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Sub-therapeutic levels of antibiotics (ABs) are given to animals and poultry to promote
growth and reduce disease. In agricultural environments, ABs reach croplands via animal
manure used as fertilizer and/or ABs-contaminated water used for irrigation. The
continuous discharge of ABs into the ecosystem raises growing concerns on the ABs
contamination of edible crops. Tetracyclines (TCs) are among the most widely used ABs
around the world. In this review, we discuss the contamination of irrigation water with TCs,
its impact on edible crops, and the potential risks of crop contamination with TCs on
human health. We propose solar-mediated photocatalytic degradation using Titania (TiO2)
photocatalyst as a promising method to remove TCs from irrigation water. The
photocatalytic activity of TiO2 can be enhanced by chemical modification to expand its
activity under visible light irradiation. Herein, we aim for providing literature-based guidance
on developing a visible light–active TiO2-based system to degrade TCs and other ABs in
water streams. We include a summary of recent advances on this topic based on three
main modification methods of Titania: metal/non-metal/mixed doping, composite
formation, and heterojunction construction. Among the investigated photocatalysts,
Fe2O3-TiO2/Fe-zeolite and the N-doped TiO2/rGO immobilized composite catalysts
were found to be very efficient in the degradation of TCs under visible light irradiation
(i.e., 98% degradation within 60min). Most immobilized TiO2 based composite systems
exhibited improved performances and hence we highlight these as efficient, cost effective
and ecofriendly photocatalysts for the degradation of TCs in irrigation water.
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1 INTRODUCTION

Fresh water scarcity is an urgent global issue. Only (4%) of water on earth is fresh, and increasing
global population, climate change, urbanization, and over exploitation continue to contaminate this
scarce resource (Gothwal and Shashidhar, 2015). Pharmaceutical and organic chemical
contamination of water is a critical threat to the natural ecosystem and public health (Zeghioud
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et al., 2016). Amongst these pharmaceuticals, antibiotics (ABs)
are a major concern (Anjali and Shanthakumar, 2019). ABs are
natural or synthetic antimicrobial compounds used to treat
bacterial infections in humans, animals, and plants by
inhibiting or killing bacterial growth (Daghrir and Drogui,
2013; Anjali and Shanthakumar, 2019; Danner et al., 2019).
ABs have efficacious applications in human and veterinary
medicine; however, sub-therapeutic AB levels are routinely
given to animals and poultry to promote growth (Gothwal and
Shashidhar, 2015). In agricultural environments, these ABs reach
croplands via animal manure used as fertilizer and/or the use of
AB-contaminated irrigation water (Anjali and Shanthakumar,
2019; You et al., 2019).

The escalating use of ABs and their continuous discharge into
the environment results in frequent detection of ABs in different
environments, with concentrations of ng/L–mg/L in wastewater
(Pan and Chu, 2017).Wastewater is commonly used for irrigating
agricultural lands due to the scarcity of fresh water. There is
evidence from greenhouse and field experiments that irrigating
crops with ABs-contaminated water leads to crop contamination;
studies performed on different edible crops (lettuce, cucumber,
spinach, and pepper) using different groups of ABs detected these
ABs in plant leaves and roots (Pan and Chu, 2017).

Bioaccumulation of ABs in edible crops and in water
environments lead to potential risks to human health. The
proliferation of ABs in the environment led to the emergence
of antibiotic resistant bacteria and antibiotic resistance genes
(Singh et al., 2019). Antibiotic resistance is defined as the ability of
the target microbe to resist the action of the antibiotic drug that
previously caused cell death. In human health, antibiotic resistant
bacteria cause untreatable infections and increased mortality
(Chen M. et al., 2019; Singh et al., 2019). Human
consumption of ABs-contaminated edible crops and drinking
water poses major health risks due to the potential antibiotic
resistance transfer to human pathogens (Sponza and
Koyuncuoglu, 2019). Current reports indicate that antibiotic
resistance is an urgent health-threatening issue, causing 0.7
million deaths/year and estimated to grow to 10 million
deaths by 2050 (Singh et al., 2019).

There are currently 250 different antibiotics classified in seven
groups (Anjali and Shanthakumar, 2019). Tetracyclines are
reported as the second most widely used AB group worldwide
(Xu L. et al., 2021). Tetracyclines are a group of ABs that include
chlortetracycline, oxytetracycline, tetracycline hydrochloride, and
tetracycline (Daghrir and Drogui, 2013). Tetracyclines have
gained specific attention due to their wide use in medical,
agricultural, and poultry sectors, and due to their poor
adsorption in humans and animals and high stability in soil
and wastewater (Saadati et al., 2016a). For example (50–80%), of
the tetracycline consumed by humans/animals is excreted
through urine and feces, and they are stable in wastewater for
34–329 h due to their low volatility and high hydrophobicity
(Daghrir and Drogui, 2013; Xu L. et al., 2021). Sources for
tetracyclines discharge include pharmaceutical industries,
farms, homes, and hospitals. Hence, the occurrence of these
ABs in the environment is proportional to the economic status
of the country and the size of the livestock and the pharmaceutical

industries. On the other hand, TCs discharge into the
environment is also a consequence of the inefficiency of the
current water treatment technologies used in removing these ABs
(Christou et al., 2017; Pan and Chu, 2017). Particularly,
tetracyclines are detected in the low (μg/L) level in municipal
wastewater, in the high (μg/L) level in hospital wastewater, and in
the (ng/L) level in underground, surface, and sea water (Homem
and Santos, 2011). Although these concentrations appear low,
they still impose risks to human health and the ecosystem via the
potential development of antibacterial resistance (Danner et al.,
2019).

Numerous studies have worked to develop efficient methods
for removing ABs and specifically tetracyclines from water
streams to eliminate potential threats to the ecosystem and
humans (Saadati et al., 2016a; Minale et al., 2020). Removal
technologies include adsorption, conventional technologies
(biological processes, coagulation, flocculation, sedimentation,
and filtration), membrane processes, chlorination, and
advanced oxidation methods such as photolysis,
electrochemistry, and photocatalysis (Homem and Santos,
2011; Wei et al., 2020). However, most of the conventional
technologies such as the biological methods, filtration,
coagulation/flocculation/sedimentation, and membrane
processes suffer from the drawbacks of low efficiency, low
degradation rate, incomplete mineralization, and high toxicity
(Homem and Santos, 2011; Anjali and Shanthakumar, 2019).
Solar light–activated photocatalytic degradation of ABs is an
efficient, safe, residue-free, economical, and ecofriendly
method to remove tetracyclines from wastewater, especially
under visible light and ambient conditions (Homem and
Santos, 2011; Wei et al., 2020). Various semiconductors and
photocatalysts have been investigated for the photocatalytic
degradation of tetracyclines including ZnO, TiO2, WO3, CdS,
Fe3O4, g-C3N4, ZnS, and Bi2O3 (Niu et al., 2013; Zhu et al., 2013;
Zhang et al., 2014; Li et al., 2015; Vázquez et al., 2016; Wang T.
et al., 2017; Yan et al., 2020). Semiconductors based on Titania
(TiO2) are the most widely studied catalysts due to their low cost,
high stability, low toxicity, good activity, and ease of modification
(Teoh et al., 2012; Ibhadon and Fitzpatrick, 2013; Koe et al., 2019;
You et al., 2019; Zhang et al., 2019). However, the photocatalytic
activity and application of TiO2 is limited to the UV region of the
light spectrum (200–400 nm), and further modifications are
needed to expand its activity into the visible light region
(400–700 nm). Recently, immense efforts have been dedicated
for TiO2 modification to expand its activity to the visible light
region, and several modification methods and approaches have
been reported (Basavarajappa et al., 2020).

This review discusses the escalating use of ABs; their
continuous discharge into the agroecosystems contaminating
both the soil and water; and the risks associated with using
wastewater for crop irrigation. We present a summary of the
latest literature studying the impact of ABs-contaminated
irrigation water on the quality of edible crops and potential
consequences for human health. Current research indicates
that the use of ABs-contaminated irrigation water has
potential risks to humans and ecosystems, and highlights an
urgent need to develop efficient irrigation water treatment
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technologies. Here, we focus on tetracyclines degradation under
visible light using TiO2-based photocatalysts, and present a
detailed summary of the latest advances in Titania
modification to enhance its visible light activity for the
photocatalytic degradation of tetracyclines in water. We
identify the most efficient catalysts and discuss their
advantages and disadvantages. For literature collection, we
focused on studies investigating modified Titania-based
catalysts for the photocatalytic degradation of tetracyclines
under visible light irradiation between 2011 and 2021. We
chose to discuss the three most reported modification
methods; metal-nonmetal, mixed metal-nonmetal doping,
TiO2-based composite formation, and TiO2-based
heterojunction construction. For TCs presence in the
environment, we adopted numerical data from recent studies
which assessed the occurrence of TCs in various water media and
their bioaccumulation in edible crops.

2 IMPACT OF ABS-CONTAMINATED
IRRIGATION WATER ON EDIBLE CROPS
AND POTENTIAL RISKS FOR HUMAN
HEALTH

Fresh water scarcity has led to the reuse of wastewater for crop
irrigation. Approximately 20 × 1010 m2 of global agricultural land
is irrigated with treated wastewater (Raschid-Sally and Jayakody,
2008). Countries that extensively use reclaimed water for
irrigation include Australia, Columbia, United States, and
China (Gudda et al., 2020). Conventional water treatment
methods (coagulation, flocculation, sedimentation, and
filtration) and biological treatment methods are only
moderately effective in removing low concentrations of
persistent organic contaminants such as antibiotics. Generally,
these methods have very low efficiency in removing ABs from
wastewater, and the efficiency depends on the physiochemical
properties of the AB to be removed and the operating conditions
of the treatment system (Pan et al., 2014; Christou et al., 2017).
The use of reclaimed wastewater for crop irrigation introduces
these organic contaminants into the soil and ultimately to crops.

Antibiotics have been detected in diverse edible crops. For
example, in Minnesota, United States, sulfamethoxazole was
detected in Lactuca sativa (lettuce) at concentrations of
100–1,200 μg/kg tissue (Christou et al., 2017). In Tianjin,
China, tetracycline and sulfamethoxazole were detected in
spinach and radish at concentrations of 6.3–330 μg/kg tissue
(Hu et al., 2010). In the Pearl River delta, China, tetracyclines
were detected in cabbage and Ipomoea aquatica (water spinach)
at concentrations of 6.6 and 7.4 μg/kg tissue, respectively (Pan
et al., 2014).

Several studies investigated the impact of ABs-contaminated
irrigation water on the uptake of the crops of these contaminants.
Both greenhouse (pot) and field experiments were reported.
Herein, we present results of some of these experiments. In
the summer of 2020, we conducted pot experiments to
evaluate the accumulation of gentamicin and oxytetracycline

in three crops that are consumed fresh, including radish,
lettuce, and cucumber (Imad Keniar et al., 2021). The crops
were irrigated with 20 mg/L of each of the studied ABs. After
harvesting, these ABs were detected in crop extracts using ELISA.
The results detected gentamicin accumulation up to 13, 16, and
18 ng/g in cucumber, lettuce, and radish, respectively, whereas
oxytetracycline accumulation was less than 3.0 ng/g in all three
crops. Azanu et al. (Azanu et al., 2016) evaluated the
accumulation of tetracycline and amoxicillin in potted lettuce
and carrot irrigated with water containing known concentrations
of 0.1–15 mg/L of tetracycline and amoxicillin. ABs were
extracted from lettuce leaves and carrot tubers using
accelerated solvent extraction, and then analyzed using liquid
chromatography-tandem mass spectrometry. Tetracycline was
detected in concentrations ranging between 4.4 and 28.3 ng/g
in lettuce, and 12–36.8 ng/g in carrots. Whereas, amoxicillin was
detected in concentrations ranging between 13.7 and 45.2 ng/g in
both crops, which indicated that the amoxicillin uptake by lettuce
and carrot was significantly higher than that of tetracycline.
Hussein et al. (Hussain et al., 2016) conducted a field study in
Lahore, Pakistan, which irrigated wheat, spinach, and carrot
using pharmaceutical wastewater. The results showed that each
of these crops accumulated 0–1 ng/g tissue of ciprofloxacin,
ofloxacin, levofloxacin, oxytetracycline, and doxycycline.

Current data provide clear evidence that the use of ABs-
contaminated irrigation wastewater can contaminate the soil
and ultimately lead to ABs accumulation in edible crops. The
extent of plant uptake of ABs from contaminated water depend
on the type and concentration of the AB, its water solubility,
sorption potential, and lipophilicity (Azanu et al., 2016). A clear
understanding of AB bioaccumulation in crops and their
ecotoxicological effects requires greater knowledge of the
physiochemical properties of ABs in the soil and the
mechanism of their translocation and bioaccumulation in
plants (Pan and Chu, 2017). Field studies are necessary to
accurately assess ABs uptake by various crops under different
environmental conditions, and determine the impact of ABs
accumulation in these crops (Pan and Chu, 2017).

Excessive use of treated wastewater in agriculture is increasing
the risk of transmitting AB resistant pathogens/genes to the
crops, which could potentially be transferred to the human
microbiome through the food chain (Gudda et al., 2020). The
level of this risk on human health will depend on the level of
exposure to these contaminated crops through consumption. Pan
et al. (Pan and Chu, 2017) proposed that human exposure to ABs
through annual consumption of edible crops grown in manure-
amended or wastewater-irrigated soil is likely to be low. For
example, assessments of annual human exposure to different ABs
through consumption of various crops in China indicated that
consumption of corn and rice led to the highest AB exposure. The
daily human exposure to tetracyclines, quinolones, and
chloramphenicol was assessed as (0.34–2.77 µg) and
(11.0–21.8 µg) via consumption of corn and rice, respectively.
These values remained lower than the recommended acceptable
daily intake (20–200 mg/day) of these ABs. However, a
comprehensive analysis of the impact of AB-contaminated
edible crops on human health is lacking. This would require
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well-defined dietary studies to develop human exposure models
and further integrate those models with disease outbreak analysis
and clinical data. This will help estimate the relationship between
the ingestion of AB resistant pathogens and their impact on
human defense mechanisms and health (Pan and Chu, 2017;
Sanganyado and Gwenzi, 2019).

3 TETRACYCLINES OCCURRENCE IN
WATER ENVIRONMENTS

This review focuses on the tetracyclines group as model ABs.
Tetracyclines are one of the most prescribed ABs in human and
animal infectious therapies due to their wide antimicrobial
spectrum and low cost (Minale et al., 2020; Xu L. et al., 2021).
Tetracyclines are extensively utilized as fertilizers and growth
promoters in animal husbandry and agricultural industries
(Daghrir and Drogui, 2013). Approximately (70%) of locally
produced antibiotics are used for non-medical applications in
the United States, and 4,200 tons of tetracyclines are utilized only
in the agricultural industry (Xu L. et al., 2021). Tetracyclines have
poor adsorption in humans/animals and high stability in soil and
wastewater (Saadati et al., 2016a). For example (50–80%), of
tetracyclines consumed by humans/animals are excreted through
urine and feces, and after discharge into aquatic media, they are
stable for 34–329 h due to their low volatility and high
hydrophobicity (Daghrir and Drogui, 2013; Xu L. et al., 2021).
AB contaminants are also persistent in soil and slowly degrade;
for example, it took 90 days to degrade (44–75%) of the initial
tetracycline concentration in a sterilized soil (Pan and Chu, 2017).
Tetracyclines are released into the environment through animal
manure, biosolids, sewage discharge, pharmaceutical wastewater,
and the use of ABs-contaminated wastewater for irrigation (Pan
and Chu, 2017). The AB concentration in each medium is directly
related to the pollution source(s) and their distance from the
medium. Tetracyclines are detected at low μg/L concentrations in
municipal wastewater, at high μg/L concentrations in hospital
wastewater, and at ng/L concentrations in underground, surface,
and sea water (Homem and Santos, 2011). Although these
concentrations seem rather low, they still carry risks for
human health and the ecosystem through the development of
antibiotic resistant bacteria and antibiotic resistance genes
(Danner et al., 2019).

Table 1 presents the maximum detected concentration ranges
of tetracycline, oxytetracycline, and chlortetracycline in
wastewater, soil, manure, biosolids, and plants in different
countries. The highest concentrations of tetracycline and

chlortetracycline were detected in wastewater, whereas the
highest concentration of oxytetracycline was in manure. The
highest tetracycline concentrations detected in wastewater were
tetracycline 254.820 μg/L in Korea, chlortetracycline 44.420 μg/L
in Korea, and oxytetracycline 1.236 μg/L in South Korea. The
highest tetracyclines concentrations detected in soil, manure, and
biosolids were 2.683, 183.500, and 0.7436 μg/g of oxytetracycline,
in China and United States. The highest tetracycline
concentration detected in plant contamination was 0.532 μg/g
of chlortetracycline in China.

Several studies have investigated ABs contamination of surface
water. Table 2 presents the concentrations of tetracyclines in
surface water streams in different countries. The predominant
tetracycline detected in Ghana (Africa) was chlortetracycline, at
concentrations of 0.044 μg/L. In the Wangyang River in China,
tetracycline was detected at 25.5 μg/L. In Europe, the highest
tetracycline concentration in surface water was detected in the
United Kingdom, at a concentration of 1 μg/L. In the
United States, the highest concentration of tetracycline
102.7 μg/L was detected in the Poudre River, Colorado. In
Australia, the tetracycline concentration in surface water was
minimal 0.008 μg/L.

The varying levels of tetracycline contaminants in different
countries reflect the scale of production and usage of tetracyclines
in each country. This in turn is directly correlated to the economic
development and industrial scale of the country. The highest
concentrations of tetracyclines were detected in China, which is
the biggest producer and consumer of ABs in the world. In 2013,
China produced (248,000 tons) of ABs and consumed
approximately (162,000 tons) (Zhang et al., 2015). China was
the highest consumer of veterinary ABs in the livestock industry,
reaching approximately (15,000 tons) in 2010 (Robles Jimenez
et al., 2019). China will double its AB consumption in the
livestock industry by 2030, when it will reach up to
(35,000 tons) (Robles Jimenez et al., 2019). Tetracyclines were
not detected in surface water in Lebanon (Mokh et al., 2017),
likely due to the low scale of livestock activity. However, the latest
Lebanese Ministry of Agriculture survey in 2009 reports rapid
growth in livestock productivity (Mokh et al., 2020). Farmers use
different groups of ABs to promote growth in cattle and poultry.
Studies evaluating the presence of AB residues in cattle and
poultry in different regions in Lebanon documented AB
bioaccumulation in these animals. For example, a 2008 survey
investigated the most widely used ABs in dairy cows from 26
random farms (more than 50% of them were small-scale farms
with less than 1,000 cattle), and found wide use of streptomycin,
gentamicin, penicillin, kanamycin, and oxytetracycline (Abi

TABLE 1 | Maximum detected tetracyclines concentrations in different environments and different countries (Pan and Chu, 2017).

Antibiotic Wastewater (μg/L) Soil (μg/g) Manure (μg/g) Biosolid (μg/g) Plants (μg/g)

Tetracycline 254.820 0.178 43.500 0.513 0.0101
Country Korean Korean China Canada China
Oxytetracycline 1.236 2.683 183.500 0.7436 0.330
Country South Korean China China United States China
Chlortetracycline 444.20 107.9 268.00 0.3466 0.532
Country Korean China China United States China
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Khalil, 2008). Jammoul et al. (Jammoul and El Darra, 2019)
evaluated ABs in 80 chicken muscle samples from different
regions of Lebanon, and detected contaminating AB residues
in (77.5%) of these samples. Ciprofloxacin (quinolones)
represented the highest occurrence percentage (32.5%),
followed by amoxicillin (lactams) (22.5%) and then
tetracyclines (17.5%). The tetracyclines detected in these
samples were below the maximum residue limit (MRL) values
of 200 μg/kg set by the Food and Agriculture Organization (FAO,
2018). There are no recent studies on AB bioaccumulation in
edible crops and water environments in Lebanon.

4 PHOTOCATALYTIC DEGRADATION AS A
POTENTIAL TREATMENT FOR
CONTAMINATED IRRIGATION WATER
4.1 Photocatalysis
Antibiotics are stable in natural environments and persist in
aquatic media because they are only partly biodegradable and are
not completely removed by traditional wastewater treatment
methods (only 24–36% removal efficiency) (Zeghioud et al.,
2016; Pan and Chu, 2017). Hence, there is an urgent need to
develop new technologies to detoxify wastewater streams by
degrading these pharmaceuticals (Zeghioud et al., 2016). There
are two main technologies to remove ABs from the environment:
destructive and non-destructive methods.

Non-destructive methods include adsorption, liquid
extraction, and membrane separation. Adsorption relies on
solid and liquid phases, and the ability of the pollutant to move
from the liquid phase to attach onto the solid adsorbent (Anjali
and Shanthakumar, 2019). The adsorption efficiency depends

on the properties of the adsorbent, including its surface area,
porosity, and pore diameter (Homem and Santos, 2011).
Conventional treatments refer to methods that are utilized
in water treatment plants, and include biological methods,
filtration and coagulation/flocculation/sedimentation. In the
biological systems, the organic compound degradation occurs
in activated sludge tanks with the absence or presence of
oxygen gas (O2) by monitoring the temperature and
chemical oxygen demand. Filtration is the elimination of
suspended solids in the feed by passing it over a granular
solid medium, like sand, activated carbon, or coal.
Coagulation/flocculation/sedimentation use particular
chemicals like iron salts, polymers, lime, and alum to
facilitate pollutant precipitation, particle sedimentation, and
colloid generation to further collect them. (Homem and Santos,
2011). Membrane separation methods include reverse osmosis,
nanofiltration, ultrafiltration, and ion exchange. These
techniques do not degrade or remove contaminants, but
entrap organic pollutants on filters (membranes) that
require regeneration or disposal. The organic compounds
and salts in contaminated wastewater affect the system
performance and cause fouling of the membrane, leading to
flux deterioration (Homem and Santos, 2011; Anjali and
Shanthakumar, 2019). Ion exchange is based on anion and
cation exchange between liquid and solid phases (sorbent/
membrane), and is primarily used to improve water quality.
It is rarely used to remove ABs from wastewater because this
method requires ABs molecules to have ionizable groups
(Homem and Santos, 2011).

Destructive methods include biodegradation and chemical
oxidation processes (Calvete et al., 2019). Chemical oxidation
processes include chlorination and advanced oxidation

TABLE 2 | Maximum tetracyclines concentrations in different surface water streams in different countries (Danner et al., 2019; Singh et al., 2019).

Continent Country Antibiotic Concentration (μg/L)

Africa Ghana (rivers) Tetracycline 0.03
Ghana Oxytetracycline 0.026
Ghana Chlortetracycline 0.044

Asia Hong Kong Tetracycline 0.0315
China (Wangyang River) Tetracycline 25.5
China (Huangpu River) Oxytetracycline 0.0845
China Chlortetracycline 0.017

Europe Luxembourg (Alzette River) Tetracycline 0.008
United Kingdom Tetracycline 1
Spain Tetracycline 0.228
France Tetracycline 0.007
Poland (Drweca River) Tetracycline 0.034
Croatia Chlortetracycline 0.43
France Chlortetracycline 0.68
Luxembourg Chlortetracycline 0.007
Spain Chlortetracycline 0.059

America Cuba Tetracycline 0.155
United States (Poudre River) Tetracycline 102.7
Canada Tetracycline 0.035
Brazil Tetracycline 0.011
United States Oxytetracycline 1.34

Australia Australia (rivers) Tetracycline 0.08
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processes. Chlorination oxidizes organic pollutants into less toxic
and biodegradable compounds. This method uses low-cost gases
such as chlorine and hypochlorite, and it is routinely used as a
pretreatment for wastewater streams polluted with pharmaceutical
contaminants that are to be treated in biological systems (Homem
and Santos, 2011). Advanced oxidation processes oxidize organic
pollutants using intermediate radicals such as hydroxyl radicals to
transform them into less toxic andmore biodegradable species. The
intermediate radicals are very reactive, have lower selectivity than
other oxidants, and are generated in the presence of ozone,
hydrogen peroxide, ultraviolet radiation, or semiconductor
photocatalyst (Homem and Santos, 2011). Examples of
advanced oxidation processes include ozonation, fenton, and
photofenton oxidation, photolysis, electrochemical technologies,
and photocatalysis.

The most studied AB removal technologies include ozonation,
fenton/photofenton oxidation, photolysis, photocatalysis,

electrochemical oxidation, chlorination, ion exchange,
membrane technologies, and adsorption (Anjali and
Shanthakumar, 2019; Homem and Santos, 2011). Table 3
presents the advantages and disadvantages of each method.
Photocatalysis is considered an environmentally friendly and
low cost detoxification technique due to its utilization of solar
light and complete mineralization of organic pollutants
without generating residual waste or sludge (Sundar and
Kanmani, 2020). Complete mineralization of the pollutant
converts it into harmless species such as water, carbon
dioxide, nitrogen, and other by-products, which in most
cases are nontoxic (Zeghioud et al., 2016). The potential
toxicity of products generated by photocatalytic degradation
can be minimized by achieving high photocatalytic-induced
mineralization (>99%) (Libralato et al., 2020). Bouafıa-
Chergui et al. (Bouafıa-Cherguı et al., 2016) studied the
toxicity of products generated by photocatalytic degradation

TABLE 3 | Summary of methods for antibiotics removal from wastewater (Homem and Santos, 2011; Anjali and Shanthakumar, 2019).

Process Advantages Disadvantages Examples of antibiotic

Adsorption Can be applied to feeds with high
concentrations of organic compounds and
antibiotics

It only concentrates pollutants in the
adsorbent medium that need to be treated
or disposed of later. It is not widely used to
remove tetracyclines from water

Oxytetracycline and Tetracycline Choi et al.
(2008) Chlortetracycline Chen and Huang,
(2010) Sulfamerazine Koyuncu et al. (2008)

Conventional It can be applied to effluents with high flow
rates

It has low removal efficiency and complex
removal of coagulated pollutants. It is not
applied to fluid streams with high pollutant
concentrations due to its toxicity

Trimethoprim Kim et al. (2010)
Sulfamethazine and Sulfadimethoxine Göbel
et al. (2007)

Membrane technology (reverse
osmosis, nano-filtration, and
ultrafiltration)

Efficiently reduce high levels of dissolved
salts. They do not require thermal energy

Thesemethods are slow and inefficient when
treating organic compounds such as
pharmaceuticals. They are vulnerable to
membrane fouling that reduces the efficiency

Sulfamethoxazole Radjenović et al. (2008)
Sulfamerazine Adams et al. (2002)
Oxytetracycline Kosutic et al. (2007)

Ion exchange Reversible method that allows the resin or
membrane to be reused after regeneration

Susceptible to fouling and requires
backwashing. Rarely used for antibiotic
removal

Sulfamethoxazole Tetracyclines
Chlortetracycline Oxytetracycline Choi et al.
(2007) Trimethoprim Adams et al. (2002)

Chlorination Efficiently removes antibiotics from water
containing low percentages of organic
compounds

Its efficiency is function of the system pH. It
can generate halogenated compounds,
which are potentially carcinogenic

Amoxicillin and Erythromycin Navalon et al.
(2008) Sulfamethoxazole Stackelberg et al.
(2007) Sulfamerazine (Adams et al., 2002)

Photocatalysis Can be applied under ambient conditions.
Can save energy by utilizing solar light

Has not been industrialized due to the low
light penetration in large-scale applications in
slurry reactors. Difficult to remove and
regenerate the catalyst

Amoxicillin Klauson et al. (2010) Lincomycin
(Addamo et al., 2005) Tetracycline Zhu et al.
(2013)

Electrochemical oxidation Clean, easy, and effective method to
remove high concentrations of antibiotics
and toxic organic matter

Limited to small flow rates. Has high capital
and operating costs

Lincomycin Carlesi Jara et al. (2007)
Anthracyclines Hirose et al. (2005)
Enrofloxacin Guinea et al. (2009)

Photolysis Can be applied to wastewater containing
photosensitive compounds and low
chemical oxygen demand (COD)
percentages

It is less effective than other techniques that
use UV light along with catalysts or other
additives. It is ineffective in treating
wastewater contaminated with antibiotics

Penicillin Arslan-Alaton and Dogruel, (2004)
Ciprofloxacin Vieno et al. (2007)
Oxytetracycline Jiao et al. (2008)

Fenton and photofenton These methods have good degradation
percentages. They can be applied to
wastewater with low COD concentrations

Photofenton cannot be applied to streams
with high organic (pharmaceutical) contents
due to water turbidity, which blocks light
irradiation needed for catalyst activation.
Sludge formation as function of the system
pH remains challenging in these systems

Amoxicillin Zhang et al. (2006) Penicillin
Arslan-Alaton and Dogruel, (2004)
Lincomycin Bautitz and Nogueira, (2010)

Ozonation It has acceptable pollutant degradation
efficiency. It is suitable for the treatment of
feeds with variable compositions

Expensive. Low mineralization percentage.
High toxicity. High capital, operating, and
maintenance costs

Amoxicillin Andreozzi et al. (2005)
Sulfamethoxazole (Huber et al., 2003)
Oxytetracycline Li et al. (2008)
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of tetracycline by TiO2 under UV light. The toxicity was
evaluated by observing variations in the natural luminescent
emissions of Vibrio fischeri. The results showed that the
photoproduct toxicity increased after 240 min (from 60 to
84% inhibition of luminescence), then decreased to the
minimum value after 360 min (35% inhibition of
luminescence). This result indicated that total
mineralization of tetracycline produced photoproducts with
lower toxicity than tetracycline (Bouafıa-Cherguı et al., 2016).

The main components of photocatalysis systems are the light
source, the photocatalyst, and the polluted water (Sundar and
Kanmani, 2020). AB degradation via photocatalysis follows five

steps, as depicted in Figure 1: 1) diffusion of the organic
pollutant from the bulk of the solution to the surface of the
catalyst, 2) adsorption of the organic pollutant onto the surface
of the catalyst, 3) degradation of the contaminants on the
surface of the catalyst, 4) desorption of the resultant
products from the surface of the photocatalyst, and 5)
diffusion of the products from the surface of the
semiconductor toward the bulk of the solution (Ibhadon and
Fitzpatrick, 2013). After illumination by UV/visible light, the
semiconductor (e.g., TiO2) molecules form unlinked pairs of
electrons (e−)/holes (h+) due to the excitation of the electrons
from the valence band (VB) to the conduction band (CB). These

FIGURE 1 | A schematic of photocatalytic reaction steps.

FIGURE 2 | Illustration of photocatalytic degradation mechanism.
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charge carriers may either return to the initial state in the
semiconductor, or move to the surface of the catalyst to
undergo various redox reactions with water molecules,
hydroxide ions, and the pollutant. Figure 2 illustrates the
mechanism of photocatalysis, and Eqs 1–6 define the
chemical reactions. In these Equations, TiO2 represents the
catalyst, (e−) represents the conduction band electron, and
(h+) represents the valence band hole (Zeghioud et al., 2016).

TiO2→ hϑ e− + h+ (λ≤ 380 nm) (1)

The positive hole (h+) can produce hydroxyl radicals via two
paths. The first path is hole transfer to the water molecule; the
second path is hole transfer to a hydroxyl ion (Eqs 2, 3,
respectively) (Zeghioud et al., 2016).

h+ + H2O →•OH +H+ (2)

h+ + OH− →•OH (3)

The positive hole (h+) can also oxidize the antibiotic pollutants
(P) in water (Eq. 4), followed by the formation of intermediates
produced from reactions with the hydroxyl radicals (Eq. 5)
(Zeghioud et al., 2016).

h+ + Pads → Pads· (4)

•OH + Pads ·→ intermediates/degradation products (5)

•OH radicals also can react with water pollutants to cause
mineralization into water and carbon dioxide (Eq. 6)
(Zeghioud et al., 2016).

•OH + P → H2O + CO2+inorganic acids (6)

In the presence of molecular oxygen, the excited electrons
interact with the adsorbed oxygen on the catalyst surface (Eq. 7)
and produce superoxide radicals (O•−

2 ). These radicals are
capable of preventing the recombination of the electrons with
the positive holes (Zeghioud et al., 2016; Ibhadon and Fitzpatrick,
2013) and are converted to hydrogen peroxide and then to
hydroxyl radicals as shown in the (Eqs 8–10) (Homem and
Santos, 2011). Hydroxyl radicals play a significant role in the
degradation of the organic pollutant.

O2 + e− → O•−
2 (7)

O•−
2 +H2O → HO•

2 +OH− (8)

2HO•
2 → H2O2 + O2 (9)

H2O2 + e− → OH− + •OH (10)

Many factors influence the efficiency of the photocatalytic
degradation of various organic pollutants in water, including the
concentrations of the contaminant and the catalyst, the light
source and its intensity, the solution pH, the solution turbidity,
the presence of other contaminants, and the type of photo-reactor
employed (Saadati et al., 2016a). Increasing the initial AB or
catalyst concentration increases the rate of degradation until
reaching an optimal value, after which the degradation rate
decreases (Saadati et al., 2016a). A suitable light source with
an appropriate intensity and wavelength is essential to ensure
optimum catalyst activation (Liu et al., 2013; Saadati et al., 2016a;
Zhang et al., 2019). The effect of pH is a function of the operating

conditions and the chemical nature of pollutants and catalyst. The
capacity of the catalyst itself to harvest light photons and
efficiently utilize the excited electrons in degrading the
pollutant is a critical factor that affects system performance
(Saadati et al., 2016a). The water turbidity also affects
photocatalysis efficiency. For example, high water turbidity in
the treated stream can reduce light transmission through the
water into the catalyst’s surface, thereby reducing light absorption
by the catalyst and subsequent electron activation (Teoh et al.,
2012; Divakaran et al., 2021). The presence of salts and other
organic pollutants in the water may affect AB adsorption onto the
catalyst surface, and can increase water turbidity. Ghoreishian
et al. (Ghoreishian et al., 2021) compared the performance of Fe
and Sn co-doped-TiO2 nanofibers for tetracycline degradation in
synthetic, river, and tap water samples. The results showed that
the highest efficiency was obtained for synthetic pure water
(96.96%), followed by tap water (81.85%), and then river water
(60.59%). This result clearly indicates that photocatalyst
performance can be overestimated by experiments that use
pure water in laboratory settings.

The choice of photocatalytic reactor is a function of the reaction
system, including the chemical structure and concentrations of
pollutants and catalyst, the operating flowrate, temperature, and
pressure (Ibhadon and Fitzpatrick, 2013). Slurry reactors are
conventional reactors that suspend the heterogeneous
photocatalysts in a liquid phase in the reactor. Heterogeneous
photocatalysts are preferred over homogeneous photocatalysts in
slurry reactors because they offer easier catalyst recovery and high
efficiency. Accordingly, catalyst immobilization on solid substrates
such as polymers, glass, sand, or reactor walls has been receiving
great attention recently to achieve efficient catalyst recovery and
sustainable system operation (Ibhadon and Fitzpatrick, 2013;
Zeghioud et al., 2016).

4.2 Photocatalytic Degradation of
Tetracyclines
Tetracyclines contamination of surface and ground water, hence
eventually irrigation water, is due to the inefficient removal
capacity of current conventional wastewater plants, leading to
residual tetracycline concentrations of up to 2.37 μg/L in the final
effluent stream released into the environment (Daghrir and
Drogui, 2013). Photocatalytic degradation of tetracyclines
using UV, visible, and solar light has been explored for
complete tetracycline demineralization (Bouafıa-Cherguı et al.,
2016; Chen et al., 2016; Farhadian et al., 2019). Three primary
photocatalytic systems have been extensively studied:
semiconductor systems such as TiO2 (Zhu et al., 2013; Niu
et al., 2014; Safari et al., 2014) and ZnO (Farhadian et al.,
2019); binary composite systems such as Ag-Bi2WO6, Ag-
BiVO4-Cu2O, and AgBr-Ag3PO4 (Deng et al., 2017; Shen
et al., 2018; Yan et al., 2018; Rasheed et al., 2019); and
heterojunctions such as AgI/WO3, CQDs/Bi2WO6, C3N4/
Bi2WO6, and CQDS/ZnO (Di et al., 2015; Wang et al., 2016;
Chen et al., 2017; Li J. et al., 2019).

Other common examples on materials used for tetracyclines
photocatalytic degradation under both UV and visible light
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include the application and modification of titania (TiO2)
semiconductors. In these studies, both high performance liquid
chromatography (Wang et al., 2011; Cao et al., 2016) or UV–VIS
spectrophotometer (Yu et al., 2014; Oseghe and Ofomaja, 2018a;
Lyu et al., 2019; Ghoreishian et al., 2020) were used for the analysis
of the water samples and for the evaluation of the degradation
efficiency of the TCs over the investigated photocatalysts.
Photocatalytic tetracycline degradation mediated by TiO2 is
expected to proceed via the formation of intermediates, which
eventually completely degrade into CO2, H2O, andNH4

+. Zhu et al.
(Zhu et al., 2013) proposed that TiO2-mediated tetracycline
degradation involved electron transfer, hydroxylation, open-ring
reactions, and cleavage of the central carbon.

4.3 TiO2-Based Photocatalysts for
Tetracyclines Degradation
TiO2 is the most studied and used heterogeneous photocatalyst
semiconductor due to its super quantum yield (ratio of emitted
photons to absorbed photons), low cost, non-toxicity,
hydrophilicity, high photoactivity, interesting charge transport
properties, and good chemical and photostability (Ibhadon and
Fitzpatrick, 2013; Sommer et al., 2015; Koe et al., 2019; You et al.,
2019; Zhang et al., 2019). TiO2 exists in three polymorphs/crystal
forms: anatase, rutile, and brookite. Anatase and rutile forms of
TiO2 are utilized as photocatalysts; however, anatase is preferred
due to its superior quantum yield (Koe et al., 2019). A hybrid
form of TiO2 called Degussa (Evonik-Degussa) P-25 consists of a
phase-junction mixture of (25%) rutile and (75%) anatase. TiO2-
P25 is widely investigated for photodegradation of organic
pollutants due to its availability, stability, reusability, and high
oxidation activity compared to other crystal forms of TiO2

(Ibhadon and Fitzpatrick, 2013; Koe et al., 2019).
TiO2 has a band gap (Eg) of approximately 3–3.2 eV, which limits

its photoactivity to ultraviolet light with a wavelength less than
387 nm (Koe et al., 2019). Table 4 summarizes some applications of
Titania for photodegradation of tetracyclines under UV light. In
general, Titania achieves very high degradation efficiencies of
(95–100%) in relatively short periods of time (45–60min).

Despite its promising photocatalytic activities, Titania has
some shortcomings that limit its wide application in
photocatalysis. For example, due to its wide band gap energy

(3.2 eV) TiO2 can only be activated under UV light which only
accounts for (5%) of the solar spectrum. The recombination rate
of the charge carriers is significantly high in TiO2, and this
suppresses its AB degradation efficiency. TiO2 also undergoes
agglomeration and aggregation which complicates its recovery
and reuse in large-scale applications. Moreover, TiO2 has low
adsorption capacity of nonpolar contaminants due to its polar
nonporous surface (Bahadar Khan and Kalsoom, 2019; Li R. et al.,
2020).

Further modification of Titania is urgently needed to achieve
practical, visible light–induced photocatalytic applications.
Many studies have been reported in the literature to
enhance Titania properties through modification and/or
combination with organic and/or inorganic counterparts
(Wang et al., 2011; Chen et al., 2016; Pouretedal and
Afshari, 2016; Zhang S. et al., 2017; Zhang F. J. et al., 2017;
Chen and Liu, 2017; Jin et al., 2017; Duan et al., 2018; He et al.,
2018; Tang et al., 2018; Zheng et al., 2018; Liu M. et al., 2019;
Chen Y. et al., 2019; Farhadian et al., 2019; Galedari et al., 2019;
Sun et al., 2019; Akel et al., 2020; Zhang T. et al., 2020;
Ghoreishian et al., 2020; Liu et al., 2020; Divakaran et al.,
2021; Ghoreishian et al., 2021). The following section presents a
detailed summary of various methods reported in the literature
to achieve visible light sensitization of Titania and its
applications for tetracyclines photodegradation.

5 MODIFICATION OF TiO2 FOR ENHANCED
VISIBLE LIGHT ACTIVITY

Researchers have studied TiO2 modification for more than
30 years to enhance its visible light photocatalytic properties,
stability, and reusability using three primary modification
methods: 1) hinder the recombination of excited electrons
and positive holes; 2) expand titania activity from the UV light
spectrum to include visible light (accounts for approximately
(43%) of the solar light spectrum) and ultimately solar light;
and 3) enhance TiO2 morphology, surface area, and ease of
recovery (Teoh et al., 2012). Recent advances in titania
modification include doping with metals and nonmetals,
developing hybrid composite systems, and constructing
heterojunction photocatalysts (Li and Shi, 2016). Each of

TABLE 4 | Previous work on tetracycline removal by TiO2 catalyst under UV light.

# Catalyst TC initial
concentration

(mg/L)

Catalyst
concentration (g/L)

UV light source pH Removal
efficiency

Year and ref

1 TiO2 P25 (Degussa) 20–30 nm 40 1 UV: 300 W
(290< λ<365) mercury
lamp

4.2 95% after
60 min

2013 Zhu et al. (2013)

2 Commercially available TiO2

(BIOCHEM ChemoPharma)
5 2 UV: 12 W halogen lampa Free 100% after

210 min
2016 Bouafıa-Cherguı et al.
(2016)

3 TiO2 (US-Research
Nanomaterials) 10–25 nm

15 2 UV: 15 Wa 5 100% after
45 min

2018 Fazilati et al. (2018)

aLight wavelength was not specified in the original paper.
Free pH: medium pH was not controlled.
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these Titania modification methods is discussed in the
following sections.

5.1 Metal and Nonmetal Doping of TiO2
Doping is the introduction of a metallic and/or nonmetallic
element (dopant) into the bulk of a semiconductor without
modifying its structure or altering its crystallographic form
(Teoh et al., 2012; Ibhadon and Fitzpatrick, 2013). The presence
of the dopant results in a large dipole moment that can alter the
kinetics of the electron transfer process. It lowers the band gap
energy and widens the light absorption spectrum by increasing the
number of migrating electrons from the valence band to the
conduction band of the main semiconductor (Koe et al., 2019).
Consequently, optimal doping conditions enable photocatalyst
activation under UV and visible light (380 nm < λ < 500 nm)
(Ibhadon and Fitzpatrick, 2013). Studies have investigated various
dopants for the visible light sensitization of titania, includingmetal,
nonmetal, or mixed metal-nonmetal doping (Li and Shi, 2016).
The development of optimum doping conditions must consider
the preparation method, the dopant concentration, and the type of
dopant to ensure enhanced photocatalytic performance (Marschall
and Wang, 2014). Table 5 presents examples of the best
performing metal, nonmetal, and mixed metal-nonmetal doping
of TiO2 photocatalysts and their performance in tetracyclines
photodegradation under visible light.

5.1.1 Metal Ion Doping of TiO2

Metal ion dopants of Titania include transition, rare earth, and
precious metal ions. Metal doping of Titania is achieved by

firing at high temperature or auxiliary deposition techniques
(Zhang et al., 2019). Figure 3 illustrates the mechanisms of
tetracyclines degradation by metal-doped TiO2 photocatalysts.
Under visible light, electrons in the band gap energy of the
doping metal are excited into the metal conduction band, and
then move into the conduction band of the bulk catalyst.
Simultaneously, Titania electrons are excited by the UV
light of the solar light spectrum (Eq. 1). Consequently,
these electron/hole pairs lead to a series of oxidation-
reduction reactions that produce oxygen and hydroxyl
radicals (Eqs 2, 3, 7, 8, 9, 10) which in turn degrade the AB
molecules (Eqs 4, 5, 6). An example of an efficient transition
metal–doped Titania is cobalt (Co)-doped TiO2, which has
been used with and without immobilization on reduced
graphene oxide surfaces for tetracycline and oxytetracycline
removal, respectively (Jamali Alyani et al., 2019; Akel et al.,
2020). Cobalt-doped Titania was prepared using the reflux
method (Co-TiO2-R) by Akel et al. (Akel et al., 2020), and
resulted in (98%) degradation of oxytetracycline
hydrochloride (Oxy-TCH) under UV-visible light
illumination. The authors attributed the high initial rate of
Co-TiO2-R to its high surface area and enhanced charge
transfer and separation properties imposed by impurity
levels in the band gap energy; the Co particles entrapped
some of the generated (h+), thereby minimizing the
possibility of electron/hole recombination.

Metal co-doping was recently used to enhance visible light
harvesting in TiO2 catalysts. Co-doping resulted in higher visible
light activity than that resulting from single-doping due to a

TABLE 5 | Previous studies investigating tetracyclines removal by metal, nonmetal, and mixed metal-nonmetal doped TiO2 catalysts.

# Modified
titania

TC initial
concentration

(mg/L)

Catalyst
concentration

Light
source

pH Results
with

doped
TiO2

Results
with
pure
TiO2

Year
and ref

1 Co-doped TiO2 30 Oxy-(TCH) 0.5 g/L UV/vis illuminationa 5 98% after
60 min

97% after 60 min 2020 Akel et al. (2020)

2 Zr/Sn co-doped TiO2 20 (TC) 0.8 g/L 36 W mercury low
pressure lampa

3 100% after
180 min

79% after 180 min 2015 Pouretedal and
Afshari, (2016)

3 Fe/Sn co-doped TiO2 30 (TC) 0.3 g/L 300 W Xenon (Xe) arc
lamp (λ > 420 nm)

6 96.96% after
60 min

5% after 60 min 2021 Ghoreishian et al.
(2021)

4 H2O2 modified Zn-
doped TiO2

80 (TC) 1 g/L 500 W Xe lampa 7 88.14% after
360 min

70% after 360 min 2016 Pang et al. (2016)

5 Y3+/TiO2 Hal-PMPD 50 (TC) 2 g/L 500 W Xe lamp (λ >
380 nm)

1 78.8% after
50 min

– 2014 Yu et al. (2014)

6 Phosphorous-doped
anatase TiO2

60 (TCH) 0.5 g/L 500 W halogen-tungsten
lampa

7 93% after
120 min

62% after 120 min
(anatase)

2014 Niu et al. (2014)

7 C-N-S tri-doped TiO2 5 (TC) 0.5 g/L 6 W (F6T5/D) cold white
visible lamp (λ > 420 nm)

9 95% after
180 min

25% after 180 min 2011 Wang et al. (2011)

8 TiO2 doped with
acetylene black

10 (TCH) 0.5 g/L 30 W LED lamp (400 < λ <
780 nm)

4.1 93.3% after
120 min

20% after 120 min 2020 Zhang T. et al.
(2020)

9 N-doped TiO2 10 (TC) 0.2 g/L Visible light (λ � 420 nm) 7 90% after
120 min

73% after 120 min 2020 Wu et al. (2020)

10 Porous N, S co-
doped TiO2

20 (TC) 0.4 g/L 300 W Xe lamp (λ >
420 nm)

Free 84.9% after
60 min

Comparable results
as modified

2020 Ouyang and Ji,
(2020)

11 (Sn, Zn) and N co-
doped TiO2

35 (TC) 0.5 g/L Simulated solar
irradiationa

7 33% after
120 min

22% after 120 min 2018 Rimoldi et al. (2018)

aLight wavelength was not specified in the original paper.
Free pH: medium pH was not controlled.
Abbreviations: TC, tetracycline; TCH, tetracycline hydrochloride.
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synergistic effect between the two dopants (You et al., 2019).
Recent studies investigated bimetallic doping of TiO2 for
tetracyclines degradation using zirconium (Zr) and tin (Sn)
(Pouretedal and Afshari, 2016), and iron (Fe) and tin (Sn)
(Ghoreishian et al., 2021). Ghoreishian et al. (Ghoreishian
et al., 2021) developed highly efficient Fe-Sn co-doped TiO2

nanofibers (Fe/Sn-TiO2 NFs). Fe/Sn-TiO2 NFs were produced
using the electrospinning method, and then used for tetracycline
degradation under 300W xenon (Xe) lamp as the visible light
source (Ghoreishian et al., 2021). This co-doped TiO2 catalyst
displayed a very high photocatalytic degradation efficiency
(96.96%), which was 1.86, 1.8, and 1.56 times higher than the
efficiencies of unmodified TiO2, Fe-doped TiO2, and Sn-doped
TiO2, respectively. The authors attributed the enhanced
performance of the co-doped catalyst to its small crystal size,
tunable and low band gap energy, higher adsorption capability,
better visible light absorption, enhanced charge carrier
separation, and suppressed charge carrier recombination. This
co-doped catalyst also displayed high stability and maintained
(92%) degradation efficiency after five cycles of use. Total organic
carbon (TOC) analysis was used to assess the extent of AB
mineralization achieved by the catalyst. The Fe/Sn-TiO2 NFs
achieved (98%) tetracycline mineralization, compared to only
(56%) tetracycline mineralization by the unmodified TiO2

catalyst.

5.1.2 Nonmetal Doping of TiO2

Nonmetal doping has been investigated for the visible light
activation of TiO2 (Farhadian et al., 2019; Niu et al., 2014;
Oseghe and Ofomaja, 2018a; Tang et al., 2018; Chen and Liu,

2016; Wu et al., 2020; Fang et al., 2019; Oseghe and Ofomaja,
2018b). Nonmetal-doped photocatalysts display higher stability
and better photoactivity than metal-doped photocatalysts
because metal-doping of TiO2 can, for example in some
applications, lower the doped catalyst stability, reduce its
activity, and decrease its photo-quantum efficiency due to
rapid recombination of the electrons and the holes (Teoh
et al., 2012). Nonmetal dopants of TiO2 include nitrogen (N)
(Farhadian et al., 2019; Wang et al., 2011; Tang et al., 2018; Chen
and Liu, 2016; Wu et al., 2020), sulfur (S) (Wang et al., 2011),
carbon (C) (Zhang T. et al., 2020), and phosphorous (P) (Niu
et al., 2014). Nonmetal doping is performed by creating mid-gap
energy levels between the valence and conduction bands of the
parent catalyst (Zhang et al., 2019; Ibhadon and Fitzpatrick, 2013;
Radwan et al., 2018). The nonmetal dopant can enhance the
visible light–induced photocatalytic activity of the catalyst
because electrons in the newly created energy level can be
excited by visible light into the conduction band of the bulk
catalyst (Eq. 1). Eventually, these excited electrons settle on the
surface of the doped catalyst and generate active radicals via
redox reactions (Eqs 2, 3, 7, 8, 9, 10), which consequently attack
and mineralize the AB molecules (Eqs 4, 5, 6) (Ibhadon and
Fitzpatrick, 2013; Radwan et al., 2018). Importantly, the nonmetal
dopant inhibits the recombination of the charge carriers, due to
electron entrapment by the oxygen vacancies created in the
catalyst (Feng et al., 2018; Basavarajappa et al., 2020).
Figure 3 illustrates the mechanism of tetracyclines degradation
by nonmetal-doped TiO2 systems.

Nitrogen is the most-studied nonmetal dopant for enhancing
the visible light activity of TiO2 (Marschall and Wang, 2014).

FIGURE 3 | The proposed photocatalytic degradation mechanisms of tetracycline both by metal-doped and non-metal doped TiO2 systems under visible light.
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There are several methods to produce N-doped TiO2, including
hydrothermal, microemulsion, chemical vapor deposition,
solvothermal, sol-gel, electrospinning, anodic oxidation,
sputtering, ball milling, atomic layer deposition, and
microwave (Basavarajappa et al., 2020). Several studies have
produced N-doped TiO2 for tetracyclines degradation under
visible light (Wang et al., 2011; Chen and Liu, 2016; Tang
et al., 2018; Farhadian et al., 2019; Wu et al., 2020). Wu et al.
prepared N-doped TiO2-P25 by treating TiO2-P25 with NH3 gas
flow at 500°C, and applied the catalyst for tetracycline
degradation under visible light (λ � 420). This N-doped TiO2-
P25 displayed higher visible light sensitivity and enhanced
photocatalytic performance due to the increased numbers of
excited reactive electrons and holes. The authors confirmed
that the presence of N in TiO2 created oxygen vacancies that
entrapped the photoexcited electrons, thereby minimizing their
recombination effect. The N-doped TiO2-P25 tetracycline
degradation performance (90%) was higher than that of the
unmodified TiO2 (73%), and the doped photocatalyst
maintained its stability and degradation efficiency for four
consecutive cycles (Wu et al., 2020).

Carbon doping of Titania extends its light absorption into the
visible region by acting as a sensitizer or by creating interstitial
gap states in the catalyst structure (Palanivelu et al., 2007; Wu
et al., 2013). Carbon doping also increases the number of
photogenerated charge carriers that degrade organic pollutants
in water (Palanivelu et al., 2007). Acetylene black–doped (AcB)
and persulfate (PS)-employed TiO2 (TiO2/AcB/PS was prepared
using the sol-gel method (Zhang T. et al., 2020). Acetylene black
lowered the band gap energy of TiO2 from 3.17 to 2.78 eV,
thereby enabling it to be activated under visible light,
efficiently minimizing charge carrier recombination, and
promoting charge carrier separation. The TiO2/AcB/PS
photocatalyst displayed (93%) tetracycline hydrochloride
degradation efficiency, which was higher than that of
unmodified TiO2 (20%), and maintained high degradation
efficiency (85%) after five uses (Zhang T. et al., 2020).

Phosphorus (P) doping of TiO2 enhances the catalytic
photoactivity by effectively suppressing charge carrier
recombination due to electron entrapment by the oxygen
vacancies created in the catalyst (Feng et al., 2018). The
presence of a P dopant on TiO2 decreased its band gap energy
and significantly enhanced its visible light–induced
photocatalytic degradation of organic pollutants (Gopal et al.,
2012). Niu et al. (Niu et al., 2014) used the rapid microwave
hydrothermal method to prepare P-doped anatase TiO2 for
tetracycline hydrochloride degradation under 500W halogen-
tungsten lamp. This P-doped TiO2 displayed (93%) tetracycline
degradation efficiency, which was much higher than that of
commercial TiO2-P25 (62%).

Nonmetal element co-doping of TiO2 has gained enormous
interest lately because of its potential to alter the
photocatalytic characteristics of the catalyst, such as
reducing the band gap energy and enhancing visible light
absorption as compared to that of the single-element–doped
catalyst (Chen et al., 2007). Co-doping and tri-doping were
applied to TiO2 for enhanced tetracycline degradation. Wang

et al. (Wang et al., 2011) used the sol-gel method to prepare
C-N-S tri-doped TiO2 for tetracycline degradation under 6 W
white visible light lamp. The C-N-S tri-doped TiO2 exhibited
enhanced degradation performance (95%) compared to that
of unmodified TiO2 (25%). The authors ascribed this
improvement to the high surface area of the modified
catalyst, the formation of a well-defined TiO2 anatase
phase, the red shift of the light absorption spectrum of
TiO2, the enhanced visible light sensitivity because of the
narrowed band gap energy of TiO2, and the existence of
carbon behaving as photosensitizer of TiO2, which led to
synergistic enhancement of tetracycline adsorption.

5.1.3 Mixed Metal-Nonmetal Doping of TiO2

Mixed metal-nonmetal doping enables optimization of the
advantages and minimization of the disadvantages of each
doping method. This hybrid method specifically enhances the
catalyst photo-efficiency by broadening the photo-activated
spectrum toward the visible range. The N-TiO2 catalyst is
most commonly used for tetracyclines degradation under
visible light, along with other nonmetal-doped TiO2 in mixed
doping systems (Huo et al., 2016; Chen and Liu, 2017; Rimoldi
et al., 2018; Chen Y. et al., 2019; Ghoreishian et al., 2020). Rimoldi
et al. (Rimoldi et al., 2018) used the sol-gel method to prepare Sn-,
Zn-, and N-doped TiO2 for tetracycline degradation under
simulated solar irradiation. The authors reported that metal
co-doping of N-doped TiO2 induced a further red-shift in the
light spectrum (400–600 nm). They attributed this improvement
to the generation of intra-gap states in the TiO2 structure by the
introduction of some defects caused by Sn-doping. TiO2-N was
reported to have quasi-spherical crystallites of high crystallinity
and corresponding inter-planar distances of anatase TiO2. For
TiO2-N-Sn crystalline particles (3–6 nm) were detected along
with the corresponding inter-planar distances of anatase and
brookite TiO2 and small content of SnO2 cassiterite. In the TiO2-
NZn, the presence of Zn resulted in the formation of a guest phase
of ZnO wurtzite. Particularly, Zn doping resulted in better
photocatalytic performance due to its low crystallinity, unique
amorphous structure, and high surface area as compared to the
Sn-doping alone. The mixed metal-nonmetal Zn/Sn/N-doped
TiO2 exhibited (33%) tetracycline degradation efficiency
compared to (22%) tetracycline degradation efficiency of the
unmodified TiO2. This significant increase was attributed to
the synergistic effect of the dopants, their ability to widen the
light absorption spectrum, and the higher surface area of the
catalyst. Although (33%) tetracycline degradation efficiency is
relatively low, the selected metal-nonmetal pairs and their
concentrations can be optimized to improve photocatalyst
performance.

In general, co- or tri-doping of TiO2 can overcome some of the
drawbacks of single doping, and enhance catalyst performance
and stability in tetracyclines degradation due to the synergistic
effect among the dopants. The choice of the dopant should
consider its cost, toxicity, doping conditions, and preparation
method. The dopant concentration also needs to be optimized to
ensure enhanced performance of the final catalyst (Marschall and
Wang, 2014).
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TABLE 6 | Examples of titania-based composites and their tetracyclines degradation efficiencies.

# Modified
titania

Tetracycline
initial

concentration
(mg/L)

Catalyst
concentration

Light
source

pH Removal
% by

TiO2-Based
composite
catalysts

Removal
% by

unmodified
TiO2

Year
and ref

A. Immobilized titania composites

1 Chitosanmodified N-, S-doped
TiO2

10 (TC) 0.6 g/L Visible lighta 8.2 92% after 50 min – 2019 Farhadian et al.
(2019)

2 2D sandwich-like TiO2-rGO
composite

20 (TCH) 0.4 g/L Xenon (Xe) lampa 5.2 96% after
120 min

28% after
120 min

2017 Zhang S. et al.
(2017)

3 Fe2O3-TiO2–modified zeolite
composites

20 Oxy-(TC) 1 g/L 200 W λ �
455 nm LED light

Free 98% after 60 min – 2019 Liu M. et al. (2019)

4 N-doped TiO2/rGO 10 (TCH) 1 g/L 300 W Xe lamp
(λ > 400 nm)

7 98% after 60 min 10% after
60 min

2018 Tang et al. (2018)

5 Ce/N co-doped TiO2/NiFe2O4/
diatomite

20 (TC) 0.5 g/L 150 W Xe lamp
(λ > 400 nm)

7 100% after
180 min

– 2017 Chen and Liu,
(2017)

6 Floating Fe/N co-doped TiO2/
diatomite

10 (TC) 5 g/L 150 W Xe lamp
(filter to isolate
UV light)a

Free 96.5% after
150 min

– 2019 Chen Y. et al.
(2019)

7 Zn-doped TiO2

nanoparticles/GO
40 (TC) 1 g/L 500 W Xe lampa Free 98.5% after

120 min
20% after
120 min

2017 Zhang F. J. et al.
(2017)

8 Cobalt-doped TiO2

nanosheets/rGO
20 Oxy-(TCH) 1 g/L 500 W halogen

lamp (350<λ <
800 nm)

Free 68% after
180 min

– 2019 Jamali Alyani et al.
(2019)

9 N-doped TiO2/diatomite 20 (TCH) 5 g/L Xe lampa 6 93% after
300 min

– 2016 Chen and Liu,
(2016)

10 Black TiO2 nanoparticle/
porous carbon

50 (TC) 0.6 g/L Xe lamp (λ >
420 nm)

5 90% after
160 min

– 2019 Fang et al. (2019)

11 Fe3O4/rGO/TiO2

nanocomposites
20 (TCH) 0.4 g/L 150 W Xe lampa 3 92.6% after

330 min in the
presence of

H2O2

– 2017 Wang W. et al.
(2017)

12 Silver/TiO2 nanosheets/rGO 30 (TC) 0.75 g/L Halogen 500 W
lamp (350 <λ <
800 nm)

7 52.56% after
180 min

– 2020 Tabatabai-Yazdi
et al. (2020)

13 Ce-doped TiO2-MGO hybrid
photocatalyst

25 (TC) 0.5 g/L 300 W Xe lampa Free 82.92% after
60 min

10.9% after
60 min

2016 Cao et al. (2016)

14 TiO2/Semnan natural zeolite 8 (TC) 0.8 g/L 60 W visible
lampa

6 87% after 90 min 10% after
90 min

2016 Saadati et al.
(2016b)

15 Ce-doped TiO2/halloysite
nanotubes

20 (TC) 0.5 g/L 300 W Xe lamp
(λ > 420 nm)

7 78% after 60 min 8% after 60 min 2019 Wang et al. (2019)

16 Au-TiO2/polydopamine (pDA)-
coated PVDF

10 (TC) – 300 W Xe lamp
(λ > 420 nm)

7 92% after
120 min

– 2017 Wang C. et al.
(2017)

17 Bimetallic Au- and Ag-doped
TiO2 nanorods/cellulose
acetate

5 (TC) Fixed on a
membrane

Xe lamp (λ >
420 nm)

Free 90% after
120 min

– 2019 Li W. et al. (2019)

18 C-doped titania-
polymethylsilsesquioxane
aerogels

10 (TCH) 10 g/L Visible light (λ >
420 nm)

7 98% after
180 min

– 2021 Xu H. et al. (2021)

B. Nanostructured Titania Composites

19 TiO2 nanobelts modified by Au
and CuS nanoparticles

5 Oxy-(TC) 4 cm2 Simulated solar
light, a 35 W Xe
lampa

7 96% after 60 min 48% after
60 min by TiO2

nanobelts

2016 Chen et al. (2016)

20 TiO2 doped with acetylene
black

10 (TCH) 0.5 g/L 30 W LED lamp
(λ 400–780 nm)

4.1 93.3% after
120 min

20% after
120 min

2020 Zhang T. et al.
(2020)

21 (1D) MIL-100(Fe)/TiO2

nanoarrays
100 (TC) Film sample 450 W Xe lampa Free 90.79% after

60 min
35.22% after

60 min
2018 He et al. (2018)

22 Ag/AgBr- modified TiO2 10 (TC) 1.2 g/L 5W LED white
lampa

4.5 95.3% after
60 min

20% after
60 min

2019 Sun et al. (2019)

23 TiO2-Fe2O3 15 (TC) 0.75 g/L 60 W lampa 4.7 93% after 90 min – 2019 Galedari et al.
(2019)

24 Carbon-modified TiO2 5 (TCH) 0.3 g/L White LED (λ �
450 nm)

7 73.53% after
120 min

40% after
120 min

2018 Oseghe and
Ofomaja, (2018b)

(Continued on following page)
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5.2 Titania-Based Composites
5.2.1 Immobilized Titania Composites
In addition to enhanced visible light activity, the practical and
large scale application of Titania would necessitate catalyst
stability and recyclability. Accordingly, many studies have
investigated the immobilization of doped-TiO2 on various
polymeric (Chen Y. et al., 2019; Mahdavi et al., 2019),
carbonaceous and ceramic supports such as
polyphenylenediamine (POPD) (Yu et al., 2014), graphene,
reduced graphene oxide (rGO) (Cao et al., 2016; Huo et al.,
2016; Wang W. et al., 2017; Zhang F. J. et al., 2017; Tang et al.,
2018; Jamali Alyani et al., 2019; Tabatabai-Yazdi et al., 2020),
mesoporous carbon (Fang et al., 2019), MOFs (He et al., 2018;
Yuan et al., 2021), zeolites (Saadati et al., 2016b; Liu M. et al.,
2019), and silica (Yu et al., 2014; Chen and Liu, 2016; Chen and
Liu, 2017; Zyoud et al., 2017; Li J. et al., 2019; Chen Y. et al., 2019;
Wang et al., 2019). These systems are prepared as composites (Li
R. et al., 2020), and the solid support provides three primary
advantages: 1) high surface area which increases tetracycline
adsorption, 2) enhanced light absorption and electron
entrapment which enhances photocatalytic activity, and 3)
reduced sintering and aggregation which leads to superior
stability. The superior performance of these composite systems
is also attributed to the presence of synergistic effects between the

dopant and support (Bahadar Khan and Kalsoom, 2019). Table 6
presents examples of immobilized TiO2-based composite systems
and their efficiencies for tetracycline degradation under visible
light spectra.

Graphene is a planar form of carbon atoms with a crystal-like
honeycomb structure, high specific surface area, good charge
carrier transfer, zero band gap energy, and high interfacial
adsorbing properties. Graphene immobilization of TiO2 can
shift the light spectrum absorbance of the photocatalyst
toward visible light and minimize recombination of the
electron/hole pairs (Koe et al., 2019). Zhang et al. (Zhang S.
et al., 2017) prepared a 2D sandwich-like TiO2-reduced graphene
oxide (TiO2-rGO) composite using the Pickering emulsion
approach to investigate tetracycline hydrochloride degradation
under xenon lamp as a visible light source. The unique
mesoporous structure on both sides of the rGO significantly
enhanced the tetracycline hydrochloride degradation by
increasing the surface area of the catalyst and adsorption of
the contaminant, promoting electron transfer, and minimizing
recombination of the (e−)/(h+) pairs. TiO2-rGO degraded (96%)
of the initial tetracycline hydrochloride concentration, whereas
unmodified TiO2 only degraded (28%) of the tetracycline
hydrochloride. The authors suggested that the large number of
mesoporous voids increased the number of exposed active sites of

TABLE 6 | (Continued) Examples of titania-based composites and their tetracyclines degradation efficiencies.

# Modified
titania

Tetracycline
initial

concentration
(mg/L)

Catalyst
concentration

Light
source

pH Removal
% by

TiO2-Based
composite
catalysts

Removal
% by

unmodified
TiO2

Year
and ref

25 Pine cone–derived C-doped
TiO2

5 (TCH) 0.3 g/L 25 W white vis-
LED stripa

7 83% after
120 min

– 2018 Oseghe and
Ofomaja, (2018a)

26 Bismuth-titanate nanoparticles 50 (TC) 1 g/L 360 W halogen
lamp (λ > 400 nm)

7 65% after
180 min

– 2017 Khodadoost et al.
(2017)

27 C-TiO2 nanocomposites 10 (TC) 0.2 g/L –* 7 90% after
160 min

30% after
160 min

2019 Ma et al. (2019)

28 CdS-TiO2 heterostructure
composite

50 (TCH) 1 g/L 500 W Xe lamp
(λ > 400 nm)

7 87.06% after
480 min

7.68% after
480 min

2018 Li et al. (2018)

29 SrTiO3/Fe2O3 nanowires 10 (TC) 1 g/L 250 W Xe lamp
(λ > 420 nm)

Free 82% after
140 min

– 2016 Liu et al. (2016)

30 Bi4Ti3O12/BiOCl composite 20 (TCH) 0.66 g/L 300W Xe lamp* Free 83.7% after
150 min

– 2018 Liu et al. (2018)

31 Perovskite-type W-doped
BaTiO3

5 (TC) 0.8 g/L Visible metal
halide light*

5.6 93% after
180 min

– 2019 Demircivi and
Simsek, (2019)

32 Platinum-doped amorphous
TiO2-filled mesoporous TiO2

50 (TCH) 0.5 g/L 500 W Xe lamp * 7 100% after
300 min

– 2019 Lyu et al. (2019)

33 Mn-doped SrTiO3 nanocubes 10 (TC) 1 g/L 250 W Xe lamp
(λ > 420 nm)

7 66.7% after
60 min

– 2015 Wu et al. (2015)

34 Cu-doped TiO2 micro/
nanostructures

20 (TCH) 20 mg/L 1000 W Xe (λ >
420 nm)

7 90% after
240 min by
calcined Cu-
doped TiO2

50% after
240 min

2018 Cao et al. (2018)

35 Carbon-doped TiO2 ultrathin
nanosheets

20 (TC) 0.5 g/L 300 W Xe lamp
(λ > 420 nm)

Free 89.1% after
120 min

50% after
120 min

2021 Bao et al. (2021)

36 rGO coordinated titania
nanoplatelet

20 (TCH) 10 mg/L 500 W Xe lamp
(350<λ >
1,100 nm)

7 95% after
120 min

70% after
120 min

2020 Li C. et al. (2020)

aLight wavelength was not specified in the original paper.
Free pH: medium pH was not controlled.
Abbreviations: TC, tetracycline; TCH, tetracycline hydrochloride.
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TiO2, decreased the transport route length, and accelerated the
electron transfer step. The visible light activity of this graphene-
immobilized catalyst was attributed to the addition of rGO, which
lowered the band gap energy of TiO2 to 3.05.

Polymeric supports are nontoxic, low cost, widely available,
resistant to UV light, durable, mechanically stable, and photo-
stable. The hydrophobic properties of many polymers enables
them to promote catalyst adsorption by increasing the pollutant
concentration on its outer surface (Arif et al., 2020). Wang et al.
(Wang C. et al., 2017) prepared a photocatalytic nanocomposite
membrane of Au-doped TiO2 supported on polydopamine
(pDA)-coated polyvinylidene fluoride (PVDF) (Au-TiO2/pDA/
PVDF). The nanocomposite membrane was used to degrade
tetracycline under 300W Xenon lamp as a visible light source.
The authors reported that the visible light–induced tetracycline
removal efficiency of Au-TiO2/pDA/PVDF was (51%) higher
than that of undoped TiO2/pDA/PVDF and (26%) higher than
that of Au-doped TiO2. They also reported that pDA acted as a
glue to stabilize TiO2 on the PVDF membrane, and functioned as
a photosensitizer to widen the light absorbance spectrum of the
catalyst. The authors proposed that the plasmon resonance effect
of Au enhanced catalyst activity by accelerating photogenerated
electron transfer fromAu into the conduction band of the mother
catalyst TiO2.

Ceramics have a large surface area, very good permeability,
excellent strength, and high absorptivity (Mohd Adnan et al.,
2018). Chen et al. (Chen and Liu, 2017) used the sol-gel
method to prepare a magnetically recyclable Ce/N co-doped
TiO2/NiFe2O4/diatomite ternary hybrid catalyst (CN-TND) for
tetracycline degradation under 150W xenon lamp as a visible light
source. Each of the N and Ce dopants improved the photocatalyst
surface properties and suppressed the formation of TiO2 crystals.
The authors observed that Ce/N co-doped TiO2/diatomite
exhibited a slight redshift in its light absorption spectrum. CN-
TND had slightly better tetracycline degradation efficiency (98%)
than the N-doped TiO2/NiFe2O4/diatomite (95%) degradation
efficiency due to the addition of Ce. The presence of ferrite
(NiFe2O4) enhanced electron transfer and reduced charge
carrier recombination. The improved performance of CN-TND
was ascribed to the synergistic effect of the Ce and N dopants,
which effectively widened the visible light absorption by the
catalyst. CN-TND had ferromagnetism properties, was easily
recovered from the reaction medium, and was reused five times
with minimal loss in activity (0.5%). CN-TND achieved nearly
complete tetracycline mineralization with (100%) TOC removal
compared to only (52%) removal by the Ce/N co-doped TiO2.

Microporous structured supports such as zeolites were
investigated for TiO2 modification. Liu et al. (Liu M. et al.,
2019) used the hydrothermal method to synthesize a Fe2O3-
TiO2/Fe-Zeolite immobilized composite (Fe2O3-TiO2/FeZ). The
composite catalyst was tested for oxytetracycline degradation
using a 200W 455 nm LED lamp as a visible light source. The
Fe2O3-TiO2/FeZ composite exhibited a higher surface area
(1,445 m2/g) than that of zeolite (844 m2/g), and had
outstanding adsorption of oxytetracycline (94%) and improved
activity under visible light. The visible light photocatalytic
degradation efficiency of Fe2O3-TiO2/FeZ was (98%),

indicating its improved visible light absorption (400–600 nm),
high adsorption of oxytetracycline, and enhanced rate of
photogenerated charge carriers. Fe2O3-TiO2/FeZ had good
stability after the fourth use and maintained (80%) efficiency.

In addition to zeolites, metal-organic frameworks (MOFs)
have been investigated for the immobilization of TiO2. MOFs
are hybrid organic-inorganic, low cost, and environmentally
friendly micro-porous materials with unique morphological
properties and superior surface areas (Gautam et al., 2020).
When combined with semiconductors such as TiO2, MOFs
form hierarchical nanostructures with enhanced photocatalytic
properties (He et al., 2018). He et al. (He et al., 2018) applied one-
dimensional MOF [Materials Institute Lavoisier 1D (MIL)-
100(Fe)] over TiO2 nanoarrays [1D MIL-100(Fe)/TiO2] by
insitu growth of MIL-100(Fe) on the TiO2 nanoarrays. The
catalyst was tested for tetracycline degradation using a 450W
Xe lamp as a visible light source (He et al., 2018). The growth of
1D MIL-100(Fe) over TiO2 nanoarrays increased the surface
roughness of these nanoarrays, enhanced the visible light
absorption of the composite catalyst (<600 nm), and improved
the electron/hole separation and the accessibility of active sites.
The composite 1D MIL-100(Fe)/TiO2 photocatalyst achieved
(90.79%) tetracycline degradation efficiency compared to only
(35.22%) degradation efficiency achieved by unmodified TiO2

nanoarrays. The composite catalyst was easily recovered and
maintained good stability (70%) after the fifth use.

The proposed mechanism of tetracycline degradation by 1D
MIL-100(Fe)/TiO2 is presented in Figure 4. Upon irradiation,
electrons in the VB of TiO2 are excited into its CB (Eq. 1), while
MIL-100(Fe) is activated via the direct excitation of FeO as well as
ligand-to-metal charge transfer. The electrons and holes react
with water and oxygen molecules to produce (•OH) and (O•−

2 )
radicals (Eqs 2, 3, 7, 8, 9, 10). In the presence of H2O2, Fe(III) in
MIL-100(Fe) undergoes Fenton-like reactions and reacts with
H2O2 to further boost the formation of (•OH) radicals as shown
in (Figure 4). The formed radicals synergistically degrade TC
molecules under visible light (Eqs 4, 5, 6).

5.2.2 Nanostructured Titania Composites
Nanostructured Titania composites enhance the catalyst’s surface
area and crystal morphology, and they include TiO2-based
nanospheres, nanosheets, nanowires, nanorods, nanotubes, and
nanoparticles (Choi et al., 2014; Bahadar Khan and Kalsoom,
2019). Nanostructured Titania composites also enhance
chemical, mechanical, electronic, and optical properties of
Titania. Table 6 presents examples of nanostructured TiO2-
based composite systems that have been used for tetracyclines
degradation under visible light.

Chen et al. (Chen et al., 2016) used the electrochemical anodic
oxidation method to modify immobilized TiO2 nanobelts (NBs)
with Au and CuS nanoparticles, and tested the composite catalyst
for oxytetracycline removal using simulated solar light irradiation
(35W Xe lamp). Au-CuS/TiO2 NBs exhibited enhanced visible
light (solar) absorption due the lowest band gap energy (2.65 eV)
and the highest visible light absorption intensity (520–620 nm)
compared to Au-TiO2 NBs, CuS-TiO2 NBs, and TiO2 NBs. The
oxytetracycline degradation efficiency of Au-CuS/TiO2 NBs after
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1 h was as high as (96%), whereas the oxytetracycline
degradation efficiencies of Au-TiO2 NBs, CuS-TiO2 NBs, and
TiO2 NBs were (85%), (76%), and (66%), respectively. The
authors ascribed the improved degradation efficiency of this
catalyst to its ability to hinder recombination of photogenerated
electron-hole pairs as a result of efficient interfacial charge
transfer, and to the increased number of charge carriers
participating in photocatalysis. The authors also concluded
that visible light absorption was promoted by the plasmon
resonance effect of Au, whereas CuS-TiO2 NBs promoted

light absorption in the near-infrared region. Additionally, the
authors attributed the improved performance of Au–CuS/TiO2

to the ideal dispersion of both the Au and CuS on the smooth
surface of TiO2 NBs that formed a uniform surface composite
structure. The total organic carbon (TOC) removal efficiency
achieved by Au-CuS/TiO2 NBs was (68%), whereas that of TiO2

NBs was only (40%).
Lyu et al. (Lyu et al., 2019) used the hydrothermal method

coupled with chemical reduction to prepare platinum (Pt)-
enhanced amorphous (Am) TiO2-filled mesoporous TiO2

crystals (MCs) (MCs@Pt@Am). This catalyst was tested for
tetracycline hydrochloride degradation using a 500 W xenon
lamp as a visible light source (Lyu et al., 2019). The authors
created a new hierarchical porous core-shell structure by filling
amorphous TiO2 in the pores of Pt-doped mesoporous TiO2

crystals, and reported that the core-shell structured catalyst
(Figure 5) exhibited a larger surface area and particle size,
higher tetracycline hydrochloride adsorption capacity, and
reduced shell thickness as compared to TiO2 crystals. These
properties inhibited recombination of the electron/hole pairs
and facilitated the migration of the positive hole into the
catalyst surface while Pt-doping reduced the band gap
energy of the catalyst and enhanced its visible light
absorption. The photocatalytic degradation efficiency of
tetracycline hydrochloride by MCs@Pt@Am was (100%),
whereas that of amorphous TiO2-coated mesoporous TiO2

crystals was (89%), and that of mesoporous TiO2 crystals
was (60%). MCs@Pt@Am degraded (77%) of the initial
TOC content, whereas amorphous TiO2-coated mesoporous
TiO2 crystals degraded only (60%) of the initial TOC
concentration.

FIGURE 4 | The proposed photocatalytic degradation mechanism of tetracycline by 1D MIL-100(Fe)/TiO2 catalyst under visible light.

FIGURE 5 | SEM image of the core-shell structured platinum (Pt)-
enhanced amorphous (Am) TiO2-filled mesoporous TiO2 crystals (MCs)
(MCs@Pt@Am) photocatalyst, reprinted with permission from Elsevier (Lyu
et al., 2019).
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TABLE 7 | Examples of titania-based heterojunction photocatalysts.

# Modified
titania

TCs initial
concentration

(mg/L)

Catalyst
concentration

Light
source

pH Removal
% by

TiO2-Based
heterojunction
photocatalysts

Removal
% by
titania

Year
and ref

A. Titania-Based heterojunctions: Binary heterojunctions
1 TiO2@ sulfur- doped

carbon nitride
nanocomposite

10 (TC) 0.1 g/L 300 W xenon (xe)
lamp (λ >
420 nm)

4.5 98.1% after
60 min

35.1% after
60 min

2021 Divakaran et al.
(2021)

2 N-doped TiO2@
Bi2WxMo1-xO6 core-shell
nanofibers

40 (TC) 0.3 g/L 300 W Xe lamp (λ
> 400 nm)

6 100% after
90 min

20% after
90 min

2020 Ghoreishian
et al. (2020)

3 TiO2 nanoparticle/
SnNb2O6 nanosheet

35 (TCH) 1 g/L 500 W Tungsten
lampa

Free 75.5% after
240 min

63.8% after
240 min

2017 Jin et al. (2017)

4 CuO/Ti-MCM-48 19.24 (TCH) 1 g/L Solar simulatora Free 93% after 80 min 50% after
80 min

2018 Duan et al.
(2018)

5 TiO2-coated α-Fe2O3

core-shell heterojunction
50 (TCH) 0.2 g/L 300 W Xe lamp (λ

> 420 nm)
5.5 100% after

120 min
– 2018 Zheng et al.

(2018)
6 CeOx-coupled MIL-125-

derived C-TiO2

40 (TC) 1 g/L 500 W Xe lamp (λ
> 400 nm)

Free 83.5% after
180 min

30.3% after
180 min

2021 Yuan et al.
(2021)

7 Ultrafine TiO2

nanoparticle-modified
g-C3N4 heterojunction

20 (TCH) 0.25 g/L 150 W Xe lampa 7 99.4% after
120 min

95.81% after
120 min

2020 Zhang B. et al.
(2020)

8 Black-TiO2/CoTiO3

Z-scheme heterojunction
20 (TC) 1 g/L 50 W LED lamps

(450<λ <
650 nm)

Free 82.4% after
30 min

28.3% after
80 min by
black-TiO2

2021 Mousavi and
Ghasemi, (2021)

9 TiO2/high-crystalline
g-C3N4 composite

10 (TC) 0.2 g/L 300 W Xe lamp (λ
> 400 nm)

Free 91% after
120 min

6% after
120 min

2020 Guo et al. (2020)

10 Ag/Ag3PO4 nanoparticles/
cobalt- doped TiO2

nanosheets

20 (TC) 1 g/L 500 W halogen
lampa

Free 66.80% after
140 min

— 2021 Mokhtari Nesfchi
et al. (2021)

11 TiO2-coupled NiTiO3

nanocomposites
— 1 g/L 250 W Xe lamp

(UV-vis, 300<λ <
800 nm)

Free 58% after
120 min

— 2018 Lakhera et al.
(2018)

12 BiOXs/TiO2 30 (TC) 0.2 g/L 300 W Xe lamp (λ
> 400 nm)

Free 90% after
180 min

80% after
180 min

2019 Li L. et al. (2019)

13 BiFeO3/TiO2 p-n
heterojunction

20 (TC) 1 g/L 300 W Xe lampa 5 72.2% after
180 min

38.3% after
180 min

2021 Liao et al. (2021)

14 Co3O4-TiO2/GO 10 Oxy-(TC) 0.25 g/L 300 W Xe solar
simulator (λ >
420 nm)

Free 91% after 90 min 30% after
90 min

2017 Jo et al. (2017)

15 Reduced graphene oxide-
Ag2O/TiO2 nanobelts
composites

10 (TC) 0.4 g/L 300 W Xe arc
lamp (λ >
420 nm)

Free 18% after 60 min 18% after
60 min

2017 Hu et al. (2017)

16 Z-scheme CdTe/TiO2

heterostructure
20 (TCH) 0.6 g/L 400 W halogen

lamp (λ >
420 nm)

Free 78% after 30 min 62% after
30 min

2018 Gong et al.
(2018)

17 Carbon fiber/TiO2/Bi2WO6

heterojunctions
10 (TCH) Bundles (length ∼4 cm,

weight 0.15 g)
300 W Xe lamp (λ
> 400 nm)

Free 95.1% after
60 min

— 2018 Xu et al. (2018)

18 TiO2/BiOCl composite 30 (TC) 1 g/L 300 W Xe lamp (λ
> 400 nm)

3 90% after
240 min

33% after
240 min

2019 Hu et al. (2019)

19 Mo-C co-doped TiO2 with
fluorine-doped tin- oxide

20 (TC) — 500 W Xe lamp (λ
> 420 nm)

7 90% after
100 min

— 2019 Niu et al. (2019)

20 N-doped TiO2/calcium
ferrite/diatomite

10 (TC) 1 g/L 150 W Xe lamp (λ
> 400 nm)

Free 91.7% after
120 min

— 2019 Chen Y. et al.
(2019)

21 N-doped TiO2/strontium
ferrite/diatomite

10 (TC) 2 g/L 150 W Xe lamp (λ
> 400 nm)

Free 92.2% after
120 min

— 2019 Wu, (2019)

22 g-C3N4@Co-TiO2

membrane
20 (TCH) 5 mg of membranes (2

× 2 cm2)/10 ml of
solution

300 W Xe lamp (λ
> 420 nm)

7 90.8% within
60 min

— 2020 Song et al.
(2020)

23 CeO2/TiO2 composites 40 (TC) 1 g/L 500 W Xe lamp (λ
> 420 nm)

Free 99% within
80 min

10% within
80 min

2020 Pudukudy et al.
(2020)

24 MnCo2O4.5 Deposited
TiO2 Nanotube Array

10 (TC) 2.25 cm2 500 W Xe lampa Free 93.1% within
120 min

— 2020 Bi et al. (2020)

(Continued on following page)
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All reported composite systems significantly improve
TiO2 catalyst performance for tetracyclines degradation
under visible light. These properties arise from the
synergistic effects between different moieties of the
composite system and from the enhanced surface area
and morphology of the photocatalyst. Many studies have
successfully constructed and applied immobilized and
nanostructured Titania composites for tetracycline
degradation under visible light, and we conclude that
both approaches are valuable for Titania modification.
Although both immobilized and nanostructured Titania
composites have high AB degradation efficiency
percentages (>90%), immobilized Titania composites are
preferred over nanostructured Titania composites due to
their ease of recovery and reuse, especially in industrial
applications.

5.3 Titania-Based Heterojunctions
Heterojunction construction is another approach for the
modification of Titania and the enhancement of its
photocatalytic properties (Marcelino and Amorim, 2019; Li R.
et al., 2020). Heterojunctions are constructed by forming a direct
contact interface between two different semiconductors (Li R.
et al., 2020; Yang et al., 2021). The two semiconductors must have
different band gaps, a wide band gap (TiO2) and a narrow band
gap, with the minimum band gap energy in the visible light region
(Marcelino and Amorim, 2019; Li R. et al., 2020). This condition
enhances the visible light absorption and photocatalytic activity
of the heterojunction (Li R. et al., 2020). Heterojunctions promote
the migration of charge carriers (electrons and holes) from one
semiconductor to the other and minimize charge carrier
recombination (Marcelino and Amorim, 2019; Li R. et al.,
2020). Most TiO2-based heterojunctions are binary and can be
classified based on the mechanism of separation of (e−)/(h+)
pairs: p-n heterojunctions; type I (straddling gap); type II

(staggered gap); type III (broken gap); and direct Z-scheme
heterojunctions (Li R. et al., 2020; Yang et al., 2021). Table 7
summarizes these systems along with their efficiencies for
tetracyclines degradation under various visible light
irradiations. As shown in Table 7, binary heterojunctions are
the most widely applied composites compared to ternary
heterojunctions and homojunctions. Although ternary
heterojunctions have very good tetracyclines removal
efficiencies under visible light compared to binary
heterojunctions, they require the use of an additional
semiconductor, which involves additional costs.

5.3.1 Binary TiO2-Based Heterojunctions

Binary heterojunctions are composed of two different
semiconductors with different band gap energy levels
(Marchelek et al., 2016). Conventional binary
heterojunctions include type (I), type (II), and type (III)
(Low et al., 2017). Nonconventional binary heterojunctions
include p-n heterojunctions and Z-scheme heterojunctions (Li
R. et al., 2020). The various conduction and valence level
arrangements and mechanisms of these heterojunction
catalysts are detailed in the following references (Low et al.,
2017; Li R. et al., 2020).

Examples of binary TiO2-based heterojunctions include
TiO2/BiOCl (Hu et al., 2019) and α-Fe2O3@TiO2 (Zheng
et al., 2018). The α-Fe2O3@TiO2 is a type (I) heterojunction
where the covalent bond (CB) of the first semiconductor
(TiO2) exists at a higher position than the CB of the second
semiconductor (Fe2O3), but the valence bond (VB) of Fe2O3 is
above that of TiO2. In this type, electrons move from the
semiconductor with lower CB (α-Fe2O3) into the
semiconductor with higher CB (TiO2). The α-Fe2O3@TiO2

catalyst resulted in (100%) tetracycline hydrochloride
degradation efficiency and (98%) TOC removal efficiency in

TABLE 7 | (Continued) Examples of titania-based heterojunction photocatalysts.

# Modified
titania

TCs initial
concentration

(mg/L)

Catalyst
concentration

Light
source

pH Removal
% by

TiO2-Based
heterojunction
photocatalysts

Removal
% by
titania

Year
and ref

B. Titania-Based Heterojunctions: Ternary Heterojunctions

25 Carbon plane/g-C3N4/
TiO2 nanocomposite

10 (TC) 1 g/L 500 W Xe lamp (λ
> 400 nm)

Free 94.0% after
180 min

46% after
180 min

2019 Liu C. et al.
(2019)

26 K-doped g-C3N4/
TiO2/CdS

20 (TC) 1 g/L 300 W Xe lamp (λ
> 420 nm)

Free 94.2% after
30 min

69.47% after
30 min

2021 Liu et al. (2021)

27 g-C3N4/Ti3C2/TiO2

nanotube arrays on Ti
meshes

10 (TCH) 1.5 × 1.0 cm 300 W Xe lamp (λ
> 420 nm)

Free 85.12% after
180 min

— 2020 Diao et al. (2020)

C. Titania-Based Homogeneous Junctions: Facet Junction

28 {101} and {001} facets co-
exposed TiO2 hollow
sphere

10 (TC) 0.2 g/L 300 W Xe lamp (λ
> 400 nm)

Free 90.1% after
120 min

— 2020 Zhang S. et al.
(2020)

aLight wavelength was not specified in the original paper.
Free pH: medium pH was not controlled.
Abbreviations: TC, tetracycline; TCH, tetracycline hydrochloride.
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only 120 min using a 300 W xenon lamp (Zheng et al., 2018).
The proposed mechanism for the degradation of tetracycline
hydrochloride over the Fe2O3@TiO2 includes reduction/
oxidation reactions by electron/hole pairs followed by the
formation of the radicals (Eqs 2, 3, 7, 8, 9, 10) necessary
for tetracycline hydrochloride degradation (Eqs 4, 5, 6).

The TiO2-coated cubic α-Fe2O3 core-shell heterojunction
was synthesized using the hydrothermal method. The
excellent visible light performance of the catalyst was
primarily attributed to the well-matched interface between
the cubic α-Fe2O3 and TiO2 shell, the low band gap energy
(1.97 eV), and enhanced visible light harvesting. The α-Fe2O3@
TiO2 also had enhanced electron transfer through the
heterojunction interface, better charge carrier separation, and
minimized electron/hole recombination. The α-Fe2O3@TiO2

maintained excellent degradation efficiency (95%) and
stability even after the fifth use. The authors reported that
the core-shell structure of the TiO2 shell and the cubic
morphology of α-Fe2O3 core led to an enhanced electron
transfer and minimized electron/hole recombination effect.

Several studies have investigated type (II) TiO2-based binary
heterojunctions. TiO2@sulfur doped carbon nitride
nanocomposite reported by Divakaran et al. (Divakaran
et al., 2021) and TiO2/SnNb2O6 nanosheet reported by Jin
et al. (Jin et al., 2017) are examples of this type of binary
heterojunctions. In type (II), the CB and VB of the first
semiconductor (sulfur doped carbon nitride: SCN) are
higher than the corresponding CB and VB of the second
semiconductor (TiO2) (Figure 6). This leads to significant

charge carrier separation because excited electrons migrate
to the second semiconductor and the positive holes move
into the first semiconductor. TiO2@sulfur doped carbon
nitride nanocomposite achieved (98.1%) degradation
efficiency of the initial tetracycline concentration in 60 min,
and the TiO2/SnNb2O6 nanosheet achieved (75.5%)
degradation efficiency of tetracycline hydrochloride.
Additionally, Gong et al. (Gong et al., 2018) applied
Z-scheme CdTe/TiO2 heterojunction which was able to
degrade (78%) of the initial tetracycline hydrochloride
concentration after 30 min. A Z-scheme heterojunction has
the same CB and VB arrangements of type (II) heterojunction
with totally different electron migration route between the first
and second semiconductors (Low et al., 2017; Li R. et al., 2020).
Upon photo-excitation of electrons, the photo-generated
electrons in the second semiconductor combine with the
positive holes in the first semiconductor. Consequently,
these electron/hole pairs generate the reactive radicals via
(Eqs 2, 3, 7, 8, 9, 10) which themselves degrade the TC into
CO2 and H2O via (Eqs 4, 5, 6).

Liao et al. (Liao et al., 2021) prepared a binary p-n junction
using BiFeO3/TiO2 catalyst, and reported a (72.2%) tetracycline
degradation efficiency after 180 min. This catalyst is composed of
p-type and n-type semiconductors separated by a charged space
region around the interface known as an internal electric field.
This electric field minimizes charge carrier recombination by
accelerating migration of the excited electrons and positive holes
into the CB of the n-type semiconductor and VB of the p-type
semiconductor, respectively (Low et al., 2017). In the mechanism

FIGURE 6 | The proposed photocatalytic degradation mechanism of tetracycline by TiO2@sulfur doped carbon nitride nanocomposite catalyst classified as type (II)
heterojunction under visible light.
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proposed by Liao et al., excited electrons in the CB of BiFeO3

move into the CB of n-type TiO2 semiconductor and similarly the
positive holes in the VB of BiFeO3 move into VB of n-type TiO2

ensuring minimized recombination effect of (h+)/(e−). The rapid
migration of the charge carriers in this catalyst is mainly due to
the ferroelectric effect of BiFeO3. While (h+) oxidizes water
molecules into hydroxyl radicals, (e−) reduces adsorbed
oxygen molecules into super oxide radicals (Eqs 2, 3, 7, 8, 9,
10). Tetracycline molecules are photocatalytically degraded by
these radicals under visible light according to (Eqs 4, 5, 6).

5.3.2 Ternary TiO2-Based Heterojunctions
Ternary heterojunctions are composed of three coupled
semiconductors to form a ternary contact interface, which
enhances electron excitation and photo-efficiency (Marchelek
et al., 2016). Liu et al. (Liu et al., 2021) used the hydrothermal
method to construct a novel ternary composite heterojunction with
superior photocatalytic properties, which consisted of a synthesized
K-doped g-C3N4/TiO2/CdS (KCNNT@CdS) ternary heterojunction
nanocomposite. This nanocomposite photocatalyst was tested for
tetracycline degradation efficiency under visible light using a 300W
xenon lamp. This photocatalyst showed excellent visible
light–induced tetracycline degradation efficiency (94.2%) as
compared to that of unmodified TiO2 (69.47%). KCNNT@CdS
degraded (40.1%) of the initial TOC concentration after 30 min. The
authors attributed this performance enhancement to the presence of
CdS, which behaved as an electron supplier and promoted charge
carrier separation. The presence of TiO2 itself was crucial to enhance
the adsorption of tetracycline molecules on the surface of the
composite KCNNT@CdS. The K dopant on the g-C3N4

nanosheet enhanced visible light absorption, and the
nanostructured morphology of g-C3N4 minimized charge carrier

recombination and enhanced electron transfer (Liu et al., 2020).
KCNNT@CdS maintained excellent stability after four uses.
Figure 7 shows the photocatalytic degradation mechanism of the
KCNNT@CdS ternary heterojunction system. In this proposed
mechanism, CdS behaves as an electron provider for TiO2

because all excited electrons of CdS migrate into the CB of TiO2

and then move into the VB of KCNN to combine with the positive
holes. Specifically (•OH), (h+), and (O•−

2 ), generated according to
(Eqs 2, 3, 7, 8, 9, 10) are critical for tetracycline degradation under
visible light irradiation.

Immobilized TiO2-based heterojunction systems offer easy
catalyst recovery. Carbonaceous nanomaterials function as
catalyst supports and can form a heterojunction with TiO2 at
the molecular level, thereby generating a ternary heterojunction.
The nanocarbon material in the ternary heterojunction
participates in the photocatalytic degradation process by
controlling the electron transfer mechanism (Scaria et al.,
2020). Liu et al. (Liu M. et al., 2019) prepared a ternary
carbon plane/g-C3N4/TiO2 nanocomposite heterojunction by
anchoring the carbon plane into g-C3N4 and then coupling it
with TiO2, and they tested it for tetracycline degradation under
visible light using a 500W xenon lamp. The authors reported that
the presence of the carbon plane was necessary to form the
required ternary heterojunction contact in the prepared carbon
plane/g-C3N4/TiO2 nanostructured catalyst. The carbon plane/
g-C3N4/TiO2 photocatalyst degraded (94.0%) of the initial
tetracycline concentration, whereas unmodified TiO2 only
degraded (46%) of the tetracycline. This improved visible light
activity of the photocatalyst was ascribed to the heterojunction
structure with effective ternary contact that enhanced charge
carrier separation and transfer, and the inhibited charge carrier
recombination.

FIGURE 7 | The proposed photocatalytic degradation mechanism of tetracycline by the KCNNT@CdS ternary heterojunction catalyst under visible light.
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5.3.3 TiO2-Based Homogenous Facet Junctions
Homogenous facet junctions are composed of different crystal
planes of the same semiconductor in the same catalyst particle.
The exposed surfaces generate a synergistic effect that enables
local redox reactions and enhances charge separation and
photoexcitation of the electrons (Yang et al., 2021). Zhang
et al. (Zhang S. et al., 2020) prepared a homogeneous facet
junction composed of {101} and {001} facets that were co-
exposed to a TiO2 hollow sphere (001-HT) facet
heterojunction using a gentle sodium fluoride (NaF)
treatment. This catalyst was used for tetracycline degradation
under visible light using a 300 W xenon lamp. The reported
tetracycline degradation efficiency of the 001-HT facet
heterojunction photocatalyst (90.1%) was higher than that of
the {101} facet-exposed TiO2 hollow sphere (HT) that was
obtained without NaF treatment (80%). The authors
attributed the improved photocatalytic degradation of 001-
HT to the formation of a {101}/{001} facet heterojunction,
which enhanced visible light absorption, extended the life of
excited electrons, increased charge carrier migration, and
minimized charge carrier recombination. The enhanced
visible light absorption of 001-HT was attributed to ligand-
to-metal charge transfer (LMCT) due to the formation of
coordination complexes between tetracycline molecules and
Ti (IV) ions (Figure 8). Higher surface area, larger pore
diameter, rougher surface, and bigger crystalline grains were
reported for (001-HT) as compared to (HT). The
photogenerated electrons in the highest occupied molecular
orbital (HOMO) of the tetracycline antibiotic migrate into
the CB of TiO2 hollow sphere while no electron excitation
occurs in TiO2. The transferred electrons reduce the oxygen
molecules into super oxide radicals which attack the tetracycline

molecules in the aqueous medium and convert them into H2O
and CO2 (Eqs 4, 5, 6).

5.4 Recommendations on Most Promising
TiO2 Systems for Tetracyclines Degradation
In summary, all previous studies investigating Titania
modifications clearly indicate that a combination of more than
one modification method is crucial to achieve superior properties
of photoactivity, stability, and ease of recovery for practical
applications of the catalyst. For example, metal/nonmetal
doping can enhance the visible light absorption of Titania;
however, further immobilization of the doped TiO2 through
the formation of composite systems is essential to enhance
catalyst morphology, photocatalytic properties, and stability. In
metal/nonmetal doping, optimal dopant concentrations are
recommended to prevent excess charge carriers, which can
promote charge carrier recombination (Sponza and
Koyuncuoglu, 2019; Zhang et al., 2019). The construction of
heterojunction composites through the formation of a direct
interface between Titania and another semiconductor
enhances TiO2 photocatalytic properties by improving the
migration rate of charge carriers (i.e., both electron and
positive holes) and minimizing their recombination. However,
large-scale application of heterojunction photocatalysts is limited
due to the complexity of fabrication, high cost, and low recycling
efficiency (Li R. et al., 2020; Yang et al., 2021). A conclusion on the
optimal modification method requires a complete understanding
of the thermodynamics of the surface redox reactions and
reaction mechanisms (Basavarajappa et al., 2020).

Based on our literature review, the best performing systems
include 1) TiO2 nanobelts modified with Au and CuS
nanoparticles composite (Chen et al., 2016) which degraded
(96%) of the initial oxytetracycline concentration in 60 min,
indicating excellent degradation efficiency compared to other
composites; 2) N-doped TiO2/rGO composites (Tang et al.,
2018) that exhibited superior activity, with (98%) tetracycline
hydrochloride degradation efficiency in 60 min due to
N-doping and the addition of the rGO support; 3) Fe2O3-
TiO2/modified zeolite composite (Liu M. et al., 2019), which
also exhibited 98% oxytetracycline degradation in 60 min. We
recommend the following TiO2 modifications to be further
considered in future studies for the photocatalytic
degradation of TCs and antibiotics in irrigation water:

- Non-metal doping of Titania (C and N) to enhance its
activity under visible light, to achieve high stability, and to
avoid toxic metal leaching in case of metal doping
(Sections 5.1.2, 5.2.2, 5.3.1) (Palanivelu et al., 2007;
Teoh et al., 2012; Wu et al., 2013; Marschall and Wang,
2014; Chen and Liu, 2016; Oseghe and Ofomaja, 2018a;
Zhang T. et al., 2020; Li C. et al., 2020; Ghoreishian et al.,
2020; Wu et al., 2020).
- Metal doping of Titania or composite formation using non-
toxic and ferromagnetic element such as iron to enhance its
visible light performance and facilitate its recovery in large-
scale applications by external magnets due to the acquired

FIGURE 8 | The proposed photocatalytic degradation mechanism of
tetracycline by the TiO2 hollow sphere (001-HT) facet heterojunction catalyst
under visible light.
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ferromagnetic property (Section 5.2.1) (Cao et al., 2016;Wang
W. et al., 2017; Chen and Liu, 2017).
- Immobilization of the doped Titania on non-toxic supports
such as carbonaceous materials to minimize recovery and
maintenance costs in commercial applications and improve
degradation efficiency (Sections 5.2.1, 5.3.2) (Cao et al., 2016;
Zhang S. et al., 2017; Zhang F. J. et al., 2017; Tang et al., 2018;
Liu C. et al., 2019; Fang et al., 2019; Jamali Alyani et al., 2019;
Koe et al., 2019; Scaria et al., 2020).
- Formation of doped-Titania nanostructured composites
(nanosheets, nanowires, nanobelts) that enhances the
catalyst’s surface area and performance and facilitates its
recovery and reuse in industrial scale systems (Section
5.2.2) (Choi et al., 2014; Chen et al., 2016; Bahadar Khan
and Kalsoom, 2019; Lyu et al., 2019; Li C. et al., 2020).
- Optimization of the synthesis procedures and
immobilization steps of the TiO2 to ensure high and stable
efficiency upon continuous reuse and to facilitate the recovery
of the deactivated catalyst for proper and safe disposal (Sponza
and Koyuncuoglu, 2019; Zhang et al., 2019; Scaria et al., 2020).
- Avoid the construction of complex and expensive
heterojunction Titania photocatalysts of low recyclability,
because this will create additional costs in large-scale
systems and thus lower the overall cost efficiency of the
proposed system (Li R. et al., 2020; Yang et al., 2021).

6 THE ENVIRONMENTAL IMPACT OF THE
TIO2 MODIFIED SYSTEMS

The environmental impact of the materials used in TiO2

modification should be considered during the development of
visible light–activated TiO2 based photocatalysts. Safe materials
with low toxicity and durable supports should be employed for
catalyst immobilization to reduce the release of metals and
generating secondary pollutants. These considerations will
protect the environment and minimize the costs of system
maintenance and catalyst recovery (Marcelino and Amorim,
2019; Li R. et al., 2020). Another important aspect is the
leaching of any of these materials, used for TiO2 modification,
into the water medium and eventually into the environment.
Usually researchers investigate catalyst recovery and reuse
without presenting a study on the possibility of leaching of
these materials (Yang et al., 2017). Nevertheless, and
specifically in metal doping of TiO2, some researechers did
present leaching studies. For example, Wang et al. studied the
leaching of Fe ions from Fe3O4/rGO/TiO2 when used for the
degradation of tetracycline hydrochloride. The authors reported
only 0.5 mg/L of Fe leaching into the soution, during the first
cycle of catalyst use, which they concluded to be negligible.
Moreover, after five cylcels of use (Wang W. et al., 2017), the
samples were characterized by XRD and FTIR and no structrual
changes were detected, confirming the textural and structural
stability of the Fe3O4/rGO/TiO2 catalyst. For the CeO2/TiO2

binary heterojunction, Pudukudy et al. (Pudukudy et al., 2020)
confirmed using FESEM elemental mapping, no Ce leaching after
the 7th use of the catalyst. Similarly, Bi et al. reported that the

leached percentages of Mn and Co metals from MnCo2O4.5/TiO2

catalyst were in the range (4–10%). However, it was concluded
that leaching reduced the degradation efficiency of TC by only
2.9% after five runs (Bi et al., 2020).

In general, the stability of the catalyst and the leaching
probability would very much depend on the water medium
and the photocatalytic degradation conditions, such as the pH
(Yang et al., 2017). Therefore, in real irrigation water media, it
may be expected to have more pronounced leaching of the
various used elements compared to laboratory distilled water
media. In fact, immobilizing the catalyst on carbonaceous
materials like graphene can help minimize metal leaching
from titania catalysts (Scaria et al., 2020). Although, as
mentioned in the above examples, metal leaching does not
seem to be significant in photocatalysis, researchers should
study and report the leaching of any of the catalyst’s
components during a photocatalytic degradation reaction
using analytical techniques such as atomic absorbance
spectroscopy and/or inductively coupled plasma (Marcelino
and Amorim, 2019). In general, catalysts that may lead to
leaching and further polluting and toxifying the water streams
should be avoided, to prevent the need for a further water
purification step (Bhadouria et al., 2020).

7 CONCLUSIONS AND FUTURE
RESEARCH

There is clear evidence for antibiotic contamination of global
ecosystems, water, and edible crops. The level of antibiotic
contamination depends on the regional production and
consumption of these pharmaceuticals. The use of wastewater
in irrigation, animal manure, and biosolids in agriculture are
important routes for the introduction of ABs into the ecosystem
and edible crops. Current technologies for removing/degrading
these pharmaceuticals from wastewater, such as conventional
methods (biological processes, coagulation, flocculation,
sedimentation, and filtration) and membrane methods, are
incapable of removing these low-level and persistent organic
pollutants from water. The development of innovative and
efficient removal/degradation methods is urgently needed.
Photocatalytic degradation is a promising method for
removing organic pollutants from wastewater before using it
for crop irrigation. This review summarized the current
knowledge of Titania modification for the photocatalytic
removal/degradation of tetracyclines from water. Titania is the
most promising and studied semiconductor in this technology
due to its low cost, high stability, low toxicity, good activity, and
ease of modification (Teoh et al., 2012; Ibhadon and Fitzpatrick,
2013; Koe et al., 2019; You et al., 2019; Zhang et al., 2019). We
recommend that a combination of methods is essential to achieve
superior catalytic properties of photoactivity, stability, and ease of
recovery; these methods include metal-nonmetal doping,
construction of a heterojunction interface with a second
semiconductor, and immobilization on a stable porous support.

The large-scale application of the proposed visible light active
Titania for irrigation water is plausible, however, there still
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remain many challenges to bring this into application. One of the
primary challenges is that the efficiency of these photocatalytic
systems in large scale applications remains limited due to various
reasons. One of these is the low and non-uniform light
transmission into the catalyst surface (Tong et al., 2012). This
limitation can be overcome by optimizing the various
components of the reaction medium including the
photocatalyst, the light illumination, and the reactor design to
develop a commercial system for irrigation water treatment (Li
and Shi, 2016). Moreover, further research is required to enhance
the activation of the photocatalyst over a wide range of
wavelengths, including the visible light region. It is also
necessary to improve the overall mineralization and quantum
efficiencies and the ease of recyclability and reusability of these
photocatalysts (Tong et al., 2012). A complete mineralization of
the toxic organic compounds is essential to minimize the
formation of byproducts, which in some cases could be more
toxic than the initial pollutant (Section 4.1) (Calvete et al., 2019).
Most of the studies discussed in this review lacked toxicity
assessments of intermediate photoproducts. We recommend
that researchers conduct toxicity studies along with studies of
catalyst performance.

In addition, it is worth noting that most research on the
modification of Titania and other semiconductors for AB
degradation utilize laboratory-scale reactors containing
synthetic solutions of antibiotics in distilled water rather than
in real wastewater irrigation samples. However, the observed
catalyst efficiency in these laboratory systems is an overestimate
and does not reflect the real-world efficiency of the catalyst in
contaminated water samples. Similarly, catalyst recovery in
large-scale applications is expected to be more challenging
than it is in small-scale laboratory experiments (Li R. et al.,
2020).

To conclude, we recommend that further research is needed to
bring Titania-based photocatalytic degradation of ABs into large
scale application. An efficient and easily recyclable catalyst system
should be coupled with an optimum reactor design and adequate
light source to guarantee a feasible large scale application.

As for the impact on humans, we conclude that human
consumption of AB-contaminated water and edible crops leads
to health risks because it can potentiate antibiotic resistance in
human pathogens. A clear assessment of the risks imposed by

antibiotic contaminants on human health is lacking. The
ecotoxicological effects of using antibiotic-contaminated
irrigation water and/or animal manure fertilizer have not been
fully investigated and understood. This would require a clear
understanding of the physiochemical properties of the
antibiotics in the soil and the mechanisms of their translocation
and bioaccumulation in plants (Pan and Chu, 2017). Field studies
are required to accurately assess antibiotic uptake by various crops
under different environmental conditions, and the impacts of
antibiotic bioaccumulation in these plants (Pan and Chu, 2017).

Well-defined dietary studies are urgently needed to evaluate
the impact of consumption of antibiotic-contaminated crops
from real-world fields on human health (Pan and Chu, 2017).
These studies should include participants of different ages
consuming different edible crops planted in soil treated with
different concentrations of animal manure and irrigated with
antibiotic-containing wastewater.
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