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ARTICLE INFO ABSTRACT

Keywords: Antibiotic residues are of significant concern in the ecosystem because of their capacity to mediate antibiotic
Antibiotics resistance development among environmental microbes. This paper reviews recent technologies for the abate-
Bioelectrochemical

ment of antibiotics from human urine and wastewaters. Antibiotics are widely distributed in the aquatic envi-
ronment as a result of the discharge of municipal sewage. Their existence is a cause for worry due to the potential
ecological impact (for instance, antibiotic resistance) on bacteria in the background. Numerous contaminants
that enter wastewater treatment facilities and the aquatic environment, as a result, go undetected. Sludge can act
as a medium for some chemicals to concentrate while being treated as wastewater. The most sewage sludge that
has undergone treatment is spread on agricultural land without being properly checked for pollutants. The fate of
antibiotic residues in soils is hence poorly understood. The idea of the Separation of urine at the source has
recently been propagated as a measure to control the flow of pharmaceutical residues into centralized waste-
water treatment plants (WWTPs). With the ever increasing acceptance of urine source separation practices,
visibility and awareness on dedicated treatement technologies is needed. Human urine, as well as conventional
WWTPs, are point sources of pharmaceutical micropollutants contributing to the ubiquitous detection of phar-
maceutical residues in the receiving water bodies. Focused post-treatment of source-separated urine includes
distillation and nitrification, ammonia stripping, and adsorption processes. Other reviewed methods include
physical and biological treatment methods, advanced oxidation processes, and a host of combination treatment
methods. All these are aimed at ensuring minimized risk products are returned to the environment.

Constructed wetland
Microbial adsorption
Biochars

1. Introduction compartment (Kastner et al., 2014). Antibiotics are used in various

settings, including drugs for humans, animals, and agriculture (Cete-

Pharmaceutical and personal care products (PPCPs) are widely used
in a variety of industries and fields, including medicine, business, agri-
culture, aquaculture, and people’s daily lives. This contributes to the
ubiquitous nature of PPCPs in the environment (Kiimmerer, 2009). The
advancements in analytical technology allows for the detection of PPCPs
at trace levels in environmental samples (Ngumba et al., 2016). There
are direct and indirect ways by which PPCPs enter the environment.
(Wang and Wang, 2016). In a nutshell, PPCPs can enter surface water
through direct discharge from industries, hospitals, homes, and waste-
water treatment facilities. They can also enter through surface runoff
when biosolids are spread on agricultural land and eventually reach
groundwater through leaching or bank filtration. Since sediment have a
range of binding sites, they can adsorb the PPCPs in the surface water
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cioglu et al., 2016; Kiimmerer, 2009). Due to their misuse and weak
digestive systems, they are discharged in significant amounts into
wastewater (Huang et al., 2015a; Rodriguez-Mozaz et al., 2015). These
drugs can then reach waterways through different routes, including
treatment plant discharge, fish hatcheries, livestock feeding activity,
and surface overflow (Rodriguez-Mozaz et al., 2015; Storteboom et al.,
2010). Antibiotics and their metabolites found in naturally occurring
ecosystems pose a significant risk to human and environmental health,
even in small amounts (Kiimmerer, 2009; Wang et al., 2016). Bacteria
develop antibiotic resistance genes (ARGs) induced by antibiotics (Fer-
nandes et al., 2015; Yan et al., 2019). According to the (WHO) (O’Neil,
2014), Antibiotic-Resistant Bacteria (ARB) are among the most impor-
tant public health threats. Wastewater treatment plants have already
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been identified as hotspots for developing ARB and ARGs (Guo et al.,
2018a; Neudorf et al., 2017; Bengtsson-Palme et al., 2018). The Hori-
zontal Gene Transfer of the ARGs among bacteria is hypothesized to be
facilitated by antibiotic residues in activated sludge (Kim et al., 2014).
Due to their lethality in microbial communities (Kummerer et al., 2004;
Srinivasan and Sarmah, 2014). In public health and worldwide, the use
of antibiotics and pharmaceuticals improved people’s lives (Pruden
et al., 2012). Despite this, the pharmaceutical sector may produce
high-concentration antibiotic effluent released into the environment
(Patneedi and Prasadu, 2015). As antibiotic-resistant infections,
including superbugs, are becoming more common, worries regarding
antibiotics, antimicrobial resistance genes, and antimicrobial resistance
bacteria (ARGs and ARBs) in aquatic environments are developing (Hel
etal., 2018; Kairigo et al., 2020). According to reports, the percentage of
ARB in animals such as pigs, fowl, and cattle has significantly increased,
particularly in low- and middle-income nations (Van Boeckel et al.,
2019). Modern analytical techniques in chemistry and molecular
microbiology have made it possible to identify a wide range of antibi-
otics and ARGs. Multiresidue antibiotics that are present in waters at
trace concentrations of ng to g/L can be found using solid phase
extraction (SPE) and liquid chromatography coupled with mass spec-
trometry (LC-MS), tandem mass spectrometry (LC-MS/MS), or time of
flight mass spectrometry (LC -TOF -MS) (Na et al., 2011; Ngumba et al.,
2016). It is now possible to determine the prevalence of several ARGs
thanks to the invention and use of quantitative PCR (qPCR), droplet
digital PCR (ddPCR), epic PCR, DNA microarray, metagenome, and
Smart-Chip techniques (Liu et al., 2019). For example, effluent from an
Indian wastewater treatment plant, which gathers wastewater from 90
drug processing industries, contained a significant amount of cipro-
floxacin (31 mg/L) (Larsson et al., 2007). Antibiotic resistance genes
(ARG) were reported to be significantly higher (2.36107 copies/mL) in
pharmaceutical company effluent receiving wastewater than in munic-
ipal wastewater (9.50105 copies/mL) (Guo et al., 2018b). This shows
that existing wastewater treatment plant (WWTP) designs utilized by the
pharmaceutical industry, hospitals, and municipal sewage treatment
plants fail to eliminate antibiotic residues from wastewater (Hou et al.,
2019). Furthermore, depending on the molecule, urinary excretion of
ingested antibiotics as parent compound or active metabolite ranges
from 5% to over 70% (Jjemba, 2006).

Human
Pharmaceuticals
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Fig. 1. Antibiotics enter the bio-sphere via multiple routes once
excreted by humans and animals.

1.1. Regulations and procedures for hospital wastewater (HWW)

While states and international organizations have their wastewater
treatment recommendations, the WHO’s rules for pretreatment of
healthcare facility effluents are the most commonly followed (Verlicchi,
2018). Discharged wastewater may contain pharmaceuticals, chemicals,
transmissible infections, or radioactive waste (Leal et al., 2010). The
WHO recommendations (Chartier et al., 2014; Yan et al., 2020) provide
a framework for discussing the harmful properties of these wastewaters
and providing a safe HWW management approach. According to Euro-
pean Directive n. 98 of November 19, 2008 (E.U., 2008/98/E.C.), some
hospital effluents (i.e., pharmaceuticals and personal care products, or
PPCPs) cannot be discharged into sewer systems. They must be treated
decentrally before being released into centralized wastewater systems
(Carraro et al., 2017).

1.2. Antibiotic concentrations in urine separated at the source

The primary excretion route for the majority of consumed medica-
tion is through urine as either the parent compound or transformational
products. Table 1 shows the percentage excretion rates of selected an-
tibiotics as unchanged compounds in urine. Studies on the determina-
tion of antibiotics on source-separated urine are limited. The
concentration of antibiotic residues is expected to be much higher in the
urine compared to effluent wastewater and surface waters. Sulfameth-
oxazole (SMX), for instance, is one of the sulfonamide antibiotics that
has been widely used to treat bacterial infections in humans, including
prostatitis, bronchitis, and urinary tract infections. SMX is frequently
used in animal husbandry and the aquaculture industry to treat bacterial
infections since it is efficient against both gram-negative and positive
bacteria (Wang et al., 2019). By blocking the dihydropteroate synthase,
the drug prevents the production of dihydropteroic acid, which further
restricts bacterial growth (Bhattacharjee, 2016). A recent study that
investigated the concentration of antibiotics and antiretroviral drugs in
source-separated urine reported concentration values in mg/L levels
with Trimethoprim (12.8 mg/L) and Sulfamethoxazole (7.74 mg/L)

Veterinary
Pharmaceuticals
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Fig. 1. Sources and distribution of pharmaceuticals in the environment.



K.O. Imwene et al.

Table 1
The following table shows the percentage excretion rates of selected antibiotics
as unchanged compounds in urine.

Table 2
The benefits and drawbacks of contemporary antibiotics wastewater cleanup
technology (Wang and Wang, 2019).

Journal of Environmental Management 322 (2022) 116065

Pharmaceutical Excretion rate as Reference
compound unchanged Compound
(%)
NOR 60 (Ngumba et al., 2020; Bartlett,
2004)
TMP 80-90 (Ngumba et al., 2016, 2020)
AMO 60-80 (Ngumba et al., 2020; Wood
et al., 2015)
CIP 80 (Ngumba et al., 2020; K’oreje
et al., 2016)
SMX 15-25 (Ngumba et al., 2020;
Madikizela et al., 2017; Kimosop
et al., 2016)
TET 80-90 Yang et al. (2005)
DOX 70 Nourse et al. (2004)
LEV 85 Yasojima et al. (2006)
AZI 70-80 Pan and Yau (2021)
MET 13-58 Song et al. (2013)

TMP = trimethoprim, SMX = Sulfamethoxazole. NOR = norfloxacin, CIP =
ciprofloxacin, CIP = ciprofloxacin, CIP = ciprofloxacin, TET = tetracycline,
DOX = Doxycycline, AMO = amoxicillin, LEV = levofloxacin, MET = metroni-
dazole, and AZI = azithromycin.

recording the highest concentrations (Muriuki et al., 2020; Ngumba
et al., 2020). These antimicrobials are administered as prophylaxis for
HIV/AIDS patients to prevent opportunistic infections.

1.3. Antibiotic residues in wastewater and surface waterways

The majority of residual antibiotics in the ecosystem are due to the
treated wastewater discharge from point sources such as pharmaceutical
industry effluent, hospital effluent, municipal WWTP effluent, industrial
farming, and untreated waste discharged directly into water bodies from
informal settlements. Secondary processes that are most commonly used
and explored include;wastewater stabilization ponds, activated sludge,
and trickling filters. On the other hand, these approaches do not elimi-
nate residual antibiotics, releasing them into receiving water bodies
(Kairigo et al., 2020; Muriuki et al., 2020). Using a United Kingdom data
set as a baseline, the current understanding of residual antibiotic
contamination in wastewaters and surface waters for a European
country is described. The most studied drugs are nonsteroidal
anti-inflammatory drugs (NSAIDs), b-blockers, antidepressants, and
antiepileptic carbamazepine. These are widely prescribed (>1000 kg per
year) and typically discovered in influent wastewaters. Removal rates
range from low (50%) to high (>80%) due to their variable physico-
chemical properties and vulnerability to biological attacks. Pharma-
ceuticals effluent in surface waters was reported in ng/L to mg/L levels
(Simu et al., 2020). This review aims to provide insights on emerging
technologies for enhanced removal of residual antibiotics from
source-separated urine and wastewaters. The advantages and disad-
vantages of selected contemporary antibiotics wastewater cleanup
technologies is outlined in Table 2

1.4. Present and emerging techniques for wastewater treatment and their
potential for antibiotic removal

Wastewater treatment is classified into three broad categories; bio-
logical, chemical, and physical. The purpose of wastewater treatment is
to make it safe for the intended use. The various treatment processes in a
typical WWTP is illustrated in Fig. 2.

1.5. Biological treatment

In biological treatment, antibiotics are usually eliminated through
sludge adsorption and biodegradation (Zheng et al., 2017). When it

Method

Merit

Demerit

1. Fenton (Using Fe ions
and H»0,, destructive
procedures are used).

2. Ozonation process

3. Electrochemical
oxidation process

4. Adsorption (A non-
destructive method of
removing
contaminants from an
aqueous medium by
utilizing a solid
substance.)

5. Anaerobic treatment

6. Aerobic treatment

7. Photocatalysis (Using
semiconductors and
light, destroy organic

Reactive radicals, such
as hydroxide ions, are
produced in situ.
There is no sludge
generation and no
mineralization of
organic pollutants.
For recalcitrant
chemicals, rapid
breakdown and
efficiency are essential.
With this method,
antibiotics can be
broken down in as little
as 240-300 s.

Method is free of
sludge.
Electrochemical
Oxidation is not like
Fenton technology;
depending on the
produced oxidant by
the electrochemical
system, it can be both
unselective and
selective (Bhuta,
2014).

A process with great
efficiency and rapid
kinetics.

Separation of a wide
spectrum of
contaminants is a
strong suit (heavy
metal & organic
pollutants).

With minimal
equipment, it can adapt
to various therapy
formats.

The treated effluent is
of good quality.

Reactors are smaller.
As a by-product,
methane is produced.
The biomass yield is
lower.

Increased loading
speed.

Antibiotics are broken
down more efficiently
(Compared to
anaerobic).

Photocatalysts with
good aqueous phase

Unknown by-products
are formed, necessi-
tating further inquiry
and investigation.
Laboratory scale.
Technical limitations.
A substantial volume of
ferrous sludge is
generated.

This is a capital-
intensive method in
comparison to other
technologies like Fen-
ton. Since different
electrodes have
differing capacities for
producing oxidants,
selecting the right
electrodes is important
for successful electro-
oxidation procedures
(Bhuta, 2014).
Non-destructive and
non-selective
techniques.
Regeneration has a
high cost and results in
loss of material.

The treatment
procedure can be
altered by changing the
pH value.

After wastewater
treatment, an
additional adsorbent
step, such as
incineration or
regeneration, is
required.

Energy requirements
are high, and flow rates
are limited.

Energy consumption is
high.

Operating costs are
high.

Low rate of loading
Antibiotics are not well
digested by this
organism. For greater
elimination efficiency,
a combination with
aerobic treatment is
required.

Energy consumption is
high.

Operating costs are
extremely high.
Antibiotics are not well
digested by this
organism. For
improved removal
efficiency, anaerobic
treatment is required
Photogenerated
electron-hole recombi-
nation occurs quickly.

(continued on next page)
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Table 2 (continued)

Method

Merit

Demerit

contaminating

chemical structures).

stability, such as TiO2,
ZnO, etc.

Non-toxic with high
activity.

Photocatalyst recovery
efficiency and
recyclability.

Low cost, simple to use,
and destroys the

There is a limited
response to visible
light.

Poor treatment for
organic contaminants
with high
concentrations.

The chemical structure
and toxicity of the

chemical structure of degraded by-product
organic pollutants. have not been
e Sunlight, oxygen, and investigated.

photocatalyst were all
needed in large
quantities.

It can handle numerous
pollutants in a single

Electrodes have a finite
lifespan.

8. Electrocoagulation

run. o There is a need for
e Sludge production is active fine-tuning.
minimal.

Low-cost maintenance.
Produces a TDS-lower
effluent.

Systems easily handle
water quality
fluctuations.

Source (Wang and Wang, 2019).

comes to natural medicines, the amount of oxygen they require might be
characterized as either aerobic or anaerobic (or both). The most popular
aerobic technique is a biological aerated filter system. The most frequent
anaerobic processes are Anaerobic Digestion (AD.), Anaerobic Filter
(AF), Up-flow Anaerobic Sludge Blanket (UASB) and Anaerobic Baffled
Reactor (ABR). The sequencing batch reactor (SBR) and membrane
bioreactor (MBR) technologies are frequently used with aerobic and
anaerobic approaches. The most popular methods for removing antibi-
otics from breeding effluent include biological aerated filters (BAF), AD.,
SBR, and MBR techniques. As existing technology is continously
improving in merging many processes, antibiotics have been extracted
more efficiently from WWTP effluent. Antibiotics removal from pig

Wastewater
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wastewater biofilm MBRs (BF-MBRs) has been compared to normal
MBRs (Huang et al., 2016). According to experimental data, removing
antibiotics can be done selectively using biological technology; none-
theless, the technique and surrounding circumstances limit removal ef-
ficiency. As a result, it has limitations in removal of antibiotics residues
from breeding wastewater. More research to improve the effectiveness
of biological approaches in removing antibiotics is needed (Cheng et al.,
2016).

1.5.1. Aerobic processes

Aerobic wastewater treatment methods clean water by relying on
oxygen-feeding bacteria, protozoa, and other specialized microbes as
(opposed to anaerobic systems that do not need oxygen). These systems
use the natural microbial decomposition process to break down and
eliminate industrial wastewater contaminants. This includes but is not
limited to Wastewater stabilization ponds, aerobic Bioreactors, acti-
vated Sludge systems, Rotating Biological Contactors, and Phytor-
emediation of wastewater (Constructed (built) Wetlands) (Sahota and
Sharma, 2020).

1.5.1.1. Wastewater stabilization ponds. A secondary wastewater treat-
ment system, such as a water stabilization pond, an oxidation pond, or a
lagoon, treats waste or sewage from industries, residential areas, and
other sources. Ponds are built to improve natural still water ponds
(Gruchlik et al., 2018). They can be anaerobic (influences microorgan-
isms’ growth that needs oxygen, like algae and bacteria). Aerobic ex-
ercise encourages the development of microorganisms that have or need
oxygen, like algae and bacteria). Historically, the primary aim of ponds
was to provide holding time for wastewater so that natural processes
could settle it (Ensink et al., 2007).

1.5.1.2. Aerobic bioreactor. In terms of antimicrobial wastewater
treatment, bioreactor systems (B.Rs) are thought to outperform typical
activated sludge treatments (CAS) (Sahar et al., 2011; Nguyen et al.,
2012). In B.R.s, sludge retention time (SRT) and flocculation size might
increase biodegradation potential and sorption capacity (Fernandez--
Fontaina et al., 2012; Helbling et al., 2012). Two of the most prevalent
methods for removing antibiotics from wastewater during biological
treatment are sorption and biodegradation (Cheng et al., 2018).

Primary Stage

Secondary Stage
(Activated Sludge)

| Tertiary Stage ‘

Sludge Treatment
Zone

Aeration
Chamber

Sludge Holding
Tank

‘ \
Disinfection
Area

Final Effluent

Fig. 2. Various treatment processes in a typical WWTP (Khan et al., 2021).
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Furthermore, previous research found that bio carrier’s attached-growth
processes favored the enrichment of slow-growing bacteria (Leyva-Diaz
et al., 2016), boosting the biodegrading antibiotic potential of MBRs.

1.5.1.3. Activated sludge. The activated sludge approach has been
widely used in industrial and domestic wastewater treatment because of
its wide microbial variety and activity, removing most organic pollut-
ants and nutrients (Wagner and Loy, 2002). According to studies, the
composition and variety of the microbial population indicated the
greatest impact on the stability and performance of wastewater treat-
ment systems (Miura et al., 2007). The biological community of acti-
vated sludge comprises viruses, bacteria, protozoa, fungus, algae, and
metazoans, with a wide range of natural variability. Bacteria make up 95
percent of all microorganisms in this complex ecosystem, and they play a
critical role in wastewater treatment (Jenkins, 1993).

1.5.1.4. Rotating Biological Contactors. Rotating biological contactors
(RBC) use disc, surface, media, and biofilm reactors to provide an
alternative to the activated sludge (AS) process. A solid medium in the
RBC favors microbial development in a static biofilm (Singh and Mittal,
2012). RBCs are wastewater treatment system that offers quality effluent
at acceptable levels and excellent removal efficiency of organics at a
reasonable cost. It is appealing because of its ease of use, low sludge
generation, small footprint, low maintenance, and low operating costs.
Variable disk submergence levels and operation under anaerobic and
anoxic conditions in a single unit can result in complete nitrifica-
tion/denitrification (Cortez et al., 2008).

1.5.1.5. Phytoremediation of wastewater (constructed (built) wetlands).

An artificial wetland-based wastewater treatment system mixes soil,
plants, and bacteria to purify the swamp’s wastewater. For instance,
microbial breakdown and plant adsorption are water purification pro-
cesses (Kumar et al., 2015). Built wetlands are easy to maintain and
manage and cost-effective (Kumar et al., 2018). In a previous study,
Sulfonamide (SMX.), tetracycline (TET), and quinolone (Q.N.) are all
removed at high quantities from breeding wastewater in constructed
wetlands (Logan and Rabaey, 2012; Logan, 2009; Hu et al., 2008a;
Vymazal, 2005), with removal rates ranging from 49.43% to 85%, 69
percent to 100%, and 82 percent to 100%, respectively. In a different
study, Enrofloxacin, oxytetracycline, and arsenic trioxide have all been
found to be removed from marine aquaculture effluent using artificial
wetlands (Wu et al., 2015). Free water surface flow constructed wet-
lands (FWS-CWs), vertical subsurface flow constructed wetlands
(VSF-CWs), and horizontal subsurface flow constructed wetlands
(HSF-CWs); are three forms of manufactured wetlands classified by
water flow direction (HSF-CWs). Anaerobic and aerobic bacteria break
down antibiotics in vertical subsurface flow wetlands with more
extended hydraulic retention periods (HRT) (Choi et al., 2016). As a
result, the VSF-CW is frequently used for sewage treatment. An artificial
wetland’s hydraulic loading rate (HLR) refers to how much wastewater
it can treat per unit volume or area per day. The hydraulic retention time
(HRT) reduces as the HLR rises. Antibiotic consumption can be calcu-
lated daily in a built wetland by multiplying the HLR by the initial
antibiotic concentration. As a result, antibiotic clearance rates are
affected by the HLR (Rahman et al., 2020; Huang et al., 2015b). Several
antibiotics have different clearance efficiencies depending on HRT
levels. According to (Liu et al., 2013; Huang et al., 2017), increasing the
HRT from one to three days can improve the sulfamethoxazole removal
rate in artificial wetlands with various antibiotic removal designs. The
SMX elimination rate increased from 4% to 55, and 59% in integrated
horizontal and vertical flow constructed wetlands, respectively. On the
other hand, HRT affected ENR or florfenicol elimination. Due to struc-
tural changes, these three antibiotics require different elimination
techniques. Bacteria are the principal decomposers of Sulfamethoxazole
(SMX). Although florfenicol is stubborn and hard to remove from a

Journal of Environmental Management 322 (2022) 116065

traditionally built wetland, the fill material’s adsorption is critical for its
removal. Furthermore, pH influences antibiotic action, temperature in-
fluences microbial proliferation, and light affect plant development,
indirectly influencing antibiotic removal effectiveness (Boto et al.,
2016). The removal rates of TC., SM., and QN. in celery aquatic-based
system in summer after 60 days of operation (72, 47, and 22%,
respectively) were significantly higher than in a spinach aquatic-based
system (33, 20, and 7%, respectively) (Zhang et al., 2018). However,
antibiotic removal effectiveness in the winter did not differ significantly
between the two submerged plant filter beds (Liu et al., 2016a).

1.5.2. Anaerobic processes

Anaerobic wastewater treatment processes transform organic pol-
lutants into biogas, thereby eliminating them from the wastewater by
functioning without oxygen.

1.6. Microbial electrolysis cells (MECs) and Microbial Fuel Cells (MFCs)

These are examples of bio-electrochemical systems (BES), emerging
anaerobic biotechnologies that can speed up pollutant removal
(Richardson et al., 2005; Larsson et al., 2007; Guo et al., 2018b). Mi-
croorganisms consume organic compounds and transfer electrons to the
anode in Microbial Fuel Cells (Hou et al., 2019). MECs, unlike MFCs, use
an electric-driven hydrogen evolution mechanism during the waste-
water treatment process to produce a large output of hydrogen (Hu
et al., 2008b). In recent years, MFC has been used in conjunction with
traditional wastewater treatment methods like constructed wetland (C.
W.) and membrane bioreactor (MBR) to achieve the best of both worlds.
An innovative wastewater treatment method is biofuel cells combined
with a constructed wetland system (Fang et al., 2015). Due to the ben-
efits of simultaneous filtration and biological function, power produc-
tion using an MFC included within a C.W. membrane bioreactor
technology has been recognized as a viable wastewater treatment option
(Li et al., 2017a). Combining MFC with MBR systems has several ad-
vantages, including improved discharge quality, fouling reduction, and
significant energy savings (Su et al., 2013; Ijanu et al., 2020).

1.7. Chemical treatment

The chemical process of wastewater treatment are classified as pri-
mary, secondary or tertiary treatment technologies. Water treatment
technologies include but not limited to; distillation, crystallization,
evaporation, neutralization, solvent extraction, oxidation, coagulation,
centrifugation, sedimentation, precipitation, electrolysis, electrodial-
ysis, ion exchange, reverse osmosis and adsorption. Some of these
methods are described below. (Gupta et al., 2012). The concepts, range
of applications, speed, and economics of the many water treatment
systems covered in this article are different from one another.

1.7.1. Advanced oxidation processes (AOPs)

AOPs are oxidation techniques that use intense oxidizing hydroxyl
radicals (*OH) produced during reactions as the primary oxidant to
break down and mineralize organic contaminants in water. The *OH
decomposes organic pollutants into small organic molecules, that are
easier to break down(CO, and H,0) by breaking chemical bonds or
using electron transfer, addition, and substitution mechanisms. Ozona-
tion, electrochemical Oxidation, and Fenton reaction are techniques
primarily used to degrade antibiotics in waste streams (Huang et al.,
2021). These techniques have been effectively employed to remove or
degrade harmful pollutants, or they have been applied as a pretreatment
to change resistant pollutants into biodegradable molecules that can
then be treated by traditional biological techniques. The production of
reactive free radicals, of which the hydroxyl radical (*OH) is the most
significant, determines the effectiveness of AOPs. It should be empha-
sized that all of the advanced oxidation processes are chain-reaction
sequences, and once a radical is produced, they typically include the



K.O. Imwene et al.

propagation of radical cycles (Wang and Xu, 2012).

1.7.1.1. Electrochemical oxidation. In water treatment, electrochemistry
is a relatively new techniquebased on the theory that the reactant loses
electrons oxidized in the anode during the electrochemical reaction
(Hakizimana et al., 2017). On the other hand, the reactant in the cathode
loses electrons and becomes reduced. Refractory organic compounds are
generally eliminated when the anode is oxidized. Electrolytic recovery,
electrochemical Oxidation, electrolytic air flotation, Electrodialysis, and
micro-electrolysis are the most often used electrochemical wastewater
treatment techniques (Anglada et al., 2009). The electrochemical
method, often known as the “Environmentally Friendly” method, pro-
vides a significant benefit compared to other ways. For example, the
electrochemical process is usually performed at room temperature and
pressure and is extremely efficient. These approaches can be used on
their own or in combination with others. It has a small environmental
impact, produces no secondary emissions, and is relatively mechanized.
In the future, anode and electrochemical reactor research will be crucial
(Hui and Jian Long, 1999).

1.7.1.2. Ogzonation or catalytic ozonation. Ozonation or catalytic ozon-
ation is an environmentally-friendly technology for wastewater treat-
ment. Ozone has long been considered a powerful disinfectant and
oxidant. Ozone is predominantly an oxidant in acidic environments.
However, it mainly relies on free radical reactions in neutral and alka-
line environments. Ozone has a much higher oxidation capacity than
other typical oxidants but with several setbacks: high capital cost, high
electricity consumption, more complex procedure, dangerous reactivity,
and toxicity (Yasar and Tabinda, 2010). This process, which includes
homogeneous and heterogeneous catalytic ozonation, can be used to
improve the degradation efficiency of organic pollutants. In the homo-
geneous catalytic ozonation process, liquid catalysts, particularly tran-
sition metal ions such as Fe*", Mn®", Ni?*, Co?*, Cd*", cu®", Agt, Cr®*,
and Zn%" are used in the reaction solution. These catalysts can excite
ozone, resulting in the formation of hydroxyl radicals (-OH) and
improving degradation efficiency. Solid catalysts such as metal oxide,
activated carbon, porous materials, and their composite materials are
used in the heterogeneous catalytic ozonation process (Wang and Chen,
2019).

1.7.1.3. Fenton oxidation. In traditional Fenton/Fenton-like processes,
H,O0; is typically added via bulk feeding, which may be the cause of
H,0,’s low utilization efficiency. By using Fenton/Fenton-like catalysts,
the in-situ produced H;0; from the activation of O, might be broken
down to form a e¢OH radical in this unique Fenton/Fenton-like process.
Emerging pollutants are degraded in part through the catalytic activa-
tion of O, and the breakdown of in-situ produced HyO4 (Liu et al., 2020).
First utilized the Fenton system in organic synthesis but progressively
used it for industrial wastewater treatment as people’s knowledge grew.
The Fenton reaction can be carried out at normal temperature and
pressure, although it has significant environmental consequences, e.g.,
removal of essential heavy metals and the production of Fe(OH), sludge
which requires further separation and proper disposal technique making
it expensive (Joseph et al., 2006). It’s a sophisticated oxidation method
that’s easy to use and has mild reaction conditions, which cannot
overlook the Fenton reaction’s flaws. However, one cannot ignore
Fenton’s reaction flaws which include oxidant loss as a result of free
radical scavenging and H,O, breakdown. The other is the formation of
iron mud in neutral conditions, which is difficult to treat (Bokare and
Choi, 2012).

1.7.1.4. Photocatalytic oxidation. Ultraviolet photocatalytic Oxidation
is a type of Oxidation that occurs when a substance is exposed to UV
light. When oxidants undergo oxidative decomposition in the presence
of ultraviolet light, free radicals develop a more robust oxidative
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capacity, allowing them to oxidize more difficult-to-decompose organic
pollutants using only oxidants. Depending on the oxidants utilized,
photocatalytic Oxidation can be classified into various categories, which
for example include UV/O3, UV/H,0, UV/H30,/03 and others. This
review does not give description of the reaction steps. On the other hand,
the impact of this approach on the treatment of refractory organic
matter is undeniable (Pathak et al., 2017).

1.8. Physical treatment

The physical approach of wastewater treatment involves the removal
of contaminants utilizing natural forces such as electrical attraction,
forces of van der Waals, gravity, and physical barriers (Matilainen et al.,
2010). Physical treatment of pollutant chemicals does not usually result
in a change in their chemical structure. There are notable exceptions,
such as when the physical condition of scattered compounds is altered,
leading them to agglomerate, as seen in the filtering and vaporization
phases. Physical methods include sedimentation, coagulation, mem-
brane treatment, adsorption, distillation, and filtering (Kamaraj and
Vasudevan, 2015).

1.8.1. Electrocoagulation process

Electrocoagulation (E.C.) technology is a wastewater treatment
technique that uses electric current as the primary power source. In most
cases, the power supply used to create an electric current in E.C. is either
an alternating current (A.C.) power supply or a direct current (D.C.)
power supply. Most research (Nasrullah et al., 2019; Balla et al., 2010)
employ D. C, in the E.C. approach, they use electricity as their primary
power source to generate an electric current, according to most spe-
cialists. Several trials have previously been conducted on this technol-
ogy, demonstrating that E.C. is the best way for treating wastewater
gram of E.C. reactor set up and treatment process (Hashim et al., 2020).

To create chemical aggregates and coagulate contaminants, coagu-
lating agents like Fe>* or AI*" salts are applied to wastewater treatment.
Following that, several coagulation technologies (Phoon et al., 2020)
enable their removal from effluent. Charge shielding for contaminants
diminishes electrostatic repulsion when energy blockade is required to
build the aggregate fast (Homem and Santos, 2011). Electric current is
used in dissolving Aluminium (Al) or iron (Fe) electrodes that have
become absorbed in the effluent during the E.C. operation. Electronic
suspension aids in the rise of AI3>* or Fe>* ions in solution or OH~ Ions
depend on pH, and the coagulants aid the separation of pollutants from
wastewater (Ozyonar and Karagozoglu, 2014).

1.8.2. Adsorption on biochars (treatment technologies for human urine)
A carbon-rich substance known as biochar can be made from a va-
riety of organic waste feedstock, including municipal sewage sludge and
agricultural waste. The typical processes for producing biochar are py-
rolysis, gasification, and hydrothermal carbonization. Due to its
distinctive characteristics, including high carbon content and cation
exchange capacity, wide specific surface area, and stable structure,
biochar has drawn increased interest (Wang and Wang, 2019). Biochar
has been utilized to recover nutrients from various waste streams,
including human urine that has been isolated at the source. The rising
use of medications has raised concerns since certain drugs are not
entirely digested in human urine. Drugs may adsorb when biochar is
used for resource recovery, posing a risk of pollutants entering the
environment (Ling, 2019); therefore, the disposal mechanism of the
used biochar is paramount. Incineration is touted as the most efficient
way of disposal. This review study also explores the sorption of nutrients
and medicines by biochar. It shows that various properties of biochars
can be used to recover nitrogen and phosphate and remove drugs from
source-separated urine (Ling, 2019). Many mechanisms for contaminant
adsorption on biochar include pore-filling tools, electrostatic in-
teractions, hydrophobicity, partitioning, and hydrogen bonding (Inyang
and Dickenson, 2015). Biochar is a flexible adsorbent because of these
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many processes. It has a high capacity for eliminating radioactive ele-
ments (Jang et al., 2018) and specific organic contaminants from water
and wastewater, including antibiotics (Solanki and Boyer, 2017), vola-
tile organic compounds (Kumar et al., 2020), polychlorinated biphenyls
(Xu et al., 2012), polycyclic aromatic hydrocarbons (Beesley et al.,
2010), agrochemicals, and aromatic dyes (Qiu et al., 2009). Despite
extensive research and reviews on biochar, there remains a knowledge
gap on the use of biochar to separate drugs and nutrients found in urine.
Biochar can eliminate up to 100% of pharmaceutical groups from
human urine (Ahmed et al., 2015). If the biochar is solely selective for
medications, the rectified urine can be delivered to the soil as a
pharmaceutical-free nutritional product. A significant disadvantage of
this technique is the disposal or handling of pharmaceutical-laden bio-
char. Pharmaceutical-contaminated biochar must be recycled or burned.
The main driving forces for medicines’ adsorption to biochar are inter-
molecular forces (van der Waals force and hydrogen bonding), all
dominant at low solution pH (Solanki and Boyer, 2017; Zhang et al.,
2019). On the other hand, nutrient adsorption is more common at higher
solution pH.

1.8.3. Membrane technology

Membrane technology absorbs contaminants when wastewater
passes through small membrane perforations. The most often utilized
methods are microfiltration, ultrafiltration, nanofiltration, and reverse
osmosis (Yu et al., 2011). The membrane technique has a high yield, is
simple to use, and is inexpensive. Despite the shortage of research into
using membrane technology to recover antibiotics in treatment facil-
ities, antibiotics may have been extracted from various forms of
wastewater—eliminated antibiotics at an 87 percent rate. Hence
reducing the dissolved organic carbon by 40%, biodegradability rose
4.6-fold, and ecotoxicity was lowered by 58 percent when U.V. and
nanofiltration were employed to treat wastewater in sewage treatment
plants (Song et al., 2017). Additional toxins in the wastewater could be
filtered using membrane technology. Using nanofiltration and reverse
osmosis, ARGs, nitrogen, and phosphorus can successfully remove other
pollutants from swine wastewater (Glaze et al., 1987). More studies are
needed to investigate membrane technology to remove antibiotics from
wastewater and source-separated urine.

1.9. Sedimentation and coagulation

Coagulation introduces chemical agents into wastewater, rapidly
mixed and dispersed, transforming stable contaminants into dangerous
and precipitable substances (Peydayesh et al., 2021). Coagulating is a
complicated process. Squeezing and removing bound water around
hydrophilic colloids is crucial for enhanced pharmaceutical wastewater
treatment (Guo et al., 2017). As a result, the flocculant’s nature is
essential and linked to coagulation’s effect. Flocculants are commonly
made up of inorganic metal salts and polymers (Zhao et al., 2021).
Suspended solids, chromaticity, and hazardous organic waste can all be
removed with this technique (Yiping and Yu, 2010). It can also aid in
faster biodegradation of pharmaceutical wastewater. After coagulation,
the most frequent procedure is sedimentation. Pollutants, which have a
higher density than wastewater, can be separated by gravity. Coagula-
tion and sedimentation have advantages such as ease of use and proven
technology; however, removing dissolved organic materials is difficult
(Rubi et al., 2009).

2. A summary of a combined system for the elimination of
antibiotics

Previous wastewater treatment techniques, i.e., stand-alone C.W.
and MBR systems, are insufficient to repair the devastated environment.
An MFC-linked electrochemical system, i.e., a Microbial Fuel Cell (MBR-
MFC, CW-MFC-MEC, and CW-MFC), has been developed as a connected
BES system for antibiotic removal (Rozas et al., 2010). For T.C. removal,
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a one-of-a-kind continuous flow MFC-sorption system was built. They
discovered that a high T.C. concentration, a high electrolyte concen-
tration, and a low pH value might all aid in increasing T.C. adsorption
capability (Liu et al., 2014). Ideally, increasing the number of MFCs in
series, which increases the current, could improve T.C. removal effi-
ciency (Lan et al., 2019). However, rather than being removed, it was
adsorbed, indicating additional therapeutic options should be explored.
An MFC-PEC and MFC-EC systems were developed in another study by
(Doherty et al., 2015) to degrade T.C. in the cathode chamber. Addi-
tionally, a new linked MBR-MFC system utilizing doped (FeOOH/ TiO-)
filled activated carbon (FeOOH/ TiO,-GAC) was discovered to reduce
membrane fouling while still removing over 90% of T.C. hydrochloride
from the process. Reduction processes involving oxygen via the 2e
pathway promoted hydrogen peroxide production (Cecconet et al.,
2017).

2.1. Antibiotic elimination using CW-MFCs

As a unique technology, the ability of CW-MFC to remove antibiotics
has received a lot of interest. T.C. and SMX were efficiently eliminated in
CW-MFCs (Yang et al., 2015; Jiang et al., 2016), with T.C. out-
performing SMX. Furthermore, Sulfadiazine (SDZ) concentration was
lower than in the open approach (Li et al., 2017b). Several pharmaco-
logical and physical processes (Zhang et al., 2016; Li et al., 2018) that
could be involved in antibiotic clearance in CW-MFCs were shown to be
responsible for this decrease. Even though built wetland, the two mi-
crobial cells, that is, (electric cells and fuel cells) can promptly remove
antibiotics, the risk of antibiotic resistance gene release has received
little attention when these techniques are used (Zhang et al., 2017; Song
et al., 2018). The MEC is an excellent antimicrobial pretreatment, and
the effluent can be released into CW-MFCs for further biodegradation
(Dordio and Carvalho, 2013). The connected system degrades signifi-
cant amounts of SMX. For instance, MECs may be supported by coupled
CW-MFCs for proper pretreatment of SMX (>85.73 percent), followed
by CW-MFCs for additional SMX degradation (Huang et al., 2015c).
With the stacked CW-MFCs providing a relatively constant power sup-
ply. These paired systems for removing antibiotics without using a
separate power source are practical and energy-efficient.

2.2. Present and emerging treatment technologies for human urine

Separation at source and treatment of human urine is a field that is a
research area gaining popularity because of the merits of management of
relatively lower volumes of highly concentrated samples as compared to
the volumes and concentration ranges encountered in centralized
treatment systems. Current processes for urine treatment technologies
are tabulated in Table 3.

2.3. A combination of electrodialysis, microfiltration, and ozonation

Electrodialysis is a method that utilizes anion and cation exchange
membranes and electric potential as a driving mechanism to desalinate
industrial wastewater (Liu et al., 2016b). Electrodialysis, when used

Table 3
A summary of urine treatment technologies (Larsen et al., 2013).

Technology References

1. A combination of Electrodialysis, Pronk et al. (2007)
Microfiltration and Ozonation

2. Struvite Precipitation. (Phosphorus Recovery) (Etter et al., 2011; Winkler

et al., 2013)

(Winkler et al., 2013; Zhang

et al., 2012)

Udert et al. (2003b)

Joseph et al. (2006)

Singh and Gupta (2016)

3. Ammonia Stripping

4.  Distillation and Nitrification
Urine Electrolysis
6.  Adsorption

o
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immediately after electrocatalysis, is expected to perform a variety of
tasks, which includes and are not limited to (1) Effective elimination of
small molecule acids and intermediate intermediates generated during
electrocatalysis, (2) removing tiny organic compounds that are resistant
to electrocatalysis directly, and (3) The fragmentation of big molecules
during electrocatalysis causes less fouling of the ion exchange mem-
brane (Gurreri et al., 2014).

Furthermore, macromolecules such as cellulose and humic sub-
stances (H. Ss) are resistant to these reactions. Fortunately, the elec-
trofiltration process can resolve the issues mentioned above. Electro-
microfiltration is a separation technique that employs both physical
and electrochemical methods. Compared to typical membrane filtration,
it opens up possibilities for efficient filtration in which charged solutes
are pulled away from the membrane’s surface by applying an electric
field, resulting in high flux and rejection (Wei et al., 2015). Any charged
species, including ions and colloids, might theoretically be removed by
electrofiltration if a high electric field is applied. There have been
various applications for turbid liquids, lubricants, and drinking water
purification (Hakimhashemi et al., 2012; Tsai et al., 2010). Ozone has
long been thought to be a highly powerful oxidant and disinfectant.
Ozone is predominantly an oxidant in acidic environments. However, it
mostly relies on free radical reactions in neutral and alkaline environ-
ments (Miklos et al., 2018).

2.4. Struvite formation

The phosphorus recovery from wastewater streams is becoming
increasingly important (Baimer, 2004). Studies on phosphorus recovery
from urine redirected from feces have been conducted since human
urine is one of the most important sources of phosphorus (Larsen and
Gujer, 1996). With the addition of magnesium salt and alkaline condi-
tions, phosphorus, the majority of which is in the form of phosphate,
could be retrieved from urine as struvite (MgNH4PO, 6H20) (i.e.,
struvite-recovery conditions) (Ban and Dave, 2004). Although this re-
action suggests that it can recover phosphorus from urine, chemical
reactions relating to the generation of struvite in urine need to be better
understood to optimize and control the response for practical applica-
tion. Equilibrium models are effective instruments for deciphering
chemical phenomena. Although several models for struvite precipitation
in urine have been developed (Udert et al., 2003a; Masrura et al., 2020),
they were not designed for struvite recovery but rather to prevent
struvite precipitation from clogging pipes. As a result, those models
don’t consider residues like magnesium hydroxide (Mg (OH),), which
can form during struvite recovery, and nothing is known about the best
circumstances for struvite formation. This research explores an equi-
librium model which predicts struvite formation in urine under
struvite-recovery conditions while accounting for any residues that may
arise. In this method, urine is separated from feces using a
urine-diversion toilet constructed in the laboratory and stored in a
storage tank for a few months (Kutzer et al., 1995).

2.5. Ammonia stripping

Gas stripping is a wastewater treatment method that is widely uti-
lized. It’s used to remove VOCs from wastewater (Gonzalez Benito and
Garcia Cubero, 1996), ammonia from industrial effluent (Bonmati and
Floats, 2003), and swine dung (Basakcilardan-Kabakci et al., 2007).
Human urine has only been used in a few studies: have recovered
ammonia from human urine by stripping and absorption at a laboratory
scale (Pradhan et al., 2017).

2.6. Nitrification and distillation
Biological nitrification to stabilize nutrients in urine is an alternative

to struvite synthesis for urine nutrient recovery (Udert et al., 2003).
Because volatile ammonia is converted to nitrate during nitrification, a
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recent study of the inactivation of bacterial and viral surrogates in urine
found that nitrification is insufficient as a stand-alone method for
pathogen inactivation (Bischel et al., 2015). The nitrified urine can be
distilled to produce a concentrated fertilizer with pathogen-killing
properties. Nitrified urine is filtered for many hours at 80 °C in a pilot
reactor (Udert et al., 2015). As a result, urine nitrification does not
provide a major advantage in treating pathogens or drugs found in urine.
Combining biological nutrient stabilization with distillation’s
post-nitrification phases and advanced treatment, on the other hand, can
increase the liquid fertilizer’s quality by inactivating pathogens and
removing pharmaceuticals.

2.7. Electrolysis of urine

Pollutants can be oxidized electrochemically by one of two mecha-
nisms: (1) anodic Oxidation with a direct current source. At the anode
surface, contaminants from the bulk solution are removed. (2) Pollution
oxidation at the surface of the anode. As a result, the electrochemical
process’s efficiency will be determined by correlating substrate mass
transfer and electron transport at the electrode surface. (3) Indirect
Oxidation where a mediator (HCIO, H,S,0g, and others) is electro-
chemically generated to carry out the Oxidation. Both oxidation mech-
anisms may coexist, especially in electro-oxidation processes of aqueous
effluents, (Salek, 2019).

2.8. Adsorption

Adsorption is a surface phenomenon in which an adsorbate-
containing solution binds to the surface of an adsorbent. There are
two forms of adsorption: physisorption and adhesion. van der Waals
forces bind the adsorbate to the adsorbent during chemical interactions
between the adsorbate and the adsorbent cause chemisorption. Chemi-
sorption is irreversible, selective, and exothermic. Physisorption is
reversible, weak, and usually endothermic (Lashaki et al., 2016). For
instance, activated carbon is recognized as one of the first and most
widely used adsorbents for urine and wastewater treatment for
removing organic and inorganic pollutants. The application in adsorp-
tion process mainly depends on the surface chemistry and pore structure
of porous carbons (Bhatnagar et al., 2013). Biochar is a carbon-rich solid
derived from pyrolysis of biomass under oxygen-free or sometimes low
oxygen content conditions and at temperatures above 250 °C. This
adsorption technique is used to remove organic and inorganic environ-
mental contaminants, where it is used as an adsorbent for the immobi-
lization of toxic elements such as heavy metals (Aviso et al., 2019).

Electro-oxidation of pollutants in wastewater is fulfilled through two
different approaches, as shown in Fig. 3.

2.9. Urine source separation, treatment, and nutrient recovery

In the circular economy, urine source separation is crucial. On the
other hand, pharmaceutical micropollutants in urine restrict it from
being used as a fertilizer, particularly in the food industry. Because
uptake of pharmaceutical and personal goods by food crops has been
observed (Christou et al., 2019; de Boer et al., 2018a), urine must be
rendered safe (free of micropollutants) before it can be utilized to
fertilize plants. Adsorption of compounds into modified carbonaceous
material is an established method for micropollutants removal in
wastewater streams (Manjunath and Kumar, 2021). Researchers tested
the removal of pharmaceuticals from synthetic urine using various
biochars and found that each compound tested was released at a rate
greater than 90%. They also found that there was still enough nitrogen
and phosphorus in the soil following the biochar treatment. Utilization
of Pineapple peel boichar and lateritic soil was shown to be useful in the
recovery of NH4"-N from source separated urine (Otieno et al., 2021).
Apart from struvite recovery, additional research should focus on other
phosphorus recovery technologies to reduce chemical consumption and
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Fig. 3. Pollutant removal pathways in electrochemical Oxidation (Deng and Englehardt, 2007).

create other phosphorus products, such as calcium phosphate, that are
more suited to today’s fertilizer businesses (De Boer et al., 2018b).

In conclusion, therefore, sustainable and efficient nutrient recycling
requires successful management of the whole chain from collection,
transportation, and storage to processing and end-use to achieve cost-
effective and acceptable end products. There must be a market for the
end products; otherwise, they will lose the benefits of nutrient recovery.
In addition, to develop technologies, logistics, and regulations, there is a
need for an attitude change to make alternative technologies competi-
tive compared to current ones.

2.10. Outlook

Bioelectrochemical systems (BES) have been connected to electro-
chemical reaction and microbial metabolism and are being studied as a
potential technique for emerging pollutants treatment, particularly an-
tibiotics. Moving forward, the development of technologies for the
removal of residual antimicrobials from source-separated urine is a
whole area of focus. Further research is paramount on the association
between microbial diversity, antimicrobials biodegradation, and ARG
abundance. Consequently, there is a need for further research into the
co-metabolism process in the BES, which contributes to antimicrobials
degradation.

3. Conclusion and forecast

This review highlighted the destiny and methods of several treat-
ment methodologies for antibiotics removal from wastewater streams
and source-separated urine, including advanced oxidation processes,
biological and physical processes, and hyphenated systems. Some of the
conclusions include:

(1) Built wetlands are low-cost to run and offer good decontamina-
tion, high efficiency, ease of maintenance and management,
alongside antibiotic selectivity.

(2) The antibiotics biodegradation treatments impact process con-
ditions, water quality, and environmental parameters.

(3) In combination with AOP therapies, antibiotic elimination is
exceptionally successful. They offer a lot of promise for devel-
opment and application in wastewater treatment.

(4) Antibiotics can be removed using membrane technology and is
still a viable option for antibiotic removal from wastewater
plants.

(5) separation at the source and treatment of human urine is a major
step in controlling the flow of pharmaceuticals into receiving
water bodies, especially in informal settlements.

Moving forward, significant efforts should be dedicated towards
development of sustainable, low-cost, efficient, and easy-to-manage
antibiotic removal systems. Additionally, continuous improvement of

existing infrastructure should be prioritized to increase removal effi-
ciency for micropollutants of pharmaceutical nature.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

No data was used for the research described in the article.
Acknowledgments

This work was supported by the University of Jyvaskyla, Finland
doctoral school at the Department of Biological and Environmental
sciences.

References

Ahmed, M.B., Zhou, J.L., Ngo, H.H., Guo, W., 2015. Adsorptive removal of antibiotics
from water and wastewater: progress and challenges. Sci. Total Environ. 532,
112-126.

Anglada, A., Urtiaga, A., Ortiz, 1., 2009. Contributions of electrochemical Oxidation to
wastewater treatment: fundamentals and review of applications. J. Chem. Technol.
Biotechnol. 84 (12), 1747-1755.

Aviso, K.B., Belmonte, B.A., Benjamin, M.F.D., Arogo, J.L.A., Coronel, A.L.O., Janairo, C.
M.J., Foo, D.C.Y., 2019. Tan, Synthesis of optimal and near-optimal biochar based
carbon management networks with P-graph. R.R. J. Clean. Prod. 214, 893-901.

Baimer, P., 2004. Phosphorus recovery — an overview of potentials and possibilities.
Water Sci. Technol. 49 (10), 185-190.

Balla, W., Essadki, A., Gourich, B., Dassaa, A., Chenik, H., Azzi, M., 2010.
Electrocoagulation/electroflotation of reactive, disperse, and mixture dyes in an
external-loop airlift reactor. J. Hazard Mater. 184, 710-716.

Ban, Z.S., Dave, G., 2004. Laboratory studies on recovery of N and P from human urine
through struvite crystallization and zeolite adsorption. Environ. Technol. 25,
111-121.

Bartlett, J.G., 2004. A Guide to Primary Care of People with HIV/AIDS, vol. 167.
Department of Health and Human Services, Rockville.

Basakcilardan-Kabakci, S., Ipekoglu, A., Talinli, I., 2007. Recovery of ammonia from
human urine by stripping and absorption. Environ. Eng. Sci. 24 (5), 615-624.
Beesley, L., Moreno-Jimenez, E., Gomez-Eyles, J.L., 2010. Effects of biochar and green-
waste compost amendments on mobility, bioavailability, and toxicity of inorganic
and organic contaminants in multi-element polluted soil. Environ. Pollut. 158 (6),

2282-2287.

Bengtsson-Palme, J., Kristiansson, E., Larsson, D.G.J., 2018. Environmental factors
influencing the development and spread of antibiotic resistance. FEMS Microbiol.
Rev. 42, 68-80.

Bhatnagar, Amit, Hogland, William, Marques, Marcia, Sillanpaa, Mika, 2013. An
overview of the modification methods of activated carbon for its water treatment
applications. Chem. Eng. J. 219, 499-511.

Bhattacharjee, M.K., 2016. Antimetabolites: Antibiotics that Inhibit Nucleotide
Synthesis. Springer International Publishing, Basel, 95-10.

Bischel, H.N., Duygan, B.D.O., Strande, L., McArdell, C.S., Udert, K.M., Kohn, T., 2015.
Pathogens and pharmaceuticals in source-separated urine in eThekwini, South
Africa. Water Res. 85, 57-65.

Bokare, A.D., Choi, W., 2012. J. J. Hazard. Mater. 275, 122-124.


http://refhub.elsevier.com/S0301-4797(22)01638-3/sref1
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref1
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref1
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref2
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref2
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref2
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref3
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref3
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref3
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref4
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref4
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref5
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref5
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref5
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref6
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref6
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref6
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref7
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref7
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref8
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref8
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref9
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref9
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref9
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref9
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref10
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref10
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref10
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref11
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref11
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref11
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref12
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref12
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref13
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref13
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref13
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref14

K.O. Imwene et al.

Bonmati, A., Floats, X., 2003. Air stripping of ammonia from pig slurry: characterisation
and feasibility as a pre or post-treatment to mesophilic anaerobic digestion. Waste
Manage. (Tucson, Ariz.) 23 (3), 261-272.

Boto, M., Almeida, C.M.R., Mucha, A.P., 2016. Potential of constructed wetlands for
removing antibiotics from saline aquaculture effluents. Water S A (Pretoria) 8, 465.

Carraro, E., Bonetta, S., Bonetta, S., 2017. Hospital Wastewater: Existing Regulations and
Current Trends in Management. Hosp. Wastewaters. Springer, pp. 1-16.

Cecconet, D., Molognoni, D., Callegari, A., Capodaglio, A.G., 2017. Biological
combination processes for efficient removal of pharmaceutically active compounds
from wastewater a review and future perspectives. J. Environ. Chem. Eng. 5,
3590-3603.

Cetecioglu, Z., Ince, B., Orhon, D., Ince, O., 2016. Anaerobic sulfamethoxazole
degradation is driven by homoacetogenesis coupled with hydrogenotrophic
methanogenesis. Water Res. 90, 79-89.

Chartier, Y., Emmanuel, J., Pieper, U., Priiss, A., Rushbrook, P., Stringer, R.,

Townend, W., Wilburn, S., Zghondi, R., 2014. Safe Management of Wastes from
Health- Care Activities. WHO seconded.

Cheng, X., Lian, Y., Zhu, H., Zhou, Q., Yu, X., Yan, B., 2016. Advances in treating
antibiotics in water by constructed wetland. Wetl. Sci. 10, 12-20.

Cheng, D.L., Ngo, H.H., Guo, W.S., Liu, Y.W., Zhou, J.L., Chang, S.W., Nguyen, D.D.,
Bui, X.T., Zhang, X.B., 2018. Bioprocessing for the elimination of antibiotics and
hormones from swine wastewater. Sci. Total Environ. 621, 1664-1682.

Choi, Y.-J., Kim, L.-H., Zoh, K.-D., 2016. Removal characteristics and mechanism of
antibiotics using constructed wetlands. Ecol. Eng. 91, 85-92.

Christou, A., Papadavid, G., Dalias, P., Fotopoulos, V., Michael, C., Bayona, J.M.,

Pina, B., Fatta-Kassinos, D., 2019. Ranking of crop plants according to their potential
to uptake and accumulate contaminants of emerging concern. Environ. Res. 170,
422-432. https://doi.org/10.1016/j.envres.2018.12.048.

Cortez, S., Teixeira, P., Oliveira, R., Mota, M., 2008. Rotating biological contactors: a
review on main factors affecting performance. Rev. Environ. Sci. Biotechnol. 7 (2),
155-172.

de Boer, M.A., Hammerton, M., Slootweg, J.C., 2018a. Uptake of pharmaceuticals by
sorbent-amended struvite fertilizers recovered from human urine and their
bioaccumulation in tomato fruit. Water Res. 133, 19-26.

De Boer, M.A., Romeo-Hall, A.G., Rooimans, T.M., Slootweg, J.C., 2018b. An assessment
of the drivers and barriers for the deployment of urban phosphorus recovery
technologies: a case study of The Netherlands. Sustainability 10 (6), 1790.

Deng, Y., Englehardt, J.D., 2007. Electrochemical Oxidation for landfill leachate
treatment Waste Manag. 27 (3), 380-388.

Doherty, L., Zhao, Y., Zhao, X., Hu, Y., Hao, X., Xu, L., Liu, R., 2015. A review of a
recently emerged technology: constructed wetland - microbial fuel cells. Water Res.
85, 38-45.

Dordio, A.V., Carvalho, A.J., 2013. Organic xenobiotics removal in constructed wetlands,
emphasizing the importance of the support matrix. J. Hazard Mater. 252-253,
272-292.

Ensink, J.H., Mukhtar, M., van der Hoek, W., Konradsen, F., 2007. A simple intervention
to reduce mosquito breeding in waste stabilization ponds. Roy. Soc. Trop. Med. Hyg.
Trans. 101 (11), 1143-1146.

Etter, B., Tilley, E., Khadka, R., Udert, K.M., 2011. Low-cost struvite production using
source-separated urine in Nepal. Water Res. 45 (2), 852-862.

Fang, Z., Song, H.L., Cang, N., Li, X.N., 2015. Electricity production from Azo dye
wastewater using a microbial fuel cell coupled constructed wetland operating under
different operating conditions. Biosens. Bioelectron. 68, 135-141.

Fernandes, J.P., Almeida, C.M.R., Pereira, A.C., Ribeiro, L.L., Reis, L., Carvalho, P.,
Basto, M.C.P., Mucha, A.P., 2015. Microbial community dynamics associated with
veterinary antibiotics removal in constructed wetlands microcosms. Bioresour.
Technol. 182, 26-33.

Fernandez-Fontaina, E., Omil, F., Lema, J.M., Carballa, M., 2012. Influence of nitrifying
conditions on the biodegradation and sorption of emerging micropollutants. Water
Res. 46, 5434-5444.,

Glaze, W., Kang, J.-W., Chapin, D.H., 1987. The chemistry of water treatment processes
involving ozone, hydrogen peroxide, and ultraviolet radiation. Ozone-Sci. Eng. 9,
335-352.

Gonzalez Benito, G., Garcia Cubero, M., 1996. Ammonia elimination from beet sugar
factory condensate streams by a stripping—reabsorption system. Sugar Ind. 121 (9),
721-726.

Gruchlik, Y., Linge, K., Joll, C., 2018. Removal of organic micropollutants in waste
stabilization ponds: a review. J. Environ. Manag. 206, 202-214.

Guo, Y., Qi, P.S., Liu, Y.Z.,, 2017, May. A review on advanced treatment of
pharmaceutical wastewater. IOP Conf. Ser. Earth Environ. Sci. 63 (1), 12025 (IOP
Publishing).

Guo, X.Y., Yan, Z., Zhang, Y., Xu, W.L., Kong, D.Y., Shan, Z.J., Wang, N., 2018a. Behavior
of antibiotic resistance genes under extremely high-level antibiotic selection
pressures in pharmaceutical wastewater treatment plants. Sci. Total Environ. 612,
119-128.

Guo, X., Yan, Z., Zhang, Y., Xu, W., Kong, D., Shan, Z., Wang, N., 2018b. The behavior of
antibiotic resistance genes under extremely high-level antibiotic selection pressures
in pharmaceutical wastewater treatment plants. Sci. Total Environ. 612, 119-128.

Gupta, Vinod Kumar, Ali, Imran, Saleh, Tawfik A., Nayak, Arunima, Agarwal, Shilpi,
2012. Chemical treatment technologies for waste-water recycling—an overview.
RSC Adv. 2 (16), 6380. https://doi.org/10.1039/c2ra20340e.

Gurreri, L., Tamburini, A., Cipollina, A., Micale, G., Ciofalo, M., 2014. CFD prediction of
concentration polarisation phenomena in spacer-filled channels for reverse
Electrodialysis. J. Member. Sci. 468, 133-148.

10

1 M

Journal of Enviro 322 (2022) 116065

Hakimhashemi, M., Gebreyohannes, A.Y., Saveyn, H., Van der Meeren, P., Verliefde, A.,
2012. Combined effects of operational parameters on electro-ultrafiltration process
characteristics. J. Membr. Sci. 403-404, 227-235.

Hakizimana, J.N., Gourich, B., Chafi, M., Stiriba, Y., Vial, C., Drogui, P., Naja, J., 2017.
Electrocoagulation process in water treatment: a review of electrocoagulation
modeling approaches. Desalination 404, 1-21.

Hashim, K.S., AlKhaddar, R., Shaw, A., Kot, P., Al-Jumeily, D., Alwash, R., Aljefery, M.H.,
2020. Electrocoagulation as an eco-friendly River water treatment method. In:
Advances in Water Resources Engineering and Management. Springer, Singapore,
pp. 219-235.

Helbling, D.E., Johnson, D.R., Honti, M., Fenner, K., 2012. Micropollutant
biotransformation kinetics are associated with WWTP process parameters and
microbial community characteristics. Environ. Sci. Technol. 46, 10579.

HeB, S., Berendonk, T.U., Kneis, D., 2018. Antibiotic-resistant bacteria and resistance
genes in the bottom sediment of a small stream and the potential impact of
remobilization. FEMS Microbiol. Ecol. 94 (9) fiy128.

Homem, V., Santos, L., 2011. Degradation and removal methods of antibiotics from
aqueous matrices—a review. J. Environ. Manag. 92 (10), 2304-2347.

Hou, J., Chen, Z., Gao, J., Xie, Y., Li, L., Qin, S., Wang, Q., Mao, D., Luo, Y., 2019.
Simultaneous removal of antibiotics and antibiotic resistance genes from
pharmaceutical wastewater using the combinations of up-flow anaerobic sludge bed,
anoxicoxic tank, and advanced oxidation technologies. Water Res. 159, 511-520.

Hu, H., Fan, Y., Liu, H., 2008a. Hydrogen production using single-chamber membrane-
free microbial electrolysis cells. Water Res. 42, 4172-4178.

Hu, H., Fan, Y., Liu, H., 2008b. Hydrogen production using single-chamber membrane-
free microbial electrolysis cells. Water Res. 42, 4172-4178.

Huang, R., Ding, P., Huang, D., Yang, F., 2015a. Antibiotic pollution threatens public
health in China. Lancet 385, 773-774.

Huang, X., Liu, C., Li, K., Su, J., Zhu, G., Liu, L., 2015b. Performance of vertical up-flow
constructed wetlands on swine wastewater containing tetracyclines and tet genes.
Water Res. 70, 109-117.

Huang, X., Liu, C., Li, K., Su, J., Zhu, G., Liu, L., 2015c. Performance of vertical up-flow
constructed wetlands on swine wastewater containing tetracyclines and tet genes.
Water Res. 70, 109-117.

Huang, X., Wang, S., Chen, G., Lu, L., Liu, J., 2016. Typical pollutants removal efficiency
from aquaculture wastewater by using constructed wetlands. Chin. J. Environ. Eng.
10, 12-20.

Huang, X., Zheng, J., Liu, C., Liu, L., Liu, Y., Fan, H., Zhang, T., 2017. Performance and
bacterial community dynamics of vertical flow constructed wetlands during the
treatment of antibiotics-enriched swine wastewater. Chem. Eng. J. 316, 727-735.

Huang, A., Yan, M., Lin, J., Xu, L., Gong, H., Gong, H., 2021. A review of processes for
removing antibiotics from breeding wastewater. Int. J. Environ. Res. Publ. Health 18
(9), 4909.

Hui, W., Jian Long, W., 1999. J. Chin. J. Environ. Sci. 19, 441-444.

Jjanu, E.M., Kamaruddin, M.A., Norashiddin, F.A., 2020. Coffee processing wastewater
treatment: a critical review on current treatment technologies with a proposed
alternative. Appl. Water Sci. 10 (1), 1-11.

Inyang, M., Dickenson, E., 2015. The potential role of biochar in removing organic and
microbial contaminants from potable and reuse water: a review. Chemosphere 134,
232-240.

Jang, J., Miran, W., Divine, S.D., Nawaz, M., Shahzad, A., Woo, S.H., Lee, D.S., 2018.
Rice straw-based biochar beads for the removal of radioactive strontium from an
aqueous solution. Sci. Total Environ. 615, 698-707.

Jenkins, D., 1993. Manual on the Causes and Control of Activated Sludge Bulking and
Foaming, second ed. Lewis.

Jiang, C.J., Liu, L.F., Crittenden, J.C., 2016. An electrochemical process that uses a Fe-0/
TiO2 cathode to degrade typical dyes and antibiotics and a bio-anode that produces
electricity. Front. Environ. Sci. Eng. 10, 8.

Jjemba, P.K., 2006. Excretion and ecotoxicity of pharmaceutical and personal care
products in the environment. Ecotoxicol. Environ. Saf. 63, 113-130, 2004.11.011.

Joseph, J., Pignatello, Esther O., Allison, M., 2006. J. Crit. Rev. Env. Sci. Tec. 1-84.

K'oreje, K.O., Vergeynst, L., Ombaka, D., De Wispelaere, P., Okoth, M., Van
Langenhove, H., Demeestere, K., 2016. Occurrence patterns of pharmaceutical
residues in wastewater, surface water, and groundwater of Nairobi and Kisumu city,
Kenya. Chemosphere 149, 238-244.

Kairigo, P.K., Ngumba, E., Sundberg, L-R., Gachanja, A., Tuhkanen, A., 2020. Occurrence
of antibiotics and risk of antibiotic resistance evolution in selected Kenyan
wastewaters, surface waters and sediments. Sci. Total Environ. 720, 137580 https://
doi.org/10.1016/j.scitotenv.2020.137580.

Kairigo, P., Ngumba, E., Sundberg, L.-R., Gachanja, A., Tuhkanen, T., 2020.
Contamination of surface water and river sediments by antibiotic and antiretroviral
drug cocktails in low and middle-income countries: occurrence, risk and mitigation
strategies. Water 12, 1376.

Kamaraj, R., Vasudevan, S., 2015. Evaluation of electrocoagulation process for the
removal of strontium and cesium from aqueous solution. Chem. Eng. Res. Des. 93,
522-530.

Kastner, M., Nowak, K.M., Miltner, A., Trapp, S., Schaeffer, A., 2014. Classification and
modeling of nonextractable residue (NER) formation of xenobiotics in soiled
synthesis. Crit. Rev. Environ. Sci. Technol. 44 (19), 2107e2171.

Khan, M.T., Shah, I.A., Thsanullah, I., Naushad, M., Ali, S., Shah, S.H.A., Mohammad, A.
W., 2021. Hospital wastewater as a source of environmental contamination: an
overview of management practices, environmental risks, and treatment processes.
J. Water Proc. Eng. 41, 101990.

Kim, S., Yun, Z., Ha, U.H,, Lee, S., Park, H., Kwon, E.E., Cho, Y., Choung, S., Oh, J.,
Medriano, C.A., Chandran, K., 2014. Transfer of antibiotic resistance plasmids in


http://refhub.elsevier.com/S0301-4797(22)01638-3/sref15
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref15
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref15
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref16
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref16
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref17
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref17
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref18
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref18
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref18
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref18
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref19
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref19
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref19
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref20
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref20
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref20
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref21
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref21
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref22
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref22
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref22
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref23
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref23
https://doi.org/10.1016/j.envres.2018.12.048
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref25
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref25
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref25
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref26
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref26
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref26
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref27
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref27
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref27
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref28
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref28
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref29
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref29
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref29
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref30
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref30
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref30
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref31
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref31
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref31
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref32
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref32
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref33
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref33
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref33
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref34
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref34
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref34
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref34
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref35
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref35
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref35
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref36
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref36
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref36
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref37
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref37
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref37
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref38
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref38
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref39
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref39
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref39
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref40
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref40
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref40
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref40
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref41
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref41
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref41
https://doi.org/10.1039/c2ra20340e
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref43
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref43
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref43
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref44
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref44
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref44
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref45
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref45
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref45
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref46
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref46
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref46
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref46
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref47
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref47
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref47
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref48
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref48
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref48
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref49
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref49
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref50
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref50
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref50
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref50
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref51
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref51
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref52
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref52
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref53
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref53
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref54
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref54
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref54
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref55
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref55
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref55
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref56
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref56
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref56
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref57
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref57
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref57
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref58
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref58
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref58
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref59
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref60
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref60
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref60
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref61
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref61
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref61
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref62
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref62
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref62
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref63
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref63
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref64
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref64
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref64
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref65
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref65
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref66
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref67
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref67
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref67
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref67
https://doi.org/10.1016/j.scitotenv.2020.137580
https://doi.org/10.1016/j.scitotenv.2020.137580
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref68
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref68
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref68
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref68
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref69
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref69
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref69
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref70
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref70
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref70
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref71
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref71
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref71
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref71
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref72
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref72

K.O. Imwene et al.

pure and activated sludge cultures in the presence of environmentally representative
microcontaminant concentrations. Sci. Total Environ. 468-469, 813-820.

Kimosop, S.J., Getenga, Z.M., Orata, F., Okello, V.A., Cheruiyot, J.K., 2016. Residue
levels and discharge loads of antibiotics in wastewater treatment plants (WWTPs),
hospital lagoons, and rivers within Lake Victoria Basin, Kenya. Environ. Monit.
Assess. 188 (9), 1-9.

Kumar, R., Singh, L., Wahid, Z.A., Din, M.F.M., 2015. Exoelectrogens in microbial fuel
cells toward bioelectricity generation: a review. Int. J. Energy Res. 39, 1048-1067.

Kumar, R., Singh, L., Zularisam, A.W., Hai, F.I., 2018. Microbial fuel cell is emerging as a
versatile technology: a review on its possible applications, challenges, and strategies
to improve the performances. Int. J. Energy Res. 42, 369-394.

Kumar, A., Singh, E., Khapre, A., Bordoloi, N., Kumar, S., 2020. Sorption of volatile
organic compounds on non-activated biochar. Bioresour. Technol. 297, 122469.

Kiimmerer, K., 2009. Antibiotics in the aquatic environment — a review, Part L.
Chemosphere 417-434.

Kummerer, K., Alexy, R., Huttig, J., Scholl, A., 2004. Standardised tests fail to assess the
effects of antibiotics on environmental bacteria. Water Res. 38, 2111-2116.

Kutzer, S., Wintrich, H., Mersmann, A., 1995. Air stripping — a method for treatment of
waste-water. Chem. Eng. Technol. 18 (3), 149-155.

Lan, L., Kong, X., Sun, H., Li, C., Liu, D., 2019. High removal efficiency of antibiotic
resistance genes in swine wastewater via nanofiltration and reverse osmosis
processes. J. Environ. Manag. 231, 439-445.

Larsen, T.A., Gujer, W., 1996. Separate management of anthropogenic nutrient solutions
(human urine). Water Sci. Technol. 34 (3- 4), 87-94.

Larsen, T.A., Udert, K.M., Lienert, J., 2013. Source Separation and Decentralization for
Wastewater Management. IWA Publishing, London, UK.

Larsson, D.J., de Pedro, C., Paxeus, N., 2007. Effluent from drug manufacturers contains
extremely high levels of pharmaceuticals. J. Hazard Mater. 148, 751-755.

Lashaki, M.J., Atkinson, J.D., Hashisho, Z., Phillips, J.H., Anderson, J.E., Nichols, M.,
2016. The role of beaded activated carbon’s surface oxygen groups on irreversible
adsorption of organic vapors. J. Hazard Mater. 317, 284-294.

Leal, J.E., Thompson, A.N., Brzezinski, W.A., 2010. Pharmaceuticals in drinking water:
local analysis of the problem and finding a solution through awareness. J. Am.
Pharmaceut. Assoc. 50, 600-603. https://doi.org/10.1331/JAPhA.2010.09186.

Leyva-Diaz, J.C., Munio, M.M., Gonzalez-Lopez, J., Poyatos, J.M., 2016. Anaerobic/
anoxic/oxic configuration in hybrid moving bed biofilm reactor-membrane
bioreactor for nutrient removal from municipal wastewater. Ecol. Eng. 91, 449-458.

Li, Y.H., Liu, L.F., Yang, F.L., 2017a. Destruction of tetracycline hydrochloride antibiotics
by FeOOH/TiO2 granular activated carbon as an expanded cathode in low-cost
MBR/MEFC coupled system. J. Member. Sci. 525, 202-209.

Li, Y.H., Liu, L.F., Yang, F.L., 2017b. Destruction of tetracycline hydrochloride antibiotics
by FeOOH/TiO2 granular activated carbon as an expanded cathode in low-cost
MBR/MFC coupled system. J. Member. Sci. 525, 202-209.

Li, H., Song, H.L., Yang, X.L., Zhang, S., Yang, Y.L., Zhang, L.M., Xu, H., Wang, Y.W.,
2018. A continuous flow MFC-CW coupled with a biofilm electrode reactor to
simultaneously attenuate Sulfamethoxazole and its corresponding resistance genes.
Sci. Total Environ. 637-638, 295-305.

Ling, W., 2019. Study on Removal of Antibiotics by Catalytic Ozonation from Factory
Marine Aquaculture Wastewater. Master’s Thesis. Dalian University of Technology,
Dalian, China.

Liu, L., Liu, C., Zheng, J., Huang, X., Wang, Z., Liu, Y., Zhu, G., 2013. Elimination of
veterinary antibiotics and antibiotic resistance genes from swine wastewater in the
vertical flow constructed wetlands. Chemosphere 91, 1088-1093.

Liu, P., Zhang, H., Feng, Y., Yang, F., Zhang, J., 2014. Removal of trace antibiotics from
wastewater: a systematic study of nanofiltration combined with ozone-based
advanced oxidation processes. Chem. Eng. J. 240, 211-220.

Liu, J., Yi, N.-K,, Xiong, Y.-J., Huang, X.-F., 2016a. Effect of constructed wetland
configuration on the removal of nitrogen pollutants and antibiotics in aquaculture
wastewater. Environ. Sci. 37, 3430-3437.

Liu, J., Wu, S,, Lu, Y., Liu, Q., Jiao, Q., Wang, X., Zhang, H., 2016b. An integrated
electrodialysis-biocatalysis-spray-drying process for efficient recycling of keratin
acid hydrolysis industrial wastewater. Chem. Eng. J. 302, 146-154.

Liu, X., Xiao, P., Guo, Y., Liu, L., Yang, J., 2019. The impacts of different high-throughput
profiling approach on the understanding of bacterial antibiotic resistance genes in a
freshwater reservoir. Sci. Total Environ. 693, 133585.

Liu, Yong, Zhao, Yang, Wang, Jianlong, 2020. Fenton/Fenton-like processes with in-situ
production of hydrogen peroxide/hydroxyl radical for degradation of emerging
contaminants: advances and prospects. J. Hazard Mater. 124191. https://doi.org/
10.1016/j.jhazmat.2020.124191.

Logan, B.E., 2009. Exoelectrogenic bacteria that power microbial fuel cells, Nat. Rev.
Microbiol. 7, 375-381.

Logan, B.E., Rabaey, K., 2012. Conversion of wastes into bioelectricity and chemicals
using microbial electrochemical technologies. Science 337, 686-690.

Madikizela, L.M., Tavengwa, N.T., Chimuka, L., 2017. Status of pharmaceuticals in
African water bodies: occurrence, removal and analytical methods. J. Environ.
Manag. 193, 211-220.

Manjunath, S.V., Kumar, M., 2021. Simultaneous removal of antibiotic and nutrients via
Prosopis juliflora activated carbon column: performance evaluation, the effect of
operational parameters and breakthrough modeling. Chemosphere 262, 127820.

Masrura, S.U., Dissanayake, P., Sun, Y., Ok, Y.S., Tsang, D.C.W., Khan, E., 2020.
Sustainable use of biochar for resource recovery and pharmaceutical removal from
human urine: a critical review. Crit. Rev. Environ. Sci. Technol. 1-33.

Matilainen, A., Vepséldinen, M., Sillanpéd, M., 2010. Natural organic matter removal by
coagulation during drinking water treatment: a review. Adv. Colloid Interface Sci.
159, 189-197.

11

1 M

Journal of Enviro 322 (2022) 116065

Miklos, D.B., Remy, C., Jekel, M., Linden, K.G., Drewes, J.E., Hiibner, U., 2018.
Evaluation of advanced oxidation processes for water and wastewater treatment-A
critical review. Water Res. 139, 118-131.

Miura, Y., Hiraiwa, M.N., Ito, T., Itonaga, T., Watanabe, Y., Okabe, S., 2007. Bacterial
community structures in MBRs treating municipal wastewater: relationship between
community stability and reactor performance. Water Res. 41 (3), 627-637.

Muriuki, C., Home, P., Raude, J., Ngumba, E., Munala, G., Kairigo, P., Gachanja, A.,
Tuhkanen, T., 2020. Occurrence, distribution, and risk assessment of
pharmaceuticals in wastewater and open surface drains of peri-urban areas: Case
study of Juja town, Kenya. Environ. Pollut. 267, 115503 https://doi.org/10.1016/j.
envpol.2020.115503.

Na, G., Gu, J., Ge, L., Zhang, P., Wang, Z., Liu, C., Zhang, L., 2011. Detection of 36
antibiotics in coastal waters using high-performance liquid chromatography-tandem
mass spectrometry. Chin. J. Oceanol. Limnol. 29 (5), 1093-1102.

Nasrullah, M., Zularisam, A.W., Krishnan, S., Sakinah, M., Singh, L., Fen, Y.W., 2019.
High performance electrocoagulation process in treating palm oil mill effluent using
high current intensity application. Chin. J. Chem. Eng. 27, 208-217.

Neudorf, K.D., Huang, Y.N., Ragush, C.M., Yost, C.K., Jamieson, R.C., Hansen, L.T., 2017.
Antibiotic resistance genes in municipal wastewater treatment systems and receiving
waters in Arctic Canada. Sci. Total Environ. 598, 1085-1094.

Ngumba, E., Kosunen, P., Gachanja, A., Tuhkanen, T., 2016. A multi-residue analytical
method for trace level determination of antibiotics and antiretroviral drugs in
wastewater and surface water using SPE-LC-MS/MS and matrix-matched standards.
Anal. Methods 8 (37), 6720-6729.

Ngumba, E., Gachanja, A., Nyirenda, J., Maldonado, J., Tuhkanen, T., 2020. Occurrence
of antibiotics and antiretroviral drugs in source-separated urine, groundwater,
surface water, and wastewater in the peri-urban area of Chunga in Lusaka, Zambia.
WaterSA 46 (2), 278-284.

Nguyen, L.N., Hai, F.I., Kang, J., Price, W.E., Nghiem, L.D., 2012. Removal of trace
organic contaminants by a membrane bioreactor-granular activated carbon (MBR-
GAC) system. Bioresour. Technol. 113, 169.

Nourse, C., Allworth, A., Jones, A., Horvath, R., McCormack, J., Bartlett, J., Robson, J.
M., 2004. Three cases of Q fever osteomyelitis in children and a review of the
literature. Clin. Infect. Dis. 39 (7), e61-e66.

O’Neil, J., 2014. Review on Antimicrobial Resistance, Antimicrobial Resistance: Tackling
a Crisis for the Health and Wealth of Nations, 2014.

Otieno, A., Home, P., Raude, J., Murunga, S., Ngumba, E., Ojwang, D., Tuhkanen, T.,
2021. Pineapple peel biochar and lateritic soil as adsorbents for recovery of
ammonium nitrogen from human urine. J. Environ. Manag. 293, 112794 https://doi.
org/10.1016/j.jenvman.2021.112794.

Ozyonar, F., Karagozoglu, B., 2014. Investigation of technical and economic analysis of
electrocoagulation process for the treatment of great and small cattle slaughterhouse
wastewater. Desalination Water Treat. 52 (1-3), 74-87.

Pan, M., Yau, P.C., 2021. Fate of macrolide antibiotics with different wastewater
treatment technologies. Water, Air, Soil Pollut. 232 (3).

Pathak, N., Caleb, O.J., Geyer, M., Herppich, W.B., Rauh, C., Mahajan, P.V., 2017.
Photocatalytic and photochemical Oxidation of ethylene: potential for storage of
fresh produce—a review. Food Bioprocess Technol. 10 (6), 982-1001.

Patneedi, C.B., Prasadu, K.D., 2015. Impact of pharmaceutical wastes on human life and
environment. Rasayan J. Chem. 8 (1), 67-70.

Peydayesh, M., Suta, T., Usuelli, M., Handschin, S., Canelli, G., Bagnani, M.,
Mezzenga, R., 2021. Sustainable removal of microplastics and natural organic matter
from water by coagulation-flocculation with protein amyloid fibrils. Environ. Sci.
Technol. 55 (13), 8848-8858.

Phoon, B.L., Ong, C.C., Saheed, M.S.M., Show, P.L., Chang, J.S., Ling, T.C., Juan, J.C.,
2020. Conventional and emerging technologies for removal of antibiotics from
wastewater. J. Hazard Mater. 400, 122961.

Pradhan, S.K., Mikola, A., Vahala, R., 2017. Nitrogen and phosphorus harvesting from
human urine using a stripping, absorption, and precipitation process. Environ. Sci.
Technol. 51 (9), 5165-5171.

Pronk, W., Zuleeg, S., Lienert, J., Escher, B., Koller, M., Berner, A., Koch, G., Boller, M.,
2007. Pilot experiments with Electrodialysis and Ozonation for the production of
fertilizer from urine. Water Sci. Technol. 56 (5), 219-227.

Pruden, A., Arabi, M., Storteboom, H.N., 2012. Correlation between upstream human
activities and riverine antibiotic resistance genes. Environ. Sci. Technol. 46 (21),
11541-11549.

Qiu, Y., Zheng, Z., Zhou, Z., Sheng, G.D., 2009. Effectiveness and mechanisms of dye
adsorption on a straw-based biochar. Bioresour. Technol. 100 (21), 5348-5351.
Rahman, M.E., Bin Halmi, M.LE., Bin Abd Samad, M.Y., Uddin, M.K., Mahmud, K., Abd
Shukor, M.Y., Shamsuzzaman, S.M., 2020. Design, operation, and optimization of
constructed wetland for removal of pollutants. Int. J. Environ. Res. Publ. Health 17

(22), 8339.

Richardson, B.J., Lam, P.K., Martin, M., 2005. Emerging chemicals of concern:
pharmaceuticals and personal care products (PPCPs) in Asia, particularly Southern
China. Mar. Pollut. Bull. 50, 913-920.

Rodriguez-Mozaz, S., Chamorro, S., Marti, E., Huerta, B., Gros, M., Sanchez-Melsio, A.,
Borrego, C.M., Barcelo, D., Balcazar, J.L., 2015. Occurrence of antibiotics and
antibiotic resistance genes in hospital and urban wastewaters and their impact on the
receiving river. Water Res. 69, 234-242.

Rozas, O., Contreras, D., Mondaca, M.A., Pérez-Moya, M., Mansilla, H.D., 2010.
Experimental design of fenton and photo-fenton reactions for the treatment of
ampicillin solutions. J. Hazard Mater. 177, 1025-1030.

Rubi, H., Fall, C., Ortega, R.E., 2009. Pollutant removal from oily wastewater discharged
from car washes through sedimentation—coagulation. Water Sci. Technol. 59 (12),
2359-2369.


http://refhub.elsevier.com/S0301-4797(22)01638-3/sref72
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref72
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref73
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref73
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref73
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref73
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref74
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref74
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref75
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref75
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref75
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref76
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref76
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref77
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref77
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref78
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref78
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref79
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref79
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref80
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref80
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref80
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref81
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref81
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref82
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref82
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref83
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref83
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref84
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref84
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref84
https://doi.org/10.1331/JAPhA.2010.09186
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref86
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref86
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref86
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref87
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref87
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref87
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref88
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref88
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref88
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref89
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref89
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref89
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref89
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref90
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref90
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref90
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref91
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref91
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref91
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref92
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref92
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref92
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref93
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref93
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref93
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref94
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref94
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref94
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref95
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref95
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref95
https://doi.org/10.1016/j.jhazmat.2020.124191
https://doi.org/10.1016/j.jhazmat.2020.124191
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref97
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref97
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref98
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref98
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref99
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref99
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref99
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref100
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref100
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref100
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref101
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref101
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref101
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref102
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref102
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref102
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref103
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref103
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref103
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref104
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref104
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref104
https://doi.org/10.1016/j.envpol.2020.115503
https://doi.org/10.1016/j.envpol.2020.115503
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref105
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref105
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref105
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref106
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref106
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref106
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref107
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref107
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref107
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref108
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref108
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref108
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref108
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref109
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref109
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref109
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref109
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref110
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref110
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref110
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref111
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref111
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref111
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref112
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref112
https://doi.org/10.1016/j.jenvman.2021.112794
https://doi.org/10.1016/j.jenvman.2021.112794
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref113
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref113
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref113
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref114
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref114
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref115
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref115
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref115
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref116
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref116
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref117
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref117
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref117
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref117
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref118
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref118
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref118
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref119
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref119
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref119
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref120
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref120
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref120
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref121
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref121
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref121
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref122
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref122
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref123
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref123
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref123
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref123
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref124
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref124
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref124
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref125
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref125
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref125
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref125
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref126
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref126
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref126
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref127
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref127
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref127

K.O. Imwene et al.

Sahar, E., Messalem, R., Cikurel, H., Aharoni, A., Brenner, A., Godehardt, M., Jekel, M.,
Ernst, M., 2011. The fate of antibiotics in activated sludge followed by ultrafiltration
(CAS-UF) and a membrane bioreactor (MBR). Water Res. 45, 4827-4836.

Sahota, N.K., Sharma, R., 2020. Insight into Pharmaceutical Waste Management by
Employing Bioremediation Techniques to Restore Environment. Handbook of Solid
Waste Management: Sustainability through Circular Economy, pp. 1-32.

Salek, M.F., 2019. Landfill Leachate Treatment by Advanced Electrochemical Oxidation
Process Coupled with Pretreatments. Doctoral dissertation, Florida Atlantic
University.

Simu, G.M., Atchana, J., Soica, C.M., Coricovac, D.E., Simu, S.C., Dehelean, C.A., 2020.
Pharmaceutical mixtures: still a concern for human and environmental health. Curr.
Med. Chem. 27 (1), 121-153.

Singh, N., Gupta, S.K., 2016 Feb. Adsorption of heavy metals: a review. Int. J. Innov. Res.
Sci. Eng. Technol. 5 (2), 2267-2281.

Singh, V., Mittal, A.K., 2012. Characterization of biofilm of a rotating biological
contactor treating synthetic wastewater. Water Sci. Technol. 66, 429-437.

Solanki, A., Boyer, T.H., 2017. Pharmaceutical removal in synthetic human urine using
biochar. Environ. Sci.: Water Res. Technol. 3 (3), 553-565.

Song, H., Guo, W., Liu, M.L., Sun, J.H., 2013. Performance of microbial fuel cells on the
removal of metronidazole. Water Sci. Technol. 68, 2599-2604.

Song, X., Liu, R., Chen, L., Kawagishi, T., 2017. Comparative experiment on treating
digested piggery wastewater with a biofilm MBR and conventional MBR:
simultaneous removal of nitrogen and antibiotics. Front. Environ. Sci. Eng. 11,
123-131.

Song, H.L., Li, H., Zhang, S., Yang, Y.L., Zhang, L.M., Xu, H., Yang, X.L., 2018. Fate of
sulfadiazine and its corresponding resistance genes in up-flow microbial fuel cell
coupled constructed wetlands: effects of circuit operation mode and hydraulic
retention time. Chem. Eng. J. 350, 920-929.

Srinivasan, P., Sarmah, A.K., 2014. Dissipation of Sulfamethoxazole in pasture soils as
affected by soil and environmental factors. Sci. Total Environ. 479, 284-291.

Storteboom, H., Arabi, M., Davis, J.G., Crimi, B., Pruden, A., 2010. Identification of
antibiotic-resistance-gene molecular signatures suitable as tracers of pristine river,
urban, and agricultural sources. Environ. Sci. Technol. 44, 1947-1953.

Su, X.Y., Tian, Y., Sun, Z.C., Lu, Y.B., Li, Z.P., 2013. Performance of a combined system of
microbial fuel cell and membrane bioreactor: wastewater treatment, sludge
reduction, energy recovery, and membrane fouling. Biosens. Bioelectron. 49, 92-98.

Tsai, Y.T., Lin, A.Y.C., Weng, Y.H., Li, K.C., 2010. Treatment of perfluorinated chemicals
by electro-microfiltration. Environ. Sci. Technol. 44, 7914-7920.

Udert, K.M., Fux, C., Miinster, M., Larsen, T.A., Siegrist, H., Gujer, W., 2003. Nitrification
and autotrophic denitrification of source-separated urine. Water Sci. Technol. 48 (1),
119-130.

Udert, K.M., Larsen, T.A., Gujer, W., 2003a. Estimating the precipitation potential in
urine-collecting systems. Water Res. 37, 2667-2677.

Udert, K.M., Larsen, T.A., Biebow, M., Gujer, W., 2003b. Urea hydrolysis and
precipitation dynamics in a urine-collecting system. Water Res. 37, 2571-2582.
Udert, K.M., Buckley, C.A., Wachter, M., McArdell, C.S., Kohn, T., Strande, L., Etter, B.,
2015. Technologies for the treatment of source-separated urine in the eThekwini

Municipality. WaterSA 41 (2), 212-221.

Van Boeckel, T.P., Pires, J., Silvester, R., Zhao, C., Song, J., Criscuolo, N.G., et al., 2019.
Global trends in antimicrobial resistance in animals in low-and middle-income
countries. Science 365 (6459), eaaw1944.

Verlicchi, P., 2018. Hospital Wastewaters Characteristics, Management, Treatment, and
Environmental Risks. Springer. https://doi.org/10.1007/978-3-319- 62178-4.

Vymazal, J., 2005. Constructed wetlands for wastewater treatment. Ecol. Eng. 25,
475-477.

Wagner, M., Loy, A., 2002. Bacterial community composition and function in sewage
treatment systems," Current Opinion in. Biotechnology 13 (3), 218-227.

Wang, Jianlong, Chen, Hai, 2019. Catalytic Ozonation for Water and Wastewater
Treatment: Recent Advances and Perspective. Science of The Total Environment,
p. 135249.

Wang, J., Wang, S., 2016. Removal of pharmaceuticals and personal care products
(PPCPs) from wastewater: a review. J. Environ. Manag. 182, 620-640.

Wang, Jianlong, Wang, Shizong, 2019. Preparation, modification and environmental
application of biochar: a review. J. Clean. Prod. https://doi.org/10.1016/j.
jclepro.2019.04.282. $0959652619313733-.

Wang, Jian Long, Xu, Le Jin, 2012. Advanced oxidation processes for wastewater
treatment. Form. Hydroxyl Rad. Appl. 42 (3), 251-325. https://doi.org/10.1080/
10643389.2010.507698.

12

1 M

Journal of Enviro g

322 (2022) 116065

Wang, L., Liu, Y.L., Ma, J., Zhao, F., 2016. Rapid degradation of sulphamethoxazole and
the further transformation of 3-amino-5-methylisoxazole in a microbial fuel cell.
Water Res. 88, 322-328.

Wang, Jianlong, Zhuan, Run, Chu, Libing, 2019. The occurrence, distribution, and
degradation of antibiotics by ionizing radiation: an overview. Sci. Total Environ.
646, 1385-1397. https://doi.org/10.1016/j.scitotenv.2018.07.415.

Wei, K., Zhang, Y., Han, W., Li, J., Sun, X., Shen, J., Wang, L., 2015. Effects of operational
parameters on electro-microfiltration process of NOM tailwater containing scaling
metal ions. Desalination 369, 115-124.

Winkler, M.-K.H., Rossum, F.V., Oskam, N., Dijk, L.V., Pol, G.J.V.D., 2013. Saniphos®
technology for the recovery of ammonium and phosphate from human urine. In:
Proceedings of WEF/IWA Nutrient Removal and Recovery 2013: Trends in Resource
Recovery and Use, 28-31 July 2013, Vancouver, Canada.

Wood, T.P., Duvenage, C.S., Rohwer, E., 2015. The occurrence of anti-retroviral
compounds used for HIV treatment in South African surface water. Environ. Pollut.
199, 235-243.

Wu, H., Zhang, J., Ngo, H.H., Guo, W., Hu, Z., Liang, S., Fan, J., Liu, H., 2015. A review
on the sustainability of constructed wetlands for wastewater treatment: design and
operation. Bioresour. Technol. 175, 594-601.

Xu, T., Lou, L., Luo, L., Cao, R., Duan, D., Chen, Y., 2012. Effect of bamboo biochar on
pentachlorophenol leachability and bioavailability in agricultural soil. Sci. Total
Environ. 414, 727-731.

Yan, W.F., Xiao, Y., Yan, W.D., Ding, R., Wang, S.H., Zhao, F., 2019. The effect of
bioelectrochemical systems on antibiotics removal and antibiotic resistance genes: a
review. Chem. Eng. J. 358, 1421-1437.

Yan, S., Zhang, X.L., Tyagi, R.D., Drogui, P., 2020. Guidelines for Hospital Wastewater
Discharge. Curr. Dev. Biotechnol. Bioeng. Environ. Heal. Impact Hosp. Wastewater.
Elsevier, pp. 571-597. https://doi.org/10.1016/B978-0-12- 819722-6.00016-X.

Yang, S., Cha, J., Carlson, K., 2005. Simultaneous extraction and analysis of 11
tetracycline and sulfonamide antibiotics in influent and effluent domestic
wastewater by solid-phase extraction and liquid chromatography-electrospray
ionization tandem mass spectrometry. J. Chromatogr. A 1097 (1-2), 40-53.

Yang, W.L., Han, H.X., Zhou, M.H., Yang, J., 2015. Simultaneous electricity generation
and tetracycline removal in continuous flow electrosorption driven by microbial fuel
cells. RSC Adv. 5, 49513-49520.

Yasar, A., Tabinda, A.B., 2010. Anaerobic treatment of industrial wastewater by UASB
reactor integrated with chemical oxidation processes; an overview. Pol. J. Environ.
Stud. 19 (5), 1051-1061.

Yasojima, M., Nakada, N., Komori, K., Suzuki, Y., Tanaka, H., 2006. Occurrence of
levofloxacin, clarithromycin, and azithromycin in wastewater treatment plants in
Japan. Water Sci. Technol. 53 (11), 227-233.

Yiping, G., Yu, B., 2010. Advanced Treatment and Recycling Technology of Wastewater
Treatment Plant. China Architecture Press, pp. 198-206.

Yu, T.-H., Lin, A.Y.-C., Panchangam, S.C., Hong, P.-K.A,, Yang, P.-Y., Lin, C.-F., 2011.
Biodegradation and bio-sorption of antibiotics and nonsteroidal anti-inflammatory
drugs using immobilized cell process. Chemosphere 84, 1216-1222.

Zhang, L., Lee, Y.W., Jahng, D., 2012. Ammonia stripping for enhanced bio
mechanization of piggery wastewater. J. Hazard Mater. 199, 36-42.

Zhang, S., Song, H.L., Yang, X.L., Yang, Y.L., Yang, K.Y., Wang, X.Y., 2016. Fate of
tetracycline and Sulfamethoxazole and their corresponding resistance genes in
microbial fuel cell coupled constructed wetlands. RSC Adv. 6, 95999-96005.

Zhang, S., Song, H.L., Yang, X.L., Huang, S., Dai, Z.Q., Li, H., Zhang, Y.Y., 2017.
Dynamics of antibiotic resistance genes in microbial fuel cell coupled constructed
wetlands treating antibiotic-polluted water. Chemosphere 178, 548-555.

Zhang, P., Liu, X., Li, J.,, Wu, Y., Liu, S., Wang, Y., 2018. Current research in treatment
processes for antibiotics removal from livestock wastewater. Water Purif. Technol.
37, 60-65.

Zhang, P., Li, Y., Cao, Y., Han, L., 2019. Characteristics of tetracycline adsorption by cow
manure biochar prepared at different pyrolysis temperatures. Bioresour. Technol.
285, 121348.

Zhao, C., Zhou, J., Yan, Y., Yang, L., Xing, G., Li, H., et al., 2021. Application of
coagulation/flocculation in oily wastewater treatment: a review. Sci. Total Environ.
765, 142795.

Zheng, J., Liu, C., Liu, L., Huang, X., 2017. Removal of antibiotics in waste and
wastewater treatment facilities of the animal breeding industry: a review. Environ.
Chem. 36, 37-47.


http://refhub.elsevier.com/S0301-4797(22)01638-3/sref128
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref128
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref128
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref129
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref129
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref129
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref130
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref130
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref130
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref131
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref131
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref131
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref132
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref132
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref133
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref133
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref134
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref134
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref135
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref135
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref136
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref136
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref136
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref136
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref137
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref137
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref137
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref137
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref138
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref138
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref139
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref139
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref139
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref140
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref140
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref140
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref141
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref141
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref142
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref142
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref142
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref143
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref143
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref144
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref144
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref145
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref145
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref145
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref146
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref146
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref146
https://doi.org/10.1007/978-3-319- 62178-4
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref148
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref148
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref149
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref149
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref150
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref150
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref150
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref151
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref151
https://doi.org/10.1016/j.jclepro.2019.04.282
https://doi.org/10.1016/j.jclepro.2019.04.282
https://doi.org/10.1080/10643389.2010.507698
https://doi.org/10.1080/10643389.2010.507698
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref154
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref154
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref154
https://doi.org/10.1016/j.scitotenv.2018.07.415
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref156
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref156
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref156
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref157
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref157
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref157
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref157
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref158
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref158
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref158
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref159
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref159
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref159
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref160
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref160
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref160
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref161
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref161
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref161
https://doi.org/10.1016/B978-0-12- 819722-6.00016-X
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref163
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref163
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref163
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref163
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref164
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref164
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref164
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref165
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref165
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref165
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref166
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref166
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref166
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref167
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref167
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref168
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref168
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref168
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref169
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref169
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref170
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref170
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref170
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref171
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref171
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref171
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref172
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref172
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref172
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref173
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref173
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref173
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref174
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref174
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref174
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref175
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref175
http://refhub.elsevier.com/S0301-4797(22)01638-3/sref175

	Emerging technologies for enhanced removal of residual antibiotics from source-separated urine and wastewaters: A review
	1 Introduction
	1.1 Regulations and procedures for hospital wastewater (HWW)
	1.2 Antibiotic concentrations in urine separated at the source
	1.3 Antibiotic residues in wastewater and surface waterways
	1.4 Present and emerging techniques for wastewater treatment and their potential for antibiotic removal
	1.5 Biological treatment
	1.5.1 Aerobic processes
	1.5.1.1 Wastewater stabilization ponds
	1.5.1.2 Aerobic bioreactor
	1.5.1.3 Activated sludge
	1.5.1.4 Rotating Biological Contactors
	1.5.1.5 Phytoremediation of wastewater (constructed (built) wetlands)

	1.5.2 Anaerobic processes

	1.6 Microbial electrolysis cells (MECs) and Microbial Fuel Cells (MFCs)
	1.7 Chemical treatment
	1.7.1 Advanced oxidation processes (AOPs)
	1.7.1.1 Electrochemical oxidation
	1.7.1.2 Ozonation or catalytic ozonation
	1.7.1.3 Fenton oxidation
	1.7.1.4 Photocatalytic oxidation


	1.8 Physical treatment
	1.8.1 Electrocoagulation process
	1.8.2 Adsorption on biochars (treatment technologies for human urine)
	1.8.3 Membrane technology

	1.9 Sedimentation and coagulation

	2 A summary of a combined system for the elimination of antibiotics
	2.1 Antibiotic elimination using CW-MFCs
	2.2 Present and emerging treatment technologies for human urine
	2.3 A combination of electrodialysis, microfiltration, and ozonation
	2.4 Struvite formation
	2.5 Ammonia stripping
	2.6 Nitrification and distillation
	2.7 Electrolysis of urine
	2.8 Adsorption
	2.9 Urine source separation, treatment, and nutrient recovery
	2.10 Outlook

	3 Conclusion and forecast
	Declaration of competing interest
	Data availability
	Acknowledgments
	References


