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Abstract

Using reclaimed water for irrigation is an effective strategy in semi-arid regions facing
water scarcity. However, this water may contain pharmaceutical residues, posing potential
environmental and health risks. To ensure sustainable reuse, it is essential to study how
these substances accumulate in soil and transfer to crops. The aim of this research was to
develop and optimise a rapid Ultrasound-Assisted Extraction method combined with Ultra-
High-Performance Liquid Chromatography—tandem Mass Spectrometry for quantifying
23 pharmaceuticals in non-cultivated soil. Following optimisation, 18 compounds were
successfully extracted using a MeOH:H,O ratio of 75:25. The detection and quantification
limits were found to range from 0.52 to 0.5 ng-g~! and 1.75 to 35 ng-g~!, respectively.
The matrix effects and recoveries varied by compounds’ type and concentration, but most
results were acceptable. The evidence suggested that some drugs underwent microbial
degradation. Soil irrigated with reclaimed water via subsurface drip since 2012 occasionally
contained four pharmaceuticals (caffeine, carbamazepine, tamoxifen, and venlafaxine) at
low concentrations, while others were absent. This indicates the capacity of soil to act as a
barrier, and highlights the importance of proper water management. The study concludes
that reclaimed water reuse is safe if supported by efficient treatment and management,
offering a promising approach for long-term sustainability in water-scarce regions.

Keywords: emerging contaminants; reclaimed water; water management; Ultrasound-Assisted
Extraction; UHPLC-MS/MS

1. Introduction

Water and food security are global concerns and are key to achieving the Sustainable
Development Goals [1]. Agriculture accounts for more than 70% of total water consump-
tion, and water scarcity has a direct impact on the quantity and quality of agricultural
products [2].
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Climate change is increasing water scarcity in arid and semi-arid areas, making food
production more difficult. Non-conventional water resources are one of the alternatives to
mitigate the hydrological imbalance between water use and the availability of renewable
resources [3], with reuse being necessary to ensure environmental sustainability in these
regions [4]. Therefore, one way to adapt to climate change’s impacts is to irrigate with
recycled water, which can improve food sovereignty and create opportunities for local
people, as irrigated areas increase crop productivity and generate wealth [5]. Reclaimed
water (RW) reuse can be considered a reliable water supply and is relatively independent
of seasonal droughts and weather variability, being able to meet peak water demand [6].
However, not only the availability of irrigation resources, but also the preservation of the en-
vironment and the quality of harvested products must be guaranteed if rural development
is to be sustainable.

Perceptions of environmental and health risks, namely the mistrust of standards and
products, the scepticism of scientific evidence, and a low belief that reuse can contribute to
the fight against climate change, are among the factors that inhibit reuse [7]. One of the
most widely recognised environmental and health risks to society is posed by emerging
pharmaceutical pollutants (PhCs), which are often detected at low concentrations and are
virtually ubiquitous due to their marked persistence, as they are continuously released into
the environment despite their rapid degradation [8].

The European Union (EU) maintains a Watch List under the Water Framework Di-
rective to monitor substances that may pose a risk to the aquatic environment. Since its
creation in 2008 [9], this list has included various pharmaceutical compounds such as
macrolide antibiotics, amoxicillin, diclofenac, sulfamethoxazole, trimethoprim, venlafax-
ine and its metabolite O-desmethyl-venlafaxine, fluconazole, clindamycin, metformin,
ofloxacin, and ciprofloxacin. This list is reviewed and periodically updated every 2 years
to decide whether compounds should be removed from the list, after a continuous mon-
itoring period of 4 years for an individual substance. In the latest update in 2025 [10],
the compounds included for monitoring, and therefore those currently under control, are
fluoxetine, metformin, and ofloxacin.

Numerous PhCs and their metabolites have been detected in RW due to their incom-
plete removal by conventional treatment technologies [11-13]. Chen et al. [14] identified
510 chemicals in wastewater, with pharmaceuticals being the largest category. Bhattachar-
jee et al. [15] concluded that even after reverse osmosis treatment, eight PhCs were still
detected in the reverse osmosis permeate, albeit at concentrations below 1 ng-L’l‘

As PhCs are not regulated in the EU regulation on the minimum requirements for
water reuse for agricultural irrigation [6], predicting the translocation of organic pollutants
to plants is crucial to ensure the quality of agricultural products and to assess the risk of
human exposure through the food web [16].

PhCs are substances for which many aspects of their behaviour and their effects on
the water/soil/rhizosphere/plant/aquifer system are little known. Their behaviour in
agricultural soils is complex and influenced by multiple factors, including the chemical
nature of the compounds and the physicochemical properties of the soil, such as clay
percent and organic matter contents [17].

In this context, the development of simplified analytical methodologies is essential
to ensure routine applicability, especially when monitoring complex matrices such as soil.
A multiresidue method that minimises sample handling steps, uses accessible solvents,
and achieves acceptable analytical performance allows for broader implementation in
environmental surveillance programmes. Moreover, methodological simplification en-
hances reproducibility, reduces analysis costs, and facilitates integration into regulatory
frameworks aimed at monitoring contaminants that are of emerging concern. In this sense,
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analytical methods based on Ultrasound-Assisted Extraction UAE are usually developed
for the multiresidue determination of organic contaminants in solid samples [18-20]. The
analytical methodologies for PhCs’ determination in agricultural soils detect concentrations
commonly around ng-g ! (ng of PhCs per gram of soil) [16,17,19,21,22].

The presence of emerging compounds (ECs), which have been detected in aquifers [23]
and even in aquifers as deep as those of the Macaronesian Islands [24-26], represents an
obstacle to the reuse of reclaimed water. However, unlike other studies, this team did not
detect the presence of emerging contaminants in produce irrigated with artificially contam-
inated water [27], where the soil acts as a barrier against the transport of these compounds.

To ensure the sustainability of irrigation with RW, the health of the soil receiving
these pollutants from such waters must be guaranteed. In this respect, the ‘Soil Health and
Food Mission” aims that by 2030, 75% of soils in each EU country should be healthy soils
capable of providing essential services. However, the concrete effects of ECs” addition on
soil fertility in terms of its holistic concept (which depends on the interaction of physical,
chemical, and biological processes) or its ability to concentrate PhCs from treated water are
still unknown [28].

The process of the root uptake of these PhCs from the soil depends on the chemical
speciation of the contaminants, the plant species, the soil type, and on water management.
Studies have shown the influence of the properties of micropollutants on their ability to be
taken up by roots, and translocated and bioconcentrated in the rest of the plant [29]. Less
structured knowledge is published on the remaining variables that condition entry into
the food chain or modify environmental conditions. This is mainly due to the difficulties
posed by the large number of variables involved in real growing situations. For example,
Yu et al. [30] found significant variation in antibiotic accumulation among the 12 Brassica
rapa subsp. chinensis cultivars. The authors also concluded that the mobility of antibiotics
in the soil is an important factor affecting their bioavailability to plants. In this sense, there
is no established method for the determination of many substances with different chemical
properties in soils, although it is demonstrated that their adsorption or biodegradation
precedes their uptake by roots. The aim of the study is to develop a simple multiresidue
methodology to measure PhCs and understand what happens to them in a soil irrigated
with RW, in order to distinguish biodegradation from adsorption, and to help estimate
their bioavailability for uptake by plant roots and the risk of their entry into the trophic
chain, from a ‘one health” perspective.

2. Materials and Methods
2.1. Materials and Reagents

The selected pharmaceuticals were chosen based on their frequent detection in re-
claimed water and groundwater in previous regional studies (11-13 and 2426, respec-
tively), their inclusion in regulatory watch lists (9 and 10), and their diverse physicochemical
properties and therapeutic classes (17). They were also chosen because they are frequently
reported in the literature (19, 22, 27 and 29), which enables the evaluation of the perfor-
mance of a useful multiresidue extraction combination. Table S1 lists the PhCs included
in this study. Ordered alphabetically, they are Acetaminophen (ACE), Atenolol (ATE),
Caffeine (CAF), Carbamazepine (CAR), Ciprofloxacin (CIP), Citalopram (CIT), Cyclophos-
phamide (CYC), Erythromycin (ERY), Fluoxetine (FLU), Ketoprofen (KET), Levofloxacin
(LEV), Metformin (MET), Nicotine (NIC), Norfloxacin (NOR), O-desmethyl-venlafaxine
(O-DE), Ofloxacin (OFL), Paraxanthine (PAR), Sertraline (SER), Sulfamethoxazole (SUL),
Tamoxifen (TAM), Trimethoprim (TRI), Valsartan (VAL), and Venlafaxine (VEN). The target
pharmaceutical compound standards were obtained from Sigma-Aldrich (Madrid, Spain).
In addition, their abbreviations, CAS number, chemical structure, and Log Kow are shown
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in Table S1. The solvents used as extractants and mobile phases (mass spectrometry grade
water, acetonitrile, and methanol), all of them with minimum assay of 99.9%, were obtained
from Panreac Quimica (Barcelona, Spain). The 0.2 um syringe polyethylene terephthalate
(PET) filters were supplied by Macherey-Nagel (Dueren, Germany). Ethylenediaminete-
traacetic acid disodium salt dihydrate (EDTA), with a purity of >99%, was supplied by
Sigma-Aldrich (Madrid, Spain).

2.2. Equipment

The ultrasound extraction was performed using 112xx Series Advanced Ultrasonic
Cleaner from Thermo Fisher Scientific and the Vacufuge® plus from Eppendorf. The freeze
dryer, a LyoQuest model, was purchased from Telstar (Barcelona, Spain).

The target compounds were determined in an Xevo ACQUITY UHPLC system
equipped with a binary solvent manager, a thermostatic autosampler and a tandem triple
quadrupole mass spectrometer detector (MS/MS) with electrospray ionisation (ESI). All
the components were controlled by the MassLynx Mass Spectrometry software, version
4.1 (Waters Chromatography, Barcelona, Spain). For the chromatographic separation, a
ACQUITY BEH C18 column (50 x 2.1 mm, 1.7 um particle size) was used.

2.3. Experimental Design

Three experiments were designed: experiment 1, aimed to optimise the methodology,
using a soil that had never been cultivated or irrigated, and therefore had never previously
received EC; experiment 2, intended to analyse the effect of biodegradation versus adsorp-
tion; and experiment 3, intended to measure the pharmaceutical compounds in a soil that
has been cultivated and irrigated with RW since 2012, with water applied twice a day in
low doses using a subsurface drip irrigation system (SDI).

2.4. Soil Characterisation

Samples for each experiment were taken randomly from the soil on the island of Gran
Canaria from the surface to a depth of 0.2 m. As mentioned above, for experiment 1, the
soil was taken from an undisturbed area while for experiment 2 and 3, soil was taken from
a pilot plot irrigated with RW since 2012. For experiment 3, composite soil samples were
taken on two dates: in November 2023 (samples 1 to 6) and in March 2024 (samples 7 and
8). More details can be found in Mendoza-Grimoén et al. [31] on climate and initial soil
characteristics. Soil characterisation data are presented in Table 1.

Table 1. Soil characterisation for experiments (Exp) 1, 2, and 3.

pH ECy5 oM Niot C/N NO; P K Ca Mg Na B Cu Fe Mn Zn Sand  Silt Cla
Exp y
dS-m-1 % mg-kg-1 meq-100 g1 mg-kg~1 %
1 6.27 0.16 1.14 0.11 7.6 <10 3 04 57 6.2 09 07 02 141 23 0.16 47 24.5 70.8
2and 3 8.15 0.86 3.26 0.2 9.6 104.5 51 45 239 102 38 62 18 59 9.9 44 20.2 33.0 46.8

OM: organic matter; Nio: total nitrogen; EC: electrical conductivity 1:5; NOs: nitrate; P: available phosphorus;
K: potassium; Ca: calcium; Mg: magnesium; Na: sodium; B: boron; Cu: copper; Fe: Iron, Mn: manganese; and
Zn: zinc.

The total carbon (TC, %) and total nitrogen (Niot, %) were determined by dry combus-
tion with an LECO TruMac CN 2000 analyser (LECO Corporation, St. Joseph, MI, USA).
The organic matter (OM) values were indirectly deduced by applying the ‘Van Bemmelen’
factor of 1.724 to organic carbon after subtracting inorganic carbon (measured by a soil cal-
cimeter) from TC. Soluble salts were estimated by electrical conductivity EC 1:5 (soil:water
ratio; dS'm~!). The available nitrate was determined by soil extraction at the 1:5 ratio
with 0.01 M calcium chloride, and was analysed by ionic chromatography. Available soil

P (mg-kg~!) was determined by sodium bicarbonate extraction according to the method
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of Olsen and Sommers [32] and the UV-spectrophotometry molybdenum blue method
of Murphy and Riley [33]. Exchangeable cations (K, Ca, Mg, and Na, meq-100 g~ ') were
extracted with buffered 1 M ammonium acetate, pH 7, B in hot water (mg-kg!). Metals
(Fe, Cu, Mn, and Zn, mg-kg’l) were diethylenetriaminepentaacetic acid (DTPA)-extracted,
at pH 7. They were all analysed by Inductively Coupled Plasma Optical Emission Spec-
trometry (ICP-OES). The soil texture was determined by the Bouyoucos method [34]. For
experiment 2, sterilised and non-sterilised soil were used. Air-dried soil was autoclaved at
121 °C at 1.1 atm for 20 min and for 3 days. Between each autoclaving cycle, the soil was
incubated at 25 °C. All the analyses were carried out at the Laboratorio Agroalimentario
del Cabildo de Gran Canaria.

2.5. Extraction Procedure

Four solvent ratios were evaluated to optimise the extraction of compounds: MeOH-
ultrapure water (pH 3, formic acid (FA) 0.5%, 0.1%EDTA), 50:50 (v/v); MeOH-ultrapure
water (pH 3, FA 0.5%), 50:50 (v/v); MeOH, 0.25% FA; and MeOH-ultrapure water (pH 3,
FA 1%), 75:25 (v/v). The best extraction procedure was obtained using MeOH-ultrapure
water (pH 3, FA 1%), 75:25 (v/v) to extract the compounds.

To optimise the method, triplicates of 1 g freeze-dried soil were placed in a plastic
centrifuge tube (50 mL), spiked with the target compounds dissolved in MeOH (1 mL total
volume), mixed carefully, and kept in contact at 4 °C overnight.

The sample was extracted three times with 20 mL of the optimised solvent ratio by
vortexing for 1 min, followed by ultrasonic extraction for 15 min at 50 °C and centrifugation
for 10 min at 3750 rpm and 20 °C. After the three extraction phases, the supernatant was
centrifuged for 5 min (3750 rpm) and a 6 mL aliquot was collected in a glass test tube and
evaporated to dryness at 45 °C.

The reconstitution of the analytes was performed with 0.7 mL ultrapure water-MeOH,
90:10 (v/v). Finally, the extract was centrifuged for 5 min at 7400 rpm (20 °C) and transferred
to a glass vial for Ultra-high-performance Liquid Chromatography-MS/MS (UHPLC-
MS/MS) analysis.

To distinguish biodegradation from adsorption (testing microbiological degradation),
the soil samples sterilised by tyndallisation (ST) and samples not tyndallised (SNT) were
processed to test microbiological degradation at different PhCs concentrations. The tyn-
dallisation procedure involved autoclaving the samples for 20 min at 120 °C and 1 atm,
followed by storage at 25 °C overnight for three days. The samples were then frozen
for 24 h before being lyophilised. The effects of tyndallisation were analysed statistically
using the least significant difference test in Statistical Product and Service Solutions (SPSS)
version 29.

2.6. Determination Procedure

The mobile phase for the chromatographic separation consists of MeOH (A) and water
(B) with 0.5% (v/v) acetic acid at a flow rate of 0.3 mL-min~!. The following gradient was
employed: 90% A:10% B as initial conditions, 90% A:10% B at 0.56 min, 40% A:60% B at
3.83 min, and 10% A:90% B at 6.93 min and held until 7.42 min. At 7.91, the system returns
back to its initial conditions and is allowed to equilibrate until 9 min for the next injection.
The injected extract volume was 10 pL.

For detection and quantification via mass spectrometry, the ESI parameters were fixed
as follows: capillary voltage at 3.5 kV, cone voltage at 60 V, extractor at 3 V, RFlens 2.5V,
source and desolvation temperature at 150 °C and 450 °C, respectively, and desolvation gas
flow at 1000 L-h~!. The UAE is widely used for PhAC extraction (19, 20), with parameters
selected based on referenced articles (18-20). Similarly to other authors, the extraction
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temperature was not used to be evaluated (20). Nitrogen was used for desolvation and
argon for collision. Detailed information about the fragmentation of target analytes is
showed in Table 2.

Table 2. Conditions for the mass spectrometry detection.

Quantification Ion Confirmation Ion
Compound Prec?;s,g)r fon Cone(“;()’ltage / Collision / Collision
miz Potential (V) mz Potential (V)

ACE 152.6 35 109.9 20 92.91 20
ATE 267.2 35 145.1 25 190.1 20
CAF 195.1 35 138.1 20 110.1 20
CAR 237.2 35 194.2 20 192.2 20
CIp 3324 40 314.3 22 288.3 18
CIT 3255 30 108.9 25 262.1 20
CYC 261.2 30 140.0 20 106.0 18
ERY 734.7 35 158.2 35 576.5 20
FLU 311.2 30 149.1 10 276.2 20
KET 255.3 35 209.0 15 104.9 20
LEV 362.5 40 261.1 30 318.3 20
MET 130.2 30 70.95 20 59.95 20
NIC 163.1 25 130.1 20 117.1 20
NOR 320.4 40 302.2 20 276.2 15
O-DE 265.1 30 274.2 15 106.9 20
OFL 362.3 40 317.9 25 260.9 30
PAR 181.1 30 124.1 20 96.0 20
SER 306.4 30 158.9 20 275.0 15
SUL 254.3 40 107.9 20 155.9 20
TAM 372.3 40 72.12 20 129.1 20
TRI 291.3 40 123.1 25 230.3 20
VAL 458.4 50 206.9 30 299.9 25
VEN 278.5 30 260.2 10 120.9 20

2.7. Quality Control

The linearity, the limits of detection (LODs), limits of quantification (LOQs), repro-
ducibility (relative standard deviation, RSD %), extraction efficiencies, and matrix effect
were calculated. Calibration curves were prepared for the selected compounds. Eight
points were plotted within a concentration range from 0.25 to 50 ng-mL~!, resulting in
linear coefficients (>0.960) for each compound. LODs and LOQs were determined based on
the signal-to-noise ratio (S/N) of individual compound responses at the lowest point of the
calibration curve, assuming minimum detectable S/N levels of three and ten, respectively.
Reproducibility, extraction efficiencies, and the matrix effect were assessed by adding
known quantities of a standard mixture to sample to achieve a concentration of between
0.5 and 50 ng-mL ! in the final theoretical extract.

The matrix effect was assessed by comparing the chromatographic peak area at each
level of the calibration curve using the extract obtained after soil extraction against a pure
methanol standard. This approach allows for the evaluation of the extent to which the
matrix affects the analytical response. Matrix effect values below one indicate signal sup-
pression due to matrix interferences, while values above one suggest signal enhancement.
A ratio between 0.7 and 1.3 is considered acceptable, as it suggests minimal interference
from the sample matrix on the analytical response.
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3. Results and Discussion
3.1. Extraction Solvent Study

Methanol content significantly influences the solubility and desorption of pharmaceu-
ticals from soil. To evaluate its effect, the extraction efficiency of the target pharmaceutical
compounds was tested using MeOH:H,O ratios of 50:50, 75:25, and 100:0. The results
highlight that hydrophobic compounds, such as CAR (79.0%), KET (73.9%), and VAL
(68.5%), achieve the highest recoveries with pure methanol (100:0), confirming their strong
affinity for organic solvents. In contrast, moderately polar pharmaceuticals, including
ATE and VEN, were best extracted with a 75:25 MeOH:H,O mixture, where they reached
recoveries of 42.9% and 36.7%, respectively. This suggests that a combination of organic
and aqueous phases optimises solubilization while minimising interactions with the soil
matrix. Some compounds, such as MET and ERY, showed consistent 0% recovery across all
solvent conditions. The presence of ionic functional groups in these molecules reduces their
desorption efficiency even further, indicating the need for alternative extraction strategies,
such as adjusting the pH or using chelating agents.

A balanced solvent composition is essential for maximising analyte recovery. The
75:25 MeOH:H, O mixture proves to be the most versatile, facilitating the extraction of both
moderately polar and non-polar pharmaceuticals. For example, CAR exhibited a recovery
of 67.2% under this condition, while TRI reached 58.4%, indicating that this ratio effectively
accommodates compounds with diverse polarities. In contrast, aqueous-rich conditions
(50:50 MeOH:H,0) enhanced the recovery of some polar compounds, with ATE reaching
its highest value at 74.9% and TRI at 62.0%, but remained ineffective for highly hydrophilic
substances. This reinforces the effectiveness of mixed solvents in environmental extractions,
where diverse chemical properties must be considered.

Figure 1 illustrates the variation in extraction efficiency across different solvent com-
positions, confirming that non-polar compounds are best recovered with pure methanol,
whereas aqueous-rich mixtures improve the extraction of polar pharmaceuticals. The inter-
mediate 75:25 MeOH:H,O ratio provides a suitable compromise, yielding moderate to high
recoveries across a broader range of compounds. These findings underscore the importance
of selecting an appropriate solvent system based on the physicochemical properties of the
target analytes.

Analgesics and
Anti-

Stimulants ACE
CAF 80% KET

Antibacterials
NIC

VAL

Cavonovascu{A’

ardrugs 3

ATE | ,,p0 00008

MET OFL 250:50

#75:25

AM

Ly 22100:0
Antineoplastic

cyc

o ]
CAR - O-DE
Antiepileptics CIT VEN

Antidepressants

Figure 1. Recovery efficiency of different pharmaceutical compounds across the tested MeOH:H,O ratios.
Changes in the method and experimental conditions could improve the extraction
process of some pharmaceuticals from soil but worsen the determination of other com-

pounds. The choice of polar extractant (75:25 MeOH:H;O) was made based on agronomic
criteria to evaluate the absorption intensity factor of these substances by plants. Our results
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agree with those of Huidobro-Lépez et al. [35], who conclude that the determination in
soil, due to its complexity, requires a prior extraction treatment that affects the recovery of
some analytes, making it difficult to develop a methodology that allows the determination
of multiple residues. To reduce the LOQ, it may be useful to explore less polar solvents
that will access the reservoirs of these less soluble substances, which could improve the
extraction of some substances that may be partially bioavailable for root uptake. However,
their movement in the soil will be limited due to their low solubility in water and methanol.
It is therefore a compromise between obtaining good recoveries and adequately simulating
the root uptake process.

3.2. Analytical Parameters
3.2.1. Linearity, Detection, and Quantification Limits and Reproducibility

Although we started by making internal calibration curves from 0.25 to 50 pg-L~1,
different linear ranges were studied for each compound, and we finally chose the ones
with the best possible linearities, as presented in Table 3. The LODs and LOQs were
between 0.52 and 10.5 ng-g~!, and 1.75 and 35.0 ng-g~ !, respectively. Regarding the
reproducibility (RSD %), at five different concentrations, better results were obtained for
the three highest concentrations (35, 70, and 350 ng-g ') with all percentages below 24.7%,
except for fluoxetine, which was 35 ng-g~! with 28.3%. At lower concentrations (3.5 and
7.0 ng-g~1), percentages exceeding 25% for more compounds were obtained (CAF, CIT, and
PAR). Furthermore, it was more frequent to not to be able to analyse or not to be able to
extract pharmaceuticals at low concentrations. Lastly, only four compounds (CIP, LEV, NIC,
and OFL) could not be determined to be reproducible because they could not be adequately
extracted under the conditions for this multiresidue procedure.

Table 3. Linearity, LODs (ng- g_l), LOQs (ng: g_l), and RSD (%) for selected pharmaceuticals.

Linear RSD (%)
Compound g ge r? LOD LOQ 35 7.0 35 70 350
pgL1 ng-g1

ACE 2.5-25 0.993 5.25 17.5 n.a. n.a. 8.06 8.77 4.74
ATE 0.5-5 0.994 1.05 3.50 n.a. 20.4 7.53 6.84 1.95
CAF 0.25-2.5 0.999 0.52 1.75 34.6 21.6 4.33 20.9 16.2
CAR 0.25-2.5 1.000 0.52 1.75 10.8 7.53 2.04 1.46 2.36
CcIp 5-50 0.961 10.5 35.0 n.a. n.a. n.e. n.e. n.e.
CIT 0.25-2.5 0.994 0.52 1.75 33.3 40.7 16.4 5.16 9.16
CYC 0.5-5 0.994 1.05 3.50 17.3 7.87 11.0 5.81 3.15
ERY 0.5-5 0.978 1.05 3.50 n.e. n.e. n.e. 24.7 15.8
FLU 5-50 0.982 10.5 35.0 n.a. n.a. 28.3 22.2 23.2
KET 0.5-5 0.992 1.05 3.50 4.22 11.6 4.17 3.97 2.62
LEV 5-50 0.909 5.25 17.5 n.a. n.a. n.e. n.e. n.e.
MET 2.5-25 0.992 5.25 17.5 n.a. n.a. 12.1 21.4 20.6
NIC 0.5-5 0.987 1.05 3.50 n.e. n.e. n.e. n.e. n.e.
NOR 5-50 0.992 10.5 35.0 n.a. n.a. 1.79 1.27 1.79
O-DE 5-50 0.960 10.5 35.0 n.a. n.a. n.e. 23.8 7.89
OFL 5-50 0.972 10.5 35.0 n.e. n.e. n.e. n.e. n.e.
PAR 0.25-2.5 1.000 0.52 1.75 n.e. 33.3 5.56 1.35 13.3
SER 0.5-5 0.980 1.05 3.50 2.79 4.55 1.27 7.52 124
SUL 0.5-5 0.986 1.05 3.50 n.a. n.a. 4.17 3.97 2.62
TAM 0.25-2.5 0.970 0.52 1.75 n.e. n.e. n.e. 2.25 4.08
TRI 0.25-2.5 0.995 0.52 1.75 20.3 17.3 2.66 4.17 1.42
VAL 1-10 0.998 2.10 7.00 n.a. n.e. 12.0 9.99 n.e.
VEN 0.25-2.5 0.994 0.52 1.75 10.0 5.09 6.86 4.39 6.23

LODs: limits of detection; LOQs: limits of quantification; RSD: relative standard deviation. n.a: Not analysed.
n.e: Not extracted.
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3.2.2. Extraction Recoveries

The recovery profile of the analytical method across the evaluated pharmaceuticals
revealed considerable variability depending on the compound and its chemical class.
As shown in Figure 2 and Table S2, compounds such as ACE, KET, and CAR exhibited
high recovery rates because they are predominantly neutral (pKa > 4.5) under the acidic
MeOH:H,O extraction conditions, and therefore less prone to strong ionic binding to soil
components (clays/metal sites). At the same time, their log Kow value of between 0.5 and
3.1 gives them good performance in a 25:75 MeOH:H,O. In addition, KET displays a
maximum value of 560.8% at the lowest tested concentration (0.5 pg-L’l), likely due to
strong matrix effects or co-extraction phenomena.
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Figure 2. Boxplot of recoveries for target pharmaceuticals sorted by pharmacological families.

In contrast, very low recoveries were observed for fluoroquinolone antibiotics such
as NOR, CIP, OFL, and LEV, which ranged from 1.8% to 22.7%, highlighting the poor
compatibility of the method with this highly polar and zwitterionic class. The macrolide
ERY showed non-detectable recovery at both 10 and 50 ug-L~!. Among the antidepressants,
O-DE and VEN yielded moderate-to-high recoveries between 48% and 95.8%, whereas
CIT and FLU were more variable, especially at higher concentrations. Stimulants such as
NIC exhibited zero recovery across all levels tested, underscoring the critical limitations of
the method for this group. Nicotine can interact with organic matter in the soil, such as
humus and humic acids, through hydrogen bonds or hydrophobic interactions. Due to its
basic nature (amine group), it can also bind to charged surfaces such as clays and minerals.
While methanol increases the solubility of organic compounds, the water/methanol ratio
may not be ideal for desorbing nicotine from soil. These results demonstrate the need
for analyte-specific optimisation, particularly when targeting compounds from diverse
pharmacological classes with varying physicochemical properties.

The recoveries obtained were low at the lowest concentrations. This result is explained
by the variability of the characteristics of the PhCs included in this multiresidue study;
the molecular weights were between 129.2 g-rnol’l (MET) and 733.94 g~mol’1 (ERY) and
Kow was between —1.3 (MET) and 7.1 (TAM), from very low to high affinity for adipose
tissue. However, they are similar to those reported in other scientific articles. For example,
our results coincide with those obtained by Garcia-Valverde et al. [36] in their comparative
study of extraction methods in soil at 50 ng-g~! (higher than those used in this study; see
Table 3). These authors obtained the best results with a solid-liquid extraction method.
They obtain average recoveries of 46% for some of the methods compared and mention
the impossibility of recovering other pharmaceuticals (as in our study). For example, these
authors mention recoveries of only 5% for two substances: OFL and CIP (20% and 6%,
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respectively, in our study). In agreement with the recovery of 25% obtained by Malvar
et al. [37], with our method, CYC is not sufficiently recovered while CAR is recovered with
53%, in the range obtained in our study (40-60%). It should be noted that MET is well
recovered at low concentrations, being the compound with a molecular weight and Kow
close to that of CYC, although it is more soluble and polar than CYC. Similarly, NIC, which
is also poorly recovered, is highly soluble; although, unlike MET, it is moderately polar and
has a positive Kow. Further studies are needed to better understand this result, as among
the properties of PhCs, charge and lipophilicity are the most critical for the translocation
and accumulation of PhCs in soil [38].

3.3. Study of Matrix Effect

The matrix effect varied across pharmaceutical families, as shown in Figure 3. While no
universally accepted threshold exists, values close to one are preferred, and effects within
+£30% are often considered manageable without extensive signal correction. Analgesics
and anti-inflammatory drugs exhibited a relatively stable response, with a mean matrix
effect of 1.05 £ 0.12. Most values remained within the acceptable range, with a minimum
of 0.88 and a maximum of 1.28, indicating that the extraction method is effective for this
group and that matrix interferences are minimal. Antiepileptics showed a similar trend,
with a mean of 0.95 & 0.13 and values ranging from 0.72 to 1.05, suggesting a moderate but
acceptable suppression effect in some cases.

= AMoxox
-]X —

Matrix effect

Matrix effect
Matrix effect

Matrix effect

01

Matrix effect
Matrix effect
Matrix effect

01

Figure 3. Analytical signal changes for the target pharmaceuticals. Values > 1 indicate signal
enhancement and values < 1 indicate signal suppression.

In contrast, antibacterials exhibited the strongest matrix suppression among all groups,
with an average value of 0.62 &= 0.51. The minimum recorded value was 0.027, indicating
extreme suppression for some compounds, while the highest value was 1.92, showing that
a few compounds also experienced enhancement. The wide variability in matrix effect
suggests that individual antibacterial compounds behave very differently, likely due to
differences in their physicochemical properties. Given that the lowest matrix effect values
were associated with this group, it is likely that certain compounds are not being efficiently
extracted, leading to the underestimation of their concentrations.

Antidepressants showed a mean matrix effect of 1.22 + 0.47, with values ranging
from 0.64 to 2.68. This suggests that most compounds in this group remain within the
acceptable range, but a few show moderate signal enhancement, possibly due to interactions
with matrix components that improve ionisation efficiency. Antineoplastic and hormonal
drugs also showed moderate variability, with a mean of 1.21 & 1.09, ranging from 0.35 to
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4.10. While the median value (0.94) is within the acceptable range, the presence of high
matrix effect values suggests that some compounds may be strongly influenced by matrix
interferences. This could be related to their hydrophobic nature, which may lead to
enhanced retention in the solid matrix and co-elution with endogenous interferences.

The matrix effect also varied across different concentration levels. At low concentra-
tions (<2.5 ug-L~1), antibacterial compounds were particularly affected, with strong signal
suppression in some cases (values close to 0.027). This suggests that, at trace levels, these
compounds are more prone to ion suppression effects, possibly due to co-eluting matrix
components. In the intermediate concentration range (5-25 pg-L~!), the matrix effect
remained more stable for most compounds, with values clustering closer to the accept-
able range. At higher concentrations (50 pug-L~!), some compounds, particularly certain
antineoplastic drugs, exhibited significant signal enhancement, with values exceeding 4.0
in some cases. This could be attributed to an increased availability of the analyte in the
ionisation process, reducing competition effects and enhancing response.

The observed trends in the matrix effect could be influenced by the extraction protocol
employed. The optimised method used methanol and ultrapure water (pH 3, FA 1%) (75:25
v/v), selected based on its ability to recover a broad range of pharmaceuticals from soil.
Fluoroquinolones, for example, are known to form strong complexes with metal ions and
organic matter in environmental matrices, which may limit their recovery. Alternative
strategies, such as adjusting the solvent composition or pH, may be necessary to improve
their extraction efficiency.

It is important to note that chelating agents like EDTA, which were considered as an
option for improving recovery, were ultimately discarded due to salt precipitation, which
negatively affected the extraction efficiency and reduced the recovery of several pharma-
ceuticals. This suggests that, although EDTA can facilitate the release of bound compounds,
its incompatibility with the extraction system used in this study makes it unsuitable for soil
samples with high ionic content. Thus, it is confirmed that the enhancement of recovery
rates of PhCs from soil samples employing EDTA depend on the PhCs’ class and on the
soil’s properties [39,40].

3.4. Effect of Biodegradation and Adsorption

Regarding the results of the recovery studies to distinguish biodegradation from
adsorption (ST/SNT), the following compounds show significant differences due to tyndal-
lisation: ACE, ATE, CAR, CYC, KET, TRI, and VAL, with no significant effect for the rest of
the PhCs (Table 4). A more detailed description of these results can be found in the study by
Fernandez-Vera et al. [41]. As can be seen from these results, biodegradation seems to be an
important factor for some pharmaceuticals, even when its effect was analysed in samples at
4 °C. On the other hand, it should also be considered that some substances may be released
if some microaggregates are modified in the process of tyndallisation. Therefore, further
studies are needed to better understand the possibility of the absorption of these drugs by
plant roots.

Consequently, the soil’s ability to retain and degrade emerging RW contaminants [42]
provides safety for irrigated food. However, for the rhizosphere to act as a barrier to the
uptake of these contaminants, it must receive low concentrations that can be inactivated as
they are supplied. Thus, the water must have a sufficient level of treatment so as not to
damage the soil microbiota, guaranteeing the sustainability of the reuse system. Natural
purification systems, which are very well adapted to the rural environment, when well
designed and operated, provide an adequate level of water treatment [12]. Treated water
thus becomes a valuable resource, particularly in arid and semi-arid areas such as those
that characterise, for example, many of the Macaronesian islands of West Africa. The use of
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this resource, as opposed to its discharge, is becoming increasingly necessary because of
water scarcity, which is accentuated by climate change.

Table 4. Results of the recovery studies to distinguish biodegradation from adsorption using soil
samples sterilised by tyndallisation (ST) and samples not tyndallised (SNT).

Compound Quadratic Mean F Sig.
ACE 14,090.453 42.263 <0.001
ATE 2360.554 7.080 0.009
CAF 8.003 0.024 0.877
CAR 7874.563 23.619 <0.001

CIP 660.083 1.980 0.161
CIT 53.763 0.161 0.688
CYC 5393.280 16.177 <0.001
ERY 1.024 0.003 0.956
FLU 1069.385 3.208 0.075
KET 9792.653 29.372 <0.001
NOR 1.125 0.003 0.954
O-DE 1611.867 4.835 0.029
PAR 22.412 0.067 0.796
SER 0.653 0.002 0.965
SUL 836.670 2.510 0.115
TAM 168.056 0.504 0.479
TRI 1207.313 3.621 0.059
VAL 950.520 2.851 0.093
VEN 206.670 0.620 0.432

Compounds in bold show significant differences due to tyndallisation.

3.5. Application to Real Samples

Once the method had been optimised and validated, PhCs were measured in samples
from a soil irrigated with RW for more than 10 years. As presented in Table 1, this is
a basic, saline soil with high levels of OM (2.9%), N (0.19% total N), P (87 mg-kg~! of
P-Olsen) and B (7 mg-kg_1 of B in hot water). More details about this soil can be found in
Mendoza-Grimén et al. [31].

Of the 18 pharmaceuticals detected in the reclaimed irrigation water (see Table S3),
only three were found in the soil: CAF, CAR, and VEN, as well as TAM (Table 5). These
compounds all belong to the group with the lowest LOQ value (1.75 ng-g~!) and the lowest
linear concentration range (0.25-2.5 ug-L~!). As shown in Table 5, only CAR was detected
in all soil samples, so it is important to plan its monitoring, even though the concentrations
were all below the LOQ. CAF and VEN were quantified in three samples, while TAM was
quantified in only one sample. Also, the higher detection in March 2024 may be associated
with higher water dosage due to higher water demand because of evapotranspiration.
Although present in the irrigation water, the rest of the pharmaceuticals analysed were not
detected in any of the samples. This is a rare result, which suggests that water management
is a critical factor influencing the behaviour of PhCs in the soil. Therefore, SDI is a promising
way to ensure the sustainability of RW reuse.

As already expressed, apart from the analytical conditions, pharmaceutical concentra-
tions in soils are influenced by compound-specific properties, soil characteristics, water
management, environmental conditions, and the release rate to the environment, and are
markedly linked to agronomic management. Furthermore, it is important to consider that
the study of pharmaceuticals in SDI irrigated soils is an emerging issue and there is no
extensive bibliography available. The concentrations detected in this study are between
0.32 and 10.3 ng-g !, coinciding with ranges reported by others [17,21,22]. The ubiquitous
presence of the anticonvulsant CAR in the studied soils is consistent with bibliography,
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which reported that this compound is notably persistent in soils, with limited biodegrada-
tion observed under both aerobic and anaerobic conditions [17,43]. The detection of the
stimulant CAF and the antidepressant VEN can be attributed to their high consumption,
giving rise to continuous concentration from the WWTP. In fact, it has been reported that
CAF has also been ubiquitous detected in groundwater of Gran Canaria [25].

Table 5. Results from real soil samples (ng-g~1).

November 2023 March 2024
Compounds Sample
1 2 3 4 5 6 7 8
CAF n.d. 941 +2.79 n.d. n.d. n.d. n.d. 10.30 + 5.61 7.92 + 1.83
CAR <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
TAM n.d. n.d. n.d. n.d. n.d. n.d. 3.68 £0.74 n.d.
VEN n.d. n.d. 7.10 +2.42 n.d. n.d. n.d. 2.80 243

n.d: Not detected.

4. Conclusions

The research successfully developed and validated an analytical method based on the
Ultrasound-Assisted Extraction procedure combined with UHPLC-MS/MS for the mul-
tiresidue analysis of emerging pharmaceutical contaminants in agricultural soil samples.

The soil itself was found to significantly influence the extraction efficiency and recov-
eries of the compounds. However, the use of a 75:25 MeOH:H,O mixture (acidified with
1% FA at pH 3) provided a good compromise for analytical conditions of 23 pharmaceu-
ticals with a wide range of physicochemical properties including predominantly neutral
or weakly ionised species under acidic conditions, moderate lipophilicity, and a limited
tendency to form strong ionic or metal-complex interactions with soil components.

The validated method was applied to the determination of soil samples from a plot
irrigated with reclaimed water for more than 10 years. Only four compounds were detected
in the soil samples: CAF, CAR, TAM, and VEN. CAR was the only compound detected in all
soil samples, and it was found to be the most persistent. The quantification of CAF and VEN
occurred on three occasions, while TAM was only quantified on one occasion. Its presence
after a decade of irrigation with reclaimed water encourages the establishment of strategies
and continuous monitoring for those compounds that may have a high environmental
stability. In addition, the biodegradation study revealed that the drugs are susceptible
to microbial degradation. The null detection of the remaining compounds suggests that
the soil irrigated with water applied twice daily at low doses and from the subsurface is
a critical factor influencing the behaviour of PhCs. Therefore, the soil irrigated with the
described water management has the capacity to act as a barrier preventing the uptake of
these contaminants by the crop. Therefore, the subsurface irrigation system is a promising
way to ensure the sustainability of RW reuse.

The results of this research support the use of reclaimed water for agricultural irriga-
tion in areas where water is scarce, provided that efficient water treatment and management
is carried out, and the physical, chemical, and biological health of the soil is assessed. Fur-
ther studies are needed to improve the extraction procedure and better simulate root
absorption. This will help us understand all the variables affecting the absorption of PhCs
by plant roots.

Supplementary Materials: The following supporting information can be downloaded at:

https:/ /www.mdpi.com/article/10.3390/agriculture16010095/s1. Table S1: Characteristics of stud-
ied pharmaceutical compounds; Table S2: Recoveries for target pharmaceuticals sorted by pharma-
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cological families; and Table S3: Mean concentration of pharmaceuticals (ng~L*1) in the reclaimed
water used for irrigation in Experiment 3.
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