil, and food [3]. OTC was ob-
served at concentrations of 46.91 mg L™ in surface water in Austria
and 425.1 ng L' in leachate in Shanghai, China [4]. Several stud-
ies have shown that OTC remaining in the environment adversely
affects the activities of natural organisms and can cause damage to
human life and health [5,6]. Since OTC is chemically stable and
has high persistence, it is difficult to effectively remove it, so studies
on adsorption methods using various carbon materials and oxida-
tion treatment using photocatalysts are in progress [7-9]. Among
them, the oxidation treatment system using a photocatalyst does
not generate secondary waste, which is known as an eco-friendly
and economical water treatment system [10-12]. However, the water
treatment method using the TiO, photocatalyst has several disad-
vantages, so it cannot be applied to various water treatments [13].
TiO, photocatalyst in powder form is difficult to apply to water treat-
ment because it is easily aggregated in water and is not easily re-
covered after use. In addition, it is difficult to use for efficiently de-

"To whom correspondence should be addressed.

E-mail: jsc@sunchon.ac.kr

*Co-first authors

Copyright by The Korean Institute of Chemical Engineers.

3369

grading antibiotics like OTC having a polyaromatic ring structure
because of its low degradation rate and lack of reaction selectivity
[14].

Our research group made the following attempts to solve the
problems of the photocatalytic system. A TiO, photocatalyst ball to
which a TiO, film is fixed was prepared and used by coating a TiO,
thin film on an alumina ball by chemical vapor deposition (CVD).
To utilize strong ultraviolet rays, an electrodeless mercury lamp
(EML) emitting light by microwaves was used [15,16]. The use of
EML for photocatalytic processes can save money because the lamp
is permanently used, and because the amount of light can be freely
controlled, the process can be managed efficiently. Hydrogen per-
oxide was also added to improve the degradation efficiency. In
addition, the synergistic effect of each unit process and fusion pro-
cess was reviewed to assess the possibility of constructing an effi-
cient decomposition system for OTC. This study is a new type of
tusion process that compensates for the shortcomings of the exist-
ing photocatalytic process, and it is a challenge to draw synergy
effects by properly merging various new single processes. The new
photocatalytic process developed in this study can effectively de-
compose OTC, which is difficult to remove with conventional treat-
ment methods, so it is expected that it can be applied to the purifi-
cation of sewage treatment plants and various drinking water.

EXPERIMENTAL

1. Experimental Materials

Ogxytetracycline hydrochloride (C,,H,,N,0,-HCI) was purchased
from Tokyo Chemical Industry Co. and used as received. The effect
of pH on the degradation reaction was examined by adjusting the
pH by adding HCI (0.1 N, Daejung Chemical & Metal com.) and
NaOH (0.1 N, Daejung Chemical & Metal com.) to the reactant
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Fig. 1. Schematic diagram of the microwave-assisted fused TiO, photocatalytic oxidation system for the OTC decomposition reaction.

solution. The oxidation power in the decomposition reaction was
improved by adding a hydrogen peroxide solution (30%, Daejung
Chemical & Metal com.) to the aqueous reactant solution. Deion-
ized water was used to prepare the reaction solution, and distilled
water was used for the other washings.

2. Experimental Devices

Fig. 1 shows a schematic diagram of the microwave-assisted fused
TiO, photocatalytic oxidation system used in the OTC decompo-
sition experiment. The frequency of the microwave generator con-
trolled by a power monitor and a three-stub tuner was 2.45 GHz,
and maximum power was 1 kW (Korea Microwave Instrument Co.,
KMIC-1KW). The decomposition experiment was performed while
the microwave intensity was changed from 0.2 to 0.8 kW. The micro-
wave emitted to the microwave cavity through the wave-guide emit-
ted EML to supply light to the quartz reactor (length 230 mm, width
40 mm) filled with photocatalytic balls. Fig. 1 (upper left) shows a
photograph of the EML emitting microwaves. The spectrum and
intensity of light emitted from the EML were measured by optical
emission spectroscopy (OES, AVASPEC-2048, Avantes Co. Ltd)
and a UV radiometer (Delta OHM, HD2102-2) in the port of the
microwave cavity. The temperature was kept constant at 15 °C using
a cooling circulator to prevent the temperature of the OCT reac-
tion solution from increasing continuously by microwave radiation
and EML emission during the decomposition reaction experiment.

The EML emitting microwaves to the photocatalyst was a dou-
ble tube type made of quartz. The specifications of the EML are 44
mm in inner diameter, 60 mm in outer diameter, and 170 mm in
length. EML produced without a metal electrode because it emits
microwave light was made at 10 Torr vacuum by adding a small
amount of mercury.

3. OTC Degradation Kinetics Evaluation.

An OTC reaction solution (1,000 mL) with an initial concentra-
tion of 50 ppm was prepared, placed in a stainless steel constant tem-
perature storage vessel, and circulated to the photocatalytic reactor.
The reaction solution was circulated between the photocatalytic
reactor and the reactant storage vessel at 500 mL/min using a roller
pump. The reaction solution was circulated through the TiO, pho-
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tocatalytic system for 10 minutes with the microwave turned off so
that the decomposition reaction occurred constantly. H,O, was added
to the reaction solution at a concentration of 1 to 100 mM to acceler-
ate the rate of OTC decomposition. The decomposition rate of OTC
was determined by measuring the concentration of OTC in the
reaction solution sample as a function of reaction time. The OTC
concentration in the sample was measured at 353 nm, the maxi-
mum absorption wavelength of OTC, by a UV-vis spectrophotome-
ter (Shimadzu, UV-1280).

The intermediate-products generated during OTC degradation
by microwave-assisted fused TiO, photocatalytic oxidation were
detected using triple quadrupole liquid chromatography-tandem
mass spectrometry (Shimadzu LCMS-8060NX). The column used
was ZORBAX Eclipse XDB-C18 (inner diameter 2.1 mmxlength
50 mm), and the injection volume was 10 pL. The mobile phase A
was 0.1% formic acid aqueous solution, and mobile phase B was a
0.1% formic acid—acetonitrile solution. The flow rate was maintained
at 0.3 mL/min. In positive ESI mode, the intermediates were esti-
mated from the m/z values of the substances produced in the OTC
decomposition reaction.

RESULTS AND DISCUSSION

1. Characteristics of the Light Source Emitted by the EML

The EML used in this study was a lamp that does not use a
metal electrode because it emits light by microwaves and emits
light by the mercury charged inside the lamp in a low vacuum state.
The TiO, photocatalyst can be excited by ultraviolet rays. Although
the EML irradiates a wide range of light in the ultraviolet and visi-
ble regions, the light sources in the ultraviolet region were reviewed
based on the photocatalytic properties of TiO,. The spectrum of
the emitted ultraviolet region was measured by OES to evaluate
the ultraviolet emission characteristics of the EML, as shown in Fig.
2. In the UV-C region, strong light by atomic Hg (6’P,-6°S;) was
emitted at 253.7 nm, and light was emitted at 297 nm and 313 nm
in the UV-B region [17]. In addition, ultraviolet rays at 365 nm
were emitted in the UV-A region.
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Fig. 2. Optical emission spectroscopy spectra of the EML.

The effect of microwave power on the amount of UV emission
of EML was investigated. Fig. 4 shows the change in the amount
of ultraviolet light emitted from the EML according to the change
in microwave intensity. The change in the quantity of photons emit-
ted at 365, 297, and 254 nm according to the change in microwave
intensity was measured by OES (Fig. 3(a)). The quantity of photons
emitted at 254 nm, which is the UV-C region, was the largest, with
the quantity of photons emitted at 297 nm being the lowest. The
photons emitted at 254 nm, which is UV-C, increased gradually
with increasing microwave intensity. On the other hand, photons
emitted at 297 and 365 nm, which are UV-B and UV-A, increased
rapidly with increasing microwave intensity up to 0.5 kW, and then
increased gradually above that. The intensity of the ultraviolet rays
emitted from the EML for each ultraviolet region (UV-A, UV-B,
and UV-C) was measured using a UV radiometer (Fig. 3(b)). The
UV radiometer sensor was attached in the external port of the
microwave cavity 30 cm away from the EML. The range of UV
wavelengths detected by each sensor during the intensity measure-
ments was UV-A 315-400 nm, UV-B 280-315 nm, and UV-C 220-
280 nm. Most of the ultraviolet rays generated from the EML were
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Fig. 3. Changes in the amount of ultraviolet light emitted from the
EML according to microwave intensity changes.

high-energy short-wave ultraviolet rays corresponding to UV-C.
Light with a shorter wavelength has higher energy. In particular, the
UV-C region has a high-energy value of 6.2 eV, showing the high-
est intensity [18]. With the same result as in Fig. 3(a), the intensity
increased rapidly when the microwave output was low; and then
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Fig. 4. Images of TiO, photocatalyst balls prepared by CVD. (a) real photo-image of TiO, photocatalyst balls, (b) SEM image of a TiO, photo-
catalyst ball, (c) photo-image of photolysis reactor and EML, (d) SEM image of the TiO, film surface, (¢) SEM image of a cross-section

of the TiO, film, (f) X-ray diffraction pattern of the TiO, film.
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Fig. 5. Change in absorbance according to reaction time in OTC
decomposition reaction by TiO, photocatalytic process using
the EML.

gradually increased over 0.5 kW.
2. Evaluation of the OTC Degradation Rate

A photocatalyst ball coated on an alumina ball (¢ 8 mm) by CVD
was used for the decomposition experiment, as shown in Figs. 4(a)
and (b). Fig. 4(c) shows the reactor (40 mm diameter, 230 mm
length) made of quartz filled with photocatalyst balls. Fig. 4(d) and
(e) show SEM images of the surface and cross-section of the coated
TiO, film. The coated TiO, film was anatase crystals oriented on
the 112 and 220 planes, and the XRD pattern was shown in Fig.
4(f). Details of the preparation method and process conditions of
the CVD TiO, film have been described [19,20].

In this study, the OTC decomposition reaction rate was calcu-
lated from the absorbance measured in the spectrophotometer. Fig,
5 presents the change in the absorbance of OTC according to the
reaction time by the TiO, photocatalyst system using the lamp emit-
ted by microwave. At this time, microwave discharge power was
performed at 0.6kW. The absorbance at the maximum wavelength
of 353 nm decreased with increasing decomposition reaction time.
This confirmed that OTC had decomposed by the TiO, photocat-
alytic process using an EML.

Fig. 6 shows the effect of the microwave power on the decom-
position rate in the OTC decomposition reaction by the TiO, pho-
tocatalytic process using an EML. The decomposition rate of OTC
increased with increasing microwave power, and showed a reac-
tion rate constant of 6.16x10">min ' at the maximum power of
0.8 kW. On the other hand, although a large increase in the decom-
position rate was shown in the section with low microwave power,
the reaction rate was similar at 0.6 kW and 0.8 kW. Fig. 4 shows
the change in ultraviolet rays emitted from the EML according to
the change in microwave intensity. The change in the intensity of
ultraviolet rays was small above 0.5kW. Correspondingly, it was
assumed that the difference in decomposition rates at 0.6 kW and
0.8 kW was small. These results show that the TiO, photocatalytic
decomposition process using an EML was greatly affected by the
emitted ultraviolet light.

pH is a major factor influencing the operation of OTC and the
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Fig. 6. Effect of microwave power on the OTC decomposition reac-
tion by TiO, photocatalytic process using EML.
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Fig. 7. Effect of pH of the OTC reaction solution on the OTC de-
composition reaction rate.

environment, such as oxygen presence and flow [20]. The effects
of the pH of the reaction solution on the decomposition reaction
of OTC using the TiO, photocatalytic process applied with an EML
were investigated. In this study, the OTC decomposition reaction
rate was evaluated by adjusting the pH of the OTC reaction solu-
tion to 2.5-10 using 0.1 N NaOH and 0.1 N HCL The effects of
the pH of the OTC reaction solution on the decomposition reac-
tion are shown as the change according to the reaction time and
the change in the rate constant (Fig. 7). At pH 2.5 with HCl added
to the reaction aqueous solution, the decomposition rate was reduced
compared to the OCT reaction solution to which nothing had been
added. Although the highest decomposition rate was observed at
pH 6 in which NaOH had been added to the aqueous reaction
solution, the decomposition rate decreased under basic condi-
tions. OTC is a molecule with several functional groups capable of
ionization in different pH ranges [22]. When the OTC reaction
solution has a pH of 2, OTC is protonated to H;OTC". At pH 8.5,
OTC is present in the reaction solution mainly as HOTC", and at
pH 11 it exists as OTC™ [23]. On the other hand, OTC exists as a
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zwitterion with a positive charge due to a tertiary amine functional
group in the pH range of 4-8 and a negative charge on the depro-
tonated hydroxyl group [24]. The decrease in the decomposition
rate under acidic and basic conditions can be explained by consid-
ering the properties of the TiO, photocatalyst and OTC. TiO, has
an uncharged zero point charge (ZPC) of approximately 6.7 on the
surface. Accordingly, TiO, has a positive charge at pH<6.7, and a
negative charge at pH>6.7. In an OTC reaction solution with a
pH=6, OTC is mostly present as a zwitterion with a small amount
of HOTC . Therefore, it has high decomposition efficiency under
neutral conditions, where the electrostatic attraction with the posi-
tively charged TiO, surface is increased [23]. In an acidic aqueous
reaction solution, TiO, has a positive charge, and OTC exists as
HOTC', so both materials have a positive charge. Therefore, the
decomposition rate is reduced by electrostatic repulsion. When the
reaction solution is basic, TiO, is negatively charged, and OTC is
also negatively charged as OTC”". Hence, the decomposition rate
is also reduced due to electrostatic repulsion [19].

Hydrogen peroxide was added to the reaction solution to increase
the OTC decomposition rate. Hydrogen peroxide was adjusted to
1-100 mM. The microwave power was 0.6 kW and the pH of the
reaction solution was 3.5. Fig. 8 shows the results of the OTC
decomposition reaction rate according to the change in hydrogen
peroxide concentration. The rate of OTC decomposition increased
with increasing concentration of H,O, added, and even when only
1 mM was added, the decomposition efficiency doubled, showing
a reaction rate constant of 10.87x10™> min™". The degradation rate
constant k of the reaction solution, in which hydrogen peroxide
was added at 10mM and 100 mM, was very high at 32.03x10
min' and 39.28x10 > min™", respectively. When hydrogen perox-
ide was injected into the reaction solution, electrons emitted from
TiO, decreased and the generation of hydroxyl radicals increased
through reaction with superoxide anion radicals. Strong chemi-
cally active species, such as hydroxyl anion and oxygen gas, were
generated [24]. Therefore, the number of hydroxyl radicals formed
in the TiO, photocatalyst was increased by the addition of H,0,,
and thus the decomposition efficiency of OTC was improved.
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Fig. 8. Effect of hydrogen peroxide addition on the OTC decompo-
sition reaction rate.
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This study reviewed the effects of each unit technology and com-
plex processes in the OTC decomposition reaction using the mi-
crowave-assisted fused TiO, photocatalytic oxidation system. Fig. 9
presents the reaction rate constants obtained from the OTC de-
composition reaction by the element technologies and the fusion
processes that combine them. In this experiment, a microwave dis-
charge power of 0.6 kW, pH of 3.5, and hydrogen peroxide 1 mM
were added. H in Fig. 9 is a reaction in which hydrogen peroxide
is simply added to the OTC reaction solution; OTC was hardly
decomposed. It was not decomposed by an oxidizing agent, such
as hydrogen peroxide, and had a strong binding force [25]. M is a
reaction in which only the OTC reaction solution is irradiated with
microwaves; again, OTC barely decomposed. MH is a reaction in
which an aqueous OTC reaction solution containing hydrogen
peroxide is irradiated with microwaves. OTC was decomposed at
a low decomposition rate. Hydrogen peroxide alone could not
decompose OTC, but OTC could be decomposed with the aid of
microwaves. MU is an OTC decomposition reaction by the EML
emitting microwaves and exhibited a decomposition reaction rate
constant of 1.48x10™ min™". The bond of OTC was broken by light
energy, such as ultraviolet rays emitted from the EML. MUH is an
OTC reaction solution containing hydrogen peroxide that was
exposed to the EML emitting microwave and exhibited a decom-
position reaction rate constant of 1.97x10> min". The MUT used
a TiO, photocatalyst and EML emitting microwave and exhibited
a decomposition reaction rate constant of 5.31x10™>min". The
decomposition rate of OTC by MUT was judged to be high, and
the performance of the CVD TiO, photocatalyst balls applied in
this study was excellent. MUTH is an OTC decomposition reac-
tion in which H,0, is added to the MUT reaction, and exhibited a
decomposition rate constant of 1.09x10™" min™". The rate of OTC
decomposition by MUTH was very high, and approximately 95%
of OTC was removed within 60 minutes. On the other hand, MUTH
showed approximately double the decomposition reaction of MUT,
and it was presumed that the use of the TiO, photocatalyst and
hydrogen peroxide as an oxidizing agent has a synergistic effect on
OTC decomposition.

3. Suggested Pathway for Degradation of OTC
In the OTC decomposition reaction using a microwave-assisted

Korean J. Chem. Eng.(Vol. 39, No. 12)
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Fig. 10. Proposed degradation pathway of oxytetracycline using the microwave-assisted fused TiO, photocatalytic oxidation system.

tused TiO, photocatalytic oxidation system, intermediates gener-
ated during the reaction were detected by LCMS to trace the de-
composition reaction mechanism. In this experiment, a micro-
wave intensity of 0.6 kW, pH 3.5, and hydrogen peroxide concen-
tration of 1 mM were used. Eleven different intermediates were
detected by LC-MS. Table 1 lists the molecular weight, formula,
and possible chemical structure of the intermediates detected by
LC-MS analysis.

The predictable decomposition pathway of the OTC decompo-
sition reaction using the microwave-assisted fused TiO, photocata-
lytic oxidation process is shown in Fig. 10. OTC degradation per-
formed in this study was estimated to be caused by reactions, such
as hydration, dehydration, demethylation, de-hydroxylation, and
ring cleavage. Powerful oxidizing hydroxyl radicals generated by
the microwave-assisted fused TiO, photocatalytic oxidation pro-
cess, can affect the aromatic ring of OTC, which is likely to gener-
ate m/z 476 (BP 1) and m/z 492 (BP 2) through the hydroxyl reaction
[26]. The naphthol ring of BP 1 can generate m/z 178 (BP 11)
through hydroxyl radical attack [27]. On the other hand, OTC is
removed from the N-methyl group by demethylation induced in

December, 2022

the photooxidation reaction, and m/z 446 (BP 3) can be produced
[28]. BP 3 can be decomposed to m/z 414 (BP 4) by removing the
N-methyl and hydroxyl groups by demethylation and de-hydrox-
ylation, respectively. BP 4 can be decomposed further to m/z 371
through de-carboxamidation, and m/z 353 (BP 5) can then be gen-
erated through the dehydration path. BP 5 can be decomposed to
m/z 338 (BP 6) through de-amination. Hydroxyl radicals and super-
oxide anion radicals, which are strongly oxidative active species
generated in the microwave-assisted fused TiO, photocatalytic oxi-
dation process, attack the double bond of BP 6 and can be decom-
posed to m/z 302 (BP 7) through ring cleavage. BP 7 can be de-
graded to m/z 256 (BP 8) through de-carboxylation and dehydra-
tion, and to m/z 445 (BP 9) through de-amination [26]. BP 9 can
be decomposed to m/z 401 (BP 10) because of the loss of two N-
methyl groups in the aromatic ring by attack by oxidizing species
because of the low binding energy of N-C. BP10 can be decom-
posed to BP11 by opening the naphthol ring by hydroxyl radicals
[23]. OTC will be decomposed through the above pathways, and
the intermediates produced are expected to be decomposed to low
molecular weight organic compounds through an additional reac-
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Table 1. Intermediate product of OTC decomposed by microwave-
assisted fused TiO, photocatalytic oxidation process
Molecular

No. weight (m/2) Formula

Possible chemical
structure

CH; CH;

OH CH; v
C,HyuN,Oq O“‘ OHNH
OH

C22H24N20 10

OTC 461

BP1 476

BP 2 492 C22H24N2011

BP3 446 CyH,,N,0, o

CH; OH NH,
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OH O OH O O
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OH O OH O
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COH
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OH NH,

H CH;
ose @
N COH
o

H
OH O OH O

BP 10 401

QO

CZOH 1 9N08

BP 11 178 C,H,0,

tion. Finally, OTC is expected to be mineralized to end products,
such as CO,, H,0, NHj, and NO; [26-29].

CONCLUSIONS

OTC was decomposed using a novel microwave-assisted fused
TiO, photocatalytic oxidation process, with CVD TiO, photocata-
lytic balls and EML as light sources. As the microwave power in-
creased, the amount of UV light emitted from the EML increased,

but there was no further increase at 0.5 kW or more. As the micro-
wave power increased, the decomposition rate of OTC increased,
and the reaction solution at pH 6 showed the highest decomposi-
tion efficiency. The decomposition reaction did not occur when
only H,0, was added to the OTC reaction solution, but the reac-
tion efficiency was increased rapidly when combined with other
elemental technologies. Although OTC was decomposed only with
light energy irradiated from microwaves and the EML, the decompo-
sition efficiency was increased significantly when combined with a
TiO, photocatalyst. In particular, a rapid increase in decomposition
efficiency was observed when H,O, was added to the microwave-
assisted TiO, photocatalytic process. OTC was finally mineralized
to CO,, H,0, NH; and NO; by reactions such as hydration, dehy-
dration, demethylation, dehydration oxidation and ring cleavage
by active oxidizing species such as OH radicals formed in the micro-
wave assisted fused TiO, photocatalytic oxidation process.
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