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on the hydrochemical processes and environmental conditions within the aquifer. In this context, this
study investigates how different redox and temperature conditions affect the natural attenuation of
pharmaceuticals in the subsurface. Batch experiments were conducted under oxic and suboxic (i.e., up
to nitrate reduction) conditions and at two temperatures (25 °C and 35 °C). The controlled conditions
achieved with parallel batch reactor systems allowed us a systematic investigation of the processes and

Iéz{glogi;erimems factors involved in the fate of ten pharmaceuticals (atenolol, citalopram, climbazole, irbesartan, lamo-
Oxic conditions trigine, sitagliptin, carbamazepine, metoprolol, trimethoprim, and venlafaxine), providing insights into
Nitrate reducing conditions the mechanisms governing their attenuation. The results showed that oxic conditions were highly
Temperature effective in reducing pharmaceuticals concentrations, achieving up to 91 % attenuation for irbesartan,
Groundwater followed by citalopram (90 %), climbazole (77 %), sitagliptin (76 %) and metoprolol (75 %). Atenolol and
Emerging pollutants climbazole were also attenuated regardless of redox conditions. High temperatures increased the total

removal of citalopram, irbesartan, sitagliptin, and trimethoprim by 5-12 %, while slightly enhancing the
sorption affinity of carbamazepine, irbesartan, and atenolol by 5 %. However, trimethoprim, carba-
mazepine, and lamotrigine were the most persistent compounds, with average removal rates of 6 %,
15 %, and 24 %, respectively. Overall, more than half of the targeted pharmaceuticals showed significant
average removal (>60 %), highlighting the influence of the processes involved in groundwater on the
natural attenuation of these compounds. Sorption seemed to be the primary process contributing to the
target pharmaceuticals attenuation in oxic conditions, while biodegradation played a secondary role,
particularly for atenolol and metoprolol. These findings contribute to improve our understanding of the
behaviour of pharmaceuticals in aquatic environment and thus to improve management practices for
better water quality.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).

1. Introduction

The global population is expected to increase by nearly 2 billion

people over the next 30 years, from the current 8 billion to 9.7

E— billion in 2050, and could peak at nearly 10.4 billion in the mid-
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escalation raises concerns not only about freshwater availability
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In addition, it is expected that water scarcity will increase as a
result of the climate change. In this context, urban groundwater,
which accounts for more than a third of global water use, is
considered an alternative source of drinking water to mitigate the
impact of climate change [2-4] and the increasing demand on the
freshwater availability. However, urban aquifers are exposed to the
effects of urbanization, which might alter the physicochemical
conditions of aquifers due to the contribution of significantly
increasing temperatures of both the aquatic environment and the
substrate [5]. Since temperature can influence shifts in redox
zonation, these two factors are often considered to be interde-
pendent [6,7]. Therefore, changes in temperature and redox con-
ditions may ultimately affect water quality by influencing the
microbial activity and, in turn, the fate and distribution of organic
contaminants in aquatic ecosystems [8]. On top of this, shallow
urban aquifers are vulnerable to various sources of pollution, such
as land use, sewerage and septic system leakage, river seepage,
hospital effluent and discharges from wastewater treatment plants
that are not specifically designed to remove trace organic com-
pounds [2,9]. As a result, a wide range of trace organic compounds
including pharmaceuticals, may reach the aquatic environment,
posing a significant threat to freshwater resources, the ecosystems
that depend on them [1], and thereby reducing their quality for
drinking water supply [3,10,11]. For this reason, there is growing
concern about the presence of a wide range of pharmaceuticals
and their transformation products (TPs) in groundwater across
Europe [12-14].

Once pharmaceuticals enter groundwater, their behaviour be-
comes highly uncertain, as it depends on coupled hydro-
thermochemical processes occurring simultaneously in the
subsurface [15]. While microbial degradation is believed to be the
main mechanism for pharmaceutical attenuation in aquifers [16],
the understanding of the process responsible for their natural
removal (i.e., biodegradation, hydrolysis and sorption) [17] still is
limited. Environmental conditions, such as organic matter
composition, temperature, and redox conditions, significantly
affect the removal of these substances [18]. Additionally, temper-
ature can influence soil sorption characteristics by expanding the
oxic zone [19], thereby impacting the removal of pharmaceuticals
through changes in redox zonation [20]. Therefore, understanding
the individual contributions of redox and temperature is crucial
for determining the behaviour of pharmaceuticals in the subsur-
face [17].

Laboratory-scale investigations conducted to study the removal
of pharmaceuticals have identified sorption and biodegradation as
the main mechanisms involved in their attenuation [21,22].
However, these previous studies have limitations, including the
narrow range of physicochemical properties of the selected com-
pounds, making difficult the identification of trends and deeper
understanding of pharmaceutical removal behaviour. In addition,
several factors limit the extrapolation of the behaviour of these
compounds to real-world aquifers with general characteristics,
such as: the absence of different redox and temperature condi-
tions, the high-dose of concentrations spiked in the reactors that
commonly exceed environmental thresholds, the focus on specific
compounds rather than a wide range of compounds (i.e., cocktail
of compounds), as typically found in aquatic ecosystems, the lack
of microbial communities adapted to the batch reactors, and the
use of liquid and solid phases only from a specific aquifer.

The aim of this study is to evaluate the processes involved in the
natural attenuation of ten selected pharmaceuticals (atenolol, cit-
alopram, climbazole, irbesartan, lamotrigine, sitagliptin, carba-
mazepine, metoprolol, trimethoprim, and venlafaxine) using
parallel batch reactor systems under different environmental con-
ditions: redox (oxic and suboxic, up to nitrate reduction conditions)

Emerging Contaminants 11 (2025) 100537

and temperature (at 25 and 35 °C). Additionally, this research seeks
to identify the favoured natural removal mechanisms for these
substances. We hypothesize that the attenuation of these sub-
stances will be higher under oxic conditions and at higher tem-
peratures, while being reduced in abiotic controls due to the
inhibition of microbial activity. Our study addresses a knowledge
gap by comparing oxic and nitrate reducing conditions, and dem-
onstrates the potential for some substances to undergo natural
attenuation under nitrate reducing conditions.

2. Materials and methods
2.1. Selection of the target compounds

Urban groundwater is continuously polluted by a variety of
pharmaceuticals, making it crucial to identify the most common
compounds to understand their persistence in the environment.
For this study, pharmaceuticals were selected based on two
criteria: (i) their widespread use and (ii) their frequent detection
in river-aquifer systems. To narrow down the list, this study
focused on pharmaceuticals frequently detected in an urban
aquifer located in the northeast of Barcelona, Spain [23,24]. The
selected compounds were: metoprolol, atenolol, venlafaxine, car-
bamazepine, sitagliptin, citalopram, climbazole lamotrigine,
trimethoprim, and irbesartan. These pharmaceuticals reached
maximum concentration up to 990 ng/L for lamotrigine and some
of them were close or exceeded the threshold of 100 ng/L (i.e.,
trimethoprim carbamazepine, metoprolol, and irbesartan). Some
pharmaceuticals present low average concentrations in the aquifer
but sometimes higher than its main recharge source, which is a
polluted river receiving effluents from WWTPs (e.g. 0.6 vs. 240 ng/
L for atenolol, 49.7 vs. 277.2 ng/L for venlafaxine; 0.05 vs. 406.2 ng/
L for sitagliptin) [24]. Thus, understanding the natural attenuation
of these pharmaceuticals is crucial to determine the potential uses
of urban groundwater, such as the urban aquifers of Barcelona.
Their physicochemical properties which may describe their envi-
ronmental fate are listed in Table S1.

2.2. Experimental setup

A laboratory study was conducted to assess the behaviour of
pharmaceuticals under different redox and temperature conditions.
The study consisted in three batch experiments that were operated
for 21 days. One batch experiment was conducted under oxic con-
ditions at 25 °C, the second under oxic conditions at 35 °C, and the
third under nitrate reducing conditions at 25 °C. These experiments
allowed for a comparison of the effects of temperature and redox
conditions on pharmaceutical attenuation. Each batch experiment
was run in triplicate, with three reactors (3.5 L capacity each) and an
additional abiotic control. Triplicate measurements were performed
in this experiment to ensure reproducibility, reliability and accuracy
of the results. This approach reduces any potential experimental or
analytical error by analysing water samples from the three different
reactors (i.e., triplicates). The bottles of the oxic experiment were
sealed with three screw connectors with ports. The first port was
connected to sampling tubes made of PTFE material with an internal
diameter of 2 mm. The second port was connected to a one-way
pressure valve that allows air to escape but prevents it from
entering to avoid changes in the redox conditions. The third port
was attached to an air compressor to maintain oxic conditions. In
the case of the nitrate reducing conditions experiment, pure Ny was
bubbled in each reactor using a silicone tube at the beginning of the
experiment to remove DO, and then the reactors were kept into a
sealed chamber to ensure oxygen-depleted conditions (Fig. S1 of the
Supplementary Material). Each reactor was filled with both solid
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and aqueous phase, maintaining a water-to-soil volumetric ratio of
85:15 to accurately simulate natural environmental conditions,
ensuring consistent contact between contaminants and reactive
surfaces, while enhancing the representativeness and relevance of
our results. The aqueous phase consisted in a mixture of 80 % of
synthetic water and 20 % of water collected from aquifers of Bar-
celona. The aquifers were selected according with the redox con-
ditions of the experiment. Synthetic groundwater was prepared
according with Smith et al. (2002) [25] and Bolster et al. (1999) [26]
by dissolving six different salts in Milli-Q water (MgSQO4-7H20,
KNOj3, NaHCOs, CaCl,, Ca(NO3),-4H,0, CaS04-2H50) (see Text S1 and
Table S2 of the Supplementary Material). Similarly, the solid phase
consisted of a mixture of 80 % of fine silica sand of 0.1-0.3 mm (Sand
TECHNICAL industrial washed - VWR Chemicals) and a 20 % of
saturated soils collected from aquifers in Barcelona, chosen to agree
the redox conditions of the respective experiments (i.e., soil for the
oxic experiments was collected from a 15 m deep borehole exca-
vated to undertake a construction in Barcelona, while soil for the
nitrate reducing conditions experiment was obtained from the
shallow aquifer of the Besos river, where suboxic from up to nitrate
reducing conditions prevail). The soil samples were homogenized to
less than 2 mm by dry sieving. The abiotic control was used to assess
whether biodegradation or sorption was a significant process in the
attenuation for each pharmaceutical by comparing its concentra-
tions with those of the batch reactors. Biological activity in the
abiotic control was suppressed by adding 60 mg/L of HgCl,.

Up to 7 mg/L of dissolved organic matter concentration (DOC)
were added to the reactors to promote bacterial growth. DOC
consisted of a mixture of lactate (easily biodegradable organic
carbon; BDOC) and humic acid (refractory DOC). The mixing ratio
between lactate and humic acid was varied depending of the
simulated redox conditions since it is expected that oxic condi-
tions occur when BDOC is limited because high availability of
easily biodegradable DOC induces the removal of oxygen and the
system to move towards the nitrate reducing zone. Thus, a mixture
of 6:4 (wt/wt) of lactate and humic acid was used in the nitrate
reducing experiment, while a mixture of 4:6 (wt/wt) was adopted
for the oxic experiments (Li et al., 2014). Before spiking the con-
taminants, a twenty-five days acclimation phase was conducted
(see Text S2 from the Supplementary Material). Seven mg/L of DOC
were added at the beginning of the acclimation phase and just
after spiking the contaminants. Pharmaceuticals were also intro-
duced into the reactors (triplicates for each experiment and con-
trols) after the acclimation phase by spiking a solution containing
3 pg/L of each selected compound.

Concerning the redox conditions, in the oxic experiments, the
dissolved oxygen concentration was maintained at around 6 mg/L
by bubbling air into the reactors twice a day for 10 min using an air
compressor. The redox state of the nitrate reducing experiment
was controlled through the experiment with the criteria of not
exceeding 0.5 mg/L of O, and maintaining concentrations greater
than 1 mg/L of NO3. The monitoring of these water constituents
showed a relatively rapid consumption of NO3 that required the
addition of 20 mg/L of the salt Ca(NOs3),-4H,0 during the experi-
ment. For temperature control, the experiments at 25 °C were
carried out at the room temperature (measured with a sensor),
while the experiment at 35 °C was developed inside an incubator.

2.3. Analytical methods

Pharmaceuticals were analysed using a Liquid Chromatography
Tandem Mass Spectrometry analysis (LC-MSMS) [23]. For the
analysis of target pharmaceuticals, 11 mL aliquots were fortified
with a 15 pL isotopically labelled standard (IS) working solution.
The final concentration of IS in the vial was 25 ng/mL. The samples
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were concentrated using a vacuum-assisted evaporation system
(Syncore Analyst, BUCHI Labortechnik AG, Switzerland) using
graduated glass sample tubes with 0.3 mL residual volume. The
residual volume was transferred to 2 mL amber glass LC vials and
dried up after gentle nitrogen stream (React-Therm III Reacti-Vap
Il Heating Module PIERCE). The samples were reconstituted
with 300 pL of Hy0: MeCN (95:5), sonicated, vortexed, and
transferred to a conical glass insert for further analysis. At the end
of the procedure, the samples were frozen at —20 °C. Waters
ACQUITY UPLC system (Waters, Milford, MA) connected to a Wa-
ters XEVO TQ-S triple quadrupole mass spectrometer (Waters,
Milford, MA) operating in positive electrospray ionization mode
(ESI+) was used for the pharmaceutical analysis. A detailed
description of the optimization of the HPLC-MS/MS conditions and
data analysis has been provided in Text S3 of the Supplementary
Material. Analytical reference standards (>99 % purity) and rela-
tive isotopically labelled compounds for internal standard cali-
bration were purchased from Sigma-Aldrich (Merck, Darmstadt,
Germany) and Toronto Research Chemicals (Toronto, ON, Canada),
respectively. Depending on the solubility of each compound, in-
dividual standard stock solutions were prepared at a concentration
of 1000 pg/mL in methanol (MeOH, >99.9 %) purchased from
Merck (Darmstadt, Germany). For sample preparation, chromato-
graphic separation, and the MS analysis, methanol (MeOH,
>99.9 %), HPLC water, ammonium formate (HCO,NHg4, >97.0 %,
ACS grade), and formic acid (>96.0 %, ACS grade) were supplied by
Sigma-Aldrich (Merck, Darmstadt, Germany).

Dissolved oxygen was measured using the HACH HQd elec-
trode. The Shimadzu TOC-VCPN total organic carbon analyser was
used to quantify DOC, with samples filtered through 0.45 pm and
acidified with HCl prior to analysis. The UV/VIS Spectrophotometer
was used to measure ultraviolet absorbance (UVA) at 254 nm with
a 1-cm quartz cell, also according to Standard Method 5910B. The
ratio of UVA to DOC is known as the specific UV absorbance
(SUVA). SUVA values, which measure UV light absorption per unit
of DOC concentration, are commonly used to assess the quality of
dissolved organic matter in water. Anions and cation samples were
analysed by ionic chromatography (IC) and coupled plasma atomic
emission spectrometry (ICP-AES), respectively.

2.4. Data analysis

2.4.1. Assessment of the removal pharmaceuticals

The attenuation of each compound in each batch reactor was
calculated using Eq. (1), based on the initial concentration (Cp) (ng/
L) and the concentration at the end of the incubation period (21
days) (C¢). The initial concentrations were calculated by deter-

mining the concentrations immediately after the solute
application.

. Co— G
Attenuation (%) = C x 100 Eq. (1)

0

The attenuation was divided into three categories: high (>80),
moderate (30-80), and low (<30) [20].

Moreover, a first-order kinetic model was used to assess the
dissipation of these compounds over time. The corresponding
first-order rate law is typically used to describe the concentration
decrease of a given compound with reaction time [27-29]. Eq. (2)
represents the first-order rate law that has been fitted for phar-
maceuticals, where C; represents the concentration of pharma-
ceuticals at time t, Cy represents the initial concentration of
pharmaceuticals, and k is the first-order removal rate constant:
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Eq. (2)

After 21 days of incubation, pharmaceuticals half-lives were
calculated based on the attenuation rate obtained from the first-
order reaction.

Ct = Coe_kt

2.4.2. Statistical methods

According to the Shapiro-Wilk test, normality was not found for
all the groups, neither equal variance checks with the Barlett test.
Therefore, Kruskal-Wallis, a non-parametric test, was used to
identify significant differences between temperature and redox on
pharmaceuticals attenuation. Significance level (p) for the corre-
lations and the comparisons was set at 5 %. The working hypoth-
eses were: (i) there would be an increase on attenuation at higher
temperatures, and (ii) the presence of oxygen in the system would
increase the attenuation of the compounds. Additionally, Spear-
man's correlation coefficient (R?) were calculated to evaluate
relationship between the total attenuation and the physicochem-
ical properties of the compounds such as Log K,,, water solubility,
molecular weight (Tables S2 and S3 of the Supplementary
Material).

3. Results and discussion

The results from the 12 reactors (three triplicates and one
control for each condition considered), run in parallel over 21 days,
provided insights into how and to what extent 10 pharmaceuticals
can be naturally attenuated under different environmental con-
ditions. Unfortunately, microbial activity was not completely
inhibited in the abiotic control of the nitrate reducing conditions,
as DOC and NO3 concentrations sharply decreased from day 2-7 of
the experiment (Fig. S2 of the Supplementary Material). This
observation suggest that nitrate was reduced by the bacteria in the
solid and/or liquid phase. Thus, the results of this control were not
considered in the discussion (sections 3.2 to 3.5). In contrast, the
inhibition of microbial activity was sustained in the abiotic con-
trols of oxic conditions at 25 and 35 °C, as the concentrations of DO
and NO3 were constant during the experiment. Concentration of
DOC slightly varied from 7.64 to 8.48 mg/L at 25 °C and from 7.32
to 7.16 mg/L at 35 °C (Fig. S2 of the Supplementary Material).

3.1. Assessment of pharmaceuticals removal as a function of
organic matter composition and physicochemical parameters

The relationship between the removal of the pharmaceuticals
and their physicochemical properties evaluated using Spearman's
correlation coefficient showed values lower than 0.6, indicating a
moderate to weak correlation (Table S3). Therefore, there is not
sufficient evidence to predict the environmental behaviour of
pharmaceuticals based solely on their physicochemical properties,
supporting the concept that attenuation is mainly compound-
specific, as also stated by Jaeger et al. (2019) [30]. Furthermore,
there is still limited understanding of the compound-specific co-
metabolism and the bacterial communities required for the
attenuation of pharmaceuticals [31].

The consumption of DOC under oxic conditions at different
temperatures remained within the same order of magnitude
(0.8 mg/L consumed by the end of our experiments in both redox
scenarios), suggesting that DOC alone is not the key factor
explaining pharmaceutical attenuation, as its turnover showed a
similar trend across temperatures (Table 1). The slight accumula-
tion of DOC at the end of the experiment under oxic conditions of
0.8 units could be related to microbial activity that was degrading
more available forms of organic matter for further microbial
metabolism [32]. In addition, the availability of nutrients, as we
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fed the system with BDOC at the beginning of the experiment,
could lead to the accumulation of more recalcitrant forms of DOC
over time [33]. This observation is also consistent with findings by
Mueller et al. (2022) [8], who reported that seasonal differences in
polar trace organic attenuation were not influenced by DOC, as
DOC concentration remained similar between seasons. Although
our experiments involved a moderate temperature variation of
10 °C, we can further confirm that this difference did not signifi-
cantly impact DOC consumption. Therefore, as Mueller et al.
(2022) [8] concluded, temperature is unlikely to be the main
parameter responsible for variations in pharmaceuticals
attenuation.

During the experiment, SUVA values under oxic conditions
decreased by approximately 34 %, indicating a reduction in the
aromaticity of the organic matter present in the system. This
reduction suggests the breakdown of aromatic compounds and is
consistent with the correlation between pharmaceutical removal
and DOC trends, which is driven by biodegradation processes.
Microbial activity reduces DOC while transforming pharmaceuti-
cals to more polar metabolites, a process widely believed to
enhance their attenuation efficiency [34]. Conversely, under ni-
trate reducing conditions, SUVA values increased by more than
100 % from their initial concentrations (Table 1). Since SUVA can be
considered a proxy for aromaticity [35], the observed increase in
SUVA values under nitrate reducing conditions suggests a preser-
vation of the aromatic dissolved organic matter components. This
may be related to anaerobic microbial processes involved under
nitrate reducing conditions, which can selectively preserve or
transform aromatic compounds [36,37]. Therefore, this conditions
may influence both the composition and reactivity of dissolved
organic matter, and ultimately affect the interaction with phar-
maceuticals [38].

Abiotic controls showed higher DOC levels, as expected due to
the inhibition of microbiological activity with HgCl; (Table 1). The
SUVA absorbance results aligned with DOC trends, further sup-
porting this relationship. In the nitrate reducing experiments, the
observed DOC consumption trends indicated that the microbial
communities were adapting to the reducing redox environment.
The static nitrate reducing conditions seemed to enhance DOC
consumption by anaerobic bacteria, suggesting that removal of
pharmaceuticals through biodegradation is closely linked to DOC
trends. This finding is consistent with previous studies, which
highlighted that redox conditions and DOC trends are decisive for
organic contaminants removal, especially in oxic zones where
microbial activity drives high chemical reactivity [7]. Schaper et al.
(2018) [7] also noted that BDOC can limit contaminant removal
under oligotrophic conditions, while in eutrophic ones, high BDOC
concentrations fuel microbial metabolism and contribute their
cometabolic removal. Therefore, although it is generally assumed
that oxic conditions combined with limited BDOC lead to higher
attenuation due to adapted microbial communities, our results
emphasize the role of anaerobic bacteria under nitrate reducing
conditions in the degradation of organic compounds. Suggesting
that, in natural aquifer systems, pharmaceuticals attenuation can
occur not only in environments with abundant DOC but also under
nitrate reducing conditions, where anaerobic bacteria promote
biodegradation and cometabolic removal processes.

Finally, small differences in pH values were observed between
oxic and nitrate reducing experiments. The slight changes in the
pH values throughout the nitrate reducing experiment could be
associated with the flushing of the reactors with nitrogen gas,
observation that was reported by Burke et al. (2014) [6] with pH
shifts ranging from 0.2 to 1.3 units. In the case of the oxic exper-
iment, the pH changes could be explained by the addition of
organic matter, which could shift the pH, as reported by Wenk
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Table 1
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Values of DOC, SUVA, pH and biogeochemical constituents in the batch reactors (average) and the abiotic control at the beginning and at the end of the experiment for the

different physicochemical properties. NR = nitrate reducing.

Sample Redox T (°C) DOC SUVA F~ Cl- NO3 S03 DO pH
[mg L] [Lmg~' m] [mg L] [mg L] [mg L] [mg L] [mg L]

Initial Batch reactors Oxic 25°C 2.65 4.96 N.D. 72.12 35.12 90.10 6.46 7.77
Final Batch reactors Oxic 25°C 3.48 3.28 N.D. 71.56 35.04 90.55 7.67 8.09
Initial Abiotic control Oxic 25°C 7.64 7.31 0.82 105.43 40.29 85.89 7.66 7.79
Final Abiotic control Oxic 25°C 8.49 5.06 0.94 103.74 39.58 85.64 7.75 8.08
Initial Batch reactors Oxic 35°C 2.90 6.14 N.D. 72.21 39.30 96.39 6.04 7.88
Final Batch reactors Oxic 35°C 3.71 3.45 N.D. 70.00 38.25 95.06 6.93 8.01
Initial Abiotic control Oxic 35°C 7.32 11.15 0.72 119.96 40.16 86.60 6.65 7.75
Final Abiotic control Oxic 35°C 7.12 9.53 0.79 118.24 39.40 86.35 6.82 8.21
Initial Batch reactors NR 25°C 7.02 1.30 N.D. 48.86 10.82 77.15 0.14 7.07
Final Batch reactorss NR 25°C 3.29 2.82 N.D. 57.19 12.19 89.44 0.19 7.54
Initial Abiotic control NR 25°C 10.35 1.44 0.21 86.65 24,74 89.86 0.48 7.15
Final Abiotic control NR 25°C 4.11 15.49 N.D. 130.56 39.54 86.16 0.24 7.19

N.D. = not determined.

et al. (2021) [39]. However, given the small magnitude of these pH
fluctuations and the lack of light exposure in our experiments, the
effects of pH on contaminant transformation or microbial inhibi-
tion may be negligible.

3.2. Effect of redox conditions on the removal of pharmaceuticals

The Kruskal-Wallis test identified pharmaceuticals that
exhibited significant differences in attenuation under different
redox conditions, (P-value <0.05) (Table S4). For instance, atenolol,
lamotrigine, sitagliptin, carbamazepine, and venlafaxine showed
significant differences in removal efficiency between oxic and ni-
trate reducing conditions according to statistical analysis at 25 °C.
The remaining compounds did not show significant differences
(Table S4). Fig. 1 shows the normalised concentrations in the batch
reactors and the abiotic control for climbazole, irbesartan, and
sitagliptin, while the remaining results are shown in Fig. S3 of the
Supplementary Material.

The total removal (%) of the batch reactors for the target
pharmaceuticals are shown in Fig. 2. The removal of metoprolol
was significantly influenced by oxygen availability, with up to 50 %
of its concentration attenuated under nitrate reducing conditions
(Fig. 2 and Fig. S4a of the Supplementary Material). This result
aligns with the findings of [6,37-40], who reported similar per-
centages for metoprolol. These studies observed comparable at-
tenuations under both oxic and nitrate reducing conditions for this
compound. Reith et al. (2023) [41] reported strong attenuation of
up to 75 % for metoprolol. Despite the low Log Koy, Bertelkamp
et al. (2014) [17] suggested that both biodegradation and irre-
versible sorption contribute to metoprolol removal. Rutere et al.
(2021) [42] found that attenuation of metoprolol from the aqueous
phase under both oxic and reducing conditions was associated
with shifts in active microbial communities, highlighting its high
biodegradation potential under contrasting redox conditions.

Sitagliptin, climbazole, citalopram, irbesartan and venlafaxine
maybe attenuated under both oxic and nitrate reducing conditions
(Figs.1 and 2 and Fig. S3). Among the compounds studied by Jaeger
et al. (2021) [40], sitagliptin, irbesartan and venlafaxine showed
degradation trends with decreasing redox conditions. In particular,
sitagliptin and venlafaxine were reported to have rapid degrada-
tion rates. In contrast, lamotrigine showed low attenuation under
oxic and nitrate reducing conditions (Fig. 2 and Fig. S4a of the
Supplementary Material).

Lamotrigine is one of the most persistent pharmaceuticals in

the environment and in conventional water treatment processes
[41], as well as carbamazepine [21,42-45]. Maeng et al. (2021) [46]
found that the three fused rings of carbamazepine hinder its
biodegradability, especially under oxic conditions. This study
found that carbamazepine exhibited significant recalcitrance
regardless of redox status (Fig. 2). This finding is supported by de
Wilt et al. (2018) [47], who concluded that carbamazepine atten-
uation was low under aerobic and nitrate reducing conditions but
also under sulphate reduction and methanogenic conditions,
requiring additional treatment. For example, carbamazepine re-
movals close to 60 % were reported using biofilters [48] and mixed
selected cultures [49], and up to 90-95 % using advanced oxidation
processes in WWTPs (i.e., ozonation and combination of ultravi-
olet light and hydrogen peroxide) [50].

3.3. Effect of temperature on the removal of pharmaceuticals

The role of the temperature on the natural attenuation of target
pharmaceuticals was evaluated under oxic conditions at 25 and
35°C(Fig. 2 and Fig. S5 of the Supplementary Material). Statistical
analysis partially supported the initial hypothesis that increasing
temperature would enhance microbial activity and improve the
removal efficiency of the selected pharmaceuticals. In fact, the
Kruskal-Wallis test showed statistically significant temperature
dependence only for trimethoprim (Table S4). However, this hy-
pothesis was better supported when comparing the results of the
evolution of the concentrations of the batch reactors and the
abiotic control (Fig. 1 and Fig. S3).

At both 25 °C and 35 °C, the attenuation of citalopram and
irbesartan were equal or higher than 90 % (Fig. 2 and Fig. S5 of the
Supplementary Material). The high sorption efficiency and
extended residence time of these pharmaceuticals seems to be
primary factor driving their attenuation [51,52]. However, differ-
ences in the sorption behaviour of citalopram and irbesartan have
been reported. Citalopram may exhibit strong sorption due to
electrostatic interactions with negatively charged surfaces,
whereas the sorption of irbesartan may depend on its molecular
configuration [51].

Despite these differences, the increase in temperature likely
enhanced the overall microbial activity, contributing to slightly
higher attenuation for both compounds. After analysing the effect
of temperature on the overall removal efficiency and removal
trend, it was found that citalopram, irbesartan, sitagliptin, and
trimethoprim were slightly more attenuated at 35 °C, with an
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Fig. 1. Total Attenuation (average of the batch reactors, blue dotes) and sorption (abiotic control, orange dotes) for climbazole, irbesartan and sitagliptin at different redox
conditions (oxic and nitrate reducing) and temperatures (25 and 35 °C). Note that the concentrations are normalised (C¢/Co, where C; is the concentration at each time step and Co
is the initial concentration) for batch reactors and abiotic controls. NR= Nitrate reducing.

increase in attenuation (from 5 % to 12 %) (Fig. 2 and Fig. S5a).
Similar to our results, Munoz-Palazon et al. (2022) [53] observed
improved removal rates for trimethoprim in batch experiments at
the high temperature of 35 °C. Jaeger et al. (2021) [40] also re-
ported a strong correlation between water temperature and sita-
gliptin attenuation rates, which is consistent with our findings.
High temperatures likely increase kinetic energy, enhancing mo-
lecular movement and collisions with sorption sites, and boosting
interactions between pharmaceuticals and sorbents, leading to
more efficient binding and retention [4]. On the other hand, high
temperatures stimulate microbial activity and enzyme production,
facilitating the breakdown of pharmaceuticals through co-
metabolism, where microorganisms use one compound as an
energy source to enhance the attenuation of others [4].

For citalopram, sorption was the main removal process at 25 °C
and 35 °C (100 % and 97 %, respectively) (Fig. S5b of the supple-
mentary material). In contrast, atenolol, climbazole, metoprolol,
and venlafaxine showed lower removal values at 35 °C (Fig. 2). This
could be attributed to either lower adsorption efficiency at higher
temperatures or potential desorption over time. The increased
energy at elevated temperatures may weaken the physical bonds
between the compound and the sediment, leading to desorption.
In addition, sorption has been reported to be temperature-

dependent, but findings vary. For example, Mueller et al. (2022)
[8] found that carbamazepine was better attenuated at low tem-
peratures. Additionally, Wang et al. (2023) [54] have highlighted
the complexity of temperature in pharmaceutical degradation,
showing that elevated temperatures can reduce removal efficiency
of compounds such as carbamazepine due to temperature sensi-
tivity. This is consistent with the slight decrease in total attenua-
tion observed for carbamazepine. However, atenolol, irbesartan,
carbamazepine, and sitagliptin did not show a significant increase
in sorption capacity at higher temperatures, with only minor im-
provements in their attenuation (from 2 to 5 %) (Fig. S5b of the
Supplementary Material).

3.4. Total attenuation and role of the redox vs. temperature on the
removal of pharmaceuticals

Table 2 summarizes the physicochemical conditions and the
main processes controlling the attenuation of each pharmaceu-
tical. Overall, seven pharmaceuticals (atenolol, citalopram, clim-
bazole, irbesartan, sitagliptin, metoprolol and venlafaxine)
showed moderate to high attenuation, while three (lamotrigine,
carbamazepine and trimethoprim) were more persistent, with a
total attenuation of less than 30 % (Fig. 2 and Table 2).
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Fig. 2. Total attenuation (%) of selected pharmaceuticals in all the experiments classified by attenuation level: low (<30 %, red), moderate (30-80 %, yellow), and high (>80 %,
green). Numerical labels indicate the total attenuation in oxic conditions at 25 (green) and 35 °C (orange) and nitrate reducing at 25 °C (blue).

Table 2

Physicochemical conditions and main processes that might control the attenuation of each pharmaceutical. S=Sorption, B = biodegradation, NR= Nitrate reducing, and * in

oxic conditions.

Pharmaceutical Enhancement of total attenuation

Main attenuation process*

Attenuation extent

Oxic Conditions Temperature
Atenolol No No S+B Moderate (46 %, 35 °C) to high attenuation (83-86 %)
Citalopram Yes Yes S Moderate (66 %, NR) to high attenuation (90-95 %)
Climbazole Yes No S Moderate attenuation (59-77 %)
Irbesartan Yes Yes S Moderate (65 %, NR) to high attenuation (91-95 %)
Lamotrigine No No B (oxic, 25 °C) Low attenuation (20-27 %)
Sitagliptin Yes Yes S Moderate (58-76 %) to high attenuation (81 %, 35 °C)
Carbamazepine No No S Low attenuation (12-17 %)
Metoprolol Yes No S+ B Moderate attenuation (48-75 %)
Trimethoprim No Yes S Low attenuation (6-18 %)
Venlafaxine Yes No S Moderate attenuation (48-63 %)

For most of the pharmaceuticals, the main attenuation process
seemed to be adsorption under the conditions tested, with the
exception of lamotrigine under oxic conditions at 25 °C. However,
biodegradation seemed also to contribute to the attenuation of
metoprolol and atenolol. Atenolol showed 30 % attenuation under
oxic at 25 °C, while metoprolol resulted in 24 % and 23 % attenu-
ation under oxic conditions at 25 °C and 35 °C, respectively
(Table 2).

For atenolol, attenuation appeared to be independent of the
redox conditions, with high attenuation observed under both oxic
and nitrate reducing conditions at 25 °C (83 % and 86 %, respec-
tively) (Fig. 2). Previous works have reported that atenolol and
metoprolol can be biotransformed at laboratory scale under spe-
cific redox conditions. For instance, Barbieri et al. (2012) [55]
pointed out that the presence of atenololic acid in the biotic but

not in the abiotic batch experiment suggested that atenolol was
biotransformed during the denitrifying experiment. In the same
line, Rutere et al. (2021) [56] reported that metoprolol was
transformed mainly to metoprolol acid in oxic microcosms, while
metoprolol acid and a-hydroxymetoprolol were formed in anoxic
microcosms. Irbesartan, citalopram and sitagliptin showed higher
removal rates under oxic conditions (91 %, 90 % and 76 %, respec-
tively) compared to nitrate reducing conditions (65 %, 66 % and
58 %, respectively), with their attenuation enhanced by tempera-
ture (increased by 4 %-5 %). Climbazole showed moderately high
attenuation in both redox conditions (71 %-77 % in nitrate reducing
and oxic conditions) and was unaffected by temperature. Meto-
prolol removal was significantly higher under oxic (75 %)
compared to nitrate reducing conditions (48 %) and temperature
did not increase its removal. Venlafaxine showed moderate
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removal in both redox conditions (49 %-63 %). Lastly, trimetho-
prim, carbamazepine, and lamotrigine were the most persistent
compounds, showing low attenuation across all the physico-
chemical conditions considered (Fig. 2).

To sum up, oxic conditions enhanced the attenuation of phar-
maceuticals in our set of batch experiments, although atenolol
showed high attenuation even under nitrate reducing conditions.
Oxic conditions primarily enhance pharmaceuticals attenuation
through oxidation and biotransformation, and influence sorption
mechanisms by modifying sorbent surface properties, altering
electrostatic and hydrogen bonding interactions, and affecting
sorption-desorption equilibria [57], highlighting the complexity of
contaminant fate in oxygen-rich environments. Moreover, the
preference for a specific redox state was not found to be entirely
exclusive; compounds that degraded under oxic conditions also
showed that they could be attenuated under more reducing con-
ditions, as seen with pharmaceuticals such as climbazole, irbe-
sartan and citalopram. Among the compounds significantly
affected by oxygen availability, metoprolol showed remarkable
removal rates of up to 76 % under oxic conditions, in line with
findings from previous research [6,44,58-60]. Notably, a signifi-
cant relationship between metoprolol degradation and water
temperature has also been previously reported, with removal ef-
ficiency reaching 62 % at higher temperatures under oxic condi-
tions [30]. Atenolol also showed high degradability under both
redox conditions, which is consistent with earlier studies, indi-
cating high biodegradation rates during groundwater recharge,
regardless of redox conditions in the aquifer [61-64]. The persis-
tence of carbamazepine and trimethoprim in the environment,
due to their molecular structures, underscores the challenges
associated with their degradation, especially under oxic conditions
[10,21,44,45,65]. The potential remobilization of pharmaceuticals
from sediments, caused by oxygen bumbling, as suggested by
Jaeger et al. (2019) [30], further highlights the dynamic nature of
the pharmaceutical transport and fate in aquatic systems. How-
ever, as Reith et al. (2023) [43] pointed out, the attenuation of
organic contaminants is governed by the complex interplay of
multiple biogeochemical factors rather than by any single
parameter.

3.5. First-order constants of pharmaceuticals

The attenuation rate constants (k) for the target pharmaceuti-
cals were evaluated using first-order rate law (Eq. (2)). The
removal rate constants were determined experimentally, but some
compounds, such as carbamazepine, lamotrigine and, trimetho-
prim, were excluded as they had regression coefficients (R?) below
0.70, having poor fit to the first-order model. These pharmaceu-
ticals did not follow the first-order model as they are persistent,
with a total attenuation ranging from 6 % to 27 % (Table 2).

Table 3 summarizes the rate constants, half-life (t;2) and R? for
the target pharmaceuticals using first-order rate law (Eq. (2)). As
an example, Fig. 3 shows the fit of first-order model for irbesartan,
metoprolol and venlafaxine across all the experiments.

The rate constants (k) were converted to half-lives to determine
the residence time of the pharmaceuticals removed from the batch
reactors (Fig. 3). Half-live values ranged from 119.5 h for irbesartan
to 693.1 h for atenolol, both at 35 °C. Temperature increased the
removal of citalopram and irbesartan, with half-lives decreasing
from 182.5 vs. 141.5 h and 182.4 to 119.5 h at 25 and 35 °C,
respectively. Similarly, sitagliptin slightly increase its removal at
high temperature (Table 3). Citalopram, irbesartan, sitagliptin,
metoprolol, and venlafaxine presented short half-lives values un-
der oxic conditions, whereas atenolol appeared to remove fast in
nitrate reducing conditions (182.4 vs. 203 h) (Table 3). Climbazole
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Table 3
First-order rate constant (k) and half-lives (t;/,) for the target pharmaceuticals.
Pharmaceuticals ~ Redox T(C) k(") tph) R
Atenolol Oxic 25 0.0034 203.9 0.95
Oxic 35 0.001 693.1 0.77

0.0038 182.4 0.98

0.0038 182.4 0.82
0.0049 1415 0.86
0.0027 256.7 0.76

Nitrate reducing 25

Citalopram Oxic 25
Oxic 35
Nitrate reducing 25

Climbazole Oxic 25
Oxic 35
Nitrate reducing 25

0.0024 288.8 0.81
0.0013 533.2 0.75
0.0024 288.8 0.84

Irbesartan Oxic 25 0.0038 1824 0.9
Oxic 35 0.0058 119.5 0.98
Nitrate reducing 25 0.002 346.6 0.94

0.0027 256.7 0.97
0.0029 239.0 0.81
0.0017 407.7 0.8

0.0027 256.7 0.98
0.0016 433.2 0.93
0.0012 577.6 0.84

0.0019 364.8 0.92
0.0011 630.1 0.88
0.0012 577.6 0.84

Sitagliptin Oxic 25
Oxic 35
Nitrate reducing 25

Metoprolol Oxic 25
Oxic 35
Nitrate reducing 25

Venlafaxine Oxic 25
Oxic 35
Nitrate reducing 25

is equally attenuated under both oxic and nitrate reducing con-
ditions, (tq,2 equal to 288.8 h) (Table 3).

Previous studies have reported the half-life values for the target
pharmaceuticals, especially in oxic conditions (Table S5). Overall,
the values of half-lives evaluated in this research were lower than
those reported in the literature, although some cases fell within
the reported ranges. Kinetic values are highly dependent on the
specific compound and environmental conditions involved in the
experiments. For example, the values of half-life for atenolol under
oxic conditions, ranged from 55.2 to 2904 h [66-68]. KodeSova
et al. (2020) [69] investigated the degradation of citalopram and
irbesartan in soil in oxic conditions, reporting half-lives ranging
from 2364 to 4932 h and from 501.6 to 669.6 h for irbesartan,
respectively. Degradation of the venlafaxine in water has been
studied by Ria-Gomez and Piittmann (2013) [70] reporting of
2736 h in oxic conditions. In nitrate reducing conditions, half-life
values of metoprolol ranged from 36 to 6398 h [67,71].

4. Conclusions and future prospects

The attenuation of selected pharmaceuticals was assessed us-
ing batch experiments under oxic and nitrate reducing conditions
at different temperatures (25 °C and 35 °C). Laboratory experi-
ments revealed that 7 out of 10 pharmaceuticals exhibited mod-
erate to high attenuation, ranging from 46 % for atenolol at 35 °C to
95 % for citalopram and irbesartan at 35 °C. These results highlight
the positive influence of the physicochemical properties of the
groundwater on the natural attenuation of these compounds. In
contrast, lamotrigine, carbamazepine and trimethoprim showed
low attenuation under all conditions tested, with trimethoprim
showing particularly low removal under oxic conditions (6 %).
Sorption seems to be the main process contributing to the atten-
uation of most pharmaceuticals in oxic conditions, while biodeg-
radation played a secondary role for a few pharmaceuticals, such
as metoprolol, atenolol and lamotrigine. To further investigate the
role of degradation in the target pharmaceuticals, it is of para-
mount importance to determine the bacterial communities pre-
sent in the soil and water used in the experiments as well as to
include an extra reactor simulating the biotic control. The former
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Fig. 3. First-order kinetics fitting the removal of irbesartan, metoprolol and venlafaxine at different redox conditions (oxic and nitrate reducing) and temperatures (25 and 35 °C).

will allow to identify the bacteria involve in redox processes and
the latter will allow investigating the degradation of pharmaceu-
ticals as an isolated process.

Considering all the physiochemical conditions, atenolol, cit-
alopram, irbesartan and venlafaxine achieved attenuation of more
than 55 %. The attenuation of citalopram, irbesartan and sita-
gliptin, was enhanced under oxic conditions and at higher tem-
peratures, as that of trimethoprim at 35 °C. Similarly, climbazole,
metoprolol and venlafaxine were more effectively attenuated
under oxic conditions than under nitrate reducing ones. In
contrast, atenolol, lamotrigine and carbamazepine showed better
removal under nitrate reducing conditions.

In summary, this research highlights the significant influence of
groundwater physicochemical properties on the natural attenua-
tion of pharmaceuticals. While our findings make a valuable
contribution to the scientific understanding of pharmaceutical
behaviour at the laboratory scale, the challenge of transferring
these results to field studies remains. This emphasizes the need for
careful interpretation of laboratory results in natural environ-
ments. Moreover, the continuous addition of nutrients and the
diverse microbial community in natural environments underline
the complexity of field studies, where isolating individual effects is
inherently challenging. Finally, TPs of the target pharmaceuticals
were out of the scope of this research but they could also
contribute to the removal of the parent compounds. Consequently,

future research should focus on integrating laboratory experi-
ments with field measurements to bridge the gap between
controlled conditions and real-world environments considering
also TPs. Such an approach is essential to improve groundwater
contamination mitigation strategies and enhancing groundwater
quality management.
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