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Abstract: The work aimed to investigate the presence of pharmaceutical compounds from
the anti-inflammatory class in seawater from the Romanian Black Sea coast and to as-
sess the ecological risk of these substances on the most sensitive organisms. Using the
solid-phase extraction technique (SPE) followed by liquid chromatography separation
and mass spectrometry detection (LC-MS/MS) of the compounds, the concentrations of
these contaminants in selected seawater samples were determined. Ibuprofen was the
most commonly detected compound with a frequency of 42.9%, followed by ketoprofen
at 31.0.%, diclofenac at 23.8%, and naproxen at 21.4%. The maximum concentrations of
pharmaceutical products varied between 13.4 ng/L ketoprofen and 13,575 ng/L caffeine.
The order of decreasing maximum concentrations of pharmaceutical compounds in the
water of the Black Sea was CAF > IBU > NAP > DIC > KET. The dominant and ubiquitous
compound that was determined with the maximum concentration values was caffeine.
Strong correlations were observed between three compounds (naproxen: diclofenac, di-
clofenac: ketoprofen) suggesting the same pollution source. Through the ecological risk
assessment, it was observed that both caffeine and ibuprofen can generate high ecological
risks for some echinoderms, crustaceans, and fish.

Keywords: NSAIDs; seawater; solid-phase extraction—SPE; liquid chromatography mass
spectrometry in tandem—LC-MS/MS; ecological risk assessment

1. Introduction
In the last decade, the scientific world has paid special attention to pharmaceutical

compounds present in the aquatic environment due to the negative toxicological effects
of these molecules on aquatic organisms and their persistence in rivers. The presence
of drugs in the marine environment is little studied, although it is the last receptor of
continental contamination. There is a need to develop new methods for analyzing emerging
contaminants in coastal waters and to assess the ecological risks these compounds pose to
the most sensitive marine organisms [1].

Pharmaceutically active compounds constitute a significant group of emerging con-
taminants in the environment [2]. Pharmaceuticals enter the aquatic environment primarily
through human and animal excretion, improper disposal of unused medications, and
agricultural and zootechnical practices [3]. The discharge of both treated and untreated
wastewater represents the primary pathway through which pharmaceuticals and other
contaminants enter the aquatic environment [4,5]. Due to their continuous release into the
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environment, pharmaceuticals are classified as persistent chemicals capable of exerting
toxic effects on aquatic organisms [6,7]. More than 4000 pharmaceutical products are used
globally for human medicine, veterinary healthcare, and to promote animal husbandry [1].
Drugs are compounds designed to interact with specific physiological pathways in target
organisms. However, when they enter the marine environment, they can pose ecological
risks to marine life. These substances may act as additional stressors on marine ecosystems
that are already under pressure from climate change, overfishing, and eutrophication [8,9].
Adverse ecological effects of various pharmaceuticals can occur even at sub-lethal con-
centrations, altering biochemical and cellular responses in aquatic organisms. Essential
biological functions—such as reproduction, growth, metabolism, immunity, feeding, and
locomotion—may be disrupted depending on the type of drug and its specific pharmaco-
logical properties [10].

After administration, pharmaceuticals are excreted as a mixture of parent compounds
and metabolites, which are often more polar and hydrophilic than the original drug. A
portion of these substances enters wastewater as degradation products, many of which
are poorly removed by conventional wastewater treatment plants [11,12]. The presence
of pharmaceutical compounds in the environment is an increasing global concern, high-
lighting the need for environmental risk assessments that consider new classes of aquatic
organisms sensitive to the potentially toxic effects of these substances. Pharmaceuticals
predominantly enter the aquatic environment and are typically detected at concentrations
ranging from sub-nanograms per liter (ng/L) to several micrograms per liter (µg/L) [13].
In the European Union, studies on the aquatic effects of pharmaceutical compounds are
initiated when environmental concentrations exceed 0.01 µg/L [14,15]. Additionally, effect
studies are mandated for drugs that are highly lipophilic (log D ≥ 4.50) or are potential
endocrine disruptors, as they may interfere with reproductive functions. The occurrence of
pharmaceutical compounds in seawater has been investigated across various regions of the
world, including the Mediterranean Sea, the North Sea, the Adriatic Sea, and the Pacific
and Indian Oceans [16–23].

Several classes of pharmaceuticals have been investigated in marine environments,
including non-steroidal anti-inflammatory drugs (NSAIDs), analgesics, antibiotics, beta-
blockers, lipid regulators, and psychoactive substances [17,22,24–26]. Among the most
frequently detected NSAIDs and analgesics in seawater from the North Sea, Mediter-
ranean Sea, Adriatic Sea, and even the Pacific and Indian Oceans are diclofenac, ibuprofen,
naproxen, ketoprofen, salicylic acid, acetaminophen, and codeine, with concentrations
reaching several hundred nanograms per liter (ng/L) [17,18,20,21,24].

Analyzing pharmaceutical compounds in seawater is essential for evaluating water
quality, understanding the behavior of chemicals, and assessing the toxicity of these sub-
stances on sensitive marine organisms (plants and animals) that form part of the food
chain. The main objective of this study is to validate a solid-phase extraction method
followed by liquid chromatography coupled with mass spectrometry (SPE-LC-MS/MS)
for the detection of non-steroidal anti-inflammatory drugs (NSAIDs) in seawater from
the coastal area of the Black Sea. Additionally, the validated method will be applied to
investigate the occurrence of analgesic compounds in this region. The method validation
will provide a first-time assessment of the pollution levels in Black Sea coastal waters with
emerging contaminants and help evaluate the ecological risks posed to aquatic organisms.
The chemical properties of the pharmaceutical compounds studied are summarized in
Table 1 [27,28].
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Table 1. Chemical properties of the pharmaceuticals studied.

Compound Structural Formula Molecular
Mass, g/mol Log Kow Log Dow

(pH 2)
Log Dow
(pH 7.2) pKa

Acetaminophen 151.06 0.46 0.90 9.38

Piroxicam (PIR)

 

331.06 3.06 −0.38 −1.11 6.3

Ketoprofen
(KET) 254.09 3.12 3.6 0.58 4.45

Naproxen
(NAP)

 

230.09 3.18 2.98 0.12 4.15

Indometacin
(IND) 379.05 4.50 3.53 0.78 0.91

Diclofenac
(DIC) 295.01 4.51 4.25 1.23 4.15

Ibuprofen (IBU) 206.13 3.97 3.84 1.52 5.20

Caffeine (CAF) 194.19 −0.55 −0.54 −0.54 14.0; 10.4
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2. Materials and Methods
2.1. Chemicals and Materials

The pharmaceuticals that were studied, namely piroxicam (PIR), ketoprofen (KET),
naproxen (NAP), indomethacin (IND), diclofenac (DIC), ibuprofen (IBU), acetaminophen
(ACE), and caffeine (nerve stimulator, CAF), were obtained from Sigma-Aldrich (Steinheim,
Germany). LiChrosolv acetonitrile, methanol, and water for liquid chromatography were
purchased from Merck (Darmstadt, Germany). Formic acid (99.9% purity) was supplied
by Agilent (Supelco Inc., Bellefonte, PA, USA). SPE Strata-X cartridges (500 mg, 6 mL)
used for solid-phase extraction were acquired from Phenomenex (Milford, MA, USA).
Basic standard solutions with concentrations of 500 ng/mL were prepared in methanol
and stored at −20 ◦C. Individual dilutions and mixed standard solutions of analytes were
prepared in acetonitrile and the initial mobile phase, which consisted of 90% acetonitrile
and 0.1% formic acid. All stock solutions and their dilutions stored in the dark at 4 ◦C.

2.2. Water Sampling Sites

The seawater samples were collected from 45 locations along the Black Sea coast in Au-
gust 2021, during the tourist season, approximately 1 m from the shore. The coordinates of
the sampling points are presented in Table 2 and in Figure 1. The samples were taken from
the surface (30 cm deep) in 1 L glass bottles and stored in the refrigerator. The samples were
taken from 13 beaches in 6 localities: Vama Veche and 2 Mai (villages in Limanu commune);
Mangalia (city), Saturn, Venus, Jupiter, Neptun (4 resorts in Mangalia), Eforie South, Eforie
North (Eforie city), Costinesti (commune), Navodari (town), Constanta (municipality), Ma-
maia (resort in the town of Constanta). This is the first nationwide study on the presence of
pharmaceutical compounds in the Romanian Black Sea coastal area that led to preliminary
results regarding the contamination of seawater with pharmaceutical substances.

Table 2. Locations of seawater sample collection points (sampling depth 30 cm from surface).

Location Sample Code Latitude (N) Longitude
(E) Location Sample Code Latitude (N) Longitude (E)

Vama Veche S1 43,748 28,578 Eforie North S24 44,047 28,649

Vama Veche S2 43,750 28,577 Eforie North S25 44,049 28,644

Vama Veche S3 43,755 28,575 Eforie North S26 44,048 28,644

2 Mai S4 43,784 28,580 Eforie North S27 44,047 28,645

2 Mai S5 43,786 28,580 Costinesti S28 44,070 28,641

2 Mai S6 43,789 28,581 Costinesti S29 44,068 28,641

Mangalia S7 43,818 28,589 Costinesti S30 44,066 28,642

Mangalia S8 43,811 28,587 Navodari S31 44,299 28,627

Mangalia S9 43,813 28,587 Navodari S32 44,303 28,628

Mangalia S10 43,814 28,588 Navodari S33 44,305 28,629

Mangalia S11 43,815 28,588 Navodari S34 44,307 28,631

Saturn S12 43,835 28,591 Navodari S35 44,309 28,631

Saturn S13 43,833 28,591 Navodari S36 44,311 28,632

Saturn S14 43,831 28,591 Navodari S37 44,314 28,633

Venus S15 43,879 28,607 Navodari S38 44,315 28,634

Jupiter S16 43,878 28,607 Navodari S39 44,317 28,635

Jupiter S17 43,877 28,607 Constanta S40 44,179 28,658
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Table 2. Cont.

Location Sample Code Latitude (N) Longitude
(E) Location Sample Code Latitude (N) Longitude (E)

Neptun S18 43,888 28,611 Constanta S41 44,181 28,657
Neptun S19 43,887 28,611 Constanta S42 44,192 28,657

Neptun S20 43,951 28,639 Mamaia S43 44,236 28,627

Eforie South S21 43,951 28,639 Mamaia S44 44,260 28,622

Eforie South S22 43,950 28,638 Mamaia S45 44,280 28,622

Eforie South S23 44,024 28,657

Figure 1. Seawater sampling locations from the coastal area of the Black Sea (sampling depth 30 cm
from surface).
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The chemical quality of the seawater is influenced both by the quality of the wastewater
discharged by treatment plants directly into the sea and by the composition of the water
from the Danube that flows into the sea. The Constant,a South treatment plant processes
approximately 60% of the domestic and industrial wastewater collected by Constant,a’s
combined sewage system. The treatment process is a mechanical-biological one, operating
on two separate lines: fine and coarse screening, fat removal, primary sedimentation, and
conventional activated sludge process. The station is designed for 461,000 inhabitants,
where the maximum daily flow is 276,480 m3/day. The South Eforie Treatment Plant (STP)
is located in the city of Eforie South. It receives wastewater from Agigea, Tuzla, Techirghiol,
Schitu, Costinesti, and the cities of Eforie North and Eforie South through 14 pumping
stations. The sewage system serving the wastewater treatment plant is a unitary system.
Station Eforie South is designed for a load of 140,000 EI (inhabitant equivalent) in season
(summer) and 69,000 EI in off-season (winter). The installation is sized at the capacities of
64,368 m3/day (season) and 27,820 m3/day (off-season). The Constanta North Wastewater
Treatment Plant has a capacity of 165,888 m3/day, designed for 255,000 PE (equivalent
population) and ensures wastewater treatment for the northern area of the city and from
the Mamaia resort.

2.3. Extraction of Pharmaceuticals from Seawater

The samples with visible particles were pre-filtered to remove suspended matter,
which could otherwise clog the solid-phase extraction (SPE) cartridge. Filtration was
performed with a vacuum filter (Whatman GF/A) using Millipore 0.45 µm glass fiber
filter paper (Burlington, MA, USA). The container with the water sample was rinsed twice
with 5 mL of double-distilled water. For the NSAIDs extraction of the water samples, a
solid-phase extraction (SPE) procedure was employed using a semi-automatic SPE system
(Auto-Trace 280, Thermo Scientific, Waltham, MA, USA). Polymeric Strata-X cartridges
(500 mg/6 mL, styrene-divinylbenzene polymer) were used for the extraction. The car-
tridges were conditioned with 10 mL of methanol followed by 10 mL of ultrapure water
adjusted to pH 2.0 using hydrochloric acid (HCl, 1:3). Subsequently, 500 mL of the aque-
ous sample was passed through the SPE cartridges, during which analytes were retained
on the sorbent, and the aqueous matrix was discarded. To remove matrix interferences,
the cartridges were rinsed with 10 mL of ultrapure water (pH 2.0), then dried with air
for 20 min. The retained analytes were eluted with 6 mL of methanol and collected in a
concentration tube. The extracts were evaporated to near dryness under a gentle stream of
nitrogen using a Biotage II evaporation system in a water bath at 45 ± 5.0 ◦C. The dried
residue was reconstituted with 1 mL of the initial mobile-phase mixture (0.10% formic acid
in water/acetonitrile, 90:10, v/v). If the extract contained visible particles or appeared
cloudy, it was filtered through a 0.45 µm PTFE Millipore filter. Finally, 1 mL of the purified
extract was introduced into an LC vial for chromatographic analysis.

2.4. LC–MS/MS Sample Analysis

The analytical method was based on liquid-phase chromatography (UHPLC 1260
Agilent Technologies, Santa Clara, CA, USA) using the Zorbax Eclipse XDB C18 chromato-
graphic column (100 × 2.1 mm, 3.5 µm dp, Agilent Technologies, Santa Clara, CA, USA)
and gradient elution with acetonitrile and formic acid (0.10%). The simultaneous elution of
eight pharmaceutical compounds was carried out using a gradient mobile phase starting
with 90.0% aqueous formic acid solution (0.10%) and 10.0% acetonitrile (ACN). Over the
first 2 min, the acetonitrile content was increased to 50.0% at a flow rate of 0.30 mL/min
to facilitate the separation of the most polar analytes—acetaminophen and caffeine. To
separate the less polar compounds—piroxicam, ketoprofen, naproxen, indomethacin, di-
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clofenac, and ibuprofen—the acetonitrile concentration was further increased from 50% to
100% between minutes 2.0 and 9.0. During this gradient phase, the compounds were fully
separated. A 10 µL volume of each sample was injected, and the chromatographic column
was maintained at a constant temperature of 20 ◦C.

Detection was performed using a 6410 triple quadrupole mass spectrometer (Agilent
Technologies) operating in positive electrospray ionization (ESI) mode. Ionization of analyte
molecules was conducted at a source temperature of 300 ◦C, with a nitrogen drying gas flow
rate of 8.0 L/min, a nebulizer pressure of 40 psi, and a capillary voltage of 4000 V. For each
analyte, a specific ion transition was monitored, corresponding to the precursor ion and its
most abundant product ion. The most intense transition was used for both quantification
and confirmation. Data acquisition was performed in multiple reaction monitoring (MRM)
mode to enhance sensitivity and selectivity. To assess possible interference from the sample
preparation and analysis process, a blank sample was included in each analytical batch.
None of the target compounds were detected in the control samples. All analyses were
performed in triplicate.

3. Results and Discussion
3.1. SPE-LC-MS/MS Method Development

A liquid chromatography method (LC-MS/MS) was developed using the separation
of eight pharmaceutical compounds (seven NSAIDs on one nervous stimulant, caffeine) on
Zorbax Eclipse SDB C18 (100 × 2.1 mm, 3.5 µm) at a flow rate of 0.30 mL/min. The good
separation of the compounds (with good chromatographic resolutions) was achieved with
an optimal gradient of the mobile phase that allowed the elution of the analytes at different
retention times (Table 3).

Table 3. Gradient elution program, determined experimentally for the separation of analgesic compounds.

Time (Minute) Solvent B, Acetonitrile, (%) HCOOH (A), 0.10% Flow Rate (mL/min)

0 10.0 90.0 0.30
2.00 50.0 50.0 0.30
6.00 100 0 0.30
9.00 100 0 0.30
9.01 100 0 0.50

14.01 10.0 90.0 0.50
14.50 10.0 90.0 0.30

B: acetonitrile; A: formic acid 0.10%.

From minute 9.01 to minute 14.01, the mobile phase was operated in a gradient from
100% ACN to 10% ACN with a flow rate of 0.50 mL/min to re-equilibrate the chromato-
graphic column and prepare the chromatograph for the next injection.

First, the compounds were injected individually from standard solutions of 5.0 mg/L
to obtain molecular precursor ions, recording the spectrum of the parent molecular ion M-
H+. To achieve optimal sensitivity, dedicated collision energies and fragmentation settings
were applied to generate the most abundant molecular transitions from daughter ions
to parent ions. These parameters were carefully optimized to produce the highest signal
intensities for each compound, thereby minimizing the quantification limits.

The optimal fragmentation energies, MRM transitions, and collision energies (CE) for
each analyte are detailed in Table 4. To further enhance the sensitivity and selectivity of the
method, six time segments were established within the MRM acquisition window. Each
analyte was assigned to its corresponding segment based on its chromatographic retention
time, allowing for more efficient signal acquisition and reduced background noise. For
acetaminophen, the ion transition from mass 152.1 to 110 was acquired, for caffeine the
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MRM transition was monitored from the ion with mass 195.1 to the ion 138. Fragmentation
voltages and dedicated collision energies were applied to each segment to obtain transitions
from the precursor ions to the ions produced according to Table 4, Figure 2.

Table 4. MRM transitions and mass spectrometry operating parameters for the simultaneous analysis
of selected analgesics (ESI + positive ionization).

Compound Retention
Time (min)

MRM
Transition

Fragmentor
Voltage

(V)

Collision
Energy

(V)

Dwell Time
(msec)

Cell
Accelerator
Voltage (V)

Acetaminophen 1.69 152.1→110 90 15.0 200 7.00

Caffeine 2.70 195.1→138 80 20.0 200 7.00

Piroxicam 6.49 332→164 135 15.0 100 5.00

Ketoprofen 6.84 255.1→209.1 140 10.0 100 6.00

Naproxen 6.89 231→170.1 110 30.0 100 7.00

Indomethacin 7.59 358→138.8 135 10.0 100 7.00

Diclofenac 7.61 296→215 75 20.0 100 8.00

Ibuprofen 7.74 207.1→161 110 5.00 100 5.00

Figure 2. ESI MRM chromatogram of a standard calibration containing all analytes 50.0 ng/L.

Figure 3 shows the chromatogram for a water sea sample fortified with known stan-
dard concentrations (100 ng/L) used to determine the recovery of analytes.

In Figure 4, the detection of some pharmaceutical compounds (caffeine, ketoprofen,
indomethacin, diclofenac, and ibuprofen) in a seawater sample is depicted.
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Figure 3. ESI MRM Chromatogram of a seawater sample fortified at 100 ng/L for the calculation of
recovery rate.

Figure 4. Chromatogram of a seawater sample extracted showing the presence of caffeine, ketoprofen,
indomethacin, diclofenac, and ibuprofen.

3.2. Performance Parameters of the Method

Calibration was performed using an external standard method with six concentration
levels ranging from 1.00 to 100 ng/mL. Chromatograms were recorded for each level, and
calibration curves were constructed using MassHunter B.07 software. The chromatographic
peak area was plotted on the y-axis (ordinate) against the analyte concentration on the
x-axis (abscissa). A six-point calibration curve was obtained for each analyte within this
concentration range. The lower limit of linearity was approximately 1.00 ng/mL for all
compounds. The main performance parameters, including calibration data, are presented in
Table 5. Linearity was evaluated using the correlation coefficient (R2), with values ranging
from 0.994 to 0.999, indicating excellent linearity across the tested concentration range.
Two key validation parameters—limit of quantification (LOQ) and analytical recovery—
were assessed to confirm the presence of analytes in water samples. The LOQ was defined
as the concentration at which the signal-to-noise (S/N) ratio was equal to 10. This was
determined using chromatograms from fortified water samples spiked with a standard
solution (1.00 ng/L) and subjected to the same extraction procedure. The LOQs for the
analyzed compounds in the water matrix ranged from 0.100 ng/L for piroxicam to 1.50 ng/L
for ibuprofen, demonstrating high sensitivity of the method.
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Table 5. Method recoveries (n = 3) and quantification limits (LOQs) of the method for the target
organic pharmaceutical contaminants in seawaters.

Compound R2 LOQ (ng/L) RSDr (%) RSDR (%) Recovery (%) Matrix Effect, %

Acetaminophen 0.996 1.30 7.09 13.7 80.4 77.3

Caffeine 0.994 1.20 8.01 12.2 82.0 87.2

Piroxicam 0.999 0.10 7.48 10.4 76.5 79.4

Ketoprofen 0.999 1.10 8.50 16.5 86.5 88.4

Naproxen 0.999 1.40 6.90 15.6 86.9 90.2

Indometacin 0.997 0.20 5.90 13.6 95.1 80.1

Diclofenac 0.999 0.80 4.90 13.8 84.2 78.7

Ibuprofen 0.999 1.50 5.20 14.6 88.3 82.5

To ensure accurate quantification, the analytical precision of the method was evaluated
at a concentration level of 50.0 µg/L under both short-term and long-term conditions.
Repeatability was assessed by analyzing three sub-samples of seawater spiked with the
standard on the same day, while intermediate precision was evaluated by repeating the
analysis over three consecutive days under the same experimental conditions. Precision
was expressed as the relative standard deviation (RSD%). The RSD values ranged from
4.90% for diclofenac to 16.5%, as presented in Table 5. All values were within the generally
accepted limit of ≤20.0% RSD for LC-MS methods, indicating satisfactory method precision.

To assess the recovery efficiency of the target analytes, a seawater sample was ana-
lyzed both with and without the addition of a known standard concentration (50.0 ng/mL).
Specifically, 1.00 mL of the 50.0 ng/mL calibration solution was added to 0.500 L of sea-
water. A separate unfortified sample was also analyzed under the same conditions, and
the background concentrations detected were subtracted from the spiked sample results to
determine true recovery. Both samples were processed using the developed solid-phase
extraction and LC-MS method. According to the validation criteria, the acceptable recovery
values should fall within ±30.0% of the true concentration. The method demonstrated sat-
isfactory recovery yields for all investigated compounds, ranging from 76.5% for piroxicam
to 95.1% for indomethacin, confirming the reliability of the extraction and quantification
procedure. The matrix effect was determined using the method of fortification of the sample
with a post-extraction working standard. The signal obtained from the post-extraction
fortified sample was compared with the signal of a working standard used for fortification.

The environmental fate of pharmaceutical compounds can be inferred from their
physicochemical properties, particularly their hydrophobicity. The octanol–water partition
coefficient (log Kow) is commonly used to estimate a compound’s affinity for organic
matter (e.g., sediments) versus its solubility in water. Compounds with log Kow < 1.0 are
considered hydrophilic and tend to remain dissolved in the aqueous phase, exhibiting high
mobility in aquatic environments. For example, caffeine, with a log Kow of –0.55, is highly
water-soluble. In contrast, compounds with log Kow > 4.0 are typically hydrophobic,
showing low environmental mobility and a high tendency to adsorb to sediments or
particulate matter. Pharmaceuticals with intermediate hydrophobicity (log Kow between
1.0 and 4.0) demonstrate moderate mobility and can partition between both the aqueous
and solid phases. While log Kow is a useful descriptor for neutral molecules, many non-
steroidal anti-inflammatory drugs (NSAIDs) are ionized at environmental pH levels (e.g.,
pH 7.2), often carrying a negative charge. In such cases, the octanol–water distribution
coefficient (log Dow)—which accounts for ionization—is a more appropriate predictor of
environmental behavior, as it varies with pH.
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At pH 2, the selected pharmaceutical compounds (log Dow −0.38 ÷ 4.25) are mostly
present in non-ionic form and show maximum interaction with the polymeric adsorbing
phase Strata X being retained inside it, generating maximum recoveries. In contrast to
the neutral pH of sea samples (7.20), the analytes (log Dow −1.10 ÷ 1.52) are present in
negatively ionized form and will not be retained quantitatively in the adsorbent used for
solid-phase extraction. Therefore, the pH of the seawater samples was adjusted to 2.00 in
order to enhance analyte recovery and ensure optimal extraction efficiency. In order to
optimize the extraction in the solid phase of the analytes from seawater samples, the pH of
the samples and the type of adsorbent (polymeric styrene divinyl benzene—Strata X and
octadecyl silica—Strata C18) were studied. The recovery of the analytes was studied at
neutral pH (of environmental samples) and at acidic pH (2.00) due to the assumption that
the anti-inflammatory compounds are non-ionized (neutral) at acidic pH and will interact
maximally with the adsorbent (Figure 5). At pH 2.00, the recovery was higher (76.5–95.1%)
compared to the recovery at pH 7.20 (37.2–60.7%, Table 6). The recoveries obtained at acidic
pH verify the proposed hypothesis that analytes are neutral at this pH value and ensure
maximum recoveries. On the other hand, in the case of using two types of adsorbents, it
was found that the recoveries calculated with Strata C18 are lower (27.7–61.4%) than those
obtained with polymeric adsorbent (76.5–95.1%), proving the efficiency of the polymeric
material in the extraction of anti- inflammatory agents from the seawater samples.

3.3. Occurrence of Pharmaceuticals in Seawater Samples

Of the eight pharmaceutical compounds analyzed, acetaminophen, piroxicam, and
indomethacin were not detected in any of the seawater samples probably due to low usage
but also the dilution factor due to seawater. In contrast, caffeine was detected in 100% of
the samples, making it the most prevalent and dominant compound (see Table 7). The next
most frequently detected compound was ibuprofen, present in 42.9% of samples, followed
by ketoprofen (30.9%), diclofenac (23.8%), and naproxen (21.4%). The maximum concentra-
tions observed ranged from 13.4 ng/L for ketoprofen to 13,575 ng/L for caffeine (Figure 6),
indicating significant variability in occurrence and concentration among the detected com-
pounds. The order of decreasing maximum concentrations of pharmaceutical compounds
in the water of the Black Sea, the coastal area, was CAF > IBU > NAP > DIC > KET.

 

0

20

40

60

80

100

120

1 2 3 4 5 6 7 8 9 10

M
icr

os
pe

cie
s d

ist
rib

ut
io

n,
 %

pH

Anion microspecies Neutral microspecies

Figure 5. Naproxen microspecies distribution dependent of pH.



Toxics 2025, 13, 498 12 of 23

Table 6. The recoveries determined in the pH adjustment study and the use of two types of adsor-
bents, %.

Compound Strata X, pH 2 Strata X, pH 7.2 Strata C18, PH 2

ACE 80.4 60.7 37.3

CAF 82.0 48.3 27.7

PIR 76.5 37.7 29.5

KET 86.5 55.9 35.2

NAP 86.9 41.7 47.3

IND 95.1 37.2 44.2

DIC 84.2 44.1 61.4

IBU 88.3 51.2 37.3

Table 7. Concentration range (ng/L), average concentration values and detection frequencies (%) of
the 8 pharmaceutical compounds in seawater.

Compound Frequency
Detection, % Minimum Maximum Average

Caffeine 100 7.90 13, 575 936

Ketoprofen 30.9 1.34 13.7 6.25

Naproxen 21.4 5.50 69.6 19.2

Diclofenac 23.8 5.10 62.8 21.3

Ibuprofen 42.9 7.40 134 38.0
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In recent years, numerous studies have investigated the presence of analgesic com-
pounds in seawater across various regions of the world. Table 8 summarizes the findings
of similar research conducted in different countries, providing a basis for comparison with
the results obtained in this study.

Table 8. Concentrations of anti-inflammatory compounds, analgesics present in seawater worldwide.

Compound Seawater Country Concentration, ng/L Reference

Acetaminophen

Mediterranean Sea Spain 23.0 [17]
France 200,000 [19]

Red Sea Saudi Arabi 2363 [29,30]
Atlantic Ocean Portugal 51.2–584 [31]
Black Sea Romania nd This study

Diclofenac

Mediterranean Sea Spain 4.0 [17]
France 1500 [19]
Spain 31.9 [32]

Atlantic Ocean Portugal <0.02–241 [31]
Black Sea Romania 5.10–62.8 This study

Ibuprofen

Mediterranean Sea Spain 16.0 [17]
France 1500 [19]

Adriatic Sea Italy <0.05–1143 [20]
Atlantic Ocean Portugal <0.08–222 [31]
Black Sea Romania 7.40–134 This study

Ketoprofen

Mediterranean Sea France 6000 [19]
Spain 2.60 [32]

Indian Ocean Taiwan <1.70–6.60 [22]
Atlantic Ocean Portugal <0.30–89.7 [31]
Black Sea Romania 1.34–13.7 This study

Naproxen

Mediterranean Sea Spain 6.0 [17]
95.8 [32]

France 2000 [19]
Atlantic Ocean Portugal <0.02–178 [31]
Black Sea Romania 5.50–69.6 This study

Caffeine
Mediterranean Sea Spain 327 [32]
Red Sea Saudi Arabi 7708 [30]
Black Sea Romania 7.90–13,575 This study

It is important to emphasize that sampling and analysis of the seawater were con-
ducted in August, a peak tourist season along the Black Sea coast. During this period,
the increased consumption of caffeinated beverages such as coffee—commonly served in
local food establishments—contributes to elevated caffeine levels in wastewater, which
is discharged into the marine environment through local treatment plants. Although caf-
feine is a naturally occurring substance found in coffee, tea, cocoa, and kola nuts, and is
frequently added to beverages, its presence in environmental waters is primarily attributed
to domestic sewage discharges. This results from incomplete removal by conventional
wastewater treatment systems. Due to its high water solubility (13.5 g/L), caffeine is
expected to persist in aquatic environments. Elevated concentrations have been correlated
with densely populated areas and tourism-related activities. Reported caffeine concentra-
tions in various water sources include surface waters (112–781 ng/L), wastewater/effluents
(0.07–126 µg/L), and coastal waters (15.0–185 ng/L) [33–35]. In the present study, caffeine
concentrations in Black Sea coastal seawater were found to be equal to or higher than those
reported in other marine environments, such as the Mediterranean Sea (327 ng/L) and the
Red Sea (7708 ng/L), underscoring the impact of seasonal population influx on local water
quality [30,32].
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The next compound detected with decreasing concentration values was ibuprofen,
which showed a maximum of 134 ng/L in the S27 Eforie North area, followed by 101 ng/L
in S20 Neptun (Figure 7). This compound is intensively used in the treatment of inflam-
matory conditions as an analgesic, anti-inflammatory and antipyretic. Ibuprofen was
detected in a concentration range of 7.40–134 ng/L, with an average concentration value of
37.9 ng/L.
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Figure 7. Spatial profile of Ibuprofen in the studied locations.

The elevated concentrations of pharmaceutical compounds detected in the study area
can be attributed to anthropogenic pressures, particularly in coastal zones with significant
human activity. In the city of Eforie, for instance, treated effluents from the local sewage
treatment plant are discharged directly into the coastal waters, contributing to the con-
tamination observed at these sampling sites. Caffeine, known for its high solubility and
persistence, can be conservatively transported through river systems, eventually reaching
the Black Sea via the Danube River. Its widespread occurrence in this study highlights
both local wastewater inputs and regional transport pathways. Ibuprofen (IBU), the third
most consumed pharmaceutical globally, also poses considerable environmental concern.
It enters aquatic systems primarily through human excretion following pharmaceutical use.
Approximately 15.0% of ibuprofen is excreted unchanged, either as the parent compound
or conjugated forms (e.g., glucuronide and thiol derivatives), along with several active
metabolites such as carboxy-ibuprofen and hydroxy-ibuprofen. Conventional wastewater
treatment technologies are generally ineffective at fully removing ibuprofen, with reported
removal efficiencies ranging from 12.0% to 100%, depending on the treatment system
design and operational conditions [35]. This incomplete removal leads to its persistent
presence in various water bodies. In the present study, IBU concentrations were found to
be comparable to levels reported in the Atlantic Ocean (222 ng/L), lower than those in
the Adriatic Sea (1143 ng/L), and lower than the values measured in the Mediterranean
Sea (1500 ng/L) [17,31]. These findings further confirm ibuprofen’s ubiquitous occur-
rence in marine environments and the need for improved wastewater treatment solutions
and pharmaceutical usage management, especially in densely populated or tourist-heavy
coastal areas.
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Another analgesic detected was naproxen, which showed a maximum concentration of
69.6 ng/L in point S6, area 2 Mai, followed by 27 ng/L in S24, Eforie South. This compound
presented a range between 5.50 ng/L and 69.6 ng/L (Figure 8). The average concentration
observed in the case of this compound was 19.2 ng/L. Naproxen is widely used globally
as a non-steroidal anti-inflammatory drug (NSAID) to treat pain, inflammation, and fever.
After human consumption, the parent compound and its metabolites are excreted and
enter wastewater distribution systems, eventually reaching wastewater treatment plants
(WWTPs). Due to variable removal efficiency in conventional treatment systems, naproxen
can persist and be discharged into receiving water bodies, contributing to pharmaceutical
pollution in coastal and marine environments.
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Figure 8. Spatial profile of Naproxen in the studied locations.

The removal efficiency of naproxen in wastewater treatment plants (WWTPs) varies
significantly, with reported rates ranging from 55.0% to 98.0%. Consequently, low concen-
trations of naproxen (NAP) and its metabolite 6-O-desmethylnaproxen (D-NAP), typically
in the nanogram to microgram per liter range, are often detected in receiving waters, includ-
ing rivers and, ultimately, the Black Sea. In effluent from WWTPs, naproxen concentrations
have been reported to range from 25.0 ng/L to 33.9 µg/L [36]. These concentrations are
influenced by several factors, including the physicochemical properties of naproxen, such
as solubility and chemical stability, as well as environmental conditions. The mobility of
naproxen in the environment is primarily governed by its chemical properties, such as
its dissociation constant and octanol-water partition coefficient (log Kow). The log Kow
value of 3.20 indicates that naproxen is hydrophobic and has a tendency to be adsorbed
by suspended particles, sediment, or sewage sludge. Thus, its fate in the environment
is heavily influenced by two key phenomena: sorption and degradation. The sorption
process, which involves the attachment of naproxen to particles, is inversely related to
pH. Since naproxen contains a carboxylic acid group, which becomes deprotonated in the
environmentally relevant pH range of 5.0–8.0, it predominantly exists in an anionic form in
natural waters. This anionic form enhances naproxen’s potential to conjugate with basic
substances in aquatic environments.

Comparable concentrations of naproxen have been reported in other marine environ-
ments, such as the Mediterranean Sea (Spain), where levels of 95.8 ng/L were detected,
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further highlighting the widespread presence of naproxen in coastal waters [17]. France
reported much higher values of naproxen in the Mediterranean Sea of 2000 ng/L [17,19].

Ketoprofen was detected in lower concentrations than the other analgesics: 1.30–13.7 ng/L,
the maximum being observed in the Neptun S20 area, followed by 7.20 ng/L in samples
from the Saturn S13 area (Figure 9).
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Figure 9. Spatial profile of Ketoprofen in the studied locations.

The concentrations of ketoprofen in seawater samples from various regions show
significant variability. For example, values in the Indian Ocean have been reported to
range from <1.70–6.60 ng/L, while the Mediterranean Sea has seen concentrations around
2.60 ng/L [32]. In comparison, other studies have documented much higher levels of
ketoprofen, such as 89.7 ng/L in the Atlantic Ocean [19] and 6000 ng/L in the Mediter-
ranean Sea [31]. As a non-steroidal anti-inflammatory drug (NSAID), ketoprofen has a
hydrophilic character due to its log Kow, which indicates a lower tendency to adsorb to
organic matter, making its removal through sorption processes in sewage treatment plants
ineffective. Instead, its elimination largely depends on the type of chemical or biological
treatment used. This inefficiency in conventional treatment systems leads to highly variable
removal rates, ranging from 15% to 98%. As a result, ketoprofen remains in water bodies at
concentrations ranging from nanogram to microgram per liter levels. Given its persistence
in the environment, ketoprofen is detected at significant concentrations in receiving waters,
contributing to pharmaceutical contamination in coastal and marine ecosystems.

Diclofenac (DIC), a widely used analgesic and anti-inflammatory drug, was detected
in seawater samples from the Black Sea at concentrations ranging from 5.10 ng/L to
62.8 ng/L. The highest concentrations were recorded in the Mangalia area (62.8 ng/L) and
Neptun (40.0 ng/L), as shown in Figure 10. Diclofenac is commonly found in wastewater,
effluents, and surface waters, as it is extensively used to treat inflammatory conditions. Most
diclofenac is metabolized in the human body, and less than 1.0% of the administered dose
is excreted as un-metabolized DIC. In recognition of its environmental impact, diclofenac
was added to the EU Watch List of substances requiring environmental monitoring in
2015 [37]. During the review, an Environmental Quality Standard (EQS) of 100 ng/L for
inland waters and 10 ng/L for coastal waters was proposed for diclofenac. Notably, in
this study, 5 out of 45 samples (11.1%) from the Black Sea exceeded the proposed coastal
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water standard of 10 ng/L. Diclofenac is known to have toxic effects on various species
in the environment, even at concentrations as low as ≤ 1.0 µg/L. In terms of its removal
in sewage treatment plants (STPs), the elimination rate is relatively low, varying between
20 and 50% [38]. Comparisons with other studies show that diclofenac concentrations in
similar marine environments are consistent with the findings in this study. For example,
concentrations in the Mediterranean Sea ranged from 5.50 ng/L to 69.6 ng/L, while in the
Atlantic Ocean, concentrations ranged from <0.02 ng/L to 241 ng/L. Notably, higher values
have been reported, such as 1500 ng/L in the Mediterranean Sea, which is much higher
than those observed in the current study [19,31,32].
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Figure 10. Spatial profile of Diclofenac in the studied locations.

In aquatic environments, pharmaceuticals are subject to sorption processes onto sed-
iments, which are influenced by both the properties of the sediment—such as organic
matter content and pH—and the physicochemical characteristics of the pharmaceutical
compounds, including the dissociation constant (pKa) and the octanol-water partition
coefficient (log Kow). According to the classification by Rogers [39], compounds with a log
Kow below 2.5 exhibit low sorption potential, values between 2 and 4 indicate medium
sorption, while log Kow above 4 suggests high sorption potential. In this context, the log
Kow values of diclofenac (DIC) and ibuprofen (IBU) are 4.51 and 3.97, respectively. Based
on these values, diclofenac can be expected to exhibit high sorption, whereas ibuprofen
demonstrates medium sorption, which explains their detection in both water and sediment
samples. However, sorption behavior is also affected by the ionization state of the com-
pounds, which is pH-dependent. The pKa values of diclofenac (3.99–4.3) and ibuprofen
(4.45–5.3) suggest that, at the typical seawater pH (~7.2), both compounds would predomi-
nantly exist in their negatively ionized (anionic) forms. This reduces their sorption affinity
to surface sediments despite their log Kow values, leading to greater mobility in the water
column and reduced binding to particulate matter [40].

3.4. Ecological Risk Assessment

Several studies have demonstrated that non-steroidal anti-inflammatory drugs
(NSAIDs) can act as endocrine disruptors in aquatic organisms, particularly fish. Gravel
and Vijayan were the first to report that exposure to ibuprofen (IBU) disrupted cortisol
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production in rainbow trout (Oncorhynchus mykiss), indicating interference with the stress
response system of the fish [41]. In another study, Corcoran et al. found that ibuprofen
significantly induced CYP2K expression in hepatocyte cultures derived from common carp
(Cyprinus carpio), suggesting that NSAIDs may alter hepatic metabolic pathways and
endocrine function in fish [42].

The environmental risks posed by the pharmaceutical compounds were evaluated
by calculating risk quotients (RQs), using toxicological data reported in the literature.
The assessment was conducted according to standard risk evaluation practices, using the
following equations:

PNEC = NOEC/AF, (1)

RQ = MEC/PNEC, (2)

where PNEC—no effect concentration; NOEC—no observed effect concentration;
AF—rating factor of 100 and 1000 in chronic and acute toxicity, respectively; and MEC—the
maximum concentration of pharmaceutical obtained in this study. The risk quotient (RQ)
method was applied as a novel approach to estimate the environmental risk posed by
the pharmaceuticals most frequently detected in seawater samples. This method enables
a preliminary screening of potential ecological threats and supports the prioritization of
contaminants for further monitoring and management efforts.

The RQ values were calculated to assess the ecological risk of pharmaceutical con-
taminants to aquatic organisms across various trophic levels, including algae, crustaceans,
invertebrates, and fish. The calculations were based on measured environmental concentra-
tions (MECs) obtained in this study, and predicted no-effect concentrations (PNECs) derived
from published toxicological endpoints (e.g., EC50, NOEC), adjusted using appropriate
assessment factors (AFs). Detailed information regarding the test species, toxicological end-
points, assessment factors, MEC, and the resulting PNEC values used for RQ determination
is provided in Table 9. The RQ values were interpreted using established risk classification
criteria [43]: RQ < 0.01, unlikely to pose risk; 0.01 ≤ RQ < 0.10 low risk; 0.10 ≤ RQ < 1.0
medium risk; RQ ≥ 1.0 high risk.

By evaluating the ecological risk that the pharmaceutical compounds pose on the biota
in the aquatic environment, it was observed that IBU presents a high risk for the echinoderm
Parocentrotus lividus (RQ 1340) and for the crustacean Carcinus maena (RQ 2.68). In addition,
the CAF that showed a very high value of 13,575 µg/L generates a high ecological risk for
the crustacean Daphnia magna (RQ 2610) and for the fish Pimephales promelas (RQ 2610). At
the same time, CAF presented a medium risk for the Ceriodaphnia dubia flea (RQ 1.35). By
comparing with the values reported in the literature, it was observed that the results differ
in the case of some drugs.

Table 9. The environmental risk assessment of pharmaceuticals determined in seawater samples.

Compound Toxicity Species End
Point µg/L Reference MEC

µg/L AF PNEC RQ Level Risk

DIC

Chronic Daphnia magna LC50 2000 [44] 0.063 100 20 0.003 Very low
Acute Lemna minor EC50 7500 [45] 0.063 1000 7.5 0.008 Very low

Chronic Oncorhynchus
mykiss LOEC 1 [46] 0.063 100 0.01 6.3

IBU

Chronic Daphnia magna LC50 3970 [44] 0.134 100 39.7 0.003 Very low

Chronic Parocentrotus
lividus EC50 0.01 [47] 0.134 100 0.0001 1340 High

Chronic Carcinus maenas LOEC 5 [48] 0.134 100 0.05 2.68 High
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Table 9. Cont.

Compound Toxicity Species End
Point µg/L Reference MEC

µg/L AF PNEC RQ Level Risk

NAP
Chronic Thamnocephalus

platyurus EC50 560 [49] 0.07 100 5.6 0.012 Low

Chronic Ceriodaphnia
dubia EC50 330 [49] 0.07 100 3.3 0.021 Low

CAF

Acute Ceriodaphnia
dubia LC50 60,000 [50] 13,575 1000 60 0.226 Medium

Acute

Fathead
minnow
(Pimephales
promelas)

LC50 10,000 [50] 13,575 1000 10 1.35 High

Acute Daphnia magna NOEC 5.2 [51] 13,575 1000 0.005 2611 High

KET

Acute Danio rerio LC50 1520 [52] 0.014 1000 1.52 0.009 Very low

Acute Ceriodaphnia
silvestrii EC50 24,840 [53] 0.014 1000 24.84 0.0006 Very low

Acute Pseudokirchneriella
subcapitata EC50 240 [54] 0.014 1000 0.24 0.058 Low

Previous studies have highlighted the environmental risks posed by NSAIDs in various
aquatic ecosystems. For example, ibuprofen (IBU) was found to pose a medium risk
(0.10 ≤ RQ < 1.0) to aquatic organisms in the Yellow River and Liao River, while diclofenac
(DIC) posed a medium risk in the Hai River and a high risk (RQ ≥ 1.0) in both the
Yellow and Liao Rivers [55]. Similarly, high RQ values for DIC, IBU (consistent with the
findings of the present study), and naproxen (NAP) have been reported in Danish and
Norwegian aquatic environments [56,57]. Due to its widespread occurrence and potential
ecotoxicological effects, diclofenac has been added to the watch list under the EU Water
Framework Directive, aimed at gathering more comprehensive data on its presence and
impact in the environment [58].

Adenaya et al. reported the presence of ibuprofen in the North Sea at concentra-
tions ranging from 9.20 to 52.1 ng/L, with a detection frequency of 100%, indicating its
widespread occurrence in coastal waters. Additionally, German researchers have observed
that ibuprofen poses a high ecological risk to the marine diatom Skeletonema marinoi, partic-
ularly in the Jade Bay and the Weser estuary, highlighting its potential to adversely affect
primary producers in marine ecosystems [59].

Results from whole-organism toxicity studies have indicated that the environmen-
tal concentrations of several NSAIDs—such as diclofenac (DIC), naproxen (NAP), and
ketoprofen (KET)—are generally well below levels known to cause acute toxicity in ma-
rine organisms [28]. Based on these findings, these compounds do not currently pose
a significant direct toxicological threat to seawater organisms at the concentrations ob-
served in the environment. However, certain pharmaceuticals, notably ibuprofen (IBU)
and caffeine (CAF), require special attention due to their reported endocrine-disrupting
potential, toxicity, and in some cases, bioaccumulative behavior. These properties may lead
to chronic ecological impacts, even at low concentrations. Therefore, IBU and CAF should
be prioritized in future monitoring and risk management strategies, particularly in marine
ecosystems along the Black Sea coast, where both compounds were frequently detected.

Recently, researchers from Italy detected anti-inflammatory compounds such as keto-
profen (0–57.5 ng/g) and diclofenac (0–6.7 ng/g) in Parazoanthus axinellae from the North
Sea, indicating the potential for these compounds to bioaccumulate in anthozoans [60].

On the other hand, ibuprofen (IBU) has also demonstrated bioaccumulative behavior
in marine organisms. In the Sea of Marmara, ibuprofen was the most frequently detected
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pharmaceutical in biota tissue samples, with concentrations ranging from <3.0 to 1225 ng/g
dry weight (dw) [61].

3.5. Correlation Between Target Pharmaceuticals in the Romanian Seawater

The Spearman correlation was used to understand the relationships between the
analytes and their sources of origin in seawater samples. The Spearman correlations
showed a specific pattern between the contaminations investigated in the water matrix.
Thus, significant correlations were obtained between certain groups of substances. Positive
correlations were observed for NAP: DIC (r 0.975) and DIC: KET (r 0.929), highlighting
that these compounds come from similar sources or transfer processes. The negative
correlation coefficients may suggest that the analytes do not come from the same source of
contamination (the same sewage effluent discharged into the Black Sea) but from different
sewage treatment plants (Constanta, Navodari, Mangalia, Eforie North). Also, the negative
correlations obtained for the other compounds may be due to the dilution effect of the Black
Sea in their case, or the effects of their degradation into by-products, or some differentiated
elimination efficiencies in the treatment plants.

4. Conclusions
For the first time in Romania, eight pharmaceutical compounds from several chemical

classes (analgesic, anti-inflammatory, antipyretic, and nerve stimulant) were studied in
the water of the Black Sea along the coast of Constanta County. High concentrations of
pharmaceuticals were detected in seawater samples, with levels ranging from 1.3 ng/L
for ketoprofen to 13,575 ng/L for caffeine (in the Costines, ti area). Caffeine emerged as
the dominant and ubiquitous compound in the seawater samples, being detected in all
samples. Ibuprofen was the most frequently detected compound, present in 42.9% of
samples, followed by ketoprofen (31.0%), diclofenac (23.8%), and naproxen (21.4%). The
large values of concentrations determined in the case of these contaminations can be due to
the effluent discharged by the Constanta South, Constanta North, Eforie, Mangalia cities
wastewater treatment stations into the Black Sea. By evaluating the spearman correlation
indices, it was observed that three compounds (NAP: DIC, DIC: KET) presented a similar
pattern regarding the same contamination source. Through the ecological risk assessment,
it was observed that both caffeine and ibuprofen can generate high ecological risks for
some echinoderms, crustaceans, and fish. Thus, it is necessary to pay close attention to
the monitoring of these pharmaceutical compounds in the aquatic environment due to
the aquatic toxicity and the potential synergistic effects generated by complex mixtures of
persistent and bio-accumulative organic contaminants.

Author Contributions: Writing—original draft preparation, conceptualization, software, V.-I.I. and
C.D.; methodology, L.-F.C.; validation, I.P. and F.P.; project administration, supervision resources,
methodology, investigation, V.C.; formal analysis, visualization, investigation, A.G.T. and I.A.C.; data
curation, writing—review and editing funding acquisition, V.-I.I. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was carried out through the “Nucleu” Program within the National Research
Devel-opment and Innovation Plan 2022–2027 with the support of the Romanian Ministry of Research,
Innovation and Digitalization, Contract No. 3N/2022, Project Codes PN 23 22 01 01.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and the protocol was approved by the Ethics Committee of PN 23 22 01 01 on 10 April 2025.

Informed Consent Statement: Not applicable.



Toxics 2025, 13, 498 21 of 23

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding authors.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Branchet, P.; Arpin-Pont, L.; Piram, A.; Boissery, P.; Wong-Wah- Chung, P.; Doumenq, P. Pharmaceuticals in the marine

environment: What are the present challenges in their monitoring? Sci. Total Environ. 2021, 766, 142644. [CrossRef]
2. Richardson, S.D.; Ternes, T.A. Water Analysis: Emerging Contaminants and Current Issues. Anal. Chem. 2014, 86, 2813–2848.

[CrossRef] [PubMed]
3. Tijani, J.O.; Fatoba, O.O.; Babajide, O.O.; Petrik, L.F. Pharmaceuticals, endocrine disruptors, personal care products, nanomaterials

and perfluorinated pollutants: A review. Environ. Chem. Lett. 2016, 14, 27–49. [CrossRef]
4. Heberer, T. Occurrence, fate, and removal of pharmaceutical residues in the aquatic environment: A review of recent research

data. Toxicol. Lett. 2002, 131, 5–17. [CrossRef]
5. Vieno, N.M.; Tuhkanen, T.; Kronberg, L. Seasonal variation in the occurrence of pharmaceuticals in effluents from a sewage

treatment plant and in the recipient water seasonal variation in the occurrence of pharmaceuticals in effluents from a sewage
treatment plant and in the recipient water. Environ. Sci. Technol. 2005, 9, 8220–8226. [CrossRef]

6. Dietrich, D.R.; Webb, S.F.; Petry, T. Hot spot pollutants: Pharmaceuticals in the environment. Toxicol. Lett. 2002, 131, 1–3.
[CrossRef]

7. Ellis, J.B. Pharmaceutical and personal care products (PPCPs) in urban receiving waters. Environ. Pollut. 2006, 44, 184–189.
[CrossRef] [PubMed]

8. Desbiolles, F.; Malleret, L.; Tiliacos, C.; Wong-Wah-Chung, P.; Laffont-Schwob, I. Occurrence and ecotoxicological assessment of
pharmaceuticals: Is there a risk for the Mediterranean aquatic environment? Sci. Total Environ. 2018, 639, 1334–13480. [CrossRef]

9. Mezzelani, M.; Gorbi, S.; Regoli, F. Pharmaceuticals in the aquatic environments: Evidence of emerged threat and future challenges
for marine organisms. Mar. Environ. Res. 2018, 140, 41–60. [CrossRef]

10. Drzymala, J.; Kalka, J. Ecotoxic interactions between pharmaceuticals in mixtures:diclofenac and sulfamethoxazole. Chemosphere
2020, 259, 127407. [CrossRef]

11. Mandaric, L.; Kalogianni, E.; Skoulikidis, N.; Petrovic, M.; Sabater, S. Contamination patterns and attenuation of pharmaceuticals
in a temporary Mediterranean river. Sci. Total Environ. 2019, 647, 561–569. [CrossRef]

12. Ratola, N.; Cincinelli, A.; Alves, A.; Katsoyiannis, A. Occurrence of organic microcontaminants in the wastewater treatment
process. A mini review. J. Hazard. Mater. 2012, 239–240, 1–18. [CrossRef]

13. Weber, F.A.; Bergmann, A.; Hickmann, S.; Ebert, I.; Hein, A.; Küster, A. Pharmaceuticals in the environment–global occurrences
and perspectives. Environ. Toxicol. Chem. 2015, 35, 823–835.

14. European Medicines Agency. Guideline on the Environmental Risk Assessment of Medicinal Products for Human Use; Ref
EMEA/CHMP/SWP/4447/00 Corr 2; European Medicines Agency: Amsterdam, The Netherlands, 2006.

15. Gunnarsson, L.; Snape, B.; Verbruggen, J.R.; Owen, S.F.; Kristiansson, E.; Margiotta-Casaluci, L.; Österlund, T.; Hutchinson, K.;
Leverett, D.; Marks, B.; et al. Pharmacology beyond the patient—The environmental risks of human drugs. Environ. Int. 2019, 129,
320–332. [CrossRef] [PubMed]

16. Weigel, S.; Kuhlmann, J.; Hühnerfuss, H. Drugs and personal care products as ubiquitous pollutants: Occurrence and distribution
of clofibric acid, caffeine and DEET in the North Sea. Sci. Total Environ. 2002, 295, 131–141. [CrossRef]

17. Gros, M.; Rodríguez-Mozaz, S.; Barceló, D. Fast and comprehensive multi-residue analysis of a broad range of human and
veterinary pharmaceuticals and some of their metabo-lites in surface and treated waters by ultra-high-performance liquid
chromatography coupled to quadrupole-linear ion trap tandem mass spectrometry. J. Chromatogr. A 2012, 1248, 104–121.
[PubMed]

18. Rodriguez-Navas, C.; Bjoerklund, E.; Bak, S.A.; Hansen, M.; Krogh, K.A.; Maya, F.; Forteza, R.; Cerda, V. Pollution pathways of
pharmaceutical residues in the aquatic environment on the Island of Mallorca, Spain. Arch. Environ. Contam. Toxicol. 2013, 65,
56–66. [CrossRef]

19. Togola, A.; Budzinski, H. Multi-residue analysis of pharmaceutical compounds in aqueous samples. J. Chromatogr. A 2008, 1177,
150–158. [CrossRef] [PubMed]

20. Loos, R.; Tavazzi, S.; Paracchini, B.; Canuti, E.; Weissteiner, C. Analysis of polar organic contaminants in surface water of the
northern Adriatic Sea by solid-phase extraction followed by ultrahigh-pressure liquid chromatography-QTRAP(A (R)) MS using
a hybrid triple-quadrupole linear ion trap instrument. Anal. Bioanal. Chem. 2013, 405, 5875–5885. [CrossRef]

21. Vidal-Dorsch, D.E.; Bay, S.M.; Maruya, K.; Snyder, S.A.; Trenholm, R.A.; Vanderford, B.J. Contaminants of emerging concern in
municipal wastewater effluents and marine receiving water. Environ. Toxicol. Chem. 2012, 31, 2674–2682. [CrossRef]

https://doi.org/10.1016/j.scitotenv.2020.142644
https://doi.org/10.1021/ac500508t
https://www.ncbi.nlm.nih.gov/pubmed/24502364
https://doi.org/10.1007/s10311-015-0537-z
https://doi.org/10.1016/S0378-4274(02)00041-3
https://doi.org/10.1021/es051124k
https://doi.org/10.1016/S0378-4274(02)00062-0
https://doi.org/10.1016/j.envpol.2005.12.018
https://www.ncbi.nlm.nih.gov/pubmed/16500738
https://doi.org/10.1016/j.scitotenv.2018.04.351
https://doi.org/10.1016/j.marenvres.2018.05.001
https://doi.org/10.1016/j.chemosphere.2020.127407
https://doi.org/10.1016/j.scitotenv.2018.07.308
https://doi.org/10.1016/j.jhazmat.2012.05.040
https://doi.org/10.1016/j.envint.2019.04.075
https://www.ncbi.nlm.nih.gov/pubmed/31150974
https://doi.org/10.1016/S0048-9697(02)00064-5
https://www.ncbi.nlm.nih.gov/pubmed/22704668
https://doi.org/10.1007/s00244-013-9880-x
https://doi.org/10.1016/j.chroma.2007.10.105
https://www.ncbi.nlm.nih.gov/pubmed/18054788
https://doi.org/10.1007/s00216-013-6944-8
https://doi.org/10.1002/etc.2004


Toxics 2025, 13, 498 22 of 23

22. Fang, T.-H.; Nan, F.-H.; Chin, T.-S.; Feng, H.-M. The occurrence and distribution of pharmaceutical compounds in the effluents
of a major sewage treatment plant in Northern Taiwan and the receiving coastal waters. Mar. Pollut. Bull. 2012, 64, 1435–1444.
[CrossRef] [PubMed]

23. Wu, J.; Qian, X.; Yang, Z.; Zhang, L. Study on the matrix effect in the determination of selected pharmaceutical residues in seawater
by solid-phase extraction and ultra-highperformance liquid chromatography-electrospray ionization low-energy collisioninduced
dissociation tandem mass spectrometry. J. Chromatogr. A 2010, 1217, 1471–1475. [PubMed]

24. Wille, K.; Noppe, H.; Verheyden, K.; Vanden Bussche, J.; DeWulf, E.; Van Caeter, P.; Janssen, C.R.; De Brabander, H.F.; Vanhaecke,
L. Validation and application of an LC–MS/MS method for the simultaneous quantification of 13 pharmaceuticals in seawater.
Anal. Bioanal.Chem. 2010, 397, 1797–1808. [CrossRef] [PubMed]

25. Nödler, K.; Licha, T.; Bester, K.; Sauter, M. Development of a multi-residue analytical method, based on liquid chromatography–
tandem mass spectrometry, for the simultaneous determination of 46 micro-contaminants in aqueous samples. J. Chromatogr. A
2010, 1217, 6511–6521. [CrossRef]

26. Nebot, C.; Gibb, S.W.; Boyd, K.G. Quantification of human pharmaceuticals in water samples by high performance liquid
chromatography–tandem mass spectrometry. Anal. Chim. Acta 2007, 598, 87–94. [CrossRef]

27. Available online: https://chemicalize.com/app/calculation (accessed on 28 April 2025).
28. Parolini, M. Toxicity of the Non-Steroidal Anti-Inflammatory Drugs (NSAIDs) acetylsalicylic acid, paracetamol, diclofenac,

ibuprofen and naproxen towards freshwater invertebrates: A review. Sci. Total Environ. 2020, 740, 140043. [CrossRef]
29. Al Bratty, M.; Al-Rajab, A.J.; Rehman, J.; Sharma, M.; Alhazmi, H.A.; Najmi, A.; Muzafar, M.A.H.; Javed, S.A. Fast and efficient

removal of caffeine from water using dielectric barrier discharge. Appl. Water Sci. 2021, 11, 97. [CrossRef]
30. Ali, A.M.; Rønning, H.T.; Alarif, W.; Kallenborn, R.; Al-Lihaibi, S.S. Occurrence of pharmaceuticals and personal care products in

effluent-dominated Saudi Arabian coastal waters of the Red Sea. Chemosphere 2017, 175, 505–513. [CrossRef]
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