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Abstract

:

Since 2008, the environmental levels of polychlorinated compounds near a municipal solid waste incinerator in Mataró (Catalonia, Spain) have been periodically monitored. The present study aimed at updating the data regarding the temporal changes occurred between 2015 and 2017, when air and soil samples were collected again, and the concentrations of the same chemical pollutants (i.e., polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs), and polychlorinated biphenyls (PCBs)) were analysed. Furthermore, the health risks associated with their human exposure were also evaluated. The levels of all the contaminants in soil were far below the threshold established by regional and national legislations, also being lower than those observed in previous surveys. A similar trend was also noted for PCDD/Fs in air samples, while airborne PCBs were the only group of chemicals whose levels significantly increased. In any case, the global assessment of the data regarding the different pollutants and matrices indicates that there has not been a general increase in the environmental pollution around the facility. In addition, the environmental exposure to PCDD/Fs and PCBs by the population living nearby is still clearly lower than the dietary intake of these same chemical pollutants.
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1. Introduction


In the past, waste incineration was considered one of the most significant emission sources of a wide range of chemical pollutants [1,2]. These facilities were linked with the release of toxic and carcinogenic substances, such as heavy metals, but especially with the emission of polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs) [3]. However, the role of waste incineration as a contributor to the PCDD/Fs environmental burdens has progressively decreased in front of other potential emission sources (e.g., agricultural burning, cement plants, and metal production activities) [4,5,6]. The application of legislative measures, such as the EU Directive on Waste Incineration in 2000 and the Stockholm Convention in 2004, helped to reduce the contribution of waste incineration as PCDD/Fs emission sources, according to different national and international inventories [1]. Coudon et al. [7] recently published an inventory indicating that, in France, the emissions of PCDD/Fs from waste incineration decreased by 99.5% between 1990 and 2008. In addition, this sector was the main contributor, meaning 95%, 85%, and 75% of the total emissions in 1990, 2000, and 2005, respectively. However, ferrous and non-ferrous metal production facilities became the most important air releasers of PCDD/Fs between 2006 and 2008 [7]. In a flow analysis study conducted in Spain, Fuster et al. [8] found that the only municipal solid waste incinerator (MSWI) in Tarragona Province contributed to only 0.04% of the PCDD/Fs total emissions. In turn, cement kilns played a key role, with 54% of the total emissions. According to the European Dioxin Air Emission Inventory conducted in 2004, iron ore sintering was pointed out as the most important source of PCDD/Fs emissions, followed by municipal waste incineration [9]. In any case, MSWIs, medical waste incinerators and hazardous waste incinerators are still important stationary sources of PCDD/Fs, in addition to metal production processes, cement plants as well as heat and power plants [10,11].



The MSWI of Mataró (Catalonia, Spain) has been operating since 1994. The facility has undergone several legislative changes, including the EU Directives on waste incineration (2000/76/EU) and industrial emissions (2010/75/EU). In addition, the MSWI has been also conducting a large biological monitoring survey, which was initiated in 1995 [12,13]. According to the most recent data, the concentrations of PCDD/Fs and marker polychlorinated biphenyls (PCBs) in blood from people living near the facility were slightly reduced compared to the levels found in 1999 [14]. In parallel, an environmental monitoring study has been periodically carried out since 2008, providing information on the environmental burdens of PCDD/Fs and PCBs near the plant [15]. The analysis of the temporal trends of pollutant concentrations in samples of soil and air collected around the MSWI did not show any change with time [16], even after the start-up of the new Integrated Waste Recovery Centre (IWRC) of Maresme, which took place in 2010. This IWRC included the operation of a new MSWI-linked facility for the treatment of the refuse waste fraction. Summing up, important legislative and operative changes have occurred for 20 years, showing the need of a continued surveillance of potential air emissions.



The present investigation aimed at evaluating the temporal trends in the levels of PCDD/Fs and PCBs in samples of air and soil collected in the surroundings of the MSWI of Mataró. Furthermore, the health risks associated to the exposure to those pollutants were again assessed.




2. Materials and Methods


2.1. Sampling


In November of 2015 and November of 2017, two new environmental monitoring campaigns were conducted. Samplings points slightly differed from those of previous surveys [15,16]. They were relocated according to the results of the biological surveillance program [13].



Nine soil samples were obtained: three in the closest area (<25 m), two at nearby locations (<1.5 km, NE1 and NE1′), two at distant points (>3 km, NE2 and NE2′), and finally, two at Arenys de Mar (>10 km, B and B′). Five air samples were collected: two very close to the MSWI (<25 m), one in a nearby place (<1.5 km, NE1), one in a distant place (>3 km, NE2), and finally one in the town of Arenys de Mar (B). The location of the sampling points is depicted in Figure 1.



The sampling procedure was the same as that performed in previous surveys. Bulk samples of surface soils (0–5 cm of depth), consisting in five subsamples from an area of 25 m2, were collected. After sampling, soils were stored in polyethylene bags and dried at room temperature. Once dried, they were passed through a 2 mm sieve to homogenize the particle size. The air sampling of PCDD/Fs and PCBs was conducted by means of a TE-1000 high-volume active air sampler (Tisch Environmental, Cleves, OH, USA). The particle phase was collected on quartz microfiber filters, while the gas phase was retained in pre-cleaned polyurethane foams (PUFs). Both phases were separately stored and subsequently analysed. Air sampling for organic chemicals lasted 48 h, and an air volume of 530–607 m3 was obtained. PUFs and microfiber filters were stored in an airtight amber glass container with a Teflon cap to prevent the photodegradation of organic compounds.



The meteorological conditions were also monitored during the sampling. Data on temperature, atmospheric pressure, rainfall, as well as wind direction and wind speed were gathered from the Meteorological Service of Catalonia (www.meteo.cat). The average temperature during sampling was 9.2 °C, ranging between −0.3 °C and 19.9 °C. The predominant winds in the study area blow from north-northwest. The accumulated rainfall during the month prior to sampling was 77.1 mm, while during sampling no rain was recorded.




2.2. Analytical Determination


The procedure for the analysis of PCDD/Fs and PCBs in environmental samples has been detailed elsewhere [17,18,19]. Appropriate 13C12-labeled recovery patterns were added to the sample to check any losses during the analytical process. The extraction was performed with an ASE 300 Accelerated Solvent Extractor (Dionex Corporation, Thermo Fisher Scientific, Waltham, MA, USA), using toluene (E. Merck, Darmstadt, Germany) as solvent. The extraction operation was performed in triplicate. The subsequent clean-up consisted of a solid–liquid absorption chromatography in an open column eluted by gravity. Purification was carried out using a Merck 60 neutral column (mixture of basic, neutral, and acid activated silica gel) and an Alumina B Super 1 ICN column. Finally, the solution was brought to dryness by a stream of nitrogen, and re-dissolved with a mixture of 13C12-labeled internal standards.



The analysis of the purified extract was performed by high-resolution gas chromatography (HRGC) coupled to high-resolution mass spectrometry (HRMS). Specifically, a Fisons CE 8000 GC gas chromatograph coupled to a VG Autospec Ultima system was used for the analytical determination. A column of molten silica (30 m × 0.25 mm × 0.15 µm) was used. The detection was performed by electronic impact mass spectrometry (EI) in positive mode (35–45 eV) and with monitoring of the selected ion (SIM) with a resolution of 8000–10,000 amu. The quantification of PCDD/Fs and PCBs was performed by using internal standards. Every batch of 10 samples, a blank was analysed to detect any background contamination. Recoveries of each individual congener of PCDD/Fs ranged from 23% to 110% in soils, and from 47% to 130% in air samples.




2.3. Statistical Analysis


For the calculation of toxic equivalents, the World Health Organization (WHO-TEF) toxic equivalence factors were used [20]. For all those congeners with levels below their respective limit of detection (LOD), a concentration equal to one-half of this value was assumed. All data were analysed by using the statistical package SPSS 25.0. To assess the distribution of the values, the Kolmogorov-Smirnov test was used. ANOVA and subsequent T3 Dunnett’s post-hoc tests were employed to assess any significant differences in the temporal evolution. The level of statistical significance was established at p < 0.05.





3. Results


In 2015, the mean concentration of PCDD/Fs in nine soil samples collected in different points and distances from the MSWI of Mataró was 0.23 ± 0.10 ng WHO-TEQ/kg, ranging from 0.14 to 0.42 ng WHO-TEQ/kg. No spatial differences were found, as the closest sampling sites (MSWI) showed very similar values to those found in the background location (0.15 and 0.14 ng WHO-TEQ/kg, respectively). Two years later, the average value of PCDD/Fs in the same 9 sampling sites was 0.13 ± 0.01 ng WHO-TEQ/kg, the levels being very similar in the different points (range: 0.12–0.15 ng WHO-TEQ/kg). Again, no differences were found when evaluating the spatial pattern of PCDD/Fs pollution, with the closest sampling sites (MSWI) presenting an even lower concentration than that found in the background site (Arenys de Mar): 0.13 vs. 0.14 ng WHO-kg. Interestingly, the soil concentrations of PCDD/Fs in Arenys de Mar did not change with time. The value obtained in 2017 meant a statistically significant decrease (p < 0.05) of 60% compared to that found in the background study, performed in 2008, when a mean level of 0.34 ng WHO-TEQ/kg was observed. On the other hand, the PCDD/Fs concentrations in soil found in the 2011 and 2015 campaigns were exactly the same (0.23 ng WHO-TEQ/kg). Therefore, a decrease between 2015 and 2017 was found, although it did not reach a level of statistical significance (p > 0.05). In both surveys (2015 and 2017), the highest chlorinated congeners (OCDD and 1,2,3,4,6,7,8-HpCDD) were the only compounds presenting detectable amounts in all the samples. Contrastingly, the two most toxic congeners (2,3,7,8-TCDD and 1,2,3,7,8-PeCDD) could not be detected in any sampling point. The temporal evolution of the total concentration of PCDD/Fs in soils around the facility is depicted in Figure 2.



In 2015, the total concentration of the sum of 7 environmental marker PCBs (28, 52, 101, 118, 153, 138, and 180) in the nine samples of soil was 1653 ± 1792 ng/kg, ranging from 39 ng/kg at the background (B) site to 5200 ng/kg at NE2 point. In 2017, the average level of PCBs decreased to 628 ± 461 ng/kg, with values ranging from 280 to 1700 ng/kg (I1 and NE2′ points, respectively). Moreover, a clear decrease was found not only in comparison to the most precedent survey (2015) but also with those previously conducted, with reductions of 130%, 41%, 167% and 163% with respect to 2008, 2011, 2013, and 2015, respectively. However, because of the large variability of results, the decrease was not statistically significant (p > 0.05). The levels of PCBs in the soils around the plant were quite similar to those found in Arenys de Mar (B and B’), considered as background site. The PCB congener profile in soil showed a predominance of heavier congeners (PCB-138, PCB-153, and PCB-180), while the most volatile PCBs presented the lowest concentrations. This fact would be closely related to the physicochemical characteristics of the different PCB congeners. High molecular weight PCBs are bound to the particle phase of emitted air, so they tend to deposit closer to emission sources and accumulate in soil, which acts as a sink for heavy weight PCB congeners [21].



The temporal trends of PCDD/Fs and PCBs in air samples collected between 2008 and 2017 in the surroundings of the MSWI of Mataró are depicted in Figure 3. In 2015, the airborne mean concentration of PCDD/Fs was 0.019 ± 0.008 pg WHO-TEQ/m3, with values ranging from 0.011 to 0.029 pg WHO-TEQ/m3. In the most recent survey (2017), the mean level of PCDD/Fs in air was very similar: 0.020 ± 0.013 pg WHO-TEQ/m3 (range: 0.009–0.037 pg OMS-TEQ/m3). This means a reduction percentage of 78%, 99% and 39% compared to the values obtained in the campaigns performed in 2008, 2011 and 2013, respectively. None of the air samples showed detectable amounts of 2,3,7,8-TCDD, in either 2015 or 2017. The PCDD/F congener profile showed a higher relative contribution of the heaviest compounds in the total concentration, with OCDD, 1,2,3,4,6,7,8-HpCDD and OCDF being the most relevant.



In 2015, the airborne mean concentration of PCBs was 0.075 ± 0.020 ng/m3, with minimum and maximum levels of 0.052 and 0.098 ng/m3, respectively. Two years later, the PCBs mean level in air was 0.061 ± 0.061 ng/m3, with values ranging from 0.047 to 0.089 ng/m3, respectively. This value means a statistically significant increase (p < 0.05) with respect to the levels obtained in 2008 (0.026 ng/m3) and 2013 (0.030 ng/m3). In contrast, there was a non-significant decrease compared to the 2011 study (0.064 ng/m3), and a significant decrease compared to the 2015 levels (0.076 ng/m3). Unlike soil, air samples showed a higher contribution of low molecular weight PCBs than heavier compounds. The congeners profiles of PCDD/Fs and PCBs in samples of air and soil collected in 2015 and 2017 are depicted in Figure 4.



One of the novelties of the campaigns conducted in 2015 and 2017 is the specific study of gas/particle partitioning. Therefore, the concentrations of both, PCDD/Fs and PCBs, in the gas and particle phases were separately determined by analysing PUFs and microfiber filters, respectively. The contribution of the gas and the particulate fractions to the total amount of PCDD/Fs and PCBs is shown in Figure 5. In both campaigns, 2015 and 2017, PCDD/F congeners adsorbed to particles showed a higher contribution than PCDD/Fs in the gas phase, being especially evident in 2015. Contrastingly, a relatively higher contribution of PCBs congeners in the gas phase was noted, mainly in 2015. The three samples of air closer to the MSWI, including those collected in the city of Mataró, showed a slightly larger contribution of PCDD/Fs in the particle phase. However, the differences were minimal when comparing the pattern in the closest sites with that found in the background location. Regarding PCBs, higher contribution percentages of the gas phase were found in all the samples.



The environmental exposure to PCDD/Fs and PCBs through three different pathways (soil ingestion, dermal absorption, and air inhalation) was estimated, together with the total exposure. For that purpose, a previously validated health risk assessment methodology was applied [17]. The results of the environmental exposure to organochlorine compounds are summarized in Table 1. As frequently observed, air inhalation was the exposure route to PCDD/Fs with a higher contribution (87–97%), while the contribution of soil ingestion and dermal contact was minority.



The average total exposure to PCDD/Fs was 8.28·10−6 ng WHO-TEQ/kg·day in the area of direct influence of the MSWI emissions (considering the three closest points), while in Arenys de Mar, it was approximately 2.5 times lower (3.19·10−6 ng WHO-TEQ/kg·day). As for PCDD/Fs, air inhalation was the main exposure pathway to PCBs, with an average contribution of >60%. Furthermore, the total exposure to PCBs was similar near the facility than in the background site (1.85·10−2 vs. 1.60·10−2 ng/kg·day). In any case, the environmental exposure to PCDD/Fs and PCBs was not related to carcinogenic risk values above 10−5, which is considered as the threshold by the national legislation.




4. Discussion


From 2008 onwards, the environmental impact of the MSWI of Mataró, in terms of human health risks, has been periodically assessed. This monitoring program has been performed in parallel to the biological surveillance survey, which is aimed at the evaluating the body burdens of PCDD/Fs and PCBs in the facility workers and the population living nearby the plant. According to the most recent study, performed in 2012, the concentrations of PCDD/Fs in whole blood were very similar in the different population groups: 13.2, 13.1, 13.8, and 13.1 pg WHO-TEQ/g fat in workers, exposed people (living at <1 km in Mataró), unexposed people (living at >3 km in Mataró) and inhabitants of Arenys de Mar. This profile is the same as that of PCDD/Fs in soil samples collected in 2015 and 2017, since PCDD/F levels were very similar in the different sampling sites. It must be highlighted that soil is an accumulative matrix; therefore, soils are suitable long-term environmental monitors [22]. Furthermore, since 1995, when the biological surveillance study was initiated, PCDD/Fs in whole blood has not increased with time. In both exposed and non-exposed groups, PCDD/Fs concentrations experienced a slight increase from 1995 to 1999, followed by a slight decrease from 1999 to 2002 and stabilization afterwards, with no relevant differences between them [13]. The results of the environmental monitoring program, which was started in 2008, indicates higher PCDD/F concentrations in soils in the first surveys, being notably reduced with time. Regarding PCBs, whole blood concentrations of the sum the congeners 138, 153 and 180 showed fluctuations according to the population group. The inhabitants of Arenys de Mar (background) presented the highest body burdens of PCBs (0.34 µg/g fat), while those living in Mataró (>3 km) and the facility workers showed the minimum values (0.15 and 0.16 µg/g fat, respectively). PCBs in soils also showed larger fluctuations than PCDD/Fs, although PCB soil levels in Arenys de Mar were found to be relatively low compared to those found in the city of Mataró.



The concentrations of PCDD/Fs and PCBs in both environmental compartments, soil, and air, were also correlated with a number of meteorological parameters, including average, mean and maximum temperature, humidity, rainfall prior to and during the sampling, and wind speed. Data from the five campaigns (2008–2017) were considered. Very interestingly, the mean ambient temperature correlated positively with PCBs in air and negatively with PCDD/Fs in soil, especially when considering the evaluation period between 2008 and 2015 (R2 = 0.977 and R2 = 0.978 for air PCBs and soil PCDD/Fs, respectively). The temperature-dependence of airborne PCBs has been already suggested by other researchers [23,24]. Moreover, it has been also observed that air temperature decreases the magnitude of deposition processes and increases the revolatilization of PCDD/Fs [25].



Beyond the temporal and spatial analysis of the data, the current (2015 and 2017) concentrations of PCDD/Fs and PCBs in soil and air samples were compared with values from the scientific literature. In the last few decades, a number of environmental monitoring studies have been carried out near MSWIs in Catalonia (Spain). Vilavert et al. [26] found, in 2014, a mean PCDD/Fs soil concentration of 0.63 ng WHO-TEQ/kg near the MSWI of Tarragona. A decreasing temporal trend was also observed from the baseline study, performed in 1999, when the mean level of PCDD/Fs in soil was 1.20 ng I-TEQ/kg. More recently (in 2015 and 2016), it was observed that the mean PCDD/F concentrations in soils collected near the MSWI of Girona ranged 0.36–0.39 ng WHO-TEQ/kg [27]. Moreover, soil PCDD/Fs near the MSWI of Sant Adrià de Besòs were reported to be much higher; 3.60 ng WHO-TEQ/kg in 2014 [28], and between 9.0 and 22 ng WHO-TEQ/kg in 2018–2019 [29]. The soil levels found near the MSWI of Mataró are lower than those previously found in the surroundings of other Catalan MSWIs. Furthermore, they are also lower than values reported by a number of investigators around other incinerators around the world. In China, Zhou et al. [30] found that PCDD/Fs in soil samples collected around the largest MSWI in China ranged from 0.520 to 3.40 ng I-TEQ/kg, with an average of 1.49 ng I-TEQ/kg, while Deng et al. [31] reported a range of 0.362–8.55 ng WHO-TEQ/kg in soil samples collected near a MSWI in Shanghai.



Contrasting with soils, PCDD/Fs concentrations in air samples collected near the MSWI of Mataró (0.020 pg WHO-TEQ/m3 in 2017) were slightly higher than values from studies performed near the incinerators of Tarragona and Girona (0.010 and 0.011 pg WHO-TEQ/m3, respectively) [27,32]. In turn, they are much lower than levels found near the MSWI of Sant Adrià de Besòs, where airborne PCDD/Fs levels have ranged from 0.026 to 0.044 pg WHO-TEQ/m3 in recent years [28,33]. Moreover, they are also in the lower side of the range compared to values reported in Shanghai (China), where PCDD/F values ranged from 0.031 to 0.41 pg WHO-TEQ/m3 [31]. They are also lower than those found near a MSWI in northern China, where average values of PCDD/Fs in ambient air samples collected in 2016 and 2017 were 0.078 and 0.10 pg I-TEQ/m3, respectively [34].



Since the current legislation does not establish any emission limits for PCBs, data on the environmental burdens of PCBs near MSWIs are more limited. However, it must be noted that PCB levels in soils sampled in the surroundings of Mataró are quite low. Domínguez-Morueco et al. [35] found ten times higher concentrations of PCBs in soils collected near the most important petrochemical area in Spain, with values ranging from 6620 to 14,070 ng/kg in soils. Very high levels of PCBs were also found in soil samples from northern Vietnam, with concentration ranges of 14,500–130,000 ng/kg [36]. In turn, airborne PCBs levels in Mataró were similar to those previously reported in other industrial and urban areas worldwide [37,38].



In addition to the analysis of chlorinated compounds in air samples, a specific gas:phase partitioning study was conducted. Regarding PCDD/Fs, the 3 points located closest to the facility showed a higher contribution of PCDD/Fs in particles than in gas, especially in 2015. On the other hand, the two phases presented a very similar contribution at the reference point (Arenys de Mar). Hence, it can be concluded that the sampling sites near the MSWI are subjected to different PCDD/Fs emission sources, either industrial (including the own incineration plant) or urban (especially in the city of Mataró), than the background site. In turn, this differentiation could not be established for PCBs, which were more predominant in the gas phase, especially in the campaign of 2015. In agreement with data from the scientific literature [39], the contribution of the particulate phase was lower in the lighter congeners of PCDD/Fs, namely tetra- and penta-dioxins and furans (20–45%), while in the heavier congeners (i.e., hepta- and octa-dioxins and furans), the contribution of the particulate phase varied between 70% and 100%.



The profile of human exposure to polychlorinated compounds by the population living near the plant was compared with that resulting from the exposure to PCDD/Fs and PCBs in the background area (Arenys de Mar). Thus, the health risks associated to the environmental exposure to PCDD/Fs were 2.5 times higher near the facility, while those related to PCBs exposure were similar to those found in the background site. Anyhow, the current carcinogenic risk was lower than the current threshold used by the national legislation as a warning level [40]. In 2012, we estimated that the dietary exposure to PCDD/Fs by the Catalan population was 2.3·10−4 ng WHO-TEQ/kg·day [41]. This value is 2–3 orders of magnitude higher than the environmental exposure calculated from the PCDD/Fs concentrations in air and soil samples collected around the plant. More specifically, according to exposure calculations, diet would mean >94% of the total exposure to PCDD/Fs in the area of influence of MSWI. In a similar dietary study, the dietary intake of PCBs by the same Catalan population was estimated in 11.5 ng/kg·day [41]. Considering this dietary intake, food consumption would be the most contributing pathway to PCBs exposure, being 2–4 orders of magnitude higher than the environmental exposure. Therefore, dietary exposure would be greater than 99% of the total exposure. In agreement to data from the scientific literature [42,43], these estimations clearly indicate that food consumption is the most contributing factor to the total health risks derived from the exposure to PCDD/Fs and PCBs.




5. Conclusions


In the period 2008–2017, an environmental monitoring program was conducted around the MSWI of Mataró, as a support tool for the biological surveillance survey simultaneously performed. Soil PCDD/Fs concentrations showed a significant decrease compared to the values found in previous studies (2008 and 2013). In turn, airborne PCBs showed a significant increase with respect to the baseline (2008) survey. These changes could be related to differences of meteorological conditions among samples. The ambient temperature played a key role in each study, as mean temperature correlated positively with PCBs in air and negatively with PCDD/Fs in soil. However, no important spatial differences were noted for both, PCDD/Fs and PCBs, in air and soil, being the concentrations similar to those previously reported in the surroundings of other waste incinerators. The gas:phase partitioning study highlighted the potential influence of some industrial and/or urban emission sources of PCDD/Fs near the facility since the particle phase was predominant in the closest sampling sites. The MSWI could be actually one of these emission sources. Furthermore, the human exposure to PCDD/Fs was 2.5-fold higher compared to that from the background area. In any case, the environmental exposure to these chemical pollutants is still minor in comparison to their dietary intake. In addition, the current cancer risk values are also well below threshold values. The global assessment of the data regarding the different pollutants (PCDD/Fs and PCBs) and matrices (soil and air) indicates that there has not been a general increase in the environmental pollution around the facility.







Author Contributions


Conceptualization, M.N. and J.L.D.; methodology, M.M. (Montse Mari) and M.M. (Montse Marquès); software, M.M. (Montse Mari); validation, J.R. and M.N.; formal analysis, M.N. and J.R.; investigation, M.N., M.M. (Montse Marquès), M.M. (Montse Mari), J.R., J.L.D. and M.N.; resources, M.N.; data curation, J.R.; writing—original draft preparation, M.N.; writing—review and editing, J.R., M.M. (Montse Marquès), M.M. (Montse Mari); visualization, J.R.; supervision, J.L.D.; project administration, M.M. (Montse Marquès); funding acquisition, M.N. and J.L.D. All authors have read and agreed to the published version of the manuscript.




Funding


This study was funded by the Maresme Consortium for Municipal Solid Waste Treatment, Catalonia, Spain.




Acknowledgments


The authors appreciate the technical assistance of all the people involved in the sampling, especially the staff of the schools where air samples were collected.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Quaß, U.; Fermann, M.; Bröker, G. The European Dioxin Air Emission Inventory Project—Final Results. Chemosphere 2004, 54, 1319–1327. [Google Scholar] [CrossRef]

	



Fiedler, H. Sources of PCDD/PCDF and impact on the environment. Chemosphere 1996, 32, 55–64. [Google Scholar] [CrossRef]

	



Nadal, M.; Mari, M.; Schuhmacher, M.; Domingo, J.L. Monitoring dioxins and furans in plasma of individuals living near a hazardous waste incinerator: Temporal trend after 20 years. Environ. Res. 2019, 173, 207–211. [Google Scholar] [CrossRef] [PubMed]

	



Jang, E.; Jeong, T.; Yoon, N.; Jeong, S. Source apportionment of airborne PCDD/F at industrial and urban sites in Busan, South Korea. Chemosphere 2020, 239, 124717. [Google Scholar] [CrossRef] [PubMed]

	



Qian, L.; Chun, T.; Long, H.; Li, J.; Di, Z.; Meng, Q.; Wang, P. Emission reduction research and development of PCDD/Fs in the iron ore sintering. Process Saf. Environ. Prot. 2018, 117, 82–91. [Google Scholar] [CrossRef]

	



Fiedler, H. Release Inventories of Polychlorinated Dibenzo-p-dioxins and Polychlorinated Dibenzofurans, In Dioxin and Related Compounds: Special Volume in Honor of Otto Hutzinger; Alaee, M., Ed.; Springer International Publishing: Cham, Switzerland, 2016; pp. 1–27. [Google Scholar]

	



Coudon, T.; Salizzoni, P.; Praud, D.; Danjou, A.M.N.; Dossus, L.; Faure, E.; Fervers, B. A national inventory of historical dioxin air emissions sources in France. Atmos. Pollut. Res. 2019, 10, 1211–1219. [Google Scholar] [CrossRef]

	



Fuster, G.; Schuhmacher, M.; Domingo, J.L. Flow analysis of PCDD/Fs for Tarragona Province, Spain: A preliminary inventory. Environ. Sci. Pollut. Res. 2001, 8, 91–94. [Google Scholar] [CrossRef]

	



Salian, K.; Strezov, V.; Evans, T.J.; Taylor, M.; Nelson, P.F. Application of national pollutant inventories for monitoring trends on dioxin emissions from stationary industrial sources in Australia, Canada and European Union. PLoS ONE 2019, 14, e0224328. [Google Scholar] [CrossRef]

	



Cheruiyot, N.K.; Lee, W.-J.; Yan, P.; Mwangi, J.K.; Wang, L.-C.; Gao, X.; Lin, N.-H.; Chang-Chien, G.-P. An overview of PCDD/F inventories and emission factors from stationary and mobile sources: What we know and what is missing. Aerosol Air Qual. Res. 2016, 16, 2965–2988. [Google Scholar] [CrossRef]

	



Marquès, M.; Domingo, J.L. Concentrations of PCDD/Fs in human blood: A review of data from the current decade. Int. J. Environ. Res. Public Health 2019, 16, 3566. [Google Scholar] [CrossRef]

	



Gonzalez, C.A.; Kogevinas, M.; Huici, A.; Gadea, E.; Ladona, M.; Bosch, A.; Bleda, M.J. Blood levels of polychlorinated dibenzodioxins, polychlorinated dibenzofurans and polychlorinated biphenyls in the general population of a Spanish Mediterranean city. Chemosphere 1998, 36, 419–426. [Google Scholar] [CrossRef]

	



Gonzalez, C.A.; Bleda, M.J.; Kogevinas, M.; Gadea, E.; Huici, A.; Bosch, A.; Ergo, O.P. Biomonitoring study of people living near or working at a municipal solid-waste incinerator before and after two years of operation. Arch. Environ. Health 2000, 55, 259–267. [Google Scholar] [CrossRef]

	



Parera, J.; Serra-Prat, M.; Palomera, E.; Mattioli, L.; Abalos, M.; Rivera, J.; Abad, E. Biological monitoring of PCDD/Fs and PCBs in the City of Mataró. A population-based cohort study (1995–2012). Sci Total Environ. 2013, 461–462, 612–617. [Google Scholar] [CrossRef]

	



Rovira, J.; Mari, M.; Nadal, M.; Schuhmacher, M.; Domingo, J.L. Environmental monitoring of metals, PCDD/Fs and PCBs as a complementary tool of biological surveillance to assess human health risks. Chemosphere 2010, 80, 1183–1189. [Google Scholar] [CrossRef] [PubMed]

	



Rovira, J.; Vilavert, L.; Nadal, M.; Schuhmacher, M.; Domingo, J.L. Temporal trends in the levels of metals, PCDD/Fs and PCBs in the vicinity of a municipal solid waste incinerator. Preliminary assessment of human health risks. Waste Manag. 2015, 43, 168–175. [Google Scholar] [CrossRef] [PubMed]

	



Herrero, M.; Rovira, J.; Marquès, M.; Nadal, M.; Domingo, J.L. Human exposure to trace elements and PCDD/Fs around a hazardous waste landfill in Catalonia (Spain). Sci. Total Environ. 2020, 710, 136313. [Google Scholar] [CrossRef]

	



Mari, M.; Rovira, J.; Sánchez-Soberón, F.; Nadal, M.; Schuhmacher, M.; Domingo, J.L. Partial replacement of fossil fuels in a cement plant: Assessment of human health risks by metals, metalloids and PCDD/Fs. Environ. Res. 2018, 167, 191–197. [Google Scholar] [CrossRef]

	



Marquès, M.; Nadal, M.; Díaz-Ferrero, J.; Schuhmacher, M.; Domingo, J.L. Concentrations of PCDD/Fs in the neighborhood of a hazardous waste incinerator: Human health risks. Environ. Sci. Pollut. Res. 2018, 25, 26470–26481. [Google Scholar] [CrossRef]

	



Van den Berg, M.; Birnbaum, L.S.; Denison, M.; De Vito, M.; Farland, W.; Feeley, M.; Fiedler, H.; Hakansson, H.; Hanberg, A.; Haws, L.; et al. The 2005 World Health Organization reevaluation of human and mammalian toxic equivalency factors for dioxins and dioxin-like compounds. Toxicol. Sci. 2006, 93, 223–241. [Google Scholar] [CrossRef]

	



Chakraborty, P.; Zhang, G.; Li, J.; Selvaraj, S.; Breivik, K.; Jones, K.C. Soil concentrations, occurrence, sources and estimation of air-soil exchange of polychlorinated biphenyls in Indian cities. Sci. Total Environ. 2016, 562, 928–934. [Google Scholar] [CrossRef]

	



Schuhmacher, M.; Domingo, J.L. Long-term study of environmental levels of dioxins and furans in the vicinity of a municipal solid waste incinerator. Environ. Int. 2006, 32, 397–404. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Wu, X.; Hou, M.; Zhao, H.; Chen, R.; Luo, C.; Zhang, G. Factors influencing the atmospheric concentrations of PCBs at an abandoned e-waste recycling site in South China. Sci. Total Environ. 2017, 578, 34–39. [Google Scholar] [CrossRef] [PubMed]

	



Gevao, B.; Porcelli, M.; Rajagopalan, S.; Krishnan, D.; Martinez-Guijarro, K.; Alshemmari, H.; Bahloul, M.; Zafar, J. Seasonal variations in the atmospheric concentrations of polychlorinated biphenyls in Kuwait. Chemosphere 2017, 189, 652–660. [Google Scholar] [CrossRef] [PubMed]

	



Cousins, I.T.; Beck, A.J.; Jones, K.C. A review of the processes involved in the exchange of semi-volatile organic compounds (SVOC) across the air-soil interface. Sci. Total Environ. 1999, 228, 5–24. [Google Scholar] [CrossRef]

	



Vilavert, L.; Nadal, M.; Schuhmacher, M.; Domingo, J.L. Two decades of environmental surveillance in the vicinity of a waste incinerator: Human health risks associated with metals and PCDD/Fs. Arch. Environ. Contam. Toxicol. 2015, 69, 241–253. [Google Scholar] [CrossRef]

	



Rovira, J.; Nadal, M.; Schuhmacher, M.; Domingo, J.L. Concentrations of trace elements and PCDD/Fs around a municipal solid waste incinerator in Girona (Catalonia, Spain). Human health risks for the population living in the neighborhood. Sci. Total Environ. 2018, 630, 34–45. [Google Scholar] [CrossRef]

	



Domingo, J.L.; Rovira, J.; Vilavert, L.; Nadal, M.; Figueras, M.J.; Schuhmacher, M. Health risks for the population living in the vicinity of an Integrated Waste Management Facility: Screening environmental pollutants. Sci. Total Environ. 2015, 518–519, 363–370. [Google Scholar] [CrossRef]

	



Van Drooge, B.L.; Abalos, M.; Abad, E.; Adrados, M.A.; Gomez, A.; Gallés, P.; Grimalt, J.O. Qualitative and quantitative changes in traffic and waste incineration PCDD/Fs in urban air and soils under different seasonal conditions (Metropolitan Area of Barcelona). Sci. Total Environ. 2021, 753, 142149. [Google Scholar] [CrossRef]

	



Zhou, Z.; Ren, Y.; Chu, J.; Li, N.; Zhen, S.; Zhao, H.; Fan, S.; Zhang, H.; Xu, P.; Qi, L.; et al. Occurrence and impact of polychlorinated dibenzo-p-dioxins/dibenzofurans in the air and soil around a municipal solid waste incinerator. J. Environ. Sci. 2016, 44, 244–251. [Google Scholar] [CrossRef]

	



Deng, Y.Y.; Peng, P.A.; Jia, L.J.; Mao, W.L.; Hu, J.F.; Yin, H.W. Environmental exposure-associated human health risk of dioxin compounds in the vicinity of a municipal solid waste incinerator in Shanghai, China. Bull. Environ. Contam. Toxicol. 2020, 105, 173–179. [Google Scholar] [CrossRef]

	



Vilavert, L.; Nadal, M.; Schuhmacher, M.; Domingo, J.L. Long-term monitoring of dioxins and furans near a municipal solid waste incinerator: Human health risks. Waste Manag. Res. 2012, 30, 908–916. [Google Scholar] [CrossRef] [PubMed]

	



Domingo, J.L.; Rovira, J.; Nadal, M.; Schuhmacher, M. High cancer risks by exposure to PCDD/Fs in the neighborhood of an Integrated Waste Management Facility. Sci. Total Environ. 2017, 607–608, 63–68. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, C.; Li, X.; Zhou, Z. Spatial and temporal variation, source profile of PCDD/Fs in the atmosphere of a municipal waste incinerator in China. Ecotoxicol. Environ. Saf. 2019, 184, 109615. [Google Scholar] [CrossRef]

	



Domínguez-Morueco, N.; Carvalho, M.; Sierra, J.; Schuhmacher, M.; Domingo, J.L.; Ratola, N.; Nadal, M. Multi-component determination of atmospheric semi-volatile organic compounds in soils and vegetation from Tarragona County, Catalonia, Spain. Sci. Total Environ. 2018, 631–632, 1138–1152. [Google Scholar] [CrossRef] [PubMed]

	



Hue, N.T.; Thuy, N.T.T.; Tung, N.H. Polychlorobenzenes and polychlorinated biphenyls in ash and soil from several industrial areas in North Vietnam: Residue concentrations, profiles and risk assessment. Environ. Geochem. Health 2016, 38, 399–411. [Google Scholar] [CrossRef] [PubMed]

	



Nadal, M.; Mari, M.; Schuhmacher, M.; Domingo, J.L. Multi-compartmental environmental surveillance of a petrochemical area: Levels of micropollutants. Environ. Int. 2009, 35, 227–235. [Google Scholar] [CrossRef]

	



Shahpoury, P.; Lammel, G.; Šmejkalová, A.H.; Klánová, J.; Přibylová, P.; Váňa, M. Polycyclic aromatic hydrocarbons, polychlorinated biphenyls, and chlorinated pesticides in background air in central Europe—Investigating parameters affecting wet scavenging of polycyclic aromatic hydrocarbon. Atmos. Chem. Phys. 2015, 15, 1795–1805. [Google Scholar] [CrossRef]

	



Mari, M.; Nadal, M.; Schuhmacher, M.; Domingo, J.L. Application of self-organizing maps for PCDD/F pattern recognition of environmental and biological samples to evaluate the impact of a hazardous waste incinerator. Environ. Sci. Technol. 2010, 44, 3162–3168. [Google Scholar] [CrossRef]

	



MMA. Guía Técnica de Aplicación del RD 9/2005, de 14 de enero, por el que se Establece la Relación de Actividades Potencialmente Contaminantes del suelo y los Criterios y Estándares para la Declaración de suelos Contaminados; Dirección General de Calidad y Evaluación Ambiental, Ministerio de Medio Ambiente: Madrid, Spain, 2007. [Google Scholar]

	



Perelló, G.; Gómez-Catalán, J.; Castell, V.; Llobet, J.M.; Domingo, J.L. Assessment of the temporal trend of the dietary exposure to PCDD/Fs and PCBs in Catalonia, over Spain: Health risks. Food Chem. Toxicol. 2012, 50, 399–408. [Google Scholar] [CrossRef]

	



Esplugas, R.; Mari, M.; Marquès, M.; Schuhmacher, M.; Domingo, J.L.; Nadal, M. Biomonitoring of trace elements in hair of schoolchildren living near a hazardous waste incinerator-a 20 years follow-up. Toxics 2019, 7, 52. [Google Scholar] [CrossRef]

	



García, F.; Marquès, M.; Barbería, E.; Torralba, P.; Landin, I.; Laguna, C.; Domingo, J.L.; Nadal, M. Biomonitoring of trace elements in subjects living near a hazardous waste incinerator: Concentrations in autopsy tissues. Toxics 2020, 8, 11. [Google Scholar] [CrossRef]








[image: Toxics 08 00111 g001 550] 





Figure 1. Sampling area. Blue sites indicate locations where samples of both soil and air were collected, while green sites indicate points where only soil was sampled. 
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Figure 2. Temporal trend of the levels of PCDD/Fs and PCBs in samples of soils collected in the neighbourhoods of the MSWI of Mataró in 2008, 2011, 2013, 2015 and 2017. 
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Figure 3. Temporal trends of the levels of PCDD/Fs and PCBs in air samples collected in the neighbourhoods of the MSWI of Mataró in 2008, 2011, 2013, 2015 and 2017. 
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Figure 4. Congener profile of PCDD/Fs and PCBs in samples of air collected near the MSWI of Mataró in 2015 and 2017 according to the gas:particle distribution (ND: Not detected). 
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Figure 5. Gas/phase partitioning of PCDD/Fs and PCBs in air samples collected near the MSWI of Mataró in 2015 and 2017. 
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Table 1. Environmental exposure to PCDD/Fs (ng WHO-TEQ/kg·day) and PCBs (ng/kg·day) by the adult population living in different locations around the MSWI of Mataró.
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	MSWI
	Mataró (<1.5 km)
	Mataró (>3 km)
	Arenys de Mar (>10 km)





	PCDD/Fs
	Soil ingestion
	1.98·10−7
	2.06·10−7
	2.19·10−7
	2.19·10−7



	
	Dermal absorption
	2.11·10−7
	2.16·10−7
	2.33·10−7
	2.33·10−7



	
	Air inhalation
	6.22·10−6
	3.75·10−6
	1.36·10−5
	2.74·10−6



	
	TOTAL
	6.63·10−6
	4.17·10−6
	1.41·10−5
	3.19·10−6



	PCBs
	Soil ingestion
	5.57·10−4
	9.99·10−4
	2.05·10−3
	5.23·10−4



	
	Dermal absorption
	2.77·10−3
	4.97·10−3
	1.02·10−2
	2.60·10−3



	
	Air inhalation
	1.52·10−2
	1.45·10−2
	2.44·10−2
	1.29·10−2



	
	TOTAL
	1.85·10−2
	2.05·10−2
	3.67·10−2
	1.60·10−2
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