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Abstract: In this study, simultaneous monitoring of indoor and outdoor Volatile Organic Compounds
(VOCs) was carried out in a school, by both Radiello® cartridges and real-time monitors (Corvus,
IonScience Ltd., Fowlmere UK). Moreover, an outdoor air quality assessment was performed with
data from an air quality monitoring station (ARPA Puglia) located close to the school. In particular,
VOCs, Benzene, Toluene, Ethylbenzene, and Xilenes concentrations, obtained by using Radiello®
diffusive samplers, were monitored in two classrooms, two bathrooms, and outside of the school
building for three weeks during winter 2019. Simultaneously, the Total VOC (TVOC) concentrations
were measured by means of real-time monitors inside and outside the classroom in order to indi-
viduate the activation of sources during the sampling campaign days. The results evidence that
indoor TVOC concentrations were bigger than those outdoors; this suggests the presence of indoor
pollutant sources, both in the classrooms and the bathrooms. The results of our study can help the
school management by the following recommendations: increasing ventilation in classrooms during
school activities and after cleaning; involving students in discussions regarding the use of acrylic
paints, permanent markers, perfumes and deodorants, and the limitation of smoking activities both
in bathrooms and outdoor spaces.

Keywords: volatile organic compound (VOC); indoor air quality; outdoor air quality; air quality
monitoring station

1. Introduction
1.1. Indoor Air Quality and Children’s Exposure

Children are more sensitive to air pollution than adults. In fact, children are constantly
growing and, in proportion to their weight, they breathe more air and consume more food
and water than adults do [1]. Because of both their developing respiratory and immune
systems and different responses to environmental exposure, children show an increased
risk in the development of several diseases, such as allergy and respiratory symptoms,
compared to adults [2]. Moreover, children spend large amounts of their time in school
buildings where they may be exposed to unknown levels of indoor pollutants [3]. The
SINPHONIE study [4], a two-year multidisciplinary study performed in 115 European
schools (located in 54 cities of 23 European countries), suggested that in Europe: (i) children
are exposed to a multiplicity of air pollutants with concentrations that often overcome
the recommended standards at school; (ii) exposures to elevated concentrations of indoor
air pollutants, including VOCs, are adversely associated with several adverse health ef-
fects among schoolchildren; and (iii) there is a significant potential protective effect of
some physical and comfort parameters (temperature and ventilation) on respiratory and
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allergy symptoms. In Baloch et al. [4], elevated levels of benzene in classrooms were
significantly associated with the upper airways, lower airways, and systemic symptoms
in schoolchildren. Moreover, the adverse effects of limonene were observed in schoolchil-
dren. The health effects linked to limonene are irritation of the nose, eyes, throat, and
skin [5]. However, another study performed in a population-based sample of approxi-
mately 3000 Canadians suggested that household exposure to limonene may increase the
spread of the exhibition of asthma symptoms in children [6]. Baloch et al. [4] demonstrated
a stronger linear-positive association between the VOC score and systemic symptoms, as
well as upper and lower airway symptoms.

1.2. Influence of Temperature and Relative Humidity on VOC Concentrations

Studies in literature highlight contrasting trends between total concentrations of VOCs
and meteorological parameters such as temperature and relative humidity. For instance,
Huang et al. [7] found that an increase in temperature and relative humidity are associated
with an increase in the level of indoor VOCs. In contrast, Becker Portela et al. [8] found no
correlation between VOCs and ambient temperature, justified by the contrasting effect of
higher temperatures leading to an increased evaporation of solvents, but also to a greater
concentration of the hydroxyl ion which is responsible for VOC removal. Finally, Dutra de
Lima et al. [9] reported higher concentration of this class of pollutants on colder days due
to lower temperatures, leading to more stable atmospheres which favor the accumulation
of VOCs in indoor environments.

1.3. Italian Studies on School Air Quality

In Italy, few studies have been conducted on the indoor air quality of schools, as it ap-
pears in a study promoted and carried out by the Tuscan regional authority [10]. Among the
few studies, a VOC indoor/outdoor screening campaign performed in a high environmen-
tal risk site of South Italy, Taranto city, highlighted a significant indoor contribution from
terpenes and 2-butoxyethanol [11]. Even if the school was located close to an industrial
area, outdoor VOC concentrations were low in comparison to studies conducted in similar
areas of the world. The use of high time resolution monitoring equipment facilitated the
identification of VOC emission patterns of possible indoor sources and confirmed cleaning
activities, occurring after the pupils leave, as one of the sources [11]. During an indoor VOC
monitoring campaign performed in schools in a suburban area of the Po plain in Italy [12],
it was highlighted that the classrooms were characterized by low pollutant concentrations,
even if there was a contribution from indoor contamination for most of the investigated
components. Daily trends confirm that VOCs have mainly an indoor origin [12]. Diffusion
passive samplers have been widely used in indoor/outdoor VOC monitoring because of
the absence of a power supply, their easy handling, and analytical robustness [4,11,12].
However, continuous and real-time detectors are contemporarily employed in order to
obtain high-resolution data that allows tracking of the activation of sources during the
monitoring period [11,12].

The present study focuses on the city of Galatina (Apulia Region, Italy). The area
hosts a large cemetery and other small industries. For several decades, elevated male
mortality rates for lung cancer in the Lecce province, compared with the national values,
have been reported. Recently, a cluster analysis of lung cancer incidence was detected in
the hinterland of the province, including the area of Galatina. Another study [13] showed
that children aged 6-8 years living in the area had a higher frequency of micronucleated
cells in oral mucosa than children living in other areas of the Lecce Province not included
in the cluster area. The aim of this work is to assess the indoor air quality in a school
building located in Galatina (Lecce) using both passive cartridges and active systems for
VOC monitoring.
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2. Materials and Methods
2.1. Area of Study

The indoor and outdoor measurements were conducted in a secondary school located
in Galatina (Lecce), a small city in Southern Italy (40°10’0.5” N; 18°10'25" E; 76 m a.s.])
(Figure 1) with around 27,000 inhabitants. The school enrolls approximately 800 students
per year, with an average of 25 students per classroom. School activities start at 8:00 and
finish at 13:00. There is a 15’ break in the middle of the day. Students sometimes have
to go to another specific classroom to learn sports in the daily schedule. The area hosts a
large cemetery and other small industries situated about 4-5 km southwest of the school.
Measurements were made indoors in 2 classrooms (4B and 4E) and 2 bathrooms (B1, B2). In
the classroom (4E), indoor measurements were made simultaneous to outdoor ones on the
classroom balcony. The school planimetry, highlighting the 4B and 4E classroom positions,
can be found in the Supplementary Materials as Figure S1.
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Figure 1. Area of study.

The sampling was carried out from 1 February to 12 March 2019. To study their
influence on measurements, local meteorological parameters were investigated using
weather data, such as temperature (°C), relative humidity (%), rain (mm), air pressure
(hPa), wind speed (m/s), and direction, provided by the ground-based meteorological
weather station (AQ); in Figure 1) located nearby the school (about 500 m) and managed
by the regional environmental protection Agency of Apulia Region, Arpa Puglia (https://
www.arpa.puglia.it (last access: 16 September 2021)). The sampling campaign was mainly
characterized by clear skies, and only 4 rainy days occurred. Average daily temperatures
ranged between 6.8 °C and 16.0 °C, with values of approximately 7.8 °C at 8.00 (school
starting time) and 15.4 °C at 13.00 (school finishing time). Relative humidity varied
between 42% and 84%, while wind speed showed values between 0.4 and 5.0 m/s (see
Supplementary Materials Figures S2-54). The same station (AQ;) provided measurements
of air pollutants NO2, PM2.5, PM10, and CO.

2.2. Sampling Equipment and Data Collection Procedure

During the experimental campaign, analytical measurements of VOCs were made
through Radiello passive samplers, and total VOC measurements through Photo Ionization
Detectors (PIDs).

2.2.1. Volatile Organic Compounds: Passive Sampling

During the indoor/outdoor sampling campaign, passive VOC measurements (VOCs
and aldehydes) were carried out using diffusive samplers in radial symmetry with ad-
sorbent cartridges Rad 130 (Radiello®—Fondazione Salvatore Maugeri-IRCCS, Padova,
Italia). The sampling time schedule is defined in Table 1. Radiello samplers were installed
in classrooms and bathrooms at a distance of 50 cm under the ceiling, and no closer than
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2 m to windows. The sampling time covered a 3-day period from Tuesday morning until
Friday afternoon, and a 4-day period from Friday afternoon to Tuesday morning next week.
Sampling indoor places investigated were: B1 (male bathroom), B2 (female bathroom), 4B
(classroom 4B), 4E (classroom 4E), and O4E (external balcony classroom 4E).

Table 1. Sampling time schedule in the different school places: B1 (male bathroom), B2 (female bathroom), 4B (classroom 4B),

4E (classroom 4E), and O4E (external balcony classroom 4E).

Sampling Period VOC Sampling TVOC Sampling
Site Site Site Site Site Site Site
1-5 February 2019 Bl B2 4B 4E O4E 4E O4E
5-8 February 2019 Bl B2 4B 4E O4E 4E O4E
8-12 February 2019 Bl B2 - 4E O4E 4E O4E
12-15 February 2019 Bl B2 - 4E O4E 4E O4E
15-19 February 2019 Bl B2 - 4E O4E 4E O4E
19-22 February 2019 - B2 - 4E O4E 4E O4E
22-26 February 2019 - B2 - 4E O4E 4E O4E
26 February-1 March 2019 - B2 - 4E O4E - -
1-5 March 2019 - B2 - 4E O4E - -
5-12 March 2019 - B2 - 4E O4E - -

2.2.2. Volatile Organic Compounds: Real-Time Monitoring

High temporal resolution monitoring of TVOC concentrations (ppm), temperature
(°C), and relative humidity (%) was performed inside the selected educational buildings
through the deployment of Photo Ionization Detectors (PIDs) (Corvus, IonScience Ltd., UK).
The PIDs’ high-sensitivity technology comprises a Kripton UV lamp operating at 10.6 eV
ionization potential, two collecting electrodes, and an electric-signals converter to measure
TVOC concentrations within the 0.01 to 50 ppm concentration range with an accuracy of
134 + 5 ppb, and a limit of detection (LOD) equal to 5 ppb. The PIDs featured built-in
humidity compensation, thanks to the integration of humidity and temperature sensors and,
thus, they automatically provided TVOC concentrations corrected for relative humidity.
Before deployment inside the investigated schools, and to ensure data quality, the PIDs were
factory calibrated using isobutylene as the calibration gas (thus, TVOC concentrations are
herein expressed and discussed in ppmv isobutylene equivalent). During the monitoring
campaign, TVOC concentrations were recorded with a 1 sec time resolution and were
successively averaged on a 15 min time-frame for data analysis. The selection of the
monitoring locations inside the selected classrooms was carefully decided according to
representativeness criteria. Moreover, with specific regard to classroom 4E, indoor-outdoor
simultaneous monitoring of TVOC concentrations was carried out by placing one PID
inside the classroom and another on the external balcony. Inside the classroom, the detector
was placed near the occupants’ breathing zone, approximately 1 m above the floor and
at least 2 m away from windows, doors, or active heating systems. The selection of the
monitoring location was carefully decided to make the readings as representative of the
whole room volume as possible. A distance of at least 2 m between the windows and the
detector was guaranteed to avoid any air turbulence near the monitoring system, which
could result in potential fluctuations in data readings. Outdoor measurements were taken
to set the reference outdoor concentrations.

2.2.3. Determination of Radiello Volatile Organic Compounds by Gas
Chromatography—Mass Spectrometer (GC-MS)

Volatile organic compounds were extracted from the cartridges using 2 mL of carbon
disulfide (CS;) and by stirring the solution from time to time over 30 min, both manually
and with the aid of a mechanical stirrer (Vortex, VWR Collections). The extraction solvent
was prepared to contain the internal standards (1,2-dichloroethane-d4, toluene-d8, 4-
bromofluorobenzene) at a concentration of 5 g mL~1.
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The analysis was performed using the gas chromatography-mass spectrometry tech-
nique (Agilent Technologies Inc. 8890 GC System, Santa Clara, CA, USA) with a DB-624
column (60 m x 0.25 mm i.d. and 1.4 m film thickness), using helium as carrier gas. An
amount of 1 mL was injected into the instrument using an autosampler (Gerstel robotic
MPS multipurpose sampler) in splitless mode. The oven temperature was 48 °C for the
initial 4 min and increased by 5 °C/min to 110 °C (holding 7 min), then was increased by
6 °C/min to 165 °C (holding 0 min), and finally was increased by 20 °C/min to 220 °C
(holding 4 min). Overall, the duration of the chromatographic run was approximately
40 min.

Regarding mass spectrometry, electron ionization (EI), conducted at 70 eV, was used
as the ionization technique. Identification and quantification of the 22 VOCs tested was
performed by SIM and SCAN monitoring modes.

3. Results and Discussion
3.1. Total Volatile Organic C Concentration

The real time TVOC concentrations, monitored over the entire investigated period,
both inside and outside the school, showed indoor concentrations systematically larger
than outdoor ones, with a mean value of 0.10 = 0.04 ppm for the outdoor sites and
0.14 & 0.07 ppm for indoor, and a mean value of the I/O ratio equal to 1.41. As ex-
pected, the analysis by day of the week shows that the mean value of TVOC concen-
trations during school hours (0.16 & 0.07 ppm) was higher than that calculated for Sunday
(0.11 £ 0.05 ppm). Differences between indoor and outdoor profiles are shown in Figure 2,
which reports, for example, the TVOC data collected from Monday 18 to Sunday 24 Febru-
ary. Indoor TVOC profiles showed more frequent and higher peak values (up to 0.76 ppm)
with respect to the outdoor profiles. Both profiles presented a decrease on 23 and 24 Febru-
ary, related both to the increase of wind speed intensity in the two days (Figure S3), and to
the emission reduction on Sunday. This is particularly evident in the indoor profile where
no peak was registered. The daily profiles (Figure 2) show the presence of two peaks of
TVOC concentrations during the morning and afternoon, not directly linked to outdoor
intrusion. Moreover, considering the outdoor temperature trend shown in Figure S2, a
decrease during 23 and 24 February can be observed, such as the RH trend. The higher
TVOC concentrations registered through the daytime school hours were probably due
to student occupancy (acrylic/tempera paints, permanent markers containing aromatic-
and alkane-containing solvents and adhesive, use of perfumes and deodorants after gym
activities) and poorly-ventilated classrooms in the cold investigated period. In the same
way, taking into account that after-school activities were carried out on Monday and Tues-
day, the highest peaks registered during these two afternoons would be due to student
occupancy and activities. On the other weekdays, the afternoon TVOC peaks showed
about the same duration and time slot, suggesting a link between VOC concentrations and
cleaning activities.

A comparison between outdoor TVOC concentrations and NO, (Figure S5) measured
at the air quality monitoring station shows a correlation of 0.53 between the two pollutants
(r =0.53; n =169; p = 0.03), suggesting the hypothesis that only a portion of outdoor
TVOCs is attributable to vehicle-traffic emissions, which is the main source of NO; in the
examined area.

3.2. VOC Distribution in the Different School Areas Investigated and Their Temporal Variability

Table 2 shows the concentrations of toluene, ethylbenzene, and xylenes, calculated as
average values over the entire monitoring period, compared to the average value reported
in the literature for school environments. Moreover, for a better visualization of this
comparison, the reader can observe Figure S6 in the Supplementary Materials.
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Figure 2. Indoor and outdoor TVOCs concentration profiles over the period 18-24 February (classroom 4E and its

balcony, respectively).

Table 2. Indoor average concentration and reference values for main VOCs investigated.

voC Caverage, indoor Galatina (ugm=3)  Standard Deviation + (ug m—3) C reference (Mg m~3)
Toluene 0.81 0.09 4441
Ethylbenzene 0.08 0.02 3.00 2
Alkylbenzenes 0.29 0.09 -
Xylenes 0.18 0.04 2.641
Halogen VOCs <0.1 - -
Benzene 1.94 047 0.981

1 Sarigiannis et.al., 2011. 2 Goodman et.al., 2016.

The measurements show that concentrations of volatile organic compounds in the
investigated school were, on average, lower than those reported in the literature for other
schools [1,14,15]. It is worth noting that, for alkylbenzenes and halogen VOCs, reference
values were not available. In particular, in the case of benzene, toluene, and xylenes, a
comparison was made with the determinations for schools in the European Union [14]: we
found that average indoor concentrations of toluene and xylenes were less than shown
in the European schools, while average indoor concentration of Benzene was larger than
reference levels. In the case of ethylbenzene, on the other hand, a comparison was made
with an average value relating to a study carried out in Australian schools [15]. In our
study, the ethylbenzene average indoor concentrations were less than values found in the
Australian schools.

Furthermore, the values determined in the present study are also lower than what
has been reported for the same pollutants in other places such as public buildings [16] or
homes [17].

It is important to note that there are no limits or threshold values for these pollutants
in indoor environments. In contrast, the average concentrations of benzene far exceed the
average value of 0.98 g/ m?3 reported in the literature. Despite this, it doesn’t exceed the
limit of 5 pg/m? imposed by the European Union for outdoor environments to protect
health. In addition to being above the European average, benzene concentrations were
higher than those of the other BTEXs, while it is worth noting that benzene is usually the
lowest among the BTEXs present.
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Figure 3 shows the values of all determined VOCs averaged over the entire monitoring
period for the five environments studied. Benzene is always the pollutant present in the
highest concentration, and the highest value was found on the balcony facing classroom 4E.
Taking into account that the I/O ratio for benzene is less than 1 (see Table 3), an outdoor
source can be assumed for this pollutant, as discussed further on in the text.
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00 izii i-ﬁi Bl _-a BE__: BR__=
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B Benzene MToluene Ethylbenzene MXylenes ™ Alkylbenzenes

Figure 3. Benzene, Toluene, Ethylbenzene, Xylene, and Alkylbenzenes indoor mean concentration
values over the entire monitoring period in the different school areas investigated. B1 indicates the
male bathroom site, B2 the female bathroom site, 4B the classroom 4B, 4E classroom 4E, and O4E the
external balcony outside classroom 4E.

Table 3. Benzene, Toluene, Ethylbenzene, Alkylbenzenes, and Xylene indoor and outdoor mean
concentration values.

vOC Caverage Indoor (ug m=3)  Cayerage Outdoor (ug m—3) /0
Benzene 1.94 3.23 0.60
Toluene 0.81 0.53 1.52

Ethylbenzene 0.08 0.03 2.67
Alkylbenzenes 0.29 0.28 1.04
Xylene 0.18 0.05 3.60

Alkylbenzenes show 1/0O ratios always around 1 for all locations, confirming their
low variability. This suggests that there are no indoor sources for this class of pollutants,
and that the concentrations found indoors are due to penetration from outdoors. Xylenes
have higher I/O ratios for Bl and B2, i.e., the two bathrooms, and this could be related to
emissions due to the use of specific cleaning products, smoking and /or cosmetics, although
it is difficult to say this precisely. In Figures 4-6, the trends of the different VOCs are
reported for three of the examined environments (the balcony, the corresponding classroom,
and one of the bathrooms) as average values calculated for each monitoring period (as
reported in Table 1). It is worth noting that toluene shows the same trend both outdoors
and indoors, indicating an outdoor origin. Benzene, as well as alkylbenzenes, xylenes, and
ethylbenzene are characterized by different indoor trends (Figure 5) if compared to the
outdoor values (Figure 4), apart from the first two periods. For site B2, different indoor
trends (Figure 6) were observed with respect to classroom 4E.
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Figure 4. Mean VOC concentration for each sampling period on site O4E (balcony of classroom 4E).
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Figure 5. Mean VOC concentration values for each sampling period on site 4E (classroom 4E).

3.00 0.60
==g==EBenzene
" 2.50 0.50 "".E
=g To]
SE 2.00 0.40 ¥ onene
~ 1.50 0.30 ‘% === Ethylbenzene
1.00 020 B
g
S 0.50 010 ©
0.00 0.00
3 v X ! &)
¥ o° Y o0 A
) N L N s
& N\ & & ¥
N & N Ay Q¥
Sampling period

Figure 6. Mean VOC concentration values for each sampling period on site B2.
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Toluene/Benzene ratios (T/B) (reported in Figure 7) have been used to distinguish
different sources. Many studies agree that the main outdoor sources of BTEX are industrial
activities and vehicular traffic [18,19]. In particular, a ratio below 2 indicates that the
pollutants mainly derive from vehicular emissions or biomass combustion, while ratios
above 2 indicate the presence of contributions from sources such as industrial emissions [18].
Niu et.al. [20] state that if the B/T ratio is greater than 1 (i.e., T/B lower than 1), biomass
combustion is likely to be the main source. This is also confirmed by Wang et.al. [21], who
found higher benzene concentrations than toluene ones when wood burning was the main
source. In general, typical T/B ratio values reported in literature studies fall in a range
between 0.8 and 6 [18,19,22].

Bl B2 4B 4E O4E

School place

Figure 7. Toluene/Benzene ratio in the monitored school areas. B1, indicates the male bathroom site; B2, the female

bathroom site; 4B, classroom 4B; 4E, classroom 4E; and O4E, the external balcony of classroom 4E.

As can be seen, the T/B ratios found at locations B1, B2, and 4B are higher with respect
to 4E and the outdoor site. For site 4B, for which the ratio is higher than 1, a possible
contribution from outdoor traffic is plausible.

For sites B1, B2, 4E, and O4E, even if these values could be compatible, according to
the literature [20], with sources such as biomass burning, some other contribution due to
specific indoor sources could be present. In fact, it is very likely that the high concentrations
of benzene at both locations 4E and O4E are related to emissions from cigarette smoke.
This is because the balcony of classroom 4E overlooks the main atrium of the school where
students gather during break periods, and cigarette smoke is, therefore, responsible for the
high concentrations of benzene found. In fact, it has been shown that air concentrations of
benzene from this source exceeds those of toluene, and that benzene is the VOC emitted in
the highest quantities by cigarette smoke [23].

4. Conclusions

During the winter of 2019, simultaneous indoor and outdoor VOCs monitoring,
carried out through Radiello passive samplers and Photo Ionization Detectors (PIDs),
was performed in a secondary school of Galatina (South Italy). The results highlighted
that indoor TVOC concentrations were systematically larger than those outdoors, with
a mean value of the I/O ratio equal to 1.41. TVOC profiles showed a decrease with the
increase of wind speeds, or during Sundays. It is plausible to assume that the higher
TVOC concentrations registered throughout the daytime school hours were due to student
occupancy and poorly ventilated classrooms in the cold investigated period.
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Considering the VOC speciation performed by the Radiello cartridge sampling, it is
possible to highlight that the average indoor concentration of toluene and xylene monitored
were less than the values found in European schools as reported in the literature, while
the average indoor concentration of benzene was larger. Moreover, benzene was always
present in the highest concentrations in all indoor areas investigated, and the highest value
was found on the balcony facing classroom 4E. Taking into account that the I/O ratio for
benzene was less than 1, an outdoor source can be assumed for this pollutant. In particular,
cigarette smoke is responsible for the high concentrations of benzene found, because the
balcony of classroom 4E overlooks the main atrium of the school where students gather
during break periods.

The results suggest some recommendations to protect the students” health. The first
measure is to encourage increasing ventilation in classrooms during school activities, and
after cleaning. The second recommendation is to actively involve students in discussions
regarding the use of acrylic paints, permanent markers, perfumes and deodorants, with
a suggestion to limit the use of these products indoors all together. Another important
recommendation would be to limit smoking activities in bathrooms, and also possibly in
outdoor spaces.
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Xylene indoor (classroom 4E) mean concentration values and relative reference ones.
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