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a b s t r a c t
The presence of drugs has alarmed about the impending hostile effects of drugs on community 
health and the water ecosystem. The common sources for drug contamination in water are either 
from human consumption, their partial metabolization, and improper disposal of unused expired 
drugs. Besides, veterinaries, pharmaceutical plants, hospital wastes also contribute to water pollu-
tion. The other sources of drug pollution are dairies, animal husbandry, animal excreta, poultry, and 
community waste. The pharmaceutical waste can reach the freshwater, thus effecting the drinking 
water, which in turn can be lethal to the aquatic ecosystem. The drugs contaminating the water are 
necessary to be detected initially and controlled or eliminated accordingly. Ozonation and advanced 
oxidation processes have been effectively used to degrade different drugs. The metal nanoparticles 
as nanocatalyst can be effective in converting drug contaminants to less or non-harmful products 
via catalytic degradation. The eradication of drugs from contaminated water bodies by conventional 
management technologies has been extensively flourished but the sustainable degradation approach 
is highly encouraged. Based on the recent advances presented in the literature obtained from differ-
ent search engines, we here in report the current scenario about the presence of drug contaminants 
in water, and various alternatives opted for degradation of drugs. Furthermore, the use of metal 
nanoparticles can add up new dimensions to control this challenging pollution. 
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1. Introduction

The consumption of drugs has been extensively increased 
worldwide in the past few decades. A relatively huge vol-
ume of copious recommended and non-recommended 
drugs has been consumed annually all over the globe for 
the treatment of humans as well as for animal complaints. 

These drugs cover antipyretics, antibiotics, analgesics, anti-
depressants, blood lipid regulators, chemotherapeutic agents, 
and contraceptives [1,2]. 

Apart from the medical uses, the drugs have a wide range 
of agricultural and livestock applications [3]. The wastewa-
ters such as excretion, surfeit water from animal feeding 
operations, effluents from hospitals, and pharmaceutical 
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industries are the main sources of drugs [4]. The inappro-
priate dumping of unutilized and outdated drugs into the 
domestic wastewaters or in landfills forthwith, accidental 
leaks at the time of manufacturing, and supply are some 
of the other key sources responsible for the contamination 
of the aquatic environment [5]. These waters then pass into 
sewage treatment plants where the metabolized and un-me-
tabolized drugs along with further organic and inorganic 
matters in wastewater are laterally treated. But some of these 
drugs could not be entirely eradicated from the sewage treat-
ment plants thus, leaving behind some of its components in 
those plants and also in the surface and ground waters [6]. 

The crucial bacterial processes are disrupted by these 
drug residues in surface water, which in turn prove hazard-
ous to soil fertility, animal production, and a proper balance 
in the aquatic environment. Even a minute quantity of drug 
residues present in the water bodies found to be a major 
global challenge faced for assessing water quality because of 
its noxious impact over the aquatic habitats. Moreover, con-
cerns have grown as they may even pass into streams, rivers 
and groundwater before reaching to the food chain. There is a 
chance of developing microbial resistance as these tenacious 
compounds may exercise selective pressure on the microor-
ganisms [7–9]. The situation turns to worse if the intestinal 
bacteria become drug-resistant, grown in huge numbers, and 
developed into super-bugs, the infections triggered by these 
bacteria may be fatal for the immedicable reasons. It would 
be a major threat to the global human population [10].

Several standard wastewater management processes 
such as adsorption, filtration, oxidation, and combined 
systems have been used so far but still could not cope up 
with some of the limitations viz., toxic by-products, the 
lack of proper treatment, low removal efficiency and rela-
tively high operational costs. Hence, there is an instanta-
neous need to upgrade the latest treatment technologies to 
degrade and remove pharmaceutical residues from waste-
water and also to provide a solution for neutralizing the drug 
contaminants [11]. 

In the past few years, advanced methods in ozonation 
and oxidation paths have been described in the literature 
for the removal and degradation of drug residues from the 
aqueous solution. These approaches encompass photocat-
alytic ozonation, non-thermal dielectric barrier discharge, 
photocatalytic oxidation, generation of active, non-selective, 
and unstable oxidizing species analogous to hydroxyl radi-
cals that oxidize majority of the organic pollutants existing 
in the water. All these methods proved to be fruitful and 
boosting for the deduction of drug pollutants present in 
aquatic bodies [12].

The advances in nanotechnology have been used to gen-
erate materials of nanoscale size effectively used against 
the treatment of pollutants of different origins [13,14]. The 
focus on nanoparticles as nanocatalyst is one of the achieve-
ments [15]. The selective mediation of chemical transforma-
tions and improved reactivity of nanoparticles make them 
highly efficient heterogeneous catalysts, robust, green, and 
involve safe materials. Similarly, nanoparticles produced via 
environmentally safe and green biosynthesis approach have 
also been efficaciously used for the degradation of various 
organic dyes [16]. Hence, their extraordinary high surface-
to-mass ratio and shape-dependent properties and their 

ability to increase surface catalytic activity have lead nano- 
catalysts such as zero-valent metals, semiconductor mate-
rials, and bimetallic nanoparticles to be utilized widely in 
water treatment. They can even improve the degradation of 
environmental contaminants such as pesticides, halogenated 
herbicides, azo dyes, polychlorinated biphenyls, and nitroar-
omatics. The catalytic activities have been confirmed on a 
large scale for several contaminants [17]. Research works on 
various metal nanoparticles such as photo-catalyst in photo- 
catalytic degradation for the exposures of the reactions to 
various wavelengths of light sources has been reported by 
Bhatt et al. [16]. 

Therefore, this review provides insight into drug con-
tamination, ecotoxicity and human health risk, detection and 
analysis, characterization and control measures of drugs in 
water. Furthermore, the methods for drug degradation in 
contaminated water by using nanoparticles as one of the 
sustainable approaches have been documented.

2. Sources of drugs

Drugs have been found in different environmental 
samples [18]. There are different probable sources and routes 
for the existence of drug residues in the water bodies. The 
consumption of numerous prescription and non-prescrip-
tion drugs for healthcare at households, hospitals, and clin-
ics stands as one of the foremost drug sources. The other 
eminent source of drugs is from partial metabolization 
and excreta, unused, surplus, and expired drugs [19,20]. 
Apart from veterinaries, pharmaceutical plants, hospital 
wastes, some of the other important sources of drug pollu-
tion are dairies, animal husbandry, animal excreta, poultry, 
and community waste [21,22]. Recently, the application of 
drugs has found a place in the agricultural field, for enhanc-
ing animal husbandry, poultry, bee-keeping, and aquacul-
ture [23] that pollute the ecosystem through the excretion 
of under- utilized antibiotic and its metabolites from the 
bodily waste. Besides, domestic and industrial effluents, 
the pharmaceutical industries add ominously in total drug 
concentration in the backwater of the wastewater treatment 
plant [24]. The improper discarding of unused and expired 
drugs dumped in landfills also can be reflected as key 
sources of pollution [5]. The overflow from urban centers, 
fish farms, irrigation with treated domestic water, and fer-
tilizing livestock manure are some of the other sources that 
introduce the drugs into the ecosystem [10].

The use of these drugs could not be rejected for its 
demand for the ever-growing population. But one can 
put check over their release into the environment as they 
might enter into the surface and ground waters and would 
become a threat to social health, weather, and water eco-
system. Several drug residues found to be non-biodegrad-
able and resistant to traditional wastewater management 
methods [25–28]. 

The manifestation of drug residues in wastewater man-
agement plant was reported by Richardson and Bowron 
[29], Kümmerer [30], and Debska et al. [31] had anticipated 
these substances as easily biodegradable in the ecosystem 
as most of them are capable of being metabolized and con-
verted to some extent in the human body but in contrast, 
a majority of recent literature studies have confirmed the 
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existence of these drug residues in the water ecosystem 
[29,30]. In different countries, such as Germany, Switzerland, 
the Netherlands, Canada, Spain, Italy, Brazil, and the United 
States, many drugs are found in wastewater management 
plant effluents and surface waters [32–41].

The spotted drug residues in domestic water manage-
ment plant effluents and surface water comprised antibiot-
ics, painkillers, anticonvulsants, lipid regulators, cytostatic 
drugs, hormones, antihistamines, X-ray contrast media and 
beta-blockers in the concentration range of ng/L to mg/L. 
Whereas numerous polar drug residues and metabolites viz, 
diclofenac, sulfamethoxazole, carbamazepine, amidotrizoic 
acid have been noticed at about 1 mg/L concentration in the 
samples of groundwater [42–44].

Hence, it is has been reported that effluents from waste-
water management plants might get released into surface 
water, and then to groundwater; finally the compounds 
enter the aquatic environment. Sometimes, the biologically 
treated domestic water may be treated again for innumerable 
applications including portable re-use.

3. Drug contamination in drinking water, ecotoxicity, 
and human health risk

The pharmaceutical waste from wastewater manage-
ment plants can reach to groundwater through surface 
water [45]. Occasionally, the biologically treated domestic 
water is retreated for the production of various reclaimed 
waters for other commitments along with re-using pur-
pose [6]. The progression of resistance may occur as these 
persistent drug residues might exercise selective pressure 
over microorganisms [46]. According to Mutiyar and Mittal 
[47], drugs get assorted with freshwater sources by way of 
soil erosion and rains. Le Page et al. [48] have stated the 
detection of antibiotics frequently in surface water and 
wastewater at a concentration range of 0.01 and 1.0 μg/L. 
Therefore, it is evident that antibiotic residues had reached 
drinking water sources. Macrolides, chloramphenicol, and 
sulfonamides are some of the drugs identified in drink-
ing water with maximum concentrations whereas; detec-
tion frequencies of ciprofloxacin exhibit the value up to 
679.7 ng/L as highest concentration level [49]. Drugs such 
as fluoroquinolones, sulfamethoxazole, macrolides, sul-
fonamides, lincomycin, beta-lactams, and trimethoprim 
with a concentration range up to 35,500 ng/L have found 
to be present in the hospital effluents of many develop-
ing countries [50]. The occurrence of other types of drugs, 
such as anticonvulsants and analgesics in drinking water, 
is a strong global health concern. Subsequently, the long-
term health hazards by the acquaintance to trace drug 
residues and their metabolites are still unknown. Hence, 
the mixture of biologically active compounds and its pres-
ence in drinking water should be evaded particularly as a 
preventative measure [51,27].

The risk linked with drug contamination of the aquatic 
ecosystem is a global challenge. The problem of drug resis-
tance is rising rapidly in developing countries owing to dif-
ferent concerns, for example, improper standards for drug 
prescription and irregular monitoring. The pharmaceuticals 
comprising of cytostatic agents, genotoxic antibiotics, and 
immunosuppressive drugs possess cytotoxic, mutagenic, 

embryo-toxic, and carcinogenic properties. Drugs are the 
chemical substances associated with therapeutic action but 
certain ecological and public health hazards can be foreseen 
from their introduction to the environment. Some catego-
ries of drugs are harmful to plants, phytoplankton, crusta-
ceans, microorganisms, fish, insects soil microorganisms, and 
equally humans [6]. Drugs such as macrolides, fluoroquino-
lones, and tetracyclines are nondegradable and found to be 
tenacious in the ecosystem [52]. Sarafloxacin has been used 
to treat poultry infection that binds toughly to soil; so, it is 
necessary to detect further isoforms that persist in the soil to 
check the toxicity level of new pollutants [53]. Virginiamycin, 
a food supplement utilized to enhance the growth of ani-
mals and is found in the dung of treated animals which 
even find its application in fertilization and because of its 
soil binding capacity [54], it pollutes the water supply and 
its exposure provides resistance to the soil microbiota [55].

4. Detection, analysis, and characterization of 
drugs in contaminated water

To eradicate the drug pollutant in contaminated water, 
drug detection and analysis are pre-requisite steps and have 
been reported by various researchers. The chemical and 
structural properties of drugs and their abiotic conversions 
are responsible for the determination of their existence in 
the ecosystem [56,57]. A study by Barancheshme and Munir 
[58] stated the detection of trimethoprim, ofloxacin, and 
sulfamethoxazole in influents as well as effluents of sew-
age treatment plants. Pamreddy et al. [59] demonstrated 
analytical methods to quantify sulfonamides, tetracyclines 
in wastewater, and also worked on tetracyclines extraction. 
Neves et al. [60] used ultrasonic aided extraction technology 
to extract antibiotics from solid samples. The other meth-
ods include microwave supported extraction process, fast-
tracked solvent extraction process [61] and their strength 
was long-established by liquid chromatography [62] and 
mass spectroscopy or tandem mass spectroscopy [63]. 
Antibiotics ranging from a few hundred to several thousand 
ng/L can be spotted in sewage water by high-performance 
liquid chromatography-mass spectrometry (HPLC-MS/MS) 
[64]. High-performance liquid chromatography (HPLC) is 
the familiar and well-established chromatography technique 
utilized for the separation of contaminations in the case of 
liquid sample. Wang et al. [65] have detected and extracted 
virginiamycin in soil samples using HPLC. Tetracyclines 
turn fluorescent when reacted with magnesium ion, the 
fluorescence is exaggerated with the addition of a base, that 
is, sodium hydroxide, and hence can be used for antibiotic 
detection [3]. The drug concentration can be identified using  
UV-vis spectrophotometer. The degradation products of 
drugs can be analyzed by using high-performance liq-
uid chromatography-mass spectrometry (HPLC-MS) with 
Agilent HPLC/Q-TOF MS in strument (Erciyes University, 
38280, Talas, Kayseri, Turkey) [11]. The equipment used C18 
analytical column along with a mobile phase of methanol and 
deionized water to degrade drugs [11]. Decomposition prod-
ucts and possible reaction mechanisms can be easily analyzed 
using general analytical techniques such as liquid chroma-
tography-mass spectrometry (LC-MS), high- performance 
liquid chromatography (HPLC), and nuclear magnetic 
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resonance spectroscopy [66]. Gharbani and Mehrizad [67] 
measured 4-chloro-2-nitrophenol by using HPLC with a 
Spherisorb ODS-3 of (5 μm, 150 mm × 4.6 mm i.d) column, 
and UV absorbance detector at a wavelength of 234 nm in 
basic and neutral solution and 219 nm in acidic solution. 
The pH of a solution was measured with pH meter. A total 
organic carbon analyzer was used to ensure the release of 
inorganic carbon from the solution as CO2. Yi et al. [68] quan-
tified the concentration of diclofenac by a high-performance 
liquid chromatography equipped with a C18 column and a 
UV detector at 35°C and a wavelength of 275 nm. They also 
used HPLC-MS/MS to identify degradation intermediates 
and mass spectrometer with electrospray ionization (ESI) 
source to obtain mass spectra data in the negative ion mode 
by scanning from m/z 100–400. Yi et al. [68] analyzed the 
degradation products of diclofenac by LC-MS/MS at various 
irradiation doses. According to Regmi et al. [69], to iden-
tify the exact mass, HR-QTOF ESI/MS analysis was carried 
out in a negative-ion mode using different column systems. 

5. Control measures for drug contaminations 
and drug degradation

It is necessary to treat and eliminate hazardous drug res-
idues and other solid waste from sewage water in a proper 
way. Wastewater treatment is an important phase to keep 
the aquatic environment out of pharmaceuticals. Some of the 
drug components could not be removed effectively; hence, 
there is a need for advancement and alteration in methods to 
address this problem. Larsen et al. [70] and Jones et al. [20] 
suggested the traditional end-of-pipe approach that could be 
expensive and might not be a practicable choice.

As the traditional wastewater management practices 
could not meet the need, there arose a need for the intro-
duction of advanced techniques. These technologies include 
membrane filtration such as nanofiltration, reverse osmosis 
[19,71–73] advanced oxidation, ozonation, activated carbon 
adsorption processes [74], chemical oxidation by ozone, 
ozone/hydrogen peroxide [75,76], activated carbon adsorp-
tion, and reverse osmosis [76,71]. The latter two processes 
are suitable only for the management of clean surface water 
and groundwater with fewer background pollutants such 
as natural organic matter. These physical water manage-
ment methods seek the dumping of wastes such as spent 
activated carbon generated and membrane retentive while 
treating the wastewater. The activated carbon adsorption 
has a restricted ability to get rid of polar organic compounds 
owing to its removal mechanism of hydrophobic interactions 
[51] whereas, a lot of drug compounds and its metabolites are 
found to be polar. On the other hand, chemical oxidation, for 
instance, advanced oxidation and ozonation processes are 
considered as a more appropriate treatment method opted 
for drug residues found in wastewater, surface water as well 
as groundwater. The ozonation and advanced oxidation 
methods are introduced before and after feasible biologi-
cal treatment as the chemical or photochemical oxidation 
is less toxic, allows more biodegradation of xenobiotics, 
and improves the degradation in the succeeding treatment 
process and the ecosystem [77]. 

The drugs present in freshwater and wastewater can 
be eliminated completely either by mineralization or by 

converting them into less harmful products for human 
health and aquatic ecosystem [77]. Ozonation and vari-
ous advanced oxidation processes namely photocatalytic 
non-thermal dielectric barrier discharge, ozonation, and pho-
tocatalytic oxidation have been tested for the non- steroidal 
anti-inflammatory drug degradation [12]. The ability of 
a method to remove a particular drug is interconnected to 
its chemical structure [78], and the insufficient degradation 
procedure can be a risk to environmental balance [79]. The 
advanced oxidation routes for the degradation and exclusion 
of drug residues from the aqueous solution is found to be 
efficacious and promising for the elimination of drug con-
taminants. It takes in the generation of active, non-selective 
oxidizing and unstable species viz., hydroxyl radical that is 
capable of oxidizing most of the organic pollutants present 
in water [80,81]. The halogenated drugs and nitro intermedi-
ates can get blocked in the single oxidative system, and hence 
for a complete mineralization, the introduction of potent 
oxidation species is a necessity [82,83].

The electrochemical advanced oxidation process is an 
efficient way to degrade antibiotics, electro-Fenton process 
for the degradation of levofloxacin drug [82,84,85], and tri-
methoprim drug was reported to be degraded by photoelec-
tro-Fenton and solar photoelectro-Fenton processes [86–89]. 
Methanol, a universal solvent of tetracyclines is used for its 
detection and can enhance the degradation of tetracycline 
molecules [90].

The tremendous effort by researchers has been reported 
to degrade diclofenac by various methods such as sonolysis, 
ozonation, and their combined application [91–95], electron 
beam technology [96], UV/H2O2 [97], Fenton and photo- 
Fenton [98–100], photolysis and photocatalytic degrada-
tion, photocatalytic ozonation, pulsed corona, and dielectric 
barrier discharge [101–109]. Ibuprofen has been degraded 
by several oxidation processes including photolysis [110], 
ozonation [111], electron beam irradiation [112], sonoly-
sis and sonocatalytic degradation [113,114], Fenton and 
photo-Fenton oxidation [115,116], and non-thermal plasma 
[117,118–120].

The bioelectrochemical system involving redox reactions 
can be used to reduce the antibiotic pollution involving the 
action against antibiotic resistance genes and antibiotic resis-
tance-carrying bacteria [57]. But, due to the large-scale abun-
dance of oxygen in the environment, oxidation is considered 
as the typical and dynamic path for antibiotic degradation 
while photolysis is another imperative mechanism used for 
antibiotic degradation [121]. 

6. Metal nanoparticles for catalytic degradation of drugs

Nanomaterials are widely used for the removal of 
drugs by adsorption, filtration, and photocatalysis. Nowadays 
research is focusing on the use of metal nanoparticles to cata-
lyze drugs. Iron (Fe) nanoparticles are often used in the deg-
radation process because they usually possess a core-shell 
structure and several degradation paths occur within its core-
shell structure [15]. The oxidization of the metallic core-shell 
leads to the formation of iron oxyhydroxide and iron oxide 
nanoparticles. The removal mechanism is based upon different 
mechanisms such as strong oxidizing agents followed by dif-
fusion within the core-shell layers and encapsulating the core 
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Table 1
Metal catalyst used for drug degradation

Drug name Degradation method Metal catalyst Reference

4-Chloro-2-nitrophenol Heterogeneous catalytic ozonation ZnO [67]
Diclofenac Photocatalytic oxidation

Photocatalytic ozonation
S-TiO2

TiO2

[68]
[129]

Ceftriaxone Electrochemical oxidation RuO2-TiO2/Nano-G composites [130]
Tetracycline •OH-mediation oxidation

Ozonation
US/ZnO/NC [131]

[49]
Ibuprofen Photocatalytic hydroxylation and 

decarboxylation
US/EC degradation or sonoelectro-oxidation
Oxidative degradation
Solar photo-Fenton

N-doped BiVO4

Pd@Fe3O4

Fe3C/NC 
Fe: ethylenediamine-disuccinic acid (1:2)

[69]

[126]
[132]
[133]

Amoxicillin Heterogeneous photocatalytic acidic hydrolysis 
Fenton and photo-Fenton
Photocatalytic ozonation

Fe3+-TiO2-N,C
Potassium ferrioxalate
TiO2

[134]
[135]
[129]

5-Fluorouracil Solar photo-Fenton Fe3+/S2O8 [136]
Sulfamethoxazole Solar photo-Fenton Fe: ethylenediamine-disuccinic acid (1:2) [133]
Carbamazepine Solar photo-Fenton

Photocatalytic oxidation
Fe: ethylenediamine-disuccinic acid (1:2)
TiO2

[133]
[137,138]

Flumequine Solar photo-Fenton Fe: ethylenediamine-disuccinic acid (1:2) [133]
Streptomycin Heterogeneous photocatalytic alkaline hydrolysis Fe+3-TiO2,N,C [134]
Levofloxacin Electro-Fenton process Pd–Fe3O4 [127]
Ciprofloxacin Photocatalytic degradation

Photo-Fenton
ZnO 
Iron citrate, iron oxalate and iron nitrate

[128]
[139]

Dicloxacillin Photocatalytic oxidation TiO2 [140]
Aspirin Photocatalytic oxidation TiO2 P25 [141]
Paracetamol Photocatalytic oxidation TiO2 P25 [141]

area while, reduction pathways at core-shell area being carried 
out via adsorption, sorption, and encapsulation process at 
the oxide layer. Co-operative effects of reduction, sorption, 
and encapsulation mechanisms result in quick reactions and 
extraordinary treatment competences for several contami-
nants [122]. Kerkez-Kuyumcu et al. [15] applied magnetic 
Fe3C nanoparticles implanted on N-doped carbon (Fe3C/NC) 
catalyst for the degradation of ibuprofen.

Metal ions such as cobalt, cadmium, zinc [123], copper, 
and mercury [124] are known to degrade cephalosporin and 
penicillin by helping in β-lactam ring-opening and catalyz-
ing the inactivation rate through the formation of intermedi-
ate complexes with cephalosporin and penicillin. 

Fan et al. [125] reported aromatic ring decomposition of 
cefradine by the TiO2/hn process employing a continuous 
aeration in presence of radiation from 30-W UV lamp. The 
formation of resulting compounds containing carboxyl and 
amino groups was confirmed by spectroscopic techniques. 
Furthermore, the cefradine decomposition was enhanced 
by adding hydrogen peroxide in the system as a result of 
hydroxyl radical production via photodecomposition of 
hydrogen peroxide. 

Thokchom et al. [126] utilized a hybrid sono-electrolytical 
treatment system and Pd@Fe3O4 to degrade an emerging 
drug micro-pollutant, ibuprofen. The electro-Fenton pro-
cess was catalyzed by Pd-Fe3O4 using a graphite cathode 

and a dimensionally stable anode for the degradation of tri-
methoprim and levofloxacin antibiotics via oxidation [127]. 
El-Kemary et al. [128] reported the investigation of photo-
degradation of ciprofloxacin drug using ZnO nano particle 
as a photocatalyst, in UV light irradiation under aqueous 
solutions at varying pH levels; some recent nano particles 
used as metal catalysts are summarized in Table 1.

7. Conclusion and future perspective

The extensive use of pharmaceutical drugs is a leading 
cause of their accumulation in the environment. This envi-
ronmentally threatening issue has been reported by different 
researchers by providing reports of increasing numbers of 
drugs detected in potable water, river water, seawater, waste-
water, and also in treated wastewater. There is an immedi-
ate requirement to discover other potential inexpensive and 
easy handling treatment methods for effective removal and 
degradation of these drug residues from a relatively large 
volume of effluents. Apart from ozonolysis and oxidation 
methods, a paradigm shift towards nanotechnology can 
open up new avenues for the treatment of drug residues. 
The development of selective metal nanocatalyst can be a 
good alternative owing to their size and surface phenomenon 
properties. Currently, many green synthetic approaches have 
been adopted for developing various metal nanocatalyst for 
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the degradation of specific contaminants found in water. 
Similarly, the drugs can be either eliminated or degraded by 
nanocatalyst. The degraded products can be characterized by 
various spectroscopic techniques to establish the degrading 
pathway and determine the structure of resulted products. 
Thus, a paradigm shift is needed either to modify the current 
technology or develop an economical and green nanocatalyst 
that can effectively eliminate drug-based contaminants.

Acknowledgment

The first author is thankful to Center for Academic 
Management and Quality, Universiti Malaysia Terengganu 
for providing support via postgraduate student incentive 
scheme (PSIS).

References
[1] H.K. Khan, M.Y.A Rehman, R.N. Malik, Fate and toxicity of 

pharmaceuticals in water environment: an insight on their 
occurrence in South Asia, J. Environ. Manage., 271 (2020) 
111030.

[2] W. Phasuphan, N. Praphairaksit, A. Imyima, Removal of 
ibuprofen, diclofenac, and naproxen from water using chitosan-
modified waste tire crumb rubber, J. Mol. Liq., 294 (2019) 
111554.

[3] M. Kumar, S. Jaiswal, K.K Sodhi, P. Shree, D.K. Singh, 
P.K. Agarwal, P. Shukla, Antibiotics bioremediation: per-
spectives on its ecotoxicity and resistance, Environ. Int., 
124 (2019) 448–461.

[4] Y. Luo, W. Guo, H.H. Ngo, L.D. Nghiem, F.I. Hai, J. Zhang, 
X.C. Wang, A review on the occurrence of micropollutants in 
the aquatic environment and their fate and removal during 
wastewater treatment, Sci. Total Environ., 473–474 (2014) 
619–641. 

[5] A. Akici, V. Aydin, A. Kiroglu, Assessment of the association 
between drug disposal practices and drug use and storage 
behaviors, Saudi Pharm. J., 26 (2018) 7–13.

[6] I. Keisuke, J.N. Naeimeh, M.G. El-Din, Degradation of Aqueous 
pharmaceuticals by ozonation and advanced oxidation 
processes: a review, Ozone: Sci. Eng., 28 (2006) 353–414.

[7] National Academies of Sciences, Engineering and Medicine, 
Environmental Chemicals, the Human Microbiome, and 
Health Risk: A Research Strategy, The National Academies 
Press, 2018.

[8] M. Qiao, G.-G. Ying, A.C. Singer, Y.-G. Zhu, Review of 
antibiotic resistance in China and its environment, Environ. Int., 
110 (2017) 160–172.

[9] J.L. Martinez, The role of natural environments in the 
evolution of resistance traits in pathogenic bacteria, Proc. 
Biol. Sci., 276 (2009) 2521–2530.

[10] B. Yujie, F. Caixia, H. Min, L. Lei, H. W. Ming, Z. Chunmiao, 
Human health risk assessment of antibiotic resistance associated 
with antibiotic residues in the environment: a review, Environ. 
Res., 169 (2019) 483–493.

[11] A.D. Derya, S.Y. Yalçın, D.Y. Dilek, Amoxicillin degradation 
using green synthesized iron oxide nanoparticles: kinetics and 
mechanism analysis, Environ. Nanotechnol. Monit. Manage, 
11 (2019) 100219.

[12] H.H.A. Kosar, M. Hans, M. Siegfried, K. Dieter, M. Detlev, 
K. Ibrahim, A. Mohammad, M. Rashid, Degradation of 
pharmaceutical diclofenac and ibuprofen in aqueous solution, 
a direct comparison of ozonation, photocatalysis, and non-
thermal plasma, Chem. Eng. J., 313 (2017) 1033–1041.

[13] B.D. Deshpande, P.S. Agrawal, M.K.N. Yenkie, S.J. Dhoble, 
Prospective of nanotechnology in degradation of waste water: a 
new challenges, Nano-Struct. Nano-Obj., 22 (2020) 100442.

[14] W. Zhang, Nanoscale iron particles for environmental 
remediation: an overview, J. Nanopart. Res., 5 (2003) 323–332.

[15] Ö. Kerkez-Kuyumcu, Ş.S. Bayazit, M.A. Salamb, Antibiotic 
amoxicillin removal from aqueous solution using magnetically 

modified graphene nanoplatelets, J. Ind. Eng. Chem., 36 (2016) 
198–205.

[16] C.S. Bhatt, B. Nagaraj, A.K. Suresh, Nanoparticles-shape 
influenced high-efficient degradation of dyes: comparative 
evaluation of nano-cubes vs nano-rods vs nano-spheres, J. Mol. 
Liq., 242 (2017) 958–965.

[17] P. Patanjali, R. Singh, A. Kumar, P. Chaudhary, Nanotechnology 
for water treatment: a green approach In green synthesis, 
characterization and applications of nanoparticles, 2019, 
pp. 485–512.

[18] E.M. Sarpong, G.E. Miller, Narrow-and broad-spectrum 
antibiotic use among US children, Health Serv. Res., 50 (2015) 
830–846. 

[19] T. Heberer, Occurrence, Fate, and Removal of Pharmaceutical 
Residues in the Aquatic Environment: A Review of Recent 
Research Data, Toxicol. Lett., 131 (2002) 5–17.

[20] O.A.H. Jones, N. Voulvoulis., J.N. Lester. Human 
Pharmaceuticals in Wastewater Treatment Processes, Crit. Rev. 
Environ. Sci. Technol., 35 (2005) 401–427. 

[21] A. Obayiuwana, A.Ogunjobi, M. Yang, M. Ibekwe, 
Characterization of bacterial communities and their antibiotic 
resistance profiles in wastewaters obtained from pharmaceutical 
facilities in Lagos and Ogun states, Nigeria, Int. J. Environ. Res. 
Public Health, 15 (2018) 1365.

[22] A. Pruden, D.J. Larsson, A. Amezquita, P. Collignon, 
K.K. Brandt, D.W. Graham, E. Topp, Management options for 
reducing the release of antibiotics and antibiotic resistance 
genes to the environment, Environ. Health Perspect., 121 (2013) 
878–885.

[23] B. Hong, Q. Lin, S. Yu, Y. Chen, Y. Chen, P. Chiang, Urbanization 
gradient of selected pharmaceuticals in surface water at a 
watershed scale, Sci. Total Environ., 634 (2018) 448–458.

[24] M. Harrabi, S.V.D. Giustina, F. Aloulou, S. Rodriguez-Mozaz, 
D. Barcelo, B. Elleuch, Analysis of multiclass antibiotic residues 
in urban wastewater in Tunisia, Environ. Nanotechnol. Monit. 
Manage., 10 (2018) 163–170.

[25] B.T. Ferrari, N. Paxéus, R.L. Giudice, A. Pollio, J. Garric, 
Ecotoxicological impact of pharmaceuticals found in treated 
wastewaters: study of carbamazepine, clofibric acid, and 
diclofenac, Ecotoxicol. Environ. Saf., 55 (2003) 359–370.

[26] N. Laville, S. Ait-Aissa, E. Gomez, C. Casellas, J.M. Porcher, 
Effects of human pharmaceuticals on cytotoxicity, EROD 
activity and ROS production in fish hepatocytes, Toxicology, 
196 (2004) 41–55. 

[27] O.A. Jones, J.N. Lester, N. Voulvoulis, Pharmaceuticals: a threat 
to drinking water, Trends Biotechnol., 23 (2005) 163–167.

[28] S.K. Khetan, T.J. Collins, Human pharmaceuticals in the aquatic 
environment: a challenge to green chemistry, Chem. Rev., 
107 (2007) 2319–2364. 

[29] M.L. Richardson, J.M. Bowron, The fate of pharmaceutical 
chemicals in the aquatic environment, J. Pharm. Pharmacol., 
37 (1985) 1–12. 

[30] K. Kümmerer, Drugs in the environment: emission of drugs, 
diagnostic aids and disinfectants into wastewater by hospitals 
in relation to other sources – a review, Chemosphere, 45 (2001) 
957–969.

[31] J. Debska, A. Kot-Wasik, J. Namieśnik, Fate and analysis of 
pharmaceutical residues in the aquatic environment, Crit. Rev. 
Anal. Chem., 34 (2004) 51–67.

[32] T.A. Ternes, Occurrence of drugs in German sewage treatment 
plants and rivers, Water Res., 32 (1998) 3245–3260.

[33] R. Hirsch, T. Ternes, K. Haberer, K.L. Kratz, Occurrence of 
antibiotics in the aquatic environment, Sci. Total Environ., 
225 (1999) 109–118.

[34] A. Putschew, S. Wischnack, M. Jekel, Occurrence of triiodinated 
X-ray contrast agents in the aquatic environment, Sci. Total 
Environ., 255 (2000) 129–134.

[35] B. Soulet, A. Tauxe, J. Tarradellas, Analysis of acidic drugs 
in Swiss wastewaters, Int. J. Environ. Anal. Chem., 82 (2002) 
659–667.

[36] A.C. Belfroid, A.V. Horst, A.D. Vethaak, A.J. Schafer, G.B.J. Rijs, 
J. Wegener, W.P. Cofino, Analysis and occurrence of estrogenic 
hormones and their glucuronides in surface water and waste 
water in The Netherlands, Sci. Total Environ., 225 (1999) 101–108.



237S.J. Anwar et al. / Desalination and Water Treatment 210 (2021) 231–239

[37] T.A. Ternes, M. Stumpf, J. Mueller, K. Haberer, R.D. Wilken, 
M. Servos, Behavior and occurrence of Estrogens in Municipal 
Sewage Treatment Plants—I. Investigations in Germany, 
Canada and Brazil, Sci. Total Environ., 225 (1999) 81–90. 

[38] I. Rodrı́guez, J.B. Quintana, J. Carpinteiro, A.M. Carro, 
R.A. Lorenzo, R. Cela, Determination of acidic drugs in sewage 
water by gas chromatography–mass spectrometry as tert-butyl-
dimethylsilyl derivatives, J. Chromatogr. A, 985 (2003) 265–274. 

[39] S. Castiglioni, R. Fanelli, D. Calamari, R. Bagnati, E. Zuccato, 
Methodological approaches for studying pharmaceuticals 
in the environment by comparing predicted and measured 
concentrations in river Po, Italy, Regul. Toxicol. Pharmacol., 
39 (2004) 25–32.

[40] J.E. Drewes, P. Fox, M. Jekel, Occurrence of iodinated X-ray 
contrast media in domestic effluents and their fate during 
indirect potable reuse, J. Environ. Sci. Health Part A-Toxic/
Hazard. Subst. Environ. Eng., 36 (2001) 1633–1645.

[41] D.W. Kolpin, E.T. Furlong, M.T. Meyer, E.M. Thurman, 
S.D. Zaugg, L.B. Barber, H.T. Buxton. Pharmaceuticals, 
hormones, and other organic wastewater contaminants in U.S. 
Streams, 1999–2000: a national reconnaissance, Environ. Sci. 
Technol., 36 (2002) 1202–1211.

[42] F. Sacher, F.T. Lange, H.J. Brauch, I. Blankenhorn, 
Pharmaceuticals in groundwaters—analytical methods and 
results of a monitoring program in Baden-Wurttemberg, 
Germany, J. Chromatogr. A, 938 (2001) 199–210.

[43] M. Clara, B. Strenn, N. Kreuzinger, Carbamazepine as a 
possible anthropogenic marker in the aquatic environment: 
investigations on the behaviour of carbamazepine in wastewater 
treatment and during groundwater infiltration, Water Res., 
38 (2004) 947–954.

[44] J.D. Cahill, E.T. Furlong, M.R. Burkhardt, D. Kolpin, 
L.G. Anderson, Determination of pharmaceutical compounds 
in surface- and ground-water samples by solid-phase extraction 
and high-performance liquid chromatography-electrospray 
ionization mass spectrometry, J. Chromatogr. A, 1041 (2004) 
171–180. 

[45] S.K. Korada, N.S. Yarla, S. Putta, A.S. Hanumakonda, 
D.B. Lakkappa, A. Bishayee, L. Scotti, M.T. Scotti, G. Aliev, 
M.A. Kamal, D.-Y. Lu, M.B.Y. Aycan, R. Reggi, M. Palmery, 
G. Ashraf, T. Alexiou, I. Peluso, Chapter 1 – A Critical Appraisal 
of Different Food Safety and Quality Management Tools to 
Accomplish Food Safety, A.M. Grumezescu, A.M. Holban, Eds., 
Food Safety and Preservation: Modern Biological Approaches 
to Improving Consumer Health, Elsevier, 2018, pp. 1–12.

[46] B. Kim, H.B. Pang, J. Kang, J.H. Park, E. Ruoslahti, M.J. Sailor, 
Immunogene therapy with fusogenic nanoparticles modulates 
macrophage response to Staphylococcus aureus, Nat. Commun., 
9 (2018) 1969.

[47] P.K. Mutiyar, A.K. Mittal, Risk assessment of antibiotic residues 
in different water matrices in India: key issues and challenges, 
Environ. Sci. Pollut. Res., 21 (2014) 7723–7736. 

[48] G. Le Page, L Gunnarsson, J. Snape, C.R. Tyler, Integrating 
human and environmental health in antibiotic risk assessment: 
a critical analysis of protection goals, species sensitivity and 
antimicrobial resistance, Environ. Int., 109 (2017) 155–169.

[49] Q.-J. Wang, C.-H. Mo, Y.-W. Li, P. Gao, Y.-P. Tai, Y. Zhang, 
Z.-L. Ruan, J.-W. Xu, Determination of four fluoroquinolone 
antibiotics in tap water in Guangzhou and Macao, Environ. 
Pollut., 158 (2010) 2350–2358.

[50] V.D. Meena, M.L. Dotaniya, J.K. Saha, A.K. Patra, Antibiotics 
and antibiotic resistant bacteria in wastewater: impact on 
environment, soil microbial activity and human health, 
Afr. J. Microbiol. Res., 9 (2015) 965–978. 

[51] S.A. Snyder, P. Westerhoff, Y. Yoon, D.L. Sedlak, Pharmaceuticals, 
personal care products, and endocrine disruptors in water: 
implications for the water industry, Environ. Eng. Sci., 20 (2003) 
449–469. 

[52] P. Grenni, V. Ancona, A.B. Caracciolo, Ecological effects of 
antibiotics on natural ecosystems: a review, Microchem. J., 
136 (2018) 25–39.

[53] I. Lysnyansky, I. Gerchman, I. Mikula, F. Gobbo, S. 
Catania, S. Levisohn, Molecular characterization of 

Enrofloxacin-acquired-resistance in mycoplasma synoviae field 
isolates, Antimicrob. Agents Chemother., 57 (2013) 3072–3077.

[54] R.P. Tasho, J.Y. Cho, Veterinary antibiotics in animal waste, its 
distribution in soil and uptake by plants: a review, Sci. Total 
Environ., 563 (2016) 366–376. 

[55] E. Radu, M. Woegerbauer, M. Oismüller, N. Kreuzinger, 
Impact of Antibiotics of Anthropogenic Origin on Bacterial 
Soil Communities in Agricultural Ecosystems, International 
Symposium The Environment and the Industry, Simi 2017, 
Proceedings Book 2017.

[56] C. Bouki, D. Venieri, E. Diamadopoulos, Detection and fate of 
antibiotic resistant bacteria in wastewater treatment plants: a 
review, Ecotoxicol. Environ. Saf., 91 (2013) 1–9.

[57] W. Yan, Y. Xiao, W. Yan, R. Ding, S. Wang, F. Zhao, The effect 
of bioelectrochemical systems on antibiotics removal and 
antibiotic resistance genes: a review, Chem. Eng. J., 358 (2018) 
1421–1437.

[58] F. Barancheshme, M. Munir, Strategies to combat antibiotic 
resistance in the wastewater treatment plants, Front. Microbiol., 
8 (2018) 2603.

[59] A. Pamreddy, M. Hidalgo, J. Havel, V. Salvadó, Determination 
of antibiotics (tetracyclines and sulfonamides) in biosolids by 
pressurized liquid extraction and liquid chromatography–
tandem mass spectrometry, J. Chromatogr. A, 1298 (2013) 
68–75.

[60] M.A. Neves, G.S. Silva, N.M. Brito, K.C.M. Araújo, E.P. Marques, 
L.K. Silva. Aqueous ultrasound-assisted extraction for the 
determination of fluoroquinolones in Mangrove sediment by 
high-performance liquid chromatography and fluorescence 
detector, J. Braz. Chem. Soc., 29 (2018) 24–32.

[61] E.S.S. Abdel-Hameed, M.S. Salman, M.A. Fadl, A. Elkhateeb, 
M.A. El-Awady, Chemical composition of hydrodistillation and 
solvent free microwave extraction of essential oils from Mentha 
piperita L. growing in Taif, Kingdom of Saudi Arabia, and their 
anticancer and antimicrobial activity, Orient. J. Chem., 34 (2018) 
222–233.

[62] S.J. Lehotay, A.R. Lightfield, Simultaneous analysis of 
aminoglycosides with many other classes of drug residues 
in bovine tissues by ultrahigh-performance liquid chromato-
graphy–tandem mass spectrometry using an ion-pairing 
reagent added to final extracts, Anal. Bioanal. Chem., 410 (2018) 
1095–1109.

[63] K. Sparbier, S. Schubert, U. Weller, C. Boogen, M. Kostrzewa, 
Matrix-assisted laser desorption ionization–time of flight 
mass spectrometry-based functional assay for rapid detection 
of resistance against β-lactam antibiotics, J. Clin. Microbiol., 
50 (2012) 927–937.

[64] L. Li, C. Guo, S. Fan, J. Lv, Y. Zhang, Y. Xu, J. Xu, Dynamic 
transport of antibiotics and antibiotic resistance genes under 
different treatment processes in a typical pharmaceutical 
wastewater treatment plant, Environ. Sci. Pollut. Res., 30 (2018) 
1–8.

[65] X. Wang, M. Wang, K. Zhang, T. Hou, L. Zhang, C. Fei, T. Hang, 
Determination of virginiamycin M1 residue in tissues of swine 
and chicken by ultraperformance liquid chromatography 
tandem mass spectrometry, Food Chem., 250 (2018) 127–133.

[66] B.M. Peake, R. Braund, L.A. Tremblay, A.Y.C. Tong, Degradation 
of Pharmaceutical in Wastewater, In The Life-Cycle of 
Pharmaceuticals in the Environment, Elsevier, 2016, p. 153.

[67] P. Gharbani, A. Mehrizad, The effect of pH on nanosized 
ZnO catalyzed degradation of 4-Chloro-2-Nitrophenol via 
ozonation, Int. J. Nanosci. Nanotechnol., 8 (2012) 121–126.

[68] C. Yi, Q. Liao, W Deng, Y. Huang, J. Mao, B. Zhang, G. Wu, 
The preparation of amorphous TiO2 doped with cationic S and 
its application to the degradation of DCFs under visible light 
irradiation, Sci. Total Environ., 684 (2019) 527–536.

[69] C. Regmi, Y.K.K. Shetri, T. Kim, D. Dhakal, S.W. Lee, Mechanistic 
understanding of enhanced photocatalytic activity of N-doped 
BiVO4 towards degradation of ibuprofen: an experimental and 
theoretical approach, Mol. Catal., 470 (2019) 8–18.

[70] T.A. Larsen,. J. Lienert, A. Joss, H. Siegrist, How to avoid 
pharmaceuticals in the aquatic environment, J. Biotechnol., 
113 (2004) 295–304.



S.J. Anwar et al. / Desalination and Water Treatment 210 (2021) 231–239238

[71] C. Hartig, M. Ernst, M. Jekel, Membrane filtration of two 
sulphonamides in tertiary effluents and subsequent adsorption 
on activated carbon, Water Res., 35 (2001) 3998–4003.

[72] L.D. Nghiem, A. Manis, K. Soldenhoff, A.I. Schafer, Estrogenic 
hormone removal from wastewater using NF/RO membranes, 
J. Membr. Sci., 242 (2004) 37–45.

[73] L.D. Nghiem, A.I. Schafer, M. Elimelech, Pharmaceutical 
Retention mechanisms by nanofiltration membranes, Environ. 
Sci. Technol., 39 (2005) 7698–7705.

[74] M. Petrovic, S. Gonzalez, D. Barcelo, Analysis and removal 
of emerging contaminants in wastewater and drinking water, 
TrAC-Trends Anal. Chem., 22 (2003) 685–696.

[75] C. Zwiener, F.H. Frimmel, Oxidative treatment of pharma-
ceuticals in water, Water Res., 34 (2000) 1881–1885.

[76] T.A. Ternes, M. Meisenheimer, D. McDowell, F. Sacher, 
H.J. Brauch, B.H. Gulde, G. Preuss, U. Wilme, N.Z. Seibert, 
Removal of pharmaceuticals during drinking water treatment, 
Environ. Sci. Technol., 36 (2002) 3855–3863.

[77] A.B.C. Alvares, C. Diaper, S.A. Parsons, Partial oxidation by 
ozone to remove recalcitrance from wastewaters—a review, 
Environ. Technol., 22 (2001) 409–427.

[78] B. Li, T. Zhang, Biodegradation and adsorption of antibiotics in 
the activated sludge process. Environ. Sci. Technol., 44 (2010) 
3468–3473.

[79] A. Fabiańska, A. Białk-Bielińska, P. Stepnowski, S. Stolte, 
E.M. Siedlecka, Electrochemical degradation of sulfonamides 
at BDD electrode: kinetics, reaction pathway and eco-toxicity 
evaluation, J. Hazard. Mater., 280 (2014) 579–587. 

[80] R.R. Giri, H. Ozaki, T. Ishida, R. Takanami, S. Taniguchi, 
Synergy of ozonation and photocatalysis to mineralize low 
concentration 2,4-dichlorophenoxyacetic acid in aqueous 
solution, Chemosphere, 66 (2007) 1610–1617.

[81] M. Hijosa-Valsero, R. Molina, H. Schikora, M. Muller, 
J.M. Bayona, Removal of priority pollutants from water by 
means of dielectric barrier discharge atmospheric plasma, 
J. Hazard. Mater., 262 (2013) 664–673.

[82] X. Liu, D. Yang, Y. Zhou, J. Zhang, L. Luo, S. Meng, S. Chen, 
M. Tan, Z. Li, L. Tang, Electrocatalytic properties of N-doped 
graphite felt in electro-Fenton process and degradation 
mechanism of levofloxacin, Chemosphere, 182 (2017) 306–315.

[83] X. Liu, Y. Zhou, J. Zhang, L. Luo, Y. Yang, H. Huang, H. Peng, 
L. Tang, Y. Mu, Insight into electro-Fenton and photo-Fenton for 
the degradation of antibiotics: mechanism study and research 
gaps, Chem. Eng. J., 347 (2018) 379–397.

[84] N. Barhoumi, L. Labiadh, M.A. Oturan, N. Oturan, A. Gadri, 
S. Ammar, E. Brillas, Electrochemical mineralization of the 
antibiotic levofloxacin by electro-Fenton-pyrite process, 
Chemosphere, 141 (2015) 250–257.

[85] Y. Gong, J. Li, Y. Zhang, M. Zhang, X. Tian, A. Wang, Partial 
degradation of levofloxacin for biodegradability improvement 
by electro-Fenton process using an activated carbon fiber felt 
cathode, J. Hazard. Mater., 304 (2016) 320–328.

[86] F.C. Moreira, S. Garcia-Segura, R.A.R. Boaventura, E. Brillas, 
V.J.P. Vilar, Degradation of the antibiotic trimethoprim by 
electrochemical advanced oxidation processes using a carbon-
PTFE air-diffusion cathode and a boron-doped diamond or 
platinum anode, Appl. Catal., B, 160–161 (2014) 492–505.

[87] F.C. Moreira, R.A.R. Boaventura, E. Brillas, V.J.P. Vilar, 
Degradation of trimethoprim antibiotic by UVA photoelectro-
Fenton process mediated by Fe(III)–carboxylate complexes, 
Appl. Catal., B, 162 (2015) 34–44. 

[88] F.C. Moreira, J. Soler, M.F. Alpendurada, R.A.R. Boaventura, 
E. Brillas, V.J.P. Vilar, Tertiary treatment of a municipal 
wastewater toward pharmaceuticals removal by chemical and 
electrochemical advanced oxidation processes, Water Res., 
105 (2016) 251–263.

[89] Y. Zhang, A. Wang, X. Tian, Z. Wen, H. Lv, D. Li, Efficient 
mineralization of the antibiotic trimethoprim by solar assisted 
photoelectro-Fenton process driven by a photovoltaic cell, 
J. Hazard. Mater., 318 (2016) 319–328. 

[90] S. Bhattacharya, J. Yadav, Microbial P450 enzymes in 
bioremediation and drug discovery: emerging potentials and 
challenges, Curr. Protein Pept. Sci., 19 (2018) 75–86.

[91] G.T. Guyer, N.H. Ince, Degradation of diclofenac in water 
by homogeneous and heterogeneous sonolysis, Ultrason. 
Sonochem., 18 (2011) 114–119.

[92] V. Naddeo, V. Belgiorno, D. Kassinos, D. Mantzavinos, S. Meric, 
Ultrasonic degradation, mineralization and detoxification of 
diclofenac in water: optimization of operating parameters, 
Ultrason. Sonochem., 17 (2010) 179–185.

[93] M.M. Sein, M. Zedda, J. Tuerk, T.C. Schmidt, A. Golloch, 
C.V. Sonntag, Oxidation of diclofenac with ozone in aqueous 
solution, Environ. Sci. Technol., 42 (2008) 6656–6662.

[94] J.F. Garcia-Araya, F.J. Beltran, A. Aguinaco, Diclofenac 
removal from water by ozone and photolytic TiO2 catalysed 
processes, J. Chem. Technol. Biotechnol., 85 (2010) 798–804.

[95] V. Naddeo, V. Belgiorno, D. Ricco, D. Kassinos, Degradation of 
diclofenac during sonolysis, ozonation and their simultaneous 
application, Ultrason. Sonochem., 16 (2009) 790–794.

[96] S. He, J. Wang, L. Ye, Y. Zhang, J. Yu, Removal of diclofenac 
from surface water by electron beam irradiation combined 
with a biological aerated filter, Radiat. Phys. Chem., 105 (2014) 
104–108.

[97] D. Vogna, R. Marotta, A. Napolitano, R. Andreozzi, 
M. d’Ischia, Advanced oxidation of the pharmaceutical drug 
diclofenac with UV/H2O2 and ozone, Water Res., 38 (2004) 
414–422.

[98] B. Manu, Mahamood, Degradation kinetics of diclofenac 
in water by Fenton’s oxidation, J. Sustain. Energy Environ., 
3 (2012) 173–176.

[99] L.A. Perez-Estrada, S. Malato, W. Gernjak, A. Aguera, 
E.M. Thurman, I. Ferrer, A.R. Fernandez-Alba, Photo-Fenton 
degradation of diclofenac: identification of main intermediates 
and degradation pathway, Environ. Sci. Technol., 39 (2005) 
8300–8306.

[100] J. Hofmann, U. Freier, M. Wecks, S. Hohmann, Degradation of 
diclofenac in water by heterogeneous catalytic oxidation with 
H2O2, Appl. Catal. B, 70 (2007) 447–451.

[101] D. Kanakaraju, C.A. Motti, B.D. Glass, M. Oelgemoller, 
Photolysis and TiO2-catalysed degradation of diclofenac 
in surface and drinking water using circulating batch 
photoreactors, Environ. Chem., 11 (2014) 51–62.

[102] W. Sun, H. Chu, B. Dong, D. Cao, S. Zheng, The degradation 
of naproxen and diclofenac by a nano-TiO2/diatomite 
photo catalytic reactor, Int. J. Electrochem. Sci., 9 (2014) 
4566–4573.

[103] B. Czech, K. Rubinowska, TiO2-assisted photocatalytic 
degradation of diclofenac, metoprolol, estrone and chloram-
phenicol as endocrine disruptors in water, Adsorption, 
19 (2013) 619–630.

[104] V.C. Sarasidis, K.V. Plakas, S.I. Patsios, A.J. Karabelas, 
Investigation of diclofenac degradation in a continuous 
photo-catalytic membrane reactor. Influence of operating 
parameters, Chem. Eng. J., 239 (2014) 299–311.

[105] L. Rizzo, S. Meric, D. Kassinos, M. Guida, F. Russo, V. Belgiorno, 
Degradation of diclofenac by TiO2 photocatalysis: UV 
absorbance kinetics and process evaluation through a set of 
toxicity bioassays, Water Res., 43 (2009) 979–988.

[106] P. Calza, V.A. Sakkas, C. Medana, C. Baiocchi, A.A. Dimou, 
A.A. Pelizzetti, A. Albanis, Photocatalytic degradation study 
of diclofenac over aqueous TiO2 suspensions, Appl. Catal., B, 
67 (2006) 197–205.

[107] A. Aguinaco, F.J. Beltran, J.F. Garcia-Araya, A. Oropesa, 
Photocatalytic ozonation to remove the pharmaceutical 
diclofenac from water: influence of variables, Chem. Eng. J., 
189–190 (2012) 275–282.

[108] D. Dobrin, C. Bradu, M. Magureanu, N.B. Mandache, 
V.I. Parvulescu, Degradation of diclofenac in water using a 
pulsed corona discharge, Chem. Eng. J., 234 (2013) 389–396.

[109] S. Rong, Y. Sun, Z. Zhao, H. Wang, Dielectric barrier discharge 
induced degradation of diclofenac in aqueous solution, Water 
Sci. Technol., 69 (2014) 76–83.

[110] P. Iovino, S. Chianese, S. Canzano, M. Prisciandaro, 
D. Musmarra, Degradation of ibuprofen in aqueous solution 
with UV light: the effect of reactor volume and pH, Water Air 
Soil Pollut., 227 (2016) 1–9.



239S.J. Anwar et al. / Desalination and Water Treatment 210 (2021) 231–239

[111] M.J. Quero-Pastor, M.C. Garrido-Perez, A. Acevedo, 
J.M. Quiroga, Ozonation of ibuprofen: a degradation and 
toxicity study, Sci. Total Environ., 466–467 (2014) 957–964.

[112] E. Illes, E. Takacs, A. Dombi, K. Gajda-Schrantz, G. Racz, 
K. Gonter, L. Wojnarovits, Hydroxyl radical induced 
degradation of ibuprofen, Sci. Total Environ., 447 (2013) 
286–292.

[113] J. Madhavan, F. Grieser, M. Ashokkumar, Combined 
advanced oxidation processes for the synergistic degradation 
of ibuprofen in aqueous environments, J. Hazard. Mater., 
178 (2010) 202–208.

[114] F. Mendez-Arriaga, R.A. Torres-Palma, C. Petrier, S. Esplugas, 
J. Gimenez, C. Pulgarin, Ultrasonic treatment of water 
contaminated with ibuprofen, Water Res., 42 (2008) 4243–4248.

[115] T. Scheers, L. Appels, B. Dirkx, L. Jacoby, L. Van Vaeck, 
B. Van der Bruggen, J. Luyten, J. Degreve, J. Van Impe, 
R. Dewil, Evaluation of peroxide based advanced oxidation 
processes (AOPs) for the degradation of ibuprofen in water, 
Desal. Wat. Treat., 50 (2012) 189–197. 

[116] F. Mendez-Arriaga, S. Esplugas, J. Gimenez, Degradation 
of the emerging contaminant ibuprofen in water by photo-
Fenton, Water Res., 44 (2010) 589–595.

[117] B. Zheng, C. Li,. J. Zhang, Z. Zheng, Dielectric barrier discharge 
induced the degradation of the emerging contaminant 
ibuprofen in aqueous solutions, Desal. Water Treat., 52 (2014) 
4469–4475.

[118] M. Marković, M. Jović, D. Stanković, V. Kovačević, G. Roglić, 
G. Gojgić-Cvijović, D. Manojlović, Application of non-
thermal plasma reactor and Fenton reaction for degradation 
of ibuprofen, Sci. Total Environ., 505 (2015) 1148–1155.

[119] R. Banaschik, P. Lukes, H. Jablonowski, M.U. Hammer, 
K.D. Weltmann, J.F. Kolb, Potential of pulsed corona 
discharges generated in water for the degradation of persistent 
pharmaceutical residues, Water Res., 84 (2015) 127–135.

[120] J. Zeng, B. Yang, X. Wang, Z. Li, X. Zhang, L. Lei, Degradation 
of pharmaceutical contaminant ibuprofen in aqueous solution 
by cylindrical wetted-wall corona discharge, Chem. Eng. J., 
267 (2015) 282–288. 

[121] L. Ge, C. Halsall, C.E. Chen, P. Zhang, Q. Dong, Z. Yao, 
Exploring the aquatic photodegradation of two ionisable 
fluoroquinolone antibiotics-gatifloxacin and balofloxacin: 
degradation kinetics, photobyproducts and risk to the aquatic 
environment, Sci. Total Environ., 633 (2018) 1192–1197.

[122] L. Ling, X. Huang, M. Li, W.X. Zhang, Mapping the reactions 
in a single zerovalent Iron nanoparticle, Environ. Sci. Technol., 
51 (2017) 14293–14300.

[123] T. Saitoh, T. Shibayama, Removal and degradation of β-lactam 
antibiotics in water using didodecyldimethylammonium 
bromide-modified montmorillonite organoclay, J. Hazard. 
Mater., 317 (2016) 677–685.

[124] S. Bischoff, T. Walter, M. Gerigk, M. Ebert, R. Vogelmann, 
Empiric antibiotic therapy in urinary tract infection in 
patients with risk factors for antibiotic resistance in a German 
emergency department, BMC Infect. Dis., 18 (2018) 56. 

[125] S.H. Fan,Y. Shen, L.P. Chen, X.L. Gu, Y.G. Li, Z.B. Shi, 
Photocatalytic degradation of Cefradine in water over 
immobilized TiO2 catalyst in continuous-flow reactor, Chin. J. 
Catal., 23 (2002) 109–112.

[126] B. Thokchom, P. Qiu, M. Cui, B. Park, A.B. Pandit, J. Khim, 
Magnetic Pd@Fe3O4 composite nanostructure as recoverable 
catalyst for sonoelectrohybrid degradation of ibuprofen, 
Ultrason. Sonochem., 34 (2017) 262–272. 

[127] Y. Zhou, X. Liu, Y. Zhao, S. Luo, L. Wang, Y. Yang, 
M.A. Oturan, Y. Mu, Structure-based synergistic mechanism 
for the degradation of typical antibiotics in electro-Fenton 
process using Pd–Fe3O4 model catalyst: theoretical and 
experimental study, J. Catal., 365 (2018) 184–194.

[128] M. El-Kemary, H. El-Shamy, I. El-Mehasseb, Photocatalytic 
degradation of ciprofloxacin drug in water using ZnO 
nanoparticles, J. Lumin., 130 (2010) 2327–2331.

[129] N.F.F, Moreira, C.A. Orge, A.R. Ribeiro, J.L. Faria, 
O.C. Nunes, M.F.R. Pereira, A.M.T. Silva, Fast mineralization 
and detoxification of amoxicillin and diclofenac by 
photocatalytic ozonation and application to an urban waste-
water, Water Res., 87 (2015) 87–96. 

[130] D. Li, X. Guo, H. Song, T. Sun, J. Wan, Preparation of 
RuO2-TiO2/Nano-graphite composite anode for electro-
chemical degradation of ceftriaxone sodium, J. Hazard. 
Mater., 351 (2018) 250–259.

[131] R.D.C. Soltani, M. Mashayekhi, M. Naderi, G. Boczkaj, S. Jorfi, 
M. Safari, Sonocatalytic degradation of tetracycline antibiotic 
using zinc oxide nanostructures loaded on nano-cellulose 
from waste straw as nanosonocatalyst, Ultrason. Sonochem., 
55 (2019) 117–124.

[132] G. Zhang,Y. Ding, W. Nie, H Tang, Efficient degradation 
of drug ibuprofen through catalytic activation of peroxy-
monosulfate by Fe3C embedded on carbon, J. Environ. Sci., 
78 (2019) 1–12.

[133] S. Miralles-Cuevas, I. Oller, J.A.S. Perez, S. Malato, Removal 
of pharmaceuticals from MWTP effluent by nanofiltration 
and solar photo-Fenton using two different iron complexes at 
neutral pH, Water Res., 64 (2014) 23–31.

[134] A.-Guevara, G. Cinthia, M.-Ramírez, E Iliana, H.-Ramírez, 
Aracely, J. Rincón, Juan., L.Á.J. Antonio., R.-L.J. Luis., 
Comparison of two synthesis methods on the preparation 
of Fe, N-Co-doped TiO2 materials for degradation of 
pharmaceutical compounds under visible light, Ceram Int., 
43 (2017) 5068–5079. 

[135] A.G. Trovo, R.F.P. Nogueira, A. Agüera, A.R, Fernandez-
Alba, S. Malato, Degradation of the antibiotic amoxicillin by 
photo-Fenton process–chemical and toxicological assessment, 
Water Res., 45 (2011) 1394–1402.

[136] Α. Koltsakidou, M. Antonopoulou, M. Sykiotou, Ε. Εvgenidou, 
I. Konstantinou, D. Lambropoulou, Photo-Fenton and Fenton-
like processes for the treatment of the antineoplastic drug 
5-fluorouracil under simulated solar radiation, Environ. Sci. 
Pollut. Res., 24 (2017) 4791–4800.

[137] A. Carabin, P. Drogui, D. Robert, Photo-degradation of 
carbamazepine using TiO2 suspended photocatalysts, 
J. Taiwan Inst. Chem. Eng., 54 (2015) 109–117.

[138] M. Drosos, M. Ren, F.H. Frimmel, The effect of NOM to 
TiO2: Interactions and photocatalytic behavior, Appl. Catal. 
B Environ., 165 (2015) 328–334.

[139] J.A.L. Perini, B.C Silva, A.L Tonetti, R.F.P. Nogueira, Photo-
Fenton degradation of the pharmaceuticals ciprofloxacin and 
fluoxetine after anaerobic pre-treatment of hospital effluent, 
Environ. Sci. Pollut. Res., 24 (2017) 6233–6240.

[140] P. Villegas-Guzmana, J. Silva-Agredoa, D. González-Gómeza, 
A.L. Giraldo-Aguirreb, O. Flórez-Acostab, R.A. Torres-
Palmaa, Evaluation of water matrix effects, experimental 
parameters, and the degradation pathway during the TiO2 
photocatalytical treatment of the antibiotic dicloxacillin, 
J. Environ. Sci. Health A, 50 (2015) 40–48.

[141] C.L. Bianchi, B. Sacchi, C. Pirola, F. Demartin, G. Cerrato, 
S. Morandi, V. Capucci, Aspirin and paracetamol removal 
using a commercial micro-sized TiO2 catalyst in deionized and 
tap water, Environ. Sci. Pollut. Res., 24 (2017) 12646–12654.


