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Pharmaceuticals in Indian Aquatic
Environment: Risk and Implications
for Management

Bhupandar Kumar, Premanjali Rai, and Paromita Chakraborty

Abstract Pharmaceuticals, a group of emerging contaminants (ECs), have aroused
serious concern owing to their detection at levels threatening to the health of the
ecosystem. India is one of the top producers and consumers of pharmaceuticals in
the world. Recent studies conducted on pharmaceutical residues in the Indian envi-
ronmental matrices reported unsurpassed levels of antibiotics and nonsteroidal anti-
inflammatory drugs (NSAIDs). Reports submit the fact that India carries the largest
burden of drug-resistant pathogens with anti-resistant genes (ARGs) in river water
of India. Despite posing potential risk to the public health, pharmaceuticals still
stand unregulated. Several advanced wastewater treatment technologies such as the
photodegradation, adsorption, membrane filtration, catalytic oxidation, etc. have
been devised for efficient removal of this special class of chemical compounds. A
comprehensive documentation has been provided in the chapter as an attempt to
acquire state of knowledge on occurrence, ecological risks, and possible decontami-
nation techniques with respect to pharmaceuticals in the Indian environment.

Keywords Pharmaceutical residue - Emerging contaminant - Indian waters -
Antibiotic resistance - Environmental risk - Risk quotient - Remediation techniques

1 Introduction

Although the use of pharmaceuticals is inevitable in our daily lives, the amount of
chemicals discharged into the environment is voluminous and is reported to be at
par with the amount of pesticides used annually (Daughton and Ternes 1999). As a
result of their continuous use and discharge into the environment, pharmaceutical
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compounds accumulate in the environment. PPCPs gained considerable attention as
environmental pollutants when the US Geological Survey between 1992 and 2000
reported 82 chemicals, including a variety of PPCPs in 139 waterways (Kolpin et al.
2002). One research revealed 713 pharmaceuticals (142 as transformation products)
in the environment (IWW 2014). These organic pollutants are considered a part of
emerging contaminants (ECs), which enter the aquatic systems from various point
and non-point sources (Archer et al. 2017).

The emerging risks associated with the use of pharmaceuticals were recognized
when studies linked their effects with the biological activity in organisms such as
feminization of fish, induction of vitellogenin synthesis in male aquatic organisms,
and acute renal failure in white-backed vultures (Santos et al. 2010). The pollution
of the environment resulting from increased use and discharge of human and veteri-
nary medicines in parent or metabolite form poses a threat to the health of the eco-
system including humans through drinking water supplies and contaminated food
products. Their overuse may induce resistance in humans and animals through pro-
longed exposure.

Although the presence of pharmaceuticals in the environment is an emanating
threat to the health of the ecosystem, these groups of chemicals do not face any
regulatory guideline on their discharge limits at present. There are no specific legal
requirements to monitor the levels of pharmaceuticals even in drinking water on a
global scale. Hence, it is important to identify the problems associated with their use
and residual effects on the environment so that necessary remedial measures may be
adopted.

2 Major Classes of Pharmaceuticals

In the year 2008, United States Environmental Protection Agency (US EPA) pro-
posed the universal waste rule and defines pharmaceutical as any chemical product,
vaccine or allergen, not containing a radioactive component, that is intended for use
in the diagnosis, cure, mitigation, treatment, or prevention of disease or injury in
man or other animals (US EPA 2012). Today, pharmaceuticals are not only used for
treating human and veterinary medical ailments but are also actively engaged in
aquacultural practices and used as herbicides and as growth promoters in animal
husbandry. They include a vast group of chemical compounds having different
structures, chemical properties, and therapeutic modes of action. Depending on
their intended use, pharmaceuticals can be categorized to include the following
groups of compounds shown in Table 1. Table 2 shows the physicochemical proper-
ties along with the chemical structures of some representative compounds of phar-
maceuticals from different groups.
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Table 2 Chemical properties of pharmaceuticals

B. Kumar et al.

Molecular
Molecular weight (g/ |Solubility in [Log |Chemical
Class and compound |CAS formula mol) water Kow structure
Nonsteroidal anti-inflammatories
Acetaminophen 103-90- |CgHyNO, 151.163 100 mg/mL |0.46 |
2
H{—{H,
Diclofenac 15307- | C H; CLNO, 296.149  [2.37 mg/L  |4.51 .
86-5 G
Ibuprofen 15687- |C3H;50, 206.281 <l mg/mL |3.97 e %
27-1 e
Ketoprofen 22071- |C¢H 4,04 254.281 <l mg/mL |3.12
15-4
Naproxen 22204- |C4H 4,04 230.259 >3 mg/mL  |3.18 .
53-1 b
Antibiotics
Tetracyclines
Chlortetracycline 57-62-5 | C,,Hy;CIN,O; (478.880 8.6 mg/mL | —0.62 | w5 "v™
Tetracycline 60-54-8 |C,,HuN,Oy  |444.435 50 mg/mL  |—1.37 | gy "i7™
Doxycycline 564-25- |C,HyN,Oy 1462450 |50 mg/mL  |-0.02 [ B
Quinolones
Ciprofloxacin 85721- |C;;H;sFN;O; [331.341 <l mg/mL |0.28 %
33-1
Sulfa drugs
Sulfamethoxazole 723-46- |C,0H;;N;O5S [253.278 <l mg/mL |0.89
6 1081111N303 v\w@_ﬂ"
N 3
Sulfadiazine 68-35-9 |C,(H;(N,O,S 1250.277 <l mg/mL |—0.09
105110N4O; g Q:ﬁ'»"
Sulfamethazine 57-68-1 |C,HuN,O,S |278.330 <1 mg/mL 0.89 ",k(?;}f \@\N
1 Yy
Beta-blockers
Atenolol 29122- |C,H,N,O53  1266.336 13.3 mg/mL |0.16
68-7 i _{’L
Metoprolol 37350- |C,sH,sNO; 267.364 16.9 mg/mL |1.88
58-6

~,

(continued)
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Table 2 (continued)

Molecular
Molecular weight (g/ |Solubility in [Log |Chemical

Class and compound |CAS formula mol) water Kow structure
Propranolol 525-66- |C,¢H,NO, 259.343 61.7 mg/LL  |3.48 f

6
Lipid regulators
Bezafibrate 41859- |CjsHyCINO, [361.819  [>54.3 pg/mL |4.25 | 1. g

67-0 e ml_l_.ﬁg\@
Clofibric acid 882-09- |C,(H;,ClIO; 214.645 583 mg/L 2.57

7 i H, H, ,
Gemfibrozil 25812- |C;5H,,0;4 250.333 11 mg/mL  |4.77 g

30-0
Antihypertensive
Diltiazem 42399- |CpHxN,O,S |414.518 465 mg/L 2.79

41-7
Anticonvulsants
Carbamazepine 298-46- |C;5H;,N,0O 236.269 <1 mg/L 2.45

4
Primidone 125-33- |C,HuN,O, 218252 |500 mg/L 0.91

7
Antidepressants
Diazepam 439-14- |C,H;sCIN,O 284.740 50 mg/L 2.82

5
Fluoxetine 54910- |C;;HgFsNO  1309.326 |50 mg/L na

89-3
Steroids (estrogens)
17p-Estradiol 50-28-2 |C18H2402 |272.321 3.6 mg/L 4.01
17a-Ethynylestradiol |57-63-6 |CyH,,0, 296.403 11.3mg/L.  [3.67
Estrone 53-16-7 |C,sH»,0, 270.366 30 mg/L 3.13

na, not available; information compiled, (1) https://pubchem.ncbi.nlm.nih.gov, (2) https://chems-
pider.com, (3) www.chemicalland21.com, (4) www.sigmaaldrich.com; Bottoni et al. (2010)


https://pubchem.ncbi.nlm.nih.gov
https://chemspider.com
https://chemspider.com
http://www.chemicalland21.com
http://www.sigmaaldrich.com

52 B. Kumar et al.
2.1 Nonsteroidal Anti-inflammatory Drugs (NSAIDs)

NSAIDs are mostly carboxylic acid derivatives attached to planar aromatic func-
tionalities, which act by reversible and irreversible inhibition of enzymes involved
in stimulus of pain. They are used as mild analgesics, antipyretics, and anti-
inflammatories. Out of the diverse pool of pharmaceuticals, such types of over-the-
counter (OTC) drugs are extensively consumed due to their quick relief action in
pain and easy availability of non-prescription drugs in the market. Approximately
90% of them belong to the commonly administered therapeutic group of nonsteroi-
dal anti-inflammatory drugs (Crouse et al. 2012). Major types of NSAIDs include
phenylpyrazolones (e.g., phenylbutazone), oxicams/enol acids (e.g., meloxicam),
propionic acid derivatives (e.g., ibuprofen), fenamates (e.g., diclofenac), anilides
(e.g., paracetamol), and salicylic acid derivatives (e.g., acetylsalicylic acid).

2.2 Antibiotics

Some major classes of antibiotics include the quinolones, tetracyclines, and sulfon-
amides. Antibiotics belonging to the class of quinolones are recommended for acute
cases of bacterial prostatitis and in sickle cell disease patients where there is a risk
of developing osteomyelitis from Salmonella. Tetracyclines are broad-spectrum
antibiotics primarily used for treatment of various infections and also as growth
promoter in animal husbandry. The basic structure of tetracyclines consists of a
hydro naphthacene backbone containing four (tetra) fused rings, and the analogs
vary primarily by substitutions of the fifth, sixth, or seventh position on the back-
bone rings. Examples include tetracyclines, chlortetracycline, oxytetracycline, dox-
ycycline, etc. Sulfa drugs are N-substituted derivatives of p-aminobenzene
sulfonamide (sulfanilamide) that vary in the amide substitution (R-group) to give
analogs (e.g., sulfamethoxazole, sulfamerazine, sulfamethazine, sulfachloropyrida-
zine, etc.). They are used against bacterial, protozoal, parasitic, and even fungal
infections in human and animal systems and sometimes as herbicides too. Other
subclasses of antibiotics include aminoglycosides, lincosamides, macrolides, and
glycopeptides, which are complex molecules exhibiting bulky structure and are bac-
tericidal but slow in action.

2.3 Cardiovascular Drugs

Beta-blockers are particularly used to prevent cardiac arrhythmias and myocardial
infarction. They are also widely used to treat hypertension in some cases. The chem-
ical structure of beta-blockers comprises of an aromatic ring structure attached to a
side alkyl chain possessing a secondary hydroxyl and amine functional group. Some
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pharmaceuticals belonging to the class of beta-blockers are propranolol, metopro-
lol, atenolol, etc.

2.4 Anti-ulcer Drugs

These drugs are used to treat and reduce peptic ulcers and irritation of the gastroin-
testinal tract. These may include antibiotics to cure helicobacter infections, hista-
mine H2 antagonists to reduce gastric acid secretion, and antacids for symptomatic
relief. Examples include omeprazole, famotidine, ranitidine hydrochloride, etc.

2.5 Antihistamines

Antihistamines are used to treat allergies, cold, and flu symptoms by blocking the
release of histamine from histamine-1 receptors located in the airways, blood ves-
sels, and gastrointestinal tract. They are taken as inexpensive, generic, and OTC
drugs for getting relief from nasal congestion and sneezing, caused due to pollen,
dust mites, or animal allergy. Examples of antihistamines are cetirizine, fexofena-
dine, chlorpheniramine, and diphenhydramine.

2.6 Antidepressant

Antidepressant drugs work by acting on the chemical imbalances of neurotransmit-
ters (serotonin, dopamine, and noradrenaline) in the brain, which are responsible for
changes in mood and behavior, thereby reducing symptoms of depressive disorders.
They include but are not limited to depression, anxiety, agitation, obsessive-
compulsive disorders, major depressive disorder, diabetic peripheral neuropathic
pain, neuropathic pain, social anxiety disorder, post-traumatic stress disorder, etc.
Examples of antidepressants are amitriptyline, amoxapine, clomipramine, desipra-
mine, doxepin, imipramine, nortriptyline, protriptyline, etc.

2.7 Antiepileptics

Antiepileptics also known as anticonvulsant/antiseizure drugs are used in the treat-
ment of epileptic seizures and bipolar disorders and also used as mood stabilizers.
Antiepileptic drugs act in the central nervous system by reducing the overall neuro-
nal activity. This can be achieved either by blocking voltage-dependent sodium


https://en.wikipedia.org/wiki/Dust_mites
https://en.wikipedia.org/wiki/Animal_allergy
https://www.rxlist.com/script/main/art.asp?articlekey=42085
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channels (e.g., carbamazepine) or by enhancement of the inhibitory effects of the
gamma-aminobutyric acid neurotransmitter (e.g., benzodiazepines).

2.8 Hormones

There are two groups of hormones (estrogens and progesterone), which are respon-
sible for development of female secondary sexual characteristics. Small quantities
are also produced in males. As drugs, female sex hormones are used to treat men-
strual and menopausal disorders and are used as oral contraceptives. Estrogens may
be used to treat cancer of the breast or prostate, and progestin (synthetic progester-
one) is used to treat endometriosis. Examples include 17f-estradiol,
17a-ethynylestradiol, and estrogen.

All of these compounds have their own chemical structure and properties, which
decides their behavior in sorption, elimination, degradation, and other associated
fate in the environment. The common classes of pharmaceuticals with their generic
names, common uses, possible side effects, and mode of action are presented in
Table 3.

3 Pharmaceuticals in Indian Scenario

The Indian pharmaceutical industry boasts an aggressive growth in market size
from USD 12.6 billion in 2009 to a projected value of USD 55 billion by 2020
(McKinsey and Company, Inc.). For instance, the potential of Indian pharmaceuti-
cal industry can be assessed by the fact that 80% of the antiretroviral drugs used to
combat AIDS (acquired immune deficiency syndrome) are supplied globally. More
than 50% of the global demand for pharmaceuticals used in vaccination, 40% of
generic demand in the USA, and 25% of all the drugs used in the UK are also sup-
plied by the Indian pharmaceutical companies (IBEF 2019). The industry’s primary
focus has been manufacturing of generic medicines and export of bulk drugs. As per
the Department of Pharmaceuticals, Government of India (2018), the growth of the
Indian pharmaceutical industry is such that it ranks third by volume on a global
basis today, accounting for 10% of global pharmaceutical production (Sharma et al.
2019). With such fast growth and an unprecedented expansion of the pharmaceuti-
cal sector, India is bound to be an active hotspot of pharmaceuticals in the
environment.
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Table 3 Common classes of pharmaceuticals and their common uses, possible side effects, and

mode of action

Class/generic
name Common uses Possible side effects Mode of action
Aminoglycosides
Amikacin Gram-negative bacteria, | Hearing loss, vertigo, Inhibits synthesis of
Gentamicin such as E. coli, kidney damage vital proteins
Neomycin Klebsiella, and
: Pseudomonas
Tobramycin .
aeruginosa
Streptomycin Tuberculosis
Carbacephem
Ertapenem Bactericidal GI upset and diarrhea, | Inhibits cell wall
Doripenem nausea, allergic synthesis
Meropenem
Cephalosporins
Cefadroxil Gram-positive organisms | GI upset and diarrhea, | Disrupts the synthesis
Cefazolin nausea, allergic of the peptidoglycan
Cefalexin layer of bacterial cell
o walls
Cefamandole Less Gram-positive
Cefoxitin cover, improved
Cefprozil Gram-negative cover
Cefuroxime
Cefixime Improved coverage of
Cefditoren Gram-negative
W organisms, except
.. . Pseudomonas. Reduced
Cefotaxime ..
Gram-positive cover
Ceftazidime
Ceftizoxime
Ceftriaxone
Glycopeptides
Teicoplanin Active against aerobic Disrupts the synthesis
Vancomycin and anaerobic Gram- of the peptidoglycan
Telavancin positive bacteria layer of bacterial cell
: including MRSA; walls
Dalbavancin .
- - vancomycin is used
Oritavancin orally for the treatment
of C. difficile colitis
Lincosamides
Clindamycin Staph-, pneumo-, and Pseudomembranous Inhibits bacterial
Lincomycin streptococcal; enterocolitis protein synthesis
clindamycin for acne
Macrolides

(continued)
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Class/generic

name Common uses Possible side effects Mode of action
Azithromycin Respiratory tract Nausea, vomiting, and | Inhibits bacterial
Clarithromycin | infections, streptococcal | diarrhea protein synthesis
W infections, syphilis Hearir.lg loss
] Jaundice

Erythromycin

Roxithromycin

Penicillins

Amoxicillin Wide range of infections; | GI upset and diarrhea | The same mode of
Ampicillin penicillin used for Allergic reactions action as other
Carbenicillin streptococcal infections, | Brain and kidney beta-lactam
Cloxacillin (si)ilfel;lis, and Lyme damage (rare)

Dicloxacillin

Flucloxacillin

Mezlocillin

Methicillin

Oxacillin

Penicillin

Polypeptides

Bacitracin Eye, ear, or bladder Kidney and nerve Inhibits bacterial
Colistin infections damage protein synthesis
Polymyxin

Quinolones/fluoroquinolone

Ciprofloxacin

Gatifloxacin
Gemifloxacin
Levofloxacin

Lomefloxacin

Moxifloxacin

Nalidixic acid

Urinary tract infections,
bacterial prostatitis,
community-acquired
pneumonia, bacterial
diarrhea, mycoplasmal
infections, gonorrhea

Nausea (rare),
irreversible damage to
the central nervous
system (uncommon)

Inhibits the bacterial
DNA replication and
transcription

Norfloxacin

Ofloxacin

Sulfonamides

Mafenide Urinary tract infections | Nausea, vomiting, and | Folate synthesis
Sulfacetamide (except sulfacetamide, diarrhea inhibition. Folate is

“Sulfadiazine | used for eye infections, | Allergy necessary for the cell to

o e 1. and mafenide and silver | Crystals in urine synthesize nucleic
Sulfadimethoxine .. . . ..

— """ sulfadiazine, used Kidney problems acids, and in its
Sulfamethoxazole topically for burns) Decrease in WBC count | absence, cells cannot
Sulfanilamide Sunlight sensitivity divide
Sulfisoxazole
Tetracyclines

(continued)
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Table 3 (continued)
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Class/generic
name

Common uses

Possible side effects

Mode of action

Demeclocycline

Doxycycline

Syphilis, chlamydial
infections, Lyme disease,
mycoplasmal infections,

GI upset
Sensitivity to sunlight
Toxicity to pregnant

Inhibits the binding of
aminoacyl-tRNA to the
mRNA-ribosome

Minocycline . .
W acne r}ckettsml . mth.er complex
— LT infections, malaria Staining of teeth
Tetracycline
Drugs against mycobacteria
Ethionamide Antituberculosis Inhibits peptide
synthesis
Rifampicin Mycobacteria and Reddish-orange tears Binds to the RNA
Gram-positive and urine polymerase to inhibit
Rifabutin Mycobacterium avium Rash, discolored urine, | transcription
complex GI symptoms
Streptomycin Antituberculosis Neurotoxicity As aminoglycosides
Others

Chloramphenicol

Meningitis, typhus,
cholera. Gram-negative,
Gram-positive anaerobes

Rarely: aplastic anemia

Inhibits bacterial
protein synthesis

Metronidazole Anaerobic bacteria; Discolored urine, Produces toxic free
giardiasis, headache, metallic radicals that disrupt
trichomoniasis, and taste, nausea DNA and proteins
amoebiasis

Thiamphenicol | Gram-negative, Rash A chloramphenicol
Gram-positive anaerobes. analog inhibiting
Widely used in bacterial protein
veterinary medicine synthesis

Tigecycline Skin/skin structure Teeth discoloration Similar structure with

infections, soft tissue
infections. Effective for
Gram-positive and
Gram-negative

tetracycline, but
stronger

(Compiled from-EMA 2019, MSD Manual, O’Rourke et al. 2020)

4 Fate of Pharmaceuticals in Aquatic Ecosystem

After consumption or direct discharge of expired pharmaceuticals, they are elimi-
nated as active metabolites and parent compounds into waste streams to surface
waters to contaminate the environment. Drugs discarded in municipal solid wastes
and dumped in landfills could undergo degradation or adsorption or leach into water
bodies. A study reported drugs in solid waste at levels of 7.4 to 45 mg/kg (Musson
and Townsend 2009). Large quantities of veterinary pharmaceutical compounds
(VPCs) are used worldwide in the form of feed additives and growth promoters and
for prophylactic purposes. After administration of VPCs, they are not completely
metabolized inside animal body. As a result, a portion of them is released to the
environment in feces and urine. They also enter the environment from spills
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generated by anaerobic manure storage lagoons, manure fertilization of farm fields,
runoff from farm fields, and discharge from aquaculture operations. As these com-
pounds are quite resistant to existing elimination processes, once disposed of in the
environment, they are easily transported to different environmental compartments
in a pathway similar to human pharmaceuticals. Therefore, VPCs were reported in
surface waters, groundwaters, soil, and air, and they carry their own potential for
contaminating these environmental sinks.

The hospitals and drug manufacturing units ought to be the most obvious and
impressive discharge units of pharmaceuticals. However, the waste streams from
such sources rarely undergo any specialized treatment at the conventional WWTPs.
The elimination rate of pharmaceuticals in WWTPs has been reported to vary up to
99% depending on the technology applied and the properties of pharmaceutical
compounds. This may result in their tendency to (i) mineralize to low molecular
weight compounds (CO, and H,0O) and (ii) simply resist elimination due to low
adsorption coefficients and hydrophobicity, resulting in entrapment by suspended
solids and sewage sludge, (iii) or these compounds may also convert into the parent
compound in the final effluent from conjugated metabolite resulting from microbial
enzymatic cleavage in wastewater and sewage sludge. Thus, WWTPs have been
termed as hotspots of pharmaceutical contamination in the overall environment. The
effluents loaded with pharmaceuticals are discharged into rivers, lakes, and estuar-
ies. Once pharmaceuticals reach surface water bodies, they may undergo natural
attenuation processes such as photolysis or sorption by sediments. The pharmaceu-
ticals retained by sewage sludge may also reach the environment when used as fer-
tilizers on agricultural lands. Hence, a potential source of pharmaceuticals in the
environment is agricultural runoff, which leads them into nearby water bodies by
runoff during rainfall, or even worse, they may seep into groundwater. The concen-
tration levels of pharmaceuticals most commonly detected in the Indian aquatic
environment are discussed in the following section.

5 Pharmaceuticals in the Aquatic Environment

5.1 Surface Water

Several studies have reported pharmaceuticals in surface waters around the world.
Mutiyar and Mittal (2012) reported traces of NSAIDs and other pharmaceuticals in
the Yamuna river. High level of caffeine has been reported in several surface waters
from India, including Yamuna river (0.808 pg/L) (Mutiyar and Mittal 2012), Ganga
river (0.743 pg/L) (Sharma et al. 2019), and lakes of Nagpur, Maharashtra
(46.97 pg/L) (Archana et al. 2016). Ketoprofen was also found at the highest level
of 107 ng/L in the Ganga river (Sharma et al. 2019). The Kaveri and Tamiraparani
rivers of South India have also been found to be contaminated by carbamazepine at
an average concentration of 28.3 ng/L and triclosan at 944 ng/L (Ramaswamy et al.
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2011). In other countries, carbamazepine levels have been reported to be up to
48 ng/L in river waters of France (Bouissou-Schurtz et al. 2014), 11.47 ng/L in
China (Zhang et al. 2018), and 0.22 ng/L in the USA (Archer et al. 2017). The Musi
river, a tributary of the Krishna river, was detected with a host of fluoroquinolone
antibiotics (ciprofloxacin, lomefloxacin, ofloxacin, norfloxacin, enrofloxacin,
pefloxacin, and difloxacin) with ciprofloxacin, ofloxacin, and norfloxacin report-
edly present at the highest concentrations, up to 5015, 542.4, and 251 pg/L, respec-
tively (Gothwal and Shashidhar 2016). The Kaveri, Vellar, and Tamiraparani rivers
were also found to contain NSAIDs (naproxen, diclofenac, ibuprofen, ketoprofen,
and acetylsalicylic acid) at maximum concentrations of 28, 103, 200, 100, and
660 ng/L, respectively (Shanmugam et al. 2014). Comparatively, the Sindian river
in Taiwan was found to contain NSAIDs including naproxen (270 ng/L), diclofenac
(56.5 ng/L), ibuprofen (4350 ng/L), and ketoprofen (45 ng/L) (Lin et al. 2010). The
Tiber river in Italy was also contaminated by these NSAIDs at higher level of 264,
120, 210, and 150 ng/L (in the same order) (Patrolecco et al. 2013). In Tehran, the
river water contents of NSAIDs were reported to be 0.037 pg/L (ibuprofen),
0.041 pg/L (naproxen), 0.025 pg/L (diclofenac), and 0.041 pg/L (indomethacin)
(Eslami et al. 2015). Most of the studies have reported the source of pharmaceutical
contamination in the surface water to be wastewater discharge either as effluent
from STPs or from drug manufacturing units. However, seasonal variation was also
observed in the concentration of sulfamethoxazole during monsoon (0.9 pg/L) and
post-monsoon (0.16 pg/L) seasons in the Kaveri river (Iyanee et al. 2013). Mutiyar
and Mittal (2014b) reported ampicillin (13.74 pg/L), ciprofloxacin (1.4 png/L), gati-
floxacin (0.48 pg/L), sparfloxacin (2.1 pg/L), and cefuroxime (1.7 pg/L) in effluent
from STPs discharging into Yamuna river in Delhi. Fick et al. (2009) reported high
level of ciprofloxacin up to 6.5 mg/L in lakes receiving WWTPs in Patancheru,
Hyderabad. The Cooum river flowing through the Chennai city was reported to be
contaminated with triclocarban (6.18 pg/L), ibuprofen (2.32 pg/L), an antiplatelet
metabolite carboxylic acid (1.37 pg/L), atenolol (3.18 pg/L), and amphetamine
(0.98 pg/L) (Subedi et al. 2015).

5.2 Groundwater/Drinking Water

Sharma et al. (2019) reported caffeine, ibuprofen, carbamazepine, and ketoprofen
levels of 262 ng/L, 49.4 ng/L, 27.2 ng/L, and 23.4 ng/L, respectively, in the ground-
water of the Ganga river basin. Jindal et al. (2015) reported diclofenac concentra-
tions at 48 ng/mL and pitavastatin at 0.48 ng/mL in the groundwater sample of
Mohali, Punjab. The well waters used for drinking purposes in close proximity to a
WWTP of drug manufacturing units in Patancheru, Hyderabad, were detected with
antibiotics such as cetirizine (28 pg/L), ciprofloxacin (14 pg/L), enoxacin (1.9 pg/L),
and terbinafine (0.055 pg/L) (Fick et al. 2009). NSAIDs such as diclofenac and
ibuprofen at 120 and 250 ng/L, respectively, have been reported in groundwater at a
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depth of 0.5 m below the main trench sewer pipe in London (Ellis et al. 2003).
Olaitan et al. (2014) reported average concentrations of diclofenac, chloroquine,
paracetamol, and ciprofloxacin at 17.0, 5.0, 3.0, and 1.0 pg/L, respectively, in sev-
eral wells in a pharmaceutical industrial area of Sango Ota, Ogun State of Nigeria.
Benotti et al. (2009), in other countries, detected sulfamethoxazole (0.32 ng/L) and
carbamazepine (6800 ng/L) in finished water from drinking water treatment plants
in the USA, while energy drinks in China were reported with diclofenac at 8310 ng/L
(Zhang et al. 2013).

5.3 Sewage Treatment Plants

Some of the most commonly detected pharmaceuticals reported to occur in the
wastewater from Indian sewage treatment plants are carbamazepine (a psychoac-
tive), atenolol (antihypertensive), triclocarban and triclosan (antimicrobials), trim-
ethoprim and sulfamethoxazole (antibacterials), ibuprofen and acetaminophen
(analgesics), and caffeine (stimulant). Mutiyar and Mittal (2013) reported amoxi-
cillin in the influent and effluent samples of a STP in Delhi at 172.6 ng/L (influent)
and 62.5 ng/L (effluent). In another study by Mutiyar and Mittal (2014b), the influ-
ent samples of STP in Okhla, New Delhi, were highly contaminated with antibiot-
ics such as ampicillin, ciprofloxacin, gatifloxacin, sparfloxacin, and cefuroxime at
the mean concentration levels of 104.2, 20.1, 2.7, 22.5, and 3.4 pg/L, respectively.
The levels of these antibiotics (in the same order) were found to occur at 12.68, 8.0,
1.22, 0.14, and 0.22 pg/L in the effluent samples after the treatment (Subedi et al.
2015). The concentration of sulfamethoxazole in wastewater effluent was 0.23 pg/L
(Subedi et al. 2015), 0.63 pg/L (Akiba et al. 2016), and 1.02 pg/L (Prabhasankar
et al. 2016). Amoxicillin was also detected in a WWTP of Japan at levels of
100-2000 ng/L. (Matsuo et al. 2011). The average concentration of sulfamethoxa-
zole in the WWTPs was similar to the concentrations obtained in a WWTP outlet
in Spain (Carballa et al. 2004), while it is lower than the average for Europe
(1.7 pg/L, Loos et al. 2013) and Canada (1.8 pg/L, Guerra et al. 2014). Forty-three
pharmaceutical compounds along with their 13 metabolites including psychoac-
tives, illicit drugs, and artificial sweeteners were reported in 5 STPs of India
(Subedi et al. 2015). The NSAIDs constitute a major portion of the pharmaceuti-
cals consumed, and apart from their extensive usage, NSAIDs are frequently
encountered in the environment as these acidic molecules are negatively charged at
near neutral pH of wastewater, which escape sorption by sewage sludge and remain
at dissolved phase in wastewater (Fent et al. 2006). Ibuprofen, ketoprofen, and
diclofenac have been detected at 26.45, 16.21, and 25.68 pg/L levels, respectively,
in the wastewater drains of India (Singh et al. 2014). Comparatively, NSAIDs in
WWTP effluents of Tehran have been detected at levels of 0.045, 0.054, 0.033, and
0.057 pg/L for ibuprofen, naproxen, diclofenac, and indomethacin, respectively
(Eslami et al. 2015).
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5.4 Pharmaceutical from Production Facilities
and Hospital Wastewater

Wastewater discharges from pharmaceutical production facilities and hospitals are
the major potent source of environmental contamination by pharmaceuticals. The
levels of ciprofloxacin, cetirizine, metoprolol, enrofloxacin, citalopram, norfloxa-
cin, lomefloxacin, enrofloxacin, and ofloxacin in effluent of bulk drug manufactur-
ers near Hyderabad were up to 31000, 1400, 950, 900, 840, 420, 300, 300, and 160
pg/L, respectively (Larsson et al. 2007). The level of ciprofloxacin in similar waste-
water of other countries has been 0.6 pg/L in Canada (Guerra et al. 2014), 1.4 pg/L
in Portugal (Santos et al. 2013), 3.7 pg/L in Italy (Verlicchi et al. 2012), and 6.9 pg/L
in Australia (Pal et al. 2010). In wastewater from hospital in Ujjain, Madhya
Pradesh, were found concentrations of ofloxacin, levofloxacin, ceftriaxone, cipro-
floxacin, tinidazole, sulfamethoxazole, metronidazole, and norfloxacin at 73, 81,
60, 237, 88, 81, 3.8, and 23 pg/L, respectively (Diwan et al. 2010). In southern
India, two sewage treatment plants (STPs) receiving hospital effluent were also
reported to have chloramphenicol (Akiba et al. 2016). They also reported concentra-
tions of trimethoprim (103-285 ng/L), ofloxacin (1715-2469 ng/L), and sulfa-
methoxazole (207-637 ng/L) in the wastewater from one STP, and from another
STP, concentrations were 43—-46 ng/L., 500-537 ng/L, and 40-50 ng/L, respectively.
Higher concentrations of sulfamethoxazole (307-8714 ng/L) and ofloxacin
(3135-24,811 ng/L) have been reported to occur in the hospital effluents of Coimbra,
Portugal (Santos et al. 2013). Prabhasankar et al. (2016) reported presence of sulfa-
methoxazole, trimethoprim, erythromycin, chloramphenicol, naproxen, bezafibrate,
and ampicillin in the samples of STP receiving hospital wastewater in Karnataka.
Comparatively, higher concentrations of pharmaceuticals from hospital wastewaters
in Portugal were reported as 8714 ng/L for sulfamethoxazole, 3963 ng/L for trime-
thoprim, 7545 ng/L for erythromycin, 6042 ng/L for naproxen, and 1359 ng/L for
bezafibrate (Santos et al. 2013).

6 Toxicity of Pharmaceuticals

6.1 Toxicity of Anti-cancer (Antineoplastic) Compounds

Individual and combinations of anti-cancer compounds at varying concentrations
are reported to have organism-specific toxicity (Toolaram et al. 2014). For example,
ECs, of cisplatin and 5-fluorouracil for algae Pseudokirchneriella subcapitata is
1.52 mg/L and 0.13 mg/L, respectively, and 0.67 mg/L and 1.20 mg/L, respectively,
for cyanobacteria Synechococcus leopoliensis (Brezovsek et al. 2014). However,
ECs, for 5-fluorouracil and cytarabine were reported for P. putida is 0.044 mg/L and
17 mg/L, respectively, and 0.1 mg/L and 10 mg/L for D. magna, respectively
(Zounkova et al. 2010).
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6.2 Toxicity of Beta-Blocker Compounds

Beta-blockers act by inhibiting beta-adrenergic receptors, which are a class of
receptors critical for normal functioning in the sympathetic branch of the auto-
nomic nervous system in vertebrates. Fishes like other vertebrates possess
B-receptors in the heart, liver, and reproductive system, and prolonged exposure to
drugs belonging to this therapeutic class may cause deleterious effects in verte-
brates. Drugs belonging to this class such as propranolol reduced growth rate of
Japanese medaka fish in 2 weeks at 500 pg/L, while exposure to concentration of
0.5-1 pg/L resulted in a decrease of egg production (Huggett et al. 2002).
Serotonin is an important neurotransmitter in hormonal and neuronal mecha-
nisms, which is responsible for different regulatory and endocrine functions in
vertebrates and invertebrates. Alterations in its levels may cause changes in appe-
tite, immune system, reproduction, and other behavioral functions. In therapeu-
tics, the selective serotonin reuptake inhibitors such as fluoxetine, fluvoxamine,
paroxetine, and sertraline are the most widely used synthetic antidepressants
(Santos et al. 2010).

6.3 Toxicity of NSAIDs (Nonsteroidal
Anfi-inflammatory Drugs)

NSAIDs act mainly by suppressing the cyclooxygenase (COX) enzyme responsi-
ble for synthesis of prostaglandins. Chronic toxicity test on the rainbow trout
showed cytological changes in the liver, kidneys, and gills after 28 days of expo-
sure to diclofenac at concentration of 1 pg/L (Triebskorn et al. 2004). They also
reported concentration of 5 pg/L of diclofenac resulted in renal lesions and bioac-
cumulation in the liver, kidneys, gills, and muscles. Among all the NSAIDs, diclof-
enac is the most studied analgesic compound often detected at trace level in the
environmental samples and possesses the highest acute toxicity on aquatic organ-
isms. It was suggested that diclofenac is the most toxic analgesics with commonly
reported lowest observed effect concentration (LOEC) of below 100 mg/L (Fent
et al. 2006). Diclofenac has also been proven to be acutely toxic to vultures, deci-
mating populations in the Indian subcontinent due to its ubiquitous use in cattle.
This drug gained notorious popularity, and the manufacture of diclofenac for vet-
erinary formulations was banned in 2006 after it was known to cause renal lesions
in vultures (Gyps bengalensis, Gyps indicus, and Gyps tenuirostris) which scav-
enged on treated livestock bodies. Phytoplankton was found to be highly sensitive
to diclofenac in acute, high-level exposure with an ECs, value of 14.5 mg/L in 96 h
(Ferrari et al. 2004).
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6.4 Toxicity of Hormones

Hormones, specifically estrogen compounds are some of the earliest pharmaceutical
compounds reported to be present in the environment. Their presence has been
linked with abnormal reproductive conditions in aquatic organisms, especially
fishes. Ethynylestradiol (EE2) is a synthetic estrogen found in oral contraceptive
pills with marked estrogenic effects in fish. Very low concentrations <1 ng/L. were
enough to give rise to an increased female population, and for EE2 concentrations
above 3.5 ng/L, fish became completely feminized. The chronic exposure of fathead
minnow to concentrations of EE2 at 5-6 ng/L led to feminization of male fish,
through production of vitellogenin and disruption in gonadal development, causing
intersex, and altered oogenesis in female fishes (Kidd et al. 2007). Such reproduc-
tive alterations led to the collapse of the fathead minnow population due to the loss
of the young generations, which almost brought this species from the lake near to
extinction.

6.5 Toxicity of Antibiotics

Bialk-Bielinska et al. (2011) carried out a systematic analysis of the ecotoxicologi-
cal potential of many sulfonamide antibiotics on aquatic microorganisms including
bacteria and algae. They estimated ECs, values of 0.02 mg/L for sulfadimethoxine
in the inhibition of duckweed growth to >250 mg/L for 12 sulfonamides in enzyme
inhibition assays. Additionally, the presence of elements in environment can poten-
tially increase the toxicity of antibiotic contaminants (Zhang et al. 2012). Antibiotics
such as tetracyclines and quinolones in association with copper, zinc, and cadmium,
may result in more toxicity. The major concern with regard to the presence of anti-
biotics in the environment is the prevalence of antibiotic residues, which can result
in the development of antibiotic-resistant strains of both environmental and patho-
genic bacteria (Martinez 2009; Hong et al. 2013). A positive correlation has been
found between antibiotic-resistant microorganisms and concentrations of aquatic
antibiotic (Novo et al. 2013). This unwilling or unintentional resistance among
commensal organisms is due to mutation in common genes and transfer of antibiotic-
resistant genes (ARGs). Some ARGs has been detected in the clinical and non-
clinical samples including drinking water (Jiang et al. 2011). With reference to
antibiotic resistance, antimicrobial resistance (AMR) is another synonym which can
be summed up to be antibiotic, antiviral, antiprotozoal, and antifungal resistance
altogether.

Based on the economist from the UK, the impact of AMR is such that currently
700,000 deaths occur globally, and it has been estimated that by 2050, 10 million
deaths/year are projected to occur (O’Neill 2016). In India, antibiotic-resistant neo-
natal infections cause the deaths of nearly 60,000 newborns each year (Laxminarayan
et al. 2013). As per the scoping report on antimicrobial resistance in India, more
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than 70% isolates of Gram-negative bacteria Escherichia coli, Klebsiella pneu-
moniae, and Acinetobacter baumannii and nearly half of all Pseudomonas aerugi-
nosa were resistant to antibiotics of fluoroquinolones set and third-generation
cephalosporins. Among the Gram-positive organisms, 42.6% of Staphylococcus
aureus were methicillin-resistant, and 10.5% of Enterococcus faecium were
vancomycin-resistant. AMR challenges in India include the uncontrolled use of
antibiotics in human as well as veterinary sectors; increased use of antibiotics as
growth promoters in animals; inadequate implementation of regulations; limited or
no regulations for food and non-food animals, respectively; and, importantly, inad-
equate interaction among clinicians and lab experts.

The World Health Organization (WHO) (WHO 2017) experts agreed on group-
ing the pathogens according to the species and the type of resistance and then strati-
fying the results in three priority tiers, critical, high, and medium, depicted below.

Priority 1: Critical

Acinetobacter baumannii, carbapenem-resistant

Pseudomonas aeruginosa, carbapenem-resistant
Enterobacteriaceae, carbapenem-resistant, cephalosporin-resistant
Priority 2: High

Enterococcus faecium, vancomycin-resistant

Staphylococcus aureus, methicillin-resistant, vancomycin-resistant
Helicobacter pylori, clarithromycin-resistant

Campylobacter, fluoroquinolone-resistant

Salmonella spp., fluoroquinolone-resistant

Neisseria gonorrhoeae, cephalosporin-resistant, fluoroquinolone-resistant
Priority 3: Medium

Streptococcus pneumoniae, penicillin-non-susceptible
Haemophilus influenzae, ampicillin-resistant
Shigella spp., fluoroquinolone-resistant

7 Environmental Risk Assessment (ERA)

The European Commission (Directive 92/18/EEC) specified that the medicinal
product for human use must be accompanied by an environmental risk assessment.
For this purpose, the European Medicines Agency (EMA) introduced “Note for
Guidance” which included the guidelines for assessing the environmental risks of
veterinary medicines only to be extended later to pharmaceuticals for human use by
Directive 2001/83/EC (Santos et al. 2010). The guidelines recommend a stepwise
procedure using acute toxicity tests on model organisms belonging to different
phyla such as algae, zooplanktons, fish, and other invertebrates.

An ERA consists of two phases: Phase I, which is a screening phase, and Phase
II, a testing phase, which may be conducted based on the results of Phase I. Firstly,
Phase I includes calculation of the predicted environmental concentration (PEC) of
the compound in surface water (PEC,f,ce waier), @an assessment of the mode of action,
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and results from toxicological tests. A predicted environmental concentration calcu-
lation of the compound is restricted to the aquatic compartment (PEC;fyce waer)- In
case the PECface warer 15 less than 0.01 pg/L and no other environmental factors are
taken into account, it is assumed that the pharmaceutical is unlikely to pose a risk to
the environment. However, if the PECfyce waer 1S above 0.01 pg/L, a Phase II assess-
ment is required to be performed. In Phase II, it is required to make all information
about the physical, chemical, or toxicological properties of the compound available
to the investigator. A tiered approach involving two steps — Step A and Step B — is
involved in Phase II. In Step A, an evaluation of the possible fate and effects of the
compound is done. If no risk is found during this step, there is no requirement of
Step B. If a risk is detected, then the fate and effects of the active substance in the
relevant compartment are tested by determination of certain toxicological end points
on test organisms using standardized test protocols. Using the results generated
from the effect studies performed in Step A, the predicted no-effect concentrations
(PNECs) are derived for environmental compartments such as surface water,
groundwater, and sewage treatment plants and compared with calculated PEC val-
ues. The predicted no-effect concentration was determined by dividing the EC50 by
an uncertainty factor which is typically set equal to 1000 (Sanderson et al. 2004). If
one or more of the PEC/PNEC ratios or hazard quotient (HQ) exceeds the pre-
defined trigger values (1 for surface water and groundwater compartments and 0.1
for the STP), a Step B assessment should be conducted. Environmental fate studies
in Step B may include a bioconcentration study in fish and/or degradation in soil,
while effect studies may include testing with terrestrial organisms such as soil
microflora, earthworms, springtails, and plants.

In a case study, Sharma et al. (2019) estimated the worst-case scenario of poten-
tial health risk of some pharmaceuticals in drinking water (groundwater) along the
Ganga river in India. An age-dependent risk quotient (RQ) for each detected com-
pound was calculated by dividing the maximum measured concentration in the
groundwater (MCgy) by the corresponding age-dependent drinking water equiva-
lent level (DWEL).

RQ = MC,,, / DWEL

The DWEL values were taken from literature and estimated for seven age categories
using different parameters such as the acceptable daily intake or risk-specific dose
(RSD) for non-carcinogenic and carcinogenic effects, respectively, age-specific
body weights (BW) in kg, daily drinking water intake, etc. The DWELSs for all age
groups ranged from 4.8 pg/L (for carbamazepine, 1-2 year’s age group) to 12.8 mg/L.
(for acetaminophen, 16-21 year’s age group). The RQ >1 indicated the possibility
of human health risk, while its value between 0.2 and 1 called for more detailed
assessment, whereas RQ <0.2 was considered of no appreciable concern to human
health. For all detected pharmaceuticals, RQs ranged from 1.5 x 1077 (for acet-
aminophen, 16-21 year’s age group) to 0.0021 (for carbamazepine, 16-21 year’s
age group). Among different age groups, children (1-11 years) had higher RQs than
adolescents (11-21 years) and adults (>21 years).
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In the same study, the ecological risk assessment was also performed by calculat-
ing RQ (some studies use the term hazard quotient (HQ)) for the detected pharma-
ceuticals where the RQ was calculated by dividing the maximum river water
concentration (MCRW) for each compound by the PNEC for three classes of aquatic
organisms, i.e., algae, Daphnia magna (a crustacean), and fish. The PNEC values
were estimated by dividing the ECs, (effective concentration, reducing a biological
process by 50%) or LCs, (lethal concentration, killing 50% of the organisms)
obtained from the literature or by using the US EPA Ecological Structure Activity
Relationship (ECOSAR v1.10) model by an assessment factor of 1000. Results of
ecological risk assessment showed that the risks were comparatively higher for
algae. For example, the RQ of caffeine was as high as 49.5, which was observed for
three different aquatic organisms. Similarly, the RQs of triclocarban and triclosan
ranged from 0.03 to 0.3 and 0.01 to 3.9, respectively. The RQs for freshwater inver-
tebrates (except for Daphnia from triclocarban) and fish were generally lower than
0.1, implying negligible risk of acute/chronic toxicity to these aquatic organisms.
An account of the risk quotients for different pharmaceuticals in water matrices has
been given in Table 4.

8 Treatment Process for Pharmaceuticals

8.1 Microbial Degradation

In case of long and highly branched pharmaceuticals, the biodegradation is least
effective in comparison to molecules with short and unbranched chemical structure
(e.g., paracetamol, salicylic acid, diclofenac, and carbamazepine). Saturated ali-
phatic and aromatic compounds containing sulfur and halogen substituents showed
resistance to microbial degradation. Apart from bacteria, white-rot fungus has been
reported to be effective in the degradation of pharmaceuticals. In one study, two
white-rot fungi Trametes versicolor and Ganoderma lucidum were used in the
removal of a mixture of 13 pharmaceuticals while generating biodiesel from the
sludge (Vasiliadou et al. 2016). The removal rates of clofibric acid, atenolol, caf-
feine, carbamazepine, hydrochlorothiazide, sulfamethoxazole, and sulpiride degra-
dation were below 40%, while diclofenac, gemfibrozil, ibuprofen, progesterone,
and ranitidine showed complete removal.

8.2 Phytoremediation

Phytoremediation technique utilizes plants and associated microorganisms in the
rhizospheres to transform, remediate, or accumulate toxic environmental contami-
nants present in ground and surface waters, sediments, and soil. The natural
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Table 4 Risk quotient (RQ) of pharmaceuticals in different aquatic matrices
MEC/PEC/ Risk
Pharmaceutical Nation | Matrix EC50 RQ level References
Ofloxacin USA | Lake Michigan | 670 ng/L 41.87 High Blair et al.
(2013)
China | Surface water | 36.73 ng/LL | 3.67E- | Low Zhang et al.
04 (2018)
Ciprofloxacin India | Hospital 236.6 pg/L  |219.3 High Mutiyar and
wastewater Mittal (2014a)
India | Pharma 31,000 pg/L |36,885.2 | High Mutiyar and
industrial Mittal (2014a)
effluent
India | River water 2500 pg/L. | 4,098.4 | High Mutiyar and
Mittal (2014a)
India | Lake water 6500 pg/L 10,655.7 | High Mutiyar and
Mittal (2014a)
India | Groundwater | 1.44 pg/L 23.0 High Mutiyar and
Mittal (2014a)
Tetracycline China | Surface water | 18.86 ng/LL | 5.55E- | Low Zhang et al.
06 (2018)
Sulfamethoxazole | USA | Lake Michigan | 810 ng/L 30 High Blair et al.
(2013)
China | Surface water | 42.59 ng/L. | 0.002 Low Zhang et al.
(2018)
USA |WWTP 1.34 pg/L 2.27 High Archer et al.
(2017)
USA | River water 0.89 pg/L 1.51 High Archer et al.
(2017)
Trimethoprim USA | Lake Michigan | 660 ng/L 8.15 High Blair et al.
(2013)
China | Surface water |20.23 ng/L | 0.020 Low Zhang et al.
(2018)
USA |WWTP 1.45 pg/L 0.07 Low Archer et al.
(2017)
USA | River water 0.64 pg/L 0.03 Low Archer et al.
(2017)
France | Drinking water | 0.443 pg/L | 0.04 Low Bouissou-
Schurtz et al.
(2014)
Acetaminophen | USA | Lake Michigan | 650 ng/L 1.35 High Blair et al.
(2013)
China | Surface water | 901.73 ng/LL | 9.80E- | Low Zhang et al.
02 (2018)
USA |WWTP 0.10 pg/L 0.42 Medium | Archer et al.
(2017)
USA | River water 0.04 pg/L 0.17 Medium | Archer et al.
(2017)

(continued)
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MEC/PEC/ Risk
Pharmaceutical Nation | Matrix EC50 RQ level References
Naproxen Iran | WWTP 626 mg/L 0.001 Low Eslami et al.
(EC50) (2015)
USA | WWTP 2.30 pg/L 0.7 Medium | Archer et al.
(2017)
USA | River water 0.67 pg/L 0.2 Medium | Archer et al.
(2017)
India | River water 28.1 ng/L 0.0028 | Low Shanmugam
et al. (2014)
India | Wastewater 1.65 pg/L >1 High Singh et al.
drain (2014)
Diclofenac France | Drinking water | 0.016 pg/L | 0.00 Low Bouissou-
Schurtz et al.
(2014)
Iran | WWTP 14.5 mg/L. 0.015 Low Eslami et al.
(2015)
USA | WWTP 2.31 pg/L 23.1 High Archer et al.
(2017)
USA | River water 0.96 pg/L 10.0 High Archer et al.
(2017)
India | River water 103 ng/L 0.00002 | Low Shanmugam
et al. (2014)
India | Wastewater 25.68 pg/L | >1 High Singh et al.
drain (2014)
Ibuprofen France | Drinking water | 0.019 pg/L | 1.9 High Bouissou-
Schurtz et al.
(2014)
Iran | WWTP 5.7 mg/L 0.184 Medium | Eslami et al.
(EC50) (2015)
USA | WWTP 0.66 pg/L 0.13 Medium | Archer et al.
(2017)
USA | River water 0.23 pg/L 0.04 Low Archer et al.
(2017)
India | River water 200 ng/L 0.02 Low Shanmugam
etal. (2014)
India | Wastewater 26.45 pg/L | >1 High Singh et al.
drain (2014)
Ketoprofen France | Drinking water | 0.258 pg/L | 0 Low Bouissou-
Schurtz et al.
(2014)
USA | WWTP 0.41 pg/L 0.13 Medium | Archer et al.
(2017)
USA | River water 0.39 pg/L 0.13 Medium | Archer et al.
(2017)
India | River water 100 ng/L 0.0064 | Low Shanmugam
et al. (2014)
India | Wastewater 16.21 pg/L | >1 High Singh et al.
drain (2014)

(continued)
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Table 4 (continued)

MEC/PEC/ Risk
Pharmaceutical Nation | Matrix EC50 RQ level References
Caffeine USA | Lake Michigan | 1400 ng/L 334.47 | High Blair et al.
(2013)
China | Surface water | 707.51 ng/L | 0.010 Low Zhang et al.
(2018)
India | Ganga river 262 ng/L 49.5 High Sharma et al.
basin (2019)
Carbamazepine | USA | Lake Michigan | 340 ng/L 2.61 High Blair et al.
(2013)

France | Drinking water | 0.018 pg/L | 0.00 Low Bouissou-
Schurtz et al.

(2014)

China | Surface water | 11.47 ng/LL | 0.00 Low Zhang et al.
(2018)

USA |WWTP 0.41 pg/L 0.16 Medium | Archer et al.
(2017)

USA | River water 0.22 pg/L 0.09 Low Archer et al.
(2017)

India | Wastewater 5.42 pg/L >1 High Singh et al.

drain (2014)

Atenolol USA |WWTP 0.49 pg/L 0.005 Low Archer et al.
(2017)

USA | River water 0.21 pg/L 0.002 Low Archer et al.
(2017)

wetlands act as transitional zones between the land and water system and, in the
course, improve the water quality in terms of biological oxygen demand, total sus-
pended solids, metal ions, phosphates, and other organic contaminants such as pes-
ticides and pharmaceuticals. The mechanisms of the plant-based aquatic systems
include sorption, sedimentation, volatilization, photodegradation, and microbial
degradation. Depending on the mode of loading, depth of bed, soil matrix, presence
of vegetation, types and number of plant species, organic and hydraulic loading
rates, etc., the pharmaceutical degradation rate varies in a wetland system. In a
review study done by Li et al. (2014), 115 pharmaceuticals were studied under 4
types of constructed wetland systems such as the free water surface constructed
wetland, vertical subsurface flow constructed wetlands (VSSF CWs), horizontal
subsurface flow constructed wetlands, and hybrid constructed wetlands. The VSSF
CWs were most efficient in elimination of diclofenac, ibuprofen, naproxen, and
salicylic acid, possibly due to higher oxygenations, shorter hydraulic retention time,
and low sensitivity toward overloading conditions.
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8.3 Membrane Process

Membrane-based removal techniques involve microfiltration (MF), ultrafiltration
(UF), nanofiltration (NF), and reverse osmosis (RO) processes, where MF and UF
are based on sieving mechanism, while RO and NF are pressure-driven membrane
processes. The MF and UF are not considered as suitable pharmaceutical removal
process (with the exception of hydrophobic compounds), because of their large pore
size. In the case of RO, the pressure difference between filtrate and feed sites of the
separation membrane is the driving force during reverse osmosis. High rejection
efficiency (>85%) has been reported for diclofenac, ketoprofen, and carbamazepine
using NF/RO technologies in a drinking water treatment plant (Radjenovi¢ et al.
2007). The main challenges posed by membrane-driven removal processes are clog-
ging of membrane pores by larger molecules and suspended materials, disposal of
brine, susceptibility of the membranes toward oxidizing agents, and easy fouling of
the membranes. Some of these shortcomings may be improvised with advanced
oxidation processes.

8.4 Advanced Oxidation Process

Oxidation reactions involve generation of free radicals, mainly hydroxyl radical,
which facilitate conversion of the pharmaceuticals into more biodegradable com-
pounds (Deegan et al. 2011) or simple mineralization into smaller molecules by use
of oxidants such as ozone or hydrogen peroxide, catalysts (Fe and TiO,), and energy
source such as ultraviolet-visible radiation, electric current, and ultrasound irradia-
tion. The high reactivity of these free radicals promotes oxidation of organic and
inorganic pollutants with high reaction rate constants. Ozonation has been very suc-
cessful in removal of pharmaceuticals with removal efficiency >90% for some anti-
biotics (Ternes et al. 2003; Dantes et al. 2008) but <50% for some beta-blockers
(Ternes et al. 2003). The electrophilic ozone reacts with electron-rich molecules and
hence can directly attack compounds having carbon-carbon double or triple bonds
and aromatic groups or at certain oxygen-, nitrogen-, phosphorus-, or sulfur-
containing functional group. Fenton reactions involving H,O, in presence of Fe and
UV light showed that diclofenac could be completely mineralized by photo-Fenton
reactions within 50 min (Ravina et al. 2002). TiO, is a promising alternative due to
its inert nature, cost-effectiveness, and photostability. The semiconductor oxide
such as TiO, is excited by photoexcitation of a valence-shell electron generating an
electron-hole pair. These holes have high oxidation potential and can generate
hydroxyl radicals from water at the particle surface. TiO,-based photo-oxidations
under both simulated light and sunlight conditions led to complete removal of oxy-
tetracycline with 90% mineralization (Zhao et al. 2013).
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8.5 Adsorption

Adsorption is the process through which a substance/adsorbate, originally present
in one phase is removed from that phase by accumulation at the interface between
that phase and a separate solid/adsorbent phase, usually activated carbons. The
accumulation may result from physical interactions (e.g., van der Waals forces) or
chemical reaction (e.g., sharing of electrons). Ruiz et al. (2010) obtained >90%
removal for paracetamol by a commercial activated carbon. The US EPA identifies
granular activated carbon as the “best available technology” for treating various
organic pollutants (Westerhoff et al. 2005).

8.6 Ionizing Radiation

Wang et al. (2019) reported progress of pharmaceutical degradation by ionizing
radiation. Ionizing irradiation of antibiotics is effective for their degradation, result-
ing in complete removal. They reported that during the process of radiation, with
increasing absorbed dose and decreasing initial concentration of pharmaceuticals,
the degradation efficiency of pharmaceuticals increases. To improve their removal
efficiency, several advanced oxidation processes (AOPs) such as H,0,, Fe?*, and
Fe?*/H,0,, as well as biological treatment processes, are combined with ionizing
radiation.

9 Recommendations

One of the most effective ways to reduce the load of pharmaceuticals into the envi-
ronment is by reducing their consumption. Complementary strategies such as
improved sanitation, nutrition, and access to general health care are recommended
in order to avoid the use of medicines. Prudent use of veterinary drugs in the agri-
culture sector is one of the wisest approaches in combating pollution by pharmaceu-
ticals. This consists essentially of implementing various management practices to
minimize the use of antibiotics, which are consumed by humans. This reduces the
occurrence of cross-resistance toward antibiotics in humans and animals. Product
take-back programs by pharmaceutical producers have been particularly active in
setting up programs, which allow consumers to return their residual medications to
pharmacies at no cost. It is a very effective measure to reduce the disposal of unused
pharmaceuticals to municipal sewage systems and private septic tanks. The pro-
posed program includes voluntary or compulsory team for collecting the unused/
expired pharmaceuticals to a collection point such as a pharmacy or municipal
authority for disposal. However, there is a need for much involvement through
research in order to assess the cost-effectiveness of these programs (e.g., types and
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amounts of medicine being collected, the participation rates, regulatory compliance
issues, program costs, funding sources, and final disposal). However, the take-back
programs do not come with complete reliance as such programs may increase the
risk of accidental poisonings and drug abuse due to the stock piling of unused medi-
cations awaiting take-back. In general, the public who are the ultimate users should
be aware of the consequences of improper disposal and overuse of pharmaceuticals
in their day-to-day life. For this, awareness campaigns and workshops should be
conducted for the public. Some of the awareness facts include completing the dos-
age or the full prescription even if the infection seems to have lessened down.
Pharmaceutical companies and other providers should behave in a proactive manner
and examine the pathway along with the potential impact of discharging wastewater
containing such active pharmaceutical ingredients to the wastewater stream and
finally into the downstream waterways.

There is an active research need for tracing the presence of pharmaceutical con-
taminants in the environment, which includes water, sediments, and biota. A robust
detection method is required for determining the presence of pharmaceuticals and
their metabolites in the environmental samples. Water monitoring network studies
for early detection are essential. More information is needed about the possible
negative effects that may occur after long-term environmental exposure to several
pharmaceuticals both separately and simultaneously.
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