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Abstract
Wastewater generation rates have increased considerably in recent years due to population growth, urbanisation, and 
industrialisation. Although wastewater treatment plants (WWTPs) play a crucial role in purifying wastewater and mitigating 
industrial and domestic pollution in global freshwater reserves, their impact on air quality in nearby areas is frequently 
neglected. Therefore, this study assessed air quality in two WWTPs in Toledo, Spain. One is located in an industrial area 
and processes both industrial and domestic sewage (WWTP1), and the other is situated in a rural area and treats domestic 
wastewater (WWTP2), handling approximately double the treatment flow. Moreover, the aeration systems in the bioreactors 
differ. Measurements were made over a period of 6 months and included levels of gaseous emissions, such as SO2, CO, NOx, 
O3, volatile organic compounds (VOCs), particulate matter (PM2.5 and PM10), and trace elements (TEs). Environmental 
and health risk indicators were calculated to estimate the impact of exposure to air pollution on nearby ecosystems and the 
population’s health, respectively. The study revealed a low contribution of the WWTPs to the SO2, CO, and PM levels. 
However, WWTP1 showed an NOx annual average concentration close to the legislated threshold, and the target O3 value 
for the protection of human health was also exceeded. Regarding VOCs, the main contribution was the group of oxygenated 
aromatics. Concerning TEs, a high enrichment factor value was obtained for sodium, arsenic, selenium, potassium, nickel, 
copper, zinc, and lead at WWTP1 and for zinc, cadmium, copper, and selenium at WWTP2.

Keywords  Wastewater treatment plant · Criteria air pollutants · Particles · Trace elements · Volatile organic compounds · 
Environmental indicators and health risk

Introduction

Water is a fundamental natural resource that is essential for 
life, livelihood, food security, and sustainable economic 
development (Somlyòdy and Varis 2006). According to the 
2018 edition of the United Nations World Water Develop-
ment Report, nearly 6 billion people will suffer from clean 
water scarcity by 2050 (WWDR 2018). This is the result of 
different anthropogenic activities linked to climatic change 

and the growing population size. With the rapid expansion 
of the population, cities, and industries, a large volume of 
wastewater is expected to be generated. The average daily 
volume of wastewater generated by human activities depends 
on water availability, cultural factors, the cost of the water, 
and the economic conditions (Kalavrouziotis and Kalav-
rouziotis 2015). Wastewater treatment, also called sewage 
treatment, is a fundamental part of global urbanisation as it 
removes impurities and pollutants through a series of bio-
logical and physical processes in distinct reactors, produc-
ing water of an acceptable quality, which is released back 
into the environment. Thus, the establishment of wastewater 
treatment plants (WWTPs) significantly reduces untreated 
wastewater released into the environment through several 
stages. These multi-stage processes release different cat-
egories of pollutants to the atmosphere (Al-Dosary et al. 
2015; Mamais et al. 2015). WWTPs are a source of green-
house gases (GHGs), such as methane (CH4), nitrous oxide 
(N2O), and carbon dioxide (CO2) (Wang et al. 2022; Zhou 
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et al. 2022), volatile organic compounds (VOCs), metals, 
and particulate matter (PM) (Du et al. 2020; Upadhyay et al. 
2013). Several studies have focused on the characterisation 
and quantification of GHGs (Zhou et al. 2022; Stadler et al. 
2021; Caivano et al. 2017; Foley et al. 2015). However, the 
emission of criteria pollutants, VOCs, PM, and metals has 
been less extensively measured. For instance, during ammo-
nium nitrification by ammonium-oxidising bacteria, NO2 is 
produced, and NO is formed by the oxidation of hydroxy-
lamine to NO2. Moreover, the nitrite denitrifier activity with 
hydrogen, ammonium, or pyruvate as an electron donor pro-
duces NO (Foley et al. 2015; Gustavsson and Cour Jansen 
2011). Moreover, VOCs can also be released into the atmos-
phere through volatilisation during aeration treatment (Yang 
et al. 2014), while PM can be emitted by aeration processes 
(Upadhyay et al. 2013) or due to mechanical action (Liu 
et al. 2020; Yang et al. 2019). Furthermore, the residual mat-
ter from the treatment processes, i.e. sewage sludge (SS), 
could contain harmful substances, such as heavy metals, and 
poorly biodegradable organic compounds (Seggiani et al. 
2012). Consequently, pollutants released from wastewater 
treatment or by-products, such as sludge, could contribute to 
air quality deterioration. Thus, this study aimed to identify 
criteria pollutants, PM, trace elements (TEs), and a broad 
range of VOCs to explain the impacts of WWTPs on air 
quality.

Materials and methods

WWTP description and sample collection

The air quality of two municipal WWTPs in Toledo, Spain, 
was evaluated based on certain atmospheric pollutants. 
Toledo is a city situated on a rugged promontory surrounded 
on three sides by the Tagus River, 73 km southwest of the 
Spanish capital, Madrid. It covers an area of 232.1 km2 and 
has 86,070 inhabitants (INE 2023). Toledo has a continen-
tal Mediterranean climate, with a low level of rainfall con-
centrated in spring and at the end of autumn (Kottek et al. 
2006).

From August 2021 to January 2022, air samples were 
obtained from a WWTP located in a residential and indus-
trial neighbourhood of Toledo (denoted as WWTP1). 
WWTP1 has a capacity of 24,000 m3 sewage/day, although 
the average capacity currently is 8000 m3/day. The plant 
receives domestic (60%) and industrial (40%) sewage. 
From February 2023 to July 2023, air samples were col-
lected in another WWTP (denoted as WWTP2), which is 
in a rural area of Toledo. WWTP2 has a capacity of 36,000 
m3 sewage/day, although the real average capacity cur-
rently is 13,000 m3/day. The plant receives only domestic 
sewage from the remaining neighbourhoods of Toledo. A 

description of WWTP1 and WWTP2 and the location of 
measurement points is shown in Fig. S1. Both WWTPs 
also differ in the aeration treatment in the bioreactor. At 
WWTP1, the oxygen supply is made by means of mechani-
cal agitation on the surface, which moves the whole water 
mass. However, WWTP2 used a series of submerged grills 
(membrane diffusers) that cover the entire bottom surface 
of the aeration tank, making agitation more distributed and 
controlled (Rizzardi et al. 2023).

The results of both WWTPs were compared to the values 
monitored by the air quality station of Toledo. This suburban 
background air quality station is in a residential and com-
mercial area, and consequently, the main emission source 
that affects this station is traffic and combustion. The station 
is around 6.1 km away from WWTP1 and 8.8 km away from 
WWTP2 (Fig. S1) and serves as a reference (JCCM 2020a, 
2020b).

Instrumentation

Our previous studies have provided detailed descriptions of 
the air quality monitoring equipment used in the present 
study (Viteri et al. 2023, 2024), and only a brief description 
is given here. The equipment used is based on the official 
methods included in Annex VII of R.D. 102/2011, of 28 
January, relative to air quality improvement.

Prior to starting each campaign in both WWTPs, the 
analysers were calibrated to ensure optimal data quality. 
Calibration was carried out by Envira, which has ENAC 
accreditation to act as an accredited laboratory according 
to UNE-EN ISO/IEC 17025:2005. Moreover, maintenance, 
such as changes in filters and verification, was carried out 
every month.

Gases (criteria pollutants)

O3 was measured using a UV-absorption technique (T400, 
Teledyne), and CO was determined using the reference 
method based on IR absorption (T300, Teledyne). SO2 was 
monitored with an instrument based on the standard UV 
fluorescence technique (T100U, Teledyne), and NOx (NO 
+ NO2) was measured by chemiluminescence detection 
(T200P, Teledyne). All the equipment was installed inside 
a thermally regulated cabin with a sampling manifold to 
maintain a constant working temperature of 22 ± 2 °C. Con-
tinuous data were used to build 10-min and hourly average 
data files.

VOCs were collected on sorbent stainless steel multi-bed 
tubes filled with Tenax TA/Carbograph 1 TD/Carboxen 1003 
(Markes MKC3 AAXX5266 for analytes in the range C2/3 to 
C30/32). An MTS-32 multi-tube sequential sampler (Markes) 
was used for these collections, with active sampling per-
formed according to the reference EPA TO-17 method 
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(EPA TO-17 1999). Each campaign consisted of the collec-
tion of 28 samples (4 per day in each week) with pumping 
air volumes of approximately 25 mL min−1. Additionally, 
four tubes were also placed in the system throughout the 
whole campaign without flow to serve as references. The 
tubes were thermally desorbed using a Shimadzu TD-30R 
thermal desorption system and analysed with a Shimadzu 
GC-MS TQ8040 triple quadrupole mass spectrometer for 
the identification and quantification of analytes in the air 
samples. A DB-624UI GC column (60 m × 0.25 mm × 1.4 
mm) was employed for the analysis. For each campaign 
week, a calibration curve was obtained by preparing a set 
of eight diluted samples from a commercial calibration mix 
(8260 Restek) containing the certified concentration (2000 
µg mL−1) of 76 pollutants. The analysis procedure and the 
average detection limit for each component have been previ-
ously reported (Viteri et al. 2023). The detection limit for 
the studied compounds was in the range of 2×10−3–5×10−2 
µg m−3.

PM2.5 and trace elements

The mass concentrations of PM2.5 and PM10 were measured 
using the β-ray absorption method (BAM 1022 instrument, 
Met One). Moreover, PM2.5 was sampled on glass fibre 
filters (Whatman, 47 mm) using a low-volume Comde-
Derenda sampler device (2.3 m3 h−1) for TE analysis. TEs 
suspended on PM2.5 were determined according to standard 
UNE-EN-14902: 2006. The concentrations of sodium (Na), 
aluminium (Al), potassium (K), calcium (Ca), iron (Fe), zinc 
(Zn), nickel (Ni), arsenic (As), cadmium (Cd), lead (Pb), 
chromium (Cr), cobalt (Co), manganese (Mn), copper (Cu), 
magnesium (Mg), mercury (Hg), and selenium (Se) were 
analysed using a triple quadrupole ICP-MS iCap-TQ instru-
ment (Thermo Electron Corporation, Germany). The condi-
tions are summarised in Supplementary Data, Text S1, and 
Table S1. The detection limits and metal concentrations in 
the blank filter sample are detailed in Supplementary Table 
S2.

Air mass back trajectory analysis

The analysis of the origin and frequency of air masses was 
simulated using the online National Oceanic and Atmos-
pheric Administration HYbrid Single Particle Lagrangian 
Integrated Trajectory (HYSPLIT) software (Stein et  al. 
2015). In this study, two types of back trajectories were cal-
culated: (a) for PM2.5-bound TEs based on a 7-day sampling 
period at a height of 1000 m (Bouchlaghem et al. 2021), 
(b) for dust intrusions over 2 days at altitudes from 1000 
to 3000 m (Escudero et al. 2005, 2016). These trajectories 
were launched at 14 UTC every 12 h, and a maximum of 14 

trajectories were generated to capture variability during the 
measurement period. These ensembles of trajectories were 
designed to represent the atmospheric boundary layer condi-
tions from which the air masses originated. The Lagrangian 
trajectories were driven by GFS meteorological fields with 
a resolution of 0.25° (Kwok et al. 2017).

Environmental and health risk indicators

The ozone formation potential (OFP), the secondary organic 
aerosol formation potential (SOAFP), the carcinogenic risk 
(CR) and non-carcinogenic risk in terms of the hazard index 
(HI), the enrichment factor (EF), and the potential ecological 
risk index (RI) were calculated to assess the potential haz-
ards posed by the studied pollutants to both ecosystems and 
human health. More information about the environmental 
and health risk indicators is included in the Supplementary 
Data (Text S2).

Statistical analysis

Statistical analyses were conducted using SPSS (IBM SPSS 
Statistics 24). Before performing statistical analyses, the 
normality of the data distribution was assessed using the 
Kolmogorov–Smirnov test. Parametric tests (analysis of 
variance (ANOVA) and Student’s t test) or non-parametric 
tests (Mann–Whitney U and Kruskal–Wallis tests) were per-
formed depending on data normality. Spearman’s correla-
tion test was used to determine the relationships between 
the parameters. For all statistical tests, a significance level 
of p < 0.05 was used, while correlation tests showed a lower 
significance threshold at p < 0.01.

Results and discussion

Sulphur dioxide and carbon monoxide

The SO2 concentrations at WWTP1 ranged from 1.4 to 2.2 
μg m−3, with a mean value of 1.8 ± 0.1 μg m−3. In con-
trast, at WWTP2, the concentration ranged from 7.8 to 12.1 
μg m−3, with a mean value of 9.5 ± 0.1 μg m−3. At both 
WWTPs, the lowest values were recorded during the cold 
season (December and January in WWTP1 and February in 
WWTP2), while the highest values were achieved in summer 
(August in WWTP1 and July in WWTP2). This seasonal 
variation was also registered in the air quality station, with 
statistically significant differences between the warm and 
cold seasons (p-value < 0.05). Emission sources, such as 
traffic and/or industrial activities, could be the cause of this 
behaviour. In an Iraqi WWTP, Al Kindi et al. (2022) simi-
larly found the highest mean concentration during the sum-
mer season near an aeration tank or bioreactor. SS contains 
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sulphur in a range of 0.3–2.3 wt% (Dewil et al. 2008). Dur-
ing SS thickening, the oxygen level decreases due to micro-
bial activity, leading to the gradual reduction of sulphates to 
sulphides. As a result, in sludge dewatering, there is a minor 
fraction of sulphur in the sludge water because sulphates 
have already been reduced to insoluble sulphides, mainly 
hydrogen sulphide (H2S) (Dewil et al. 2008, 2009). H2S is 
one of the main precursors of SO2 in the atmosphere (Wayne 
2000); thus, it has been determined that the H2S concentra-
tions emitted from water highly contaminated with organic 
sulphur compounds are correlated with the ambient SO2 
concentrations (Muezzinoglu 2003).

The levels recorded at the Toledo air quality station were 
significantly higher than those measured at WWTP1 but lower 
than those measured at WWTP2 (p-value < 0.05) (Fig. 1). 
The higher SO₂ concentrations measured at WWTP2 could 
be due to its significantly greater wastewater flow, which is 
approximately double that of WWTP1. Moreover, WWTP1 
utilises deodorisation towers with a NaOCl/NaOH solution 
for chemical air washing, effectively reducing the emission 

of sulphur-containing compounds, while WWTP2 does not 
employ this method. The daily limit of 125 µg m−3 established 
by Spanish statutory thresholds R.D. 102/2011 (dated January 
28, in relation to air quality) has never been exceeded.

The weekend effect of SO2 concentrations was analysed 
in both WWTPs to detect the influence of human-related 
activities. SO2 concentrations were significantly higher on 
weekdays only at WWTP1 (p-value < 0.05, Fig. S2). This 
could be due to the contribution to SO2 emissions from traf-
fic and/or industrial activities close to WWTP1.

However, the CO concentrations measured at WWTP1 
ranged from 0.15 (September and October) to 0.38 mg m−3 
(January), with a mean value of 0.22 ± 0.02 mg m−3. In con-
trast, at WWTP2, the concentration ranged from 0.67 (March) 
to 1.62 mg m−3 (July), with a mean value of 1.20 ± 0.02 μg 
m−3 (Fig. 1). No data were available in February at WWTP2 
due to a fault in the analyser. The values at WWTP1 ​were 
quite consistent each month, but they were somewhat higher in 
December and January, probably due to vehicles and heating 
systems. However, at WWTP2, values increased from March to 

Fig. 1   Monthly average SO2 
and CO (right axis) concentra-
tions at the wastewater treat-
ment plants (WWTPs) and the 
air quality station of Toledo.

SO2 WWTP1 SO2 Toledo CO WWTP1

SO2 WWTP2 SO2 Toledo CO WWTP2
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July, with maximum values achieved in July. At WWTP2, CO 
could be generated during aerobic digestion of organic waste, 
such as CO2 (Stegenta-Dąbrowska et al. 2019). Previous stud-
ies in Taiwan registered mean values of 0.75 ± 0.44 (Widiana 
et al. 2017) and 0.64 ± 0.40 mg m−3 (Widiana et al. 2019). 
These values are comparable to the concentrations measured 
at WWTP2. The Toledo air quality monitoring station does not 
measure CO; therefore, a comparison could not be made. The 
maximum daily 8-h mean value for CO (10 mg/m3) was not 
exceeded (R.D. 102/2011). The measurements recorded were 
0.29 mg m−3 at WWTP1 and 0.18 mg m−3 at WWTP2.

A weekend effect was again observed at WWTP1 when 
plotting the average CO concentration for working days and 
Sundays for the different weeks of the study (Fig. S3). Statistical 
significance was observed (p-value < 0.05). These results suggest 
that CO levels may be influenced by an additional source, with 
traffic and industry being the most likely contributors.

Nitrogen oxides

No data were available for March, April, or May at WWTP2 
due to a fault in the analyser. At WWTP1, the monthly 

average NO and NO₂ concentrations ranged from 1.6 to 22.6 
µg m−3 and from 11.7 to 34.0 µg m−3, respectively; the mini-
mum and maximum values recorded in August and January, 
respectively. However, at WWTP2, NO and NO₂ concentra-
tions ranged from 2.0 to 9.1 µg m−3 and from 6.1 and 12.2 µg 
m−3, with minimum and maximum values recorded in July 
and February, respectively. As shown in Fig. 2, NOx concen-
trations exhibited an increasing trend from the warm to the 
cold season for both WWTPs, with statistically significant 
seasonal differences (p-value < 0.05). These high concentra-
tions observed in autumn and winter are often attributed to 
unfavourable meteorological conditions (Cai et al. 2017; He 
et al. 2017; Zhao et al. 2016), such as low temperatures, high 
relative humidity, a lower planetary boundary layer, stagnant 
wind conditions, and increased emissions from heating sys-
tems (Lei et al. 2022).

Thus, the average NOx concentration measured was 39.8 
± 0.4 µg m−3 at WTTP1 and 16 ± 0.4 µg m−3 at WTPP2. 
The average NOx value achieved at WWTP1 was close to 
the annual limit value established by RD 102/2011 (40 µg 
m−3 expressed as NO2). NOx can be released during nitrogen 
removal in WWTPs (Fuerhacker et al. 2001). Nitrogen in 

Fig. 2   Monthly average NOx 
concentrations at the wastewater 
treatment plants (WWTPs) and 
the Toledo station

NO2 WWTP1

NO2 Toledo
NO WWTP1
NO Toledo

NOx WWTP1

NOx Toledo

NO WWTP2
NO Toledo

NOx WWTP2
NOx ToledoNO2 Toledo

NO2 WWTP2
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wastewater is typically removed through biological treat-
ment processes, specifically nitrification and denitrification. 
During ammonium nitrification, NO is produced in the bio-
reactor by ammonium-oxidising bacteria (Lipschultz et al. 
1981). When NO is released into the atmosphere, it reacts 
with O₂ to form NO2. The NOx levels at WWTP1 were 
significantly higher than those measured at the monitoring 
station, while the values at WWTP2 were lower. WWTP1 
is located in an urban area with traffic and industry, which 
can contribute to increased NOx emissions from the plant. 
Additionally, colder temperatures tend to increase fossil 
fuel combustion for heating and often lead to greater use of 
personal vehicles for transportation. In contrast, WWTP2, 
located far from residential and industrial areas, showed the 
lowest NOx values, likely resulting from biological treat-
ment processes and sludge management.

In the case of NOx, weekend effects were observed at 
both WWTPs (Fig. S4), showing statistically significant 
differences (p-value < 0.05). However, this effect is more 
noticeable at WWTP1, probably due to the traffic and indus-
try close to this plant.

Regarding the hourly behaviour of NOx, two max-
ima were observed for the overall months (especially at 
WWTP1), one in the early morning, and the other in the 
late afternoon (Fig. S5). Both NOx maxima coincided with 
peak-hour traffic, mainly at WWTP1 due to its location, and 
at WWTP2 between entry and exit of employees. Moreover, 
these peaks coincided with an increase in flow wastewater 
rates, which reached WWTPs due to residential areas.

Ozone

No data were available for November at WWTP1 and for 
March and April at WWTP2 due to faults in the analyser. 
During the months with data available, the monthly aver-
age O3 concentrations at WWT1 ranged between 30.1 and 
91.7 µg m−3, with an average value of 68.1 ± 0.6 µg m−3. In 
contrast, at WWTP2, the concentrations ranged from 53.5 
to 73.8 µg m−3, with an average value of 65.5 ± 0.6 µg m−3. 
Fig. 3 shows the monthly O3 concentrations of the Toledo air 
quality station and WWTPs. The objective value for human 

Fig. 3   Monthly average O3 
concentrations at the wastewater 
treatment plants (WWTPs) and 
the Toledo station.

O3 WWTP1 O3 Toledo

O3 WWTP2 O3 Toledo
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protection, set at 120 μg m−3, was reached on 27 days at 
WWTP1 and 9 days at WWTP2 over 6 months of measure-
ment. However, this level should not be exceeded for more 
than 25 days in any calendar year (R.D. 102/2011). There-
fore, there is a potential risk to both the population and the 
personnel working at these facilities.

At both WWTPs, O3 concentrations were higher during 
the warm season and decreased in the cold season (p-value 
< 0.05), exhibiting a pattern similar to that observed at the 
Toledo air quality station. Both WWTPs showed significant 
statistical differences with the Toledo station for O3 (p-value 
< 0.05). In contrast to NOx, O3 levels reached their maxi-
mum concentrations in spring and summer. In autumn and 
winter, when the solar irradiation intensity decreased, the O3 
concentration in the surface atmosphere decreased. Fig. S6 
shows the hourly profiles of O3 for two characteristic months 
of summer and winter, with a peak between 14 and 15 UTC 
when solar radiation is more intense, and temperatures are 
higher. Moreover, ground level O3 concentrations depend on 
the absolute and relative concentrations of its precursors and 
the intensity of solar radiation (Abdul-Wahab and Bouhamra 
2004). O3 formation increases with increasing VOC concen-
trations, while rising NOx levels increase or decrease O3 
depending on the prevailing ratio between VOCs and NOx 
(Seinfeld and Pandis 2006). The slightly higher O₃ values 
found at WWTP1 could be attributed to the UV disinfection 
process in the tertiary stage. Here, water is further purified 
by removing any remaining pollutants and impurities to meet 
specific quality standards before it is discharged back into 
the environment or reused. Both WWTPs use UV disinfec-
tion, i.e. water is exposed to UV light, which damages the 
genetic material of microorganisms, making them unable 
to replicate and causing their destruction (González et al. 
2023).

At WWTP1, this process is used most frequently, 
particularly during the warm season, for gardening purposes 
rather than solely for the plant’s own use, as is the case 
with WWTP2. UV irradiation can also facilitate in situ O₃ 
formation, as UV light can generate ozone from atmospheric 
oxygen at wavelengths shorter than 240 nm (Alahdal et al. 
2021).

VOCs

A week-long campaign was carried out each month to sam-
ple VOCs at WWTPs: September and December at WWTP1 
and February, March, April, and June at WWTP2. Samples 
were collected every 6 h at four different time intervals 
(Table S3). The tandem MS analysis enabled the identifica-
tion and quantification of 51 VOCs at WWTP1 (with con-
centrations between 0.002 and 25 μg m−3) and 60 VOCs at 
WWTP2 (with concentrations between 0.004 and 17.8 μg 
m−3) out of 76 target pollutants. The remaining compounds 

in the reference standard were below the detection limits of 
the analytical method.

Regarding the hourly variation of VOCs, many of 
the compounds exhibited significant differences during 
the period from 12:00 to 18:00 (p-value < 0.05) at both 
WWTPs. Low concentration levels in the afternoon may 
be attributed to photochemical reactions that occur during 
this time, which are favoured by greater solar radiation and 
high temperatures. These conditions promote a reaction that 
eliminates VOCs to form ozone (Ho et al. 2004).

As shown in Fig. 4, the largest contribution of VOCs iden-
tified in the WWTPs was from oxygenated aromatics group, 
accounting for 49.7% at WWTP1 and 48% at WWTP2. This 
was followed by oxygenated compounds, which made up 
17.3% at WWTP1 and 36.6% at WWTP2, and aromatic 
compounds, which comprised 26.1% at WWTP1 and 11.6% 
at WWTP2. Most of these compounds likely originated from 
organic matter decomposition in wastewater, with significant 
emissions occurring in the aeration tanks (Hamoda 2006; 
Yang et al. 2014). However, emissions from traffic, espe-
cially at WWTP1, could not be ruled out. The presence of 
several VOCs detected in this work is consistent with previ-
ous studies carried out in other WWTPs.

At a WWTP in Taiwan, Widiana et al. (2017) found that 
the most abundant VOCs were toluene, ethanol, and acetone, 
with concentrations greater than 20 μg m−3. Other identi-
fied compounds included hexane, ethylbenzene, xylenes, 
and ethyl acetate, with aromatic compounds being the 
most prevalent. Similarly, a study conducted in Turkey by 
Dincer and Muezzinoglu (2008) reported that monoaromat-
ics comprised 69% of the total VOCs, followed by sulphur 
compounds (14%), halogenated compounds (10%), and 
aldehydes (6%). A WWTP in Mexico (Ramírez et al. 2011) 
measured higher concentrations of styrene (48–574 μg m−3), 
chloroform (2.22–155 μg m−3), ethylbenzene (20.5–96.9 μg 
m−3), m-p xylene (35.3–136 μg m−3), and 1,2,3 trimethylb-
enzene (56.9–104 μg m−3) likely due to the facility process-
ing industrial wastewater.

When analysing the weekend effect (Fig.  S7), no 
significant changes were observed at either WWTP (p-value 
< 0.05), indicating that for these compounds, traffic and/or 
industrial emissions at WWTP1 were less relevant than for 
NOx, SO2, and CO.

VOCs can have a significant impact on human health and 
the environment; thus, their identification in the WWTPs can 
determine the environmental impact of both the individual 
and combined effects. Thus, Table S4 shows the calculated 
OFP, SOAPF, OIV, CR, and HI at both facilities.

The odour emitted by WWTPs is a social problem. Thus, 
OIV was obtained by dividing the average concentration of 
each VOC quantified by its odour threshold. Odour threshold 
values for VOCs were taken from Nagata (2003). As shown 
in Table S4, the major odour contributors identified were 
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α-pinene and aromatics, highlighting toluene at WWTP1 
(Schauberger et al. 2011). Moreover, toluene had the highest 
OFP value at both WWTPs, with an average value of 75.6 
at WWTP1 and 12.8 at WWTP2. M-xylene, o-p xylenes, 
ethylbenzene, and 1,2,4-trimethylbenzene were also VOCs 
with high OFP values. Although ethylbenzene and 1,2,4-tri-
methylbenzene presented lower average concentrations at 
both WWTPs, they had a high MIR value. Thus, their OFPs 
were higher than the other compounds. Moreover, VOCs 

play a crucial role in SOA formation of SOA; thus, based on 
the SOAPF calculations (Eq. S3), toluene, benzene, ethylb-
enzene, and xylenes were the principal SOA contributors in 
the WWTP campaigns (Table S4).

Of the evaluated VOCs, 13 were considered carcinogenic 
groups by the International Agency for Research on Cancer 
(IARC). Benzene is in group 1 (carcinogenic to humans); 
styrene in group 2 A (probably carcinogenic to humans); car-
bon tetrachloride, ethylbenzene, chloroform, naphthalene, 

Fig. 4   Average percentage 
contribution by type of volatile 
organic compound (VOC) 
release at both wastewater treat-
ment plants (WWTPs)
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and 2-nitropropane in group 2B (presumably carcinogenic 
to people); and toluene, bromoform, and 1,1,2-trichloroeth-
ane in group 3 (there is no evidence that they cause cancer 
in humans). Equation 4 showed an insignificant CR for all 
VOCs (CR < 10−6), except benzene at WWTP2, with a value 
of 1.1510−5 (Table S4). Regarding non-cancer risk health 
effects, such as sensory irritation of the eyes, nose, and 
throat, none of the VOCs evaluated represented a potential 
health risk since the HI was less than 1 (Eq. S6) (EPA 2009; 
Ramírez et al. 2012).

In the air quality normative, only benzene has set a limit 
for the protection of human health. The annual mean value 
should not exceed 5 µg m−3 (R.D.102/2011). The average 
concentrations were 3.4 ± 1.7 μg m−3 at WWTP2, and 
0.8 ± 0.2 μg m−3 at WWTP1. These values are below the 
legislated limit.

PM

The PM2.5 measurements at WWTP1 gave average values 
of 5.3 μg m−3 in November and 9.5 μg m−3 in August, with 
a mean value of 6.5 ± 1.0 μg m−3. These values were below 

the annual limit established by R.D. 102/2011 (20 μg m−3). 
Statistically significant differences were observed between 
the warm and cold seasons (p-value < 0.05) with larger val-
ues in the warm season (Fig. 5a). The higher number of 
days with Saharan dust intrusions observed during August 
2021 (16 days) compared to the rest of the study months 
(MITECO 2022) may be the cause of the higher PM2.5 con-
centration measured in this season. This was confirmed with 
the back trajectory representations (Fig. S8), in which air 
masses from Africa were clearly observed during August 
2021. At WWTP2, PM10 ranged from 4.0 μg m−3 in March 
to 8.3 μg m−3 in February, with a mean value of 6.2 ± 1.0 
μg m−3 (Fig. 5b). These PM10 values ​were also lower than 
the annual limit established by RD102/2011 (40 μg m−3). No 
statistically significant differences were observed between 
the warm and cold seasons (p-value ˃ 0.05), despite that an 
increase in the relative humidity can increase the particle 
concentration. Thus, the PM concentrations were slightly 
higher in wetter months, such as December 2021 (RH = 
78%) and January 2022 (RH = 74%) at WWTP1 and Febru-
ary 2023 (RH = 66%) at WWTP2, than in autumn (average 
RH = 65%) and spring (RH = 54%) at both WWTP1 and 

Fig. 5   Monthly average 
particulate matter (PM) data 
at wastewater treatment plants 
(WWTPs) and air quality sta-
tions
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WWTP2. However, other factors, such as the suspension of 
PM of mineral origin in dry soil conditions and the intrusion 
of Saharan dust, led to higher concentrations in the warm 
season, counteracting the effects of humidity.

As shown in Fig. 5, although PM data for the studied 
period exhibited a behaviour similar to the Toledo air qual-
ity station, the concentrations were lower. Upadhyay et al. 
(2013) showed that the overall emissions of fine and coarse 
particles at WWTPs were small compared to other urban 
sources because they were removed by odour treatment 
units.

Since our sampling point was about 100 m from the 
aeration tanks (Fig. S1), we carried out punctual measures 
close to the bioreactor and at the sample point with portable 
PM equipment with different diameters (Aeroqual Series 
200 model for PM10 and PM2.5, and model PCE-PQC 12EU 
for particles smaller than 1 μm). Average PM1, PM2.5, 
and PM10 concentrations measured in the aeration tanks 
at WWTP1 were four times higher than those measured 
at the usual sample point (Table S5). Thus, the diffuse 
aeration process that took place in WWTP1 resulted in the 
bursting of bubbles on the surface of the liquid, transferring 
particles and bioaerosols to the atmosphere (Piqueras 2017). 
However, in the case of WWTP2, there was no difference. 
These results are similar to those observed by Upadhyay 
et  al. (2013), who showed that aeration tanks were an 
important source of particle emissions into the atmosphere 
and that the oxygen supply by means of membrane diffusers 
at WWTP2 is more distributed and controlled and emits less 
PM to the atmosphere.

Regarding the weekend effect, significant statistical 
differences (p-value > 0.05) were observed at both WWTPs, 
probably due to the decrease in traffic and industry at 
WWTP1 and a lower wastewater flow rate at both WWTPs 
(Fig. S9).

African dust intrusions were registered in the Iberian Pen-
insula (MITECO 2021, 2022, 2023) during the study period, 
indicating that these events could significantly contribute 
to the PM fraction at both WWTPs. By calculating back 
trajectory frequencies for the 48-h sampling period on days 
with high PM levels, we identified these events (Fig. S8), 
particularly at WWTP1, where Saharan intrusions signifi-
cantly contributed to background particles.

Trace elements associated with PM2.5

In addition to continuous PM measurements, PM2.5 samples 
were collected to analyse their TE load. PM2.5 has a greater 
capacity for dispersion and long-range transport, making it 
susceptible to transfer to other carriers, which can lead to 
indirect pollution (He et al. 2022; WHO 2006). Table S6 
summarises the average TE concentrations in PM2.5 for the 
WWTPs. At WWTP1, the average metal concentration was 

12.8 ± 9.4 × 103 ng m−3, contributing to 47.4% of the PM2.5 
mass. The predominant elements identified in the study area 
were Na, Zn, K, Al, Ca, Mg, and Fe, which accounted for 
nearly 100% of the total metal concentration, as other ele-
ments were present at concentrations below 2 ng m−3. At 
WWTP2, the total average concentration was 7.6 ± 9.9 × 
103 ng m−3, contributing to 12.6% of the PM2.5 mass. The 
major elements identified here were also Na, Zn, K, Al, Ca, 
Fe, and Mg, which represented 94% of the total metal con-
centrations, with other elements at concentrations below 19 
ng m−3. In all cases, the concentrations were below recom-
mendations of the World Health Organization.

The most common sources of metals in wastewater 
include household products, such as detergents, body care, 
and cosmetics as well as industrial processes (Duan et al. 
2017; Milik et al. 2017). Higher TE concentrations were 
found at WWTP1, likely due to its intake of water from 
industrial sectors, such as pharmaceuticals and galvanis-
ing factories, which could be an important source of met-
als (Kumar et al. 2021). Moreover, the use of superficial 
agitation in the bioreactor at WWTP1 could enhance TE 
emissions into the atmosphere through PM in the bubbles.

Fig. 6 shows the seasonal evolution for TE concentrations 
at WWTPs. In both WWTPs, the cold season (January and 
February) showed higher TE levels, probably due to the lower 
capacity of the atmosphere to cause the mixing, dispersion, 
and dilution of pollutants during winter (Lei et al. 2022).

From the calculation of back trajectory frequencies dur-
ing the sampling period (1 week per month), we determined 
the origin of the air masses, specifically on the days in which 
metals associated with PM2.5 were sampled (Fig. S10). Thus, 
during the sampling period, air masses from surrounding 
areas (30–70%) and from distant areas with lower frequency 
(10–20%) were obtained at both WWTPs. Far air masses 
came from the northwest, southeast, and Atlantic areas, 
whose routes passed through areas with anthropogenic emis-
sions, such as Madrid, Valencia, and Lisbon. Moreover, to 
confirm the origin of the elements, the EF of each metal, 
considering its concentration, was calculated (Eq. S8) (Fig. 
S11). Thus, a low EF (< 10) was obtained for Mg, Mn, and 
Co at WWTP1 and for As, Cr, Na, Mg, Al, K, Ca, Mn, Co, 
Ni, and Pb at WWTP2. As expected, more TEs from mineral 
origin were detected at WWTP2; these elements probably 
came from erosive processes and from the suspension of 
mineral material of the Earth’s crust (Pey et al. 2009; Qi 
et al. 2016). A medium EF (10 < EF < 20) was obtained for 
Ca, Al, and Cr at WWTP1, indicating that their origin was 
hybrid. These three elements are components of the Earth’s 
crust (Querol et al. 2004) and are probably emitted in the 
metallurgical industry (Tian et al. 2016) and from WWTP 
(Qasem et al. 2021). High EF values (˃ 20) were obtained 
for Na, As, Se, K, Ni, Cu, Zn, and Pb at WWTP1 and for 
Zn, Cd, Cu, and Se at WWTP2, indicating an anthropogenic 
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influence. There was a positive correlation of Ni with Cu, 
Pb, and Zn at WWTP1 (p-value < 0.05; r = 0.845, r = 
0.845, and r = 0.676, respectively) and a significant positive 
correlation of Cr with Mn, Fe, and Co at WWTP2 (p-value 
< 0.05; r = 0.638, r = 0.867, and r = 0.875, respectively), 
indicating a common source, which could be the production 
of sludge and/or traffic (combustion and automobile tires 
and brake wear). Thus, these metals could proceed from 
the WWTP process (Karvelas et al. 2003) and, in the case 
of WWTP1, from nearby industry and traffic (Shabanda 
et al. 2019). Zn was the second major metal detected at the 
WWTPs (Table S6), and it had the highest EF (Fig. S11). Zn 
could not only come from the metallurgical industry close 
to WWTP1 but also from the sludge in the case of both 
WWTPs (Zhou et al. 2019). Moreover, in the surrounding 
WWTPs, the potential ecological risk (Eq. 9) showed a low 
Ei (< 40) for the overall elements, except for Zn at WWTP1, 
which had a moderate value (47.8). Therefore, according 
to the results obtained, the expected ecological impact is 
negligible.

Furthermore, exposure to TEs associated with PM 
can occur by ingestion, inhalation, and dermal contact, 
although inhalation is the most likely exposure (Zupančič 
et al. 2024). Once inhaled, bioavailability is the amount 
of the element soluble in body fluids and thus potentially 
available for absorption into systemic circulation. 
In this work, the potential health risk due to metal 
inhalation has been calculated from the carcinogenic and 

non-carcinogenic risks (Eqs. S5 and S6, respectively). 
For all metals, the CR values were below the reference 
value of 10−6 (Zhang et al. 2018) (Table S7), indicating 
that the metal concentrations did not pose a risk to staff 
or the nearby population. Similarly, the non-carcinogenic 
effects were insignificant, as all HI values were < 1 at both 
WWTPs during the study period (EPA 2009).

Conclusion

This study assessed the air quality effects of two WWTPs in 
Toledo (Spain) by monitoring the levels of criteria pollutants 
(SO2, CO, NOx, and O3), VOCs, PM, and TEs. The location, 
quantity, and type of effluent treated, and the aeration system 
of the bioreactor differed. WWTP1 (located in an industrial 
and residential area and with mechanical aeration on the 
surface) treated a mix of domestic and industrial sewage and 
had approximately half of the flow as WWTP2 (located in 
the countryside area and with diffused aeration at the bottom 
of the bioreactor), which treated only domestic wastewater.

Higher NOx and O3 concentrations were observed at 
WWTP1, probably due to the nature of treated water and 
residential heating and industry close to WWTP1. For O3, 
the target threshold of 120 μg m−3 for human protection was 
reached over 27 days. Higher SO2 and CO concentrations 
were registered at WWTP2, probably due to the greater 
waste flow treated. These values ​did not exceed the 

Fig. 6   Temporal evolution of average trace element concentrations a majority and b minority.
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threshold limits. Concerning VOCs, oxygenated aromatics 
followed by oxygenated compounds and aromatics, were 
the predominant compounds detected. Toluene was the 
top species contributing to OFP, while toluene, benzene, 
ethylbenzene, and xylenes were the major contributors 
to SOAFP at both WWTPs. Moreover, benzene showed 
a significant cancer risk at WWTP2, although its limit 
threshold value was not exceeded. Majority of the odour 
contributors were identified as α-pinene and aromatics, 
highlighting toluene at WWTP1. Therefore, covers with 
floating elements, such as cover balls on the surface of the 
bioreactor, could be an effective way to prevent or reduce 
evaporation and odour formation by intercepting solar 
radiation. For PM, the values were low and below the value 
threshold. For TEs in PM2.5, most elements identified at 
both WWTPs were Na, Zn, K, Al, Ca, Fe, and Mg, which 
primarily had a mineral origin, but others, such as Na and 
Zn, could come from the deodorisation process and sludge 
treatment at WWTP1. Overall, the potential ecological 
risk posed by the metals in the study area was low; thus, 
no adverse biological effects due to metal pollution are 
expected, except for Zn at WWTP1, with moderate risk. 
The CR values for all metals were below the reference 
value, indicating that the metal concentration levels did not 
pose a risk to staff or nearby populations. Additionally, the 
non-carcinogenic effects were deemed insignificant.

In summary, the results obtained at both WWTPs, despite 
not being critical, entailed increases in the levels of TEs, 
VOCs, and odours, which could cause health problems in the 
nearby neighbourhood or community. Therefore, WWTPs 
should preferably not be built near urban locations. The 
results may serve as a reference for other WWTPs in small 
cities.

Supplementary Information  The online version contains supplementary 
material available at https://​doi.​org/​10.​1007/​s11356-​025-​36484-3.

Acknowledgements  We thank the Ministerio para la Transición 
Ecológica y el Reto Demográfico and the Consejería de Desarrollo 
Sostenible de la Junta de Comunidades de Castilla-La Mancha for their 
support.

Author contribution  Gabriela Viteri: experimental and investigation. Ana 
Rodríguez: statistical analysis and interpretation of data. Alfonso Aranda: 
methodology, writing, review, and editing. Yolanda Díaz-de-Mera: 
analysis and interpretation of data. Nuria Rodriguez-Fariñas: analysis 
and interpretation of data. Diana Rodríguez: experimental, investigation, 
formal analysis, methodology, writing, review and editing.

Funding  Open Access funding provided thanks to the CRUE-CSIC 
agreement with Springer Nature. This work was supported by the Span-
ish Ministerio de Ciencia, Innovación y Universidades, Reference RTI 
2018-099503-B-I00 and by Junta de Comunidades de Castilla-La Mancha 
(SBPLY/17/180501/000522 and SBPLY/21/180501/000283).

Data availability  Data and materials would be available on reasonable 
request.

Declarations 

Ethical approval  This study does not include any human or animal 
subjects.

Consent to participate  All authors have consent to participate in the 
publication.

Consent for publication  All authors have consent to publish the above 
manuscript.

Competing interests  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abdul-Wahab SA, Bouhamra WS (2004) Diurnal variations of air pol-
lution from motor vehicles in residential area. Int J Environ Stud 
61:73–98. https://​doi.​org/​10.​1080/​00207​23032​00013​0034

Alahdal HM, AlYahya S, Ameen F, Sonbol H, Alomary MN (2021) A 
review on Saudi Arabian wastewater treatment facilities and avail-
able disinfection methods: implications to SARS-CoV-2 control. 
J. King Saud. Univ Sci 33:101574. https://​doi.​org/​10.​1016/j.​jksus.​
2021.​101574

Al-Dosary S, Galal MM, Abdel-Halim H (2015) Environmental impact 
assessment of wastewater treatment plants (Zenien and 6th of 
October WWTP). Int J Curr Microbiol App Sci 4:953–964

Bouchlaghem K, Chtioui H, Gazzah MH (2021) Analyzing the impact 
of Saharan sand and dust storms based on HYSPLIT algorithm in 
Tunisian regions. Arab J Geosci 14:834. https://​doi.​org/​10.​1007/​
s12517-​021-​07174-4

Cai W, Li K, Liao H, Wang H, Wu L (2017) Weather conditions con-
ducive to Beijing severe haze more frequent under climate change. 
Nature Climate Change 7:257–262. https://​doi.​org/​10.​1038/​nclim​
ate32​49

Caivano M, Pascale R, Mazzone G, Buchicchio A, Masi S, Bianco G, 
Caniani D (2017) N2O and CO2 emissions from secondary settlers 
in WWTPs: experimental results on full and pilot scale plants, 
Cham. In: Mannina G (ed) Frontiers in wastewater treatment and 
modelling. FICWTM 2017. Lecture notes in civil engineering, vol 
4. Springer, Cham. https://​doi.​org/​10.​1007/​978-3-​319-​58421-8_6

Dewil R, Baeyens J, Roles J, Steene BVD (2008) Distribution of sulfur 
compounds in sewage sludge treatment. Environ Eng Sci 25:879–
886. https://​doi.​org/​10.​1089/​ees.​2007.​0143

https://doi.org/10.1007/s11356-025-36484-3
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1080/0020723032000130034
https://doi.org/10.1016/j.jksus.2021.101574
https://doi.org/10.1016/j.jksus.2021.101574
https://doi.org/10.1007/s12517-021-07174-4
https://doi.org/10.1007/s12517-021-07174-4
https://doi.org/10.1038/nclimate3249
https://doi.org/10.1038/nclimate3249
https://doi.org/10.1007/978-3-319-58421-8_6
https://doi.org/10.1089/ees.2007.0143


12880	 Environmental Science and Pollution Research (2025) 32:12868–12882

Dewil R, Baeyens J, Roels J, Van De Steene B (2009) Evolution of the total 
sulphur content in full-scale wastewater sludge treatment. Environ 
Eng Sci 26:867–872. https://​doi.​org/​10.​1089/​ees.​2007.​0335

Dincer F, Muezzinoglu A (2008) Odor-causing volatile organic com-
pounds in wastewater treatment plant units and sludge manage-
ment areas. J Environ Sci Health A Tox Hazard Subst Environ 
Eng 43:1569–1574. https://​doi.​org/​10.​1080/​10934​52080​22937​76

Du P, Zhang L, Ma Y, Li X, Wang Z, Mao K, Wang N, Li Y, He J, 
Zhang X, Hao F, Li X, Liu M, Wang X (2020) Occurrence and 
fate of heavy metals in municipal wastewater in Heilongjiang 
province, China: a monthly reconnaissance from 2015 to 2017. 
Water 12:728. https://​doi.​org/​10.​3390/​w1203​0728

Duan B, Zhang W, Zheng H, Wu C, Zhang Q, Bu Y (2017) Disposal 
situation of sewage sludge from municipal wastewater treatment 
plants (WWTPs) and assessment of the ecological risk of heavy 
metals for its land use in Shanxi, China. Int J Environ Res Public 
Health 14:823. https://​doi.​org/​10.​3390/​ijerp​h1407​0823

EPA TO-17 (1999) Compendium of methods for the determination of 
toxic organic compounds in ambient air: method TO-15. US envi-
ronmental protection agency, EPA 625/R-96-010b. https://​www.​
epa.​gov/​amtic/​compe​ndium-​metho​ds-​deter​minat​ion-​toxic-​organ​
ic-​compo​unds-​ambie​nt-​air. Accessed 19 Mar 2025

EPA (2009) Risk assessment guidance for superfund volume I: 
human health evaluation manual (Part F, Supplemental Guid-
ance for Inhalation Risk Assessment). EPA-540-R-070e002. 
OSWER 9285.7-82. Office of superfund remediation and tech-
nology innovation environmental protection agency, Washing-
ton, DC. https://​www.​epa.​gov/​risk/​risk-​asses​sment-​guida​nce-​
super​fund-​rags-​part-f. Accessed 9 Jan 2024

Escudero M, Lozano A, Hierro J, Tapia O, del Valle J, Alastuey A, 
Moreno T, Anzano J, Querol X (2016) Assessment of the vari-
ability of atmospheric pollution in National Parks of mainland 
Spain. Atmos Environ. 132:332–344. https://​doi.​org/​10.​1016/j.​
atmos​env.​2016.​03.​006

Escudero M, Castillo S, Querol X, Avila A, Alarcon M, Viana MM, 
Alastuey A, Cuevas E, Rodriguez S (2005) Wet and dry Afri-
can dust episodes over eastern Spain. JGR Atmos 110:D18S08. 
https://​doi.​org/​10.​1029/​2004J​D0047​31

Foley J, Yuan Z, Keller J, Senante E, Chandran K, Willis J, Shah 
A, van Loosdrecht M, van Voorthuizen E (2015) N2O and CH4 
emission from wastewater collection and treatment systems: 
State of the science report and technical report: IWA Publish-
ing, London

Fuerhacker M, Bauer H, Ellinger R, Sree U, Schmid H, Zibuschka F, 
Puxbaum H (2001) Relationship between release of nitric oxide 
and CO2 and their dependence on oxidation reduction potential 
in wastewater treatment. Chemosphere 44:1213–1221. https://​
doi.​org/​10.​1016/​s0045-​6535(00)​00342-8

González Y, Gómez G, Moeller-Chávez GE, Vidal G (2023) UV dis-
infection systems for wastewater treatment: emphasis on reacti-
vation of microorganisms. Sustainability 15:11262. https://​doi.​
org/​10.​3390/​su151​411262

Gustavsson DJI, Cour Jansen J (2011) Dynamics of nitrogen oxides 
emission from a full-scale sludge liquor treatment plant with 
nitritation. Water Sci Technol 63:2838–2845. https://​doi.​org/​
10.​2166/​wst.​2011.​487

Hamoda MF (2006) Air pollutants emissions from waste treatment 
and disposal facilities. J Environ Sci Health Part A 41:77–85. 
https://​doi.​org/​10.​1080/​10934​52050​02988​95

He J, Gong S, Yu Y, Yu L, Wu L, Mao H, Song C, Zhao S, Liu H, Li 
X, Li R (2017) Air pollution characteristics and their relation to 
meteorological conditions during 2014–2015 in major Chinese 
cities. Environ Pollut 223:484–496. https://​doi.​org/​10.​1016/j.​
envpol.​2017.​01.​050

He B, Zhang X, He Z, Wang Q, Liu Q, Mao J, Zhang Y (2022) Con-
tributions of regional transport versus local emissions and their 

retention effects during PM2.5 pollution under various stable 
weather in Shanghai. Front Environ Sci 10:858685. https://​doi.​
org/​10.​3389/​fenvs.​2022.​858685

Ho KF, Lee SC, Guo H, Tsai WY (2004) Seasonal and diurnal vari-
ations of volatile organic compounds (VOCs) in the atmosphere 
of Hong Kong. Sci Total Environ 322:155–166. https://​doi.​org/​
10.​1016/j.​scito​tenv.​2003.​10.​004

INE (2023) Instituto Nacional de Estadística. https://​www.​ine.​es/​
jaxiT3/​Datos.​htm?t=​2902. Accessed 11 Apr 2024

JCCM (2020a) Castilla-La Mancha air quality monitoring. https://​
pagina.​jccm.​es/​medio​ambie​nte/​rvca/​estac​iones/​descr​ibe/​intro.​
htm. Accessed 9 Jan 2024

JCCM (2020b) Regional air quality database of Castilla-La Man-
cha. https://​www.​casti​llala​mancha.​es/​gobie​rno/​desar​rollo​soste​
nible/​estru​ctura/​vicme​damb/​actua​ciones/​partes-​mensu​ales-​del-​
estado-​de-​la-​calid​ad-​del-​aire. Accessed 9 Jan 2024

Kalavrouziotis I, Kalavrouziotis K (2015) The reuse of municipal 
wastewater in soils. Glob Nest J 17:474–486. https://​doi.​org/​
10.​30955/​gnj.​001625

Karvelas M, Katsoyiannis A, Samara C (2003) Occurrence and 
fate of heavy metals in the wastewater treatment process. 
Chemosphere 53:1201–1210. https://​doi.​org/​10.​1016/​S0045-​
6535(03)​00591-5

Kottek M, Grieser J, Beck C, Rudolf B, Rubel F (2006) World Map of 
the Koppen-Geiger Climate Classification Updated. Meteorolo-
gische Zeitschrift 15:259–263. https://​doi.​org/​10.​1127/​0941-​2948/​
2006/​0130

Kumar M, Seth A, Kumar Singh A, Singh Rajput M, Sikandar M 
(2021) Remediation strategies for heavy metals contaminated 
ecosystem: a review. Environ Sust Indic 12:100155. https://​doi.​
org/​10.​1016/j.​indic.​2021.​100155

Kwok LK, Lam YF, Tam CF (2017) Developing a statistical based 
approach for predicting local air quality in complex terrain area. 
Atmos Poll Res 8:14–126. https://​doi.​org/​10.​1016/j.​apr.​2016.​08.​
001

Lei R, Nie D, Zhang S, Yu W, Ge X, Song N (2022) Spatial and tem-
poral characteristics of air pollutants and their health effects in 
China during 2019–2020. J Environ Manage 317:115460. https://​
doi.​org/​10.​1016/j.​jenvm​an.​2022.​115460

Lipschultz F, Zafiriou OC, Wofsy SC, McElroy MB, Valois FW, Wat-
son SW (1981) Production of nitric oxide and nitrous oxide by 
soil nitrifying bacteria. Nature 294:641–643. https://​doi.​org/​10.​
1038/​29464​1a0

Liu M, Nobu MK, Ren J, Jin X, Hong G, Yao H (2020) Bacterial 
compositions in inhalable particulate matters from indoor and out-
door wastewater treatment processes. J Hazard Mater 385:121515. 
https://​doi.​org/​10.​1016/j.​jhazm​at.​2019.​121515

Mamais D, Noutsopoulos C, Dimopoulou A, Stasinakis A, Lekkas TD 
(2015) Wastewater treatment process impact on energy savings 
and greenhouse gas emissions. Water Sci Technol 71:303–308. 
https://​doi.​org/​10.​2166/​wst.​2014.​521

Milik JK, Pasela R, Lachowicz M, Chalamoński M (2017) The con-
centration of trace elements in sewage sludge from wastewater 
treatment plant in Gniewino. J Ecol Eng 18:118–124. https://​doi.​
org/​10.​12911/​22998​993/​74628

MITECO (2021) Ministry of ecological transition and the demographic 
challenge. Nat Part Events. https://​www.​miteco.​gob.​es/​conte​nt/​
dam/​miteco/​es/​calid​ad-y-​evalu​acion-​ambie​ntal/​temas/​atmos​fera-
y-​calid​ad-​del-​aire/​episo​diosn​atura​les20​21_​tcm30-​540570.​pdf. 
Accessed 9 Jan 2024

MITECO (2022) Ministry of ecological transition and the demographic 
challenge. Nat Part Events. https://​www.​miteco.​gob.​es/​conte​nt/​
dam/​miteco/​es/​calid​ad-y-​evalu​acion-​ambie​ntal/​sgalsi/​atm%​C3%​
B3sfe​ra-y-​calid​ad-​del-​aire/​sgalsi_​intru​siones/​sgalsi_​intru​siones-​
2022/​episo​dios%​20nat​urales%​202022.​pdf. Accessed 9 Jan 2024

https://doi.org/10.1089/ees.2007.0335
https://doi.org/10.1080/10934520802293776
https://doi.org/10.3390/w12030728
https://doi.org/10.3390/ijerph14070823
https://www.epa.gov/amtic/compendium-methods-determination-toxic-organic-compounds-ambient-air
https://www.epa.gov/amtic/compendium-methods-determination-toxic-organic-compounds-ambient-air
https://www.epa.gov/amtic/compendium-methods-determination-toxic-organic-compounds-ambient-air
https://www.epa.gov/risk/risk-assessment-guidance-superfund-rags-part-f
https://www.epa.gov/risk/risk-assessment-guidance-superfund-rags-part-f
https://doi.org/10.1016/j.atmosenv.2016.03.006
https://doi.org/10.1016/j.atmosenv.2016.03.006
https://doi.org/10.1029/2004JD004731
https://doi.org/10.1016/s0045-6535(00)00342-8
https://doi.org/10.1016/s0045-6535(00)00342-8
https://doi.org/10.3390/su151411262
https://doi.org/10.3390/su151411262
https://doi.org/10.2166/wst.2011.487
https://doi.org/10.2166/wst.2011.487
https://doi.org/10.1080/10934520500298895
https://doi.org/10.1016/j.envpol.2017.01.050
https://doi.org/10.1016/j.envpol.2017.01.050
https://doi.org/10.3389/fenvs.2022.858685
https://doi.org/10.3389/fenvs.2022.858685
https://doi.org/10.1016/j.scitotenv.2003.10.004
https://doi.org/10.1016/j.scitotenv.2003.10.004
https://www.ine.es/jaxiT3/Datos.htm?t=2902
https://www.ine.es/jaxiT3/Datos.htm?t=2902
https://pagina.jccm.es/medioambiente/rvca/estaciones/describe/intro.htm
https://pagina.jccm.es/medioambiente/rvca/estaciones/describe/intro.htm
https://pagina.jccm.es/medioambiente/rvca/estaciones/describe/intro.htm
https://www.castillalamancha.es/gobierno/desarrollosostenible/estructura/vicmedamb/actuaciones/partes-mensuales-del-estado-de-la-calidad-del-aire
https://www.castillalamancha.es/gobierno/desarrollosostenible/estructura/vicmedamb/actuaciones/partes-mensuales-del-estado-de-la-calidad-del-aire
https://www.castillalamancha.es/gobierno/desarrollosostenible/estructura/vicmedamb/actuaciones/partes-mensuales-del-estado-de-la-calidad-del-aire
https://doi.org/10.30955/gnj.001625
https://doi.org/10.30955/gnj.001625
https://doi.org/10.1016/S0045-6535(03)00591-5
https://doi.org/10.1016/S0045-6535(03)00591-5
https://doi.org/10.1127/0941-2948/2006/0130
https://doi.org/10.1127/0941-2948/2006/0130
https://doi.org/10.1016/j.indic.2021.100155
https://doi.org/10.1016/j.indic.2021.100155
https://doi.org/10.1016/j.apr.2016.08.001
https://doi.org/10.1016/j.apr.2016.08.001
https://doi.org/10.1016/j.jenvman.2022.115460
https://doi.org/10.1016/j.jenvman.2022.115460
https://doi.org/10.1038/294641a0
https://doi.org/10.1038/294641a0
https://doi.org/10.1016/j.jhazmat.2019.121515
https://doi.org/10.2166/wst.2014.521
https://doi.org/10.12911/22998993/74628
https://doi.org/10.12911/22998993/74628
https://www.miteco.gob.es/content/dam/miteco/es/calidad-y-evaluacion-ambiental/temas/atmosfera-y-calidad-del-aire/episodiosnaturales2021_tcm30-540570.pdf
https://www.miteco.gob.es/content/dam/miteco/es/calidad-y-evaluacion-ambiental/temas/atmosfera-y-calidad-del-aire/episodiosnaturales2021_tcm30-540570.pdf
https://www.miteco.gob.es/content/dam/miteco/es/calidad-y-evaluacion-ambiental/temas/atmosfera-y-calidad-del-aire/episodiosnaturales2021_tcm30-540570.pdf
https://www.miteco.gob.es/content/dam/miteco/es/calidad-y-evaluacion-ambiental/sgalsi/atm%C3%B3sfera-y-calidad-del-aire/sgalsi_intrusiones/sgalsi_intrusiones-2022/episodios%20naturales%202022.pdf
https://www.miteco.gob.es/content/dam/miteco/es/calidad-y-evaluacion-ambiental/sgalsi/atm%C3%B3sfera-y-calidad-del-aire/sgalsi_intrusiones/sgalsi_intrusiones-2022/episodios%20naturales%202022.pdf
https://www.miteco.gob.es/content/dam/miteco/es/calidad-y-evaluacion-ambiental/sgalsi/atm%C3%B3sfera-y-calidad-del-aire/sgalsi_intrusiones/sgalsi_intrusiones-2022/episodios%20naturales%202022.pdf
https://www.miteco.gob.es/content/dam/miteco/es/calidad-y-evaluacion-ambiental/sgalsi/atm%C3%B3sfera-y-calidad-del-aire/sgalsi_intrusiones/sgalsi_intrusiones-2022/episodios%20naturales%202022.pdf


12881Environmental Science and Pollution Research (2025) 32:12868–12882	

MITECO (2023) Ministry of ecological transition and the demographic 
challenge. Nat Part Events. https://​www.​miteco.​gob.​es/​conte​nt/​
dam/​miteco/​es/​calid​ad-y-​evalu​acion-​ambie​ntal/​sgalsi/​atm%​C3%​
B3sfe​ra-y-​calid​ad-​del-​aire/​infor​mes/​Episo​dios%​20Nat​urales%​
202023.​pdf. Accessed 9 Jan 2024

Muezzinoglu A (2003) A study of volatile organic sulfur emissions 
causing urban odors. Chemosphere 51:245–252. https://​doi.​org/​
10.​1016/​S0045-​6535(02)​00821-4

Nagata Y (2003) Measurement of odor threshold by triangle odor bag 
method. Odor measurement review. Tokyo (Japan): Office of odor, 
noise and vibration, environmental management bureau, ministry 
of environment, pp 118–127

Pey J, Querol X, Alastuey A (2009) Variations of levels and 
composition of PM10 and PM2.5 at an insular site in the Western 
Mediterranean. Atmos Res 94:285–299. https://​doi.​org/​10.​1016/j.​
atmos​res.​2009.​06.​006

Piqueras PM (2017) Urban air pollution: wastewater treatment sources 
and impacts on agriculture: University of California Riverside. 
https://​escho​larsh​ip.​org/​uc/​item/​01j9d​9cb

Qasem NAA, Mohammed RH, Lawal DU (2021) Removal of heavy metal 
ions from wastewater: a comprehensive and critical review. npj Clean 
Water 4:36. https://​doi.​org/​10.​1038/​s41545-​021-​00127-0

Qi L, Zhang Y, Ma Y, Chen M, Ge X, Ma Y, Zheng J, Wang Z, Li S 
(2016) Source identification of trace elements in the atmosphere 
during the second Asian Youth Games in Nanjing, China: influ-
ence of control measures on air quality. Atmos Poll Res 7:547–
556. https://​doi.​org/​10.​1016/j.​apr.​2016.​01.​003

Querol X, Alastuey A, Viana MM, Rodriguez S, Artinano B, Salvador 
P, Santos S, Patier R, Ruiz CR, de la Rosa JD, Verdona AM, 
Menendez M, Ibarguchi J (2004) Speciation and origin of PM10 
and PM2.5 in Spain. J Aer Sci 35:1151–1172. https://​doi.​org/​10.​
1016/j.​jaero​sci.​2004.​04.​002

Ramírez N, Marce RM, Borrull F (2011) Determination of volatile 
organic compounds in industrial wastewater plant air emissions by 
multi-sorbent adsorption and thermal desorption-gas chromatog-
raphy-mass spectrometry. Int J Environ Anal Chem 91:911–928. 
https://​doi.​org/​10.​1080/​03067​31090​35840​73

Ramírez N, Cuadras A, Rovira E, Borrull F, Marce RM (2012) Chronic 
risk assessment of exposure to volatile organic compounds in the 
atmosphere near the largest Mediterranean industrial site. Environ 
Int 39:200–209. https://​doi.​org/​10.​1016/j.​envint.​2011.​11.​002

Rizzardi I, Bottino A, Capannelli G, Pagliero M, Costa C, Matteucci D, 
Comite A (2023) Membrane bubble aeration unit: experimental study 
of the performance in lab scale and full-scale systems. J Membr Sci 
685:121927. https://​doi.​org/​10.​1016/j.​memsci.​2023.​121927

Schauberger G, Piringer M, Knauder W, Petz E (2011) Odour emis-
sions from a waste treatment plant using an inverse dispersion 
technique. Atmos Environ 45:1639–1647. https://​doi.​org/​10.​
1016/j.​atmos​env.​2011.​01.​007

Seggiani M, Puccini M, Raggio G, Vitolo S (2012) Effect of sew-
age sludge content on gas quality and solid residues produced by 
cogasification in a updraft gasifier. Waste Manage 32:1826–1834. 
https://​doi.​org/​10.​1016/j.​wasman.​2012.​04.​018

Seinfeld JH, Pandis SN (2006) Atmospheric chemistry and physics: 
from air pollution to climate change, 2nd edn. John Wiley & Sons, 
Hoboken, NJ

Shabanda IS, Koki IB, Low KH, Zain SM, Khor SM, Kartini N, 
Bakar A (2019) Daily exposure to toxic metals through urban 
road dust from industrial, commercial, heavy traffic, and residen-
tial areas in Petaling Jaya, Malaysia: a health risk assessment. 
Environ Sci Pollut Res 26:37193–37211. https://​doi.​org/​10.​1007/​
s11356-​019-​06718-2

Somlyòdy L, Varis O (2006) Freshwater under pressure. Int Rev Envi-
ron Strateg 6:181–204

Stadler C, Fusé VS, Linares S, Juliarena P (2021) Estimation of meth-
ane emission from an urban wastewater treatment plant applying 

inverse Gaussian model. Environ Monit Assess 194:27. https://​
doi.​org/​10.​1007/​s10661-​021-​09660-4

Stegenta-Dąbrowska S, Drabczyński G, Sobieraj K, Koziel JA, 
Białowiec A (2019) The biotic and abiotic carbon monoxide for-
mation during aerobic co-digestion of dairy cattle manure with 
green waste and sawdust. Front Bioeng Biotechnol 7:283. https://​
doi.​org/​10.​3389/​fbioe.​2019.​00283

Stein AF, Draxler RR, Rolph GD, Stunder BJB, Cohen MD, Ngan F 
(2015) NOAAs HYSPLIT atmospheric transport and dispersion 
modeling system. Bull Amer Met Soc 96:205977. https://​doi.​org/​
10.​1175/​BAMS-D-​14-​00110.1

Tian S, Li K, Jiang J, Chen X, Yan F (2016) CO2 abatement from the 
iron and steel industry using a combined Ca–Fe chemical loop. 
Applied Energy 170:345–352. https://​doi.​org/​10.​1016/j.​apene​rgy.​
2016.​02.​120

Upadhyay N, Sun Q, Allen JO, Westerhoff P, Herckes P (2013) Charac-
terization of aerosol emissions from wastewater aeration basins. J 
Air Waste Manag Assoc 63:20–26. https://​doi.​org/​10.​1080/​10962​
247.​2012.​726693

Viteri G, Aranda A, Díaz de Mera Y, Rodríguez A, Rodríguez D (2023) 
Air quality assessment in biosphere reserves close to emission 
sources. The case of the Spanish “Tablas de Daimiel” national 
park. Sci Tot Environ 858:159818. https://​doi.​org/​10.​1016/j.​scito​
tenv.​2022.​159818

Viteri G, Rodríguez A, Aranda A, Rodriguez-Fariñas N, Valiente N, 
Rodriguez D, Diaz-de-Mera Y, Seseña S (2024) Trace elements 
and microbial community composition associated with airborne 
PM2.5 in wetlands: a case study in Tablas de Daimiel National 
Park. Sci Tot Environ 906: 167502. https://​doi.​org/​10.​1016/j.​scito​
tenv.​2023.​167502

Wang D, Ye W, Wu G, Li R, Guan Y, Zhang W, Wang J, Shan Y, 
Hubacek K (2022) Greenhouse gas emissions from municipal 
wastewater treatment facilities in China from 2006 to 2019. Sci 
Data 9:317. https://​doi.​org/​10.​1038/​s41597-​022-​01439-7

Wayne RP (2000) Chemistry of atmospheres: an introduction to the 
chemistry of the atmospheres of earth, the planets, and their satel-
lites. University Press, Oxford

WHO (2006) World Health Organization (WHO). Health risks of par-
ticulate matter from long-range transboundary air pollution. 2006. 
E88189. Accessed 8 April 2024

Widiana DR, Wang YF, You SJ, Yang HH, Wang LC, Tsai JH, Chen 
HM (2017) Source apportionment of air pollution and character-
istics of volatile organic compounds in a municipal wastewater 
treatment plant, North Taiwan. Aerosol Air Quality Res 17:2878–
2890. https://​doi.​org/​10.​4209/​aaqr.​2017.​09.​0317

Widiana DR, Wang Y-F, You S-J, Yang HH, Wang LC, Tsai J-H, Chen 
HM (2019) Air pollution profiles and health risk assessment of 
ambient volatile organic compounds above a municipal wastewa-
ter treatment plant. Taiwan Aerosol Air Quality Res 19:375–382. 
https://​doi.​org/​10.​4209/​aaqr.​2018.​11.​0408

WWDR (2018) World water development report 2018. World water 
assessment programme (Nations Unies), The United Nations 
world water development report 2018 (United Nations Educa-
tional, Scientific and Cultural Organization, New York, United 
States) www.​unwat​er.​org/​publi​catio​ns/​world-​water-​devel​opment-​
report-​2018. Accessed 10 Apr 2024

Yang JC, Wang K, Zhao QL, Huang LK, Yuan CS, Chen WH, Yang 
WB (2014) Underestimated public health risks caused by overes-
timated VOC removal in wastewater treatment processes. Environ 
Sci Process Impacts 16:271–279. https://​doi.​org/​10.​1039/​c3em0​
0487b

Yang T, Han Y, Liu J, Li L (2019) Aerosols from a wastewater treat-
ment plant using oxidation ditch process: characteristics, source 
apportionment, and exposure risks. Environ Pollut 250:627–638. 
https://​doi.​org/​10.​1016/j.​envpol.​2019.​04.​071

https://www.miteco.gob.es/content/dam/miteco/es/calidad-y-evaluacion-ambiental/sgalsi/atm%C3%B3sfera-y-calidad-del-aire/informes/Episodios%20Naturales%202023.pdf
https://www.miteco.gob.es/content/dam/miteco/es/calidad-y-evaluacion-ambiental/sgalsi/atm%C3%B3sfera-y-calidad-del-aire/informes/Episodios%20Naturales%202023.pdf
https://www.miteco.gob.es/content/dam/miteco/es/calidad-y-evaluacion-ambiental/sgalsi/atm%C3%B3sfera-y-calidad-del-aire/informes/Episodios%20Naturales%202023.pdf
https://www.miteco.gob.es/content/dam/miteco/es/calidad-y-evaluacion-ambiental/sgalsi/atm%C3%B3sfera-y-calidad-del-aire/informes/Episodios%20Naturales%202023.pdf
https://doi.org/10.1016/S0045-6535(02)00821-4
https://doi.org/10.1016/S0045-6535(02)00821-4
https://doi.org/10.1016/j.atmosres.2009.06.006
https://doi.org/10.1016/j.atmosres.2009.06.006
https://escholarship.org/uc/item/01j9d9cb
https://doi.org/10.1038/s41545-021-00127-0
https://doi.org/10.1016/j.apr.2016.01.003
https://doi.org/10.1016/j.jaerosci.2004.04.002
https://doi.org/10.1016/j.jaerosci.2004.04.002
https://doi.org/10.1080/03067310903584073
https://doi.org/10.1016/j.envint.2011.11.002
https://doi.org/10.1016/j.memsci.2023.121927
https://doi.org/10.1016/j.atmosenv.2011.01.007
https://doi.org/10.1016/j.atmosenv.2011.01.007
https://doi.org/10.1016/j.wasman.2012.04.018
https://doi.org/10.1007/s11356-019-06718-2
https://doi.org/10.1007/s11356-019-06718-2
https://doi.org/10.1007/s10661-021-09660-4
https://doi.org/10.1007/s10661-021-09660-4
https://doi.org/10.3389/fbioe.2019.00283
https://doi.org/10.3389/fbioe.2019.00283
https://doi.org/10.1175/BAMS-D-14-00110.1
https://doi.org/10.1175/BAMS-D-14-00110.1
https://doi.org/10.1016/j.apenergy.2016.02.120
https://doi.org/10.1016/j.apenergy.2016.02.120
https://doi.org/10.1080/10962247.2012.726693
https://doi.org/10.1080/10962247.2012.726693
https://doi.org/10.1016/j.scitotenv.2022.159818
https://doi.org/10.1016/j.scitotenv.2022.159818
https://doi.org/10.1016/j.scitotenv.2023.167502
https://doi.org/10.1016/j.scitotenv.2023.167502
https://doi.org/10.1038/s41597-022-01439-7
https://doi.org/10.4209/aaqr.2017.09.0317
https://doi.org/10.4209/aaqr.2018.11.0408
http://www.unwater.org/publications/world-water-development-report-2018
http://www.unwater.org/publications/world-water-development-report-2018
https://doi.org/10.1039/c3em00487b
https://doi.org/10.1039/c3em00487b
https://doi.org/10.1016/j.envpol.2019.04.071


12882	 Environmental Science and Pollution Research (2025) 32:12868–12882

Zhang J, Zhou X, Wang Z, Yang L, Wang J, Wang W (2018) Trace 
elements in PM2.5 in Shandong province: source identification and 
health risk assessment. Sci Total Environ 621:558–577. https://​
doi.​org/​10.​1016/j.​scito​tenv.​2017.​11.​292

Zhao S, Yu Y, Yin D, He J, Liu N, Qu J, Xiao J (2016) Annual and 
diurnal variations of gaseous and particulate pollutants in 31 pro-
vincial capital cities based on in situ air quality monitoring data 
from China National Environmental Monitoring Center. Environ-
ment International 86:92–106. https://​doi.​org/​10.​1016/j.​envint.​
2015.​11.​003

Zhou Y, Meng J, Zhang M, Chen S, He B, Zhao H, Li Q, Zhang S, 
Wang T (2019) Which type of pollutants need to be controlled 
with priority in wastewater treatment plants: traditional or emerg-
ing pollutants? Environ Int 131:104982. https://​doi.​org/​10.​1016/j.​
envint.​2019.​104982

Zhou X, Yang F, Yang F, Feng D, Pan T, Liao H (2022) Analyzing 
greenhouse gas emissions from municipal wastewater treatment 

plants using pollutants parameter normalizing method: a case 
study of Beijing. Journal of Cleaner Production 376:134093. 
https://​doi.​org/​10.​1016/j.​jclep​ro.​2022.​134093

Zupančič M, Miler M, Žibret G (2024) The relationship between the 
inhalation bioaccessibility of potentially toxic elements in road 
dust from a heavily polluted industrial area and the source of 
their pollution. Environ Pollution. 361:124810. https://​doi.​org/​
10.​1016/j.​envpol.​2024.​124810

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.scitotenv.2017.11.292
https://doi.org/10.1016/j.scitotenv.2017.11.292
https://doi.org/10.1016/j.envint.2015.11.003
https://doi.org/10.1016/j.envint.2015.11.003
https://doi.org/10.1016/j.envint.2019.104982
https://doi.org/10.1016/j.envint.2019.104982
https://doi.org/10.1016/j.jclepro.2022.134093
https://doi.org/10.1016/j.envpol.2024.124810
https://doi.org/10.1016/j.envpol.2024.124810

	Assessment of airborne pollutants in wastewater treatment plants
	Abstract
	Introduction
	Materials and methods
	WWTP description and sample collection
	Instrumentation
	Gases (criteria pollutants)
	PM2.5 and trace elements

	Air mass back trajectory analysis
	Environmental and health risk indicators
	Statistical analysis

	Results and discussion
	Sulphur dioxide and carbon monoxide
	Nitrogen oxides
	Ozone
	VOCs
	PM
	Trace elements associated with PM2.5

	Conclusion
	Acknowledgements 
	References


