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Abstract

:

Due to the high consumption and incorrect disposal of pharmaceutical active compounds (PhACs), they are recognized as contaminants of emerging concern. Wastewater treatment plants (WWTPs) may be inefficient in removing PhACs, therefore discharging them into surface waters. The removal efficiencies of five WWTPs located in the south of Portugal (Alentejo) were evaluated in 2020. Twenty-six PhACs were analyzed in wastewater influents, effluents, and surface waters, upstream and downstream of the WWTPs by solid-phase extraction (SPE) and ultra-performance liquid chromatography coupled with tandem mass detection (UPLC-MS/MS). The most representative PhACs in influents were acetaminophen, caffeine, naproxen, ibuprofen, and diclofenac with minimum-maximum concentrations of 49–225 µg/L, 26–46 µg/L, 5.9–13 µg/L, 5.2–22 µg/L, and 1.3–2.5 µg/L, respectively. For effluents, it was acetaminophen, caffeine, and diclofenac with minimum-maximum concentrations of 0.054–7.8 µg/L, 0.084–4.8 µg/L, and 0.28–3.3 µg/L, respectively. The highest removal efficiencies were observed for acetaminophen, sulfadiazine, cortisone, testosterone, metoprolol, and propranolol (100%). The lowest removal efficiencies were observed for carbamazepine (2.7%) and diclofenac (−13.2%). The risk quotient of sulfamethoxazole and diclofenac were higher than 1 for receiving waters, indicating they probably pose high risks to aquatic organisms.
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1. Introduction


Anthropogenic pressures and climate change are currently responsible for extreme changes in raw water availability and quality as well as the degradation of water sources. Regarding anthropogenic pressures, there has been growing concern about several biologically active environmental contaminants in the aquatic environment, mainly regarding the group of so-called contaminants of emerging concern (CECs). The CECs include many contaminants, such as pesticides, industrial chemicals (surfactants, gasoline additives, brominated flame retardants, plasticizers, and perfluorinated compounds), personal care products, pharmaceutical active compounds (PhACs), nanomaterials, etc.



Although their occurrence is usually in a low concentration range (from ng/L to μg/L) they are of environmental and health concern due to their potential toxic behavior, such as endocrine-disrupting and mutagenicity, among others [1].



Furthermore, CECs are a growing source of concern due to their presence in the environment as a result of inadequate treatment of wastewaters, which can lead to the pollution of water sources that are destined for human consumption [2].



In this group of contaminants, special attention has been given to PhACs. They are introduced to the aquatic environment via several routes, including direct discharge of raw or treated wastewater from municipal wastewater treatment plants [3,4], hospital effluents [5], landfill leachate [6], and surface runoff from agricultural areas where treated wastewater, sludge, or manure waste was used [4,7]. Among the aforementioned sources, WWTPs are of particular interest since they continuously discharge these target compounds into the environment [8]. Regarding antibiotics, they may also accelerate the development of antibiotic resistance genes and bacteria, which shade health risks to humans and animals [9,10].



The presence of PhACs indicates a gap in the removal of these compounds in current conventional wastewater treatment plants (WWTPs) [11], and efforts have been made to improve the knowledge and data available on sources of PhACs, namely in wastewaters (influents and effluents) and in potential receiving waters.



The impact on the environment will depend on the quality of the treated effluents. If the WWTP is not efficient in the treatment of the influents, the receiving water bodies will be negatively impacted due to the insufficient dilution effect of the treated effluents. Conversely, if the treatment is efficient, the effluents may be used as a way of replenishing streams that would otherwise be dry [12].



Águas de Portugal (AdP) is a group of several Portuguese companies responsible for the collection, treatment, quality control, and distribution of drinking water, which includes the management of WWTPs. As of 2015, AdP is responsible for the management of over 900 WWTPs of varying treatment capacities [13]. Many of these WWTPs are in rural regions that are significantly affected by drought, and often, the discharge areas of these facilities can be heavily impacted.



In the Alentejo region, it is common to experience drought and restrictions to water use along with high temperatures during the summer period. This combination of factors can lead to a reduction in the influent flows that reach WWTPs, which can result in higher concentrations of contaminants due to a lack of dilution effect. This phenomenon will most likely propagate throughout the WWTP facility, causing whatever contaminants that were not removed during the treatment process to be present in the effluents in higher concentrations [14].



As such, any receiving surface water or stream that is mainly composed of insufficiently treated wastewater effluents can have high concentrations of contaminants such as hydrocarbons, metalloids, pesticides, pharmaceutical active compounds (PhACs), and pathogenic microorganisms, among others [15,16]. These water bodies can also have variations in the concentrations of nutrients, such as reductions in total phosphorus and chemical oxygen demand or increases in nitrogen and nitrates [17,18]. These changes to water bodies can result in a degradation of water quality that will negatively impact normal fauna and flora, leading instead to an increase in species that can tolerate such conditions [19].



However, in cases in which WWTPs do not receive heavily contaminated industrial influents or use efficient treatment processes, such as tertiary treatment, treated effluents may support the restoration and replenishing of streams in areas that are highly affected by drought [19,20].



One such example is the use of treated effluents in the state of California, in which several case studies were conducted to test the use of effluents in different scenarios to renew depleted urban streams by direct or indirect means [20].



There are also examples of rivers in North America where effluents are used to regenerate or replenish these aquatic ecosystems, resulting in rivers that are effluent-dominated, namely the Santa Ana, the Trinity, the South Platte, and the Chattahoochee. However, to address concerns of pollution in these rivers, WWTPs were not only upgraded, specific wastewater management structures were constructed. For example, in the case of the Santa Ana River in California, wetlands were constructed to remove nitrate from discharged effluents that would be used for groundwater recharge [12,20].



Despite successful cases where effluents have been used, the widespread use, occurrence, and persistence of PhACs can hinder the safe reuse of effluents. Furthermore, as WWTPs were not designed to remove these contaminants, they can be released into the environment mostly unchanged.



Therefore, this study had two objectives: (i) to assess the removal efficiency of a group of 26 PhACs belonging to ten common therapeutic classes; and (ii) to determine the potential impact on surface waters where effluents are discharged.



For this purpose, five WWTPs of AdP located in the South of Portugal (Alentejo) were selected, and the concentrations in influents and effluent samples were determined. Furthermore, concentrations of PhACs were also evaluated in samples upstream and downstream of the discharge locations. Therefore, this study provides fundamental data for the enhancement of the current knowledge about the presence and fate of PhACs in the WWTPs, the effect of the treatment adopted, and their potential impact in receiving waters.




2. Materials and Methods


2.1. Reagents and Standards


The target PhACs were chosen considering the Portuguese data consumption provided by Infarmed (Portuguese Authority of Medicines and Health) and the compounds proposed in the Water Framework Directive [21,22]. Specifically, a group of 26 PhACs belonging to ten common therapeutic classes was chosen, namely, analgesics (acetaminophen—APAP), antibiotics (erythromycin—ERT, sulfadiazine—SDZ, sulfamethoxazole—SMX, sulfapyridine—SPD, azithromycin—AZM, and clarithromycin—CLR), non-steroidal anti-inflammatories (NSAIDs) (diclofenac—DCF, ibuprofen—IBUP, and naproxen—NPX), beta-blockers (atenolol—ATN, metoprolol—MTPL, and propranolol—PPNL), anti-dyslipidemics (clofibric acid—CFA and bezafibrate—BZF), sexual hormones (17-αethinylestradiol—EE2, β-estradiol—E2, estrone—E1, estriol—E3, diethylstilbestrol—DES, gestodene—GTD, and testosterone—TTE), antidepressants (fluoxetine—FLX), anticonvulsants (carbamazepine—CBZ), psychostimulants (caffeine—CAF), and corticosteroids (cortisone—CTS).



All standards of PhACs are of analytical grade (purity ≥ 95%), suitable for chromatographic analysis. The standards of acetaminophen, clofibric acid, atenolol, bezafibrate, carbamazepine, cortisone, diclofenac, erythromycin, estrone, fluoxetine, ibuprofen, naproxen, propranolol, sulfadiazine, sulfamethoxazole, sulfapyridine, clarithromycin, and azithromycin were provided by Sigma-Aldrich (Steinheim, Germany), caffeine, and testosterone by Fluka (Buchs, Switzerland), and gestodene and metoprolol by LGC (Teddington, UK). Diethylstilbestrol, estradiol, estriol, and 17-α-ethinylestradiol were purchased from Dr. Ehrenstorfer, GmbH (Augsburg, Germany). Individual stock solutions of PhACs were prepared in methanol and stored at −20 ± 3 °C in the absence of light. A standard mixture solution was prepared by diluting each standard solution in methanol to a concentration of 1 mg/L, except for ibuprofen with 2 mg/L and 6 mg/L for hormones. Methanol was LC/MS purity grade (J.T. Baker, Deventer, the Netherlands). Formic acid (liquid chromatography grade, ≥98%) and ammonium acetate (98%, p.a.) were provided by Merck (Darmstadt, Germany). Reagent water was obtained using a Milli-Q device, Academic A-10 model, from Millipore (Molsheim, France).




2.2. Material and Apparatus


Sample extraction was performed by solid-phase extraction (SPE) technique using an automated AutoTrace 280 SPE workstation, Thermo Scientific Dionex (Sunnyvale, CA, USA). The following material was used: Oasis HLB (200 mg, 6 mL) cartridges, quantitative filter paper, 1.0 µm glass microfiber, and 0.45 µm nylon membrane from Waters Corporation (Milford, MA, USA). Polytetrafluoroethylene (PTFE) syringe filters (13 mm × 0.45 μm) from Millipore were also used.



The quantification of PhACs was performed by liquid chromatography-tandem mass spectrometry (LC-MS/MS) using a Dionex Ultimate 3000 system from Thermo Scientific. This liquid chromatographer is coupled to a mass spectrometer TSQ Endura triple quadrupole (Thermo Scientific). A Kinetex EVO C18 column (2.1 cm × 50 mm × 2.6 μm) from Phenomenex (Torrance, CA, USA) was used to achieve chromatographic separation. The tandem mass spectrometer operated in both positive and negative ion ESI modes using multiple reaction monitoring (MRM) mode.




2.3. Wastewater Treatment Plant (WWTP) and Sampling Points


Five Portuguese WWTPs (Évora, Reguengos de Monsaraz (RM), Borba, Redondo, and Portel) were evaluated across at least four sampling campaigns conducted in 2020. The main sampling periods were conducted in January, June, September, and November.



The monitoring campaign included a total number of 77 samples and 2002 measurements. The samples included influents and effluents of each WWTP and surface waters upstream and downstream of the WWTPs.



The selected WWTPs were in the Évora district, whose capital is Évora city. It is the second biggest Portuguese district, with an area of 7393 km2 and 170,000 inhabitants, which is integrated into the Alentejo region of Portugal and corresponds entirely to the Central Alentejo subregion (Figure 1). This region is frequently affected by severe drought and high temperatures in the summer season. Table 1 summarizes the information on the five WWTPs of the Évora district.



The Évora WWTP is the biggest of these target facilities. Only Évora WWTP receives hospital effluents. The remaining facilities receive mainly domestic sewage.



It was impossible to collect upstream samples in Redondo WWTP because this sampling point is on private property.



All five WWTPs processes started with some form of pretreatment with the objective of removing grease and large solids from the wastewater that could damage the unit operations downstream.



The activated sludge conventional process (ASCP) is by far the most widely used for sewage biological secondary treatment.



In the bioreactor, which operates in continuous mode, the suspended microorganisms consume the colloidal and dissolved organic matter by aerobic biodegradation. Therefore, the reactor is aerated to provide dissolved oxygen. Évora WWTP uses two reactors in series, the first for nutrient removal and the second for digestion of organic matter. In the settling tank or clarifier, the activated sludge (flocculated biomass) is gravitationally separated from the treated wastewater and the effluent overflows into the receiving waterbody, after a filtration step and before being discharged.



The long-term activated sludge process (LT-ASP) was adopted for activating sludge in order to obtain the highest efficiency in the biological treatment, wherein the aeration periods were higher than in the conventional process. The three WWTPs that use this treatment process (Reguengos de Monsaraz, Borba and Redondo) all have a similar operation, with the use of oxidation ditches, followed by settlers.



Waste stabilization ponds (WSPs) consist of open basins that use natural processes to treat domestic wastewater. The most common types of WSPs are anaerobic ponds, facultative ponds, maturation or polishing ponds, aerated ponds, and high-rate algal ponds (HRAPs). WSP systems require large areas of open land, making them ideal in smaller towns and rural settings; however, they are used successfully in many urban environments as well, often in combination with other sanitation technologies. One of the biggest advantages of WSPs is that they are easy and inexpensive to operate and maintain, and generally do not rely on mechanized equipment or expensive material or energy inputs. The Portel WWTP is equipped with an anaerobic waste stabilization pond followed by two facultative stabilization ponds.



Figures S1–S4 of Supplementary Material show diagrams for each type of treatment performed in the studied facilities.




2.4. Wastewater Samples Analysis by SPE-LC-MS/MS


Of the collected sample volume, 500 mL was filtered using quantitative filter paper, 1.0 µm glass microfiber, and 0.45 µm nylon membrane. This volume was selected to ensure a representative water sample, but only 50 mL of the filtered sample was used. Therefore, only the concentrations of PhACs in the dissolved fraction of the sample are considered.



For extraction, the SPE method was implemented based on previous work conducted in wastewater samples [23]. Briefly, cartridges were activated with 4 + 4 mL of methanol followed by 4 + 4 mL of reagent water. Wastewater and surface water samples were passed through cartridges at a flow rate of 5 mL/min. Afterward, the cartridges were rinsed with 4 mL of reagent water and dried under a nitrogen stream for 20 min. Cartridges were eluted with 4 + 4 mL of methanol at a flow rate of 2 mL/min. The organic extract was evaporated to dryness in a TurboVap system with a nitrogen stream (5 psi/35 °C). Samples were reconstituted with 1 mL of reagent water and filtered through a 0.45 μm polytetrafluoroethylene (PTFE) syringe filter.



For quantification, standard addition calibration curves of PhACs were prepared by adding 100 µL of sample and 100 µL of standard solution with a minimum of six points. For the non-spiked calibration point, 100 µL of reagent water was used instead of standard solution.



For analysis, the LC-MS/MS method that was used had already been validated for PhACs determination in wastewaters, clams, and sludge samples [23,24,25]. To ensure maximum sensitivity, two chromatographic methods were used. One was an acidic method that uses two solvents, A (water + 0.01 mM ammonium acetate + 0.5% formic acid (v/v)) and B (methanol) for the quantification of 14 PhACs. The other was a basic method that uses a solvent C (water + 0.05% ammonia (v/v) at 25%) and B (methanol), for the quantification of the remaining 12 PhACs. For both methods, the injection volume used in the chromatographic separation was 20 µL. Regarding mass spectrometer conditions, two transitions (product ion) were determined for each compound, one for quantification (MRM1), and another for confirmation (MRM2), except for ibuprofen (IBUP), which only has one identifiable transition. Further details of the optimized chromatographic conditions and on the optimized mass spectrometer conditions are described in [24,26].




2.5. Working Range, Method Detection (MDL) and Quantification Limits (MQL), and Expanded Uncertainty


Standard addition calibration curves at six concentration levels ranging from 0.75 µg/L to 94 µg/L were used to determine the working range of the method. The working range was evaluated using the coefficient of determination (R2), the coefficient of variation of the method (CVm, %), and Mandel’s test for nonlinearity [27]. The acceptance criteria of these statistical tests were R2 ≥ 0.995, CVm ≤ 5.0%, and PG ≤ F(0.05; N-1; N-3), respectively.



The instrumental limit of quantification was determined based on the standard deviation of the method (Sm), namely, LOQ = 10 × Sm. Sm is the ratio between the relative standard deviation of the standard addition calibration curves (Sy/x) and its slope (b).



The method detection limit (MDL) and method quantification limit (MQL) of the SPE-LC-MS/MS method were based on the limit of quantification (LOQ) of LC-MS/MS (first calibration point of calibration curve) using the following equations:


    M Q L    (   μ g  / L  )  =   L O Q   C F   ×   100   R e c      



(1)






  M D L    (   μ g  / L  )  =   M Q L   3.3    



(2)




where, LOQ = concentration equivalent to the first calibration point, expressed in µg/L;   C F   = concentration factor from the SPE;   R e c   = recovery of PhAC, expressed in %.



The recovery assays were performed daily with a spike concentration equivalent to the second concentration level of the standard addiction calibration curve.



The expanded uncertainty of the method was evaluated using “top-bottom” methodology. Using this approach, we combined the components of uncertainty related with the precision and trueness studies [28]. Therefore, this estimation of uncertainty was based on the quality control of results obtained during all assays.




2.6. Removal Efficiency and Environmental Risk Assessment


Average removal efficiency (RE) of PhACs in WWTPs was calculated using the concentrations in the influent and effluent samples using the following equation:


  R E    ( % )  =    C  i n f   −  C  e f f        C  i n f       × 100  



(3)




where    C  i n f     = concentration in the influent samples, µg/L;    C  e f f     = concentration in the effluent samples, µg/L.



The potential risks of residual PhACs in the effluent to aquatic organisms were assessed using risk quotient (RQ), which is calculated as the ratio of the measured environmental concentration (MEC) to the predicted no effect concentration (PNEC) of a target compound [29]. In this study, the strictest standard, that is, the lowest PNEC value of a specific compound ever reported in water was adopted for calculation. The weighted measured environmental concentration (WMEC) of a PhAC in the final effluent and the downstream environment of the five WWTPs was calculated as follows:


  W M E C =  C  a v e     ×  R  t o t     +    C  m a x     ×    R  90 % m a x    



(4)




where    C  a v e       and    C  m a x       represent the average and maximum concentrations, respectively;    R  t o t       represents the detection frequency (%); and    R  90 % m a x     represents the ratio of the number of samples with concentrations higher than 90% maximum concentration to the total number of samples.



Hence, the RQ was calculated by Equation (5):


  R Q =   W M E C   P N E C    



(5)







The specific values of PNEC used for RQ calculations are detailed in Table S1 [3,30,31,32,33]. Common ranking criteria for evaluation of environmental risks were adopted in this work: RQ < 0.1, low risk; 0.1 ≤ RQ < 1, medium risk; and RQ ≥ 1, high risk [30].




2.7. Water Analysis


PhACs in wastewater and surface water samples were quantified by standard addition method and they were expressed as µg/L. Samples with a PhAC concentration higher than the MQL were considered positive, whereas samples with concentrations lower than LOQ were considered negative. Mean and median concentrations of PhACs in water samples were calculated using the concentrations of positive samples.





3. Results and Discussion


All figures and tables show the PhACs grouped by acid and basic chromatographic runs, and in each method, they are grouped by their retention time.



3.1. Method Performance


The method for determining 26 PhACs using SPE cartridges and LC-MS/MS technique was validated. Table 2 gives an overview of the validation parameters. The initial linear range for each PhAC was narrowed until all data accomplished the specified criteria of the statistical tests. The method showed good working range, precision, and accuracy as well as low method detection and method quantification limits (MDL, MQL). The calibration curves of all the compounds were linear over a concentration range from 0.76 to 87 μg/L (depending on the analyte) with a determination coefficient (R2) between 0.9983 (E2) and 0.9999 (IBUP), coefficient of variation between 1.55% (SMX) and 6.66% (GTD), and all the PG values were lower than the F tabulated values for the corresponding degrees of freedom (F (0.05; 4;3) = 9.11). The MQLs ranged from 6.81 ng/L (DCF) to 223 ng/L (E1).



The obtained recovery values were between 43.9% (GTD) and 160% (FLX). Despite the lower and higher recoveries of certain PhACs, the variability of the data was satisfactory with an RSD ≤ 24%. (Table 2). Considering the complexity of matrices and the concentration ranges, the obtained recoveries were considered acceptable.



The expanded uncertainty (U) of the analytical method was lower than 41%, with a confidence level of 95%.




3.2. Occurrence of PhACs in the Five WWTPs and Surface Waters


The discussion is focused on concentrations and detection frequencies of PhACs in the influent and effluent of target WWTPs (Table 3), and the values obtained upstream and downstream of the target WWTPs (Table 4). Both tables show the obtained results organized by minimum concentration (Min), maximum concentration (Max), median concentration (Med), percentage of positive samples (% Pos), and detection frequency (Freq) in influents (or upstream) and effluents (or downstream) of the five WWTPs of the Évora district. The Freq is equal to the number of positive samples divided by the number of studied WWTPs. All PhACs not detected in the water samples (<MQL) were excluded from the statistical analysis.



Regarding PhACs occurrence in target WWTPs, 18 and 14 out of the 26 PhACs analyzed were quantified in influents and effluents, respectively (Table 3). Eight PhACs (CFA, GTD, E1, E2, E3, EE2, DES, and FLX) were not quantified in both wastewaters. Four PhACs were only quantified in influents, namely, sulfadiazine, cortisone, testosterone, and clarithromycin.



The most representative PhACs were the analgesic drug acetaminophen (APAP), the psychostimulant caffeine and three NSAIDs, ibuprofen, naproxen, and diclofenac, with median concentration values of 115.4 µg/L, 40.9 µg/L, 12.1 µg/L, 8.0 µg/L, and 1.7 µg/L, respectively (Table 3). The concentration of the two most representative NSAIDs, IBUP and NPX, was about one-tenth and one-fifth of the median concentration of acetaminophen and caffeine concentrations. Except for acetaminophen, the obtained concentrations of these five PhACs were similar to those found in recent studies in other two Portuguese WWTP, Beirolas WWTP and Faro WWTP [25]. The median concentrations of acetaminophen were much higher than those found in other WWTP influents in Portugal [23,34,35,36] and in Europe [8]. The obtained values for this PhAC were double than the median concentration in influents of the two biggest WWTPs in Portugal, Beirolas WWTP and Faro WWTP [26]. In these reported studies, caffeine, acetaminophen, ibuprofen, naproxen, and diclofenac were consistently identified as the PhACs found in the highest concentrations in wastewater influents.



For the remaining PhACs, the median concentration values ranged between 0.044 (sulfadiazine) and 0.92 µg/L (atenolol). Except for sulfadiazine, the antibiotics’ median concentration was higher than 0.1 µg/L, with values between 0.12 (erythromycin) and 0.31 µg/L (sulfamethoxazole).



Eight of 18 PhACs found in WWTP influents showed a high frequency of detection with several positive samples higher than 95% (CAF, NPX, IBUP, DCF, ATN, CBZ, APAP, and SMX). For five of 18 PhACs, the frequency of detection ranged between 50% and 88% (SPD, PPNL, CTS, BZF, and TTE).



The frequency of these PhACs was higher for ten compounds (ATN, CAF, CBZ, NPX, DCF, APAP, SMX, SPD, PPNL, and CTS) with frequency values higher than 2.5 (50% of target WWTP).



The occurrence profile of PhACs in effluents was different from those obtained in the WWTP influents. The most representative PhACs in effluents were diclofenac, carbamazepine, and caffeine, with 100% of positive samples, a frequency of 4.8, and a median concentration of 1.6, 0.35, and 0.16 µg/L, respectively.



The second group of target PhACs in effluents included naproxen, atenolol, and sulfamethoxazole, with median concentration values of 0.25, 0.15, and 0.095 µg/L, respectively. The frequency in target WWTPs varied between 4.2 and 4.4, and the positive samples between 88% and 92%. IBUP and APAP showed a significant decrease in median concentrations compared to influents, 0.32 and 0.18 µg/L, respectively. However, the positive samples were equal to or lower than 50%, with a frequency of 2.4 and 2, respectively. The remaining positive samples showed median concentrations lower than 0.10 µg/L or a frequency lower than 2.



Regarding the overall upstream and downstream results obtained for all the surface waters surrounding the WWTPs of interest (Table 4), 14 out of 26 monitored PhACs were detected with a wide range of median concentrations.



DCF can be considered the most prevalent PhAC, due to having the highest median concentrations for the upstream and downstream samples, 0.85 and 1.6 µg/L, respectively.



CAF behavior was similar for both types of samples, with an occurrence percentage of 100%. Frequencies ranged from 2.74 to 3.4 and median concentrations fluctuated from 0.15 µg/L in upstream samples and 0.10 µg/L for downstream samples.



NPX showed occurrence percentages of around 70%, with median concentrations ranging from 0.07 to 0.11 µg/L for upstream and downstream samples, respectively.



CBZ was only detected in 45% of upstream samples; however, it had a median concentration of 0.22 µg/L. Conversely, in downstream samples, the median concentration was similar, 0.29 µg/L; however, this corresponds to a 94% detection rate and a frequency of 3.2.



The remaining detected PhACs had occurrence percentages varying between 9% and 36% and median concentration in upstream samples ranging from 0.07 to 0.15 µg/L (SMX and ATN, respectively). While in downstream samples, the detection percentage ranged from 6% to 71%, with median concentrations ranging from 0.054 to 0.13 µg/L (PPNL and ATN, respectively).



As expected, the PhACs that were never detected in wastewater samples, namely CFA, GTD, E1, E3, E2, EE2, and DES were also not detected in any surface water samples. Furthermore, PhACs that are completely removed during the treatment stages, such as CTS and TTE, were also not detected. Moreover, most PhACs mean concentrations increased in the samples collected downstream from the WWTP as opposed to the upstream samples that were collected.



Not many studies regarding the quantification of PhACs in surface waters that have direct influence from WWTPs were found in the Évora region. Only one study was found that included the Xarrama River as one of the sampling points, with samplings in 2014 and 2015 [37]. However, no similarities were found between our two studies, considering that most of the PhACs that were monitored were either not detected or only detected in considerably lower concentrations compared to the current study.



The occurrence profile of influent and effluent of each WWTP is represented in Figure 2 and detailed in Tables S2–S6 of Supplementary Material. The individual influent profile was similar in all target WWTPs. However, for the most representative compounds, acetaminophen and caffeine, the median concentrations were different.



The median concentration of CAF ranged between 26.3 (Portel WWTP) and 46.3 µg/L (Évora WWTP).



The median concentration of APAP can be grouped in three ranges: the lowest around 70 µg/L (Portel and Évora WWTPs), the median range around 100 µg/L (Reguengos de Monsaraz and Redondo WWTP), and the highest was Borba WWTP with 225 µg/L.



NSAIDs, IBUP, and NPX showed significant differences between influents of WWTPs, with median concentrations ranging between 5.2 (Portel WWTP) and 21.6 µg/L (Reguengos de Monsaraz WWTP), and between 6.2 (Évora WWTP) and 13.4 µg/L (Borba WWTP), respectively.



Apart from diclofenac, with a median concentration between 1.35 (Portel WWTP) and 2.52 µg/L (Borba WWTP), the remaining PhACs (>MQL) showed concentrations lower than 1.5 µg/L in all WWTPs.



Portel WWTP presented the lowest values of PhACs in influents due to having the lowest population equivalent.



Regarding effluents, the difference between WWTPs was more significant, especially due to the values of certain target PhACs. Borba WWTP showed higher median concentrations of diclofenac (3.29 µg/L), acetaminophen (4.26 µg/L), and caffeine (4.78 µg/L). Redondo WWTP showed the highest concentration of acetaminophen (7.79 µg/L). Reguengos de Monsaraz WWTP showed the highest median concentration of atenolol (0.11 µg/L).



The occurrence profile of upstream and downstream samples of each WWTP is represented in Figure 3 and detailed in Tables S7–S11 of Supplementary Material. Unlike the influent results, upstream samples considerably presented different profiles. For instance, in the samples collected upstream from Évora WWTP, 14 out of 26 PhACs were detected, namely erythromycin (ERT) and azithromycin (AZM), bezafibrate (BZF) and IBUP, metoprolol (MTPL), propranolol (PPNL), and SPD, which were only detected in these samples. DCF in Évora presented the second-highest median concentration with 1.59 µg/L. Moreover, ATN (0.20 µg/L) and CAF (0.17 µg/L) showed the highest median concentrations of all samples. Upstream of the Reguengos de Monsaraz WWTP, DCF and CBZ had the highest median concentrations of all five locations, 2.54 and 0.47 µg/L, respectively. Despite serving the smallest population, the Portel WWTP upstream samples had the highest concentrations of APAP and NPX, 0.26 and 1.02 µg/L, respectively.




3.3. Removal Efficiencies of PhACs by WWTPs


The removal efficiencies of all five WWTPs combined as well as the individual removal efficiencies for each WWTP are presented in Figure 4.



The global removal efficiency ranged between −90% and 100% with a medium and an average of 98% and 74%, respectively. Two PhACs, DCF and CBZ, showed several negative values of removal efficiencies across all WWTPs. The compounds with the lowest removal efficiencies were CBZ, DCF, ERT, AZM, and PPNL with median removal efficiencies of 2.7%, 49.2%, 50%, 59.6%, and 2.7%, respectively. The remaining PhACs showed median removal efficiencies between 85.6% (SMX) and 100% (APAP, MTPL, CTS, TTE, IBUP, and CLR). The dispersal of obtained values was high for all compounds in all five WWTPs, except for APAP. This discrepancy is due to the differences in removal efficiencies of each WWTP.



Except for CBZ and DCF, Évora WWTP had consistently high removal efficiencies with the least dispersal, median values of 94%, and an average of 72%. This behavior was similar for Reguengos de Monsaraz WWTP, which showed median removal efficiencies of 99% and an average of 78%; however, the only exception in this case was CBZ. Borba WWTP had lower removal efficiencies than the first two WWTPs, with a median and an average of 67% and 55%, respectively. As for Redondo WWTP, CBZ was again the compound with the lowest removal efficiency. However, this plant registered a median and an average removal efficiency of 100% and 85%, respectively. Lastly, for Portel, despite being the smallest WWTP, this facility achieved median and mean removal efficiencies of 98% and 77%, respectively. Moreover, DCF had a median removal efficiency of 81%, which is the highest of all five WWTPs.



Globally, CBZ was the least removed compound with efficiencies ranging between −2.7% (Portel WWTP) and 37.2% (Borba WWTP). This tendency is also noted for DCF, which registered removal efficiencies between −13.2% (Borba WWTP) and 81.1% (Portel WWTP).



These negative removal efficiencies can be explained because for certain PhACs, parent compounds may be released during treatment, probably caused by the simultaneous presence of deconjugable substances, that is, human metabolites, of these compounds in the raw influent. Therefore, the negative removal efficiencies observed for certain PhACs, namely, carbamazepine and diclofenac, can be explained by deconjugation of glucuronidated or sulphated PhACs and desorption from particles or hydrolysis. These effects have been observed in several PhACs of different therapeutic classes, in particular diclofenac, ibuprofen, carbamazepine, estrone, and iopromide [3,23,38,39].



Due to the recalcitrant properties of organic compounds such as diclofenac, they are slowly biodegradable or non-biodegradable in UWWTP, remaining unaffected, and as such, persist in the effluent after treatment [40,41,42]. The occurrence of these organic contaminants in wastewater may be either in solution or adsorbed onto solids. The hydrophobic or lipophilic nature of many organic contaminants result into their adsorption on solid particles during wastewater treatment, eventually resulting in their accumulation in the sludge solids [43,44].



Diclofenac has a log Kow = 4.51 and it was expected to adsorb significantly to the organic matter of sludge solids. The Kow is also dependent on the pH of the aqueous system and therefore the pKa of the analyte [45]. An ionized PhAC is more hydrophilic (and therefore less lipophilic) than the neutral compound. This is reflected in a lower log Kow value at a pH where the compound is ionized. The pKa = 4.15 of DCF is also lower than the pH of wastewater (pH around 8); therefore, it is in ionized form, with more affinity to the aqueous phase. The slight increase of DCF in effluents can be explained probably due to the movement from the adsorbed to the dissolved phase during the treatment process and due to the degradation of organic matter, as reported by other authors [23,46].



Our findings are in agreement with previous studies found in the scientific literature, in which incomplete removal of a wide range of pharmaceuticals in conventional WWTPs has been described [3,5,23,35,36,38,40].




3.4. Environmental Risks of Target PhACs


As shown in Figure 5a and Table S1, in the effluents, the RQs for SMX and DCF were higher than 1.0 in all WWTPs, indicating they probably pose high risks to aquatic organisms. The RQs for SMX ranged between 3.12 (effluent of RM WWTP) and 11.4 (effluent of Borba WWTP). Due to the recalcitrant properties of DCF, it was present in effluents and the downstream environment in high concentrations. Thus, the RQs ranged between 6.76 (effluent of Portel WWTP) and 84.7 (effluent of Borba WWTP). The obtained values for these two PhACs were higher than those reported by other authors [30,37], but the concentrations and frequency of detection of both compounds in effluents and the downstream environment were higher too.



Other WWTP’s effluents showed RQ values higher than 1.0 for certain PhACs: namely, APAP and NPX in Borba WWTP; NPX, IBUP, and AZM in Portel WWTP; and APAP in Redondo WWTP.



All WWTPs showed RQs between 1.0 and 0.1 for SPD, PPNL, and ERT, indicating medium risks. These values of RQs were also observed for APAP (Borba and Portel WWSTPs), CAF (Borba WWTP), and NPX (Évora, RM, and Redondo WWTPs).



Only ATN showed RQs lower than 0.1 in target WWTPs. CAF and CBZ also showed RQs lower than 0.1 for most WWTPs, indicating they may pose low risks to aquatic organisms.



It is difficult to compare the obtained results because the number of studies is scarce and the target PhACs are different. Ben et al. [30] reported RQs higher than 1 for certain PhACs, namely, sulfamethoxazole, sulfadiazine, erythromycin, carbamazepine, and ofloxacin in the WWTP effluents in China. Although the dilution by receiving water and the adsorption to sediments will lower the PhACs concentrations when the WWTP effluent is discharged, the continuous input of PhACs also requires a risk assessment evaluation considering long-term exposure scenarios [30,37]. Therefore, the downstream environments were also evaluated.



With respect to receiving waters (downstream environments), the profile of environmental risk assessment (RQs) is similar. Except for SMX and DCF, the values of RQs were lower because of the dilution of target PhACs and the potential sorption to the sediments. In receiving waters, SMX and DCF showed high values of RQ. These values may be underestimated due not only to the limited number of sampling points but also because the samples were examined in periods with a good flow of surface water. Additionally, in receiving waters, due to climate-driven variability, significant variations in water flowrates can occur due to water scarcity, which is typical of this region mainly in summer periods. In certain downstream environments, higher percentages of effluents in the surface water were observed, with the river flow composed almost exclusively by the WWTP effluent of this region.



The simultaneous presence of different xenobiotics can result in toxic effects at concentrations lower than the PNEC for each contaminant [47]. Regarding PhACs, due to their similar pharmacological mechanisms, mainly in PhACs of the same therapeutical class, additive or synergetic effects may occur. As a result, the risks associated with residual PhACs in the downstream environments are probably higher than the calculated values [37,48].



In addition, the transformation by-products of PhACs in WWTPs or the environment (biodegradation, photolysis, and oxidation, among others) may pose additional risks.





4. Conclusions


Based upon our results, the presence of analgesic drugs (acetaminophen), NSAIDs (naproxen, ibuprofen, and diclofenac), antibiotics (sulfapyridine and sulfamethoxazole), beta-blockers (atenolol), psychostimulant drugs (caffeine), and anti-epileptic drugs (carbamazepine) in the influents of WWTPs of the Évora district was evident.



Acetaminophen was the prevalent PhAC measured in WWTPs, ranging from 27 to 414 µg/L, followed by caffeine with concentrations between 4.1 and 159 µg/L. NSAIDs, ibuprofen, diclofenac, and naproxen also showed higher concentrations, but in lower amounts than those obtained for APAP and caffeine on any WWTP, with median concentrations varying from 1.7 to 12µg/L.



The antibiotics sulfamethoxazole and sulfapyridine showed lower concentration levels, with median concentrations of 0.31 and 0.17 µg/L, respectively.



For treated effluents, diclofenac and carbamazepine showed results similar to those obtained in the influents, reflecting its recalcitrant characteristics being resistant to conventional WWTP removal processes.



Acetaminophen, ibuprofen, and naproxen were consistently measured at lower concentrations, or lower than the method quantification limit, reflecting removal efficiencies above 95% for these PhACs.



While the majority of PhACs showed RQs lower than one, suggesting negligible risks to the environment, RQs for diclofenac and sulfamethoxazole were derived at 7.7 and 68 in the downstream environments Água Ruça stream and Monreal stream, respectively. Although an RQ greater than the unit should not be directly interpreted as actual risks, this observation signifies the need for further investigations on the ecological consequences of these two pharmaceutical residues in an aquatic environment.
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Figure 1. Identification of geographical area under evaluation and localization of WWTPs regions. 
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Figure 2. Composition profiles of PhACs in influents (A) and effluents (B) of target WWTPs. 
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Figure 3. Composition profiles of PhACs in upstream and downstream samples of target WWTPs. As for the downstream results, the profiles between samples were different. DCF was the most representative PhAC in Évora (1.72 µg/L) and Reguengos de Monsaraz (2.10 µg/L) WWTPs. For Borba WWTP it was CAF (2.19 µg/L) and DCF (1.44 µg/L). For the Redondo WWTP, CBZ and DCF had the highest concentrations of 0.88 µg/L and 0.72 µg/L, respectively. All the remaining detected PhACs had concentrations smaller than 1 µg/L. 
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Figure 4. Removal efficiencies of target PhACs in WWTPs of the Évora district: removal efficiency of all WWTPs and the removal efficiency of each WWTP. 
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Figure 5. Risk quotient (RQ) values of target PhACs in effluents of each WWTP (a) and their receiving waters (b). 
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Table 1. Characterization of WWTPs of the Évora district, number of samples, and identification of wastewater sampling points.






Table 1. Characterization of WWTPs of the Évora district, number of samples, and identification of wastewater sampling points.













	
	Évora WWTP
	Reguengos de Monsaraz

WWTP
	Borba

WWTP
	Redondo WWTP
	Portel WWTP





	Population equivalent
	78,601
	11,050
	8000
	7000
	3164



	Influent flow rate (m3/day)
	11,991
	1066
	636
	808
	740



	Effluent flow rate (m3/day)
	13,720
	2076
	1430
	1409
	657



	Treatment
	ASCP
	LT-ASP
	LT-ASP
	LT-ASP
	WSPs



	Wastewater sources

Domestic sewage

Industrial sewage

Hospital sewage
	

X

X

X
	

X

X


	

X

X


	

X

X


	

X

X





	Number of samples
	19
	16
	14
	12
	16



	Influents
	5
	6
	4
	5
	5



	Effluents
	6
	5
	4
	4
	5



	Upstream
	4
	1
	3
	---
	3



	Downstream
	4
	4
	3
	3
	3



	Receiving waters
	Xarrama River
	Monreal Stream
	Borba Stream
	Água Ruça Stream
	Pego Grande Stream







ASCP: activate sludge conventional process; LT-ASP: long-term activate sludge process; WSPs: wastewater stabilization ponds.
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Table 2. Working range, method detection, and method quantification limits (MDL, MQL), recovery (Rec, %) and relative standard deviation (RSD, %), and expanded uncertainty (U, %) of SPE-LC-MS/MS method.






Table 2. Working range, method detection, and method quantification limits (MDL, MQL), recovery (Rec, %) and relative standard deviation (RSD, %), and expanded uncertainty (U, %) of SPE-LC-MS/MS method.





	
PhACs

	
Working Range (µg/L)

	
R2

(n = 6)

	
CVm (%)

	
PG

	
MDL

(ng/L)

	
MQL

(ng/L)

	
Rec

(%)

(n = 25)

	
RSD

(%)

(n = 25)

	
U

(%)






	
Acidic method




	
ATN

	
0.76–7.1

	
0.9998

	
4.14

	
−0.49

	
40.5

	
12.3

	
75.1

	
15.0

	
29




	
APAP

	
0.79–7.3

	
0.9993

	
4.75

	
1.31

	
42.4

	
12.9

	
74.5

	
12.8

	
28




	
SDZ

	
0.84–7.8

	
0.9996

	
2.87

	
0.04

	
41.9

	
12.7

	
80.1

	
7.61

	
30




	
SPD

	
0.77–7.1

	
0.9997

	
1.58

	
0.34

	
36.7

	
11.1

	
84

	
9.41

	
31




	
CAF

	
0.8–7.4

	
0.9996

	
5.21

	
1.71

	
29.9

	
9.06

	
107

	
13.2

	
24




	
SMX

	
0.77–7.2

	
0.9998

	
1.55

	
0.17

	
31.2

	
9.46

	
98.7

	
7.41

	
29




	
MTPL

	
0.76–7.1

	
0.9999

	
3.53

	
0.27

	
29.2

	
8.86

	
104

	
14.8

	
34




	
PPNL

	
0.79–7.3

	
0.9996

	
4.48

	
1.81

	
53.9

	
16.3

	
58.6

	
8.99

	
42




	
CTS

	
0.78–7.3

	
0.9998

	
1.64

	
0.03

	
42.4

	
12.8

	
73.6

	
6.13

	
31




	
CBZ

	
0.78–7.3

	
0.9998

	
2.51

	
0.85

	
57.7

	
17.5

	
54.1

	
0.68

	
29




	
CFA

	
4.2–39

	
0.9997

	
2.34

	
5.76

	
140.0

	
42.4

	
120

	
16.7

	
29




	
NPX

	
0.77–7.2

	
0.9999

	
2.90

	
2.45

	
31.5

	
9.54

	
97.8

	
9.61

	
26




	
GTD

	
0.78–7.3

	
0.9993

	
6.66

	
5.79

	
71.1

	
21.5

	
43.9

	
1.32

	
35




	
TTE

	
0.75–7.0

	
0.9995

	
4.23

	
1.24

	
53.5

	
16.2

	
56.1

	
10.1

	
38




	
Basic method




	
BZF

	
0.75–7.0

	
0.9996

	
1.93

	
1.55

	
26.3

	
7.98

	
113.9

	
18.2

	
36




	
IBUP

	
1.6–14.5

	
0.9999

	
1.59

	
3.53

	
66.4

	
20.1

	
96.4

	
8.01

	
28




	
DCF

	
0.77–7.2

	
0.9997

	
3.75

	
0.003

	
22.5

	
6.81

	
137

	
4.14

	
13




	
E1

	
10.1–94

	
0.9997

	
3.91

	
2.94

	
735.9

	
223.0

	
54.9

	
13.9

	
35




	
E3

	
7.19–67

	
0.9999

	
1.70

	
0.98

	
284.8

	
86.3

	
101

	
17.8

	
23




	
E2

	
9.02–84

	
0.9983

	
5.78

	
0.08

	
560.2

	
169.8

	
64.4

	
18.1

	
35




	
EE2

	
9.24–86

	
0.9990

	
2.62

	
5.81

	
658.8

	
199.6

	
56.1

	
13.4

	
40




	
DES

	
9.27–87

	
0.9985

	
5.94

	
0.3

	
435.2

	
131.9

	
85.2

	
13.8

	
41




	
ERT

	
1.58–15

	
0.9994

	
6.23

	
6.04

	
44.2

	
13.4

	
143

	
23.8

	
40




	
FLX

	
1.51–14

	
0.9992

	
4.88

	
0.99

	
37.8

	
11.4

	
160

	
19.5

	
32




	
CLR

	
1.52–14

	
0.9994

	
5.76

	
0.35

	
87.1

	
26.4

	
69.8

	
13.0

	
38




	
AZM

	
1.51–14

	
0.9993

	
3.25

	
1.90

	
96.0

	
29.1

	
62.9

	
17.6

	
33
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Table 3. Minimum (Min), maximum (Max), and median (Med) PhACs concentrations. Percentage of positive results (Pos (%)) and frequency (Freq) in the influent and effluent of five WWTPs of the Évora district.






Table 3. Minimum (Min), maximum (Max), and median (Med) PhACs concentrations. Percentage of positive results (Pos (%)) and frequency (Freq) in the influent and effluent of five WWTPs of the Évora district.





	
PhACs

	
Acidic Method




	
Influent (µg/L)

	
Effluent (µg/L)




	
Min

	
Max

	
Med

	
Pos (%)

	
Freq

	
Min

	
Max

	
Med

	
Pos (%)

	
Freq






	
ATN

	
0.076

	
3.1

	
0.92

	
100

	
4.8

	
0.067

	
0.24

	
0.15

	
88

	
4.2




	
APAP

	
27.2

	
414

	
115

	
96

	
4.6

	
0.048

	
8.4

	
0.18

	
50

	
2.4




	
SDZ

	
0.044

	
0.044

	
0.044

	
4

	
0.2

	
---

	
---

	
---

	
0

	
0




	
SPD

	
0.036

	
2.9

	
0.17

	
88

	
4.2

	
0.041

	
0.22

	
0.087

	
54

	
2.6




	
CAF

	
4.2

	
160

	
40.9

	
100

	
4.8

	
0.043

	
39.2

	
0.17

	
100

	
4.8




	
SMX

	
0.039

	
4.1

	
0.31

	
96

	
4.6

	
0.054

	
0.44

	
0.096

	
92

	
4.4




	
MTPL

	
0.051

	
0.19

	
0.079

	
38

	
1.8

	
0.044

	
0.078

	
0.052

	
21

	
1




	
PPNL

	
0.049

	
0.18

	
0.10

	
75

	
3.6

	
0.039

	
0.074

	
0.051

	
50

	
2.4




	
CTS

	
0.076

	
0.43

	
0.12

	
67

	
3.2

	
---

	
---

	
---

	
0

	
0




	
CBZ

	
0.084

	
1.6

	
0.30

	
100

	
4.8

	
0.078

	
1.3

	
0.36

	
100

	
4.8




	
CFA

	
---

	
---

	
---

	
0

	
0

	
---

	
---

	
---

	
0

	
0




	
NPX

	
0.29

	
37.6

	
8.0

	
100

	
4.8

	
0.035

	
4.1

	
0.25

	
88

	
4.2




	
GTD

	
---

	
---

	
---

	
0

	
0

	
---

	
---

	
---

	
0

	
0




	
TTE

	
0.030

	
0.083

	
0.051

	
50

	
2.4

	
---

	
---

	
---

	
0

	
0




	
Basic method




	
BZF

	
0.058

	
1.7

	
0.67

	
50

	
2.4

	
0.047

	
0.38

	
0.089

	
38

	
1.8




	
IBUP

	
0.35

	
37.1

	
12.1

	
100

	
4.8

	
0.071

	
10.8

	
0.32

	
42

	
2




	
DCF

	
0.32

	
5.2

	
1.69

	
100

	
4.8

	
0.047

	
4.0

	
1.6

	
100

	
4.8




	
E1

	
---

	
---

	
---

	
0

	
0

	
---

	
---

	
---

	
0

	
0




	
E3

	
---

	
---

	
---

	
0

	
0

	
---

	
---

	
---

	
0

	
0




	
E2

	
---

	
---

	
---

	
0

	
0

	
---

	
---

	
---

	
0

	
0




	
EE2

	
---

	
---

	
---

	
0

	
0

	
---

	
---

	
---

	
0

	
0




	
DES

	
---

	
---

	
---

	
0

	
0

	
---

	
---

	
---

	
0

	
0




	
ERT

	
0.095

	
0.29

	
0.17

	
13

	
0.6

	
0.086

	
0.15

	
0.099

	
17

	
0.8




	
FLX

	
---

	
---

	
---

	
0

	
0

	
---

	
---

	
---

	
0

	
0




	
CLR

	
0.15

	
0.94

	
0.26

	
13

	
0.6

	
---

	
---

	
---

	
0

	
0




	
AZM

	
0.13

	
0.48

	
0.15

	
17

	
0.8

	
0.11

	
0.12

	
0.11

	
8

	
0.4








--- (<MQL).
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Table 4. Minimum (Min), maximum (Max), and median (Med) PhACs concentrations. Percentage of positive results (Pos (%)) and frequency (Freq) in the upstream and downstream of five WWTPs of the Évora district.






Table 4. Minimum (Min), maximum (Max), and median (Med) PhACs concentrations. Percentage of positive results (Pos (%)) and frequency (Freq) in the upstream and downstream of five WWTPs of the Évora district.





	
PhACs

	
Acidic Method




	
Upstream (µg/L)

	
Downstream (µg/L)




	
Min

	
Max

	
Med

	
Pos (%)

	
Freq

	
Min

	
Max

	
Med

	
Pos (%)

	
Freq






	
ATN

	
0.046

	
0.22

	
0.15

	
36

	
1

	
0.042

	
0.23

	
0.13

	
53

	
1.8




	
APAP

	
0.048

	
0.26

	
0.076

	
36

	
1

	
0.045

	
0.20

	
0.12

	
12

	
0.4




	
SDZ

	
---

	
---

	
---

	
0

	
0

	
---

	
---

	
---

	
0

	
0




	
SPD

	
0.044

	
0.13

	
0.084

	
27

	
0.75

	
0.043

	
0.18

	
0.079

	
59

	
2




	
CAF

	
0.057

	
0.39

	
0.15

	
100

	
2.75

	
0.041

	
3.1

	
0.11

	
100

	
3.4




	
SMX

	
0.044

	
0.087

	
0.070

	
36

	
1

	
0.043

	
0.23

	
0.095

	
71

	
2.4




	
MTPL

	
0.068

	
0.068

	
0.068

	
9

	
0.25

	
0.043

	
0.073

	
0.060

	
18

	
0.6




	
PPNL

	
0.077

	
0.077

	
0.077

	
9

	
0.25

	
0.035

	
0.073

	
0.054

	
24

	
0.8




	
CTS

	
---

	
---

	
---

	
0

	
0

	
---

	
---

	
---

	
0

	
0




	
CBZ

	
0.043

	
0.47

	
0.22

	
45

	
1.25

	
0.044

	
1.3

	
0.29

	
94

	
3.2




	
CFA

	
---

	
---

	
---

	
0

	
0

	
---

	
---

	
---

	
0

	
0




	
NPX

	
0.053

	
1.0

	
0.071

	
64

	
1.75

	
0.036

	
0.34

	
0.11

	
76

	
2.6




	
GTD

	
---

	
---

	
---

	
0

	
0

	
---

	
---

	
---

	
53

	
1.8




	
TTE

	
---

	
---

	
---

	
0

	
0

	
---

	
---

	
---

	
12

	
0.4




	
Basic method




	
BZF

	
0.046

	
0.11

	
0.078

	
18

	
0.5

	
0.039

	
0.12

	
0.077

	
24

	
0.8




	
IBUP

	
0.090

	
0.097

	
0.094

	
18

	
0.5

	
0.093

	
0.10

	
0.098

	
12

	
0.4




	
DCF

	
0.036

	
2.5

	
0.85

	
55

	
1.5

	
0.49

	
3.5

	
1.6

	
82

	
2.8




	
E1

	
---

	
---

	
---

	
0

	
0

	
---

	
---

	
---

	
0

	
0




	
E3

	
---

	
---

	
---

	
0

	
0

	
---

	
---

	
---

	
0

	
0




	
E2

	
---

	
---

	
---

	
0

	
0

	
---

	
---

	
---

	
0

	
0




	
EE2

	
---

	
---

	
---

	
0

	
0

	
---

	
---

	
---

	
0

	
0




	
DES

	
---

	
---

	
---

	
0

	
0

	
---

	
---

	
---

	
0

	
0




	
ERT

	
0.14

	
0.14

	
0.14

	
9

	
0.25

	
---

	
---

	
---

	
0

	
0




	
FLX

	
---

	
---

	
---

	
0

	
0

	
---

	
---

	
---

	
0

	
0




	
CLR

	
---

	
---

	
---

	
0

	
0

	
---

	
---

	
---

	
0

	
0




	
AZM

	
0.094

	
0.11

	
0.10

	
18

	
0.5

	
0.92

	
0.092

	
0.092

	
6

	
0.2








--- (<MQL).



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
5 3 ]

=TT A | i i :

H ) . . H u ) i 2 .

:l.élg . ':='.'

" epesipgesssenieeeaEnan endedsEpedsseEayIeeeRRing
! e u G e e e

@





media/file4.png
WZV
D
X1
gn
40
£e
£
¥

|
& g
478
W
aro

2 XN
VD
D
SD
N
IN
XIS
B
- (dS
25

_ NLY

Q

200
—. 150
50

o)
e
™~

8,

181

a1eds YSIH

"D
X1
1y
1
£E
g
£
1

.- Da
—spnlll 5

1 478
Ll
awo
XN

|

(A) Influent

Vi)

70

m INdd
1IN

| XIS
)

| ads
205
dvdy

g NIv

25

Qo 10 Q
™~

18

20

-
(

3[edg MO

1 WZV
D
X1

rc
s1a
e
a
el
11

gl 20
= g

474
AL
aro

T XN

VD
= 0
51D
INdd
IN

1 XIS

1 I
{ ads
205

|l dVdV

] NIV

9.0
8.0

7.0
6.0
5.0
4.0
o 3.0
2.0
1.0
0.0

(1/8)

a1eds YSIH

g WZV
4D
X4
= I
54d
il
|
|
11
e 1
=1 o
= 74
111
i,

‘ XdN

Vi

SLD
i INdd

(18>

3[edg MO

-

M Evora m Reguengos de Monsaraz = Borba m Redondo m Portel

(B) Effluent





nav.xhtml


  applsci-11-07388


  
    		
      applsci-11-07388
    


  




  





media/file11.png
JdN4l
'™ 124
101
ﬂ aro
I | XaN
I Vio
st | D
1D
AN

o — |
-
— . 1L
—0—
}
—a,—

XIS

I v

ads

708

b " dvdv
- NLV

EEEEEREEEEE

u

(%) 2

dLMM eroAq

€1
s S Da
— - andr
. Cazd
. ALL
DA
[ S | XdN
R'ZS)
— e @$— | 7D
; S1D
[ S | INdd
- 1N
- XINS
— 4VD
— ads
" zas
. " dvdvV
o NLV

SdILMM S—T¥)0 L

' WZV
1o
X1

e
=
5
7

N
[

E
©

- 740
)
INdd
1dLN
XINS
avo
ads
- zas
[ dvav
NLV

l

R

120
100
80 -
60
40
20 -
0
20
40 -
0
-80

(%) 1Y

dIMM eqlog

410
X1

ANl
azd
111
. Ao
| XdN
VD

" avdv
NIV

.- !';il =
T
o |
Z
B
—

120
100 4
80 -
60
40
20
U i |
20
40
60 4
-80
00

(“o) 23U

JILMM ZeIesuoj\ “89Y





media/file6.jpg
)

10

SSFESSELEITSOEESE 2 0008969

®
(B) Downstream environment





media/file2.png
Evora district






media/file10.jpg
b i 0
wrvags






media/file5.jpg
Cugh)

1 vora = Reguengos de Monsaraz = Borba

Redondo ® Portel

ERT

ant





media/file7.png
C (ug/L)

OU .LIIII

ATN
APAP

SDZ

m Evora W Reguengos de Monsaraz m Borba m Redondo M Portel

L Biwan & ‘l-l LT ¥
Q 5 8 5 NN € X Luﬁ 65@&
" SEZCBEEEBENZR

(A) Upstream environment

EE2

DES

ERT
FLX

CLR

AZM





media/file3.jpg
Tign Scale

LowScale

Figh Scmte

Low Scale

H

B

wp

BEEEE-O“H8EE8]

4E3TEECUshEEERRES9EREEET
) ntuent

‘J._.., a ..l T

§aRssEgEBEEEERESR EER]

—— .IJ o i

tusssEgeEcEeEEERacEREEE]

1 vors = Regungo de Morsars «Borb = Redond. = Porel
(B) Effluent





media/file1.jpg
Evora district






media/file12.png
-
-
-
-

-
-

120
100 4
80
40
20
o 4
20 4
40 -
-60

dLMM [°H0d

|
8 8 § 8 ° &

120
100 -+

(%) T

dIMM Opuopay|

WZV

XUl

I0a
JN4l

azd

aLL
aLd
XdN
vViD
Z80
SLD
AN
TdLN
XS
EAUS)
Uds
208
dVdV
NLV





media/file9.jpg
Total—5 WWTPs

T LTINS R
i | :

EREEEED "

Evors

Ty

SR LI

3 £33

¥
&

B






media/file0.png





media/file14.png
RQ

10

0.1

0.01

0.001

ATN

® 100
’ $
® -]
]
: - . l
g s . © °
B - 1
- - ® 8
o e "
R TR =TT
& ° - e & -
° B CRL s @ s
. s
@
L
0.001
AN A a3 = NN g X bl fe Py e ) ot o O O B 3¢ B ZIL.NQE = o N g % Boop, =X S
= = . N M= Mo 0 B oo A N OHBHEB@DMJ.J
SRECSEZCECEEERERUATBEETEY CERHOAEEOBEEEREgE "I ERER S
e Evora ® RM ® Borba @ Redondo e Portel ® Xarramariver ® Monreal stream  ® Borba stream  ® Agua Ruca stream @ Pego Grande stream

(a)

(b)





media/file8.png
6.0

ak)

C (ug/L)

I
L

1.0 |

0.0

L-J = = h-‘-

(‘g
’@Q‘P & @Qo‘f’ é@

.1.1

(B) Downstream environment

LTS

S

by





