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Abstract: The quality of wastewater greatly affects the aquatic environment. Currently, a significant
amount of emerging pollutants are entering wastewater in the form of pharmaceutical contaminants,
industrial chemicals, pesticides, toxins, etc. However, conventional wastewater treatment processes
at WWTPs are not effective enough for these emerging pollutants. Therefore, emerging pollutants
represent a significant source of wastewater pollution and associated pollution of surface water
and even drinking water. The main sources of pharmaceutical contaminants are analgesics and
anti-inflammatory drugs, and of these, the most common in wastewater are non-steroidal anti-
inflammatory drugs (NSAIDs). The aim is to provide a comprehensive review of the available
information on NSAIDs in the aquatic environment, i.e., their occurrence, effects on the environment,
formation of main metabolites, and methods of NSAID removal, with a focus on current trends and
possible directions for future research.

Keywords: non-steroidal anti-inflammatory drugs; aquatic environment; metabolites; ibuprofen;
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1. Introduction

The issue of water quality in the aquatic environment (referring to wastewater, surface
waters, and groundwater) is a widely discussed topic worldwide. These water sources
commonly contain nitrates, heavy metals (e.g., Pb, Cd, Ni), persistent organic pollutants
(such as PAHs, PCBs, C10–40), etc. [1–5]. There is an European Pollutant Release and Transfer
Register (E-PRTR), which includes a list of such substances totaling nearly one hundred.
This register is established based on the regulations of the European Parliament and the
Council (EU) and the implementing decisions of the Commission (EU). Its purpose is to
control the quality of the environment [6].

Currently, in addition to the common pollution in the aquatic environment, there are
so-called emerging contaminants. Emerging contaminants include personal care products,
industrial chemicals, pharmaceutical residues, steroid hormones, endocrine-disrupting
chemicals, microplastics, and others [7–9]. These emerging contaminants are not part
of the E-PRTR, and their occurrence is not regulated by legislative measures. However,
these contaminants have been repeatedly found in water sources. Their impact on the
environment is not sufficiently known. Therefore, water quality experts are devoting
significant efforts to researching the occurrence, adverse effects, and possible methods of
removing emerging contaminants from the aquatic environment [8,9].

Among the frequently monitored emerging contaminants are pharmaceutical residues
in the form of pharmaceuticals and personal care products (PPCPs) (e.g., carbamazepine,
gabapentin, triclosan, furosemide, warfarin), nonsteroidal anti-inflammatory drugs (NSAIDs)
(e.g., ibuprofen, diclofenac, naproxen, ketoprofen, aspirin), medications affecting the central
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nervous system (e.g., paracetamol, tramadol, metoprolol, oxazepam, diazepam, caffeine),
macrolide antibiotics (e.g., erythromycin, clarithromycin, azithromycin), and hormones
(e.g., estrone, 17-β-estradiol, 17-α-ethinylestradiol) [10]. At the same time, NSAIDs are
among the most frequently occurring contaminants in the aquatic environment [11,12].
This is mainly due to their high consumption, which ranks them among the most consumed
medications [13]. The aim of this overview is to provide a comprehensive summary of
available information on the issue of NSAIDs (non-steroidal anti-inflammatory drugs)
in the aquatic environment, including their occurrence, environmental effects, formation
of major metabolites, and methods of NSAID removal, focusing on current trends and
potential directions for future research.

2. Selection and Characterization of NSAIDs

NSAIDs, with their effects, belong to analgesics (pain relievers), antipyretics (reduce
fever), and anti-inflammatory agents. They are used for colds, flu, and arthritis; to alleviate
headaches, toothaches, and muscle pain; during menstruation; and for sprains or strains.
They act on the central nervous system similarly to steroids, but without their adverse
effects. NSAIDs are typically available over the counter or prescribed by a doctor [11–15].
In the environment, they have been found not only in the aquatic environment but also in
soil, sediments, and even in drinking water. Their typical concentrations range from ng/L
to µg/L. Despite these low concentrations, they can have toxic effects on living organisms
based on their high bioactivity [14,15].

Among the representatives of NSAIDs most commonly found in the environment,
there are diclofenac, ibuprofen, naproxen, and ketoprofen [12,13,15–17]. Diclofenac (DICL)
is a widely used analgesic for both human and veterinary purposes worldwide. It is used
to alleviate all kinds of pain, and its consumption amounts to several thousand tons per
year. Diclofenac can accumulate in various environmental components due to its low
biodegradability. In addition to being found in water bodies, it has been detected in soil,
sediments, and even in drinking water [11]. In 2015, DICL was included in the list of
monitored substances based on the Commission Implementing Decision (EU), but it was
subsequently removed from the list in 2018 [18]. However, studies, e.g., [12,13,19], have
reported its presence in the aquatic environment at concentrations higher than 0.1 µg/L
(the proposed threshold by the European Framework Directive for Water) [20]. Therefore,
it is still important to gather information not only about its occurrence but also about
its potential effects on the environment. Ketoprofen (KET) is utilized for its analgesic
and antipyretic effects, while ibuprofen (IBU) and naproxen (NAP) are also used for their
anti-inflammatory effects (IBU has short-term effects, while NAP has long-term effects) [11].
Similar to DICL, their global annual consumption is estimated to be several thousand tons.
These medications can enter the aquatic environment through industrial and domestic
wastewater. These NSAIDs can negatively impact water quality and have chronic effects on
living organisms. Therefore, it is essential to investigate the fate of NSAIDs in the aquatic
environment [21].

3. Occurrence of NSAIDs in the Aquatic Environment

NSAIDs are usually over-the-counter drugs, and, therefore, they are easily accessible.
These medications belong to the group of drugs with high daily dosages, and after passing
through the human body, these NSAIDs become a significant source of pollution in the
wastewater system (in their unchanged form or as metabolites). Another contribution to
wastewater pollution by NSAIDs can come from residues from their production, hospital
waste, or agriculture. Through this contamination, wastewater can become contaminated,
leading to the pollution of surface waters and, occasionally, underground and drinking
water as well.In other words, the production, consumption, disposal, and application of
NSAIDs have an impact on overall water pollution [22].

From the data presented in the review study [22], Figure 1 was created by the authors,
illustrating the extent of NSAID wastewater pollution worldwide. In South America and
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Asia, lower concentrations of NSAIDs (hundreds of ng/L) were observed, while signifi-
cantly higher concentrations (thousands of ng/L or µg/L) were found in Australia, Africa,
North America, and Europe. This varying occurrence of NSAIDs in wastewater can be
influenced by population density, the number of hospital facilities connected to the sewage
system, the pharmaceutical industry, agriculture, aquaculture, the treatment processes of
specific wastewater treatment plants (WWTPs), or relevant legislative regulations [22].
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Table 1 presents the results of global studies focusing on the presence of NSAIDs
in aquatic environments. Frequently observed concentrations of NSAIDs range from 0.7
to 420 ng/L in Asia [11,23], 9 to 328 ng/L in South America [24,25], 23 to 1830 ng/L
in Europe [11,13,18], 5 to 4880 ng/L in North America [23,26], 147 to 9585 ng/L in
Africa [11,12,19], and 80 to 11,165 ng/L in Australia [27,28] in aquatic environments. In
the case of monitoring lower concentrations, the study focused on surface water, ground-
water, or drinking water [11,24,27], whereas inflows of municipal wastewater exhibited
higher concentrations of NSAIDs [18,19].This is also evidenced, for example, by studies
on wastewater [23] and drinking water [11] in China or studies on effluent [19] and in-
fluent [12] from WWTPs in Algeria, where there is an order of magnitude difference in
NSAID concentrations.

Table 1. Occurrence of NSAIDs in aquatic environments worldwide.

Where/When
Concentration NSAID [ng/L]

Ref.
IBU DICL NAP KET

Europe

Spain/2016, 2018 - 344 96 106 [13]
179 65 - 357 [11]

Greece/2022 - 119–620 40 23 [18]

Finland/2016 1830 - 1687 - [11]

Asia
China/2005, 2019

420 - 30 - [23]
0.7 40 5 2 [11]

Korea/2009 414 - - - [23]

Africa

South Africa/2016 3870–8500 - <1500–5340 1200–9220 [19]

Algeria/2014 340–430 1615–2710 333 1035 [12]
Algeria/2016 1608 2319 9585 - [19]

Morocco/2022 274 147 197 198 [11]

North America
Canada/2006 5–8 - - - [23]

Mexico/2018 231–1106 283–1209 33–4880 - [26]

South America
Columbia/2017 9–32 - - - [24]

Brazil/2020 <100–320 <100–328 - - [27]
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Table 1. Cont.

Where/When
Concentration NSAID [ng/L]

Ref.
IBU DICL NAP KET

Australia
Sydney/2020 80–150 - - - [27]

New Zealand/2019 3149–11,165 142–245 414–7976 - [28]

4. Effects of NSAIDs on the Environment

NSAIDs occur in trace amounts in environmental compartments (water, soil, sed-
iments). While their primary purpose is the treatment of diseases and the recovery of
humans and animals, their presence in the environment can cause adverse effects on
non-target organisms [29–31]. It has been demonstrated that NSAID representatives pose
a health risk to birds, freshwater fish, mollusks, plants, algae, and bacteria due to their
effects [20,29–36]. Another issue is the potential formation of metabolites from the original
drug form. For example, it has been proven that IBU and DICL metabolites can occur in
higher concentrations in water environments. Such metabolites can be more persistent and
pose a more severe risk to non-target organisms [37,38].

The specific effects of IBU include toxicity to phytoplankton [31], algae, and bacte-
ria [36]; kidney and gill damage in freshwater fish [31,35]; effects on bone development,
aerobic respiration, and immune functions in freshwater fish [35]; chronic effects on aquatic
organisms (reduced sperm motility and hatching) [29]; impact on the immune system;
genotoxic effects [33]; and induction of morphological and ultrastructural changes in algal
cells [35]. For DICL, the proven negative effects include extreme toxicity to vultures [30];
toxicity to phytoplankton [31], river biofilm communities [29], and broilers [35]; damage
to the kidneys, liver, gills, testes, brain, and DNA in fish [20,31]; cardiac anomalies and
cardiovascular defects in freshwater fish [34]; chronic effects on fish (reduced hatching,
delayed hatching, reduced growth in the egg stage); cytological changes and tissue dam-
age in freshwater fish [29]; and impact on the immune system and genotoxic effects [33].
Similarly to IBU, NAP also acts toxically on phytoplankton [31] and causes damage to the
kidneys, liver, and gills in freshwater fish [20,31], additionally affecting the growth and
photosynthetic processes of plants [32]. KET, like IBU and DICL, causes cardiac anomalies
and cardiovascular defects in freshwater fish, affects the immune system, and has genotoxic
effects [33,34,36].

From the studies conducted so far, it can be said that IBU and DICL pose a high eco-
toxicological risk, while NAP and KET pose a moderate eco-toxicological risk to non-target
organisms [36].

5. Main Metabolites of NSAIDs

During metabolism in living organisms, IBU undergoes oxidation and subsequent
conjugation with glucuronic acid. The original form of IBU is transformed into two main
metabolites: hydroxy-ibuprofen (OH-IBU) and carboxy-ibuprofen (CA-IBU). Approxi-
mately 15% of IBU is excreted unchanged after the metabolic process, while CA-IBU
accounts for 43% and OH-IBU for 26% of the total IBU ingested [39]. In the case of DICL,
metabolism involves hydroxylation of the methyl group, resulting in the formation of 4′-
hydroxydiclofenac (4′OH-DICL). Only 6% of the total amount of DICL ingested is excreted
in its original form, while 16% is excreted as 4′OH-DICL [40]. NAP is mainly metabolized
into naproxen glucuronide and O-desmethyl-naproxen [11], and KET is transformed into
ketoprofen glucuronide through metabolism [41].

6. Methods of Removing NSAIDs from the Aquatic Environment

In the EU, the regular use of around three thousand drugs, including NSAIDs, is
estimated. These substances end up in wastewater, and the current technologies for their
treatment are not sufficiently effective because the original design of WWTPs did not con-
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sider them. As a result, surface waters and, in rare cases, even groundwater and drinking
water become contaminated, i.e., the aquatic environment. Therefore, it is necessary to also
study the possibilities of an additional treatment stage in WWTPs. This issue has been
addressed in studies [13,42–44], where effective methods for treating NSAIDs have been
confirmed, such as adsorption processes, membrane separations, advanced oxidation pro-
cesses, or biodegradation/biotransformation. The adsorption technique is highly versatile,
flexible, simple, fast, easily operable, and does not result in sludge formation, unlike mem-
brane separation [45]. The key to adsorption is the selection of a suitable adsorbent, which
can be activated carbon [42,43], sewage sludge [13,45], or agricultural/industrial/domestic
waste [46]. On the other hand, membrane separation utilizes membranes ((non)porous,
with various shapes, made of polymeric, ceramic, or mixed matrices, charged/neutral,
etc.). Based on the pore size in membranes, we distinguish reverse osmosis, nanofiltra-
tion [13], microfiltration, and ultrafiltration [45]. As the pore size decreases, the efficiency
of contaminant elimination increases, but it also leads to higher operational and financial
demands [13]. Advanced oxidation processes include chemical [44], electrochemical, or
photochemical [13,44,47] methods. However, advanced oxidation processes often result in
the formation of intermediate products that are more toxic than the original micropollu-
tants. To improve efficiency, combined techniques are utilized, such as combining advanced
oxidation processes with membrane separation or biological processes [48]. The method of
biodegradation/biotransformation is based solely on biological processes. In this method,
plants assist in the elimination of contaminants [13,42] through the process of microbial
degradation, which occurs through adsorption, absorption, and the process of metabolism.

The conducted studies on the elimination of NSAIDs, along with the effectiveness
of the selected elimination process, are presented in Table 2. In the case of IBU elimi-
nation, high efficiency was achieved through adsorption [43,46], membrane separation
(nanofiltration) [13], biodegradation/biotransformation [42], or with the help of combined
techniques (adsorption + ozonation [29], adsorption + solid-phase extraction [49], ad-
sorption + membrane separation [44]). Similar results were obtained for DICL and NAP.
Successful solutions were also found with the use of a membrane bioreactor, which achieved
an elimination efficiency of >90% for IBU, DICL, NAP, and KET [44].

Table 2. Implemented elimination processes of individual NSAIDs and their percentage effectiveness.

PROCESS IBU DICL NAP KET

ADSORPTION (activated carbon, biochar, or
activated sludge) 90–96% [43,46] 89–95% [43] 88–94% [13,42] -

MEMBRANE SEPARATION 86–99% (nanofil-
tration) [13]

90–99% (nanofil-
tration) [45]

95% (reverse
osmosis) [13] -

ADVANCED OXIDATION PROCESSES (AOP) 81% [47] 85–87 [13,47] 83–90% [44] -

BIODEGRADATION/BIOTRANSFORMATION 90–99% [42] 90–99% [13] 68.6–90% [42] -

ADSORPTION (activated carbon) + ozonation >93% [29] - - -

ADSORPTION (magnetic activated carbon)
+ magnetic solid-phase extraction + UV radiation - 94% [49] 82% [49] 93% [49]

ADSORPTION and solid-phase microextraction 77–96% [49] - - 77–96% [49]

ADSORPTION (metal-organic frameworks)
+ magnetic solid-phase extraction 84–110% [49]

ADSORPTION (activated sludge)
+ MEMBRANE SEPARATION, the so-called

membrane bioreactor
95% [44] 95% [44] 98% [44] 90% [44]

7. Future Research

This overview is a comprehensive summary of the available information on the issue
of NSAIDs in the aquatic environment. It evaluates the occurrence of NSAIDs, their effects
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on the environment, metabolic byproducts, and potential elimination from wastewater. The
main gaps regarding the issue of NSAIDs in the water environment include the following:

• Unspecified requirements for potential tertiary treatment of wastewater from WWTPs;
• Non-existent threshold concentrations of NSAIDs in aquatic environments;
• Lack of information on the occurrence of metabolic byproducts of NSAIDs.

Future research should, therefore, focus on exploring possibilities for improving
wastewater treatment using affordable, effective, and sustainable technologies. Addition-
ally, studying the long-term effects of NSAIDs on ecosystems and human health is crucial
in order to establish permissible concentrations of NSAIDs in the aquatic environment
that do not burden the environment. It is also necessary to investigate the presence of
metabolic byproducts from the original form of NSAIDs and their potential adverse effects
on the environment.
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