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ABSTRACT: This study first reports on the tetracycline photodegradation with
the synthesized heterostructured titanium oxide nanotubes coupled with cuprous
oxide photocatalyst. The large surface area and more active sites on TiO2
nanotubes with a reduced band gap (coupling of Cu2O) provide faster
photodegradation of tetracycline under visible light conditions. Cytotoxicity
experiments performed on the RAW 264.7 (mouse macrophage) and THP-1
(human monocytes) cell lines of tetracycline and the photodegraded products of
tetracycline as well as quenching experiments were also performed. The effects of
different parameters like pH, photocatalyst loading concentration, cuprous oxide
concentration, and tetracycline load on the photodegradation rate were
investigated. With an enhanced surface area of nanotubes and a reduced band
gap of 2.58 eV, 1.5 g/L concentration of 10% C-TAC showed the highest
efficiency of visible-light-driven photodegradation (∼100% photodegradation rate
in 60 min) of tetracycline at pH 5, 7, and 9. The photodegradation efficiency is not depleted up to five consecutive batch cycles.
Quenching experiments confirmed that superoxide radicals and hydroxyl radicals are the most involved reactive species in the
photodegradation of tetracycline, while valance band electrons are the least involved reactive species. The cytotoxicity percentage of
tetracycline and its degraded products on RAW 264.7 (−0.932) as well as THP-1 (-0.931) showed a negative correlation with the
degradation percentage with a p-value of 0.01. The toxicity-free effluent of photodegradation suggests the application of the
synthesized photocatalyst in wastewater treatment.

1. INTRODUCTION
Tetracyclines (TCs) are the most used antibiotics after
sulfonamides in the human health care and animal husbandry
sector because of their broad-spectrum antimicrobial activity.1−4

In 2020, ECDC (European Center for Disease Prevention and
Control) reported that out of the total consumed anti-infectives
per day [32.62 DDD (defined daily doses) per 1000
inhabitants], 9.21% were TCs (3.00 DDD per 1000 inhabitants)
(https://www.ecdc.europa.eu/en/antimicrobial-consumption/
database/rates-country). Because of the poor metabolic
degradation rate, 95% of TC was excreted out and finally
reached the aquatic environment through the sewage system,5−7

and thus, the presence (ng/L tomg/L) is common in the aquatic
environment.8−13

TC in the native form and its metabolites have hydrophilicity,
biological activity, and stability, which is highly toxic to the non-
target aquatic organisms.14,15 The slow degradation rate and
high persistence of antibiotics in the environment result in the
development of antimicrobial resistance in microorganisms
reported against TC, followed by sulfonamides.16−18 Accumu-
lation and transmission of antibiotics through the food chain in
the environment cause serious threats to human beings and the
ecosystem due to the vertical and horizontal transfer of

antibiotic-resistant genes. This may lead to the disappearance
of some species, causing ecological imbalance.19,20

Several degradation and removal of antibiotic treatment
technologies are developed, such as biological, chemical, and
physical and the combination thereof from the aquatic
ecosystem. Biological degradation of antibiotics with fungi and
biocatalysts is reported in many studies, but it is not the method
of choice for degradation of antibiotics because of a low
biodegradation rate and the non-biodegradable nature of
antibiotics.21−23 Low efficiencies of degradation methods of
membrane-based (ultra- and nanofiltrations) physical treat-
ments make them not suitable for the degradation of antibiotics.
Chemical methods include photo-Fenton, ozonation, photol-
ysis, and semiconductor-based photocatalysis explored for the
degradation and removal of antibiotics, but every method had its
limitations. For example, secondary pollution, use of harmful
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chemicals, and high-cost inputs were the limitations of
ozonation and Fenton-based degradation and the electro-
chemical oxidation method of degradation.24−31

Advanced oxidation processes (AOPs) are one of the
extensively used methodologies for the treatment of waste-
water/effluents which utilize highly reactive and oxidizing
species (O3, •O2, H2O2, OH•) for the complete degradation of
the target compounds into carbon dioxide and water.32

Photocatalysis is the most studied and promising AOP
technology used for the degradation of antibiotics as there is
no requirement of any additional chemicals and it can be
performed under light and pressure conditions under a mild
temperature.33−36 Environment-friendly implementation of
photocatalytic approaches enables the use of a highly efficient
technique for the degradation of antibacterial compounds with
complete mineralization.37 TiO2 is the most studied and used
photocatalyst for the removal of antibiotics from wastewater.
However, the large band gap limits the photoabsorbance in
visible light and is a hindrance to the exploitation of the energetic
potential for degradation and removal of antibiotics from
wastewater.38,39 The efficiency of the semiconductor-based
photocatalyst was enhanced with doping, heterogeneous
composition, noble metal deposition, use of supportive
materials, use of hybrid nanomaterials, and surface modification
of the photocatalyst by using an alternative method of
synthesis.37,40−50

Studies reported that coupling of p-type TiO2 with the n-type
of metal oxide semiconductors like Cu2O is an effective way to
decrease the band gap with enhanced photocatalytic activity of
the heterojunction p−n-type photocatalyst.51,52 Being a photo-
active transition metal, doping of copper in a semiconductor
photocatalyst modifies the electronic and photophysical proper-
ties of the photocatalyst. Copper 3d orbital electrons changed
the valance band in the dopant state, which further broaden the
adsorption range to the visible light. The reduced band gap in
the cuprous oxide-doped TiO2-based photocatalyst enhances
the photodegradation efficiency of the system.53 Cu2O-doped
TiO2 nanotubes have more efficient visible-light-drawn photo-
catalytic activity than TiO2, which further enhances the light
harvesting in a longer wavelength and more effective transfer of
photogenerated carriers. Moreover, the presence of cuprous
oxide enhances the adsorption efficiency, and thus, more
exposure of functional groups of antibiotics on the heteroge-
neous photocatalyst leads to increased photodegradation.54

The present study focused on the photocatalytic degradation
of TC using synthesized titanium oxide nanotubes coupled with
cuprous oxide nanoparticles. Photocatalyst load, antibiotic
concentration, pH, and cuprous oxide loading concentration
were used as variable parameters to maximize the photo-
degradation of TC. The role of cuprous oxide doping for
enhanced photodegradation of TC was investigated, and the
optimal cuprous oxide loading concentration for a high
degradation efficiency was identified. The toxicity of parent
and degraded compounds was examined against mammalian cell
lines. Toxicity percentages were correlated with the degradation
percentages to confirm the loss of biological activity of TC via
photodegradation. Quenching experiments and mass spectro-
metric studies were used to propose the mechanism of
photodegradation of TC.
The novelty of the present study provides environment-

friendly photodegradation of TC with the synthesized Cu2O−
TiO2 nanotubes and thus avoids its leakage into the environ-
ment with non-hazardous products in the effluent water. TiO2

nanotubes provide more surface area and active sites of
photodegradation than TiO2 nanoparticles, while the coupling
of Cu2O reduces the band gap so that short-wavelength
radiations (visible light) can be used as photon energy for
photodegradation of TC. Visible-light-based photodegradation
allowed the use of renewable energy (solar light) as a cost-
effective wastewater treatment process with the aim of faster
photodegradation and reusability of the photocatalyst. Also, the
transformed and degraded products have not shown any
cytotoxicity in the final effluent of the treatment process.
Thus, the developed photocatalyst fulfils all the criteria (a high
photocatalytic efficiency, full use of solar light, and high
recyclability) required for the industrialization of photocatalysis
with toxicity-free effluent water as the most promising treatment
process for the antibiotic-containing wastewater.

2. MATERIALS AND METHODS
2.1. Chemicals and Reagents. For TiO2 nanotube

preparation, titanium(IV) oxide was used as a precursor and
was purchased from Merck Life Sciences Pvt. Ltd. (India).
Sodium hydroxide (NaOH), hydrochloric acid (HCl), and TC
hydrochloride were purchased from BR Biochem Life Sciences
Pvt. Ltd. (India). Ultra-pure water was prepared with a Milli-Q
water purification system (ELGA-PURELAB Pulse, UK). High-
performance liquid chromatography (HPLC) grade acetonitrile,
water, formic acid, and methanol were purchased from Thermo
Fisher Scientific India Pvt. Ltd. (India). Sodium azide, sodium
nitrate, ammonium oxalate, and p-benzoquinone were pur-
chased from Merck Life Sciences Pvt. Ltd. (India). All the
solvents and reagents were of analytical grade, andMilli-Q water
was used for the preparation of solutions.
2.2. Preparation of Cu2O-Doped TNT Particles.

2.2.1. Synthesis of TiO2 Nanotubes. TiO2 nanotubes (TNTs)
were synthesized using the same procedure as that described in
ref 55 and with some modifications in the procedure, and these
particles were named TAC (TNT-applied catalysis). 1.0 g of
TiO2 nanoparticles (titanium(IV) oxide) was dispersed into 30
mL of 10 M sodium hydroxide solution. The suspension was
stirred vigorously for 2 h at 30 °C. Then, the suspension was
autoclaved at 140 °C for 24 h. The product obtained was
redispersed in 200mL of a 0.1MHCl solution for 3 h. Then, the
suspension was centrifuged and the solid sample was washed
with distilled water until the pH was stabilized at 6.7. Finally, the
sample was dried at 80 °C for 24 h in a vacuum oven. The dried
sample was then annealed at 350 °C for 6 h.

2.2.2. Cuprous Oxide Doping. First, copper sulfate
pentahydrate was dispersed into 70 mL of water. Then, 2 g of
TNT/TAC and 2.4 g (1 M aq) of NaOH were added to the
solution and stirred for 1 h. Dextrose (2 g) was then added to the
green suspension during stirring. The resulting suspension was
then transferred into a 100 mL Teflon container and cooked in a
hydrothermal vessel at 150 °C for 12 h. Finally, the product was
collected and washed with distilled water and ethanol several
times. In the end, products were dried in a hot air oven at 60 °C
for 12 h to gain Cu2O-TAC/TNT. Cu2O-TAC with different
weight percentages of Cu2O (5, 10, and 20) was labeled as 5%C-
TAC, 10% C-TAC, and 20% C-TAC.
Chemical reaction
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2.3. Characterization of the Photocatalyst. The crystal
structure of the prepared photocatalyst was determined by X-ray
diffraction (XRD), while the morphology was observed via
scanning electron microscopy (SEM). Ultraviolet−visible−
near-infrared (UV−vis−NIR) spectroscopy was used for the
determination of the light-harvesting capabilities of the
synthesized photocatalysts via absorption and transmittance
spectra. The absorbance and transmittance data were then used
to calculate the band gap energy of all the developed
photocatalysts according to the Kubelka−Munk equation.56

The photocatalytic activity of a photocatalyst is dependent on
band gap energy; the lower the band gap, the higher will be the
photocatalytic efficiency of the photoreactor.57

2.4. Photoreactor System Design. A photochemical
apparatus was designed for the degradation of TC from aquatic
solutions. The photodegradation was carried out in a quartz flask
reactor system. The reactor was placed in a laboratory-
constructed wooden box with a glass mirror attached to the
inner wall to maximize the light absorption. The box was
equipped with UV light (5× 11Wof each) and LED visible light
(2 × 50 W of each) and arranged in such a way that the distance
of the light source to the reactor vessel was not greater than 15
cm. The reaction was carried out on the hot plate magnetic
stirrer fitted inside the box for the continuous stirring of
solutions. An exhaust fan was positioned on the back side of the
box to obviate the heating effect of light. The effects of selected
parameters (photocatalyst load, antibiotic concentration, pH
condition, cuprous oxide loading concentration) on the removal
efficiency of the photocatalytic system were evaluated. The
schematic diagram of the photocatalytic setup is shown in Figure
S1.
2.5. Photodegradation Study. The photocatalytic experi-

ments were carried out to evaluate the effect of different
parameters and to identify the optimized parameters for the
efficient degradation of TC. The effect of all selected parameters
was evaluated in the photoreactor system with ambient
temperature and pressure conditions. The reaction mixture
was stirred in the dark for 30 min to achieve adsorption of TC
and the TiO2-based photocatalyst. Light irradiation (UV and/or
visible) was used for photodegradation of TC, and periodically
after every 30 min, 3 mL of the sample was drawn from the
photoreactor vessel. Further, 2 mL of the sample was
centrifuged, followed by filtration by 0.2 μm syringe filters
before HPLC analysis, while 1 mL of the sample was stored for
further toxicity analysis. The concentration of TC was identified
from the characteristics of the absorbance area of HPLC at 354
nm. The degradation efficiency was calculated using eq 1

C C
C

Degradation % 100to

o
= ×

(1)

where Co is the concentration of TC at the beginning of
experiments and Ct is the concentration of TC in the sample
collected after time t.
LC−MS analysis was used to confirm the degradation of TC

and to identify the intermediate products of TC photo-
degradation. Further, quenching experiments were done to
determine the role of different reactive oxygen species in the

photocatalytic degradation of TC. Formic acid/ammonium
oxalate, methanol/tert-butanol, p-benzoquinone, sodium azide,
and silver nitrates/potassium dichromate were used as hole
(hVB+) scavengers, hydroxyl radical (HO•) scavengers, super-
oxide radical (O2

•−) scavengers, singlet oxygen (O2) scavengers,
and electron (eCB−) scavengers, respectively. 20 mM concen-
tration of the scavenger was used with all the other control
conditions (optimized conditions of the selected photocatalyst)
to confirm their role in photodegradation of TC.
2.6. Analytical Method. The concentration of TC was

measured using a CECIL HPLC system with a UV−vis detector
(CE4200) at a wavelength of 354 nm. TC (HCl) (BR Biochem-
BC0504) was used to develop a standard curve for the
estimation of TC amount in photodegraded samples. 1000
μg/mL stock solution was prepared in water, and different
dilutions were done (750, 500, 250, 100, 50, 10, 1 μg/mL). The
mobile phase, the ratio of the mobile phase, the gradient/static
run, the column temperature, and the flow rate were
standardized for the detection of TC,58 and the analysis was
performed at 354 nm with water (0.01% formic acid) and
acetonitrile (0.01% formic acid) as the mobile phase with a flow
rate of 1.0 mL/min and 20 °C column temperature in a gradient
run of 17 min. Mass spectrometry of native and degraded
samples was done using a Q Exactive Plus Hybrid Quadrupole-
Orbitrap Mass Spectrometer (Thermo-Fisher).
2.7. Kinetics Study of Photodegradation Reaction.The

rate of photodegradation of TCwas studied with the Langmuir−
Hinshelwood model, and a linear reciprocal relation was
observed between the rate of degradation and the concentration
of TC (substrate) in the reaction solution

r
t

d concentration of tetracycline
d

KC= [ ] =

C C ktln lnt o=

C
C

ktln t

o

i
k
jjjjj

y
{
zzzzz =

where Ct is the concentration of TC in the sample collected after
time t, Co is the initial concentration of TC, and k is the rate
constant of the photodegradation reaction.
2.8. Toxicity Analysis. The toxicity of TC and its degraded

compounds were checked on the mouse macrophage (RAW
264.7) and human monocyte (THP-1) cell lines after 48 h. The
cell lines were grown on the specified medium [Dulbecco’s
modified Eagle’s medium for RAW 246.7 and Roswell Park
Memorial Institute (RPMI) −1640 for THP-1 cell lines] and
under suitable environmental culture conditions (37 °C + 5%
CO2). The sufficiently grown cells (1 × 104 cells/mL) were
further seeded to 96-well plates for toxicity assay. MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) reduc-
tion assay was performed to examine the viability of cells as a
toxicity testing endpoint. Figure S2 shows the brief methodology
followed59 during the cytotoxicity testing of parent as well as
transformed antibiotics. The viability of cells was determined
calorimetrically at 570 nm. The toxicity of compounds was
determined by eq 2

Cytotoxicity % 100
Absorbance(Sample)

Absorbance( Control)
100

i
k
jjjj

y
{
zzzz= ×

(2)
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3. RESULTS AND DISCUSSION
3.1. Photocatalyst Characterization. SEM images of

prepared photocatalysts were analyzed to examine the micro-
structure and topology of all the synthesized samples. Figure 1A
unveils the asymmetrical granular morphology of the raw

titanium(IV) oxide nanoparticles, used to synthesize TiO2

nanotubes. These particles are in nearly a round shape having
the least surface area. An ideal photocatalyst should have a bigger
surface area to provide more interactive sites to target
compounds, resulting in improved photocatalysis reaction.

Figure 1. SEM image (A) of titanium (IV) oxide, (B) titanium oxide nanotubes, and (C) 10% Cu2O−TiO2 nanotubes.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c04576
ACS Omega 2022, 7, 33572−33586

33575

https://pubs.acs.org/doi/10.1021/acsomega.2c04576?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04576?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04576?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04576?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04576?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Thus, TiO2 nanoparticles were modified to TiO2 nanotubes
which own a greater surface area (Figure 1B). A lengthened
tubular morphology was displayed by the modified TiO2 sample
which promulgated the reduced aggregation of nanotubes as a
consequence of alkaline hydrothermal operation and calcina-
tion. SEM images suggested that the prepared nanotubes have
an enhanced surface area, and also, there is a higher surface area
to volume ratio. This result is consistent with the previous study
reported by Zavala et al.60 Figure 1C demonstrates the grafting
of 10% Cu2O nanoparticles (small granular particles) over
TNT/TAC nanotubes known as C-TAC. Cu2O and TNT form
a coupled semiconductor making the whole heterostructured
photocatalyst workable even in visible light. XRD analysis was
performed to determine the crystal structure and phase
orientation of the used photocatalysts and 10% Cu2O−TiO2
nanotubes. The diffractogram shown in Figure 2A plot (i)
clarifies the presence of crystalline anatase phase A (101) at
25.349°, A (200) at 48.23°, and A (211) at 55.160° in
synthesized TiO2 nanotubes. A trace amount of the rutile phase
(R) of TiO2 was also observed at 37.811, 53.934, and 55.160° in
the shape of 200, 211, and 220 packings, respectively. Sharp
peaks of the diffractogram confirmed the strong crystalline
anatase phase of TiO2 in the synthesized photocatalyst.
Diffraction due to Cu2O appeared at the 38.0037 and
62.7788° in the shape of 111 and 220 packings, respectively
(Figure 2A plot (ii)). These peaks and SEM images of Cu2O/
TiO2 nanotubes confirmed the coupling of Cu2O on the
modified TiO2 nanotubes. In this plot, the intensities of the
anatase phase were reduced with increased peak width at the
baseline. These changes in diffractograms may be attributed due
to the effect of Cu2O coupling with TiO2 nanotubes. The strong
crystalline phase of Cu2O appeared at 29.73, 36.578, and
42.469° with crystalline packings of 110, 111, and 200,
respectively (Figure 2B). This result again confirmed the
formation of cuprous oxide in the developed visible-light-active
photocatalyst.
The Fourier-transform infrared spectroscopy (FT-IR) spectra

of TiO2 nanotubes and 10% Cu2O/TiO2 nanotube samples
were recorded in the wavenumber range of 400−4000 cm−1.
Figure 3 shows the bonding interactions present in all the
synthesized samples. Broadbands were observed between 3300
and 3450 cm−1, corresponding to the O−H bond’s stretching
vibrations in both the samples, as mentioned earlier. The
bending vibration of theO−Hbondwas observed between 1500
and 1700 cm−1.61 The bands between 600 and 900 cm−1

represent Ti−O−Ti vibration signals.62 The spectrum shows
similar trends in both the samples and describes the well-built
interactions between Cu2O nanoparticles and TNTs.63 Another
noteworthy inspection is the shift in the absorbance intensity of
bands between 3400−3500 and 700−800 cm−1 to the lower
wavenumbers in the case of the sample incorporated with Cu2O.
These bands specify the successful deposition of Cu2O
nanoparticles on the lattice of the host TiO2.

64

The results, obtained from the XPS (X-ray photon spectros-
copy) characterization of 10% Cu2O/TiO2 nanotubes shown in
Figure 4A, were used to investigate the elemental composition,
surface defects, and chemical environment of the prepared
photocatalyst. The dominant peaks in the XPS result are the Cu,
Ti, and O peaks, suggesting a successful formation of the
heterostructure composite photocatalyst. There is a peak related
to carbon at 288.62 eV. This appearance might be related to
hydrocarbon contamination in the apparatus during the
characterization. The peaks located at 932.1 and 952.0 eV in
Figure 4B can be ascribed to those of Cu 3d3/2 and Cu 3d1/2 from
Cu2O, respectively. In the same way, Figure 4C represents the
deconvoluted peaks for TiO2 associated to Ti 2p3/2 and Ti 2p1/2
at 458 and 463.81 eV, respectively. Figure 4 A shows that the
binding energy of O 1s is 531.6 eV, which is consistent with the
O 1s of O2−. Therefore, the XPS spectra confirm that the Cu2O/
TiO2 nanocomposite is essentially composed of Ti2+, Cu2+, and
O2−.
From the UV−vis−NIR absorbance data, the band gap was

calculated for each modified photocatalyst according to the

Figure 2. (A) XRD diffractograms of synthesized photocatalysts (TAC) and 10% Cu2O−TiO2 nanotubes (C-TAC); (B) XRD diffractogram of Cu2O
reduced from CuSO4·5H2O.

Figure 3. FT-IR spectrum of the synthesized photocatalyst.
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Kubelka−Munk model and it was found that the band gap was
shortened up to 2.58 eV (10% cuprous oxide doping) (Table 1).
Doping of cuprous oxide effectively shifts the absorbance from
NIR (400 nm) to the visible light range (479 nm) (Figure 5).
Similar results of reduction of band gap energy with copper
doping (Cu−TiO2) were reported by other researchers.

65,66

3.2. Effect of Different Parameters on Photodegrada-
tion Rate. 3.2.1. Photocatalyst Loading Effect. Photocatalyst
concentration directly affects the degradation efficiency. In
general, the degradation efficiency of TC increased with
increased concentration of the photocatalyst. Figure 6A shows

the degradation rate of TCwith different concentrations of TNT
and TAC.Without the photocatalyst, negligible degradation was
observed, but after the addition of the photocatalyst, the
degradation rate was enhanced. The optimum concentration of
the photocatalyst showing maximum degradation was 1.5 g/L in
both TNT and TAC. Both the photocatalysts were TiO2-based
photocatalysts and differ only in the method of preparation.
Thus, there was not so much difference in degradation
efficiency. This result was consistent with DRS results. Beyond
this (1.5 g/L), the enhancement in degradation efficiency was
not observed with increased photocatalyst concentration. The
reason behind this could be the high viscosity of the solution,
blockage in penetration of light, sedimentation, and elimination
of effective sites of photodegradation. The same concentration
of titania P-25 degussa (1.5 g/L) was used by Palominos (2009)
and co-workers for photocatalytic degradation of TC,67 whereas
Reyes and co-workers found that 0.5 g/L concentration of
titania P-25 degussa (TiO2) is optimum to degrade TC.68

Similarly, Safari and co-workers estimated 1.0 g/L as the
optimum concentration of nanosized titanium dioxide for
photocatalytic degradation of TC.69

3.2.2. Antibiotic Concentration Effect. A variable range of
initial concentrations of the antibiotic (50−1000 ppm) was
evaluated for their effect on degradation efficiency. Figure 6B
shows that the photodegradation percentage of TC was
decreased with the increased initial concentration of the
antibiotic. Identical results were shown by the report of other
researchers.69,70 Similar trends of effects of initial concentration
of TC on photodegradation were observed with TiO2 sulfur-
doped carbon nitride nanocomposites.71 During the initial hour
of photodegradation experiments, the degradation percentage
with an initial concentration of 100 ppm was better than that
with the initial concentration of 50 ppm. However, at the end of
the experiments, the degradation rate with 50 ppm concen-
tration overcomes the degradation rate with 100 ppm. The
increased initial concentration of TC resulted in less availability

Figure 4. (A) XPS analysis of the photocatalyst 10% Cu2O/TiO2
nanotubes; (B) Cu 3d narrow scan spectrum; (C) Ti 2p narrow scan
spectrum.

Table 1. Band Gap Energy of the Developed Photocatalyst

photocatalyst cut-off wavelength (nm) band gap (eV) R2

TNT 400.51 3.10 0.9708
TAC 401.25 3.09 0.9885
5% C-TAC 447.20 2.77 0.9952

nanotubes
20% C-TAC 440.49 2.81 0.9954
10% C-TAC 479.57 2.58 0.9969
10% C-TNT 473.83 2.63 0.9918

Figure 5. UV−vis DRS spectrum of all the synthesized photocatalysts.
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of active sites for adsorption on the photocatalyst and also
limited the light penetration in the reaction mixture. 100 ppm
was the optimum concentration of TC used for further
photodegradation study.

3.2.3. Cuprous Oxide Doping Effect. To confirm the active
role of cuprous oxide in doped TiO2 nanotubes, different
concentrations of cuprous oxide (5, 10, and 20%) were coupled
to get different photocatalysts and these modified forms were
investigated for TC degradation. The active capacity of
developed photocatalysts was evaluated in the designed
photoreactor system at room temperature (25 ± 2 °C) and
under visible light conditions. 100% degradation was achieved
with 10% Cu2O-doped-TiO2 nanotubes (10% C-TAC) in 60
min as compared to non-doped TiO2 nanotubes (TAC/TNT)
(82% degradation at the same time but under UV light
conditions). Therefore, the degradation efficiency was improved
with decreased time (half time) to degrade the same amount of
TC under visible light (Figure 6C). However, 5 and 20% doping
did not enhance the degradation efficiency in visible light.

3.2.4. Effect of pH. The effect of three different pH on the
degradation efficiency of the photocatalytic system was
evaluated. The pH of the solution effectively plays a role in
the protonation−deprotonation equilibrium of antibiotics and
hydrolysis of the copper material, which further influences the
free-radical oxidation and degradation of TC. The pH of the
reaction mixture was adjusted to 5.0 (acidic condition), 7.0
(neutral condition), and 9.0 (basic condition) with addition of
the required concentration of HCl (1 M) and NaOH (1 M).
Figure 6D shows that the degradation rate of the selected
photocatalyst was 100% under all tested conditions (acidic,
neutral, and alkaline). Irrespective of pH, a high degradation rate
of TC was observed in contrast to Safari et al. (2015),69 who
reported that the degradation rate was dependent on the initial
pH of the matrix. However, at neutral pH, the degradation
percentage was slightly higher than that under the acidic and

basic conditions. Zhu et al. (2013) reported similar results for
the neutral conditions but contrast trends for basic and acidic
pH.72 Divakaran et al. (2021) also reported acidic pH (pH 4.5)
as optimum pH for TC photodegradation.71

3.3. Kinetics Study of Photodegradation of TC. The
kinetics of photodegradation of TC by TNT/TAC (non-doped)
and C-TAC/TNT (doped) photocatalyst under different
conditions was investigated with the estimation of the final
concentration after time t, and a graph was plotted to fit the
reaction to the suitable kinetics. The Langmuir−Hinshelwood
kinetics model following first-order kinetics was applied for the
photocatalytic degradation of TC. Figure 7 indicates the graph

of first-order degradation reaction kinetics of TC with selected
photocatalysts (TAC and TNT). The rate constants of
photodegradation of TC with doped photocatalysts [10% C-
TNT (1.234 × 10−3 sec−1) and 10% C-TAC (1.562 × 10−3

sec−1)] were much higher than those with the non-doped
photocatalysts [TAC (3.267 × 10−4 sec−1) and TNT (3.017 ×
10−4 sec−1)].

Figure 6. Effect of different parameters [(A) photocatalyst loading, (B) initial TC concentration, (C) Cu2O concentration, and (D) pH] on
photodegradation rate of TC.

Figure 7. First-order kinetics graph of photodegradation of TC with
10% Cu2O-doped and native photocatalysts.
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3.4. Reusability and Stability of the Photocatalyst.
Reusability and chemical stability are very important character-
istics of the photocatalyst for its practical application on the
industrial level or in wastewater treatment plants. The cost
inputs are lowered with maximized reuse of the photocatalyst
without interfering with the catalytic efficiency. Therefore, the
recyclability of the photocatalyst was checked for six consecutive
batch cycles. The photocatalyst was separated out, rinsed with
deionized water, dried in a hot air oven at 50 °C, and reused for
the next degradation cycle. It was observed that the photo-
degradation efficiency was not depleted up to five cycles, but in
the sixth cycle, it was lower (85% degradation) than that of the
fresh photocatalyst (100% degradation) (Figure 8). These
results confirmed the reusability and stability of the photo-
catalyst, consistent with the reports of other researchers.51,72−76

3.5. Photodegradation and Removal Efficiency. Photo-
degradation of TC over synthesized TiO2 nanotubes was
evaluated under UV and visible light irradiations. As shown in
Figure 6A, in the absence of the photocatalyst, the TC
concentration remained unchanged with increasing irradiation
time, indicating negligible photolysis of TC without the
photocatalyst. This result was similar to the results of Jiao and
co-workers.70 On the other hand, without light irradiation, TiO2

nanotubes can adsorb TC (about 20%) and reach the adsorption
equilibrium within about 30 min. Furthermore, under UV light
(λ = 350 nm) irradiation over TiO2 nanotubes, the photo-
degradation of TC reached up to 99.99% in 120 min and 100%
in 150 min with 1.5 g of native photocatalysts (TAC and TNT)
per liter. However, with cuprous oxide, this degradation was
achieved within 60 min. Also, Cu2O-doped photocatalytic
degradation was carried out under visible light (absorbance
range of the cuprous oxide-doped photocatalyst) conditions,
while UV light (absorbance range of the native photocatalyst)
conditions were applied for the native photocatalyst. Wu and co-
workers were the first to report on the photodegradation of TC
by the TiO2-based photocatalyst under visible light, where only
25.1% removal efficiency was achieved.77 However, they were
able to achieve 66.2 and 59.6% removal of TCwith black anatase
TiO2 and N-doped TiO2, respectively.

78 Similarly, Lv et al.
(2021) were able to degrade more than 99% TC in 20 min with
IO−TiO2−CdS (inverse opal TiO2 and cadmium sulfide)
photocatalyst,79 while with Cu-doped TiO2−SiO2 photo-
catalyst, 98% of doxycycline was degraded.80 Most of the
researchers used the TiO2-based nanoparticles (Table 2), but in
this study, TiO2 nanotubes coupled with Cu2Owere used, which
enhanced the photodegradation rate in respect of degradation
percentage (100%) and time (60 min) and the higher initial
concentration (100 ppm) with environment friendly non-toxic
and faster photodegradation of TC.
3.6. Photodegradation Mechanism. In the presence of a

suitable light energy source (equal to or more than the band gap
energy), electrons are excited from the valance band to the
conduction band of TiO2 nanotubes to create valance band
holes (positive charge carriers) and conduction band electrons
(negative charge carriers). These electron−hole pairs recombine
and are scavenged by other oxidizing species to produce
different reactive oxygen species which further degrade the
target pollutant (TC) on the surface of the photocatalyst (Figure
9B).
Photodegradation of TC and the formation of different

intermediates during transformation were identified by LC−MS
analysis (Figure S3A,B). The isotopic peaks of TC (m/z:

Figure 8. Reusability and stability of 10% C-TAC photocatalyst.

Table 2. Comparisons of the TiO2-Based Photodegradation Studies of TC

photocatalyst

photon
energy
source

treatment time
(minutes)

degradation
efficiency (%)

target antibiotic initial
concentration (mg/L)

toxicity evaluation of
degraded products references

White TiO2 nanoparticles visible 120 25.1 10 no evaluation 81
N-doped TiO2 nanoparticles visible 120 66.2 10 no evaluation 78
TiO2 on magnetic activated carbon UV and

ultrasound
180 93 10 no evaluation 82

TiO2−ferroferric oxide nanoparticles on
magnetic activated carbon

UV 60 96 60 no evaluation 83

TiO2 doped with acetylene black and
persulfate

visible 120 93.3 30 80% reduction in
toxicity

84

TiO2 nanoparticles on CuO sheets UV 90 95 50 no evaluation 85
TiO2 nanosheet-impregnated carbon visible

adsorption
60 93 50 no evaluation 86

palygorskite-supported Cu2O−TiO2 solar 240 88.1 30 no evaluation 87
AgBr−TiO2−Pal visible 120 90 10 no evaluation 88
5% dysprosium-doped Bi4V2O11
nanoparticles

visible 120 95 10 no evaluation 89

Au−TiO2 nanocomposites visible 120 75 10 no evaluation 90
g-C3N4/TiO2 visible 90 88.4 10 no evaluation 91
TiO2/BiVO2/rGO visible 120 96.1 10 no evaluation 92
Cu2O coupled with TiO2 nanotubes visible 60 100 100 toxicity-free

photodegradation
this study
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Figure 9. (A) Proposed pathways of photodegradation of TC; (B) effect of different scavengers on the photodegradation rate of TC and (C) proposed
mechanism of photocatalysis (involvement of different reactive species) of TC.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c04576
ACS Omega 2022, 7, 33572−33586

33580

https://pubs.acs.org/doi/10.1021/acsomega.2c04576?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04576?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04576?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04576?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04576?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


445.1567, 447.1361, and 443.1413) with high intensity were
observed at the start of the photodegradation experiment
samples (Figure S3A), and the intensity of TC (m/z�
445.1565) was decreased during the photodegradation with
the formation of other transformed products (Figure S3B). The
MS peaks shown in the degraded samples suggested that there
are mainly three sites of attack of different reactive species. The
benzene ring of TC (m/z = 445) is hydroxylated by the hydroxyl
radicals (•OH) to produce an intermediate isomer I1 (m/z =
461). This intermediate isomer in further attacked by
conduction band holes (h+) at the N-dimethyl group to produce

product P1 (m/z = 433), which is further transformed into
product P2 (m/z = 288) via twomore intermediates (I2 and I3).
Similar transformed products of TC were reported previ-
ously.93,94 Also, the N-dimethyl group of TC can be directly
oxidized into the carbonyl group to produce product P3 (m/z =
415). TheC−Nbond of TC is substituted by the hydroxyl group
to produce product P4 (m/z = 389). Lai et al. (2021) reported
the same transformed product of TC.95,96 The double bonds of
TC were attacked by the hydroxyl radicals to produce
intermediate isomers I4 (m/z = 461), which are further oxidized
to produce another intermediate I5 (m/z = 477). Intermediates

Figure 10. Toxicity testing of different TC concentrations (A) and photodegraded samples (B) of TC on RAW 264.7 (i) and THP-1 cell lines (ii).
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I4 and I5 are further oxidized by the hydroxyl radicles to
generate product P5 (m/z = 475) and P6 (m/z = 491),
respectively. Similar products were reported by other
researchers.97,98 The LC−MS data were analyzed with
thermoscientific Compound Discoverer 3.1, and the results of
photodegraded samples and the photodegradation pathway of
TC were proposed (Figure 9A).
Different scavengers (sodium nitrate, sodium azide, p-

benzoquinone, t-butanol, and ammonium oxalate) were used
to verify the mechanism of photodegradation of TC, and also,
the roles of different radicals (VBe−,•O2, •O2

−/•O2H, •OH,
CBh+) were identified. In the presence of specific scavengers, the
maximum decrease in degradation percentage was observed
with p-benzoquinone (superoxide scavenger), followed by
methanol (hydroxyl scavenger) and formic acid (conduction
band hole scavenger) (Figure 9B). It was observed that upon
excitation of electrons, both valance band electrons and
conduction band holes play a role in photodegradation of TC,
but the most involved reactive species in photodegradation was
the superoxide radical (•O2

− and •O2H), followed by hydroxyl
radicals (•OH) and conduction band holes (CBh+). The least
involved reactive species in photodegradation of TC were
valance band electrons and singlet oxygen (VBe− and O2).
Similar results about the involvement of superoxide radicals
were reported by other researchers.71,76,84,99−101 The role of
hydroxyl radicals in the photodegradation of TC was similar to
other studies.76,102 The proposed photodegradation mechanism
of TC with the developed photocatalyst is shown in Figure 9C.
3.7. Toxicity Analysis of Native and Degraded

Products. MTT assay was performed to determine the
cytotoxicity of TC and degraded products as the absorbance
data of theMTT assay were directly related to the viability of the
active cells.103,104 The MTT assay of native TC in triplicates of
different concentrations (1, 10, 100, 250, 500, 1000, and 5000
μg/mL) on RAW 264.7 and THP-1 was used to test its toxicity.
Bettany et al. (1998) reported that TC causes apoptosis and cell
death of mouse macrophage cell lines (RAW 264).104 Figure
10A shows that TC exhibited higher toxicity against RAW 264.7
cells as compared to THP-1. This variation was more for lower
concentrations (10, 100, and 250 μg/mL) of the antibiotic than
for higher concentrations (1000 and 5000 μg/mL). However, 1
μg/mL of TC solution did not show toxicity against both the cell
lines. The toxicity percentage is dependent on TC dose and
increased with an increase in the concentration of TC. Similar
trends of dose-dependent toxicity of TC were described in other
studies.103,105 The degraded sample of each photocatalytic
reaction performed in triplicates was used for toxicity testing
against the selected cell lines. The toxicity percentage of TC and
its degraded products showed a negative correlation [RAW
264.7: R2 (−0.932), p-value (0.01) and THP-1: R2 (−0.931), p-
value (0.01)] with the degradation rate, and it confirmed the
degradation of the antibiotic and loss of its activity (Figure
10B(i,ii)). Most of the researchers used fish and other cell lines
for testing of toxicity of antimicrobials, and they observed
various adverse genetic mutations and cytotoxic, genotoxic, and
transgenerational effects on the developing cells.105−110 For its
high toxicity and mutation and modulation effects, TC is
nowadays used for the study of different tumor cell lines
including mammalian cell lines (hepatic, monocytes, macro-
phages).15,111−114 Itoh et al. (2021) reported that antimicrobial
compounds like TCmodulate the immune cells (THP-1), while
Liu et al. (2019) confirmed the cytotoxicity of TC present in soil
samples against human cell lines (HL-7702).15,115

4. CONCLUSIONS
Being the second most used antibiotic, TC is continuously
discharged in the aquatic system, and because of its low
metabolism rate, most of the used TC (≥95%) is excreted out in
the biologically active form. The presence of TC in the aquatic
system had many adverse effects on non-target organisms
including the most scientific concern of antimicrobial resistance.
TC is sensitive to light, but only photolysis may not eliminate
these from the aquatic system because of the limiting effect of
light penetration or the presence of a high concentration of the
antibiotic. For this, heterostructured Cu2O−TiO2 nanotubes
were used for the complete photodegradation of TC. With
Cu2O−TiO2 nanotube-based photocatalytic degradation of TC
over other photodegradations, the concluding remarks are as
follows:

• With cuprous oxide coupling, the band gap energy of the
photocatalyst was reduced up to 2.58 eV (10% cuprous
oxide doping) and the red shift was observed with
photoexcitation of electrons in the visible range of light.

• With a greater surface area, with Cu2O−TiO2 nanotubes,
100% degradation of TC was achieved within 60 min of
visible light irradiation.

• The photodegradation rate was found to be dependent on
the photocatalyst dose and initial concentration of TC but
independent of pH conditions.

• pH independency lowers the cost inputs of TC
degradation and facilitates its effective use in the original
water matrix.

• The selected photocatalyst had high chemical stability
and could be effectively reused.

• Toxicity studies confirmed the negligible toxicity of
almost all the degraded and transformed products to both
the cell lines (RAW 264.7 and THP-1).

• Thus, the selected photocatalyst showed low-cost, energy-
efficient, faster, and environment-friendly photodegrada-
tion of TC without any ecotoxicity of degraded effluents.
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Lofrano, G.; Škrbic,́ B.; Martínez-López, E.; Meriç, S.; Pavlovic,́ D. M.;
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