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a b s t r a c t 

A wide range of unregulated chemicals of synthetic origin or derived from natural sources, which may be a 
contender for future regulations are called Emerging Contaminants (ECs). The concentration of ECs ranges from 

ng/L to 𝜇g/L, which is comparatively smaller as compared to other pollutants present in water and wastew- 
ater. Even though the environmental concentration is low, ECs still possess a great threat to the humans and 
ecosystem. These compounds are being widely studied due to their potential health effects, pervasive nature, and 
difficult degradation through conventional techniques. Pharmaceutical active compounds (PhACs) or pharmaceu- 
tical contaminants (PCs) are one of the major groups of ECs which can cause inimical effect on living organisms 
even at very lower concentration. These contaminants don’t degrade easily and persistent for longer periods in 
the environment due to their stable structure. With the increase in demand of Pharmaceuticals and Personal Care 
Products (PPCPs), there has been a sharp increase of these pollutants in water bodies. This is mainly due to the 
inefficiency of conventional wastewater treatment plants in treatment and removal of these PhACs. The proper 
identification of pharmaceutical groups and development of removal techniques is crucial in the recent times. 
This review represents a comprehensive summary on PCs, various groups of PCs and an overview of approaches 
and treatment systems available for their removal. Efficient and effective treatment methods can be useful for 
completely eradicating these compounds and making the water bodies safe for use. So, the investment of capital 
and time on research on PCs and their removal techniques can be beneficial for the future. 
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. Introduction 

Water is indispensable to both humans and wildlife and the function-
ng of the world depends upon the availability of clean water. Quality
onitoring of ground and surface water is necessary as these are the ma-

or contributors of water for domestic and industrial uses. In the recent
ime water bodies are being affected by Emerging Contaminants (ECs),
hich have the potential to sneak into the ecosystem and cause adverse

mpact on human health and ecology [1–3] . Pharmaceutical contami-
ant (PC) is one of the major worrying classes of ECs which arise from
harmaceutical industries that are biologically active compounds used
o prevent, cure, or treat diseases [ 102 , 147 , 167 ]. Personal care products
PCPs) are mainly used to improve the quality of daily life which include
otions, detergents, hair dyes, lipsticks, cosmetics, creams, bath soaps,
Abbreviations: ECs, Emerging Contaminants; PhACs, Pharmaceutical active compo  

are Products; WWTP, Wastewater Treatment Plant; NSAIDs, Non-steroidal anti-infl  

euptake inhibitors; SNRIs, Serotonin-norepinephrine reuptake inhibitors; SARIs, Se  

nhibitors; NDRIs, Norepinephrine-dopamine reuptake inhibitors; EAOP, Electrochem  

ow Anaerobic Fluidized Bed; SBB, Sequencing Batch Bio-filter; ABR, Anaerobic Baffl  

LSS, Mixed liquid suspended solids. 
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unds; PCs, Pharmaceutical contaminants; PPCPs, Pharmaceuticals and Personal
ammatory drug; ARGs, Antibiotic resistance genes; SSRIs, Selective serotonin
rotonin amtagonist amd reuptake inhibitors; NRIs, Norepinephrine reuptake
ical Advanced Oxidation Process; SBRs, Sequencing batch reactors; UAFB, Up-
ed Reactor; CPC, Compound Parabolic Collector; BDD, Boron Doped Diamond;

ental care products, shampoos, toothpaste, sunscreens, fragrances, and
ther household items, etc. [ 48 , 144 ]. Pharmaceuticals and Personal
are Products are together considered as the source for pharmaceuti-
al contaminants in the environment ( Fig. 1 ). There has been a massive
ike in the manufacturing and use of PPCPs over the last few decades.
hough there has been a massive surge in production and use of PPCPs,
he treatment of the PCs released from the PPCPs has not been able
o keep pace with the production. When the effluent from PPCPs is dis-
harged into the water stream, it leads to genotoxic, mutagenic and eco-
oxicological effects to plants, animals, and human. Constant release of
Cs to water bodies and its exposure may result in long-term (chronic)
ffects in aquatic plants and animals. Jukosky et al. [83] found that
itellogenesis is induced in male Oryzias latipes (Japanese Medaka) by
strogen. The mortality rate of fish is also increased by high estrogenic-
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Fig. 1. Routes of pharmaceutical contaminants (PCs). 
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c Fig. 2. Overview of pharmaceutical contaminants (PCs). 
ty. Exposures to PCs may also lead to change in inherited trait and the
ehavior of living beings [167] . Conversion of male fish into female
nes by the development of female traits due to presence of estrogen in
ater bodies is one such example of shift in inherited trait. Moreover,
Cs in drinking water can cause harmful effects in new-borns babies,
he elderly and people who are suffering from kidney or liver failure.
he occurrence of estrogens in drinking water can slacken men fertil-

ty too. It can further increase the incidence of breast and testicular
ancer [ 103 , 154 , 180 ]. The anti-cancer drugs present in drinking water
an penetrate the blood-placenta barrier causing teratogenic and em-
ryotoxic effect, being particularly dangerous to pregnant women due
o their cytotoxic activity [ 10 , 164 , 196 ]. Many such adverse effects can
e found both in humans and animals due to the presence of PCs in wa-
er bodies. Therefore, it is very much essential to create effective and
fficient treatment methods for the removal of PCs from wastewater.
everal mechanisms and techniques are studied for the removal of PCs
nd the treatment of pharmaceutical wastewater, but the most effec-
ive removal mechanism in the recent time is treatment by Wastewa-
er Treatment Plant (WWTP) using biological approaches [ 9 , 23 , 26 , 28 ].
ome of the biological treatment schemes include Waste Stabilization
ond (WSP), membrane bioreactor (MBR), Activated Sludge treatment
lant (ASP), Constructed Wetland (CW), Rotating Biological Contactor
RBC) and algal photobioreactor, etc. [ 143 , 167 ] ( Fig. 2 ). 

The purpose of this review paper is to identify and classify the major
lasses of pharmaceuticals that contribute PCs to wastewater and to an-
lyze the effectiveness of various available treatment technologies. The
armful effects of these PCs on environment, ecosystem and humans are
lso included within the literature. The fate, regulatory guidelines, and
he Environmental Risk Assessment (ERA) regarding the pharmaceutical
ontaminants have also been discussed. 
2 
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Table 1 

Pharmaceutical contaminants (PCs). 

Sl. No. Class/Group of 
Pharmaceutical 

Pharmaceutical 
Contaminants 

Formula Mass (g mol − 1 ) pK a logK ow Ref. 

1 

Analgesics and 
Anti-inflammatories 

Aspirin C 9 H 8 O 4 180 3.5 1.2 [57] 
2 Diclofenac C 14 H 11 C l2 NO 2 296.2 4.91 4.51 
3 Ibuprofen C 13 H 18 O 2 206.3 4.15 4.51 
4 Paracetamol C 8 H 9 NO 2 151.2 9.38 0.46 
5 Naproxen C 14 H 14 O 3 230.3 4.15 3.18 

Sl. No. Class/Group of 
Pharmaceutical 

Pharmaceutical 
Contaminants 

Formula Mass (g mol − 1 ) pK a logK ow Ref. 

1 
Antibiotics 

Sulfamethoxazole C 10 H 11 N 3 O 3 S 253.279 5.6–5.7 0.89 [167] 
2 Erythromycin C 37 H 67 NO 13 733.93 8.88 2.48 
3 Trimethoprim C 14 H 18 N 4 O 3 290.32 7.12 0.73 
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. Pharmaceutical contaminants (PCs) 

Pharmaceuticals are the wide varieties of biological compounds that
re used for the treatment of infections and diseases. The presence of
ainkillers, birth control hormones, estrogen and other medicines in wa-
er bodies is too much concerning [17] . Pharmacological active contam-
nants generated from PPCPs are persistent in aqueous media and show
esistance against degradation. PCs have variable structures and are the
arget specific compounds which are developed to absorb and distribute
ithin the human body. PPCPs usage is dependent upon various factors

ike socio-economic conditions of a country, location and region, health-
are facilities and seasonal variation, etc [ 32 , 35 , 49 , 55 ]. The increase of
sage of any specific drug during a pandemic will result in an increased
oad of PCs in waste streams. The manufacturing and consumption of
PCPs have substantially increased over the past few decades and due
o this increased production and consumption, concentration of PCs in
astewater has escalated rapidly. PCs have the property of interacting
nd getting absorbed within living organisms which makes it a poten-
ial hazard for the whole ecosystem. The PCs in the form of hospital
ffluents (from hospital), industrial discharges (from pharmaceutical in-
ustries), agricultural runoffs (pesticides and fertilizers) and human as
ell as animal excreta (from households and sewers) enter the envi-

onment and damage the ecosystem [ 56 , 65 , 73 ]. Hospital effluents such
s hazardous chemicals, solvents, actives drugs, metabolites, disinfec-
ants, and heavy metals can endure in the surroundings for ages and can
ause serious threats to the nature and, they have high mobility in liquid
hase [ 17 , 142 , 145 ]. Effective treatment of these effluents is important
efore discharging it to water bodies. There are many classes or groups
f pharmaceuticals present based on their curative applications. Various
hysio-chemical and biological treatment mechanisms are adopted for
he treatment and removal of the PCs from wastewater [ 17 , 27 , 44 , 189 ].
dentification of these classes or groups of pharmaceuticals present in
he wastewater will be helpful in devising the best treatment method
or its removal. 

Pharmaceuticals are classified into different classes or groups based
n their mechanism of action (binding and acting against their biolog-
cal target), mode of action, chemical structures, and the treatment of
iseases. When the pharmaceuticals are classified based on their cura-
ive or remedial use (the pathology they intend to treat) are categorized
s therapeutic classes/groups of pharmaceuticals. Some of the classification
nclude analgesics and anti-inflammatories, antidepressants, antibiotics,
ntiviral, anticoagulant, sedative, cardiovascular, etc. Table 1 shows
ome of the important pharmaceutical contaminants along with their
hemical properties. 

.1. Analgesics and anti-inflammatories 

Analgesics and anti-inflammatories are the major contributors of
Cs in wastewater, which are heterogeneous in nature and used to
chieve anodyne (i.e., relief from pain or to reduce fever). Based on
echanism of action, analgesics are classified into paracetamol (ac-
3 
taminophen), NSAIDs (Non-steroidal anti-inflammatory drug), opioids
morphine), cannabis (medical marijuana), alcohol, COX-2 (cyclooxy-
enase) inhibitors, etc. [20] . The most common, commercially avail-
ble, and extensively used anti-inflammatory and analgesic drugs are
iclofenac, ibuprofen, paracetamol, etc [ 76 , 82 , 91 ]. Paracetamol is be-
ng used mostly for curing fever. Non-steroidal anti-inflammatory drugs
NSAIDs) are a major group of pharmaceuticals used widely to relieve
ain, reduce inflammation, and bring down high temperature. These
rugs are mostly used to relieve symptoms of headaches, painful pe-
iods, sprains and strains, colds and flu, arthritis, and other causes of
ong-term pain. NSAIDs are found in negligible quantities (mostly nano
nd micro grams) in soil, wastewater, surface water, groundwater, sedi-
ents, snow, antarctic ice and drinking water [170] . Despite negligible
etectable amounts in the environment, NSAIDs have prolonged eco-
oxic effects on the biotic components of ecosystems [170] . According
o Feng et al. [57] , ingestion of NSAIDs is greater than 30 million doses
er day and is vastly increasing day by day. Removal of these class of PCs
ecomes more important because of its large usage in the current times.
ontaminants in the form of NSAIDs can cause major organ disorders

n living organisms through usage of untreated water. Invertebrates and
ertebrates when exposed to NSAIDs can form induced oxidative stress
n their bodies which includes changes in the activity of antioxidant en-
ymes (catalase, superoxide dismutase, glutathione-S-transferase, etc.),
he total number of proteins as well as lipid peroxidation [126] . Ac-
ording to the research conducted by Selderslaghs et al. [157] , the pres-
nce of diclofenac and ketoprofen resulted in cardiovascular defects and
ardiac anomalies in freshwater fish Clarias gariepinus and Danio rerio .
SAIDs also induce metabolic perturbations in invertebrates and verte-
rates ranging from changes in the activity of detoxification enzymes to
itochondrial dysfunction and decreased functional stability of mem-

ranes [109] . According to Liu et al. [97] and Mezzelani et al. [109] ,
SAIDs tend to contribute to changes in gene expression and DNA dam-
ge. In addition to these toxic effects, NSAIDs cause endocrine disorders
oo. Nas et al. [122] investigated the fate of different NSAIDs in ad-
anced biological treatment process and Waste Stabilization Pond (WSP)
nd found that diclofenac concentration reduced by 62% and 94%, re-
pectively. Similarly, Tormo-Budowski et al. [168] reported a removal
fficiency of 90% acetaminophen and 18% ibuprofen in a stirred tank
ioreactor with Trametes versicolor . Some of the major health risks in-
olved with the usage of analgesics and anti-inflammatories are hyper-
ension and depression, drowsiness, myocardial infarction, insomnia,
cute ecotoxicological effect, etc. [17] . 

.2. Antibiotics 

Anti-microbial compounds that kill microorganisms and act effec-
ively against the growth of bacteria in the body are known as antibi-
tics and this is entrenched for the treatment of contagious diseases,
afeguarding human health and the assistance of animal growth. An-
ibiotics help in synthesizing protein and stop the inhibition of bacterial
rowth in the body [17] . Antibiotics are highly demanded prescribed
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Table 2 

Classification of antibiotics. 

Nature of antibiotics Name 

Bactericidal Activities Penicillin and Cephalosporins (Antibiotics targeting 
cell walls of bacteria) 

Polymyxins (Antibiotics targeting cell membrane of 
bacteria) 

Rifamycins, Lipiarmycins, quinolones and 
sulfanomides (Antibiotics interfering with the 
bacterial enzymes) 

Bacteriostatic Activities Macrolides,Lincosamides and Tetracyclines ( protein 

synthesizing inhibitors ) 
Target Specificity Narrow-spectrum antibiotics ( gram -ve or + ve bacteria ) 

Broad-spectrum antibiotics 
Clinical Use Lipopeptides ( daptomycin ) 

Glycylcyclines ( tigecycline ) 
Oxazolidinones ( linezolid ) 
Lipiarmycins ( fidaxomicin ) 
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harmaceutical, whose usage and demand has increased by 30% over
he last decades [167] . The presence of antibiotics in the surrounding
ature can encourage the evolution and spreading of antibiotic resis-
ance genes (ARGs), have been classified as a global public health crisis
181] . Its presence within the environment is increasing due to continu-
us addition into the environment and it is termed as pseudo-persistent
ompounds [167] . Antibiotics kill and stop the growth of microorgan-
sms in wastewater which eventually hampers the treatment mechanism
f WWTPs that depend on microbial activities for its treatment process
167] . Based on mechanism/ spectrum of action and chemical structure,
ntibiotics are classified as follows ([ 22 , 60 ]; Cunha, [38] ) ( Table 2 ).
mong all the above-mentioned classes of antibiotics penicillins, lin-
omycins, macrolides, tetracyclines, cephalosporins, sulfonamides and
uinolones are some of the most used antibiotics. Tiwari et al. [167] has
eported that approximately 90% of the antibiotics consumed by hu-
ans are removed via urine or feces. These antibiotic contaminants get
ixed up with the sewer and if not treated properly will cause damage

o the ecosystem. The ground and surface water are also vastly affected
y antibiotic usage. Dolliver and Gupta [47] stated that antibiotics pol-
ute the ground and surface water by leaching process and mixing in
gricultural runoff. Some of the major health risk involved with usage
f antibiotics are cardiac arrhythmia, disruption of immune system, dys-
unction of hepatic, suppression of bone marrow, affecting food chain,
tc. [17] . A removal efficiency of 55% was reported by Tormo-Budowski
t al. [168] for the antibiotic class cephalexin in a stirred tank bioreac-
or with Trametes versicolor . Della-Flora et al. [43] conducted research
nd concluded 63% chloramphenicol removal in solar fenton process
nd 97% removal in adsorption process. Overall antibiotics are a ma-
or contributor of PCs in wastewater and proper treatment mechanisms
hould be developed for its removal before discharging into freshwater
odies. 

.3. Antidepressants 

Neuroactive pharmaceutical compounds employed to treat disorders
elated to anxiety and depression, manage addictions, and treat chronic
ain conditions are called as antidepressants. These compounds are
ostly basic in nature and are used to ameliorate the chemical imbal-

nces of neurotransmitters and are absorbable in nature with a bioavail-
bility of 60 to 100% [17] . Existence of these kinds of contaminants
n wastewater can cause corporeal and all other deleterious health ef-
ects [17] . Pharmacological and structural classification of antidepres-
ants which are clinically approved are as follows: SSRIs (Selective sero-
onin reuptake inhibitors), SNRIs (Serotonin-norepinephrine reuptake
nhibitors), SMSs (Serotonin modulator and stimulators), SARIs (Sero-
onin amtagonist amd reuptake inhibitors), NRIs (Norepinephrine reup-
ake inhibitors), NDRIs (Norepinephrine-dopamine reuptake inhibitors),
CAs (Tricyclic antidepressants), TeCAs (Tetracyclic antidepressants),
4 
AOIs (Monoamine oxidase inhibitors). Lajeunesse [92] and Metcalfe
t al. [108] through their studies found out that antidepressants and
etabolites are found in surface water, sewage and even in the efflu-

nt of wastewater treatment plants. Some of the major side effects of
ntidepressants are hypoglycemia, acute and chronic toxicity, growth
nhibition of aquatic organisms and sexual dysfunction [17] . There is
n inflated threat of suicidal thinking and behavior in children and ju-
enile when they consume these antidepressants. Sometimes people also
ndergo discontinuation syndrome which resembles their past depres-
ion when they stop taking these antidepressants [ 62 , 185 ]. Therefore,
ertain effective and efficient removal techniques should be adopted for
emoval of these antidepressants. Gornik et al. [66] through batch ex-
eriment (biodegradation by activated sludge) reported a 90% removal
fficiency of antidepressant class sertraline in just 0.25 hrs. Hollman
t al. (2020) informed more than 99% removal for antidepressant class
enlafaxine in an electrochemical advanced oxidation process (EAOP).
ao et al. [24] observed 40% and 98% removal efficiencies for citalo-
ram and fluoxetine, respectively by sludge adsorption method. Proper
reatment and removal of these antidepressants before discharging into
reshwater is important in saving the ecosystem form the harmful effects
f these kind of PCs. 

. Environmental risk assessment and regulatory guidelines 

egarding PCs 

.1. Environmental risk assessment of PCs 

The older generation of the modern world is heavily dependent on
harmaceutical drugs, so with the increasing prevalence of chronic dis-
ases, more therapeutic products are expected to be used [94] . Water
abitats are heavily polluted by various pharmaceutical residues and
ue to potential effects of drug residues on the ecosystem, several coun-
ries have implemented environmental risk assessment (ERA) systems
or global pharmaceutical control. ERA systems are being developed
o protect and save the environment from potential harmful effects
f pharmaceutical residues. ERA programs for pharmaceutical drugs
lays an important role in disseminating environmental awareness in
he pharmaceutical industry and protecting environmental health. Eu-
opean Union (EU), the USA, and Canada use the ERA in medicine which
re briefly described below: 

I In the EU, all pharmaceutical products intended for market place-
ment in member states are subject to ERA [Directive 2001/83/EC Ar-
ticle 2 (1)]. The European Medicine Agency (EMA) is responsible for
the drug ERA (Directive 2001/83/EC) in the EU. Prior to marketing
pharmaceutical products to member countries, authorization must
be obtained from the EMA [Directive 2001/83/EC Article 6 (1)]. The
ERA in the EU is done in two phases: phase I is the preliminary test
phase for measuring the value of pharmaceutical drugs/substances
released to the environment. In phase II, the environmental conclu-
sion and effect analysis was performed in tier A and tier B. In Tier
A, the environmental effects and side effects of the drugs are ana-
lyzed and in Tier B, a more complex and extended risk assessment
is performed. 

II The United States Food and Drug Administration (U.S. FDA) is the
official ERA pharmaceutical authority in the USA. In the USA, all
pharmaceutical drugs covered by the U.S. FDA, e.g., NDAs, ANDAs,
INDs, and BLAs are subject to ERA [171] . In the USA, EA is required,
if active pharmaceutical ingredient concentration in the effluent in-
creases upto 1 ppb or more [171] . The EA process is focused on re-
flecting the fate and results of the extruded pharmaceutical objects.

III Health Canada, and Environment and Climate Change Canada has
a joint responsibility to assess the environmental risks of pharma-
ceutical drugs in Canada. According to CEPA, a company or indi-
vidual wishing to manufacture or import new products in Canada
must submit a report containing information on the toxic content
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of the substances to the environment, to Environment and Climate
Change Canada. In conjunction with Health Canada, Environment
and Climate Change Canada may review submitted information and
assess whether there are any adverse environmental impacts or ex-
pected adverse effects of the substances. For this purpose, NSNRs
should include information on ecotoxicity and genotoxicity as well
as substance identity. To assess the negative effects of substances on
humans or the environment; risks, genetic mutations, reproductive
effects, and organ toxicity should be considered. To analyze the hu-
man exposure and environmental factors, considerations should be
given not only in physico-chemical factors such as the movement
and flow of an object, but also in quantity, frequency, and chemical
composition of the substance released [67] . If an item is determined
not to endanger the environment or human health, that is added to
DSL [51] . 

.2. Regulatory guidelines regarding PCs 

Different organizations around the world have developed different
egulatory guidelines to modulate the potential toxic effects of various
merging pollutants on the environment. These control levels include
he combination of compounds in a liquid body, which, if overused, can
e harmful environment with prolonged exposure [90] . Earlier ECs like
Cs were mostly ignored by different environmental protection organi-
ations. Slowly with the rising contamination in the environment and
he rising interest among researchers, these organizations have started
o take actions. Like a suggestion was made in 2007 by the European
arliamentary Committee Environment, Public Health and Food Secu-
ity to include ECs such as carbamazepine, bisphenol-A, diclofenac, etc.,
nder the list of priorities [52] . In the US, EPA updates the list of priority
ubstances every five years concerning the harmful impacts on humans.
ew pollutants, namely diuron, 17 𝛽-estradiol, etc., as listed as unsafe
ubstances or high-status pollutants in drinking water candidate list 4
y USEPA [173] . EU under the 2008/105/EC directive provided guide-
ines for permissible and acceptable concentration of 33 ECs, including
buprofen, ciprofloxacin, caffeine, bisphenol A, mecoprop, etc., in the
quatic environment [53] . For many reported conditions the concentra-
ions of ibuprofen, ciprofloxacin, carbamazepine, diazinon, malathion,
nd diuron in fluids were present in exceeding values as the guidelines
et by the EU. In 2011, WHO made an amendment to the Guidelines
or Drinking Water Quality and included other chemicals which had not
een considered before [182] . 

. Diagnostic techniques for detection of PCs in wastewater 

Acquisition methods for ECs such as PCs can be performed using
hromatography and spectroscopic techniques as well as metal analysis.
hromatography methods are the most common analytical methods for
he identification and detection of various compounds in any type of
ample. Some of these techniques are discussed briefly: 

a Liquid chromatography: High-performance liquid chromatography
(HPLC) or LC is a gold analysis method used to analyze a wide num-
ber of relatively polar and unstable ECs in different samples. In most
cases, the ultra-high-performance liquid chromatography (UHPLC)
has been chosen instead of the standard HPLC as these LC techniques
provide an effective standing phase by reducing particle size, result-
ing in better fixation and shorter duration [71] . The UHPLC uses
particles with a size of < 1.7 𝜇m and is almost always carried out
in a reversible phase mode [132] . Generally, for the reversed phase
separation of ECs acidified water (with small amounts of formic or
acetic acid), methanol, or acetonitrile as organic solvents (in some
cases also acidified with formic acid or acetic acid) are used as mo-
bile phases. Díaz-Cruz et al. [45] reported that among all the LC
methods, a retractable phase (RP) with octadecyl C18-bonded or
octyl C8-bonded silica packaging is the most used stationary phase
method for pharmaceutical analysis. 
5 
b Gas chromatography: Gas Chromatography (GC) is one of the ana-
lytical methods that can be used to classify, analyze, and identify
chemical compounds of any sample. GC combined with MS is the
most common method and can produce an accurate result. However,
GC is used more than LC in determining the most polar impurities,
such as drugs and personal care products [104] . Due to the high
polarity and low flexibility of analytes, such as hydroxyl, phenolic
EDCs, amines, and amides, the GC pathway requires the incorpora-
tion of alternative output to improve chromatographic behavior of
analysts [133] . In fact, the release of ECs from other variable outputs
is mandatory to improve the sensitivity of acquisition and selection
and to enhance divergence. Different extraction techniques often in-
volve the use of acylation, alkylation, or silylation reagent. Silylation
is the main extraction method in which active hydrogen in the active
groups of ECs is replaced by trimethylsilyl (TMS) which increases
the flexibility and stability of compounds [81] . The most common
silication agents are N-methyl-N- (trimethylsilyl) trifluoroacetamide
(MSTFA), N, O-bis (trimethylsilyl) -trifluoroacetamide (BSTFA) and
N- (t-butyldimethylsilyl) -N-methyltriflu MTBSTFA) [81] . 

c Fourier transform near-infrared: Recently, techniques like the Fourier
transform near-infrared (FT-NIR) spectroscopy are developed to
overcome traditional barriers. Quintelas et al. [135] in his re-
search developed a combination between FT-NIR and chemomet-
rics to determine pharmaceutical compounds, such as ibuprofen,
carbamazepine, 𝛽-estradiol, ethinylestradiol, and sulfamethoxazole
in contaminated water. The chemometric method was used using
the Kolmogorov-Smirnov test to assess data validity, boxplot vendor
identification and key component analysis (PCA) aimed at identi-
fying interaction samples and defining data sets. Next, a small-scale
reversal analysis (PLS) was performed to determine the best guessing
model for pharmaceutical drug measurement purposes. 

. Treatment of pharmaceutical contaminants and fate 

.1. Treatment of pharmaceutical contaminants 

Active pharmaceutical contaminants (APC) are released into surface
ater via wastewater treatment plants (WWTPs), aquaculture facilities,

un-off from the agricultural fields and releases to the soils through the
pplication of bio-solid and manure. The major contributor for phar-
aceutical related contaminants are the treated/untreated effluents of
WTPs, as those are not designed to eradicate every environmental pol-

utant hence the contaminants get incorporated into the aquatic systems.
he other exposure pathways include the emissions from the manufac-
uring sites, disposal of unused/expired medicines into sewage, hospi-
al discharges, disposal of carcasses of treated animals and irrigation
ith wastewater. Sources of pharmaceuticals can be categorized into

wo forms i.e., point based which include sewage sources, domestic solid
aste, pharmaceutical-related industrial sector waste effluents, bio med-

cal wastes, and diffuse based contaminants include agricultural runoff,
rban runoff, and unrecognized leakage of WWTP [129] . The sources
f point-based contaminants can be easily identified and can be treated
t the source itself but in the other cases it’s difficult to identify the
xact source of contaminants as it passes through various other forms
hich also brings in the change in concentration in an uncontrolled
anner. There should be strict government rules for the proper and safe
isposal of unused/expired medicines and all the other products con-
aining pharmaceutical contaminants. Advanced wastewater treatment
lants should be installed, or conventional treatment systems should
e used with advanced combined compartments to treat the contami-
ants. Usage of fertilizers and pesticides in agricultural fields need to be
liminated and traditional organic farming should be chosen over it. In
onger term alternative sustainable pharmaceutical compounds shall be
anufactured to ensure a safer environment to live in. Different tech-
ologies have been adopted to completely eradicate the PCs present in
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Fig. 3. Anaerobic biotechnology treatment. 
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ater bodies and streams. Some of the treatment methods are described
elow and listed in Table 3 . 

.1.1. Anaerobic biotechnology treatment 

Anaerobic wastewater treatment is deemed to be the most cost-
fficient technology for the treatment of organically polluted effluents
eleased from the industries. Energy generation takes place during the
rocess of anaerobic digestion (which is in the form of methane) and in
ddition to it anaerobic digestion has the capability to bear a high rate
f loading [ 30 , 120 ]. In this system the larger portion of the biodegrad-
ble material is converted into biogas and only a few of the organic
aterials result in sludge formation ( Fig. 3 ). Seghezzo et al. [156] in
is study mentioned on comparing with aerobic method that the slow
rowth rate of anaerobic bacteria results in a lower sludge production.
ox and Venkatasubbiah [61] evinced the use of anaerobic bio reactor
ABR a baffled system) for the treatment of pharmaceutical wastewa-
er containing high sulfate, showed a COD removal efficiency of 50%.
imilarly, Massé et al. [105] reported a COD removal efficiency of 80%
hile treating pharmaceutical wastewater in sequencing batch reactors

SBRs). While treating pharmaceutical wastewater containing aromatic
nd aliphatic organic chemicals, Mohan et al. [111] demonstrated the
se of Anaerobic Suspended Film Contact Reactor (ASFCR) and found
he COD removal efficiency in the range 60–80% with the methane
ontent being in the range 60–70%. Nandy and Kaul [120] informed
 COD removal efficiency of 76–98% using a fixed-film reactor (FFR)
hile treating herbal based pharmaceutical wastewater. Further under
ydraulic and organic shock loadings the reactor didn’t get destabilized.
aravanane et al. [151] found 88.5% COD removal while treating anti-
smotic drug based pharmaceutical effluent (acetic acid and ammonia)
n a fluidized bed reactor (FBR) under anaerobic conditions. Saravanane
t al. [152] also researched upon the Up-flow Anaerobic Fluidized Bed
UAFB) system for treatment of cephalexin drug based pharmaceuti-
al effluent. The treatment performance of an Up-flow Anaerobic Fil-
er (UAF) for a chemical synthesis-based pharmaceutical wastewater
Bacampicilline and Sultamicilline tosylate) was studied by Ince et al.
78] and a COD reduction of 65% was obtained. Buitrón et al. [21] ex-
mined the capability of a Sequencing Batch Bio-filter (SBB) integrat-
ng anaerobic-aerobic conditions in one tank to treat a pharmaceutical
astewater (Phenols and O 

–Nitroaniline) and found the COD removal
fficiency of 95–97%. A combined system of Anaerobic Baffled Reac-
6 
or (ABR) followed by a Biofilm Airlift Suspension Reactor (BASR) was
nalyzed and used by Zhou et al. [195] . 

.1.2. Solar/ferrioxalate photo catalysis 

Advanced Oxidation Processes (AOPs) for the removal of PCs have
lready been extensively researched. Dantas et al. [39] have researched
n the applicability of ozone for the removal antibiotics present in the
astewater. Similarly, Andreozzi et al. [8] and Rosenfeldt and Linden

140] have mentioned various UV/H 2 O 2 or H 2 O 2 processes for the
egradation of acetaminophen and treatment of some hormones. Sev-
ral studies have also been made on the use of fenton and photo-fenton
eactions for the degradation of PCs. Penicillin along with diclofenac
an be reduced by this method. Ferrioxalate-induced photo-fenton pro-
ess is one such AOP which is used for the degradation and removal
f PCs. In this process, production of photo-chemically induced reac-
ive intermediate species (such as hydroxly radical, HO, singlet oxy-
en, 1 O 2 , hydroperoxyl radials HO 2 or the superoxide radical anion)
akes place which results in a higher degradation rate [113] . Mon-
eagudo et al. [114] experimented on ferrioxalate-induced photo-fenton
rocess for pharmaceutical wastewater from a pharmaceutical produc-
ion plant and concluded that ferrioxalate-induced photo-fenton process
hows a higher removal efficiency. Monteagudo et al. [116] used a pi-
ot plant containing Compound Parabolic Collector (CPC) solar reac-
or for the degradation of PCs using a photocatalytic reaction ( Fig. 4 ).
he CPC pilot plant contains a solar reactor that consists of a continu-
usly mixed tank, a centrifugal recirculation pump and a solar collector
nit. In another experiment conducted on solar photo-fenton by Della-
lora et al. [43] , the removal efficiency of PCs chloramphenicol, flu-
onazole, flutamide and gemfibrozil were found to be 63%, 40%, 54%
nd 79%, respectively. Chloramphenicol belongs to the group of antibi-
tics, fluconazole to the group of triazoles, flutamide to the group of
nti-testosterone/anti-androgens and gemfibrozil belongs to the group
f fibrates class of pharmaceuticals. From this it can be concluded that
hoto-fenton method is an effective and efficient treatment technique
or the removal of various kinds of PCs from various classes of pharma-
euticals. 

.1.3. Electrochemical removal 

Electrochemical method can be used both for the detection and re-
oval of PCs from wastewater ( Fig. 5 ). This method is preferred for the

emoval of pharmaceuticals from wastewater due to the low cost of op-
ration and acquiescence with extensive compounds comprehending of
rganic, inorganic, and ionic species. The sole requirement for this treat-
ent method is the prior removal of large particles from the wastew-

ter which can be done through traditional methods. Electrochemical
ensors can be a reliable method for on-site detection of pharmaceutical
articles, and it can be easily miniaturized and automated. Merola et al.
107] established an electrochemical immune-sensor utilizing two com-
etitive assays for a sensitive detection of penicilin G and other 𝛽-lactam
ntibiotics. There are two perspectives allowed by the electrochem-
cal techniques: electrochemical conversion in which the recalcitrant
rganic pollutants are particularly modified into biodegradable com-
ounds and electrochemical combustion within which organic chemi-
als are mineralized. The Electrochemical Advances Oxidation Process
EAOP) includes the oxidation of pollutants in an electrolytic cell by
irect electron transfer between the molecule and the anode or by indi-
ect or conciliated oxidation with heterogeneous radicals formed from
ater discharge at the anode. Several experiments were conducted for

he removal of pharmaceutical substance from the wastewater. A degra-
ation efficiency of greater than 90% was observed by Serna-Galvis
t al. [158] for the PCs cephalexin, cephadroxyl, cloxacillin, oxacillin,
iprofloxacin, norfloxacin by using electro-generated active chlorine
Ti/IrO 2 at anode & Zr at cathode in the presence of NaCl). Zaghdoudi
t al. [191] evaluated two electrochemical reduction process for the re-
uction of dimetridazole (a nitroimidazole-based antibiotic) treatment
y direct electrochemical reduction (taking graphite as the electrode)
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Table 3 

Various technologies for treatment of PCs. 

Sl No. Class/Group of Pharmaceutical Pharmaceutical Contaminants Treatment Technology/Mechanism Removal 
(%) 

Refs. 

1 Psychoanaleptic metabolite Hydroxybupropion U-MBR (ultrafifiltration membrane 
bioreactor) 

82 [117] 
Antirheumatic Ibuprofen 98 

Metformin 95 
Opiate analgesic Valsartan 92 

2 Macrolides Azithromycin Anaerobic Treatment by WWTP 88 [192] 
Tetracyclin Antibiotics Tetracyclin 73 

Oxytetracycline 80 
Chlortetracycline 90 

3 Analgesic and antipyretics Acetaminophen hydrogen peroxide-induced UFBR 
reactor 

99 [13] 

Tetracycline Chlortetracycline – 100 [177] 
Metacycline 46 

Sulfonamide Sulfamerazine 92 
Macrolides Clarithromycin 59 

5 Analgesic and antipyretics Acetaminophen Cyclic biological reactor 98 [87] 
6 Analgesic and antipyretics Acetaminophen and some other drugs MBR bioreactor in real scale 100 [88] 

MBR bioreactor in laboratory scale 95 [88] 
7 Analgesic and antipyretics Acetaminophen and some other drugs Conventinal Activated Sludge Process 67 [118] 
8 Analgesic and antipyretics Acetaminophen and some other drugs Submerged membrane bioreactor 

(SMBR) 
92.2 [54] 

9 Nonsteroidal anti-inflammatory drugs Diclofenac Advanced Biological Treatment 
(WWTP) 

61.3 [122] 

Anticonvulsant Carbamazepine Advanced Biological Treatment 
(WWTP) 

15.6 

Nonsteroidal and anti-inflammatory 
drugs 

Diclofenac Wastewater Stabilization Pond 93.6 

Anticonvulsant Carbamazepine Wastewater Stabilization Pond 24.4 
10 Macrolides Erythromycin Gamma irradiation 70 [33] 

Gamma irradiation with 
peroxymonosulfate(10 mM) 

80 

Gamma irradiation with 
peroxymonosulfate(50 mM) 

100 

11 Analgesics/antiinflammatories Acetaminophen Stirred tank bioreactor with Trametes 
versicolor 

90.5 [168] 
Ibuprofen 17.5 

Antibiotics Cephalexin 54.8 
Fibrates Gemfibrozil 93 
Methylxanthines Caffeine 87.9 

12 Antibiotics Chloramphenicol Solar Photo-Fenton 63 [43] 
Adsorption process using avocado seed 
activated carbon 

97 

Triazoles Fluconazole Solar Photo-Fenton 40 
Adsorption process using avocado seed 
activated carbon 

97 

Anti-Testosterone/Anti-Androgens Flutamide Solar Photo-Fenton 54 
Adsorption process using avocado seed 
activated carbon 

99 

Fibrates Gemfibrozil Solar Photo-Fenton 79 
Adsorption process using avocado seed 
activated carbon 

100 

13 Anticonvulsant Carbamazepine Biochar 25 mg/L 84 [18] 
Biochar 125 mg/L 99 
Biochar 250 mg/L 99 

14 Opiate analgesic Codeine ( + ) Clay mineral along with Nonionic 
organoclay & Cationic Organoclay 

62.65 [41] 
Antibiotics Trimethoprim (0) 2.6 
Nonsteroidal anti-inflammatory drugs Ibuprofen (-) 88.57 

15 Nonsteroidal anti-inflammatory drugs Ibuprofen Biological nutrient removal (BNR) with 
an anaerobic configuration 

81 [79] 
Naproxen 71 

16 Beta Blockers Atenolol Two Sequencing batch reactor with 
powdered composite adsorbent 

52 [112] 
Fluoroquinolones Ciprofloxacin 54 
Benzodiazepines Diazepam 59 

17 Nonsteroidal anti-inflammatory drugs Naproxen Conventional activated sludge 
treatment after aerobic and anaerobic 
digestion. Finally, a tertiary treatment 
based on UV oxidation 

90 [138] 

18 Diuretics(water pills) Furosemide Photolysis 100 N´avar 
et al., 
2020 

Photocatalysis 97 
Sulfonamide Sulfadiazine Photolysis 68 

Photocatalysis 87 
19 Fluoroquinolone Enrofloxacin Synergic catalytic ozonation and 

electroflocculation process 
99 [77] 

Penicillin Amoxicillin 89 
20 Analgesic Acetaminophen Primary treatment based on the partial 

removal of suspended solids and 
organic matter through coagulation, 
flocculation and sedimentation 

23 [19] 

( continued on next page ) 

7 
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Table 3 ( continued ) 

Sl No. Class/Group of Pharmaceutical Pharmaceutical Contaminants Treatment Technology/Mechanism Removal 
(%) 

Refs. 

21 Tetracycline antibiotic Oxytetracycline hydrochloride Electrocoagulation process. 88 [121] 
22 Nonsteroidal anti-inflammatory drugs Diclofenac Electrocoagulation process. 34 [50] 

Anticonvulsant Carbamazepine 35 
Penicillin Amoxicillin 36 

23 Analgesics Ibuprofen High Rate Algal Ponds 90–99 [176] 
Upflow anaerobic sludge blanket 
digestion(UASB) 

92 

Acetaminophen High Rate Algal Ponds 90–99 
Upflow anaerobic sludge blanket 
digestion(UASB) 

92 

24 Antiepileptics Lamotrigine High Rate Algal Ponds 47–48 Eliana 
et al., 
2020 

Hypolipidemic drugs Fenofifibric acid 69–84 
Analgesics and anti-inflflammatory drug Paracetamol 76–100 
Tranquilizers Pentoxifylline 30–55 

25 Antibacterial and Antifungal Triclosan Activated Sludge 99.8 [139] 

Fig. 4. Solar/ferrioxalate photo catalysis: com- 
pound parabolic collector solar reactor. 
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nd indirect electrochemical degradation in the presence of titanocene
ichloride. Sopaj et al. [162] reported a degradation upto 100% for the
moxicillin when the sample was attacked by hydroxyl radicals elec-
rogenerated on the surface of anode in the presence of carbon-felt and
arbon fiber. The anode material is a strong influencer in the degra-
ation processes. Overall, electrochemical methods can be successfully
pplied as a productive technology for the treatment of water carrying
harmaceutical waste substances. 

.1.4. Membrane bioreactor process 

Membrane bioreactor (MBR) is becoming important in the field of
reating wastewater as the process has a higher bio-degradation effi-
iency, occupies less space, and produces minimal amount of sludge
 Fig. 6 ). Chang et al. [29] treated real pharmaceutical wastewater using
 MBR of volume 20 m 

3 for 140 days and obtained a COD removal of
6% and BOD 99%. The mixed liquid suspended solids (MLSS) concen-
ration in the MBR tank was maintained in the range of 6000 - 17,000 mg
 

− 1 . Sterritt et al. [165] found that activated sludge treatment process
as a removal efficiency of more than 50% for heavy metal contain-
8 
ng wastewater. The satisfactory BOD, COD and heavy metal removal
hows the potential of MBR system in treating pharmaceutical wastew-
ter. This in turn shows the effectiveness of MBR system in removal
f pharmaceutical waste particles from the wastewater with stable and
atisfactory operative system. Mousel et al. [117] conducted an exper-
ment in Ultrafifiltration Membrane Bioreactor (U-MBR) and reported
emoval efficiency of 82% for hydroxybupropion, 98% for ibuprofen,
5% for metformin and 92% for valsartan, respectively. This shows the
ffectiveness of MBR technology for the removal of PCs from wastewa-
er. 

.1.5. Microalgal bioremediation process 

Algal-based treatment technologies recently have been trending for
heir potential enactment in treating wastewater and elimination of haz-
rdous contaminant. These technologies have an advantage in reducing
peration cost while giving rise to worthy products and confiscating
reenhouse gases at the same time. Over the last few decades, the ap-
lication of microalgae for the bioremediation of nutrients, such as ni-
rogen, phosphorus and carbon, from various sources of contaminated
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Fig. 5. a. Electrochemical method for the transformation or degradation of PCs 
by direct electron transfer. b. Electrochemical method for the transformation or 
degradation of PCs by generation of •OH, H 2 O 2 or active chlorine species. c. 
Electrochemical method for the transformation or degradation of PCs by using 
active and non-active anodes. 
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ater has been shown to be effective in the large scale [166] . These
ystems provide natural disinfection which is very effective in eradi-
ating nutrient pollution as compared to traditional wastewater treat-
ent systems [ 16 , 37 ]. Nutrients from wastewater are imbibed into al-

al biomass, which can be harvested and used as bio-fertilizer. Apart
rom this valuable product like proteins, carbohydrates, pigments, and
itamins are also produced. Algae based wastewater treatment system
Fig. 6. Membrane bioreact

9 
s sustainable and beneficial as compared to the other wastewater treat-
ent methods and it has shown great potential in eradicating ECs such

s PCs from wastewater. Microalgae based bioremediation of PCs fol-
ows an eco-friendly course of action which requires small number of
perational inputs and the whole process can also be driven by solar
nergy. PPCPs from wastewater can be eliminated through the pro-
ess of sorption, biodegradation, photodegradation and volatilization
ollowing algae-based techniques ( Fig. 7 ). Different methods involved
n the removal of PCs by microalgae are broadly classified into bio-
dsorption, bioaccumulation, intracellular and extracellular biodegra-
ation, further the enhanced methods involved are biomeditation by
icrobial consortia, acclimation, and co-metabolism. There are other

ypical algae-based treatment systems available such as high-rate al-
al ponds, algal turf scrubber, rotating algae biofilm photobioreactor,
tirred-tank photobioreactor, flat panel photobioreactor, tubular photo-
ioreactor and membrane photobioreactor, etc. ( Table 4 ). Three major
echanisms through which microalgae remove PCs from wastewater

re bio-adsorption, bio-uptake, and biodegradation. A brief explanation
egarding the three mechanisms is mentioned below. 

• Bio-adsorption mechanisms by microalgal species occurs when PCs
are either adsorbed to the components of the cell wall or on the
organic substances that are excreted by the cell into the surround-
ing environment [ 85 , 141 ]. Chemical structure of PCs, surface area,
surface chemistry affects the rate of adsorption on microalgal cell
surfaces [125] . Hydrophobic, cationic ECs are actively attracted to
the microalgal cell surface due to electrostatic interactions, while
hydrophilic ECs are repelled [187] . Hydrophilic PCs tend to show
lower bio-adsorption rates and in studies conducted by Peng et al.
[130] and de Wilt et al. [42] , lower level of adsorption of pharma-
ceutical residues were reported. de Wilt et al. [42] observed less
than 20% adsorption rates for six pharmaceutical drugs onto the
cell surface of the green microalga Chlorella sorokiniana. Similarly,
Peng et al. [130] reported approximately 10% adsorption rate of the
hormones progesterone and norgestrel by Scenedesmus obliquus and
Chlorella pyrenoidosa . The drugs or the compounds studied in both
above research were soluble in water, or hydrophilic in nature which
was the reason for their low bio-adsorption rates. Hydrophilic com-
pounds are anionic (poorly charged) and have low bio-adsorption
affinity with the microalgal cells. In contrast, lipophilic pharmaceu-
tical drugs, which are cationic, have high levels of bio-adsorption
affinity with microalgal cells. Modification of microalgal biomass ei-
ther by chemical or physical pre-treatment techniques can enhance
the bio-adsorption rates. Ali et al. [7] modified microalgal biomass
with 0.1 N NaOH and reported a 70% higher bio-adsorption rate for
the pharmaceutical drug, tramadol. 

• Bio-uptake mechanism of the algal species involves the active trans-
port of the contaminants into the cell through the cell wall, where
it binds to intracellular proteins and other compounds, however the
process can take in hours to days. Unlike bio-adsorption, bio-uptake
of PCs can only occur in the living microalgal cells. Microalgal cells
can capture ECs in three major ways: 
1 Passive diffusion: Passive diffusion of PCs into the cell occurs

through the cell membrane from a high (external) concentration
or (MBR) technology. 
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Fig. 7. PCs removal process in microalgae. 
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to a lower (internal) concentration without any requirement of
energy excretion. 

2 Passive-facilitated spread: Passive-facilitated diffusion is the pro-
cess where PCs diffuse across the cell membrane with the help of
transporter proteins, whose role is to mediate the influx of polar
molecules into the cell. 

3 Energy-dependent/active uptake: Active transport of the EC across
the cell membrane requires the use of energy by the cell. Often
in active transport, the compound moves against a concentration
gradient, although this is not always the case. 

Several studies have shown bio up-taking as an effective and effi-
ient method for the removal of lipophilic pharmaceutical drugs by mi-
roalgae [63] . In an experiment conducted by Maes et al. [101] , the
io-uptake removal of 17 ́𝛼-Ethinylestadiol by green algae Desmodesmus

ubspicatus was reported to be around 23%. Irrespective of the mech-
nism, bio-uptake is affected by the physico-chemical environment in-
luding temperature and pH, the metabolic state or health of the cell,
nd the presence of any metabolic inhibitors [183] . 

• Microalgal biodegradation of ECs includes the conversion of complex
compounds into molecules that are easily broken down using cat-
alytic metabolic deterioration. Biodegradation provides one of the
most promising technologies for the troublesome management of
contaminants as it can convert the contaminants into less toxic com-
pounds instead of acting as an organic filter. In studies conducted by
Peng et al. [130] , the microalgal biodegradation of the hormone pro-
gesterone and norgestrel were reported to be successfully by pure mi-
croalgae, Scenedesmus obliquus and Chlorella pyrenoidosa . Hom-Diaz
et al. [75] reported the removal through the biodegradation of the
hormones 17 𝛽-estradiol and 17 ́𝛼-ethinylestradiol by microalgae Se-

lenastrum capricornutum and Chlamydomonas reinhardtii . Peng et al.
[130] identified as dehydration (hydrogenation), hydroxylation, ox-
idation (dehydrogenation) and side-chain breakdown as the primary
reaction involved in the microalgal conversion of progesterone and
norgestrel. Xiong et al. [187] under laboratory conditions success-
fully demonstrated the co-metabolic removal of ciprofloxacin by the
green alga Chlamydomonas mexicana . 

Mixotrophic microalgae can switch their metabolism nature between
utotrophic and heterotrophic depending on the availability of carbon
ources and nutrients in the environment. This property imparts flexibil-
ty to the micro-algae which helps it to survive in any extreme environ-
ents. Culturing micro-algae reduces the addition of external chemical
10 
ertilizers/nutrients for treatment. This concept provides a zero-waste
ule where the wastewater is employed as the source of nutrient for
he cultivation of mixotrophic micro-algae followed by the subsequent
tilization of produced biomass as a feasible feedstock for sustainable
iofuel production to stimulate a more sustainable practice for the mi-
roalgae biomass-based biofuel industry. The pharmaceuticals and per-
onal care products may affect the growth and function of algae. Algae
re normally more sensitive to antibiotics, antimicrobials, and selective
erotonin reuptake inhibitors. The other pharmaceutical particles don’t
amper the system as much as these, but some of the heavy metals, am-
onium, COD, and other organic contaminants when higher in concen-

rations in wastewater can inhibit algal growth [ 119 , 178 ]. Oller et al.
127] stated that a combination of algae-based technology with further
lighter subtle processes such as constructed wetland, treatment pond
nd advanced oxidation as an advantageous solution to this problem.
lgae have the potential to eliminate different PPCPs belonging to es-

rogenic hormones, antibiotics, antimicrobials etc., and in the process
f removal, mainly biodegradation was found to be responsible for it.
s per the research conducted by Peng et al. [130] and Zhang et al.
193] the removal efficiencies of hormones progesterone and estrone
ere found to be > 95% and 85% in biotransformation and biodegrada-

ion, respectively. Bai and Acharya [11] noted a 32% degradation of the
ntibiotic sulfamethoxazole for the process of algae-mediated photoly-
is. Similarly, Xiong et al. [187] observed a 9.5–91.5% degradation of
evofloxacin in a biodegradation process enhanced with NaCl. 7-amino
ephalosporanic acid was degraded 100% in a combined process of hy-
rolysis, photolysis, and adsorption [69] . Antimicrobials like triclosan
as degraded to 100% when treated with algal process [11] . The over-
ll study suggests that algae, microalgae, algae bacteria consortia have
reat capabilities for the removal of pharmaceutical contaminants. The
lgae-based treatment combined with advanced oxidation processes, mi-
robial fuels cells along with some genetic modifications will be viable
or the enhanced removal of PCs. 

.1.6. Constructed wetland for removal of antibiotics and antibiotic 

esistance genes 

Constructed wetlands (CWs) is a cost-effective and ecofriendly tech-
ology for the removal of PCs in comparison to the other physical, chem-
cal, and biological processes. This is more efficient in the elimination of
arious micro-pollutants, including antibiotics and antibiotic resistance
enes (ARGs) [148] . The mechanism involved in the removal of con-
aminants in CWs are complicated as it consists of physical, chemical,
nd biological interaction among plants, substrates, and microorgan-
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Table 4 

Microalgal process for treatment of PCs. 

Sl No. Pharmaceutical Contaminants Microalgae Treatment 
Technology/Mechanism 

Removal% Ref. 

1 Diclofenac C. sorokiniana Anerobic Digestor along with 
Algal Bioreactor 

50 [42] 
Ibuprofen 100 
Paracetamol 100 
Carbamazepine 30 

2 Metronidazole C. vulgaris Adsorption 100 [70] 
3 Bisoprolol T. dimorphus photobioreactor 97 [64] 

Terbutalin 98 
Metoprolol 99 
Hydroxyzine 87 

4 Cephalexin B. cepacia, C. luteola, P. 

fluorescens, B. subtilis, B. 

megaterium Sterothermophilus, C. 

freundii 

Biosorption 95 [6] 

5 Florfenicol Chlorella sp. Bioaccumulation, Biodegradation 
and adsorption 

97 [161] 

6 Caffeine Microalgae consortia in HRAP 

dominated by Chlorella sp. and 

Scenedesmus sp. 

High Rate Algal Ponds 99 [74] 
Ibuprofen 99 
Carbamazepine 20 

7 Sulphapyridine C. reinhardtii Batch Experiments with four 
Microalgae (Photodegradation, 
sorption, etc.) 

93 Diaz., 
2016 C. sorokiniana 73 

D. tertiolecta 56 
P. subcapitata 48 

8 Paracetamol C. sorokiniana Bubbling column 
photobioreactors 

42 [150] 
C. vulgaris 12 
S.obliquus 9 

Diclofenac C. sorokiniana 30 
C. vulgaris 22 
S.obliquus 78 

9 Enrofloxacin S. obliquus Bioaccumulation, bioadsorption 
and/or biodegradation 

23 [186] 
O. multisporus 18 
Chlamydomonas 25 
C. vulgaris 26 
M. consortium 26 
M. resseri 20 

10 Ibuprofen Nannochloris sp. Incubation 40 [12] 
Trimethoprim 10 
Ciproflfloxacin 100 
Carbamazepine 20 
Triclosan 100 

Fig. 8. Constructed wetland for removal 
of PCs. 
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sms ( Fig. 8 ). In CWs microorganisms are the main dominating opera-
ors for the antibiotic biodegradation and use same antibiotics as carbon
ources. The principal microorganisms active in CWs are bacteria, acti-
omycetes, fungi (basidiomycetes and yeasts) and some protozoa. Fer-
andes et al. [58] reported that the involvement of the microbial com-
unity in the reduction of enrofloxacin and tetracycline was up to 94%.
acteria was accounted for contributing the highest proportion for the
emoval of pollutants. Temperature, plants, and concentration of antibi-
tics are some of the factors affecting the antibiotic removal process via
icroorganisms. Truu et al. [169] found that at warm temperature nitri-
11 
ying bacteria and protein-degrading bacteria have favorable bioactivity
long with higher reduction ability towards antibiotics. From the study
onducted by Liu et al. [96] , vertical subsurface flow constructed wet-
ands (VFCWs) were found to be better for the elimination of antibiotic
ith an efficiency of over 70%. In Constructed Wetland-Microbial fuel

ells (CW-MFC), anode need to be kept in anaerobic environment and
athode need to be placed in aerobic environment to so that redox con-
itions can be developed naturally in the system. Electricity generation
akes places when bacteria oxidize the organic matter leading to impro-
ise the removal efficiency of antibiotics. Moreover, micro-current stim-
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lation can improve microbial activity and accelerate the degradation
f pollutants. Chen et al. [31] demonstrated that 99.1% antibiotics and
RGs efficiently eliminated by integrated constructed wetland. Still the
emoval efficiency of antibiotics like sulfonamide, macrolactone, chlo-
amphenicol, polyether and beta-lactam need to be additionally focused
n [ 96 , 146 ]. 

.1.7. Bio-nanotechnology 

Nanotechnology has been the next wave for innovation for decades
hich sooner will turn into reality. The technologies related to it are
eing used for the abatement of groundwater, wastewater and drink-
ng water. Nanotechnology has great potential for an effective preven-
ion, treatment, and clean-up of pollution. Nanomaterials play a funda-
ental role in recent research efforts for the development of efficient
ater treatment technologies. PPCPs can be treated using nano sys-

ems techniques such as adsorption using nanomaterials, photocatalytic
egradation, and nanofiltration, etc. [137] . Currently other nanomateri-
ls such as nanosorbents, nanocatalysts, nanostructured catalytic mem-
rane, bioactive nanoparticles (NPs), biomimetic membrane, nanopow-
er, nanotubes, magnetic nanoparticles, granules, flake, and molecular
mprinted polymers (MIPs) have been applied to remove toxic metal
ons, microbes, organic and inorganic solutes from wastewater and
rinking water [34] . Nanomaterials such as silver and titanium diox-
de NPs can be used for point-of-use water disinfection, anti-biofouling
urfaces and decontamination of organic compounds. Nanoscale zero-
alent iron particles can be used for wastewater treatment and simi-
arly, nanofiltration membrane can be used for reduction of hardness,
olor, odor, heavy metals [80] . Nano-based technologies have great po-
entials to make industrial wastewater treatment more efficient and nat-
ral nanomaterials/biopolymers with their unique properties, includ-
ng efficiency, cost-effectiveness and eco-friendliness can be utilized as
romising alternatives for water treatment. 

.1.8. Eco-friendly adsorbent 

Adsorption has attracted particular attention as an efficient method
or wastewater treatment. Treating pharmaceutical contaminants in
astewater through this method has been broadly implemented as it’s
n economical, simple to operate and fast retailing method where no
ludge formation take place [86] . An extensive range of materials and
evices like gels, films, membranes, particles, etc., are applicable in
his method which makes it more relevant. Over the last few years
pplication of bio-based adsorbents formulated by using natural feed-
tock, polymers, biopolymers have received great attention. Biopoly-
ers and bio-compounds are economical, renewable, and easily avail-

ble compounds with various functional groups present on the struc-
ure which enhance the adsorption capacity [95] . Considering this, chi-
osan and its derivatives have attracted significant interest as highly ac-
ive bio-sorbents for the removal of pharmaceutical pollutants from the
quatic environment. Biodegradability, biocompatibility, hydrophilic-
ty, nontoxicity, antimicrobial activity, low immunogenicity, inexpen-
iveness and accessibility are some of its features [86] . The combina-
ion of chitosan and metal organic framework exhibited the highest ad-
orption capacity toward tetracycline. Studies also indicate that waste
offee grounds composites can be utilized as promising low-cost and eco-
riendly adsorbents for the removal of pharmaceuticals from wastewa-
er. More experimental works are still needed on the improvement of
dsorbent selectivity toward specific pollutants. 

.1.9. Carbon filtration through activated carbon 

Activated carbon is a well-known process for removal various or-
anic contaminants and organic carbon. It is commonly applied as a
owdered feed or in a granular form in packed bed filters. The gran-
lar activated carbon can be used as a replacement for anthracite me-
ia in conventional filters, which delivers both adsorption and filtration
160] . In an experiment, the treatment done with granular activated
12 
arbon, ozonation and sand filter showed a removal efficiency of 87–
5% of the active pharmaceutical ingredients [15] . Activated carbon
an be extremely effective for the removal of emerging contaminants.
nyder et al. [160] reported both powdered feed and granular carbon
ould remove greater than 90% of PCs. Powdered carbon can’t recy-
le through the treatment process. Granular form is highly effective but
ater-soluble contaminants can break through it much more rapidly

han strongly bound hydrophobic contaminants. 

.2. Fate of pharmaceutical contaminants during treatment process 

Pharmaceutical contaminants through various physio-chemical and
iological processes transform into stable compounds which are not
armful in nature. During degradation, the PCs can either undergo min-
ralisation, degradation, or minor structural changes [84] . Mineralisa-
ion of PCs is transformation of these contaminants into carbon diox-
de, water, and inorganic ions [84] . Degradation is the process in which
Cs deteriorate into smaller/shorter chain products or compounds. The
egradation process can occur by co-metabolism or by catabolism. Bio-
ransformation of PCs involve oxidative, reductive, and lytic mechanis-
ic pathways. Alfonso-Muniozguren et al. [5] reported that the biodegra-
ation of the X-ray contrast media iopromide leads to the oxidation of
he primary alcohols (forming carboxylates) on the side chains of the
harmaceutical during the treatment by conventional activated sludge,
hile dehydroxylation at the two side chains occurred in the nitrifying
ctivated sludge, which was associated to a co-metabolism pathway.
n similar studies, by analysis of biofilm reactors (BFR) and batch acti-
ated sludge it was reported that hydroxyl ‑ibuprofen was the main bio-
ransformation product under oxic conditions and carboxy-hydratropic
cid under anoxic conditions. Carboxy-ibuprofen was found under oxic
nd anoxic conditions almost only in the batch activated sludge [197] .
he biotransformation of naproxen was reported to induce demethy-

ation and decarbonylation of this pharmaceutical. Anaerobic systems
dvance O-demethylation pathways on pharmaceuticals such as guaife-
esin, naproxen, oxybenzone and mestranol [5] . PCs analgesics and
nti-inflammatories like Ibuprofen transformed into stable compounds
ydroxy ‑ibuprofen (hydroxylation of alkyl group), carboxy-ibuprofen
nd carboxy-hydratropic. Similarly, naproxen transformed into its sta-
le form by O-demethylation and Decarboxylation [ 163 , 172 , 174 , 175 ].
he reduction pathway is the initial step for the transformation of ke-
oprofen [5] . The ketone group is reduced during the transformation
rocess to increase the electron density of the aromatic rings, render-
ng these more reactive. Reduction is preceded by hydroxylation form-
ng a catechol structure. A subsequent oxidative ring-opening of cat-
chol by meta-cleavage, plus hydrolysis leads to the generation of 3-
hydroxy ‑carboxymethyl) hydratropic acid product. In the final step,
lcohol is oxidised to produce the 3-(keto-carboxymethyl) hydratropic
cid [134] . For the antibiotic trimethoprim, hydroxylation by microor-
anisms from activated sludge leads to the generation of 𝛼‑hydroxy-
rimethoprim and hydroxylated-trimethoprim [89] . There are several
ther studies and research on the transformation of PCs into stable prod-
cts. PCs’ structure changes depending upon various treatment systems
nd might turn into any of its stable form but at the end of any treat-
ent process suitable for removal of PC, a stable compound is achieved

 179 , 188 ]. 

. Effects of pharmaceuticals on environment and ecosystem 

Pharmaceutical drugs play an important role in the treatment and
revention of diseases in humans and animals, but the rising concen-
ration of pharmaceutical residues have led to unprecedented changes
n the ecosystem [ 194 ]. Pharmaceuticals are generally studied and gov-
rned by strict regulatory policies which require both pre-clinical and
linical studies to assess their potency and safety before commercializa-
ion. The potential impacts on the environment for the production and
se of drugs are not well understood and have recently become an area
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f research and study. Since the 1990 ′ s, pollution of water by pharma-
eutical residues has been a major environmental problem [46] . Phar-
aceutical residues are deposited into the environment through con-

umption and excretion by humans, improper disposal, flow of sludge
anure and re-irrigation of contaminated water, leaking sewage, and
ipes, etc [ 93 , 98 ]. In the studies conducted by USGS, it has been ob-
erved that the sources of pharmaceuticals do not limit only till man-
facturing plants, but are also obtained from the antibiotics and drugs
sed in livestock industries, the streams receiving runoff from the animal
eeding operations, the excess drugs released by human beings, pharma-
euticals like caffeine, cotinine, diphenhydramine, and carbamazepine,
tc [ 99 , 100 , 106 ]. The consumption and excretion by humans and the
mproper disposal by industries are the major sources of pharmaceuti-
al drugs in the environmental. The medicines after being ingested and
tilized by the body, a part of the active pharmaceutical ingredient is ex-
reted unmodified or only slightly metabolized which enters the sewage
ystem. Pertinent amounts of pharmaceuticals gratuitously turn up to
ppear in the environment due to their inappropriate disposal via sink
r toilet. Pharmaceuticals touch down the water bodies as these can’t be
reated by the conventional wastewater treatment plants and these PCs
lso get into the ground surface and mix with the ground water (though
eing very low in terms of concentrations). The sewage sludge/manure
eing used as fertilizers in the crop fields may also contaminate the
round water with pharmaceuticals. The veterinary pharmaceuticals are
ften being dispersed in the air inside the animal husbandry as drugs are
ften applied in the form of powder and are dispersed on combining with
ust and bio-aerosols [ 115 , 123 ]. This provides a pathway for the phar-
aceuticals to get into the air and cause pollution. Studies conducted

ecently on the impact of pharmaceutical pollution on the world’s rivers
eported that pharmaceutical residues threaten the environment and hu-
an health in more than a quarter of the tested areas ( [184] ; BBC News,
022). The study investigated 1052 sample areas near 258 rivers in 104
ountries, representing river pollution of 470 million people. It is re-
orted that the lower- and middle-income countries contained the most
olluted areas due to improper wastewater and waste management tech-
iques, and pharmaceutical production. The impact of PPCPs is huge on
he environment because these may act in an unexpected way when
ixed with other chemicals from the environment or concentrated in
 food chain. Some PPCPs are active even at lower concentrations and
re often continuously released in large or widespread volumes. Due to
he high solubility of PPCPs in water, aquatic organisms are particu-
arly vulnerable to their effects. Researchers have found that a class of
ntidepressant drugs is significantly delaying the growth rate of frogs.
he chemicals in these PPCP products may affect the female reproduc-
ive system or the male reproductive system of various aquatic animals,
hereby affecting their reproductive levels (Washington State Univer-
ity, 2009). In addition to being found in water only, the ingredients of
ome PPCP can also be found in the soil. As some of these substances
re long-acting or biologically indestructible, those are increasing in the
ood chain. There are various concerns about the effects of surface water
reatment and especially the threats to rainbow trout exposed to contam-
nated water in the wild. Fick et al. [59] conducted research on rainbow
rout, exposed to clear, fresh water in three different parts of Sweden.
hese rainbow trout were presented for a total of 14 days while 25 drugs
ere measured in blood plasma at different levels for analysis. The pro-
estin levonorgestrel was found in fish blood plasma at concentrations
etween 8.5 and 12 ng m/L, exceeding human plasma levels of treat-
ent. Levonorgestrel moderate flow rate in three areas were found to

educe the rainbow trout fertility. Long term effect can lead to the muta-
ion of genes and reduction of fish population. PCs such as sex hormones,
eterinary growth hormones, antibiotics and glucocorticoids are known
or their endocrine disrupting nature [ 128 , 131 , 155 , 159 ]. Further exper-
ments for the identification of more PCs bearing similar properties are
till ongoing. Antibiotics present in the effluents and in the aquatic envi-
onment intensify the resistance among the microorganisms which leads
o their interference with the microbial community structure thus affect-
13 
ng the microbial population and the ecological function of the aquatic
cosystem. There is need to develop a new production technique that
ses raw materials that are eco-friendly, produces fewer toxic metabo-
ites and by-products in our environment to prevent the ecosystem de-
truction. 

. Eco-toxic effects of PCs on microbial communities 

Microorganisms play a key role in functioning of our ecosystem. They
re the mediators for debris-based food web which help in making a suc-
essful use of energy contained in dead organic matter by the detrivores.
he existence of handful and varied microbial community is a necessary
or a quick and effective response to the various natural and anthropic
isturbances that can affect an ecosystem [190] . Microorganisms are in-
olved in ecosystem in self-purification processes as they can degrade
ontaminants by metabolic and/or co-metabolic pathways. Biodegra-
ation is an essential process for eliminating pharmaceuticals and the
ecovery from contamination is possible only if toxicity of the molecules
oes not inhibit microbial activity [25] . Pharmaceuticals typically enter
he environment in complex effluents, and thus natural microbial com-
unities are exposed to a mixture of active substances. The insertion of

ntibiotics into aquatic environments can promote the acquisition of an-
ibiotic resistance genes by microorganisms after a long exposure time,
ven at trace levels. 

Experiments state that naproxen is the pseudo-persistent compound
n surface waters and biodegradable in aerobic conditions that have an
cute effect on river microbial community. The microbial cell viability
nd the 𝛽-Proteobacteria group decreased significantly and, in its pres-
nce, a toxic effect on ammonia oxidizing bacteria was also found in a
astewater treatment plant [68] . Similarly, diclofenac is a polar phar-
aceutical compound mostly used as the sodium salt diclofenac-Na in
uman and veterinary medicine to reduce inflammation and pain. Lotic
iofilms composed of bacterial and algal populations, lost about 70% of
heir overall initial biomass (based on biofilm thickness) when exposed
o diclofenac [25] . 

. Environmental effects of pharmaceuticals on human health 

High concentration of pharmaceutical residue in the environment is
lways concerning to the human health and the ecosystem. Different
actors affecting human health are concentration, type and distribution
f drugs, pharmacokinetics of each drug, modification of the structure,
etabolism or degradation processes and possible drug overdoses [40] .

tudies have shown that PPCPs are present in water worldwide, but no
tudies have shown a direct effect on human health. However, the ab-
ence of empirical data cannot exclude the possibility of adverse effects
ue to interactions or prolonged exposure to these substances (Ameri-
an Water Works Association, 2009). Sanderson et al. [149] studied the
quatic toxicity of four different PCs groups (antibiotics, antineoplastics,
ardiovascular drugs and sex hormones such as estrogens and andro-
ens) and found that daphnia fish and algae were susceptible to these
harmaceutical compounds, while antibiotics and sex hormones were
qually threatening for both human as well as aquatic life. As per a study
onducted by Mimeault et al. [110] , goldfish showed bio-centration fac-
or of 113 when it is exposed to high concentration of PPCPs for 14 days.
hese chemicals in water can be in the trillions of parts or parts of a bil-

ion and it is difficult to determine the actual chemical values. Daughton
40] have focused on determining whether the concentration of these
rugs is below or above the acceptable daily intake (ADI). The relation-
hip between risk perception and behavior is often different. Risk man-
gement is most effective once the motivation for the disposal of unused
harmaceutical drugs is understood. According to a study conducted
y Cook [36] , there has been a little correlation between risk percep-
ion and information about drug waste. In addition to growing concerns
bout human health risks from drug overdose, many researchers have
peculated about the potential for antibiotic resistance. Hernando et al.
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72] reported that 10 different antibiotics were found in sewage, surface
ater, and residues which shows the types of different drug overdose.
he contamination of drinking water with pharmaceuticals is also a de-
isive issue, but there is no distinct evidence that prove pharmaceuticals
ossess threat to human health as the concentration detected in drinking
ater are usually lower than 0.05 𝜇g.L − 1 . Still there is a concern due

o regular and limitless exposure of pharmaceuticals, hence the drink-
ng water should be observed and examined on frequent intervals [14] .
he antibiotic resistance genes, which get into the environment through
astewater treatment plants and manuring exhibit an indirect but out-

ight serious impact on human health. For safeguarding the health of an-
mals and their treatment, veterinary antibiotics are being increasingly
sed in many regions, which also tend to improve the feed efficiency of
ivestock, poultry, pets, aquatic animals, silkworms, bees etc. [ 4 , 153 ].
n excreted product of animals, veterinary antibiotics additive can be
n active condition hence, a substantial portion of it may spread into
he environment in bioactive forms and negatively affect human health
 124 , 136 , 153 ]. Studies on long term and low-dose exposure are more
ccurate and directly reflect the eco-toxicological effects of human and
eterinary pharmaceuticals. 

. Recommendations 

• Certain groups of pharmaceutical contaminants are very toxic and
recalcitrant in nature and abundantly increasing in the environment.
So, development of treatment methods for those specific group of
contaminants should be focused. 

• The efficiency of removal for various pharmaceutical groups for dif-
ferent removal technologies should be evaluated and the best tech-
nique should be adopted for their respective industries. 

• The correlation between freshwater parameters like BOD, COD, etc.,
and pharmaceutical concentrations should be developed so that the
removal efficiency of these pharmaceutical contaminants can be ex-
pressed in terms of these parameters. Experimental models corre-
sponding to it need to be developed. 

• Treatment techniques especially biological treatment for removal of
various PCs from wastewater should be immensely researched upon
as those are environmentally sustainable, cost effective and cause no
harm to the environment. 

• Combined biological treatment methods with conventional wastew-
ater treatment plant will be beneficial for overall removal of phar-
maceuticals and maintaining the required quality parameters for the
water streams. Efficiency of these combined systems is also a wide
area to be examined. 

0. Conclusion 

In the past few decades, PCs have emerged as a major emerging
ontaminant in wastewater. These are extensively detected in aquatic
nvironments due to the incomplete removal by conventional wastew-
ter treatment plants. Studies have indicated the ill impacts of these
ontaminants on both humans and animals as well as ecosystem. Sev-
ral studies and research are going on to detect these kinds of com-
ounds in wastewater and to provide an effective treatment method
or their removal. The current study includes various pharmaceutical
roups, different treatment methods and impact on human and ecosys-
em. The fate, regulatory guidelines, and the Environmental Risk As-
essment (ERA) regarding these pharmaceutical contaminants are also
riefly described. The optimization of current techniques which favor
nvironmental sustainability need to be studied more which will not
nly help in removing these PCs but also help in maintaining the ecosys-
em. Based on space availability, procurable capital, and effectiveness of
ontaminant removal, a suitable technique can be selected for removal
f PCs from wastewater. So, the knowledge of various groups of phar-
aceuticals and their treatment techniques will be very much helpful. 
14 
eclaration of Competing Interest 

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

cknowledgments 

The authors express their gratitude to the School of Civil Engineer-
ng, KIIT Deemed to be University Bhubaneswar for providing necessary
acilities to carry out this work. 

eferences 

[1] Jiri Marsalek, Pharmaceuticals And Personal Care Products (PPCP) In Canadian
Urban Waters: A Management Perspective, in: Dangerous Pollutants (Xenobiotics)
in Urban Water Cycle, Springer, 2008, pp. 117–130. In this issue . 

[2] Alistair B.A. Boxall, et al., Pharmaceuticals and Personal Care Products in the En-
vironment: What Are the Big Questions? Environ. Health Perspect. 120 (2012)
1221–1229 . 

[3] M. Patel, R. Kumar, K. Kishor, T. Mlsna, C.U. Pittman, D. Mohan, Pharmaceuti-
cals of Emerging Concern in Aquatic Systems: Chemistry, Occurrence, Effects, and
Removal Methods, Chem. Rev. 119 (2019) 3510–3673 . 

[4] J.B. Addison, Antibiotics in sediments and run-off waters from feedlots, Residue
Rev. 92 (1984) 1–28 . 

[5] P. Alfonso-Muniozguren, E.A. Serna-Galvis, M. Bussemaker, R.A. Torres-Palma,
J. Lee, A review on pharmaceuticals removal from waters by single and combined
biological, membrane filtration and ultrasound systems, Ultrason. Sonochem. 76
(2021) 105656 . 

[6] A.A. Al-Gheethi, A.N. Efaq, R.M. Mohamed, I. Norli, M.O. Kadir, Potential of bac-
terial consortium for removal of cephalexin from aqueous solution, J. Assoc. Arab
Univ. Basic Appl. Sci. 24 (1) (2017) 141–148 . 

[7] M.E. Ali, A.M.A. El-Aty, M.I. Badawy, R.K. Ali, Removal of pharmaceutical pollu-
tants from synthetic wastewater using chemically modified biomass of green alga
Scenedesmus obliquus, Ecotoxicol. Environ. Saf. 151 (2018) 144–152 . 

[8] R. Andreozzi, V. Caprio, R. Marotta, D Vogna, Paracetamol oxidation from aqueous
solutions by means of ozonation and H2O2/UV system, Water Res. 37 (5) (2003)
993–1004 . 

[9] C. G. Daughton, Non-Regulated Water Contaminants: EmergingResearch, Environ.
Impact Assess. Rev. 24 (2004) 711–732 . 

[10] A. Aschengrau, J.M. Weinberg, P.A. Janulewicz, M.E. Romano, L.G. Gallagher,
M.R. Winter, B.R. Martin, V.M. Vieira, T.F. Webster, R.F. White, D.M. Ozonoff,
Affinity for risky behaviors following prenatal and early childhood exposure to
tetrachloroethylene (PCE)-contaminated drinking water: a retrospective cohort
study, Environ. Health A Glob. Access Sci. Source 10 (1) (2011) 102 . 

[11] X. Bai, K. Acharya, Removal of trimethoprim, sulfamethoxazole, and triclosan by
the green alga Nannochloris sp , J. Hazard. Mater. 315 (2016) 70–75 . 

[12] X. Bai, K. Acharya, Algae-mediated removal of selected pharmaceutical and per-
sonal care products (PPCPs) from Lake Mead water, Sci. Total Environ. 581–582
(2017) 734–740 . 

[13] P. Baratpour, G. Moussavi, The accelerated biodegradation and mineralization
of acetaminophen in the H 2 O 2 -stimulated upflow fixed-bed bioreactor (UFBR),
Chemosphere 210 (2018) 1115–1123 . 

[14] J.A. Becker, A.I. Stefanakis, Pharmaceuticals and personal care products as emerg-
ing water contaminants, in: Pharmaceutical Sciences: Breakthroughs in Research
and Practice, IGI Global, 2017, pp. 1457–1475 . 

[15] K. Beijer, B. Björlenius, S. Shaik, R.H. Lindberg, B. Brunström, I. Brandt, Removal
of pharmaceuticals and unspecified contaminants in sewage treatment effluents by
activated carbon filtration and ozonation: evaluation using biomarker responses
and chemical analysis, Chemosphere 176 (2017) 342–351 . 

[16] J.R. Benemann, Opportunities and challenges in algae biofuels production, Algae
World 17-18 (2008) 15 2008, Singapore, November . 

[17] S. Bhushan, M.S. Rana, S. Raychaudhuri, H. Simsek, S.K. Prajapati, Algae -and bac-
teria-driven technologies for pharmaceutical remediation in wastewater, in: Re-
moval of Toxic Pollutants Through Microbiological and Tertiary Treatment, Else-
vier, 2020, pp. 373–408 . 

[18] P. Bimová, P. Roupcová, K. Klouda, L. Mat ějová, A.V. Sta ň ová, K. Grabicová,
R. Grabic, V. Majová, J. Híve š , V. Š palková, P. Gemeiner, P. Celec, B. Kone čná,
L. Bíro š ová, M. Krahulcová, T. Macku ľ ak, Biochar–an efficient sorption material
for the removal of pharmaceutically active compounds, DNA and RNA fragments
from wastewater, J. Environ. Chem. Eng. 9 (4) (2021) . 

[19] A.M. Botero-Coy, D. Martínez-Pachón, C. Boix, R.J. Rincón, N. Castillo, L.P. Ari-
as-Marín, L. Manrique-Losada, R. Torres Palmae, A. Moncayo-Lasso, F. Hernández,
An investigation into the occurrence and removal of pharmaceuticals in Colombian
wastewater, Sci. Total Environ. 642 (2018) 842–853 . 

[20] A. L. Batt, S. Kim, D. S. Aga, Comparison of the Occurrence of Antibiotics in
Four Full-Scale Wastewater Treatment Plants with Varying Designs and Operations,
Chemosphere 68 (2007) 428–435 . 

[21] G. Buitrón, R.M. Melgoza, L. Jiménez, Pharmaceutical wastewater treatment us-
ing an anaerobic-aerobic sequencing batch biofilm, J. Environ. Sci. Health. 38 (10)
(2003) 2077–2088 Part A, Toxic/Hazardous Substances and Environmental Engi-
neering . 

http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0001
http://refhub.elsevier.com/S2772-4271(22)00039-0/tboref0001
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0003
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0004
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0005
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0006
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0007
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0008
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0009
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0010
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0011
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0012
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0013
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0014
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0015
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0016
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0017
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0018
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0019
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0020
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0021


K. Samal, S. Mahapatra and M. Hibzur Ali Energy Nexus 6 (2022) 100076 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[22] C.B. Calderon, B.P. Sabundayo, Antimicrobial classifications: drugs for bugs,
in: R. Schwalbe, L. Steele-Moore, A.C. Goodwin (Eds.), Antimicrobial Suscep-
tibility Testing Protocols, CRC Press. Taylor and Frances group, 2007 ISBN
978-0-8247-4100-6 . 

[23] B. Cantabrana, J.R. Perez Vallina, L. Menéndez, A. Hidalgo, Spasmolytic and
calmodulin inhibitory effect of non-steroidal anti-inflammatory drugs in vitro , Life
Sci. 57 (14) (1995) 1333–1341 . 

[24] J. Cao, B. Fu, T. Zhang, Y. Wu, Z. Zhou, J. Zhao, E. Yang, T. Qian, J. Luo, Fate
of typical endocrine active compounds in full-scale wastewater treatment plants:
distribution, removal efficiency and potential risks, Bioresour. Technol. 310 (2020)
123436 PubMed: 32353771, doi: 10.1016/j.biortech.2020.123436 . 

[25] A.B. Caracciolo, E. Topp, P. Grenni, Pharmaceuticals in the environment: biodegra-
dation and effects on natural microbial communities. A review, J. Pharm. Biomed.
Anal. 106 (2015) 25–36 . 

[26] M. Carballa, G. Fink, F. Omil, J.M. Lema, T. Ternes, Determination of the solid–wa-
ter distribution coefficient (K d) for pharmaceuticals, estrogens and musk fra-
grances in digested sludge, Water Res. 42 (1–2) (2008) 287–295 . 

[27] W.W. Carmichael, The cyanotoxins, Adv. Bot. Res. 27 (1997) 211–256 Academic
Press . 

[28] J.K. Challis, M.L. Hanson, K.J. Friesen, C.S. Wong, A critical assessment of the pho-
todegradation of pharmaceuticals in aquatic environments: defining our current
understanding and identifying knowledge gaps, Environ. Sci. Process. Impacts 16
(4) (2014) 672–696 . 

[29] C.Y. Chang, J.S. Chang, S. Vigneswaran, J. Kandasamy, Pharmaceutical wastew-
ater treatment by membrane bioreactor process-a case study in southern Taiwan,
Desalination 234 (1–3) (2008) 393–401 . 

[30] S. Chelliapan, P.J. Sallis, Application of anaerobic biotechnology for pharmaceuti-
cal wastewater treatment, IIOAB J. 2 (1) (2011) 13–21 . 

[31] J. Chen, Y.S. Liu, H.C. Su, G.G. Ying, F. Liu, S.S. Liu, L.Y. He, Z.F. Chen, Y.Q. Yang,
F.R. Chen, Removal of antibiotics and antibiotic resistance genes in rural wastew-
ater by an integrated constructed wetland, Environ. Sci. Pollut. Res. Int. 22 (3)
(2015) 1794–1803 . 

[32] X.Q. Chen, S.J. Cho, Y. Li, S. Venkatesh, Prediction of aqueous solubility of organic
compounds using a quantitative structure–property relationship, J. Pharm. Sci. 91
(8) (2002) 1838–1852 . 

[33] L. Chu, J. Wang, S. He, C. Chen, L. Wojnárovits, E. Takács, Treatment of phar-
maceutical wastewater by ionizing radiation: removal of antibiotics, antimicrobial
resistance genes and antimicrobial activity, J. Hazard. Mater. 415 (2021) 125724 .

[34] A. Cincinelli, T. Martellini, E. Coppini, D. Fibbi, A. Katsoyiannis, Nanotechnolo-
gies for removal of pharmaceuticals and personal care products from water and
wastewater. A review, J. Nanosci. Nanotechnol. 15 (5) (2015) 3333–3347 . 

[35] M. Cleuvers, Mixture toxicity of the anti-inflammatory drugs diclofenac, ibuprofen,
naproxen, and acetylsalicylic acid, Ecotoxicol. Environ. Saf. 59 (3) (2004) 309–315 .

[36] B. Cook, Knowing the risk: relationships between behaviour and health knowledge,
Public Health 115 (2001) 54–61 . 

[37] R. Craggs, D. Sutherland, H. Campbell, Hectare-scale demonstration of high rate
algal ponds for enhanced wastewater treatment and biofuel production, J. Appl.
Phycol. 24 (3) (2012) 329–337 . 

[38] B.A. Cunha, in: Antibiotic Essentials, Jones and Bartlett Learning, 2010, p. 180.
ISBN 978-0-7637-7219-2 . 

[39] R.F. Dantas, S. Contreras, C. Sans, S. Esplugas, Sulfamethoxazole abatement by
means of ozonation, J. Hazard. Mater. 150 (3) (2008) 790–794 . 

[40] C.G. Daughton, Pharmaceuticals as environmental pollutants: the ramifica-
tions for human exposure, Int. Encycl. Public Health 5 (2008) 66–122 ISBN
9780123739605, doi: 10.1016/b978-012373960-5.00403-2 . 

[41] T. De Oliveira, M. Boussafir, L. Fougère, E. Destandau, Y. Sugahara, R. Guégan,
Use of a clay mineral and its nonionic and cationic organoclay derivatives for
the removal of pharmaceuticals from rural wastewater effluents, Chemosphere 259
(2020) 127480 . 

[42] A. de Wilt, A. Butkovskyi, K. Tuantet, L.H. Leal, T.V. Fernandes, A. Langenhoff,
G. Zeeman, Micropollutant removal in an algal treatment system fed with source
separated wastewater streams, J. Hazard. Mater. 304 (2016) 84–92 . 

[43] A. Della-Flora, M.L. Wilde, D. Lima, E.C. Lima, C. Sirtori, Combination of tertiary
solar photo-Fenton and adsorption processes in the treatment of hospital wastewa-
ter: the removal of pharmaceuticals and their transformation products, J. Environ.
Chem. Eng. 9 (4) (2021) . 

[44] S.D. Costanzo, J. Murby, J. Bates, Ecosystem Response to Antibiotics Entering the
Aquatic Environment, Mar. Pollut. Bull. 51 (2005) 218–223 . 

[45] M.S. Díaz-Cruz, M.J. García-Galán, P. Guerra, A. Jelic, C. Postigo, E. Eljarrat, …,
D Barceló, Analysis of selected emerging contaminants in sewage sludge, TrAC
Trends Anal. Chem. 28 (11) (2009) 1263–1275 . 

[46] N.A. Doerr-MacEwen, M.E. Haight, Expert stakeholders’ views on the management
of human pharmaceuticals in the environment, Environ. Manag. 38 (5) (2006)
853–866 . 

[47] H. Dolliver, S. Gupta, Antibiotic losses in leaching and surface runoff from ma-
nure-amended agricultural land, J. Environ. Qual. 37 (3) (2008) 1227–1237 . 

[48] A.J. Ebele, M.A.E. Abdallah, S. Harrad, Pharmaceuticals and personal care products
(PPCPs) in the freshwater aquatic environment, Emerg. Contam. 3 (1) (2017) 1–
16 . 

[49] G. Aherne, R. Briggs, The Relevance of the Presence of CertainSynthetic Steroids
in the Aquatic Environment, J. Pharm. Pharmacol. 41 (1989) 735–736 . 

[50] B.M.B. Ensano, L. Borea, V. Naddeo, V. Belgiorno, M.D.G. de Luna, M. Balakrish-
nan, F.C. Ballesteros, Applicability of the electrocoagulation process in treating
real municipal wastewater containing pharmaceutical active compounds, J. Haz-
ard. Mater. 361 (2019) 367–373 . 
15 
[51] Environment Canada (2015 a). “The Canadian environmental protection act,
1999 and the assessment of existing substances. ” https://www.canada.ca/en/
environment-cli-mate-change/services/canadian-environmental-protection-act- 
registry/general-in-formation/fact-sheets/assessment-existing-substances.html 
(accessed 20 March 2019). 

[52] Federico Sisani, Francesco Di Maria, Daniela Cesari, Environmental and human
health impact of different powertrain passenger cars in a life cycle perspective.
A focus on health risk and oxidative potential of particulate matter components,
Science of The Total Environment 805 (2022) 150171 . 

[53] European Union Directives, Directive 2013/11/EU of the European Parliament
and of the council, 2013. https://eur-lex.europa.eu/legal-content/EN/TXT/?uri =
celex%3A32013L0011 2022 (accessed 27 April 2022). 

[54] H. Fan, J. Li, L. Zhang, L. Feng, Contribution of sludge adsorption and biodegrada-
tion to the removal of five pharmaceuticals in a submerged membrane bioreactor,
Biochem. Eng. J. 88 (2014) 101–107, doi: 10.1016/j.bej.2014.04.008 . 

[55] B. Feier, A. Gui, C. Cristea, R. S ăndulescu, Electrochemical determination of
cephalosporins using a bare boron-doped diamond electrode, Anal. Chim. Acta 976
(2017) 25–34 . 

[56] B. Feier, I. Ionel, C. Cristea, R. S ăndulescu, Electrochemical behaviour of sev-
eral penicillins at high potential, New J. Chem. 41 (21) (2017) 12947–12955,
doi: 10.1039/C7NJ01729D . 

[57] L. Feng, E.D. van Hullebusch, M.A. Rodrigo, G. Esposito, M.A. Oturan, Removal
of residual anti-inflammatory and analgesic pharmaceuticals from aqueous sys-
tems by electrochemical advanced oxidation processes, a review, Chem. Eng. J.
228 (2013) 944–964 . 

[58] J.P. Fernandes, C.M.R. Almeida, A.C. Pereira, I.L. Ribeiro, I. Reis, P. Carvalho,
M.C.P. Basto, A.P. Mucha, Microbial community dynamics associated with veteri-
nary antibiotics removal in constructed wetlands microcosms, Bioresour. Technol.
182 (2015) 26–33 . 

[59] J. Fick, R.H. Lindberg, J. Parkkonen, B. Arvidsson, M. Tysklind, D.J. Larsson, Thera-
peutic levels of levonorgestrel detected in blood plasma of fish: results from screen-
ing rainbow trout exposed to treated sewage effluents, Environ. Sci. Technol. 44
(7) (2010) 2661–2666 . 

[60] R.W. Finberg, R.C. Moellering, F.P. Tally, W.A. Craig, G.A. Pankey, E.P. Dellinger,
M.A. West, M. Joshi, P.K. Linden, K.V. Rolston, J.C. Rotschafer, M.J. Rybak, The
importance of bactericidal drugs: future directions in infectious disease, Clin. Infect.
Dis. 39 (9) (2004) 1314–1320, doi: 10.1086/425009 . 

[61] P. Fox, V. Venkatasubbiah, Coupled Anaerobic/Aerobic treatment of high-sulfate
wastewater with sulfate reduction and biological sulfide oxidation, Water Sci. Tech-
nol. 34 (5–6) (1996) 359–366 . 

[62] M. Gabriel, V. Sharma, Antidepressant discontinuation syndrome, CMAJ 189 (21)
(2017) E747 . 

[63] C.E. Gattullo, H. Bährs, C.E. Steinberg, E. Loffredo, Removal of bisphenol a by
the freshwater green alga Monoraphidium braunii and the role of natural organic
matter, Sci. Total Environ. 416 (2012) 501–506 . 

[64] F.G. Gentili, J. Fick, Algal cultivation in urban wastewater: an efficient way to
reduce pharmaceutical pollutants, J. Appl. Phycol. 29 (1) (2017) 255–262 . 

[65] Z. Gojkovic, R.H. Lindberg, M. Tysklind, C. Funk, Northern green algae have the
capacity to remove active pharmaceutical ingredients, Ecotoxicol. Environ. Saf.
170 (2019) 644–656 . 

[66] T. Gornik, A. Kovacic, E. Heath, J. Hollender, T. Kosjek, Biotransformation study of
antidepressant sertraline and its removal during biological wastewater treatment,
Water Res. 181 (2020) 115864 . 

[67] Government of CanadaGuidelines For the Notification and Testing of New Sub-s-
tances: Chemicals and Polymers, Environment Canada and Health Canada, Van-
couver, 2005 . 

[68] P. Grenni, L. Patrolecco, N. Ademollo, M. Di Lenola, A. Barra Caracciolo, Capability
of the natural microbial community in a river water ecosystem to degrade the drug
naproxen, Environ. Sci. Pollut. Res. 21 (23) (2014) 13470–13479 . 

[69] W.Q. Guo, H.S. Zheng, S. Li, J.S. Du, X.C. Feng, R.L. Yin, Q.L. Wu, N.Q. Ren,
J.S Chang, Removal of cephalosporin antibiotics 7-ACA from wastewater during
the cultivation of lipid-accumulating microalgae, Bioresour. Technol. 221 (2016)
284–290 . 

[70] S. Hena, L. Gutierrez, J.P. Croúe, Removal of metronidazole from aqueous media
by C. vulgaris, J. Hazard. Mater. 384 (2020) 121400 . 

[71] F. Hernández, M. Ibáñez, R. Bade, L. Bijlsma, J.V. Sancho, Investigation of phar-
maceuticals and illicit drugs in waters by liquid chromatography-high-resolution
mass spectrometry, TrAC Trends Anal. Chem. 63 (2014) 140–157 . 

[72] M.D. Hernando, M. Mezcua, A.R. Fernández-Alba, D. Barceló, Environmental risk
assessment of pharmaceutical residues in wastewater effluents, surface waters and
sediments, Talanta 69 (2) (2006) 334–342 . 

[73] J. Hollman, J.A. Dominic, G. Achari, C.H. Langford, J.H. Tay, Effect of UV
dose on degradation of venlafaxine using UV/H 2 O 2 : perspective of augmenting
UV units in wastewater treatment, Environ. Technol. 41 (9) (2020) 1107–1116,
doi: 10.1080/09593330.2018.1521475 . 

[74] A. Hom-Diaz, A. Jaén-Gil, I. Bello-Laserna, S. Rodríguez-Mozaz, T. Vicent,
D. Barceló, P. Blánquez, Performance of a microalgal photobioreactor treating toilet
wastewater: pharmaceutically active compound removal and biomass harvesting,
Sci. Total Environ. 592 (2017) 1–11 . 

[75] A. Hom-Diaz, M. Llorca, S. Rodríguez-Mozaz, T. Vicent, D. Barceló, P. Blánquez, Mi-
croalgae cultivation on wastewater digestate: 𝛽-estradiol and 17 𝛼-ethynylestradiol
degradation and transformation products identification, J. Environ. Manag. 155
(2015) 106–113 . 

[76] J. Albaiges, F. Casado, F. Ventura, Organic Indicators of Groundwater Pollution by
a Sanitary Landfill, Water Res 20 (1986) 1153–1159 . 

http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0022
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0023
https://doi.org/10.1016/j.biortech.2020.123436
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0025
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0026
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0027
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0028
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0029
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0030
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0031
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0032
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0033
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0034
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0035
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0036
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0037
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0038
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0039
https://doi.org/10.1016/b978-012373960-5.00403-2
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0041
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0042
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0043
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0044
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0045
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0046
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0047
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0048
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0049
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0050
https://www.canada.ca/en/environment-cli-mate-change/services/canadian-environmental-protection-act-registry/general-in-formation/fact-sheets/assessment-existing-substances.html
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0052
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex\0453A32013L0011
https://doi.org/10.1016/j.bej.2014.04.008
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0055
https://doi.org/10.1039/C7NJ01729D
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0057
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0058
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0059
https://doi.org/10.1086/425009
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0061
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0062
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0063
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0064
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0065
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0066
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0067
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0068
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0069
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0070
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0071
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0072
https://doi.org/10.1080/09593330.2018.1521475
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0074
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0075
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0076


K. Samal, S. Mahapatra and M. Hibzur Ali Energy Nexus 6 (2022) 100076 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[  

 

 

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

[  

 

[  

 

[  

 

 

[  

 

[  

 

[  

 

[  

 

 

 

[  

 

[  

 

 

[  

 

[77] A. Ikhlaq, F. Javed, A. Akram, A. Rehman, F. Qi, M. Javed, M.J. Mehdi, F. Waheed,
S. Naveed, H.A Aziz, Synergic catalytic ozonation and electroflocculation process
for the treatment of veterinary pharmaceutical wastewater in a hybrid reactor, J.
Water Process Eng. 38 (2020) . 

[78] B.K. Ince, A. Selcuk, O. Ince, Effect of a chemical synthesis-based pharmaceutical
wastewater on performance, acetoclastic methanogenic activity and microbial pop-
ulation in an upflow anaerobic filter, J. Chem. Technol. Biotechnol. 77 (6) (2002)
711–719 . 

[79] M. Inyang, R. Flowers, D Mcavoy, Dickenson Biotransformation of trace organic
compounds by activated sludge from a biological nutrient removal treatment sys-
tem, Bioresour. Technol. Rep. 216 (2016) 778–784 . 

[80] S. Iravani, Nanomaterials and nanotechnology for water treatment: recent ad-
vances, Inorg. Nano Metal Chem. 51 (12) (2021) 1615–1645 . 

[81] W.N.W. Ismail, S.U. Mokhtar, Various methods for removal, treatment, and
detection of emerging water contaminants, Emerg. Contam. (2020) 1–27,
doi: 10.5772/intechopen.93375 . 

[82] E.M. Jiménez-Bambague, C.A. Madera-Parra, A.C. Ortiz-Escobar, P.A. Morales-A-
costa, E.J. Peña-Salamanca, F. Machuca-Martínez, High-rate algal pond for removal
of pharmaceutical compounds from urban domestic wastewater under tropical con-
ditions. Case study: santiago de Cali, Colombia, Water Sci. Technol. 82 (6) (2020)
1031–1043 . 

[83] J.A. Jukosky, M.C. Watzin, J.C. Leiter, The effects of environmentally relevant mix-
tures of estrogens on Japanese medaka (Oryzias latipes) reproduction, Aquat. Tox-
icol. 86 (2) (2008) 323–331 . 

[84] J. Kagle, A.W. Porter, R.W. Murdoch, G. Rivera-Cancel, A.G. Hay, Biodegradation
of pharmaceutical and personal care products, Adv. Appl. Microbiol. 67 (2009)
65–108 . 

[85] D. Kaplan, Absorption and adsorption of heavy metals by microalgae, in: Handbook
of Microalgal Culture: Applied Phycology and Biotechnology, (2nd ed.), John Wiley
& Sons, Ltd, 2013, pp. 602–611 . 

[86] H. Karimi-Maleh, A. Ayati, R. Davoodi, B. Tanhaei, F. Karimi, S. Malekmohammadi,
…, M. Sillanpää, Recent advances in using of chitosan-based adsorbents for removal
of pharmaceutical contaminants: a review, J. Clean. Prod. 291 (2021) 125880 . 

[87] H. Khoshvaght, M. Delnavaz, M. Leili, Optimization of acetaminophen removal
from high load synthetic pharmaceutical wastewater by experimental and ANOVA
analysis, J. Water Process Eng. 42 (2021) 102107 . 

[88] O.T. Komesli, M.M.S. Muz, S. Bak ı rdere, C.F Gokçay, Comparison of EDCs removal
in full and pilot scale membrane bioreactor plants: effect of flux rate on EDCs re-
moval in short SRT, J. Environ. Manag. 203 (2017) 847–852 . 

[89] T. Kosjek, E. Heath, M. Petrovi ć, D Barceló, Mass spectrometry for identifying
pharmaceutical biotransformation products in the environment, TrAC Trends Anal.
Chem. 26 (11) (2007) 1076–1085 . 

[90] P. Kovalakova, L. Cizmas, T.J. Mcdonald, B. Marsalek, M. Feng, V.K. Sharma, Oc-
currence and toxicity of antibiotics in the aquatic environment: a review, Chemo-
sphere 251 (2020) 126351, doi: 10.1016/j. chemosphere.2020.126351 . 

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

[92] A. Lajeunesse, S.A. Smyth, K. Barclay, S. Sauvé, C. Gagnon, Distribution of antide-
pressant residues in wastewater and biosolids following different treatment pro-
cesses by municipal wastewater treatment plants in Canada, Water Res. 46 (17)
(2012) 5600–5612, doi: 10.1016/j.watres.2012.07.042 . 

[93] Y. Lan, C. Coetsier, C. Causserand, K. Groenen Serrano, An experimental and mod-
elling study of the electrochemical oxidation of pharmaceuticals using a boron–
doped diamond anode, Chem. Eng. J. 333 (2018) 486–494 . 

[94] D. Lee, K. Choi, Comparison of regulatory frameworks of environmental risk as-
sessments for human pharmaceuticals in EU, USA, and Canada, Sci. Total Environ.
671 (2019) 1026–1035 . 

[95] E.F. Lessa, M.L. Nunes, A.R. Fajardo, Chitosan/waste coffee-grounds composite: an
efficient and eco-friendly adsorbent for removal of pharmaceutical contaminants
from water, Carbohydr. Polym. 189 (2018) 257–266 . 

[96] X. Liu, X. Guo, Y. Liu, S. Lu, B. Xi, J. Zhang, Z. Wang, B. Bi, A review on removing an-
tibiotics and antibiotic resistance genes from wastewater by constructed wetlands:
performance and microbial response, Environ. Pollut. 254 (A) (2019) 112996 . 

[97] Y. Liu, L. Wang, B. Pan, C. Wang, S. Bao, X. Nie, Toxic effects of diclofenac on life
history parameters and the expression of detoxification-related genes in Daphnia
magna, Aquat. Toxicol. 183 (2017) 104–113 . 

[98] G. Loos, T. Scheers, K. Van Eyck, A. Van Schepdael, E. Adams, B. Van der Bruggen,
D. Cabooter, R. Dewil, Electrochemical oxidation of key pharmaceuticals using a
boron doped diamond electrode, Sep. Purif. Technol. 195 (2018) 184–191 . 

[99] O. Lorphensri, J. Intravijit, D.A. Sabatini, T.C.G. Kibbey, K. Osathaphan, C. Sai-
wan, Sorption of acetaminophen, 17a-ethynyl estradiol, nalidixic acid, and nor-
floxacin to silica, alumina, and a hydrophobic medium, Water Res. 40 (7) (2006)
1481–1491 . 

100] T. Mackulàk, E. Medvecká, A. Vojs Sta ň ová, P. Brandeburová, R. Grabic,
O. Golovko, M. Marton, I. Bodík, A. Medvedòvá, M. Gál, M. Planý, A. Kromka,
V. Š palková, A. Š kulcová, I. Horáková, M. Vojs, Boron doped diamond electrode-the
elimination of psychoactive drugs and resistant bacteria from wastewater, Vacuum
171 (2020) 108957, doi: 10.1016/j.vacuum.2019.108957 . 

101] H.M. Maes, S.X. Maletz, H.T. Ratte, J. Hollender, A. Schaeffer, Uptake, elimination,
and biotransformation of 17 𝛼-ethinylestradiol by the freshwater alga Desmodesmus
subspicatus, Environ. Sci. Technol. 48 (20) (2014) 12354–12361 . 

102] S. Mahapatra, K. Samal, R.R. Dash, Waste Stabilization Pond (WSP) for wastewater
treatment: a review on factors, modelling and cost analysis, J. Environ. Manag. 308
(2022) 114668, doi: 10.1016/j.jenvman.2022.114668 . 
16 
103] S. Mahapatra, M.H. Ali, K. Samal, Assessment of compost maturity-stability in-
dices and recent development of composting bin, Energy Nexus 6 (2022) 100062,
doi: 10.1016/j.nexus.2022.100062 . 

104] L. Martín-Pozo, B. de Alarcón-Gómez, R. Rodríguez-Gómez, M.T. García-Córcoles,
M. Çipa, A. Zafra-Gómez, Analytical methods for the determination of emerging
contaminants in sewage sludge samples, A Review. Talanta 192 (2019) 508–533 . 

105] D.I. Massé, D. Lu, L. Masse, R.L. Droste, Effect of antibiotics on psychrophilic anaer-
obic digestion of swine manure slurry in sequencing batch reactors, Bioresour.
Technol. 75 (3) (2000) 205–211 . 

106] V. Matamoros, E. Uggetti, J. García, J.M. Bayona, Assessment of the mechanisms
involved in the removal of emerging contaminants by microalgae from wastewater:
a laboratory scale study, J. Hazard. Mater. 301 (2016) 197–205 . 

107] G. Merola, E. Martini, M. Tomassetti, L. Campanella, New immunosensor for
𝛽-lactam antibiotics determination in river waste waters, Sens. Actuators Part B
199 (2014) 301–313 . 

108] C.D. Metcalfe, S. Chu, C. Judt, H. Li, K.D. Oakes, M.R. Servos, D.M. Andrews, An-
tidepressants and their metabolites in municipal wastewater, and down-stream
exposure in an urban watershed, Environ. Toxicol. Chem. 29 (1) (2010) 79–
89 . 

109] M. Mezzelani, S. Gorbi, D. Fattorini, G. D’Errico, G. Consolandi, M. Milan, L. Bargel-
loni, F Regoli, Long-term exposure of Mytilus galloprovincialis to di-clofenac,
ibuprofen and ketoprofen: insights into bioavail-ability, biomarkers and transcrip-
tomic changes, Chemo-sphere 198 (2018) 238–248 . 

110] C. Mimeault, A.J. Woodhouse, X.S. Miao, C.D. Metcalfe, T.W. Moon, V.L. Trudeau,
The human lipid regulator, gemfibrozil bioconcentrates and reduces testosterone
in the goldfish, Carassius auratus, Aquat. Toxicol. 73 (1) (2005) 44–54 . 

111] S.V. Mohan, R.S. Prakasham, B. Satyavathi, J. Annapurna, S.V. Ramakrishna,
Biotreatability studies of pharmaceutical wastewater using an anaerobic suspended
film contact reactor, Water Sci. Technol. 43 (2) (2001) 271–276 . 

112] A. Mojiri, J. Zhou, M. Vakili, H. Van Le, Removal performance and optimisation
of pharmaceutical micropollutants from synthetic domestic wastewater by hybrid
treatment, J. Contam. Hydrol. 235 (2020) 103736 . 

113] J.M. Monteagudo, A. Durán, M. Aguirre, I.S. San Martín, Optimization of the min-
eralization of a mixture of phenolic pollutants under a ferrioxalate-induced solar
photo-fenton process, J. Hazard. Mater. 185 (1) (2011) 131–139 . 

114] J.M. Monteagudo, A. Durán, I.S. Martín, M. Aguirre, Effect of light source on the
catalytic degradation of protocatechuic acid in a ferrioxalate-assisted photo-fenton
process, Appl. Catal. B 96 (3–4) (2010) 486–495 . 

115] J.M. Monteagudo, A. Durán, I.S. San Martin, A. Carnicer, Roles of different inter-
mediate active species in the mineralization reactions of phenolic pollutants under
a UV-A/C photo-Fenton process, Appl. Catal. B 106 (2011) 242–249 . 

116] J.M. Monteagudo, A. Durán, R. Culebradas, I. San Martín, A. Carnicer, Optimization
of pharmaceutical wastewater treatment by solar/ferrioxalate photo-catalysis, J.
Environ. Manag. 128 (2013) 210–219 . 

117] D. Mousel, D. Bastian, J. Firk, L. Palmowski, J. Pinnekamp, Removal of pharma-
ceuticals from wastewater of health care facilities, Sci. Total Environ. 751 (2021)
141310 . 

118] A. Mowla, M. Mehrvar, R. Dhib, Combination of sonophotolysis and aerobic ac-
tivated sludge processes for treatment of synthetic pharmaceutical wastewater,
Chem. Eng. J. 255 (2014) 411–423 . 

119] R. Muñoz, B. Guieysse, Algal–bacterial processes for the treatment of hazardous
contaminants: a review, Water Res. 40 (15) (2006) 2799–2815 . 

120] T. Nandy, S.N. Kaul, Anaerobic pre-treatment of herbal-based wastewater using
fixed–film reactor with recourse to energy recovery, Water Res. 35 (2) (2001)
351–362 . 

121] E. Nariyan, A. Aghababaei, M. Sillanpää, Removal of pharmaceutical from wa-
ter with an electrocoagulation process; effect of various parameters and studies of
isotherm and kinetic, Sep. Purif. Technol. 188 (2017) 266–281 . 

122] B. Nas, T. Dolu, M.E. Argun, E. Yel, H. Ate ş , S. Koyuncu, Comparison of advanced
biological treatment and nature-based solutions for the treatment of pharmaceu-
tically active compounds (PhACs): a comprehensive study for wastewater and
sewage sludge, Sci. Total Environ. 779 (2021) 146344 . 

123] Australian guidelines for water recycling. https://www.nhmrc.gov.au/about-us/
publications/australian-guidelines-water-recycling , 2022 (accessed 27 April 2022)

124] A. Norpoth, J.P. Langhammer, J. Winkelmann, B. Petersen, H. Büning-Pfaue, Drug
residues from slurry and their effect on the development of resistance of E. coli
isolates from swine, Int. J. Hyg. Environ. Med. 189 (2) (1989) 151–163 . 

125] Z.N. Norvill, A. Shilton, B. Guieysse, Emerging contaminant degradation and re-
moval in algal wastewater treatment ponds: identifying the research gaps, J. Haz-
ard. Mater. 313 (2016) 291–309 . 

126] K.A. Novoa-Luna, R. Romero-Romero, R. Natividad-Ran-gel, M. Galar-Martínez,
N. SanJuan-Reyes, S. García-Medina, C. Martínez-Vieyra, N. Neri-Cruz,
L.M. Gó-mez-Oliván, Oxidative stress induced in Hyalella az-teca by an ef-
fluent from a NSAID-manufacturing plant in Mexico, Ecotoxicology 25 (2016)
1288–1304 . 

127] I. Oller, S. Malato, J.A. Sa´nchez-Pe´rez, Combination of advanced oxidation pro-
cesses and biological treatments for wastewater decontamination-a review, Sci. To-
tal Environ. 409 (20) (2011) 4141–4166 . 

128] C. Orona-Návar, I. Levchuk, J. Moreno-Andrés, Y. Park, A. Mikola, J. Mahlknecht,
M. Sillanpää, N. Ornelas-Soto, Removal of pharmaceutically active compounds
(PhACs) and bacteria inactivation from urban wastewater effluents by UVA-LED
photocatalysis with Gd 3 + doped BiVO 4 , J. Environ. Chem. Eng. 8 (6) (2020) . 

129] A. Pal, K.Y.-H. Gin, A.Y.-C. Lin, M. Reinhard, Impacts of Emerging Organic Con-
taminants on Freshwater Resources: Review of Recent Occurrences, Sources, Fate
and Effects, Sci. Total Environ 408 (2010) 6062–6069 . 

http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0077
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0078
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0079
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0080
https://doi.org/10.5772/intechopen.93375
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0082
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0083
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0084
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0085
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0086
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0087
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0088
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0089
https://doi.org/10.1016/j. \ignorespaces chemosphere.2020.126351
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0091
https://doi.org/10.1016/j.watres.2012.07.042
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0093
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0094
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0095
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0096
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0097
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0098
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0099
https://doi.org/10.1016/j.vacuum.2019.108957
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0101
https://doi.org/10.1016/j.jenvman.2022.114668
https://doi.org/10.1016/j.nexus.2022.100062
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0104
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0105
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0106
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0107
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0108
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0109
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0110
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0111
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0112
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0113
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0114
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0115
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0116
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0117
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0118
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0119
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0120
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0121
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0122
https://www.nhmrc.gov.au/about-us/publications/australian-guidelines-water-recycling
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0124
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0125
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0126
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0127
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0128
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0129


K. Samal, S. Mahapatra and M. Hibzur Ali Energy Nexus 6 (2022) 100076 

[  

 

 

[  

 

 

[  

 

[  

[  

 

 

[  

 

[  

[  

 

 

[  

 

 

[  

 

 

[  

 

[  

 

[  

[  

 

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

 

[  

 

[  

 

[  

 

[  

 

 

[  

 

 

[  

 

[  

 

[  

 

 

 

[  

 

[  

 

[  

 

[  

 

 

[  

 

 

 

[  

 

[  

 

[  

 

[  

 

[  

 

 

 

[  

 

[  

 

[  

[  

 

[  

[  

 

[  

 

[  

 

 

[  

 

[  

 

[  

 

 

[  

[  

[  
130] F.Q. Peng, G.G. Ying, B. Yang, S. Liu, H.J. Lai, Y.S. Liu, Z.F. Chen, G.J. Zhou,
Biotransformation of progesterone and norgestrel by two freshwater microalgae
(Scenedesmus obliquus and Chlorella pyrenoidosa): transformation kinetics and
products identification, Chemosphere 95 (2014) 581–588 . 

131] F.Q. Peng, G.G. Ying, B. Yang, S. Liu, H.J. Lai, Y.S. Liu, Z.F. Chen, G.J. Zhou,
Biotransformation of progesterone and norgestrel by two freshwater microalgae
(Scenedesmus obliquus and Chlorella pyrenoidosa): transformation kinetics and
products identification, Chemosphere 95 (2014) 581–588 . 

132] Y. Pico, V. Belenguer, C. Corcellas, M.S. Díaz-Cruz, E. Eljarrat, M. Farré, …,
D Barcelo, Contaminants of emerging concern in freshwater fish from four Spanish
rivers, Sci. Total Environ. 659 (2019) 1186–1198 . 

133] C.F. Poole, Alkylsilyl derivatives for gas chromatography, J. Chromatogr. A 1296
(2013) 2–14 . 

134] J.B. Quintana, S. Weiss, T. Reemtsma, Pathways and metabolites of microbial
degradation of selected acidic pharmaceutical and their occurrence in munici-
pal wastewater treated by a membrane bioreactor, Water Res. 39 (12) (2005)
2654–2664 . 

135] C. Quintelas, D.P. Mesquita, E.C. Ferreira, A.L. Amaral, Quantification of pharma-
ceutical compounds in wastewater samples by near infrared spectroscopy (NIR),
Talanta 194 (2019) 507–513 . 

136] R. Renner, Do cattle growth hormones pose an environmental risk? Environ. Sci.
Technol. 36 (9) (2002) 194A–197A . 

137] R. Rienzie, S. Ramanayaka, N.M. Adassooriya, Nanotechnology applications for the
removal of environmental contaminants from pharmaceuticals and personal care
products, in: Pharmaceuticals and Personal Care products: Waste Management and
Treatment Technology, Butterworth-Heinemann, 2019, pp. 279–296 . 

138] J.A. Rivera-Jaimes, C. Postigo, R.M. Melgoza-Alemán, J. Aceña, D. Barceló,
M.L López de Alda, Study of pharmaceuticals in surface and wastewater from Cuer-
navaca, Morelos, Mexico: occurrence and environmental risk assessment, Sci. Total
Environ. 613–614 (2018) 1263–1274 . 

139] J. Roberts, A. Kumar, J. Du, C. Hepplewhite, D.J. Ellis, A.G. Christy, S.G. Beavis,
Pharmaceuticals and personal care products (PPCPs) in Australia’s largest inland
sewage treatment plant, and its contribution to a major Australian river during
high and low flow, Sci. Total Environ. 541 (2016) 1625–1637 . 

140] E.J. Rosenfeldt, K.G. Linden, Degradation of endocrine disrupting chemicals bisphe-
nol A, ethinyl estradiol, and estradiol during UV photolysis and advanced oxidation
processes, Environ. Sci. Technol. 38 (20) (2004) 5476–5483 . 

141] R. Saavedra, R. Muñoz, M.E. Taboada, M. Vega, S. Bolado, Comparative uptake
study of arsenic, boron, copper, manganese and zinc from water by different green
microalgae, Bioresour. Technol. 263 (2018) 49–57 . 

142] K. Samal, R.R. Dash, P. Bhunia, Treatment of wastewater by vermifiltration inte-
grated with macrophyte filter: a review, J. Environ. Chem. Eng. 5 (2017) 2274–
2289, doi: 10.1016/j.jece.2017.04.026 . 

143] K. Samal, R.R. Dash, P. Bhunia, Design and development of a macro-
phyte assisted vermifilter for the treatment of dairy wastewater: a statisti-
cal and kinetic modeling approach, Sci. Total Environ. 645 (2018) 156–169,
doi: 10.1016/j.scitotenv.2018.07.118 . 

144] K. Samal, R.R. Dash, Modelling of pollutants removal in Integrated Vermifilter
(IVmF) using response surface methodology, Clean. Eng. Technol. (2021) 100060,
doi: 10.1016/j.clet.2021.100060 . 

145] K. Samal, Y. Naushin, K. Priya, Challenges in the implementation of Phyto Fuel Sys-
tem (PFS) for wastewater treatment and harnessing bio-energy, J. Environ. Chem.
Eng. 8 (2020) 104388, doi: 10.1016/j.jece.2020.104388 . 

146] K. Samal, R. Bandyopadhyay, R.R. Dash, Biological treatment of contaminants of
emerging concern in wastewater: a review, J. Hazard. Tox. Radioact. Wast. 26
(2022) 04022002, doi: 10.1061/(ASCE)HZ.2153-5515.0000685 . 

147] K. Samal, S. Trivedi, A statistical and kinetic approach to develop a floating
bed for the treatment of wastewater, J. Environ. Chem. Eng. 8 (2020) 104102,
doi: 10.1016/j.jece.2020.104102 . 

148] K. Samal, S. Kar, S. Trivedi, S. Upadhyay, Assessing the impact of vegetation cover-
age ratio in a floating water treatment bed of Pistia stratiotes , SN Appl. Sci. 3 (2021)
1–8, doi: 10.1007/s42452-020-04139-2 . 

149] H. Sanderson, R.A. Brain, D.J. Johnson, C.J. Wilson, K.R. Solomon, Toxicity classi-
fication and evaluation of four pharmaceuticals classes: antibiotics, antineoplastics,
cardiovascular, and sex hormones, Toxicology 203 (1–3) (2004) 27–40 . 

150] C.E. Santos, R.N. Coimbra, S.P. Bermejo, A.I. Pérez, M.O. Cabero, Comparative as-
sessment of pharmaceutical removal from wastewater by the microalgae Chlorella
sorokiniana, Chlorella vulgaris and Scenedesmus obliquus, Biol. Wastewater Treat.
Resour. Recov. 99 (2017) . 

151] R. Saravanane, D.V.S. Murthy, K. Krishnaiah, Treatment of anti-osmotic drug based
pharmaceutical effluent in an upflow anaerobic fluidized bed system, Waste Manag.
21 (6) (2001) 563–568 (Oxford) . 

152] R. Saravanane, D.V.S. Murthy, K. Krishnaiah, Bioaugmentation and treatment of
cephalexin drug-based pharmaceutical effluent in an upflow anaerobic fluidized
bed system, Bioresour. Technol. 76 (3) (2001) 279–281 . 

153] A.K. Sarmah, M.T. Meyer, A.B.A. Boxall, A global perspective on the use, sales,
exposure pathways, occurrence, fate and effects of veterinary antibiotics (VAs) in
the environment, Chemosphere 65 (5) (2006) 725–759 . 

154] L.A. Schaider, R.A. Rudel, J.M. Ackerman, S.C. Dunagan, J.G. Brody, Pharmaceu-
ticals, perfluorosurfactants, and other organic wastewater compounds in public
drinking water wells in a shallow sand and gravel aquifer, Sci. Total Environ.
468–469 (2014) 384–393 . 

155] T. Scheytt, P. Mersmann, R. Lindstädt, T. Heberer, 1-octanol/water partition coef-
ficients of 5 pharmaceuticals from human medical care: carbamazepine, clofibric
acid, diclofenac, ibuprofen, and propyphenazone, Water Air Soil Pollut. 165 (1–4)
(2005) 3–11 . 
17 
156] L. Seghezzo, G. Zeeman, J.B. van Lier, H.V.M. Hamelers, G. Lettinga, A review: the
anaerobic treatment of sewage in UASB and EGSB reactors, Bioresour. Technol. 65
(3) (1998) 175–190 . 

157] I.W.T. Selderslaghs, R. Blust, H.E. Witters, Feasibility study of the zebrafish assay
as an alternative method to screen for developmental toxicity and embryotoxicity
using a training set of 27 compounds, Reprod. Toxicol. 33 (2012) 142–154 . 

158] E.A. Serna-Galvis, K.E. Berrio-Perlaza, R.A. Torres-Palma, Electrochemical treat-
ment of penicillin, cephalosporin, and fluoroquinolone antibiotics via active chlo-
rine: evaluation of antimicrobial activity, toxicity, matrix, and their correlation
with the degradation pathways, Environ. Sci. Pollut. Res. Int. 24 (30) (2017)
23771–23782 . 

159] J. Sipma, B. Osuna, N. Collado, H. Monclús, G. Ferrero, J. Comas, I. Ro-
driguez-Roda, Comparison of removal of pharmaceuticals in MBR and activated
sludge systems, Desalination 250 (2) (2010) 653–659 . 

160] S.A. Snyder, S. Adham, A.M. Redding, F.S. Cannon, J. DeCarolis, J. Oppenheimer,
Y. Yoon, Role of membranes and activated carbon in the removal of endocrine
disruptors and pharmaceuticals, Desalination 202 (1–3) (2007) 156–181 . 

161] C. Song, Y. Wei, Y. Qiu, Y. Qi, Y. Li, Y. Kitamura, Biodegradability and mechanism
of florfenicol via Chlorella sp. UTEX1602 and L38: experimental study, Bioresour.
Technol. 272 (2019) 529–534 . 

162] F. Sopaj, M.A. Rodrigo, N. Oturan, F.I. Podvorica, J. Pinson, M.A. Oturan, Influence
of the anode materials on the electrochemical oxidation efficiency, Application to
oxidative degradation of the pharmaceutical amoxicillin, Chem. Eng. J. 262 (2015)
286–294 . 

163] A. Srivastava, M. Talaue, S. Liu, D. Degen, R.Y. Ebright, E. Sineva, A. Chakraborty,
S.Y. Druzhinin, S. Chatterjee, J. Mukhopadhyay, Y.W. Ebright, A. Zozula, J. Shen,
S. SenGupta, R.R. Niedfeldt, C. Xin, T. Kaneko, H. Irschik, R. Jansen, …,
R.H. Ebright, New target for inhibition of bacterial RNA polymerase: switch re-
gion, Curr. Opin. Microbiol. 14 (5) (2011) 532–543 . 

164] Nor Zaiha Arman, et al., A Review on Emerging Pollutants in the Water Environ-
ment:Existences, Health Effects and Treatment Processes, Water 13 (2021) 1–31
3258, doi: 10.3390/w13223258 . 

165] R.M. Sterritt, M.J. Brown, J.N. Lester, Metal removal by adsorption and precipita-
tion in the activated sludge process, Environ. Pollut. Ser. A Ecol. Biol. 24 (4) (1981)
313–323 . 

166] D.L. Sutherland, S. Heubeck, J. Park, M.H. Turnbull, R.J. Craggs, Seasonal perfor-
mance of a full-scale wastewater treatment enhanced pond system, Water Res. 136
(2018) 150–159 . 

167] B. Tiwari, B. Sellamuthu, Y. Ouarda, P. Drogui, R.D. Tyagi, G. Buelna, Review
on fate and mechanism of removal of pharmaceutical pollutants from wastewater
using biological approach, Bioresour. Technol. 224 (2017) 1–12 . 

168] R. Tormo-Budowski, J.C. Cambronero-Heinrichs, J.E. Durán, M. Masís-Mora,
D. Ramírez-Morales, J.P. Quirós-Fournier, C.E. Rodríguez-Rodríguez, Removal of
pharmaceuticals and ecotoxicological changes in wastewater using Trametes versi-
color: a comparison of fungal stirred tank and trickle-bed bioreactors, Chem. Eng.
J. 410 (2021) . 

169] M. Truu, J. Juhanson, J. Truu, Microbial biomass, activity and community com-
position in constructed wetlands, Sci. Total Environ. 407 (13) (2009) 3958–3971,
doi: 10.1016/j.scitotenv.2008.11.036 . 

170] E.A. Tyumina, G.A. Bazhutin, A.D.P. Cartagena Gómez, I.B. Ivshina, Nonsteroidal
anti-inflammatory drugs as emerging contaminants, Microbiology 89 (2) (2020)
148–163 . 

171] US Food and Drug Administration. Environmental Assessment of Human Drug and
Biologics Applications. https://www.fda.gov/ , 2022 (accessed 27 April 2022). 

172] US EPA, in: The Estimation Programs Interface (EPI) Suite TM, United States Envi-
ronmental Protection Agency, Office of Pollution Prevention and Toxics, Syracuse
Research Corporation, 2009, pp. 236–237 . 

173] Drinking Water Contaminant Candidate List (CCL) and Regulatory Determination.
https://www.epa.gov/ccl , 2022 (accessed 27 April 2022). 

174] N.M. Vieno, H. Härkki, T. Tuhkanen, L. Kronberg, Occurrence of pharmaceuticals
in river water and their elimination in a pilot-scale drinking water treatment plant,
Environ. Sci. Technol. 41 (14) (2007) 5077–5084, doi: 10.1021/es062720x . 

175] N. Vieno, T. Tuhkanen, L. Kronberg, Removal of pharmaceuticals in drinking wa-
ter treatment: effect of chemical coagulation, Environ. Technol. 27 (2) (2006)
183–192 . 

176] E. Villar-Navarro, R.M. Baena-Nogueras, M. Paniw, J.A. Perales, P.A. Lara-Martín,
Removal of pharmaceuticals in urban wastewater: high rate algae pond (HRAP)
based technologies as an alternative to activated sludge based processes, Water
Res. 139 (2018) 19–29 . 

177] K. Wang, T. Zhuang, Z. Su, M. Chi, H Wang, Antibiotic residues in wastewaters
from sewage treatment plants and pharmaceutical industries: occurrence, removal
and environmental impacts, Sci. Total Environ. 788 (2021) 147811 . 

178] Y. Wang, S.H. Ho, C.L. Cheng, W.Q. Guo, D. Nagarajan, N.Q. Ren, D.J. Lee,
J.S Chang, Perspectives on the feasibility of using microalgae for industrial wastew-
ater treatment, Bioresour. Technol. 222 (2016) 485–497 . 

179] Y. Wang, Liu Junzhuo, Kang Du, Wu Chenxi, Wu Yonghong, Removal of phar-
maceuticals and personal care products from wastewater using algae-based
technologies: a review, Rev. Environ. Sci. Biotechnol. 16 (2017) 717–735,
doi: 10.1007/s11157-017-9446-x . 

180] S. Webb, T. Ternes, M. Gibert, K. Olejniczak, Indirect human exposure to pharma-
ceuticals via drinking water, Toxicol. Lett. 142 (3) (2003) 157–167 . 

181] WHOAntimicrobial Resistance: Global Report On Surveillance, World Health Or-
ganization, 2014 ISBN 9241564741 . 

182] WHO, Guidelines for drinking-water quality. https://www.who.int/publications/i/
item/9789241549950 , 2022 (accessed 27 April 2022). 

http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0130
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0131
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0132
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0133
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0134
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0135
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0136
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0137
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0138
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0139
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0140
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0141
https://doi.org/10.1016/j.jece.2017.04.026
https://doi.org/10.1016/j.scitotenv.2018.07.118
https://doi.org/10.1016/j.clet.2021.100060
https://doi.org/10.1016/j.jece.2020.104388
https://doi.org/10.1061/(ASCE)HZ.2153-5515.0000685
https://doi.org/10.1016/j.jece.2020.104102
https://doi.org/10.1007/s42452-020-04139-2
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0149
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0150
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0151
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0152
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0153
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0154
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0155
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0156
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0157
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0158
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0159
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0160
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0161
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0162
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0163
https://doi.org/10.3390/w13223258
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0165
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0166
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0167
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0168
https://doi.org/10.1016/j.scitotenv.2008.11.036
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0170
https://www.fda.gov/
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0172
https://www.epa.gov/ccl
https://doi.org/10.1021/es062720x
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0175
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0176
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0177
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0178
https://doi.org/10.1007/s11157-017-9446-x
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0180
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0181
https://www.who.int/publications/i/item/9789241549950


K. Samal, S. Mahapatra and M. Hibzur Ali Energy Nexus 6 (2022) 100076 

[  

[  

 

[  

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

 

[  

 

[  

 

 

 

[  

 

[  

 

[  

 

183] E.W. Wilde, J.R. Benemann, Bioremoval of heavy metals by the use of microalgae,
Biotechnol. Adv. 11 (1993) 781–812 . 

184] J.L. Wilkinson, A.B. Boxall, D.W. Kolpin, K.M. Leung, R.W. Lai, C. Galbán-Malagón,
…, C. Teta, Pharmaceutical pollution of the world’s rivers, Proc. Natl. Acad. Sci.
119 (8) (2022) e2113947119 . 

185] E. Wilson, M. Lader, A review of the management of antidepressant discontinuation
symptoms, Ther. Adv. Psychopharmacol. 5 (6) (2015) 357–368 . 

186] J.Q. Xiong, M.B. Kurade, B.H Jeon, Ecotoxicological effects of enrofloxacin and
its removal by monoculture of microalgal species and their consortium, Environ.
Pollut. 226 (2017) 486–493 . 

187] J.-.Q. Xiong, M.B. Kurade, B.-.H Jeon, Biodegradation of levofloxacin by an ac-
climated freshwater microalga, Chlorella vulgaris, Chem. Eng. J. 313 (2017)
1251–1257 . 

188] J.Q. Xiong, M.B. Kurade, J.R. Kim, H.S. Roh, B.H. Jeon, Ciprofloxacin toxicity and
its co-metabolic removal by a freshwater microalga Chlamydomonas mexicana, J.
Hazard. Mater. 323 (2017) 212–219 . 

189] A. Yahaya, F.J. Sale, M.U. Salehdeen, Analytical methods for determination of regu-
lated and unregulated disinfection by-products in drinking water: a review, CaJoST
1 (2020) 25–36 . 

190] Q. Yan, Y. Xu, Y. Yu, Z.W. Zhu, G. Feng, Effects of pharmaceuticals on microbial
communities and activity of soil enzymes in mesocosm-scale constructed wetlands,
Chemosphere 212 (2018) 245–253 . 
18 
191] M. Zaghdoudi, F. Fourcade, I. Soutrel, D. Floner, A. Amrane, H.M. Maghraoui-Me-
herzi, F. Geneste, Direct and indirect electrochemical reduction prior to a biological
treatment for dimetridazole removal, J. Hazard. Mater. 335 (2017) 10–17 . 

192] S. Zahedi, M. Gros, J.L. Balcazar, M. Petrovic, M. Pijuan, Assessing the occurrence
of pharmaceuticals and antibiotic resistance genes during the anaerobic treatment
of slaughterhouse wastewater at different temperatures, Sci. Total Environ. 789
(2021) 147910 . 

193] D. Zhang, R.M. Gersberg, W.J. Ng, S.K. Tan, Removal of pharmaceuticals and per-
sonal care products in aquatic plant-based systems: a review, Environ. Pollut. 184
(2014) 620–639 . 

194] Y. Zhang, M.Y. Habteselassie, E.P. Resurreccion, V. Mantripragada, S. Peng,
S. Bauer, L.M. Colosi, Evaluating removal of steroid estrogens by a model alga
as a possible sustainability benefit of hypothetical integrated algae cultivation and
wastewater treatment systems, ACS Sustain. Chem. Eng. 2 (11) (2014) 2544–2553 .

195] P. Zhou, C. Su, B. Li, Y. Qian, Treatment of high-strength pharmaceutical wastew-
ater and removal of antibiotics in anaerobic and aerobic biological treatment pro-
cesses, J. Environ. Eng. 132 (1) (2006) 129–136 . 

196] C. Zwiener, Occurrence and analysis of pharmaceuticals and their transforma-
tion products in drinking water treatment, Anal. Bioanal. Chem. 387 (4) (2007)
1159–1162 . 

197] C. Zwiener, S. Seeger, T. Glauner, F. Frimmel, Metabolites from the biodegradation
of pharmaceutical residues of ibuprofen in biofilm reactors and batch experiments,
Anal. Bioanal. Chem. 372 (4) (2002) 569–575 . 

http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0183
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0184
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0185
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0186
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0187
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0188
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0189
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0190
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0191
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0192
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0193
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0194
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0195
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0196
http://refhub.elsevier.com/S2772-4271(22)00039-0/sbref0197

	Pharmaceutical wastewater as Emerging Contaminants (EC): Treatment technologies, impact on environment and human health
	1 Introduction
	2 Pharmaceutical contaminants (PCs)
	2.1 Analgesics and anti-inflammatories
	2.2 Antibiotics
	2.3 Antidepressants

	3 Environmental risk assessment and regulatory guidelines regarding PCs
	3.1 Environmental risk assessment of PCs
	3.2 Regulatory guidelines regarding PCs

	4 Diagnostic techniques for detection of PCs in wastewater
	5 Treatment of pharmaceutical contaminants and fate
	5.1 Treatment of pharmaceutical contaminants
	5.1.1 Anaerobic biotechnology treatment
	5.1.2 Solar/ferrioxalate photo catalysis
	5.1.3 Electrochemical removal
	5.1.4 Membrane bioreactor process
	5.1.5 Microalgal bioremediation process
	5.1.6 Constructed wetland for removal of antibiotics and antibiotic resistance genes
	5.1.7 Bio-nanotechnology
	5.1.8 Eco-friendly adsorbent
	5.1.9 Carbon filtration through activated carbon

	5.2 Fate of pharmaceutical contaminants during treatment process

	6 Effects of pharmaceuticals on environment and ecosystem
	7 Eco-toxic effects of PCs on microbial communities
	8 Environmental effects of pharmaceuticals on human health
	9 Recommendations
	10 Conclusion
	Declaration of Competing Interest
	Acknowledgments
	References


