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This study assesses water quality in the Portuguese section of the Douro River basin (Braganga region, NE
Portugal) by evaluating the presence and potential impact of pharmaceutical contaminants (PhCs), classified as
contaminants of emerging concern (CECs). A set of 65 pharmaceuticals was investigated for their occurrence and
ecological and health impact. The extent of contamination by these compounds, and its possible effects on the
aquatic ecosystem was analyzed and discussed. Additionally, the accumulation of these pharmaceuticals in
sediments is investigated, providing a more comprehensive understanding of their distribution and persistence in
the environment. Out of these 65 CECs, 23 were found in water and 10 in sediments. The most abundant
correspond to acetaminophen, diclofenac and ibuprofen. The data obtained are used in this paper to develop an
environmental indicator system, which serves as a valuable tool for assessing ecosystem health and water quality.
This system provides key information to support decision-making regarding environmental management and
conservation. Ultimately, this integrated approach aims to enhance the understanding and protection of water

resources in the Braganca region and beyond.

1. Introduction

Water is used for very different purposes, including domestic, in-
dustrial and agricultural uses. Such diversity of uses has, over the last
decades, resulted in the release of numerous unwanted compounds and
pollutants into the environment, which not only negatively affect the
water cycle, but also generate global concerns about their long-term
effects on aquatic ecosystems, biodiversity and human health. The
occurrence of these compounds, known as ‘contaminants of emerging
concern’ (CECs), sometimes also referred to as micropollutants (MPs), in
aquatic environments is increasingly recognized as a global environ-
mental challenge due to their continuous input from municipal and in-
dustrial effluents, surface runoff from urban areas, and leachates from
landfills, contributing to their persistence and bioaccumulation in
aquatic systems|[1,2] These substances, present at trace levels (pg, ng,
and pg-L™), persist in the environment despite conventional water and
wastewater treatment processes and pose potential long-term risks to
ecosystems and human health [3]. CECs include a wide range of sub-
stances such as pharmaceuticals, hormones, industrial chemicals, and
pesticides, which enter aquatic systems through various pathways such
as domestic and industrial discharges, agricultural runoff, and
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wastewater treatment plant effluents [4] in which conventional treat-
ments are usually inefficient, leading to the release of these pollutants
into the aquatic environment [5].

Pharmaceuticals (PhCs), in particular, have gained attention as one
of the major categories of CECs, with residues from human and veteri-
nary use frequently detected in surface water, sediments, and biota. The
consumption of pharmaceuticals has significantly increased in recent
decades due to population growth, technological advancements, and
greater accessibility to prescription drugs. In Europe, its accessibility has
risen considerably in just 15 years [6]. Recent studies suggest that the
aquatic risk of pharmaceuticals, such as carbamazepine or ciprofloxacin,
has risen 10-20 times over the past two decades, primarily due to the
growing population in urban areas [7]. In particular, antibiotics have
drawn significant attention over the past 20 years due to their wide-
spread use, environmental persistence, and their role in the develop-
ment and spread of antimicrobial resistance. The presence of
pharmaceutical residues in water bodies is particularly concerning as
they can induce chronic toxicity, endocrine disruption, and promote the
development of resistant bacteria. This poses a severe threat to biodi-
versity, ecosystem stability, and public health on a global scale [8]. All
of this must be viewed and analyzed in the framework of the one health
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integrated approach to balance and optimize the health of people, ani-
mals and ecosystems. The monitored compounds, originally developed
to prevent and treat diseases and improve health of living beings, are
biologically active substances that may persist in the environment due to
their continuous input and limited degradation, a phenomenon known
as pseudo-persistence [9], [10]. Following human or animal consump-
tion, pharmaceuticals undergo partial metabolism, resulting in the
excretion of various active chemical compounds through urine and
feces. Depending on the pharmaceutical class, up to 90 % of the
administered dose is excreted [11], [12] as the parent compound, which
is subsequently released into the environment through animal manure
or sewage, ultimately reaching wastewater treatment plants (WWTPs).
Additionally, agricultural activities significantly contribute to water
contamination, as processes such as soil erosion and leaching transport
various pollutants, including pharmaceutical residues, into water
bodies. Finally, the discharge of industrial waste, and inappropriate
practices, such as self-medication and the disposal of unused pharma-
ceuticals in household garbage or down the drain, further worsen sur-
face water pollution, disrupting the natural water cycle and raising
global concerns about its long-term ecological consequences [13].

Freshwater ecosystems are particularly vulnerable to urban pollu-
tion, as they often flow through different cities and urban areas and
serve multiple purposes, including water supply, irrigation, recreation,
and wastewater treatment. As a result, they receive both diffuse and
point-source contamination. The widespread use of pharmaceuticals,
combined with inefficient or insufficient wastewater treatment, has
significantly contributed to river pollution globally. Pharmaceutical
residues have been detected worldwide in surface waters at concentra-
tions ranging from pg-L™ to mg-L" and in sediments from pg-kg™ to
mg-kg™, highlighting their persistence and potential ecological impact.
Sediments may act as reservoirs for certain pharmaceutical families,
such as antibiotics, analgesics, and antidepressants, allowing these
contaminants to persist in aquatic environments for extended periods.
This accumulation can lead to their gradual release back into the water
column, potentially affecting aquatic organisms and contributing to
long-term pollution dynamics.

The accumulation of pharmaceuticals and other CECs in aquatic
systems affects drinking water quality, agricultural irrigation, and
overall water security, highlighting the urgent need for permanent and
effective monitoring and mitigation strategies [14]. Regulatory efforts in
Europe emphasize the need to monitor CECs, including pharmaceutical
residues, to ensure the chemical and ecological integrity of surface
waters. The Water Framework Directive established a framework for
water conservation, later amended by Directive 2008/105/EC, which
introduced a list of priority substances requiring monitoring. The
Directive 2013/39/EU updated this list, expanding it to 45 substances
and emphasizing the need for advanced water treatment technologies.
Additionally, the EU Watch List under Decision 2015/495/EU was
introduced to facilitate the collection of monitoring data on emerging
pollutants to support future prioritization efforts. Member states of the
EU are required to monitor the substances on the list at least once per
year for up to four years. The Watch List was updated in 2018, 2020,
2022, and again in 2025 [15].

This study aims to monitor the occurrence of 65 pharmaceuticals
(Table S1, Supplementary material), assess their ecological risks, and
analyze their spatial and temporal distribution in water and sediment at
14 sampling sites over three campaigns in the upper Portuguese part of
the river Douro basin (Braganca, NE Portugal). Its geography, with
water bodies influenced by human activities and natural conditions,
offers a unique opportunity to assess the spatial and seasonal distribu-
tion of these compounds. This region faces significant environmental
pressures due to different land uses, which can introduce pollutants into
aquatic ecosystems through urban runoff, agricultural practices, and
sewage effluents.

The selection of target pharmaceuticals in this study was based on
different criteria reflecting their regulatory relevance, environmental
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occurrence, and potential risks. Some of the selected pharmaceuticals
are currently regulated in water quality guidelines due to their potential
environmental and human health risks. Additionally, several com-
pounds are included in the current EU Watch List for emerging pollut-
ants or have been part of previous versions of this list, making their
monitoring essential to assess persistence and potential regulatory
needs. Moreover, certain substances were identified as candidates for
inclusion in future EU Watch Lists because of their presence in aquatic
environments and possible ecotoxicological effects.

The selection also prioritized compounds known or suspected to
contribute to antimicrobial resistance, reflecting their potential human
and ecological health effects. Furthermore, pharmaceuticals frequently
detected in previous studies on surface water and sediment contami-
nation (see supplementary data) were included to ensure a compre-
hensive assessment of their occurrence and distribution.

Since the majority of aquatic ecosystems evaluated in this study had
not been previously surveyed for pharmaceutical compounds, low
prevalence or rarely reported substances were also assessed. This deci-
sion aimed not only to address significant gaps in current knowledge
regarding their environmental presence and distribution, but also to
anticipate possible shifts in pharmaceutical usage and related ecological
exposure scenarios.

Despite its environmental and socioeconomic relevance, the Portu-
guese section of the Douro River basin in Braganca region has been
poorly studied in terms of the presence of emerging pollutants, such as
pharmaceuticals, which can pose a significant threat to aquatic ecosys-
tems and human health [16].

This study differs from previous research by developing environ-
mental indicators to assess ecosystem health, thus providing essential
insights into the environmental fate of pharmaceuticals and their impact
on aquatic ecosystems. These indicators clarify pollution patterns and
support informed decision-making for water management and conser-
vation. To enhance their applicability, a four-color alert system has been
incorporated, simplifying risk assessment based on pharmaceutical
concentrations. Moreover, these indicators can be easily replicated in
other freshwater ecosystems worldwide.

Furthermore, the results obtained in this study were compared with
data from previous studies on these contaminants conducted in Portugal
and other European countries. We emphasize the importance of this
preliminary information for river basin managers and policymakers.

2. Methodology
2.1. Study site

The study was carried out in the Portuguese section of the Douro
River basin, within the Braganca district - NE Portugal. The Douro River
is an international river flowing through 897 km from Picos de Urbi6n
(Soria, Spain) through Portugal into the Atlantic Ocean, with its mouth
in Porto (Portugal). The sampling area is characterized by the strong
seasonality, with periods of strong drought, and for constituting a highly
diverse system of rivers and reservoirs, which play a key role in water
supply, biodiversity, agricultural and recreational activities.

Fourteen sampling points strategically distributed in rivers and res-
ervoirs of the region were selected. Most of the river points belong to the
Sabor River basin, an important tributary of the Douro River. In addi-
tion, a sampling point was included directly in the Douro River, at
Miranda do Douro (S14), where the river enters Portugal. Three sam-
pling campaigns were conducted between mid-March and mid-April
(campaign A), May (campaign B) and September (campaign C) 2024,
covering wet (March/April and May) and dry (September) periods to
assess the influence of flow and seasonal variations on the concentration
of PhCs in different aquatic compartments.

The sampling points covered a wide range of environmental condi-
tions and potential sources of contamination (Table 1, Figure S1).

These permanent rivers have a strong torrential hydrological regime,
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Table 1
Sampling sites description.

GPS Coordinates

Code  Sampling site

Characteristics

North

West

S1 Serra Serrada
Reservoir

S2 Castanheira
Reservoir

S3 Fervenca
Riverupstream
Braganca city

S4 Fervenca River-
IPB University
Campus

S5 Fervenca River-
5 km downstream
from Braganca
WWTP

S6 Sabor River-
Camping

S7 Sabor River-
Coelhoso

S8 Azibo River
Upstream

S9 Azibeiro River
(confluence Azibo
reservoir)

S10 Azibo Reservoir

S11 Azibo River
(downstream
Azibo reservoir)

S12 River Sabor Mouth

Located in
Montesinho National
Park (altitude,

1200 m) urban water
supply and
hydroelectric power
generation cause
accentuated water
level fluctuations.
Although human
influence on the
reservoir seems to be
negligible, extensive
grazing on the
reservoir shores,
woodland and scrub,
Mesotrophic reservoir
Extensive agriculture
and farming,
woodland and scrub
Mesotrophic to
eutrophic

Rural area, extensive
agriculture and
grazing, woodland
and scrub

Inside Braganca’s
urban area (22,685
inhabitants [17]). The
river runs through the
university campus
Extensive agriculture
and grazing, runoff
from a semi-intensive
pig farm with around
300 animals,
Eutrophication, strong
odor, foam.

The river runs through
a campsite (capacity
of 200 persons);
extensive agriculture,
woodland and scrub
Woodland and scrub,
extensive agriculture
Upstream Azibo
reservoir, highway
runoff, Woodland and
scrub, extensive
agriculture

Extensive water level
fluctuation due to
reservoir influence.
Extensive agriculture,
woodland, scrub
Urban and agriculture
water supply, tourism
(350,000 tourists/
year), River beaches,
small village,
extensive agriculture,
woodland and scrub
Mesotrophic reservoir
Extensive agriculture,
woodland and scrub.

River beach at the
confluence of the
Sabor and Douro
rivers. Small villages,
agriculture, woodland
and scrub

41.962211

41.78658

41.794507

41.798257

41.776104

41.843795

41.665534

41.625731

41.588806

41.575006

41.469622

41.17719

—6.772782

—6.820871

—6.800465

—6.76437

—6.715371

—6.745939

—6.643853

—6.855616

—6.906762

—6.897132

—6.850333

-7.111157
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Table 1 (continued)

GPS Coordinates

Code  Sampling site Characteristics North West

Urban area (239
inhabitants). The
location where the
Angueira River, an
international river,
enters Portuguese
territory. Extensive
agriculture, woodland
and scrub

The location where
the Douro River enters
Portuguese territory.
Hydroelectric power
generation, urban
areas, Douro
International Natural
Park, extensive
agriculture, woodland
and scrub.
Mesotrophic to
eutrophic reservoir

S13 Angueira River- 41.633947 —6.35144

Sao Martinho

S14 Douro River-
Miranda Reservoir

41.492357  —6.26565

with large flow variations, in line with rainfall.

In addition, sampling was carried out at the Braganca Drinking
Water Treatment Plant (DWTP) and the Braganca Wastewater Treat-
ment Plant (WWTP), both at the inlet and outlet of the facilities. This
approach allows us to evaluate not only the presence and distribution of
pollutants in natural water bodies, but also the effectiveness of the
treatment processes in removing these compounds.

2.2. Meteorological data

Meteorological data were obtained from the Portuguese Institute for
Sea and Atmosphere (IPMA) [18]. Monthly average precipitation values
were considered for March, April, May, August and September 2024,
corresponding to the sampling campaigns. For the campaign a, carried
out between mid-March and mid-April, precipitation data for both
months were included to provide an accurate characterization of the
hydrological conditions during the entire sampling period. Campaign C
was conducted during the first days of September, in a period without
rainfall. For this reason, the accumulated rainfall data for August are
also included, since they reflect more accurately the conditions prior to
sampling than the rainfall recorded in September. This approach was
adopted to ensure that variability in precipitations, which can signifi-
cantly influence the presence and concentration of contaminants in
aquatic environments, was properly accounted for in the interpretation
of the results.

Rainfall data are summarized in Table 2. These values were used to
contextualize the observed pharmaceutical concentrations in water and
sediments. Precipitation can affect the presence and distribution of PhCs
through processes such as dilution, runoff from urban and agricultural
areas, and particle resuspension. Therefore, considering these environ-
mental conditions provides additional insight into the seasonal patterns
and spatial variability of contaminant occurrence observed in this study.

Table 2
Average monthly rainfall in Braganca during monitoring campaigns.

Sampling campaign Month Average precipitation (mm)
Campaign A March 2024 121.6
April 2024 38.8
Campaign B May 2024 48.3
Campaign C August 2024 3.7

September 2024 51.5
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2.3. Water sampling and sediment collection

Water samples were collected from the surface and preserved in
125 mL glass bottles with Teflon caps, previously washed with sulfo-
chromic mixture, followed by 1 % HCl aqueous solution and double
distilled water. Samples were labeled, cooled, and subsequently frozen
at —18 °C until analysis.

Sediment samples were obtained using a stainless-steel grab sampler
and stored in the dark at 4 °C. In laboratory samples were labeled,
cooled, and subsequently frozen at —18 °C until further analysis.

Physicochemical parameters, including pH, conductivity, and tem-
perature, were measured in situ using portable multiparameter probes
(HANNA HI98194) to provide contextual environmental data.

2.4. Contaminant analysis and sample processing

All contaminants were analyzed by HPLC/MS, and detection was
performed by high-resolution mass spectrometry (HRMS).

As for the general method of sediment lixiviate preparation, four
parts milli-Q water were mixed with one part of sediment, by volume.
Then they were held in continuous stirring for 24 h. At the end of the
mixing period, the mixture was left to decant for approximately 1 h. The
supernatant liquid was filtered through filter paper with a pore size
between 20 and 25 um. These filters have been previously treated,
washed with distilled water and dried. The first 10 mL of filtered su-
pernatant liquid were discarded to obtain a sample with as few impu-
rities as possible. Both water and sediment samples were stored in the
dark in a refrigerated container and then frozen at —20 °C until analysis.

All compounds were analyzed by high-performance liquid chroma-
tography (HPLC) using two different columns, depending on the target
analytes. A Zorbax SB-Aq column (2.1 x 150 mm, 3.5 um) and an
XSelect HSS T3 column (3.0 x 150 mm, 2.5 um) were used for separa-
tion. The column temperature was maintained at 40 °C, with an injec-
tion volume of 100 pL and a flow rate of 0.4 mL-min™" .

Elution was performed in gradient mode with a binary mobile phase
system: phase A consisted of water with 0.1 % acetic acid and 1 mM
ammonium acetate, while phase B was acetonitrile with 0.1 % acetic
acid. The gradient profile was as follows: 100 % A at 0.00 min, main-
tained until 2.00 min, then gradually decreasing to 2 % A and 98 % B at
14.00 min, held until 17.00 min, and returning to initial conditions at
19.00 min, with a post-run equilibration time of 3 min.

To ensure reproducibility and proper method validation, all relevant
mass spectrometric parameters used in the analysis are provided in
Supplementary material, Table S2. These include the ionization mode,
precursor and product ions, fragmentor voltage, collision energy, and
cell accelerator voltage for each compound analyzed using triple
quadrupole MS under multiple reaction monitoring (MRM) mode.

2.5. Quality assurance/quality control

Calibration curves were built from each of the CECs, from solutions
of the standard material (maximum purity commercially available).
These calibrations exhibited excellent linearity over the working range
(0.01-6.00 pg-LY), with correlation coefficients 0.9968-0.9999,
showing the robustness of the quantification model. The sensitivity was
confirmed, with a limit of quantification (LOQ) of 0.005 pg-L™ . Method
repeatability, assessed in terms of peak area and analyte concentration,
yielded maximum relative standard deviations of 9.30 % and 9.85 %,
respectively, indicating high consistency in measurements. Accuracy
values ranged from 82.1 % to 116.6 %, reflecting the method’s reli-
ability in recovering target compounds.

For sediment samples, the analysis was performed on their leachates,
which were treated following the same quality control procedures as for
water samples. Matrix effect evaluation confirmed that, at the working
dilutions, no significant matrix interference was observed. Therefore,
the same calibration, sensitivity, repeatability, and accuracy parameters
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applied to water were considered valid for sediment leachates, ensuring
consistent analytical performance across both matrices.

2.6. Environmental risk assessment

To assess the potential risk that the detected substances may cause to
human health, the risk quotient (RQ) was calculated. This coefficient,
applied to polar substances, is defined as the ratio of the measured
environmental concentration (MEC) in the water column to the pre-
dicted no effect concentration (PNEC), which represents the concen-
tration below which adverse effects are unlikely to occur during
exposure, either in the short or long term. The PNEC value is determined
from a reference concentration, selected as the lowest value from
available experimental data for the organism of interest, and an
assessment factor (AF), which can range from 10 to 1000, depending on
whether it is derived from long-term (chronic) toxicity data for all tro-
phic levels or from short-term (acute) toxicity data for at least one tro-
phic level, respectively.

A comprehensive literature review was conducted to compile the
lowest reported PNEC values available for freshwater organisms
(Table S3). The PNEC value for each compound was consistently
selected as the lowest available concentration reported in the reviewed
literature, thereby maximizing environmental protection through a
precautionary approach. Most of the selected values were derived from
chronic toxicity data, which better reflect realistic environmental
exposure scenarios and generally provide a more protective basis for risk
assessment. However, in a few instances where chronic data were un-
available, acute toxicity data were used, and a higher assessment factor
(AF=1000) was applied, following established ecotoxicological risk
assessment guidelines.

The PNEC for sediments was calculated using the equilibrium par-
titioning method [19], expressed through the simplified formula

PNECsiegiment = PNEC,yq1er-(0.783 4 0.0217 @ K¢) (€9)]

Once the risk coefficient was determined, the values were ranked
according to the estimated risk and a color-coded system was estab-
lished. If the RQ value is < 0.1, no adverse effects are expected, and the
risk is classified as negligible (green). If the RQ value is between 0.1 and
1, the risk is low, but the possibility of adverse effects should be
considered (yellow). If the RQ value ranges between 1.0 and 10, some
adverse effects are likely to occur, and the risk is classified as moderate
(orange). Finally, if the RQ value is > 10, a high risk is expected (red)
[20].

Toxic units (TUs) were calculated for each group of substances
analyzed by adding the previously determined RQ values to assess the
potential risk of toxicity due to the simultaneous presence of multiple
substances.

2.7. Statistical analysis

The detection frequencies were calculated by counting the number of
samples in which each pharmaceutical was detected and dividing this
value by the total number of analyzed samples (n = 42), expressing the
result as a percentage. Mean concentrations were calculated by applying
the simple arithmetic mean, from all measured values.

To investigate potential relationships between the physicochemical
properties of water and the presence of pharmaceuticals, a correlation
matrix was constructed. The analysis included key parameters such as
pH, conductivity, and temperature, along with the concentrations of
detected pharmaceuticals.

Pearson’s correlation coefficient (r) was used to quantify the strength
and direction of the linear relationships between variables.
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3. Results and discussion
3.1. Ocurrence and spatio-temporal variability in water

Out of the 65 pharmaceuticals monitored in the Braganca section of
the Douro River basin, 23 were quantified in water samples (Table S4-
S6). The occurrence of these contaminants varied significantly across
sampling sites and campaigns. However, spatial differences suggest that
specific anthropogenic influences may play a role in contamination
distribution.

It is essential to note that all substances detected in the water column
are present at very low concentrations, mostly in the ppb range, indi-
cating good water quality in the region. However, their potential envi-
ronmental risk could increase if their concentration rises. Therefore,
continuous monitoring is essential to establish a record of their trends in
time.

In the case of contaminants with measured concentrations below the
quantification limit, ie., < 0.005, they have been considered as not
detected for the purposes of this study, assuming that their concentra-
tion is insufficient for reliable quantification within the analytical
method used.

Table 3 presents the detection frequencies, ranges, mean concen-
trations, and standard deviation of the quantified PhCs across all cam-
paigns in water samples.

The pharmaceuticals identified in the water samples were classified
into six distinct groups (Fig. 1). Cardiovascular drugs represented the
largest category, comprising nine compounds (39.13 %). This was fol-
lowed by anti-inflammatory drugs, with four compounds (17.39 %), and
antibiotics, with four compounds (17.39 %). Analgesics accounted for
three substances (13.04 %) and group of neurological/psychiatric drugs
was represented by two compounds (8.70 %), while gastrointestinal
drugs were the least represented, with a single compound (4.35 %).
Anti-inflammatory drugs presented the highest detection frequency,
100 %. All samples were contaminated by at least one substance of this
group, followed by analgesics (95.48 %), cardiovascular drugs
(59.52 %), gastrointestinal drugs (42.86 %), antibiotics (21.43 %) and
neurological and psychiatric drugs (4.76 %).
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Regarding mean concentration, the results do not follow the same
pattern, the highest one was observed in the antibiotic group
(2.242 pg-LY), followed by gastrointestinal (1.022 pg-L™), analgesics
(1.252 pg-L ™) and cardiovascular drugs (0.910 pg-L™). The highest in-
dividual concentration was found for antibiotics (amoxicillin,
15.382 pg-L'!) and anti-inflammatory drugs (acetaminophen,
10.587 pg-L™).

As for the most quantified substances out of a total of 42 samples
taken, diclofenac appeared in 100 % of them, followed by acetamino-
phen, which appeared in 38 samples (90.48 %), ibuprofen appeared in
35 samples (83.33 %) and omeprazole was quantified in 19 samples
(45.24 %).

The highest frequency of detection is for anti-inflammatory and
analgesic drugs, especially acetaminophen, which is not surprising,
since most of these substances are among the most prescribed drugs
worldwide and are sold over the counter in Portugal. On the other hand,
the frequencies of detection of cardiovascular drugs could be related to
the demographic characteristics of the studied area, with aging
demography [21], which likely contributes to the higher consumption of
cardiovascular pharmaceuticals and their subsequent detection in the
aquatic environment. The same is true in relation with the detection of
omeprazole, widely used to treat gastrointestinal problems, that also
tend to be more prevalent in older patients.

Interestingly, the low concentrations and limited detection fre-
quencies of antidepressant venlafaxine and carbamazepine, used as
anticonvulsant in epilepsy treatment and also in patients with bipolar
disorder, observed in our study could reflect several factors. First, it may
indicate a relatively low consumption of these substances, possibly
suggesting a lower prevalence or underdiagnosis of mental health
problems in the studied area. In addition, antidepressants are usually
prescription drugs whose distribution is more controlled than that of
common analgesics or anti-inflammatories. On the other hand, these
substances show a metabolic prevalence (Table S7) which leads to very
small amounts being excreted as the parent compound, which may also
contribute to their scarcity in the environment.

PhCs overall concentrations detected in water samples from the three
sampling campaigns are shown in Fig. 2. The boxplot illustrate the

Table 3
Occurrence of the pharmaceutical residues quantified in this study in water samples.
Pharmaceutical group Frequency (%) Minimum (pg-L™") Mean (pg-L™") Maximum (pg-L™") SD (%)
Anti-inflammatory drugs 100 0.018 0.418 3.744 0.641
Diclofenac 100.00 0.118 0.273 3.165 0.464
Ibuprofen 83.33 0.147 0.569 3.744 0.780
Ketoprofen 4.76 0.170 0.403 0.635 0.233
Naproxen 2.38 1.266 1.266 1.266 0.000
Analgesics 95.48 0.087 1.252 10.587 1.821
Acetaminophen 90.48 0.087 1.450 10.587 1.971
Codeine 4.76 0.015 0.018 0.021 0.003
Tramadol 19.05 0.087 0.618 1.988 0.686
Antibiotics 21.43 0.018 2.242 15.382 4.416
Amoxicillin 16.67 0.592 3.809 15.382 5.247
Clarithromycin 2.38 0.018 0.018 0.018 0.000
Isoniazid 4.76 0.033 0.059 0.084 0.026
Sulfadimethoxine 4.76 0.021 0.053 0.084 0.032
Cardiovascular drugs 59.52 0.022 0.910 8.216 1.426
Atenolol 11.90 0.034 0.894 2.370 0.882
Atorvastatin 7.14 0.121 0.349 0.684 0.242
Bisoprolol 19.05 0.045 1.199 2.360 0.691
Clofibric acid 9.52 0.089 0.361 1.165 0.464
Furosemide 9.52 0.667 3.315 8.216 2.994
Propranolol 11.90 0.045 0.346 1.159 0.413
Ramipril 16.67 0.027 0.775 2.659 0.978
Sotalol 9.52 0.052 0.081 0.115 0.023
Warfarin 2.38 0.022 0.022 0.022 0.000
Neurological and psychiatric drugs 4.76 0.033 0.274 0.611 0.246
Carbamazepine 2.38 0.180 0.180 0.180 0.000
Venlafaxine 4.76 0.033 0.322 0.611 0.289
Gastrointestinal drugs 45.24 0.111 1.403 8.255 1.998
Omeprazole 45.24 0.111 1.403 8.255 1.998
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Neurological and
psychiatric drugs
8.70%

Cardiovascular drugs
39.13%

—
L
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Fig. 1. Pharmaceuticals by groups quantified in water samples.
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Fig. 2. Overall concentrations of PhCs detected in water samples in Douro River basin (numbers in the figure indicate the frequencies (%) of detection in 42 samples
collected during the three sampling campaigns). ACE-acetaminophen, AMX-amoxicillin, ATN-atenolol, ATV-atorvastatin, BIS-bisoprolol, CBZ-carbamazepine, CFA-
clofibric acid, CLR-clarithromycin, COD-codeine, DCF-diclofenac, FUR-furosemide, IBU-ibuprofen, INH-isoniazid, KET-ketoprofen, NPX-naproxen, OME-omeprazole,
PRO-propranolol, RMP-ramipril, SMX-sulfadimethoxine, STL-sotalol, TRA-tramadol, VFX-venlafaxine, WRF-warfarin.

distribution and variability of the compounds across the 14 sampling
sites. A wide range of concentrations was observed, with some com-
pounds showing notable dispersion, as outliers, but generally concen-
tration levels were relatively low. Amoxicillin and furosemide presented
the highest variability, indicating sporadic peaks of contamination. In
contrast diclofenac and ibuprofen presented lower concentration and
narrower distribution ranges, suggesting continuous release to the
environment across sampling sites and time.

The greatest diversity of compounds in water samples was found in
campaign A, in March, with 17 substances detected. The highest

occurrence was observed at site S13 (Table 1), where 11 different
pharmaceuticals were quantified on the Angueira River. During this
campaign, the highest accumulated concentrations of substances were
observed at sites S1 (9.293 pg-L™) and S5 (17.540 pg-L™'). On the other
hand, the substance for which the highest concentrations were observed
was amoxicillin at the same points, S1 and S5 (Table 1), achieving
7.387 pg-L! and 15.382 pg-L*, respectively.

A high presence of amoxicillin at S1 is an observation of great
concern since the water from the Serra Serrada reservoir is intended to
be used for drinking water for the city of Braganca and is one of the most
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remote sampling points, located within a protected natural park, far
from villages, at high altitude (1200 m). The observed values can only
be associated with the presence of livestock grazing in the surrounding
area, to which veterinary pharmaceuticals may have been administered.
In addition, the site is subjected to accentuated water level fluctuations
[22], which may enhance the mobilization and dispersion of pollutants
from diffuse sources, contributing to the presence of amoxicillin in
surface waters despite the isolated nature of the site. All the drugs
observed at this site omeprazole, acetaminophen and ibuprofen are of
veterinary use.

In sampling campaign B, 14 PhCs were quantified, with the highest
occurrence at sites S7 (Table 1) (7), followed by S5, S10 and S14
(Table 1) (6 at all of them), while the highest accumulated concentration
was measured at site S9 (19.616 pg-L™). The substances for which the
highest concentrations were observed were acetaminophen reaching
10.587 pg-L™! on the Azibeiro River at S9 and omeprazole on the Sabor
River at S6 sampling point, achieving 8.255 pg-L™ .

Campaign C resulted in the detection of 14 substances, with site S7
exhibiting the highest number of PhCs (7), whereas the highest accu-
mulated concentration was again recorded at site S5 (12.371 pg-L™)).
Finally, the substance with the highest measured concentration was
acetaminophen with 4.491 pg-L™ at site S5.

Across all campaigns, campaign A presented the highest diversity of
quantified substances in water. However, the sites associated with the
highest cumulative concentrations varied depending on the sampling
period, with S5 showing elevated levels in campaign A and campaign C,
while S9 had the highest concentrations in May (Fig. 3). Notably, site S5
is located immediately downstream of a wastewater treatment plant
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(WWTP) and near a pig farm, which may contribute to the elevated
pharmaceutical concentrations recorded in this area. Moreover, it is
worth highlighting that, in the campaign A, at site S13, four antibiotics
were simultaneously detected, representing the highest number of an-
tibiotics found at a single sampling point in this study.

To compare the pharmaceutical profiles between campaigns, cu-
mulative concentrations were converted into relative abundances
(Fig. 4). This approach allows highlighting the contribution of each
pharmaceutical to the total contamination load, independently of the
absolute concentration differences between sampling campaigns,
allowing a clearer visualization of compositional differences over time.

Some seasonal differences were observed, with certain contami-
nants, such as amoxicillin, appearing predominantly in campaign A,
while others, such as acetaminophen, bisoprolol and furosemide were
more prevalent in campaigns B and C. These trends may reflect changes
in contaminant input, environmental conditions, or degradation rates
over time.

Dissipation half-life (DTso), defined as the time required for 50 % of a
compound’s initial concentration to dissipate from the environmental
compartment, is a standard indicator of environmental persistence. DTso
values reported in the literature were consulted for both surface waters
and sediments to better interpret the persistence and pseudo-persistence
of the detected pharmaceuticals (Supplementary material, Table S8). In
surface waters, acetaminophen typically shows a short half-life of about
3 days, while diclofenac has DTso values around 5 days, depending on
light exposure and microbial activity. Amoxicillin presents an interme-
diate degradation profile, with DTso values of approximately 35.5 days.
Carbamazepine stands out for its high persistence, with reported DTso

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S14

PRO wRMP mSMX mSTL TRA mVFX mWRF

Fig. 3. Cumulative concentrations at different sampling points for the pharmaceutical residues found in water, across the three sampling campaigns.
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Fig. 4. Relative abundance at different sampling points for the pharmaceutical residues found in water, across the three sampling campaigns.

values often exceeding 328 days in aquatic systems.

In sediments, available data are more limited, but they reinforce the
persistence classification of some compounds. Acetaminophen again
shows a short half-life (~3 days), and ibuprofen degrades relatively
quickly (~10 days), indicating low persistence. In contrast, carbamaz-
epine shows notable stability in sediments, with DTso values close to 47
days, supporting its classification as a pseudo-persistent compound.
Venlafaxine displays intermediate behavior, with sediment DTso values
around 17 days. Overall, these degradation patterns help explain the
frequent or continuous detection of certain pharmaceuticals across
sampling campaigns and support their identification as pseudo-
persistent pollutants.

The decrease in the concentration of amoxicillin in water between
March and May may also be associated with its seasonal use, as this
antibiotic is commonly prescribed for respiratory and urinary infections
[23], which tend to occur more often during specific periods of the year.

The spatial and seasonal variations observed in the concentrations of
PhCs in water samples appear to be influenced not only by anthropo-
genic sources but also by hydrological conditions. March, the campaign
with the greatest diversity of compounds (17 substances) and notably
high concentrations at sites S1 and S5, coincided with the highest
recorded precipitation (121.6 mm). This precipitation probably
contributed to the mobilization of pollutants through increased surface
runoff, which could explain the high diversity of substances detected in
this campaign and generally lower loads observed, due to dilution
processes. In contrast, May, with lower precipitation values (48.3 mm),
showed slightly reduced diversity and changes in pollution patterns,
with points S2, S6, S9 and S10 having the highest cumulative concen-
trations, possibly reflecting areas with increased human presence and
potential tourism activity. In the case of the campaign C, although
climate records indicate a higher amount of accumulated precipitation
(51.5 mm) compared to May, the samples were collected during the first
days of September, in a period without rainfall. For this reason, pre-
cipitation data from August have also been considered (3.7 mm), as they
better reflect the conditions prior to sampling. The decrease observed in

the occurrence and concentrations of some compounds does not seem to
be due to direct dilution, but rather to desorption processes promoted by
solar radiation and higher temperatures [24], [25].

Physicochemical parameters showed seasonal variations across the
three sampling campaigns. Water temperature increased significantly in
September (16.57-24.76 °C) compared to March (9.81-16.11 °C) and
May (11.05-18.70 °C), reflecting the expected seasonal trends. Con-
ductivity and total dissolved solids (TDS) showed a marked rise in
September, reaching maximum values of 1382 pS-cm™ and 690 mg-L™* ,
respectively, particularly downstream of the WWTP. In contrast, March
and May displayed lower and more stable conductivity (8-354 pS-cm™)
and TDS (4-177 mg-L'). pH values remained relatively stable
throughout the campaigns (6.05-9.26), with localized alkalinity varia-
tions in certain sites, such as Azibo Reservoir (S6) and Sabor River in
Coelhoso (S7). Tables and graphics with detailed data on pH, tempera-
ture, conductivity and TDS are available in the supplementary infor-
mation (Tables S9-S12 and Figures S2-S5).

A correlation matrix (Table S13) was carried out to assess whether
physicochemical properties, specifically pH, conductivity and temper-
ature, influence the distribution of PhCs in the water column. This
analysis aimed to identify possible relationships between these param-
eters and the presence of pharmaceuticals in surface waters. The results
revealed correlations for certain compounds. For example, tramadol
showed a positive correlation with pH, suggesting that its persistence in
the water column may be influenced by pH-dependent processes such as
ionization or solubility changes. Ibuprofen and diclofenac showed a
weak positive correlation with conductivity, which could indicate a
relationship between their presence and variations in ionic content,
possibly due to wastewater inputs. In contrast, atenolol and sotalol
showed negative correlations with both conductivity and temperature,
suggesting a different environmental behavior, possibly degrading faster
or being transported to areas with less anthropogenic impact.

However, it is important to remark that not all pharmaceuticals were
consistently detected in all locations and campaigns, which may limit
the strength of these correlations and indicate other underlying factors,
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such as local sources of contamination, degradation rates, or hydrody-
namic conditions. These results suggest that physicochemical parame-
ters may play a role in the distribution and fate of pharmaceuticals in
aquatic environments, although further research, is needed to confirm
these patterns and identify the dominant processes driving the distri-
bution of pharmaceuticals in the study area.

The presence of PhCs in surface waters has been widely reported
worldwide, reflecting their widespread use and continuous discharge
into aquatic environments. Abundant information is available for PhCs
in water in Europe, though a bit less for Portugal (Table S14). In this
study, the concentrations detected are slightly higher as those previously
reported in other Portuguese water bodies. Specally higher concentra-
tions were observed for compounds, such as acetaminophen
(0.087-10.587 pg-L™) or amoxicillin (0.592-15.382 pg-L™), suggesting
a point contamination issue. However, if average concentrations are
considered, the results are fully comparable to those described in similar
studies carried out in Portugal. The presence of diclofenac, detected in
100 % of the samples, is a matter of concern. Nevertheless, these results
are in line with findings from other studies conducted in Portuguese
river systems, where diclofenac has also been reported as one of the most
prevalent pharmaceuticals [16], [26].

In addition, the results obtained for sampling points S4, S5, and S6
(Fervenca River) were compared with data collected at the same loca-
tions in February 2018 by Canle and Antao-Geraldes [16]. Although not
all the compounds analyzed in the present study were included in the
previous monitoring campaign, a clear increase in the concentrations of
all pharmaceuticals that were common to both studies (acetaminophen,
carbamazepine, clofibric acid, diclofenac and ibuprofen) was observed
(Table S15). Several factors may explain these differences. Firstly, sea-
sonal variation plays a crucial role in the presence of pharmaceuticals in
surface waters, as lower river flows during certain periods can lead to
higher concentrations due to reduced dilution capacity. Additionally, is
also important to consider the performance of wastewater treatment
plants, which can vary seasonally or due to operational factors, affecting
the load of contaminants reaching receiving water bodies. Lastly,
methodological improvements in analytical sensitivity between both
sampling campaigns could also partly explain the detection of higher
concentrations in the current study.

Compared with data reported for other European rivers (Table S16),
the concentrations observed in this study are also within range.
Although variations between regions are to be expected, due to differ-
ences in consumption patterns, wastewater treatment performance and
environmental conditions, the levels detected in the studied area are
consistent with those reported in European monitoring studies. These
results confirm that the presence of pharmaceuticals in surface waters of
the Braganca region is in line with national and European trends,
highlighting the diffuse and persistent nature of pharmaceutical
pollution.

High detection frequencies of anti-inflammatory drugs were
observed, with concentration ranges aligning with previous data from
Portuguese and European rivers. However, the distribution of drugs by
therapeutic class did not follow patterns reported in other studies [27].
While anti-inflammatory and analgesic drugs were predominant, a
notable proportion of the samples also contained cardiovascular com-
pounds. This may reflect local demographics, as cardiovascular disease
prevalence tends to increase in aging populations.

Among the detected pharmaceuticals, three compounds are currently
included in the EU Watch List: amoxicillin, propranolol and venlafaxine.
Additionally, diclofenac, which was part of the EU Watch List until
2018, when it was removed due to the availability of sufficiently high-
quality monitoring data [28], was detected in 100 % of the water sam-
ples analyzed in this study. This consistent presence underlines that
diclofenac remains as a compound of great environmental concern and
should not be overlooked in future monitoring programs. In addition, it
is important to highlight that during the sampling campaign A at site
S13, all four antibiotics detected in this study were present
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simultaneously. This finding along with the high concentration of
amoxicillin at S1 and S5 in the same campaign reinforces concerns about
the continued entry of antibiotics into the aquatic environment and
suggests the existence of local sources of contamination, such as un-
treated discharges or inappropriate treatment at the WWTP. The
simultaneous presence of multiple antibiotics at a single site may
contribute to development and spread of antibiotic-resistant bacteria
and resistance genes, underscoring the need for continued monitoring
and stricter control measures [29].

3.2. Occurrence and spatio-temporal variability in sediments

Out of the 65 pharmaceuticals monitored, 10 were quantified in
sediment samples (Table S17-519). Table 4 presents the detection fre-
quencies, ranges, mean concentrations, and standard deviation of the
quantified pharmaceutical residues across all campaigns in sediment
samples. The PhCs detected in sediment samples were classified into five
distinct therapeutic groups (Fig. 5). Anti-inflammatory drugs consti-
tuted the largest category, comprising four compounds (40 %), followed
by cardiovascular drugs, with three compounds (30 %). Analgesics,
neurological and gastrointestinal drugs were represented by one com-
pound each (10 %). As well as in water samples, anti-inflammatory
drugs presented the highest detection frequency, 100 %. All 42 sam-
ples were contaminated by at least one substance of this group, followed
by analgesics (90.48 %), cardiovascular drugs (47.62 %), gastrointes-
tinal drugs (42.86 %) and neurological and psychiatric drugs (4.76 %).
As for the most quantified substances out of a total of 42 samples taken,
diclofenac was present in 100 % of samples of sediments, as in water
samples, followed by acetaminophen, which appeared in 38 samples
(90.50 %), ibuprofen appeared in 34 samples (80.95 %) and Ketoprofen
was quantified in 29 samples (69.05 %). The frequent detection of these
PhCs in the samples is not surprising, as these are among the most
prescribed anti-inflammatory and analgesic drugs, and in many cases,
they are taken by patients without medical prescription.

Fig. 6 shows the overall concentrations of PhCs detected in sediment
samples collected during the three sampling campaigns. In general, the
concentrations in sediments were considerably lower than those
observed in water. However, same as in water samples, some substances
showed a high dispersion in their concentrations, as in the case of
omeprazole, acetaminophen and ketoprofen, highlighting the presence
of outlier values. On the contrary, diclofenac, similarly as in water
samples, showed lower and homogeneously distributed concentrations,
suggesting a continuous release into the environment.

In campaign A sediments, six pharmaceutical residues, acetamino-
phen, bisoprolol, diclofenac, ibuprofen, ketoprofen, and omeprazole,
were quantified across six sampling points (S4, S5, S7, S8, S9 and S11).
The highest cumulative concentration was recorded at S4 (6.408 pg-L™),
while the highest individual concentration was observed for omeprazole
at S5 (4.647 pg-L™).

Similarly, in campaign B, the same six substances were detected at
six sampling sites (S1, S3, S4, S5, S6 and S13). The highest cumulative
concentration was found at S6 (9.406 pg-L™"), whereas acetaminophen
exhibited the highest individual concentration at S7 (5.987 ug-L™).

Campaign C had the highest occurrence, with a total of nine PhCs
identified. The greatest number of substances (6) was found at S4, where
acetaminophen, diclofenac, ibuprofen, ketoprofen, and ramipril were
present. The site with the highest cumulative concentration was S14
(6.999 pg-L ), while the highest individual concentration was recorded
for acetaminophen at S5 (3.452 pg-L™).

Fig. 7 represents the cumulative concentrations found in the sedi-
ment in the three sampling campaigns. Generally, the highest cumula-
tive concentrations were recorded at sampling points S5, S6, S7 and S14,
although the dominant locations varied between campaigns. In
campaign C, a clear decrease in concentrations can be observed, prob-
ably due to increased exposure of sediments to solar radiation and
consequent desorption processes [30].
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Table 4

Occurrence of the pharmaceutical residues quantified in this study in sediment samples.
Pharmaceutical group Frequency (%) Minimum (pg-L™) Mean (pg-L™) Maximum (pg-L™") SD (%)
Anti-inflammatory drugs 100 0.062 0.512 3.193 0.519
Diclofenac 100 0.165 0.285 0.421 0.043
Ibuprofen 80.95 0.062 0.491 2.303 0.480
Ketoprofen 69.05 0.114 0.791 3.193 0.632
Naproxen 2.38 2.658 2.658 2.658 0.000
Analgesics 90.48 0.129 1.693 5.987 1.226
Acetaminophen 90.48 0.129 1.693 5.987 1.226
Cardiovascular drugs 47.62 0.014 0.324 3.270 0.692
Bisoprolol 38.10 0.014 0.152 0.608 0.157
Propranolol 4.76 0.240 1.755 3.270 1.515
Ramipril 4.76 0.166 0.266 0.365 0.100
Neurological and psychiatric drugs 4.76 0.032 0.600 0.032 0.568
Venlafaxine 4.76 0.032 0.600 0.032 0.568
Gastrointestinal drugs 42.86 0.166 2.535 0.166 1.474
Omeprazole 42.86 0.166 2.535 0.166 1.474

Analgesics

Gastrointestinal drugs
10.00%

Neurological and psychiatric drugs
10.00%

Cardiovascular drugs
30.00%

10.00%

Anti-inflammatory drugs
40.00%

Fig. 5. Pharmaceuticals by groups quantified in sediment samples.

Similarly, as for water samples cumulative concentrations were
converted into relative abundances to see the contribution to the
contamination of the sediment leachate samples (Fig. 8).

The relative abundance profiles in sediments shows that in campaign
A, acetaminophen, ramipril, ketoprofen and omeprazole were predom-
inant. In campaign B, contamination was marked by a higher proportion
of acetaminophen and ketoprofen. In contrast, campaign C showed
almost total disappearance of ketoprofen and omeprazole in the sam-
ples, with acetaminophen and ibuprofen emerging as the main con-
tributors to the overall pharmaceutical load. The absence of omeprazole
in the September samples could be attributed to its sensitivity to light
and heat [31]. An important role in the distribution process of PhCs in
the environment play physical and chemical properties of these sub-
stances such as water solubility, adsorption coefficient (Koc),
octanol-water partitioning coefficient (log Kow), distribution coefficient
(log D) and Henry’s law constant (Table S3). While log Kow has tradi-
tionally been used to estimate hydrophobicity, it only reflects the
neutral form of a compound. In contrast, log D accounts for all ionization
states present at a given pH, offering a more realistic indicator of envi-
ronmental behavior for ionizable compounds, including many phar-
maceuticals[32]. Given the range of pH values recorded during the
sampling campaigns (6.05-9.26), log D is especially relevant to describe
partitioning processes (Table 520-522).

10

The higher the Koc, log Kow, or log D coefficients, the greater the
affinity of the substance for the organic matter in the sediment, leading
to its accumulation and retention there. Nevertheless, this correlation
does not always align with the concentrations observed in sediments for
all detected compounds. Sometimes the measured concentration ratio
between water and sediment is influenced also by the polar and ionic
nature of the compound [33]. Additionally, this ratio is affected by local
factors, including: the mineral composition and grain size of sediments,
temporal variations in contamination levels, riverbed morphology, the
degree of shading provided by riparian vegetation, which can affect the
photodegradation rates of many PhCs [34-37].

An example of this complexity is the presence of acetaminophen in
sediments, despite its relatively low Koc and log D values (0.82-0.91),
which would theoretically indicate limited sorption potential compared
to other compounds such as ibuprofen, omeprazole, or diclofenac. This
apparent contradiction can be explained by several factors meant before:
local environmental conditions (such as pH and sediment composition),
its high water solubility and continuous input into the environment
(being among the most prescribed analgesics worldwide) ensure its
omnipresence and facilitate its eventual deposition and accumulation in
sediments. These findings highlight that simple partitioning constants
alone, particularly log Kow, are insufficient to explain sediment con-
centrations [38], as they are influenced by a complex interaction of
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Fig. 6. Overall concentrations of PhCs detected in sediment samples in Douro River basin (numbers in the figure indicate the frequencies (%) of detection in 42
samples collected during the three sampling campaigns).
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Fig. 7. Cumulative concentrations at different sampling points for the pharmaceutical residues found in sediments, across the three sampling campaigns.

chemical properties, environmental dynamics, and anthropogenic Similarly, as in the case of the water samples, a correlation matrix
pressure. (Table S23) was performed to evaluate whether physicochemical

Pharmaceutical concentrations in sediment lixiviates were expressed properties, pH, conductivity and temperature, influence the distribution
in pg-L!, reflecting the fraction potentially mobilized into the aqueous of pharmaceutical residues between water and sediments, however no
phase under the applied extraction conditions (1:4 sediment-to-water significant correlation was demonstrated.

volume ratio). Since all the substances analyzed in this study are
polar, attention was paid only to sediment leaching.
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Fig. 8. Relative abundance at different sampling points for the pharmaceutical residues found in sediment samples, across the three sampling campaigns.

3.3. Ecological risk assessment

The following heatmaps illustrate the potential ecological risk of
detected pharmaceuticals at 14 sampling sites. Each cell corresponds to
a specific substance at a particular site, with darker shades indicating
higher potential impact on aquatic organisms. This visual summary aids
in identifying sites and substances that may require closer monitoring
and management to protect water quality. Particularly concerning are
the concentrations of ibuprofen, amoxicillin, and diclofenac, which pose
significant risks to aquatic ecosystems and also to avians or mammals
[391, [40].

The Ecological Risk Assessment was conducted in accordance with
the Guideline on the Environmental Risk Assessment of Medicinal
Products for Human Use, issued by the Committee for Medicinal Prod-
ucts for Human Use (CHMP) of the European Medicines Agency (EMA)
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[41]. The ratio of MEC to PNEC was calculated to determine the po-
tential risk for each contaminant, expressed as Toxic Units (TUs). Sites
with higher TUs indicate greater ecological risk. To provide a compre-
hensive overview, the TUs for all substances at each site were summed,
resulting in Total Toxic Units (TTUs), which reflect the combined risk
posed by the contaminants detected (Fig. 9). In water samples RQ higher
than 10 was found for 5 pharmaceuticals (amoxicillin, carbamazepine,
diclofenac, ibuprofen, and venlafaxine). Additionally, 15 out of 23
quantified pharmaceuticals would present RQs higher than 0.1 at least
at one of the sampling points. Furthermore, Total Toxic Units exceeded
an RQ greater than 1 at all sampling sites and across all three campaigns.
This finding is particularly concerning at site S1, where the water serves
as the primary source of drinking water for the city of Braganca. An RQ
above 1 suggests a potential risk to human health, highlighting the need
for further monitoring [42], [43].
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Fig. 9. Environmental risk heat maps for PhCs found in water samples: a) Campaign A, b) Campaign B, ¢) Campaign C.
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Fig. 10 shows a RQ in sediment leachate samples. A worrying RQ
higher than 10 was found in one case (at S1 in sampling campaign C for
venlafaxine). Further, RQs higher than 1 were observed for five com-
pounds: acetaminophen, ibuprofen, diclofenac, ketoprofen, and ven-
lafaxine. Considering the use of the water from this site, this issue would
need close monitoring and control by the relevant authorities.

The heat maps showed significant differences between water and
sediment contamination patterns, pointing to an accumulation of PhCs
in sediments. In water, contaminants exhibited more variety of quanti-
fied substances and a broader distribution with noticeable variability
between sampling sites and campaigns, likely influenced by dilution,
degradation, and hydrological factors. In contrast, sediments act as long-
term reservoirs, displaying more stable contamination patterns over
time [44]. Anti-inflammatory drugs such as ibuprofen, acetaminophen,
and diclofenac were detected in both matrices, while ketoprofen was
prevalent in sediments, suggesting a higher tendency for retention.

During the September campaign, a decrease in potential environ-
mental risk was observed for several compounds (acetaminophen,
ibuprofen, diclofenac, and ketoprofen), likely due to desorption pro-
cesses during the warmer season [45].

3.4. Monitoring pharmaceutical residues in water treatment facilities

WWTPs represent significant sources of aquatic contamination, as
many PhCs are not fully removed by conventional treatment processes
and persist in the environment as organic MPs. The assessment of PhCs
residues at critical points along the water treatment process provides
valuable information about their persistence and the effectiveness of
removal technologies [46]. In this study, concentrations were measured
at both the influent and effluent of the DWTP and wastewater treatment
plant, enabling the evaluation of removal efficiencies and the identifi-
cation of the most persistent compounds.

In this study, at the DWTP influent, a total of 11 pharmaceutical
residues were quantified (Table S24), with concentration ranges varying
from 0.010 to 4.687 pug-L™' . The total concentration of detected PhCs
ranged from 1.540 pg-L™! in campaign B to 8.455 pg-L™! in campaign C.
The most frequently detected compounds were diclofenac and
ibuprofen, both quantified in all sampling campaigns, with maximum
concentration reaching 0.838 and 0.281 pg-L respectively. The PhC
with the highest individual concentration was ketoprofen in campaign
C, reaching 4.687 pg-L™' .

After treatment, in the DWTP effluent, seven PhCs remain detectable,
with concentration levels ranging between 0.010 and 1.62 pg-L™! , with
total concentration ranged from 0.195 pg-L™'to 2.416 pg-L™'. The
removal efficiency varied depending on the compound, with an overall
elimination percentage ranging from negative values to 99.89 %. The
most efficiently removed substances were tramadol, amoxicillin and
isoniazid (reaching 99 %), while ibuprofen and acetaminophen showed
lower removal rates, and carbamazepine and venlafaxine showed zero
removal rates, suggesting persistence through conventional treatment
processes (Table S24). It is important to emphasize that only three
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sampling campaigns were conducted, therefore, these calculations are
based on a highly limited dataset of three measurements. Additionally,
not all pharmaceuticals were detected in all three campaigns, which
should be considered when interpreting the results. Moreover, complex
hydrodynamic processes, as well as adsorption onto biofilm and sedi-
ment, occur within the DWTP. Therefore, these results should be inter-
preted with caution.

Potabilization treatment not only makes the water safe from a
disinfection point of view but also has some effect on the concentrations
of PhCs. In this context, the comparison of the concentrations found in
the influent of the DWTP with those measured at the nearest upstream
sampling point provides valuable information on the influence of
anthropogenic pressure and the fate of the pollutants. This comparison is
essential to identify potential local inputs of contaminants near the
intake, assess the accumulation of pollutants before treatment, and
evaluate whether the influent concentrations are affected by additional
point or diffuse sources.

At the sampling point closest to the DWTP influent (point S1), eight
different pharmaceuticals were quantified across the three sampling
campaigns, fewer than those detected at the DWTP inlet. However,
concentration ranges at S1 (0.118-7.387 ug-L™") were notably higher
than those measured at the DWTP influent. This discrepancy may be
explained by hydrodynamic processes occurring within the water
transport system, including sediment resuspension, and desorption of
pharmaceuticals residues from pipe walls and biofilms accumulated on
them over time [47]. These processes can lead to the release of previ-
ously deposited compounds, increasing concentrations at the DWTP
intake. Furthermore, the lower diversity of substances at S1 compared to
the plant influent could suggest intermittent discharges or transient
pollution sources upstream of the intake point.

In the influent of the WWTP, 20 pharmaceuticals were detected, with
concentration ranges from 0.006 to 110.019 pg-L! (Table S25). The
most abundant substances included amoxicillin, acetaminophen,
omeprazole, ibuprofen and tramadol with peak concentrations reaching
110.019 pg-L! in the case of amoxicillin.

The treatment processes at the WWTP achieved removal efficiencies
between negative values and 99.94 %, resulting in 18 pharmaceuticals
being still detectable in the effluent. The remaining pharmaceutical
concentration in the treated wastewater ranged from 0.010 to
15.438 pg-L™! . Compounds such as amoxicillin, bisoprolol, ramipril and
tramadol exhibited high removal rates, whereas acetaminophen, diclo-
fenac, ibuprofen, ketoprofen and pantoprazole persisted, indicating
limited degradation.

In some cases, in both facilities, negative removal percentages were
observed, indicating that higher concentrations of PhCs were detected at
the plant outlet compared to the inlet. This phenomenon can be attrib-
uted to several factors, such as hydrodynamic processes within the
treatment facilities, which cause mixing and recirculation, delaying the
release of previously accumulated compounds. In addition, desorption
of PhCs from suspended solids or biofilms may contribute to these in-
creases. These results highlight the complexity of removal processes and
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Fig. 10. Environmental risk heat maps for PhCs found in sediments samples: a) Sampling campaign A, b) Sampling campaign B, ¢) Sampling campaign C.
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the need to interpret removal efficiencies with caution, especially for
compounds with low biodegradability or high persistence.

The analysis of the WWTP effluent and the closest downstream
sampling point (S5) allows for the evaluation of the impact of treated
wastewater discharges on the river. At the WWTP effluent, a total of 16
different pharmaceuticals were detected, while at point S5, located
downstream, 10 substances were quantified. This reduction in the
number of detected compounds may be attributed to dilution processes,
degradation, and possible sorption onto sediments or suspended parti-
cles [48], [25]. Overall, the concentrations found downstream of the
WWTP were lower than those measured at the WWTP effluent, except
during campaign A, when higher concentrations of amoxicillin and
acetaminophen were detected at point S5 compared to the WWTP outlet.
This is most likely attributable to rainfall events, which may have car-
ried these pharmaceuticals, also commonly used in veterinary treat-
ments [49], [50], from the nearby pig farm into the river at this location.

The occurrence of PhCs in drinking water has been reported world-
wide, with concentrations generally varying between parts per trillion
(ng-L™) to parts per billion (pg-L™) level [51], according to geographic
region, water source, and treatment process. There is large amount of
data available in the literature from numerous studies and reviews,
reflecting increasing concern regarding the presence of these substances
in water intended for human consumption (Table S26). The most
frequently detected therapeutic groups are anti-inflammatory and
analgesic drugs [52], consistent with their widespread consumption and
persistence in the aquatic environment.

In this study, the concentrations of pharmaceuticals detected in tap
water were low, far below the corresponding therapeutic daily doses
(Table S7), suggesting that their presence does not pose, currently, a
direct risk to human health based on current toxicological thresholds.
However, it is noteworthy that the concentrations observed here are
slightly higher than those reported in other European studies.

WWTPs are widely recognized as one of the most significant sources
of pharmaceutical contamination in aquatic environments [53]. The
concentration range of pharmaceuticals detected in WWTP effluents
generally vary from a few ng-L™ to several pg-L™' . In this study, the
concentrations observed fall within the ranges reported in other Euro-
pean WWTPs (Table S27), confirming that this is not an isolated situa-
tion but rather a widespread issue.

Conventional wastewater treatment processes are inappropriate [54]
to completely remove many pharmaceutical compounds. This limitation
is particularly worrying for antibiotics, as their continuous release into
aquatic environments contributes to the spread of antibiotic resistance
genes (ARGS), posing a serious threat to ecosystems and public health.
Recent studies have shown seasonal variations in the presence of sul-
fonamides and tetracyclines [55], along with their resistance genes, in
urban reservoirs, highlighting agriculture and wastewater discharge as
major pollution sources and underlining the environment’s role in the
proliferation and transmission of resistance. The proliferation of ARGs in
the environment contributes to the development of antimicrobial
resistance, which in turn places additional pressure on healthcare sys-
tems by leading to longer hospital stays, higher mortality rates, and the
need for more complex and costly treatments [56].

Furthermore, it is also worrying the case of substances that, despite
not being inherently persistent, are continuously introduced into the
environment in low concentrations, leading to a phenomenon known as
pseudo-persistence. An example is diclofenac, which in this study was
detected in 100 % of the samples across both matrices analyzed.

In an attempt to mitigate / solve persistent water pollution, advanced
treatment technologies are being developed and tested. For example,
some studies have explored the use of heterogeneous photocatalysis for
diclofenac removal [57]. This process involves the degradation of
diclofenac under UV irradiation using nanostructured materials such as
synthesized TiO: and functionalized multi-walled carbon nanotubes as
catalysts. Under optimal conditions, complete removal of diclofenac was
achieved, with high degradation rates. The process offers a promising
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solution for a compound that would otherwise be difficult to remove.
Similarly, the removal of amoxicillin from contaminated water has been
successfully achieved through adsorption onto modified bentonite [58],
offering an efficient and targeted solution for this antibiotic.

These are just two examples of advanced technologies targeting PhCs
that, in this study, were identified as particularly concerning. Never-
theless, numerous other innovative methods have been developed for a
broader range of substances. However, the implementation of these
advanced technologies, including ozonation, membrane filtration,
advanced adsorption processes, and photocatalytic degradation
methods, such as the ones described here, represents a significant
financial challenge for wastewater treatment facilities.

4. Conclusions

A monitoring study of 65 target pharmaceuticals was conducted,
resulting in the detection of 23 compounds in water and 10 in sediment
samples. The results showed a widespread presence of pharmaceutical
contaminants, with anti-inflammatory drugs being the most dominant
group in both matrices. Diclofenac, ibuprofen, and acetaminophen were
consistently detected, underscoring their continuous release into the
environment. Additionally, the detection of higher concentrations of
antibiotics in water highlights their potential environmental risks. The
study also showed variability in contaminant concentrations between
sites and sampling campaigns. Seasonal patterns were observed, with
amoxicillin appearing predominantly in March, while acetaminophen
and omeprazole were more prevalent in May. These trends may reflect
variations in contaminant input, environmental conditions, or degra-
dation rates over time. The fluctuation in the number and concentration
of contaminants across sites and campaigns underscores the complexity
of managing both diffuse and point sources of pollution. The predomi-
nance of cardiovascular drugs, anti-inflammatories, and antibiotics,
along with their associated ecological risks, emphasizes the need for
improved wastewater treatment processes and stricter environmental
regulations.

The presence of pharmaceuticals in freshwater ecosystems, often as
complex mixtures at low concentrations, raises concerns about their
long-term environmental impact. Although many studies have focused
on the occurrence of individual compounds, the combined effects of
multiple pharmaceuticals, especially with continuous exposure, remain
unknown. This highlights the urgent need to expand monitoring efforts,
both spatially and temporally, to better understand the prevalence and
behavior of these contaminants in freshwater bodies. Future research
should prioritize the study of mixture toxicity and the potential effects of
chronic exposure on aquatic organisms, including subtle impacts on
behavior, reproduction, and the development of antimicrobial resis-
tance. In addition, public education on the responsible use and disposal
of pharmaceuticals is crucial to reducing environmental pollution.
Regulatory frameworks also need to evolve, establishing consistent
water quality standards for emerging contaminants and promoting the
implementation of advanced treatment technologies. Lastly, large-scale,
coordinated monitoring programs would be essential to inform decision-
makers and guide effective environmental management strategies,
ensuring the protection of aquatic ecosystems and the services they
provide.
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