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Abstract Municipal wastewater treatment plants
(MWWTPs) are considered to reduce the amount of
pollutants that enter water reservoirs as a result of
wastewater disposal. An assessment of the occurrence
and removal of pharmaceutical compounds, mainly
nonsteroidal anti-inflammatory drugs (NSAIDs), in
wastewater from the Kavoor MWWTP (southwest mon-
soon region), India, is presented in this paper. The
performance of the MWWTP was monitored in the
summer (May) and monsoon (September) periods. The
highest inlet concentrations of diclofenac, naproxen,
ibuprofen, ketoprofen, and acetylsalicylic acid in the
wastewater were observed in May and were 721.37,
2132.48,2109.875,2747.29, and 2213.36 pg/L, respec-
tively. The ketoprofen content was found to be higher
than that of other NSAIDs in the influent in both sea-
sons, whereas the diclofenac content was found to be the
lowest. The removal efficiency (RE) of the target
NSAIDs in the Kavoor secondary treatment plant varied
from 81.82-98.92% during the summer season. During
the monsoon season, the influent NSAID concentration
level dropped, probably because of infiltration in old
sewer pipes. In addition, a 100% RE was achieved for
all the target NSAIDs in the wastewater of the

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s10661-020-8161-1) contains
supplementary material, which is available to authorized users.

A. K. Thalla (<) - A. S. Vannarath

Department of Civil Engineering, National Institute of Technology
Karnataka Surathkal, Mangalore, Karnataka 575025, India
e-mail: thallpce @ gmail.com

MWWTP. The results showed that secondary treatment
plants have the potential to remove NSAID compounds
from municipal sewage with consistent performance.
The environmental hazards caused by the accumulation
of such compounds in water reservoirs are due to open
discharge. The environmental risk levels of these com-
pounds were also studied by the environmental risk
assessment (ERA) using the European Agency for Eval-
uation of Medicines approach.
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Introduction

Recently, studies on “emerging contaminants” have re-
ceived full attention among researchers because of the
considerable effects of such compounds upon prolonged
exposure. One such contaminant group is pharmaceuti-
cal compounds, which are extensively used by animals
and humans for medicinal purposes. The probable path-
ways by which these contaminants enter the environ-
ment include (1) animal or human excreta, (2) the
discarding of expired or unused medicines, (3) waste-
water generated from pharmaceutical industries, and (4)
hospital effluents (Lu et al. 2016; Mandaric et al. 2017).
In India, approximately 300 companies belong to the
pharmaceutical sector and have an annual export growth
rate of 30%, boosting the nation’s economy
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(Balakrishna et al. 2017). Pharmaceutical compounds
consist of different prescription classes, such as antibi-
otics, anti-inflammatory drugs, analgesics, contracep-
tives, beta-blockers, and antiepileptic drugs (Cardoso
et al. 2014). The German company Bayer manufactured
the first anti-inflammatory drug, acetylsalicylic acid (as-
pirin), in 1899. Since then, many other nonsteroidal anti-
inflammatory drugs (NSAIDs) have been developed
and marketed extensively. It has been estimated that on
average, 30 million people per day consume NSAIDs as
pain relievers and inflammation reducers (Feng et al.
2013). The incomplete metabolization of these pharma-
ceuticals in animals and humans causes their excretion
into the sewer system either as parent compounds or as
derivatives. These compounds cause severe toxicity to
the environment even at minor concentrations, i.e., ng/L
or pg/L (micropollutants). Due to rapid urbanization,
the occurrence of these micropollutants in wastewater
has increased drastically, and the compounds can now
be found worldwide.

The half-life of these micropollutants causes chronic
conditions in aquatic species and endocrine disorders in
humans (Sanderson et al. 2003; Sim etal. 2011; Xu etal.
2017). Diclofenac (2-{2-[(2,6-dichlorophenol)amino]-
phenyl}acetic acid) is considered to be the most con-
sumed NSAID drug, and its presence inhibits the cyclo-
oxygenase (COX) enzyme, which blocks prostaglandin
synthesis (Martinez-Alcala et al. 2017). It has been
reported that at the least the observed effect concentra-
tion (LOEC) level of 5 ug/L, diclofenac causes the
greatest toxicity to aquatic species among all NSAIDs.
Ketoprofen (2-(3-benzoylphenyl) propanoic acid) is a
crucial NSAID in the aryl propionic acid class that has
antipyretic and analgesic properties. It is mainly used to
treat arthritis and other painful conditions (Madikizela
et al. 2014; Modi et al. 2012). Aspirin (2-acetyloxy
benzoic acid) is a widely used painkiller and is estimated
to be one of the most frequently consumed pharmaceu-
tical drugs. It is also used to cure fever and to reduce the
potential risk of heart attacks (Tewari et al. 2013).
Naproxen ((2S)-2-(6-methoxynaphthalen-2-yl)
propanoic acid) is another crucial NSAID, mostly used
to cure body pains and treat arthritis. Ibuprofen (2-[4-(2-
methylpropyl)phenyl]propanoic acid) is a commonly
prescribed drug with anti-inflammatory properties. It
belongs to the propionic acid derivative group and is
considered to be an alternative to aspirin (Martin et al.
2012). Moreover, bioaccumulation of these compounds
causes a decrease in the population of certain species,
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such as the bacterium Aliivibrio fischeri, zebrafish (Da-
nio rerio), and Indian vulture (Gyps indicus) (Dokmeci
etal. 2014; Oaks et al. 2004; Praskova et al. 2012, 2014;
Sharma and Kaushik 2017). Thus, there is an urgent
need for the degradation of NSAIDs in the environment.

Municipal wastewater treatment plants (MWWTPs)
serve to curb pharmaceutical compounds, especially
NSAIDs such as diclofenac, aspirin, ibuprofen, indo-
methacin, and oxaprozin, before reaching water reser-
voirs such as rivers, streams, and lakes(Yuan et al.
2015). Therefore, the NSAID removal performance of
a MWWTP should be assessed before discharging treat-
ed wastewater into any water reservoir (Samaras et al.
2013). The concentration of these pharmaceutically ac-
tive compounds has been found to be higher in sewage
sludge in MWWTPs, which could be due to the adsorp-
tion of micropollutants onto the sludge granules
(Ekpeghere et al. 2016). Furthermore, the research liter-
ature shows that the removal efficiency of these phar-
maceuticals in any MWWTP depends on the operation-
al conditions and applied treatment processes, as well as
parameters such as pH, temperature, and seasonal vari-
ability (Samaras et al. 2013).

India has four major seasons, and the subcontinent
has a diversified climate in different parts of the country.
Knowledge regarding pharmaceutical compounds and
data about the presence of pharmaceuticals in the envi-
ronment are still lacking. Few studies have been con-
ducted in the northern, southern, southeastern, and west-
ern regions of the country, and significant variations in
the concentration levels of these micropollutants have
been found in wastewaters from different regions across
the country. No preliminary data were found concerning
the presence of NSAIDs in urban wastewaters in the
present study area (southwest). Therefore, a study on the
occurrence of NSAIDs in municipal wastewater in the
southwest region of the country is essential.

A secondary treatment plant located in Kavoor, Kar-
nataka, India, which falls within the southwest monsoon
region, was selected as the study area for this research.
In this research, the occurrence and removal of the
NSAIDs diclofenac, naproxen, ibuprofen, ketoprofen,
and acetylsalicylic acid, which all belong to
prescription-class drugs, were studied because of their
high consumption rate and acute toxicity. This study
concentrated only on NSAID compounds and not on
their derivatives to provide a baseline for future studies.
Moreover, the presence of these NSAIDs in the envi-
ronment poses a significant risk to biodiversity and
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causes an overall imbalance in terms of environmental
sustainability. Therefore, it is imperative to know the
risk levels of each NSAID compound to the biotic
community at its measured concentrations. This study
attempts to give a preliminary assessment of environ-
mental risk in the aquatic environment of the southwest
monsoon region of India due to the occurrence of the
detected NSAID compounds in both seasons. Table 1
lists the chemical structure and properties of the target
pharmaceutical compounds.

Materials and methods
Reagents

Standards for diclofenac, naproxen, ibuprofen,
ketoprofen, acetylsalicylic acid, and the derivatization
reagent N-methyl-N-(trimethylsilyl) trifluoroacetamide
(MSTFA) were procured from Sigma-Aldrich Company
Ltd. (St. Louis, USA). Phenanthrene d10 obtained from
Cambridge Isotope Laboratories Inc. (Andover, USA)
was used as an internal standard. Acetone, ethyl acetate,

and n-hexane (HPLC grade) were purchased from Ther-
mo Fisher Scientific India Pvt. Ltd. (Mumbai, India).
Commercially available 6 cc solid-phase extraction
(SPE) (Oasis hydrophilic-lipophilic balance (HLB) sor-
bent, 200 mg) cartridges (Waters Corporation, Milford,
USA) were used in this study. Glass vials with a 2 mL
capacity were acquired from Agilent Technologies
(Boeblingen, Germany). Milli-Q water was obtained
using an ELGA water purification system (Greifswald,
UK). Specific standards of all the analytes were pre-
pared by the dissolution of 100 mgin 1 L (1:1 v/v) of an
acetone/ethyl acetate stock solution.

Details of the study area and sample collection

Mangalore, located in the Dakshina Kannada district, on
the shore of the Arabian Sea in Karnataka, was selected
as the study area. Mangalore receives approximately
95% of its rainfall during the southwest monsoon season
between May and October, whereas the area remains
extremely dry during the other 6 months (Chandramouli
2011). Therefore, the reported NSAID concentrations
for other parts of the country may not accurately

Table 1 Details of targeted NSAIDs in the current work (Khamis et al. 2011; Madikizela et al. 2014, 2017; Madikizela and Chimuka 2017a,

b)
NSAID Name Ketoprofen Acetyls?llcyllc
acid

CAS number® 22071-15-4 50-78-2
Molecular weight (g/mol)* 254.28 180.16
Chemical formula CsH140; CoHgOy4

2(3- .

2-Acetyloxyb

IUPAC name” Benzoylphenyl)propa ey 0)4(y enzoie

Lo acid

noic acid
o] OoH
Chemical structure e P
CHy

Density (g/cm’)° 1.198 1.4
Dosage for adult (mg/person/day) 300 300
Topological polar surface area

54.4 63.6
(TPSA) (A?)
Water solubility (mg/mL at 25°C) 0.051 4.6
log Koy 3.11 1.19
pK, dissociation constant (water,
20°0) 4.45 3.49
Volume of distribution® (L/kg) 0.13 0.2
Vapour pressure” (mmHg) 3.72x107 2.52x10°
Bioconcentration factor® (BCF) 1 1
Half-life in water”, t;, (hours) 360 360
Hinry’s law constant” (atm- 2 12510 13x10°
m’/mol)

methoxynaphthalen-2-

Naproxen Ibuprofen Diclofenac
22204-53-1 15687-27-1 15307-86-5
230.26 206.28 296.15
Ci4H140;5 Ci3H; 50, C4H;,CLNO,
(28)-2-(6- 2-[4-(2- 2-{2-[(2,6-

methylpropyl)phenyl]propan  dicholorophenyl)amino]
oic acid

yl)propanoic acid phenyl}acetic acid

12 1.03 1.4
750 1200 150
46.5 373 493

0.0159 0.021 0.00237
3.18 3.97 451
415 491 415
0.16 0.12 1.4

1.89x10° 1.86x10™ 6.14x10™
1 1 131

360 360 900

3.39x107"° 1.5x107 473 x10"?

a- www.chemspider.org

a- www.chemspider.org b- www.drugbank.ca

b www.drugbank.ca
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represent this region, and hence, it is necessary to esti-
mate these compounds in this particular region to un-
derstand the distribution of these pharmaceuticals.

The secondary treatment plant (longitude:
74.826738; latitude: 12.900697) in Kavoor has an
installed capacity of 43.5 million liters per day (MLD)
with an average operational capacity of 23 MLD and
runs throughout the year. Wastewater from various
sources, such as household sewage, hospital sewage,
and runoff, is received in this MWWTP. Within a radius
of approximately 15 km around the Kavoor treatment
plant, 20 well-established hospitals are also situated.
The treatment units of the secondary treatment plant
include a bar screen, grit chamber, upflow anaerobic
sludge blanket reactor (UASBR), preaeration step, aer-
ation tank, sludge digester, and sludge drying beds. The
flow diagram of the sewage treatment plant is given in
Fig. 1. The sampling points selected were the inlet and
outlet collection tanks of the wastewater treatment plant.
Sample collection was performed at each sampling point
as three hourly grab samples over a 24-h period in May
and September. The samples were collected 0.5 m be-
low the top surface. Influent and effluent samples were
collected as grab samples in 1 L precleaned amber-
colored plastic bottles that were prewashed with the
corresponding wastewater twice before collection in
May and September. The collected samples were stored
at 4 °C and transported to the laboratory. The inlet and
outlet operational parameters of the sewage plant during
the sampling months are listed in Table 2.

Fig. 1 Schematic diagram of the
Kavoor sewage treatment plant
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Sample extraction

The extraction of nonsteroidal anti-inflammatory drugs
from the wastewater samples was performed as per the
procedure adopted by Shanmugam et al. (2014). In brief,
the wastewater samples were filtered through glass fiber
filters with a 0.7-pm pore size to avoid clogging by
particles during the extraction procedure. The pH of the
samples was maintained at 2 using 3.5 M hydrochloric
acid (HCI). Initially, conditioning of the SPE cartridges
(HLB) was performed with 1:1 (v/v) ethyl acetate/ace-
tone, acidified ultrapure water (pH 2), and methanol
(3 mL each). The vacuum manifold was maintained at
a flow rate of 5 mL/min to load the wastewater samples
(50 mL) into the SPE cartridges. The cartridges were then
washed with 5 mL of a 5% v/v solution of methanol in
water and allowed to dry for 1 h under vacuum pressure.
The extracts obtained after the elution of analytes in
10 mL of 1:1 (v/v) ethyl acetate/acetone were evaporated
under a gentle stream of N2 gas. The addition of anhy-
drous sodium sulfate to the eluted samples was per-
formed before evaporation to facilitate polar molecule
elimination (Kosma et al. 2010).

Then, 500 pL of ethyl acetate was added for the recon-
stitution of analytes. Finally, 30 pL of the derivatizing
agent N-methyl-N-(trimethylsilyl)trifluoroacetamide
(MSTFA) was added to each sample, followed by incuba-
tion for 35 min at 65 °C. MSTFA addition leads to
complete derivatization with an increase in the volatiliza-
tion of the analyte and chromatographic response.

[ihinviny [e—{ o
okier [~ ]

tank
Sludge pit
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drying < : &
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Table 2 Sewage characteristics

Characteristics May September
Inlet Outlet Inlet Outlet
pH 6.7 72 6.9 7.4
Color & odor Thick gray & strong odor Clear and No odor Light gray and objectionable odor Colorless and No odor
DO Nil 42 Nil 39
COD 565 90 240 72
TS 1140 584 338 198
TSS 398 36 80 19
Chloride 184 166 Nil Nil

All parameters are in mg/L except pH, color & odor
Instrumental analysis

The detection and estimation of the NSAIDs were per-
formed by using gas chromatography (GC) equipped
with a 2010 quadrupole (QP) mass spectrometer
(Shimadzu Corporation, Japan). The column used for
the analysis of target compounds was an SH-Rxi-5MS
(30 mL x 0.25 1.D., film thickness: 0.25 pum), and the
carrier gas used was 99.99% helium maintained at a
column flow rate of 4 mL/min. Temperatures of
250 °C, 270 °C, and 230 °C were maintained at the
injection port, interface, and ion source, respectively, of
the autosampler. Selected ion monitoring (SIM) mode
was used with an ionization energy voltage of 70 eV.
The retention times for the target NSAIDs, including
ketoprofen, acetylsalicylic acid, ibuprofen, naproxen,
and diclofenac, were 17.43 min, 9.91 min, 11.00 min,
15.93 min, and 18.49 min, respectively.

Analytical method validation

The validation of the analytical method adopted was
performed by spiking 500 mL of ultrapure water and
500 mL of wastewater (n =3) with the target analytes.
Approximately 100 pg/L concentrations of the target
analytes, including ketoprofen, acetylsalicylic acid,
naproxen, ibuprofen, and diclofenac, were used for
spiking, and the analytes were extracted using the meth-
od mentioned in the sample extraction section.

Risk quotient determination

As discussed earlier, the release of these pharmaceutical
compounds into the environment is mainly governed by

the performance of MWWTPs. Therefore, it is essential
to know the vulnerability of various aquatic species to
the toxicity caused by incoming compounds in water
bodies. According to EMEA (2006), the risk quotient
(RQ) method has been employed to find the potential
ecological risk of various pharmaceutical compounds.
RQ is evaluated for specific test organisms and calcu-
lated as the ratio of the measured environmental con-
centration (MEC) to the predicted no-effect concentra-
tion (PNEC) for a given compound. It can be mathe-
matically illustrated as follows:

MEC
Risk quotient (RQ) = PNEC

Risk characterization corresponds to three levels: a
low risk for RQ < 0.1, medium risk for 0.1 <RQ < 1.0,
and high risk for RQ>1.0 (Anh et al. 2014). The
ecological risk levels were calculated for 3 test species,
i.e., a fish, crustacean, and algae, that belong to different
trophic levels. The data for the PNEC values of all the
target NSAIDs, including ketoprofen, acetylsalicylic
acid, naproxen, ibuprofen, and diclofenac, for the test
species (fish, crustacean, and algae) were obtained from
various studies (Cleuvers 2004; Gamarra Jr. et al. 2015;
Praskova et al. 2012, 2014; Sanderson et al. 2003;
Zhang et al. 2013). The calculation of PNEC was per-
formed by dividing the EC50 (or LC50) or no observed
effect concentration (NOEC) values by an assessment
factor of 10 (Singh et al. 2014), and the values are listed
below in Table 3.

@ Springer
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Table 3 PNEC values of the target NSAIDs for the test species

NSAID Test species
compound

Fish (mg/L) Crustacean (mg/L) Algae (mg/L)
Ketoprofen 32 24.8 16.4
Acetylsalicylic acid 3.7 8.81 10.67
Naproxen 34 16.63 3.182
Ibuprofen 0.5 10.12 0.4
Diclofenac 1.5 6.8 7.19

Results and discussion
Profiling of NSAIDs

All five target NSAIDs were detected in the Kavoor
municipal wastewater samples, and the results are
depicted in Table 4. The distribution intensities of the
target NSAIDs in influent and effluent wastewater from
the Kavoor MWWTP during May and September (see
supplementary material, fig. S1) varied compared with
those in other similar studies. In the present study,
ketoprofen was found at higher concentrations in the
influent than the other NSAIDs considered for both
seasons. Diclofenac and ibuprofen were found to be
least abundant during the summer (May) and monsoon
(September) seasons, respectively, in influent wastewa-
ter. From the analysis, it was clear that the influent
concentration of ketoprofen was 2747.29 pg/L and
559.56 pg/L during the summer and monsoon seasons,
respectively. After the treatment process, the ketoprofen
concentration was reduced to 270.76 pg/L during the
summer season, and during the monsoon season, it was
nil. According to Nakada et al. (2005), the influent
ketoprofen concentration of wastewater ranges from
0.160 to 1.060 pg/L. After treatment, the ketoprofen

Table 4 Removal efficiency (%) of the MWWTP

concentration was reduced to the range of 0.064—
0.107 pg/L. Their study achieved a higher ketoprofen
removal efficiency through disinfection by UV radia-
tion. A similar trend of lower ketoprofen concentrations
in wastewater was also observed by Hashim and Khan
(2011), with tertiary-treated wastewater concentrations
ranging from 0.0030 to 0.071 pg/L.

Similarly, the ASA concentration in the influent of
the MWWTP was found to be 2213.36 pg/L during
summer and 351.4 pg/L during the monsoon season,
and the corresponding outlet concentrations were
221.86 ng/L and nil, respectively. The acetylsalicylic
acid results in the present study showed higher values
compared with the study done by Tewari et al. (2013),
who found inlet and outlet ASA concentrations in
wastewater samples from a Bangkok MWWTP of
4.7 ug/L and 0.261 pg/L, respectively (the highest
among the 14 pharmaceuticals considered). Higher
ASA concentrations were observed in surface waters
(1.36 ug/L in canals and 0.313 pg/L in a river) as a
result of sewage disposal into the surface waters. An-
other study by Sim et al. (2010) revealed the concentra-
tion levels of 25 pharmaceuticals in different wastewa-
ters of 10 municipal WWTPs, 1 hospital WWTP, and 5
rivers. They reported a 99% reduction in the

NSAID Compound May September

Inlet Outlet RE Inlet Outlet RE

(ng/L) (ng/L) (%) (ng/L) (ng/L) (%)
Ketoprofen 2747.29 270.76 90.14 559.56 0 100
Acetylsalicylic acid 2213.36 221.86 89.98 351.40 0 100
Naproxen 2132.48 173.08 91.88 115.38 0 100
Ibuprofen 2109.88 22.71 98.92 43.51 0 100
Diclofenac 721.37 131.15 81.82 49.18 0 100
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concentration of ASA in all MWWTPs, whereas in the
hospital WWTP, over 80% removal was achieved by
biological processes (conventional activated sludge pro-
cess and advanced activated sludge process).

The naproxen concentrations at the inlet and outlet of
the MWWTP during the summer and monsoon seasons
varied, with values of 2132.48 nug/L (influent) and
173.075 ng/L (effluent) in the summer and
115.385 pg/L (influent) and nil (effluent) in the mon-
soon season. The ibuprofen content in the inlet waste-
water was measured to be 2109.875 ng/L, and it was
reduced to 22.71 png/L at the outlet during the summer.
During the monsoon season, the ibuprofen concentra-
tion was relatively low (43.51 ug/L) at the inlet, and
ibuprofen was not detected at the outlet of the MWWTP.
The analysis of diclofenac in the wastewater samples
revealed that the concentration in the influent was low
compared with that of other pharmaceuticals in both
May (721.37 ng/L) and September (49.18 pg/L). Pre-
vious studies have revealed that attached biomass
growth favors diclofenac elimination in wastewater
(Vieno and Sillanpdd 2014), which may be a possible
reason for the reduction in diclofenac concentration in
our study. The concentration levels obtained in the pres-
ent findings were found to be higher than those in the
previously reported studies (Hashim and Khan 2011;
Langenhoff et al. 2013; Martin et al. 2012; Tewari
et al. 2013). The pseudopersistent behavior of these
widely consumed prescribed or nonprescribed com-
pounds leads to their permanent presence in municipal
wastewaters (Gracia-Lor et al. 2012; Kermia et al.
2016).

NSAID removal efficiency in the MWWTP

The estimated removal efficiency (RE) indicates the
performance of a MWWTP in terms of removing target
NSAIDs from municipal wastewater (Table 4). The
performance was investigated by considering the influ-
ent and effluent NSAID concentrations in the system.
Many factors, such as the chemical structure of the
pharmaceutical compound, its properties, the wastewa-
ter retention time, the biodegradability, the hydropho-
bicity, and the treatment process employed, influence
the removal efficiency of each NSAID compound in an
MWWTP (Gulkowska et al. 2008; Idder et al. 2013; Li
et al. 2009).

During May, the removal efficiency varied from
81.82 to 98.92%, whereas 100% efficiency was

achieved for all the target compounds during September.
The highest removal efficiency was observed for ibu-
profen, and the lowest was observed for diclofenac. The
influent and effluent target NSAID concentrations in the
MWWTP for two different months (May and Septem-
ber), along with their removal efficiencies, are presented
in Table 4. Lin et al. (2009) monitored four WWTPs for
the removal of pharmaceuticals in wastewater. It was
observed that the NSAID removal efficiency ranged
from 72% to 100%, which shows a close resemblance
to our data. It was also reported that the secondary
treatment process employed in the WWTP helped re-
move these compounds from the wastewater. Similarly,
Kosjek et al. (2007) studied the removal efficiency of
pharmaceutical residues (NSAIDs) in a pilot-scale
WWTP for a retention period of 12 h. Their results
varied from 49% to 87%. In a study performed by
Larsson et al. (2013), ibuprofen and naproxen were
highly susceptible to biodegradation (97%—-100% re-
moval). The removal percentages for ketoprofen and
diclofenac were 66% and 67%, respectively, which
shows their persistent behavior.

When a wastewater sample has a pH less than the
pKa value of the target NSAID, as given in Table 1,
acidic compounds become nonionized, causing adsorp-
tion through reversed-phase interactions. In this study,
the pH values were higher than the pKa values of the
target NSAIDs, so no reversed-phase interactions oc-
curred (Madikizela and Chimuka 2017b). Similarly, the
solubility of the target compounds also plays a signifi-
cant role in removal efficiency. The higher the solubility
is, the more difficult it is to remove the compound from
wastewater. ASA and diclofenac were found to have the
lowest removal efficiency during May. ASA possesses a
high solubility value, which influences the removal
efficiency, whereas diclofenac has the lowest solubility
value among the compounds considered but shows a
lower removal efficiency. These properties can be justi-
fied by the higher half-life (three times greater than
those of the other four compounds) (Mlunguza et al.
2019; Zunngu et al. 2017).

The removal mechanism of these NSAID com-
pounds is mainly by biological transformation and
partitioning into sludge. Biological transformation con-
tributes a significant fraction to removal, and limited
quantities are removed through sludge adsorption
(Larsson et al. 2013). Ketoprofen removal can be
achieved by physiochemical processes, such as coagu-
lation, sedimentation (15-95%), activated sludge
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treatment (75%), and membrane filtration (98%). The
degradation of acetylsalicylic acid through biodegrada-
tion has resulted in 80-98% removal (Szymonik et al.
2017). These removal efficiency data match our present
study. Photolysis, ozonation, adsorption on activated
sludge, and membrane bioreactors remove the naproxen
content by 50-99%. The decomposition of carbonyl and
hydroxyl groups in ibuprofen makes this NSAID an
efficiently removable pharmaceutical. Sedimentation
alone helps in the removal of 45% of compounds from
wastewater. The remaining material can be removed by
membrane filtration or photocatalysis (with TiO, as a
catalyst). The hydraulic retention time plays a signifi-
cant role in the degradation process. Compounds with a
moderate degradation rate at a longer retention time
have better removal efficiencies. Ibuprofen has faster
degradation and removal rates in the environment. For
diclofenac, a prolonged retention time does not influ-
ence the removal rate (Petrovic et al. 2009). In our study,
the removal efficiency was lowest for diclofenac, even
though its quantity was lower than that of the other
target NSAIDs. The low biodegradability of diclofenac
is due to its N-H group and Cl atom, which hinder
bacterial growth. Approximately 90% removal can be
achieved for diclofenac through ozonation, whereas
membrane filtration has only 50% removal efficiency.
Hence, the removal efficiency in each process in an
MWWTP can be evaluated in future work. Thus, the
fate of each NSAID in different treatment processes
within an MWWTP could be studied more accurately.

Influence of seasonal variability

The variations in concentration in the Kavoor MWWTP
in the summer and monsoon seasons were studied. The
influent pharmaceutical concentrations during summer
were higher than those in the monsoon season. This rise
may be due to the reduced consumption of pharmaceu-
ticals, particularly NSAIDs, in the monsoon season than
in summer, and also due to the dilution of pollutants by
incoming stormwater. The lower total suspended solids
(TSS) can justify the lower solids concentration in the
influent of the Kavoor MWWTP during the monsoon
season. Moreover, the total dissolved solid content was
found to be lower, which indicates higher dilution of the
influent wastewater. This dilution of the influent is due
to high precipitation (2273 mm) during the monsoon
season, as reported by the Directorate of Economics and
Statistics (2018). Similarly, the rise in dissolved oxygen
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content from the influent to the effluent of the MWWTP
indicated the smooth functioning of the WWTP. The
evaluation of MWWTP performance was performed by
monitoring pH, total dissolved solids, total suspended
solids, chemical oxygen demand, and dissolved oxygen,
as shown in Table 2.

Elevated influent concentrations of ketoprofen dur-
ing the summer and monsoon months suggested that the
consumption of this compound was higher than that of
the other NSAIDs considered. It was previously report-
ed that ketoprofen consumption increases drastically
during spring and summer (Lindholm-Lehto et al.
2016). The lower concentrations of NSAIDs in the
influent during the monsoon season are probably due
to the dilution effect caused by infiltration in the aging
collection system, as stated earlier. Many studies have
been performed on factors such as climatic conditions
and geographical area, which influence the concentra-
tion level of pharmaceutical compounds in effluent
treatment plants. During the conveyance of wastewater
through sewer lines, seasonal changes in temperature
cause the degradation of some compounds, facilitating
their removal (Lindholm-Lehto et al. 2016; Loraine and
Pettigrove 2006; Sun et al. 2013). In both seasons, the
treatment method adopted in the MWWTP is the same,
whereas the concentrations of the target NSAIDs enter-
ing the treatment plant vary. The lower concentrations of
these NSAIDs in the influent wastewater during the
monsoon season are due to higher dilution. The lower
the pollutant concentration is, the higher the removal
efficiency will be (Sun et al. 2013). The results sug-
gested a positive correlation between the dilution ratio
and the removal efficiencies of these NSAIDs.

Method validation

The percent recoveries (mean + standard deviation) of
the target NSAIDs (n = 3) obtained for ultrapure water
and effluent wastewater ranged from 80.7 + 14.8 t0 95.0
+8.3 and 70.4 + 1.8 to 89.4£3.6, respectively. Table 5
describes the percent recoveries of the target NSAIDs
for the method described above. The limit of detection
(LOD) using the above method was 0.02 pg/L
(ketoprofen), 0.143 ug/L (acetylsalicylic acid),
0.018 pg/L (ibuprofen), 0.030 pg/L (naproxen), and
0.091 pg/L (diclofenac). Similarly, the limit of quanti-
fication (LOQ) was 0.03 pg/L (ketoprofen), 0.429 ng/L
(acetylsalicylic acid), 0.054 pg/L (ibuprofen),
0.091 pg/L (naproxen), and 0.273 png/L (diclofenac).
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Table 5 Absolute recovery percentage of the target NSAIDs determined by spiking with a nominal concentration of 100 ng/mL

NSAID Compound LOD LOQ Ultrapure water recoveries (%) Wastewater recoveries® (%)
(ug/h) (ug/l)

Ketoprofen 0.020 0.03 95.0+8.3 89.4 +3.6

Acetylsalicylic acid 0.143 0.429 80.7 + 14.8 704 £ 1.8

Naproxen 0.030 0.091 83.2+10.1 709 £2.9

Ibuprofen 0.018 0.054 914 +28 89.3 +3.7

Diclofenac 0.091 0.273 84.8 £8.5 842 £9.1

c- Blank corrections considered

Environmental risk assessment (ERA)

From the calculated RQ value, an environmental risk
assessment was performed for the target NSAID com-
pounds in the wastewater of the MWWTP. The assess-
ment was performed under four conditions: 1) untreated
MWWTP wastewater during summer, 2) treated
MWWTP wastewater during summer, 3) untreated
MWWTP wastewater during the monsoon season, and
4) treated MWWTP wastewater during the monsoon
season. As provided in Table 6, these results show the
potential risk posed by the target NSAIDs to the aquatic
environment. A substantial variation in RQ values was
obtained for the untreated MWWTP samples for the
summer and monsoon seasons. This result is due to
variations in the concentrations of the target drugs, as
discussed earlier. Ibuprofen showed RQ > 1 for fish and
algal bioassays, which implies a higher risk of vulnera-
bility, and for the crustacean, the risk level was medium.
In the case of ketoprofen, ASA, naproxen, and
diclofenac, the bioassay tests for the fish, crustacean,
and algae indicated medium risk (0.1 <RQ < 1.0). This

result reveals a potential threat to water bodies if un-
treated wastewaters containing these compounds are
discharged. Such discharge can lead to bioaccumulation
and, finally, an increase in the death rate of organisms at
all levels of the food chain starting from aquatic species.
During the monsoon season, ketoprofen and ibuprofen
exhibited a medium risk for fish and algae, respectively,
and all other compounds exhibited lower risk. However,
after treatment, the concentration of the target NSAIDs
was nil in the effluent of the MWWTP, which shows that
the treated effluent does not pose an ecological risk to
the environment. Similarly, for the treated wastewater,
the RQ values were below 0.1 for all the target NSAIDs,
which shows that all three bioassay species were at a
lower risk.

The surface discharge of effluents including pharma-
ceutical compounds poses high stress to open aquatic
environments and lower stress to closed aquatic envi-
ronments, based on the dilution phenomenon. The
chronic toxicity of these compounds even leads to the
slow hatching of zebrafish eggs and retarded population
growth (Praskova et al. 2014). The difficulty in the

Table 6 RQ values of the target NSAIDs in the inlet and outlet of the MWWTP during May and September for three bioassay species

NSAID compound May

September

Inlet Outlet

Inlet Outlet

Fish  Crustaceans Algae Fish

Crustaceans Algae Fish

Crustaceans Algae Fish Crustaceans Algae

Ketoprofen 0.859 0.111 0.168 0.085 0.011
Acetylsalicylic acid  0.598 0.251 0.207 0.059 0.025
Naproxen 0.627 0.128 0.670 0.051 0.010
Ibuprofen 4.219 0.028 5.275 0.045 0.002
Diclofenac 0.481 0.106 0.100 0.087 0.019

0.016 0.175 0.022 0.034 0 0 0
0.021  0.095 0.039 0.033 0 0 0
0.054 0.034 0.007 0.036 0 0 0
0.057 0.087 0.004 0.109 0 0 0
0.018 0.033 0.007 0.007 0 0 0
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degradation of diclofenac can cause deposition in the
environment for months. Upon accumulation,
diclofenac causes kidney damage and alteration in the
gills. Similarly, the toxicity of naproxen is elevated in
the presence of other NSAIDs, such as ibuprofen,
acetylsalicylic acid, and diclofenac. Naproxen causes
high toxicity levels to phytoplankton (Szymonik et al.
2017). Ideally, to be more precise, a wide variety of
bioassay tests would need to be performed to obtain a
clear picture of the risk levels at each trophic level. From
the present study (Table 7), it can be proven that the
Kavoor MWWTP plays a significant role in reducing
the environmental risk in Mangalore city from high to
low in terms of the five most consumed NSAIDs.

Conclusion

This study elucidates the variation in NSAID concen-
trations in wastewater in the summer and monsoon
seasons, the performance of the MWWTP situated in
Kavoor in handling these micropollutants, and the risk
involved in the case of untreated sewage being
discharged into raw water bodies. From the experimen-
tal results, the presence of NSAIDs, viz., ketoprofen,
acetylsalicylic acid, naproxen, ibuprofen, and
diclofenac, was confirmed, and it was found that their
concentration in wastewater from Mangalore city is
significantly higher than that determined in most other
places. Among the various NSAIDs tested, ketoprofen

Table 7 Concentration of NSAIDs in influent and effluent (ng/L) from full-scale MWWTPs in different geographical locations (recent

literature)
Sampling site Sampling Targeted compound (pg/L) Reference
point
Ketoprofen Acetylsalicylic Naproxen Ibuprofen Diclofenac
acid
Kingsburgh WWTP, province of Influent  282+12 NS 2013 69+6.5 16£6.5 (Madikizela and
KwaZulu-Natal in South Africa. effluent 340+3.1 NS 0.6+0.7 2.1+£29 14=+1.1 Chimuka 2017b)
Umbilo WWTP, province of Influent  27.3+£0.57 NS 1511 55+6.6 64+27 (Madikizela and
KwaZulu-Natal in South Africa. effluent 290+2.5 NS 1.1+£0.7 42+10 2.0+0.6 Chimuka 2017b)
Amanzimtoti WWTP, province of influent NS NS 3.0+2.7 28+24 92+3.8 (Madikizela and
KwaZulu-Natal, South Africa effluent NS NS 26+19 21+27 88+8.1 Chimuka 2017a)
New Germany WWTP, province of  influent NS NS 37+45  30+19  21+30 (Madikizela and
KwaZulu-Natal, South Africa effluent NS NS 49+64 51+£19 26+2.1 Chimuka 2017a)
Northern WWTP, province of influent NS NS 11+16 72+89 46 +44 (Madikizela and
KwaZulu-Natal, South Africa effluent NS NS 40+49 10+53 15+82 Chimuka 2017a)
Shallcross WWTP, province of influent NS NS 3.1+19 34+34 53+48 (Madikizela and
KwaZulu-Natal, South Africa Chimuka 2017a)
Mariannridge WWTP, province of influent NS NS 3.6£59 30+£28 62+55  (Madikizela and
KwaZulu-Natal, South Africa Chimuka 2017a)
Umhlatuzana WWTP, province of effluent NS NS 3.7+43 19+11 35+5.1 (Madikizela and
KwaZulu-Natal, South Africa Chimuka 2017a)
Mbokodweni river, province of influent NS NS 3.8+42 11+11.8 53+6.1 (Madikizela and
KwaZulu-Natal, South Africa Chimuka 2017a)
Ladysmith WWTP KwaZulu-Natal ~ influent =~ NS NS <LOQ <LOQ 1.24 (Madikizela et al.
province in South Africa. 0.77) (3.4) 2017)
effluent NS NS <LOQ <LOQ 1.44
(0.77) 3.4)
EZakheni WWTP KwaZulu-Natal influent NS NS ND <LOQ 1.32 (Madikizela et al.
province in South Africa. (3.4) 2017)
effluent NS NS <LOQ <LOQ <LOQ
(0.77) 3.4) (1.0)
Kavoor treatment plant influent ~ 2747.29 2213.36 2132.48 2109.88  721.37 Present study
effluent  270.76 221.86 173.08 22.71 131.15

NS: Not studied ND: Not detected
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was found to be present in higher concentrations, i.e.,
2747.29 ng/L (summer) and 559.56 pg/L (monsoon),
and diclofenac had the lowest concentrations of
721.37 ug/L (summer) and 49.18 pg/L (monsoon).
The Kavoor MWWTP was effective in treating all the
NSAIDs, with removal efficiencies varying between
81% and 98% in summer and 100% in the monsoon
season. It was noticed that diclofenac had the lowest
removal efficiency, even under the lower influent con-
centrations during the summer. Ibuprofen, with its
higher removal efficiency, proved to be a readily biode-
gradable NSAID. We can further conclude that the
mechanism behind this removal is probably biodegra-
dation and partly sludge adsorption since there was no
tertiary treatment provided.

Risk assessment was performed (by the RQ method)
on three species (fish, crustacean, and algae), and it was
found that untreated wastewater poses a high to medium
risk and medium to low risk during the summer and
monsoon seasons, respectively, to these species if it is
discharged into water bodies. Furthermore, treatment by
the Kavoor MWWTP brings the risk level of the waste-
water toward these species to low (summer) or nil
(monsoon), thus emphasizing the role of treatment
plants and their practical operation in minimizing envi-
ronmental risk.
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