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Abstract

:

The presence of emerging organic micropollutants (such as pharmaceuticals) in sewage has been, for a long time, an issue of great concern within the international scientific debate. This item represents one of the main challenges related to a sustainable development, with particular concern to the public health control. While most of the work has been concentrated on their detection and the evaluation of their average level, little is known about the spatial and temporal variability of concentrations of these compounds in the effluent and its capability to affect the concentrations in time of the receiving water body. In this study, three sampling campaigns were carried out at two different wastewater treatment plants (WWTPs) in Varese area (Northern Italy) with the aim of monitoring the occurrence of some pharmaceuticals to evaluate their removal efficiency. The detected pharmaceuticals were: Ofloxacin, Ibuprofen, Atenolol, Bezafibrate, Carbamazepine, Salbutamol, Cyclophosphamide and Hydrochlorothiazide. The results obtained, together with the analysis of the characteristics of the chemicals and of the two WWTPs, allowed evaluating the factors affecting the spatial and temporal concentration variability in effluent waters and the potential influence of this variability in driving the exposure of the aquatic ecosystems in the receiving water body.
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1. Introduction


The presence of emerging organic micropollutants (such as pharmaceuticals) in sewage represents one of the main scientific arguments to be discussed to apply the principles of a sustainable development. Clearly, this argument is centered on a correct approach of the risk assessment and management. The presence of micropollutants represents a strong problem, but also an important opportunity to face and modify some human behavior. The interest related to the presence of micropollutant is due to the fact that, after being excreted in sewers by human body (as parent compounds or as metabolites), they firstly enter the wastewater treatment plants (WWTPs) and then surface water bodies, since WWTPs are generally not able to effectively remove them [1,2,3]. They can be found in the aquatic environment and, being potentially active (even though at very low concentrations), they can exert several types of effects on aquatic ecosystems [4,5] and not yet clear consequences on human beings. However, while a body of knowledge is growing on the presence of such chemicals in sewage and surface waters, very little information is available regarding the spatial and temporal variations of such concentrations. This issue was pointed out among the most critical points in the evaluation of surface water ecosystem exposure in a recent opinion of the three scientific committees of the European Commission [6]. Facing this item answers to a specific need related to some of the Sustainable Development Goals (SDGs), such as SDG 3 (Good health and wellbeing), SDG 6 (Clean water and sanitation) and SDG 14 (Life below water). The lack of temporally and spatially variable concentrations in water and sediment does not allow perceiving gradients in a particular region and evaluating the role of variable loadings in driving the exposure. This issue was dealt with, in a recent publication, by Di Guardo and Hermens [7], who list the problems related to the lack of such data, from monitoring issues to the impossibility of reconstructing dynamic modeling scenarios to evaluate realistic concentrations of exposure. While it is generally acquired that WWTPs show continuous and quasi-constant emissions of unretained chemicals, little is known about the real variations of such emissions due to plant differences (number and types of stages), loading change (consumption and use patterns) and/or environmental variables (temperature, precipitation, etc.).



To analyze the importance of some of the issues outlined above, three sampling campaigns were carried out in 2009 at two different WWTPs in Varese (a town of about 80,000 inhabitants, Northern Italy) [8,9]. The attention was focused on eight of the most frequently detected pharmaceuticals in the influent of WWTPs in Italy (antibiotics, anti-inflammatories, β-blockers, lipidic regulators, anti-epileptics, β-sympathomimetics and diuretics [10,11]). To assess the seasonal variation in the occurrence and removal in WWTPs of the studied pharmaceuticals, as well as the temporal loadings to receiving surface waters of pharmaceuticals, the sampling campaigns were carried out in different periods of the year and on different days of the week. The objective of this work is therefore to quantify and compare the capability of the two WWTPs to treat incoming waters in terms of their spatial and temporal concentration variability and to analyze the factors which drive such variation. Finally, a tentative calculation of the influence of such variability on the exposure concentrations of aquatic ecosystems in a receiving water body was performed to illustrate the relevance of such dynamic discharge.




2. Materials and Methods


2.1. WWTPs Monitored


Three sampling campaigns were carried out at two different WWTPs (Varese Olona-Pravaccio, from now on “P1” and Varese Lago-Bardello, from now on “P2”), both of which based on activated sludge (AS) process and fed by combined sewers. The P1 plant is a conventional AS plant, with an operating capacity of 49,800 population equivalents (p.e.). The P2 plant, which has an operating capacity of 27,700 p.e., combines the AS process with denitrification/nitrification to enhance the nitrogen removal [12]. It also applies the addition of ferric salts (FeCl3), as a tertiary treatment, to enhance phosphorus removal and, furthermore, the final disinfection with sodium hypochlorite to reduce the microbial activity.



The main features of the two plants are gathered in Table 1. P1 and P2 plants treat domestic (around 60%) and industrial (both around 40%: for P1, most of which coming from food and metallurgic factories; for P2, most of which coming from electrical household appliances factories, textile and dairy) wastewater. The P2 plant also treats wastewater coming from the main Varese hospital, which is a medium size (more than 500 beds) structure.




2.2. Sampling Campaigns


Pharmaceuticals were sampled in three different periods of the year (April, June and September 2009) and on different days of the week. Two sampling points, along the wastewater line of each plant, were taken into account: influent (raw sewage for both plants) and effluent (treated sewage for both plants). Two daily composite samples (influent and effluent) for one to three days a week, depending on the specific sampling campaign (sampling days: Monday, representative of the weekend, i.e., Saturday plus Sunday, from now on “Mon”; Wednesday, representative of Tuesday, from now on “Wed”; Friday, representative of Thursday, from now on “Fri”), were collected using automated samplers which collected an integrated sample of 9.6 L composed with 50 mL every 15 min over 48 h (Mon, i.e., Saturday plus Sunday) or 100 mL every 15 min over 24 h (Wed and Fri, i.e., Tuesday and Thursday, respectively).



All the samples were collected during dry weather days, with the exception of Friday, 10 April, and of Monday 28 September (just with regard to P2), when less than 1 mm of rain was registered. Only the measured soluble concentrations were evaluated, without considering either sorbed or conjugate compounds. This was done after checking that concentrations of pharmaceuticals in the particulate phases were negligible (lower than the limit of quantification). All the analyses were performed twice and the mean of two replicates was considered as the final detected value for each investigated compound.




2.3. Chemicals


The reference standards of all the investigated pharmaceutical compounds were purchased from Sigma-Aldrich (Steinheim, Germany); Salbutamol-D3 and Ibuprofen-D3 were purchased from CDN isotopes (Quebec, QC, Canada). All solvents used were Sigma reagent grade. Water, methanol and acetonitrile (Sigma-Aldrich, Steinheim, Germany) were LC-MS (Liquid Chromatography–Mass Spectrometry) grade.




2.4. Sample Preparation


A volume of 100 mL of the integrated sample was taken and centrifuged at 8900 RPM (revolutions per minute) for 15 min in order to separate the liquid from the solid portion. The liquid portion was directly processed using SPE (solid phase extraction), while the solids were freeze-dried and later extracted by repeated USE (ultrasonic solvent extraction). Liquid and solid samples were spiked with 20 ng of deuterated standard (Salbutamol-D3, Ibuprofen-D3). SPE was performed by using an Oasis MCX cartridge (60 mg, Waters Corp., Milford, MA, USA [10]).




2.5. High Performance Liquid Chromatography-Tandem Mass Spectrometry (HPLC-MS/MS)


Before analysis, the samples were dissolved in 100 μL of 0.1% formic acid in LC-MS grade water. The extracts were filtered on regenerated cellulose syringe filters 150, 0.2 μm (PHENEX, Phenomenex, Torrance, CA, USA) for further clean up. The HPLC analysis was performed in a Finnigan Surveyor MS plus HPLC system (Thermo Electron Corporation, San Diego, CA, USA). Chromatographic separations were conducted onto a Luna C8 column 50 mm × 2 mm i.d., 3 μm particle size (Phenomenex, Torrance, CA, USA). For the analysis in positive mode, the eluent A was formic acid 0.1% in water and the eluent B was formic acid 0.1% in acetonitrile.



For the negative analysis, the eluent A was water, the eluent B was acetonitrile; before entering the mass spectrometry ion source, 1% triethylamine (TEA) was injected (flush syringe of 3 μL/min). The elution gradient was 2–95% B within 10 min, 95% B for 2 min and 6 min to equilibrate the column (200 µL/min). For the mass spectrometry quantification, a Finnigan LXQ linear ion trap mass spectrometer, equipped with an electro spray ionization (ESI) ion source (Thermo Electron Corporation, San Diego, CA, USA), was used. The analyses were done in positive (spray voltage 4.5 kV, capillary temperature 270 °C) or negative mode (spray voltage 3 kV, capillary temperature 250 °C). The optimization of collision energy for each substance, the tuning parameters and the choice of fragments to confirm the identity of target compounds were done in continuous flow mode, by using standard solution at concentration of 10 ng/μL.




2.6. Quantification and Method Validation


The target compounds were identified by comparing fragmentation and retention time with the corresponding reference standard. To quantify them, the two highest precursor ion/product ion transitions were used. To analyze an array of 12 different molecules, by taking into account the difficulty or the impossibility of obtaining labeled I.S. for each substance (in agreement with [8,10]), only two deuterated I.S. were used: Salbutamol-D3 to quantify positive pharmaceutical compounds and Ibuprofen-D3 for negative compounds. For the quantification, the peak area of each compound was normalized to the peak area of the appropriate I.S. A concentration of 1 ng/L was considered as the limit of detection (LOD) of the method and the limit of quantification (LOQ) was fixed at 5 ng/L.




2.7. Flow Rate Calculations for the Aquatic Contamination Exercise


To predict temporal exposure concentration variability in river water, 2009 was divided into two different periods, i.e., the autumn/winter period (from 1 January 2009 to 20 March 2009 and from 21 September 2009 to 31 December 2009) and the spring/summer period (from 21 March 2009 to 20 September 2009), aiming at defining two well distinguished seasonal scenarios.



We selected P1 WWTP, for which it was possible, for both the periods, to collect not only the data regarding the flow daily treated by the plant itself, but also the data regarding the Olona River flow (the surface water body where P1 plant discharges its effluent). To calculate flow data for the Olona River, we used the level data measured every day at the hydrometric station of Ponte Vedano, downstream from the plant, and we converted them into flow data by using the run-off curves provided by the Regional Agency for Environment Protection-Hydrographic Service [13] of Lombardy. Since there are no other significant rivers between the plant and the measurement station and there are neither diversions nor river intakes in the middle, we assumed that the Olona River flow values connected with the P1 discharge point were the same as those previously calculated. For three of the investigated compounds (i.e., Ofloxacin, Carbamazepine and Ibuprofen), we calculated the daily load (g/day) entering the plant by multiplying the yearly average flow (m3/day) and the yearly average concentrations (ng/L, mean of the values detected during the three analytical campaigns, i.e., 940 ng/L, 1639.2 ng/L and 1275 ng/L for Ofloxacin, Carbamazepine and Ibuprofen, respectively) and we assumed this load as constant over the year. After that, we calculated the daily output load by taking into account the median removal rate found, for the same compounds, by Castiglioni et al. [14], who reported different values for winter and summer. During the stormwater events which caused the combined sewer overflows (CSO) working (in other terms, the portion of the flow exceeding 43,200 m3/day to bypass the plant and being directly discharged), an estimation of the daily load directly discharged, without treatment, into the Olona River was made for each compound, on the basis of the percentage of the daily flow deviated towards the bypass. This contribution was summed up to that coming from the treated effluent. The obtained output loads were then divided by the total flow (P1 and Olona River) to predict, for each seasonal scenario, the expected concentrations in surface water (under the assumption of instantaneously mixing) and thus the temporal exposure variability of aquatic ecosystems.





3. Results and Discussion


3.1. Spatial Variability of Pharmaceutical Concentrations in WWTPs


Given the similar incoming sewage water flows of the two plants (around 28,000 m3/day 28 thousand cubic meters per day, although the population equivalents of P1 are about double of those of P2, Table 1), the comparison of input and output concentrations could give an idea of the expected spatial variability of chemical loads to surface waters in the same territory. Looking at the general variability of concentrations (Figure 1), the pharmaceuticals measured at the highest concentrations in the influent (see Table 2 for details) were Carbamazepine (maximum in the range 1600–4500 ng/L), Ibuprofen (maximum in the range 1600–3000 ng/L) and Ofloxacin (maximum in the range 2000–2600 ng/L), often greater than the literature range (100–1000 ng/L, [11]).



The other chemicals were generally measured at several hundred nanograms per liter (Atenolol, Hydrochlorothiazide) or in the range of tens to about two hundred nanograms per liter (Bezafibrate, Cyclophosphamide) or very low (even under the LOQ) for Salbutamol (not reported in the picture), as also appears in another study by Zuccato et al. [11]. This is generally consistent, in terms of ranking, with a recent review of Verlicchi et al. [15], who collected data of 264 WWTPs from various global locations, mostly in Europe: in the raw influent to municipal WWTPs, the variability of analgesics/anti-inflammatories was found to range between 1.6 and 373,000 ng/L; the range of variability of antibiotic concentrations was between 1 and 32,000 ng/L; the observed ranges of variability were 2.5–10,000 ng/L for antihypertensives, 6–25,000 ng/L for β-blockers and 4–6000 ng/L for diuretics; the variability for the lipid regulators was found to range 1–30,000 ng/L and for psychiatric drugs 2.5–25,000 ng/L; and the observed ranges of variability were 50–150 ng/L for β-agonists and 19–360 ng/L for antineoplastics. Regarding the effluent, a somehow similar picture of the concentrations (Figure 1 and Table 2) appears: Carbamazepine is still at the highest concentrations (maximum in the range 3000–5700 ng/L) and Hydrochlorothiazide follows (maximum in the range 1300–3700 ng/L). This is consistent with the findings of other authors [8,10,12,16]. In the above-mentioned review of Verlicchi et al. [15], with regard to 264 WWTPs from various global locations (mostly in Europe), the variability of analgesics/anti-inflammatories was found to range between 1 and 57,000 ng/L; the range of variability of antibiotic concentrations was between 1 and 6700 ng/L and that of antihypertensives was 2.5–11,000 ng/L; the range of variability was 5–73,000 ng/L for β-blockers and 4–1800 ng/L for diuretics; the variability for the lipid regulators was found to range 1.5–80,000 ng/L and for psychiatric drugs 1–20,000 ng/L; and the observed ranges of variability were 10–170 ng/L for β-agonists and 2–2900 ng/L for antineoplastics. In a study carried out by Kostich et al. [17], who measured the concentrations of 56 prioritized pharmaceuticals in effluents from 50 large wastewater treatment plants in the US, Hydrochlorothiazide was found in every sample (mean 1100, max 2800 ng/L), while Atenolol (mean 940, max 3000 ng/L) and Carbamazepine (mean 97, max 240 ng/L) were found in over 90% of the samples. Ibuprofen was found up to 4200 ng/L (mean 460 ng/L) and Ofloxacin up to 660 ng/L (mean 160 ng/L). Our results show that the two plants behave similarly in certain cases and quite differently in others: in terms of influent concentrations, the two plants receive similar average concentrations of Atenolol, Carbamazepine, Hydrochlorothiazide, Ibuprofen and Ofloxacin, while concentrations of Bezafibrate differ by a factor of about 2 and Cyclophosphamide by a factor of about 4. In addition, the range of variation in input (difference between minimum and maximum concentration) can be rather different (e.g., Carbamazepine, Ibuprofen, Cyclophosphamide and Hydrochlorothiazide in P2), while it is somehow comparable for the other chemicals.



When evaluating effluent concentrations, the different behavior of the two plants is clearly shown: for Cyclophosphamide the difference among average values is a factor of about 54, for Ofloxacin a factor of 2.3, for Ibuprofen a factor of 3.8, and for Atenolol, Bezafibrate, Carbamazepine and Hydrochlorothiazide a factor of less than 1.3. The range of minimum/maximum values sometimes spans three orders of magnitude (Carbamazepine in P1), two (Hydrochlorothiazide in P2) or one (Carbamazepine and Ibuprofen in P2), while it is smaller with the other chemicals.




3.2. Temporal Variability of Pharmaceutical Concentrations in WWTPs


While the analysis of data of the previous section allowed appreciating the average yearly input and output concentrations and their relative variation, the availability of data for three days in the same week of the month of April allows comparing the relative intra-week variations. Figure 2 shows the averages of P1 and P2 influent and effluent concentrations and their variation (standard error). The sampled days include the Mon contribution (resulting from weekend loads) as well as Wed and Fri ones.



The comparison between the April values (Figure 2) versus the annual averages (Figure 1) shows that concentrations of some drugs (input and output) can be substantially overlapped to the average (Atenolol, Bezafibrate and Ofloxacin) or showing larger variations (sometimes non detects) for Cyclophosphamide or Hydrochlorothiazide. The pharmaceuticals that differ most are Carbamazepine (a factor of 3 lower in April in both influents, resulting in similar differences in the effluents) and Ibuprofen, which differs in the influents (a factor of about 2 lower for P1 and 4.6 for P2) but not in the effluents (practically the same concentrations in P1 and slightly less variable for P2). While the annual variations of Figure 1 can give an idea of the potential expected spatial and temporal variability depending on all causes (consumption, use patterns, WWTP characteristics, environmental conditions such as temperature etc., the comparison of April concentrations to the annual averages allows to evaluate overall seasonal factors capable (or not) to influence such concentrations. In general, April concentrations are lower and with a reduced variability, especially in the influent (apart the exception noted). When looking at the intra-week variability, for P1 Mon (resulting from weekend chemical use) is the day for which the highest concentrations are present (6 times out of 7) in the influent and Fri for the effluent (5 out of 7), while for P2 the peaks of concentrations do not present a precise pattern and are more mixed. This type of variability indicates that P1 seems to be more prone to receive higher weekend concentrations compared to P2 and this is to be taken into account when considering the impact of pharmaceuticals to receiving surface water, object of the following sections.




3.3. Factors Affecting Variability of Aquatic Ecosystem Exposure


A number of factors can affect the variability of aquatic ecosystem exposure, as a result of WWTP discharges. To evaluate their contribution to discharge variability, we grouped them in four categories:




	(i)

	
physical-chemical and degradation properties of the compounds;




	(ii)

	
their consumption rates;




	(iii)

	
WWTPs characteristics and their removal efficiency; and




	(iv)

	
water flow variations of the WWTP and the receiving water body.









This last point will be illustrated with a calculation of variable exposure concentration in the Olona River in Section 3.4.



3.3.1. Physical-Chemical and Degradation Properties of Pharmaceuticals


The removal efficiency of a WWTP severely affects pharmaceuticals environmental fate and, therefore, the aquatic ecosystems exposure the two major removal pathways are sorption onto sludge (which is generally the case with lipophilic compounds) and biodegradation. Both sorption and biodegradation are strictly bound to the physical-chemical properties of the drugs. Most of the chemicals analyzed (with the exception of Ofloxacin) are characterized by low sorption partition coefficients (Table 3) (octanol-water partition coefficient, Kow and distribution coefficient, Kd) and therefore it is less likely that sorption to sewage sludge would be a major removal process [18].



Many of the pharmaceuticals have one or more acidic dissociation constant, pKa, in the range <7.5–8, which would make the chemical substantially available as dissociated form at environmental pH. In terms of degradation potential, Ibuprofen, Hydrochlorothiazide and possibly Bezafibrate and Atenolol appear as being relatively biodegradable, while the others show half-lives (HLs) substantially confirming a scarce degradation during their travel time through a WWTP.




3.3.2. Consumption Rates and Use Patterns


One of the factors affecting variability of aquatic ecosystem exposure can be found in different pharmaceuticals consumption rates and posology, which is reflected on different concentrations in the influent and, possibly, in the effluent. For example, Ofloxacin was detected (in both plants) mainly during the April 2009 sampling campaign, showing a remarkable seasonal influence on antibiotics consumption, which is more sporadic than that of other compounds, such as β-blockers or Carbamazepine, which are generally consumed for long periods [16,39]. For some compounds, since they are sold on a medical prescription, it is easier to estimate their occurrence in WWTP influents; for others, such as the over the counter drugs (e.g., Ibuprofen), it could be more difficult to predict their input concentrations, which can be greatly variable along the year even inside the same plant (Figure 1 and Figure 2).



Looking at our data, a certain variability in Cyclophosphamide input concentrations, during the same season, might be attributed to the different nature of incoming loads to the plants. This drug, in fact, was found in concentrations up to 220 ng/L in the influent of P2, while the maximum concentration in the influent of P1 was about 29 ng/L. The presence of this antineoplastic compound in the influent of P2 at concentrations higher than those detected in the influent of P1 could be explained by taking into account the fact that the main Varese hospital discharges its wastewater into the pipes that convey sewage to the P2 plant. The use of Cyclophosphamide is mainly nosocomial, even though it is often administered during out-patient treatment, which could mask the real source of release of this substance into the environment. After administration in hospital, in fact, the patient usually goes back to his/her residency and therefore the excretion can occur through household drains. For that reason, the entry pathway of antineoplastics in the sewage system strongly depends on the type of hospitalization (complete or out-patients).




3.3.3. WWTPs Features


Among the WWTPs factors affecting the different pharmaceuticals removal efficiency, the technology implemented, the operating parameters (e.g., hydraulic retention time (HRT) and sludge retention time (SRT)) and the reactor configuration are probably the most noteworthy. It is generally accepted that technologies such as membrane bioreactor (MBR), ozonation and advanced oxidation processes (AOPs) appear more efficient in eliminating pharmaceutical residues than conventional AS processes [40].



As for HRT and SRT, they both play an important role, since the former is the average length of time that a soluble compound remains in the reactor and the latter is the mean residence time of microorganisms [41,42]. P1 and P2 are both conventional AS plants, hence differences in removal efficiency have to be primarily searched in operating conditions and tertiary treatments adopted. In our study, Carbamazepine seems to show the same behavior as that found in the literature [15], i.e., its removal rate is influenced neither by HRT nor by SRT [43]: in fact, the only positive removal of this compound occurs in P1, where both HRT and SRT are shorter. For Atenolol and Ofloxacin, SRT seems to play a more crucial role than HRT, since they are better removed in P2 plant. As for Ibuprofen, P2, which works at HRT > 12 hours and at SRT in the range 10–20 days, is generally more efficient [44] in removing it. Finally, considering the tertiary treatments adopted by the two plants, some differences could be found and a contribution to the increase of the removal rate of some compounds can be found. P2 is equipped with a predenitrification-nitrification compartment, which is absent in P1, where just the conventional oxidation tank exists.



The presence of a stage for the advanced removal of nitrogen guarantees a different microbial activity, responsible for the enhanced degradation of some of the investigated compounds. Furthermore, P2 is also equipped with a tank for the advanced phosphorus removal with ferric chloride (FeCl3) and the better Bezafibrate removal (from 31% to 100%) in this plant, compared to that found in P1 (maximum 15%), could probably be ascribed to this factor, which seems to be more influent than HRT and SRT.





3.4. Predicting Temporal Exposure Concentration Variation in River


To assess the predicted exposure concentration (PEC) variation in time of the measured pharmaceuticals in the Olona River depending on P1 effluent discharge, a simple dilution calculation was performed.



Although a calculation using a dynamic river model would allow to better calculate exposure concentrations (since it would integrate all major loss processes), the dilution calculation, as the one proposed here, is capable to give a worst case scenario to be considered for further analysis. The aim is to give a picture of possible concentration variations in time and their variations as influenced by the main driving forces [45]. This is particularly important since WWTP effluents are often considered and modeled as steady emissions (such as the model GREATER, [46]). The main drivers for variability in water concentrations are, among others, chemical degradation in the plant (removal rate) and in the receiving waters, adsorption to suspended solids and biota, such as macrophytes and algae (for non polar chemicals), emission patterns and environmental variability (which in turn depends on precipitations) influencing water flows in the plant (bypass flow) as well as water flow in the receiving water body. Based on the above driving forces, three different behaviors can be outlined and can be shown in Figure 3:




	(i)

	
type 1 behavior (use pattern dominated, e.g., Ofloxacin, Figure 3a);




	(ii)

	
type 2 behavior (environment dominated, e.g., Carbamazepine, Figure 3b); and




	(iii)

	
type 3 behavior (removal rate dominated, e.g., Ibuprofen, Figure 3c).









Ofloxacin is characterized by an unsteady emission into the environment, which is mainly influenced by its use pattern, strictly bound to seasonality. Degradation seems to play a role of minor importance, since removal rate does not differ so much between winter (43%) and summer (57%). Carbamazepine, instead, is not affected at all by degradation factors, being its removal rate negligible all year round; moreover, it does not seem to follow any particular pattern use, hence only environmental variability can be observed. As for Ibuprofen, it is possible to state that its emission into the environment is quite steady all over the year and that its variability is mainly affected by environmental factors, such as temperature. This is demonstrated by the different removal rate observed in winter (38%) compared to that found in summer (93%). From the hydraulic point of view, similar behaviors can be observed for the three investigated compounds, but the range of variability changes a lot; aquatic ecosystems are, in fact, exposed to different environmental concentrations and loads depending on the compound: for Ofloxacin, environmental concentrations are always under 200 ng/L (with a variation from a few ng/L to about 150 ng/L); for Carbamazepine, values up to 450 ng/L can be observed in both the seasons (with a variation from a few ng/L to about 450 ng/L), while for Ibuprofen concentrations in winter are almost ten times higher than those found in summer (with a variation from a few ng/L to about 200 ng/L).



To evaluate the impact of pharmaceuticals occurred during CSO events on aquatic ecosystems exposure, data were collected for the two plants: these events were, on the whole, 18 for P1 and eight for P2 during 2009. The P1 data were used to calculate the impact of CSO events on Olona River concentrations, which were calculated starting from the level data measured every day at the hydrometric station of Ponte Vedano, downstream from the plant [13]. During the 18 CSO events occurred during the year 2009, a mean of 13,300 m3/day were discharged untreated into the Olona River, ranging from a minimum of 540 m3/day (0.4% of the Olona flow on the same day) to a maximum of 37,530 m3/day (1.2% of the Olona flow on the same day). The proportion between the flow discharged untreated by the plant and the Olona flow grew up to 4.3% during the CSO event occurred in March 2009, since the Olona flow, in that period, was quite low probably because of the preceding long period of dry weather. Taking into account the CSO contribution to the discharge, the contribution for the 18 events is not negligible for the three selected chemicals of the exercise: for Ofloxacin and Carbamazepine, while the minimum contribution was just 1.2% and 2.1%, respectively (on 3 November 2009, Day 307) of the treated loads, the maximum was about 46% and 60% respectively (on 7 February 2009, Day 38), with an average of about 21% and 32%; for Ibuprofen, the minimum contribution was about 2% (on 3 November 2009, Day 307) of the treated loads, the maximum about 89% (on 17 September, 2009 Day 260) with an average of about 40%.





4. Conclusions


The results obtained, together with the analysis of the two WWTPs, allowed evaluating the factors affecting the spatial and temporal concentration variability in effluent waters and the potential influence of this variability in driving the exposure of the aquatic ecosystems in the receiving water body. This shows that the currently available steady-state modeling tools to predict resulting concentrations in river water bodies are not adequate to account for concentration variations in time that can be variable up to two orders of magnitude and often within the same season. While the calculation represents a worst-case scenario (dilution at the point of entry), it shows the need to evaluate the dynamic and temporal behavior of concentrations of pharmaceuticals deriving from WWTP to properly predict the peak exposure of aquatic ecosystems. Such task can be accomplished in the future, for example, by coupling a dynamic surface water model (such as the DynA Model, [47]) to the scenario of outflowing yearly concentration to properly consider the role of sedimentation, degradation and other processes occurring in the receiving water body.
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Figure 1. Concentrations of detectable pharmaceuticals in: influents (top); and effluents (bottom) of the two plants P1 and P2 (all available samples, averages with standard error). No detects were calculated as 0.5 limit of detection (LOD). Notes: ATE = Atenolol; BEZ = Bezafibrate; CAR = Carbamazepine; CYC = Cyclophosphamide; HYD = Hydrochlorothiazide; IBU = Ibuprofen; OFL = Ofloxacin. 
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Figure 2. Concentrations of detectable pharmaceuticals in: influents (top); and effluents (bottom) of the two plants P1 and P2 during the sampled days in April (averages with standard error). No detects were calculated as 0.5 limit of detection (LOD). Notes: ATE = Atenolol; BEZ = Bezafibrate; CAR = Carbamazepine; CYC = Cyclophosphamide; HYD = Hydrochlorothiazide; IBU = Ibuprofen; OFL = Ofloxacin. 
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Figure 3. Concentrations of pharmaceuticals in Olona River: (a) Ofloxacin; (b) Carbamazepine; and (c) Ibuprofen, compared to: Olona River flow (d); and P1 treated flow (e) in 2009. The horizontal line in (e) represents the threshold of water contribution of CSO (bypass flow). 
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Table 1. Main features of the two monitored wastewater treatment plants (WWTPs).
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	Treatment Unit Characteristics
	Plant P1
	Plant P2





	Pre-treatments
	Screen
	Screen/Oil and Sand Removal



	Primary clarification
	Present c
	Absent



	Biological treatment
	Activated Sludge
	Predenitrification/Activated Sludge-Nitrification



	Secondary clarification
	Present
	Present



	Tertiary treatments
	Absent d
	Phosphorus Removal with FeCl3; Chemical Clarification; Disinfection with sodium hypochlorite



	Average a flow rate (m3/day)
	28,286
	28,645



	Population equivalents (p.e.) a
	49,800
	27,700



	Operating F:M

(KgBOD5/KgSS·day) b
	0.23
	0.09



	SRT (days) b
	3.1
	11.8



	HRT (hours) b
	23
	31.7







Notes: a Mean of the monthly values of flow rates registered during the year 2009 in each plant; p.e. referred to 2009; b F:M: Food To Microorganisms Ratio (evaluated during the three analytical campaigns); SRT: Sludge Retention Time (average value, as mean of the monthly values of the year 2009); HRT: Hydraulic Retention Time (average value, as mean of the monthly values of the year 2009, referred to the whole plant); c Oil and Sand Removal Unit located inside the first clarifier; d Disinfection unit built after 2009.
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Table 2. Concentrations of pharmaceuticals (ng/L) in influent/effluent in the two plants P1 and P2.
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Pharmaceutical (ng/L)

	
Sample

	
P1

	
P2




	
April

	
June

	
September

	
April

	
June

	
September




	
Mon

	
Wed

	
Fri

	
Mon

	
Mon

	
Mon

	
Wed

	
Fri

	
Mon

	
Mon






	
Atenolol

	
Influent

	
540

	
389

	
472

	
498

	
532

	
352

	
537

	
592

	
504

	
754




	
Effluent

	
379

	
57.32

	
632

	
357

	
186

	
181

	
296

	
413

	
208

	
116




	
Bezafibrate

	
Influent

	
14.52

	
8.21

	
7.73

	
11.48

	
8.90

	
10.34

	
19.96

	
30.1

	
15.88

	
8.10




	
Effluent

	
17.73

	
(a)

	
30.89

	
16.20

	
7.57

	
6.73

	
16.57

	
37.68

	
10.87

	
(a)




	
Carbamazepine

	
Influent

	
649

	
484

	
408

	
2131

	
4524

	
283

	
315

	
334

	
1615

	
2723




	
Effluent

	
873

	
7.24

	
1178

	
3418

	
2989

	
562

	
665

	
859

	
2381

	
5721




	
Cyclophosphamide

	
Influent

	
29.23

	
17.98

	
13.69

	
14.03

	
(a)

	
220

	
18.49

	
17.06

	
131

	
(a)




	
Effluent

	
(a)

	
7.26

	
(a)

	
(a)

	
(a)

	
791

	
(a)

	
(a)

	
136

	
(a)




	
Hydrochlorothiazide

	
Influent

	
304

	
(a)

	
124

	
693

	
366

	
19.69

	
347

	
5.63

	
659

	
412




	
Effluent

	
987

	
1306

	
56.76

	
443

	
269

	
(a)

	
3696

	
34.33

	
257

	
156




	
Ibuprofen

	
Influent

	
431

	
483

	
962

	
2857

	
1642

	
864

	
248

	
158

	
2955

	
5579




	
Effluent

	
230

	
731

	
763

	
750

	
309

	
22.63

	
326

	
(a)

	
256

	
123




	
Ofloxacin

	
Influent

	
1950

	
1014

	
584

	
1000

	
152

	
2385

	
2651

	
1761

	
1065

	
165




	
Effluent

	
115

	
(a)

	
302

	
694

	
147

	
70.64

	
109

	
175

	
24.03

	
70.61




	
Salbutamol

	
Influent

	
(a)

	
(a)

	
(a)

	
(a)

	
6.63

	
(a)

	
(a)

	
(a)

	
(a)

	
8.95




	
Effluent

	
(a)

	
5.87

	
(a)

	
(a)

	
10.01

	
(a)

	
(a)

	
(a)

	
(a)

	
7.07








Note: (a) is not detected, lower than the limit of quantification (LOQ, 5 ng/L).
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Table 3. Physical-chemical and degradation properties of the investigated chemicals.
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	Pharmaceutical
	Log Kow
	Kd (L/KgTSS)
	pKa
	HL (Water) (d)





	Atenolol
	0.16 [19]
	15 [20]; 64 [21]
	9.6 [22]
	No significant to medium removal efficiency [23]



	Bezafibrate
	4.25 [24]
	14 [20]
	3.6 [24]
	83% degraded in 6d [25]



	Carbamazepine
	2.45 [24]
	11 [26]; 20–68 [27]
	13.9 [27]
	100 [25]



	Cyclophosphamide
	0.63 [28]
	457–933 (a) [29]
	2.84 [30]; 4.5–4.8 [31]
	44 (sunlight), 80 (dark), lake water [29]



	Hydrochlorothiazide
	−0.07 [32]
	0.1 (b) [33]; 20.2–25.8 (b) [34]
	7.0 and 9.2 [21]; 7.9 [35]
	<5 [36]



	Ibuprofen
	3.97 [24]; 4 [27]
	10–60 [27]
	4.5–5.2 [27]
	<1 [25]



	Ofloxacin
	−0.39 [37]
	1000–31,000 [38]
	(c)
	6.05 and 8.22 [21]; 10.6 [25]



	Salbutamol
	0.01 [33]
	(c)
	5.9 [20]
	(c)







Notes: (a) sludge/supernatant; (b) estimated; (c) not available.
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