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Abstract: The emergence of new super-insulated buildings to reduce energy consumption can lead
to a degradation of the indoor air quality. While some studies were carried out to assess the air
quality in these super-insulated buildings, they were usually focused on the measurement of gas
phase pollutants such as carbon dioxide and volatile organic compounds. This work reports the first
measurements of Polycyclic Aromatic Hydrocarbons (PAHs) associated with particles as a function
of time and particle size in a low-energy building. The airborne particles were collected indoors
and outdoors over three to four days of sampling using two three-stage cascade impactors allowing
to sample simultaneously particles with aerodynamic diameter Dae > 10 µm, 2.5 µm < Dae < 10 µm,
1 µm < Dae < 2.5 µm, and Dae < 1 µm. The 16 US-EPA priority PAHs were then extracted and quantified
by high-performance liquid chromatography (HPLC) coupled to fluorescence detection. The resulting
total particle concentrations were low, in the ranges 3.73 to 9.66 and 0.60 to 8.83 µg m-3 for indoors
and outdoors, respectively. Thirteen PAHs were always detected in all the samples. The total PAH
concentrations varied between 290 and 415 pg m−3 depending on the particle size, the environment
(indoors or outdoors) and the sampling period considered. More interestingly, the temporal variations
of individual PAHs highlighted that high molecular weight PAHs were mainly associated to the finest
particles and some of them exhibited similar temporal behaviors, suggesting a common emission source.
The indoor-to-outdoor concentration ratios of individual PAH were usually found close to or less than 1,
except during the event combining rainy conditions and limited indoor ventilation rate.

Keywords: PAHs; cascade impactor; particles; indoor air quality; low-energy building; HPLC-fluorescence

1. Introduction

Air quality has become, in two decades, a subject of interest that concerns all au-
diences. Nevertheless, indoor air quality (IAQ) remains a complex subject due to the
presence of many pollutants with various chemical properties and health impacts but also
because of the physicochemical processes including the chemical reactions that govern the
concentrations of pollutants in buildings [1,2].

In addition, for several decades, new energy saving policies have been established
resulting in better insulation of buildings which limits air exchange between indoors and
outdoors. Moreover, the thermal regulations of 2005 and 2012 [3] impose new constraints
on the construction of buildings which must consume less and less energy involving the
installation of efficient insulation and ventilation, heat recovery, etc. These new practices
can have a significant impact on the concentrations of pollutants in indoor air and therefore
on the health of occupants. Thus, it makes sense to carry out an IAQ assessment in the first
low-energy buildings built. Knowing the impact of these new constructions on IAQ would
allow them to validate their designs or correct bad practices in terms of low-energy building
construction or to avoid the widespread dissemination of air management problems.
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In the case of schools installed in an energy efficient building designed with reinforced
sealing, it is therefore essential to use an efficient controlled ventilation system to ensure
a healthy atmosphere inside. Indeed, several recent studies have shown that pollutants’
concentrations in schools were high due to the use of insufficient or even unsuitable
ventilation systems, resulting in a reduction in the work performance of students [4–7]. In
fact, Mumovic et al. were interested in the IAQ of nine newly built schools in England and
in particular in the comparison of their ventilation systems. They showed that classrooms
with a mechanical system were much better ventilated than those with a natural ventilation
system, which showed large variations in CO2 concentration [7].

While many studies have been focused on the study of VOCs emitted by construction
materials, furniture [8] or the influence of ventilation through the air exchange rate [9,10] in
European schools, only a few studies have recently targeted PAHs associated with particu-
late matter in European preschool and school buildings [11–16] (see Table 1). Among these
studies, Wei et al. reported a very extensive study in which they measured, in 308 nurseries
and elementary schools, semi-volatile organic compounds such as PAHs, pesticides, phtha-
lates or polybrominated diphenyl ethers (PBDEs) in both the air and dust [14]. Oliveira et al.
reported levels of PM1 and PM2.5 bound PAHs in indoor and outdoor air of two preschool
environments from April to June 2013 in the North of Portugal [15]. The same authors
assessed also PM2.5–bound PAHs in 10 Portuguese primary schools [13]. In Sweden, Lim
et al. reported PAH concentrations in indoor and outdoor air particulate matter (PM10) and
indoor dust at five preschools in Stockholm [16]. Other recent studies performed around
the world have reported measurements of PAHs in schools for example in Beijing [17] or in
Urban vs. Industrial ‘oil and gas’ zones in Kuwait [18]. Recently, Oliveira et al. published a
review on children’s environmental exposure to particulate matter and polycyclic aromatic
hydrocarbons, where they described their major sources and health impacts [19].

In France, the major emissions of total PAHs, i.e., 63.3 % in 2012, are related to the
tertiary and residential sector [20]. These emissions, which are mainly due to atmospheric
emissions due to domestic heating by combustion of biomass (wood, coal), tend to de-
crease. Road transport contributes to 25.8% of PAH emissions, which is mainly caused by
diesel emissions releasing mainly phenanthrene (PHE), pyrene (PYR) and fluoranthene
(FLN) [21]. Besides, it was demonstrated that FLN is the major emitted PAH with 57.8%
of total PAH emissions from the tertiary and transport sectors [20]. Emissions from the
industrial sector only represent 5.5% of total PAH emissions, which is partly explained by
the numerous regulations limiting emissions for aluminum production, the petrochemical
industry, the incineration of household and industrial waste, cement factories, bitumen,
and tar industries, etc. [22].

In indoor air, similarly to VOCs, a large part of PAHs can originate outdoors [13,23].
Specific indoor sources of PAHs have also been reported such as different means of domes-
tic heating, in particular open fireplaces, cooking [24], and other practices such as smok-
ing [23,25–27], burning of sticks’ incense or candles [28,29]. For example, Pey et al. [25]
showed that the ban on smoking in public places resulted in a decrease in the concentration
of benzo[a]pyrene (B[a]P) by 90%, the concentration having dropped from 1 to 0.1 ng m−3

after its implementation in a cafeteria, while the chrysene (CHR) concentration decreased
by 83%. Similarly, in 2011, Orecchio [28] demonstrated that the combustion of decorative
candles caused emissions of PAHs responsible for b[a]P concentrations varying between
0.1 and 7.5 ng m−3. In their study, the concentrations of total PAHs varied from 7 ng m−3

for the insecticidal candle (citronella) to 267 ng m−3 for a scented candle.
The main objective of this work was to monitor the temporal variations of indoor

levels of the 16 US-EPA particle-bound PAHs in a low-energy building for the first time
over two weeks and compare them with those measured simultaneously outdoors. In this
context, the particles were collected for three to four days using two three-stage cascade
impactors enabled to sample PM1, PM2.5, and PM10. PAHs were then quantified according
an off-line analytical method developed in a previous study [30] and already used for field
measurements [31].
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Table 1. List of previous studies dedicated to PAHs measurements in European schools.

Pollutants
Date

N: Number of Buildings
(Type of Buildings)

Indoor and
Outdoor

Monitoring

Nature of Samples
(N: Number of

Samples)

Sampling Duration
(Sampling Volume) Technique Location Ref.

8 PAHs
Winter 2011 and Summer

2012
N = 6 (schools)

Yes PM2.5
(N = 204)

24 h
(I a: 8.6–14.4 m3)

(O b: 54.7 m3)

Single-stage impactor
+ GC-MS

Roma,
Italy [12]

15 PAHs
Winter 2011–2012

N = 5 (primary schools,
15 classrooms)

Yes
Gas phase (N = 20)

PM2.5 (N = 100)
TSP c (N = 20)

8 h for PM2.5
(4.8 m3)

PEM d samplers
+ GC-MS

Kaunas,
Lithuania [11]

16 PAHs October–November 2013
N = 1 (primary school) No PM1, PM2.5, PM10

(N = 1)
4.0 days
(48 m3)

Three-stages cascade
impactor

+ HPLC/PDA
e/fluorescence

East of France [31]

18 PAHs April–June 2013
N = 2 (preschools) Yes

Gas phase (N = 204, I a)
PM1 (N = 204, I a)

PM2.5 (N = 204, I a)

24 h
(55.2 m3)

Constant flow samplers g

+ HPLC/PDA
e/fluorescence

Porto,
Portugal [15]

18 PAHs
January–April 2014

N = 10 (schools,
20 classrooms)

Yes f PM2.5 (N = 85, I a) 24 h
(2.88 m3)

Constant flow samplers g

+ HPLC/PDA
e/fluorescence

Porto,
Portugal [13]

52 SVOCs
Including 7 PAHs

June 2013–June 2017
N = 308 (nurseries and
elementary schools, 602

classrooms)

No
Gas phase (N = 602)
PM2.5 (modelling)

Dust (N = 602)

4.3 days
(average: 12.5 m3)

Active air pumping
GC-MS/MS France [14]

46 PAHs
and alkylated

PAHs
4 OPAHs h

September–October 2016
September–October 2017

N = 5 (preschools)
Yes PM10 (N = 29)

Dust (N = 19)
8 h

(4.8 m3)

Single-stage impactor
(PM10)

Multi-purpose vacuum
cleaner (dust) + LC-MS

and GC-MS

Stockholm,
Sweden [16]

16 PAHs April–May 2014
N = 1 (school) Yes

PM1 (N = 12)
PM2.5 (N = 12)
PM10 (N = 12)

3–4 days
(I: 119.0–181.3 m3)
(O: 31.7–48.8 m3)

Three-stages cascade
impactors

+
HPLC/PAD/fluorescence

North of France This work

a I: indoor; b O: outdoor; c TSP: total suspended particles; d personal environmental monitor (PEM) samplers; e photodiode array (PDA); f yes, except for three schools; g sampling was done by constant flow
samplers combined with PM EN LVS sampling heads for gaseous and particulate samples (in compliance with norm EN14907 for PM2.5, and PM1); h oxygenated PAHs (OPAHs).
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Contrary to the studies reported in the literature, which report single PAH measure-
ment performed in several buildings and only on a single particle fraction, i.e., PM2.5 or
PM10, this study focused on a single building to monitor its concentrations according to the
time and simultaneously on several fractions of particles by means of cascade impactors.
The present study reports the indoor and outdoor particle concentrations, the indoor and
outdoor average PAH concentrations on particles over the field campaign duration, the in-
door and outdoor temporal variation of total and individual PAH concentrations according
to the particle size fractions, i.e., PM1, PM2.5, and PM10. This novel experimental approach
is discussed in terms of advantages and drawbacks. Our results are also discussed to
highlight the effect of ventilation on indoor air PAH levels in a low energy building and
are compared with those found in the literature.

In addition, the risk assessment due to PAHs’ exposure was investigated by using
the B[a]P equivalent. It should be noted that this same school has been widely studied
within the framework of the MERMAID (Mesures Expérimentales Représentatives et
Modélisation Air Intérieur Détaillée) project aiming at performing some representative
experimental measurements coupled to detailed indoor air modelling, notably with con-
tinuous measurements of formaldehyde [10] and Benzene, Toluene, Ethyl benzene and
Xylenes (BTEX) [9].

2. Materials and Methods

In this section, we described the indoor and outdoor particles sampling methods, the
chemical analysis performed to determine the particle-bound PAH concentrations. Some
information related to the investigated school, especially to its ventilation system and air
sampling conditions, is also given.

2.1. Building Location and Description

After a preliminary field campaign performed in 10 low consumption energy school
buildings [32], the present building was selected for the intensive field campaign of the
MERMAID project because it was considered representative, i.e., among those where
the indoor air pollution was average. In addition, its access was relatively easy for the
installation of the equipment with an adjoining terrace to the classroom and an adjoining
classroom for the installation of the numerous real-time analysers.

The intensive field campaign was performed from 14 April to 6 May 2014, during
the spring school holidays to avoid disturbing the teachings, in a junior high school of
Maubeuge, a city of about 30,000 inhabitants located in North of France, as shown in Figure 1.
The investigated school was in the peri-urban area of the city. The building was recently
constructed according to the French energy regulation of 2005 (RT 2005) using low emission
building materials and was equipped with a dual-flow controlled mechanical ventilation
system with heat recovery, to limit both energy consumption and indoor air pollution.
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Figure 1. Picture and location of the junior high school investigated in this work. The city of
Maubeuge (North of France, 50◦16′39” North, 3◦58′24” East) has about 31,000 inhabitants.
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The investigated classroom was located on the southern first floor and had three doors
and three double windows. The investigated classroom is shown in Figure 2 together with
the analytical instruments. The walls were painted, and vinyl covered the floor. Its volume
was approximately equal to 140 m3 (6.6 m width × 7.9 m length × 2.7 m height).
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Figure 2. Pictures of the cascade impactors installed either inside the investigated classrooms (red)
or outdoors (blue) during the field campaign.

The ventilation system was programmed to be only activated at the normal time of
occupants’ presence to minimize the energy consumption. According to the European
standard NF EN 779: 2012 relating to “general ventilation air filters for the removal of
particles and the determination of filtration performance”, outdoor air is coarsely filtered
with a G4 filter and mixed with a part of recycled indoor air. Then, the mixture is further
filtered using a F7 fine filter to remove most of the submicron particles, heated, and then
propelled into the classrooms. The resulting indoor air renewal rate was found to be 0.2
and 2.1 h−1 when ventilation was off and on, respectively [33].

2.2. Sampling Methodology

Indoor and outdoor pollutants’ levels, temperature, and relative humidity were moni-
tored by numerous instruments with typical high time resolution of 1 min during this field
campaign [9,10,34]. Most of the analytical instruments were placed in the adjacent room of
the studied classroom.

PAH samplings were performed with two commercial manual 3-stages size fractionat-
ing cascade impactors provided by DEKATI@ (Impactor PM-10/PM-2.5/PM-1, Kangasala,
Finland) placed either inside the investigated classroom or outdoors. Collected fractions
corresponded to particles with aerodynamic diameter (Dae) in the ranges Dae > 10 µm,
10 µm > Dae > 2.5 µm, 2.5 µm > Dae > 1 µm and a backup filter which allowed the collection
of particles with Dae < 1 µm. DEKATI PM-10 impactor operation is based on inertial
classification and gravimetric analysis of the aerosol particles. This device classifies parti-
cles according to their aerodynamic diameter for 50% of efficiency (D50%) for each stage,
explaining why bigger particles can be present in theoretical smaller fractions. D50% is
given by the manufacturer with 2.8% of accuracy for each impaction stage.

Samples were collected onto glass microfiber filter (GFF) (Whatmann, Ø 47 mm) and
sizes were adapted to the calibrated collection plates, i.e., Ø 25 mm for the three first
plates and 47 mm for the backup filter. The chemical analyses were performed on particles
impacted on filters for three to four days. The sampling flow rates being 0.5 and 1.8 m3 h−1

(i.e., 8.3 and 30 L min−1) in indoor and outdoor air, respectively, the corresponding total
sampling air volumes varied in the ranges 31.7 to 48.8 m3 and 119.0 to 181.3 m3 for indoors
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and outdoors, respectively. Sampling details are presented in Table S1. After sampling,
filters were stored in Petri dishes covered with aluminum foil and kept in a refrigerator
(4 ◦C) until they were further analyzed (maximum seven days after sampling).

Before PAH analysis, Particulate matter (PM) masses were measured gravimetrically
by subtracting the initial mean mass of the blank filter from the final mean mass of the
same filter after sampling. The difference was then divided by the total air volume that
passed through the filter to obtain mass concentration. Each filter was weighed 3 times
and the mean result was then used for further calculations. The microbalance (XSR105,
Mettler Toledo, France) integrated automatic internal adjustment and the resulting accuracy
was 10 µg.

2.3. Chemical Analysis

The 16 US-EPA priority polycyclic aromatic hydrocarbons (PAHs) and their abbrevi-
ation are listed in Supplementary Materials (see Table S2). The extraction, analysis and
limits of detection (LOD) and quantification (LOQ) of individual PAHs are also given
in Table S2, these values being derived from our previous work [30]. Briefly, the partic-
ulate matter impacted on GFF was extracted with approximately 70 mL of acetonitrile
(ACN) by means of an accelerated solvent extractor. The extracts were then carefully
filtered through a PVDF filter (0.45 µm) and reduced to 1 mL using a rotary evaporator
(Büchi@, Villebon-sur-Yvette, France) at 45 ◦C and 220 mbar. A gentle stream of nitro-
gen was finally used to concentrate the extracts in the range 100–150 µL where the exact
volume was determined by weighing. Extracts were analyzed using a high-performance
liquid chromatography equipped with a C18 Pinnacle II PAH (Restek@, Lisses, France)
150 mm × 3.0 mm ID × 4 µm (particle size), a diode array detector and a fluorescence
detector (Thermo Fisher Scientific@, Illkirch-Graffenstaden, France). Each compound (or
group of PAHs compounds) was detected at its optimum emission/excitation wavelength:
270/330 nm (NAP, ACE, FLU), 250/370 nm (PHE), 250/400 nm (ANT), 270/440 nm (FLN),
270/400 nm (PYR), 270/390 nm (B[a]A, CHR), 290/430 nm (B[b]F, B[k]F, B[a]P, DB[a,h]A,
B[g,h,i]P) and 305/500 nm (IND). ACY, which is not fluorescent, was quantified with
the DAD at its optimum absorbance wavelength λ = 229 nm. LOQ were in the range
0.05–0.47 µg L−1 corresponding to 0.37–3.02 pg m−3 for 40 m3 of pumped air, this value
being representative of the indoor air sample volume (see Table S2).

For these measurements, three field blanks were considered for each filter size, i.e.,
25 mm for the intermediate plates and 47 mm for the last plate of the impactor. These filters
were weighed and stored in the same way as the filters used for the samples. They were
transported to the location of the field campaign where they stayed for two weeks. They
were then weighed, extracted, and analyzed under the same conditions used for other
samples. When PAHs were detected on the blanks, the average quantities (n = 3) were then
subtracted to the PAHs masses obtained from field measurements.

3. Results and Discussion

During the investigated period, the average temperatures were 24.0 ± 0.6 ◦C and
13.6 ± 1.4 ◦C for indoors and outdoors, respectively. The relative humidity in indoor and
outdoor air were 35.6± 5.0% and 63.5± 9.6% respectively, the quoted errors corresponding
to the standard deviation.

The PAH concentrations were simultaneously measured in indoor and outdoor air
using two cascade impactors, from April 14th and May 6th, 2014. The filters were changed
every three to four days depending on the accessibility to the sampling systems leading to
six sampling periods on the total duration of the field campaign.

Using four glass microfiber filters (GFF) per impactor and per sampling period in
addition to the six blank measurements, 54 filters were thus extracted and analyzed
according to the method described above [30] for both indoor and outdoor air.

The results are presented and discussed in the different sub-sections below.
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3.1. Indoor and Outdoor Particle Concentrations
3.1.1. Results

The particulate matter mass concentrations (µg m−3) collected with the three-stages
cascade impactors as a function of time are displayed in Figure 3 where both indoor and
outdoor values are shown related to the collection plate and therefore the particulate
size (Dae). Indoor and outdoor PM concentrations are very low with values varying in
the ranges 3.73 to 9.66 and 0.60 to 8.83 µg m−3, respectively. As shown in Figure 3, the
finest particles, i.e., Dae < 1 mm (PM1), represent the most important part of the sampled
particles in indoor and outdoor air. If the masses collected on the ultimate filter were
always quantifiable with regard to the uncertainty of the microbalance used, i.e., 10 µg, it
was often impossible to determine with accuracy the quantities of particles impacted on
the upper plates (Dae > 10 µm, 10 µm > Dae > 2.5 µm and 2.5 µm > Dae > 1 µm).
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Figure 3. Particulate matter mass concentrations (µg m−3) measured in 2014 vs. time obtained either
indoors (a) or outdoors (b) related to the collection plate and therefore the particulate size (Dae).

3.1.2. Comparison with Literature

If chemical speciation of PAHs is not often studied in schools, measurements of particle
concentrations, often PM10 or PM2.5 are very widespread [11,12,35–41]. Particulate matter
is one of the major air pollutants due to their notorious health effects. Thus, these studies
tend to highlight potential sources and show the important contribution of outdoor air to
indoor air pollution, especially when the schools are in urban areas. In terms of particle
concentration levels, they are very variable depending on the location of the schools with,
for example, these PM2.5 values (in µg m−3): 11–27 in winter and 12–27 in spring in six
Italian schools located near high traffic areas [12], 13–84 in Barcelona in Spain [38], 4.3–73.1
(median: 37.0) in winter and 9.8–55.1 (median: 22.1) in summer in 64 schools located in
North of Munich in Germany [42]. In 10 Portuguese schools’ environments, Oliveira et al.
reported mean concentrations of PM2.5 in the ranges 9.2–66 µg m−3 and 25–67 µg m−3 for
indoors and outdoors, respectively [13]. Inside two preschools located also in Portugal,
the same authors found mean PM2.5 values of 14.2 and 18.4 µg m−3. Outdoors, the
corresponding mean PM2.5 concentrations were slightly higher, i.e., 15.2 and 19.3 µg m−3.
The simultaneous determination of PM1 and PM2.5 in these two preschools highlighted
that majority of PM2.5 fraction was composed by PM1, these particles accounting in indoor
air for 86% and 87% of PM2.5, respectively [15]. Outdoors, PM1 contributed to only 62 to
80% of PM2.5 [15].

The indoor and outdoor concentrations of PM2.5 observed in our work correspond
to the minimum values found in the previous studies [13,15] showing that both indoor
and ambient air were not very polluted since no specific source of PMs was identified in
this classroom in the absence of occupants. In addition, the school holidays presumably
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affected the potential effect of indoor sources, e.g., combustion sources from cooking in
cafeteria, staff activities such as smoking, etc. It can be assumed that the usual near-site and
on-site outdoor sources were also significantly reduced in the absence of school-transport
traffic near school, in the absence of vehicle traffic from drop-off of students in morning
and afternoon. Likewise, the traffic in the parking lot reserved for school staff, which is
immediately adjacent to the location of the outdoor sampler and the chosen classroom, was
also greatly reduced during holidays.

Besides, these values agree with those of 8.7 ± 3.6 µg m−3 and 5.3 ± 2.3 µg m−3

measured inside the Portuguese schools located in a residential and suburban areas, re-
spectively [13]. In addition, the major fraction of PM1 found in this work either indoors or
outdoors is supported by the observation made by Oliveira et al. in Portugal [15].

The PM10 values reported in the present work in the range 3.6–9.6 µg m−3 in the
absence of pupils are also of the same order of magnitude as those measured by Lim et al.
at five preschools in the presence of schoolchildren in Stockholm (Sweden) [19]. Indeed,
these authors reported average PM10 concentrations of 23.5 and 13.8 µg m−3, for indoors
and outdoors, respectively. However, such levels are considerably lower than PM10 indoor
and outdoor median values measured in school environments from more than 20 studies
in a large number of European studies, i.e., 105 and 46.6 µg m−3, respectively [19].

In a school classroom of a low-energy building, Liaud et al. (2014) reported that
the indoor collected particle masses, were very limited for big particles causing large
uncertainties on PM2.5 and PM10 concentrations which were often found very close to the
blank values [31]. Similar behavior is observed in our study confirming the great efficiency
of the filtration system implemented in the low-energy school building studied here and
more generally in low-energy school buildings where efficient programmable ventilation
systems are usually installed.

3.2. Average Particle-bound PAH Concentrations Over the Field Campaign Duration
3.2.1. Results

If the temporal variation of the PAH concentration can give certain information (see
Section 3.3), it is also interesting to determine the average concentrations of the different
PAHs measured individually over the full campaign duration in order to compare them
with the literature ones. These values are reported in Table 2 for PM1, PM2.5, and PM10.

Table 2. Average indoor and outdoor concentrations of individual PAH over the full campaign duration. The quoted errors
correspond to the standard deviation calculated from the six measurements performed on the investigated period.

PAH

Average Indoor Concentration
(pg m−3)

Average Outdoor Concentration
(pg m−3)

PM1 PM2.5 PM10 PM1 PM2.5 PM10

Naphtalene n.d. a n.d. a n.d. a n.d. a n.d. a n.d. a

Acenaphtylene n.d. a n.d. a n.d. a n.d. a n.d. a n.d. a

Acenaphtene 0.3 ± 0.7 1.5 ± 2.4 2.0 ± 3.0 n.d. a n.d. a n.d. a

Fluorene 4.6 ± 2.7 12.4 ± 9.8 17.5 ± 13.2 3.6 ± 2.1 3.6 ± 2.1 3.6 ± 2.1

Phenanthrene 29.4 ± 11.1 63.8 ± 43.1 81.7 ± 50.2 19.3 ± 16.8 19.3 ± 16.8 19.3 ± 16.8

Anthracene 2.4 ± 0.5 3.4 ± 1.0 4.0 ± 1.2 2.9 ± 2.1 3.4 ± 2.3 3.7 ± 2.1

Fluoranthene 23.4 ± 9.9 32.4 ± 11.5 37.1 ± 12.7 30.3 ± 20.8 41.0 ± 24.3 47.9 ± 24.1

Pyrene 18.0 ± 5.3 24.3 ± 6.5 26.9 ± 8.1 24.1 ± 16.7 31.2 ± 22.4 34.4 ± 23.5

Benzo[a]anthracene 7.5 ± 5.5 8.3 ± 5.6 8.8 ± 5.5 10.0 ± 6.2 11.5 ± 6.8 12.6 ± 7.0

Chrysene 9.7 ± 4.7 11.4 ± 5.4 12.6 ± 5.3 18.1 ± 8.3 20.8 ± 9.5 22.3 ± 9.8
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Table 2. Cont.

PAH

Average Indoor Concentration
(pg m−3)

Average Outdoor Concentration
(pg m−3)

PM1 PM2.5 PM10 PM1 PM2.5 PM10

Benzo[b]fluoranthene 33.9 ± 14.2 37.8 ± 16.7 38.5 ± 17.1 45.3 ± 19.3 50.6 ± 20.9 53.0 ± 21.4

Benzo[k]fluoranthene 12.1 ± 4.9 13.7 ± 5.9 13.9 ± 6.0 17.2 ± 8.1 19.2 ± 8.7 20.1 ± 8.8

Benzo[a]pyrene 22.5 ± 8.4 24.8 ± 9.6 25.2 ± 9.8 21.1 ± 14.1 24.4 ± 15.3 26.0 ± 15.5

Dibenzo[a,h]anthracene 14.2 ± 6.5 15.6 ± 7.2 16.0 ± 7.3 18.2 ± 18.4 19.9 ± 19.3 21.6 ± 20.2

Benzo[g,h,i]perylene 61.2 ± 40.2 67.1 ± 44.9 75.1 ± 61.4 46.1 ± 24.9 53.3 ± 25.5 57.1 ± 26.6

Indeno[1,2,3-
c,d]pyrene 51.1 ± 24.8 55.2 ± 27.5 55.4 ± 27.6 35.2 ± 25.3 39.2 ± 26.9 39.7 ± 27.3

Total 290.3 371.7 414.6 291.1 337.3 361.5
a n.d.: not detected.

Among the 16 PAHs studied, 13 PAHs were detected in all the samples, unlike
naphthalene, acenaphthene, and acenaphthylene. B[a]P, classified as a group 1 carcinogen,
has been quantified at very low concentration in the ranges 14–38 pg m−3 indoors and
10–49 pg m−3 outdoors. This seems to indicate that B[a]P is not emitted by indoor sources.
This point will be discussed in more detail in Section 3.4.

For a given number of aromatic rings, the proportion of PAHs bound to the finest
particles (PM1) was determined. This calculation showed that most of the high molecular
weight PAHs were preferentially linked to the finest particles. Indeed, 80% and 87% of
PAHs with five and six aromatic rings are linked to PM1 for outdoor and indoor air,
respectively. Similar percentages between indoors and outdoors were again observed for
four-ring PAHs but only 63% and 60% of four-ring PAHs were adsorbed on the finest
particles in outdoor and indoor air, respectively. Conversely, it was surprising to note that
91% of PAHs having three aromatic rings, namely fluorene (FLU), phenanthrene (PHE) and
anthracene (ANT) were linked to PM1 outdoors against only 30% indoors. This observation
could be explained by supposing that the ambient temperature being lower outdoors, a
condensation of these molecules on existing particles is favored.

Indeed, when such semi-volatile organic compounds (SVOCs) enter indoors in a
warmer environment, they can tend to partition in favor of the gas phase [43]. In addition,
previous works performed by INERIS report that diesel vehicles emit PAHs having three or
four aromatic rings, namely FLN, PHE, and PYR [21]; thus the emission of these molecules
in large quantities could favor their adsorption on particles of smaller diameter, also
emitted by diesel vehicles. However, it is not excluded that this result is at least partially
due to a quantification artefact where the larger particles would be entrained towards the
lower plateaus resulting in a bias in our measurements.

3.2.2. Comparison with Literature

The total PM10-bound PAH concentration of 414.6 pg m−3 (see Table 2) found in
this low-energy labelled building is very close to that of 435 pg m−3 measured in the
positive energy school investigated by Liaud et al. using the same methodology for particle
sampling and PAH analysis [31]. The average indoor B[a]P level of 25.2 pg m−3 measured in
this work on PM10 is also in agreement with the values found in other studies [13,23,44–47]
as well as with the B[a]P concentration of 19 pg m−3 found by Liaud et al. in another
low-energy school building [31].

As already mentioned in the introduction, only a limited number of European studies
were focused on PAH measurements in schools [11–16], most of them being very recent.

One of them was carried out in Lithuania in five primary schools during the winter
of 2011/2012 [11]. The sum of the total PAHs (15 PAHs) quantified in indoor air both in
the gas and particulate phases (PM2.5), varies from 20.3 to 131.1 ng m−3 depending on the
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school, and the emissions were found to originate outdoors because the indoor-to-outdoor
concentration ratios were significantly lower than 1. Indeed, Krugly et al. point out that
the concentrations of PAHs determined in outdoor air are much higher than the average
in Western Europe, which could be due to the use of older vehicles [11]. In addition, high
proportions of fluorene (FLU) and phenanthrene (PHE) of the order of 10 and 5 ng m−3

were detected in PM2.5 similarly to our study even if our concentration were much smaller
and varied in the ranges 1.3–29.0 and 18.5–141.5 pg m−3 for FLU and PHE, respectively.
According to Krugly et al., such high proportions of fluorene and phenanthrene could be
explained by indoor emissions related to cooking or evaporation from materials.

The second study was carried out in winter and spring 2011/2012 in six schools located
in Roma to observe seasonal variations in the concentrations of PM2.5-bound PAHs [12].
It was shown that winter PAH concentrations were higher than those determined in
spring and summer. This study was carried out as part of a European project called
EXPAH (Population EXposure to PAHs) to assess the exposure of children and seniors
to PAHs adsorbed on particles in highly urbanized spaces. The PAHs targeted are those
supposed to be carcinogenic, namely Benzo[a]anthracene (B[a]A), Benzo[b]fluoranthene
(B[b]F), Benzo[k]fluoranthene (B[k]F), Benzo[j]fluoranthene (B[j]F), Benzo[a]pyrene (B[a]P),
Dibenzo[a,h]anthracene (DB[a,h]A), Benzo[g,h,i]perylene (B[g,h,i]P) and Indeno[1,2,3-
c,d]pyrene (INP) in individual dwellings, schools, and offices. In order to compare the
values obtained in our work with those obtained during this study, Table 3 presents the
values of the concentrations obtained in indoor and outdoor air for the Maubeuge’s school
(this work) and for the six schools of the Italian study over the spring period [12], a period
comparable to ours. Note that B[j]F was not measured in our study.

Table 3. Comparison of PM2.5 bound PAHs concentrations (in ng m−3) measured indoors in this
work and during the Italian study EXPAH [12]. The bold numbers correspond to the sum of the
concentrations indoors or outdoors.

Parameters
This Work Romagnoli et al. [12]

Maubeuge School (France)
Mean a

Six Schools in Roma (Italy)
Mean (Min–Max) b

Traffic Intensity Low Low to high

Indoor Concentrations

B[a]A 0.008 0.05 (0.02–0.10)
B[b]F 0.038

0.27c (0.12–0.36)B[k]F 0.014
B[j]F -
B[a]P 0.025 0.10 (0.07–0.16)
INP 0.055 0.11 (0.08–0.20)

DB[a,h]A 0.016 0.03 (0.02–0.06)
B[g,h,i]P 0.067 0.17 (0.10–0.31)
∑8PAHs 0.223 0.63 (0.30–1.02)

Outdoor Concentrations

B[a]A 0.012 0.09 (0.04–0.17)
B[b]F 0.051

0.35c (0.21–0.47)B[k]F 0.019
B[j]F -
B[a]P 0.024 0.12 (0.07–0.21)
INP 0.039 0.15 (0.10–0.23)

DB[a,h]A 0.020 0.03 (0.02–0.04)
B[g,h,i]P 0.053 0.23 (0.13–0.34)
∑8PAHs 0.218 0.81 (0.42–1.21)

a Arithmetic mean over the duration of the campaign (n = 6); b Mean (Minimum–Maximum) values for the six
studied schools; c Sum of the following PAHs: B[b]F+ B[k]F+ B[j]F according to Romagnoli et al.
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The indoor PAH concentrations determined in our work are of the same order of
magnitude as the values measured in the six Italian schools [12]. Indeed, the concentration
of ∑8PAHs is about 0.22 ng m−3 in our study whereas they varied from 0.30 to 1.02 ng m−3

in Italy. Regarding our study, the total outdoor concentration of ∑8PAHs is equal to that
determined in indoor air while the outdoor Italian ones ranging from 0.48 to 1.21 ng m−3

were slightly higher than those measured indoors in Roma. The I/O ratios are close to or
less than one for our study and the EXPAH project [12], which confirms the importance
of external sources and in particular the influence of car traffic (see Table 3). On the other
hand, the values of PAH concentrations in outdoor air are significantly lower in the North
of France, which is easily explained by the difference in population density between Roma
and Maubeuge. As mentioned above, the sampling and measurement period chosen in the
present work, i.e., during school holydays, has presumably affected and minimized both
indoor and outdoor PAH concentrations.

In North of Portugal, Oliveira et al. reported inside 10 schools, with mean total levels
of PM2.5-bound PAHs varying usually in the range 2.8–20 ng m−3 These PM2.5-bound
PAHs values appear much higher than those found in our study and in Roma (Italy) [12] but
are still lower than those of 20.3 to 131.1 ng m−3 reported by Krugly et al. [11]. In majority
of the investigated Portuguese schools, acenaphthylene and dibenzo[a,h]anthracene were
the most indoor particulate–bound PAH [13] with contributions in the ranges 29–68% and
5–25% of Σ18PAHs for acenaphthylene and dibenzo[a,h]anthracene, respectively. Such
observations disagree with our results since acenaphthylene was never detected in our
study according to its relative high volatility leading mainly to its presence in the gas phase.
In our study, the relative contribution of dibenzo[a,h]anthracene to Σ16PAHs was found
to be only 4.2 and 5.9% for indoors and outdoors, respectively. In our study, the major
PM2.5-bound PAHs were benzo[g,h,i]perylene, phenanthrene and indeno[1,2,3-c,d]pyrene
with contribution of 18.0, 17.2 and 14.9% for indoor air, these three PAHs contributing to
the half amount of PAHs indoors. Outdoors, benzo[g,h,i]perylene, benzo[b]fluoranthene,
fluoranthene and indeno[1,2,3-c,d]pyrene represent 15.8, 15.0, 12.1, and 11.6% of Σ16PAHs.

The same research group measured indoor and outdoor gaseous and particulate (PM1
and PM2.5) PAHs concentrations over two months in two Portuguese preschools PS1 and
PS2 [15]. The total airborne concentrations of 18 PAHs, i.e., including both particulate and
gaseous phases, were in the ranges 25.1–149 ng m−3 and 51.4–84.1 ng m−3 at indoor air of
PS1 and PS2, respectively. When considering only PM2.5-bound PAHs, the total concen-
tration of Σ18PAHs varied from 0.74 to 4.27 ng m−3 at PS1 and from 2.70 to 10.5 ng m−3

at PS2. These particle-bound PAH values are again much higher than that of 0.37 ng m−3

determined in our work (PM2.5, Σ16PAHs). These authors reported that lighter PAHs
came mainly from indoor sources whereas PAHs with four to six rings originated mostly
from outdoor emissions penetration (motor vehicle, fuel burning) [15]. Particulate PAHs
were predominantly associated with PM1 (54% and 74% of particulate PAHs at PS1 and
PS2, respectively), five-ring PAHs being the most abundant compounds. They reported
that dibenzo[a,h]anthracene emitted by motor light-duty gasoline vehicles [48] was the
most abundant indoor particulate-bound PAH at both preschools and accounted (in both
PM fractions) for 37 to 40% and 21% of particulate PAHs at PS1 and PS2, respectively.
Indoors, the three main PAHs in gas phase were naphthalene, phenanthrene and fluorene,
these three PAHs accounting in total for 87 to 94% of indoor gaseous PAHs at PS1 and PS2,
respectively [15].

Regarding the extensive French study performed by Wei et al., they measured si-
multaneously 52 SVOCs including PAHs in air and the settled dust. Four PAHs, namely
acenaphthene, fluoranthene, fluorene, and phenanthrene, were detected in the air of more
than 95% of the classrooms [14]. Forty-six SVOCs including 11 PAHs, were measured in
the dust samples. The median total particulate-bound PAHs calculated by Wei et al. was
then 63 pg m−3, which is quite consistent with our value of 414.6 pg m−3 if we consider
that Wei et al. took into account only seven light PAHs and did not consider the heaviest
ones while their contributions to PM are expected to be higher. Besides, the median PAHs
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concentrations in the settled dust of the 564 classrooms were the following (in ng/g): An-
thracene, 198; Benzo[a]pyrene, 78.1; Fluoranthene, 311; Fluorene, 300; Phenanthrene, 782;
Pyrene, 320; Benzo[a]anthracene, 115; Benzo[b]fluoranthene, 189; Benzo[k]fluoranthene,
38; Dibenzo[a,h]anthracene, 17; Indeno[1,2,3-c,d]pyrene, 70. The resulting median total
PAH concentrations in dust was 2418 ng/g [14].

In Sweden, Lim et al. analysed 46 PAHs and alkylated PAHs, in indoor and outdoor air
particulate matter (PM10) and indoor dust at preschools in Stockholm [16]. The total PM10-
bound PAH concentrations were in the ranges 48–970 and 151–1730 pg m−3 for indoors
and outdoors, respectively. The corresponding indoor and outdoor mean levels were 239
and 381 pg m−3 which is close to those obtained in our study. The quantity of PAHs in dust
ranged between 748 and 5440 pg/g. Among PAHs, Fluoranthene, pyrene, triphenylene
+ chrysene, benzo[b]fluoranthene, benzo[e]pyrene, B[a]P, indeno[1,2,3-c,d]pyrene and
benzo[g,h,i]perylene were the most abundant ones, representing about 60% of ΣPAH, in
both indoor and outdoor PM10.

3.3. Temporal Variation of PAHs on Particles

To our knowledge, only one previous study in schools or preschools was carried
out over a long period to monitor particle-bound PAHs as a function of particle size
and time. In Portugal, Oliveira et al. (2016) measured gaseous and particulate (PM1
and PM2.5) PAHs indoors and outdoors over about two months [15]. However, their
publication mentions only mean, minimum, and maximum values of PAHs and do not
show the temporal evolution of the distribution of PAHs as a function of particle size so
that no comparison can be done. The next sections present the temporal variation of either
total PAH concentrations or individual ones as a function of the particle size obtained in
this work.

3.3.1. Temporal Variation of Total PAH Concentrations According to the Particle Size

In a first approach, the total PAH concentrations were obtained by adding the PAH
quantities determined on all the four sampling plates. Whether in indoor or outdoor air,
PAHs associated with airborne particles were quantified in all samples. However, the
total PAH concentrations remain very low, i.e., of the order of tens or hundreds pg m−3

depending on the considered particle fraction.
In indoor air, the total PAH concentrations vary from 215 to 720 pg m−3 for the

periods from April 28th to May 2nd and from April 14th to 17th, respectively. In outdoor
air, the total concentrations of PAHs are, surprisingly, also very low and vary from 174 to
600 pg m−3 for the periods of 24 to 28 April and 21 to 24 April, respectively.

In a second approach, the temporal evolution of the total PAH concentration was
plotted according to the particle sizes, i.e., for aerodynamic diameters Dae >10 µm,
2.5 µm < Dae < 10 µm, 1 µm < Dae < 2.5 µm and Dae < 1µm (PM1). The results are pre-
sented in Figure 4 and clearly show that PAHs are mainly associated with PM1 (Dae < 1µm)
which agrees with the results reported by Liaud et al. [31] and Oliveira et al. [15]. It is
remarkable to observe that the outdoor PAH concentrations are higher during the first
three weeks of the campaign compared to the second period of three weeks (from 24 April).
In addition, the indoor and outdoor air concentrations do not show significant differences,
suggesting that the sources of PAHs are exclusively external. This result is therefore in line
with our expectations since no specific source of PAHs was identified in this junior high
school classroom in the absence of occupants.
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Figure 4. Indoor (a) and outdoor (b) total PAH concentrations (µg m−3) measured in 2014 vs. time and particle size.

However, a notable exception over the period from 24 to 28 April 2014 highlights
PAH concentrations in indoor air higher than outdoor values whatever the particle size,
even if these differences remain very low. To explain this remarkable fact, we can assume
that the numerous rainy episodes occurring in this period entrained the decrease in PM
(see Figure 3) and then outdoor PAH concentrations (see Figure 4). Indeed, the weather
was particularly good during the first period of three weeks, i.e., from 14 to 24 April
2014, while many rainy episodes occurred thereafter. Thus, the rain caused particles
precipitation on the ground, resulting in particles decrease as observed in Figure 3 and
therefore also in decrease of total PAH level (see Figure 4). Concerning the highest indoor
PAH concentrations observed from April 24th to 28th, 2014, it could be supposed that PAHs
most likely remained trapped inside the classroom because the ventilation system was
switched off at the start of the sampling period corresponding to the weekend, i.e., for about
50% of the sampling time. The fresh air ventilation was deactivated for several days during
this sampling period, and this implied that the observed indoor PAH levels remained
high despite outdoor levels decreasing over this period. Such observation confirms the
importance of active ventilation in management of indoor air quality, demonstrating the
need of an efficient ventilation system for low-energy buildings. This ventilation system
must be smartly controlled and scheduled to avoid the accumulation of pollutants indoors.

3.3.2. Temporal Variation of Individual PAH Concentrations According to the Particle Size

Figure 5 shows the temporal variations obtained for some PAHs with three and four
aromatic rings from 24 April to 6 May 2014, where the concentrations are represented as a
function of the aerodynamic diameter.

Phenanthrene was chosen as being representative of PAHs having three aromatic rings
(see Figure 5a,b). This PAH is usually present in gas phase as reported in the literature [15].
However, it has been quantified in this study on indoor air particles of all classes of
diameters. Moreover, Figure 5a indicates that the higher total PAH concentrations observed
above from 24 to 28 April in indoor air compared to outdoor air (see Figure 4) could
be partly due to the increase in PAH concentrations of low molecular weight, especially
phenanthrene. In outdoor air, as illustrated in Figure 5b, phenanthrene seems to be present
only on the finest particles. Thus, it can be assumed that a certain proportion of outdoor
fine particles have coagulated once inside. In general, it should be noted that the total
outdoor phenanthrene concentration is lower than that found indoors.
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Figure 5. Indoor and outdoor concentrations (pg m−3) of PAHs with three or four rings measured in 2014 vs. time and
particle size. (a) Phenanthrene, indoors; (b) Phenanthrene, outdoors; (c) Fluoranthene, indoors; (d) Fluoranthene, outdoors;
(e) Pyrene, indoors; (f) Pyrene, outdoors.

Concerning PAHs with four rings such as pyrene and fluoranthene (see Figure 5c–f),
the indoor concentrations are slightly lower than outdoor ones. In outdoor air, these two
molecules are clearly adsorbed on PM1 while the distribution is less marked in indoor
air, confirming the hypothesis of a partial coagulation process occurring in indoor air.
Furthermore, as these molecules are being adsorbed at the gas/particle interface, it is
likely that the ambient temperature increase (approximately 24 ◦C indoors) causes their
partial volatilization, resulting in a different distribution over the particle sizes. In addition,
Figure 5c–f indicates that pyrene and fluoranthene exhibit strictly identical profiles and
size distribution over time for both indoor and outdoor air. To a lesser extent, the outdoor
phenanthrene concentration also shows a behaviour such as those observed for outdoor
pyrene and fluoranthene concentrations (see Figure 5b), suggesting that external emission
sources are common to all these PAHs and that the behaviour of these three PAHs under
the same environmental conditions is similar.

This observation is even more remarkable on the PAHs with five to six rings in Figure 6
where a certain number of indoor and outdoor partitioning profiles are presented as a
function of the particle size. Indeed, the profile obtained for each PAH taken individually
is almost identical to the concentration profile shown in Figure 4 for the total PAHs
concentration. This observation confirms that high molecular weight PAHs are essentially
adsorbed on the finest particles as already reported by other studies [15,31].
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Figure 6. Indoor and outdoor concentrations (pg m−3) of PAHs with five or six rings measured in 2014 vs. time and
particle size. (a) Benzo[k]Fluoranthene, indoors; (b) Benzo[k]Fluoranthene, outdoors; (c) Benzo[a]Pyrene, indoors; (d)
Benzo[a]Pyrene, indoors; (e) Benzo[g,h,i]Perylene, indoors; (f) Benzo[g,h,i]Perylene, outdoors; (g) Indeno[1,2,3]Pyrene,
indoors; (h) Indeno[1,2,3]Pyrene, outdoors.

Benzo[k]fluoranthene and benzo[a]pyrene, two PAHs with five aromatic rings, have
rigorously identical concentration profiles in indoor and outdoor air, which are slightly
different from the profiles previously highlighted for PAHs with three and four aromatic
rings. Their concentrations are also slightly lower than those found for fluoranthene and
pyrene (Figure 5c–f).
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The PAHs with six aromatic rings, i.e., Benzo[g,h,i]perylene (B[g,h,i]P) and
indeno[1,2,3]pyrene (INP), also have a profile very close to those of five ring-PAHs but
their concentrations are approximately two times higher. Contrary to the observations
made for light PAHs for the period from 24th to 28th April, the concentrations of PAHs
with five and six aromatic rings measured in indoor air are usually slightly higher than the
outdoors ones, this phenomenon being less marked for the heaviest PAHs.

All the above-mentioned results highlight that it is possible and of interest to determine
the temporal variations of the PAHs with a cascade impactor, which also makes it possible
to obtain the temporal evolution of PAH concentration distribution as a function of their
particle size.

3.4. Indoor-to-Outdoor Concentration Ratios (I/O) of Individual PAHs

The chosen spring holidays sampling period makes it possible to dispense with
the opening/closing of doors or windows throughout the school. Thus, the only way
of infiltration of external pollutants towards the interior of the classroom is linked to
controlled mechanical ventilation. This operation mode is not very far from a normal
operation of a low energy building, where it is often recommended to avoid opening
windows as much as possible when the heating operates for reasons of energy saving.
The mechanical ventilation is then supposed to provide the necessary fresh air. Therefore,
the indoor-to-outdoor concentration ratios of individual PAHs are only driven by the
efficiency of mechanical ventilation in our experimental conditions which greatly simplifies
the data interpretations.

3.4.1. Results

The indoor-to-outdoor concentration ratios (I/O) were calculated for each PAH on the
basis of the total PAH concentration obtained by summing the PAH quantity collected on
all the plateaus of cascade impactor for a given sampling period. These results are shown
in Figure 7 for PAHs with four to six aromatic rings for the whole campaign duration, i.e.,
from 14 April to 6 May 2014.
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(b) PAHs with five rings and (c) PAHs with six rings. The PAH concentrations are calculated by
summing the PAH quantity collected on all the plateaus of cascade impactor for a given sampling
period. The red line corresponds to I/O = 1.
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Concerning the three-ring PAHs, the I/O values are difficult to interpret in terms
of source determination since it is not usual to quantify them in the particulate phase.
Therefore, I/O values were not calculated for these species.

For PAHs with four to six rings (Figure 7a–c), all the indoor-to-outdoor concentration
ratios are usually around 1, confirming that their presence in this indoor environment is
explained by their infiltration from outside the building. However, the period from 24 to
28 April appears again as an exception since the I/O values increases approximately by a
factor of four for pyrene, three for benzo[a]anthracene and fluoranthene, two for chrysene,
five for dibenzo[a,h]anthracene, and two for benzo[a]pyrene as well as a factor of three for
indeno[1,2,3]pyrene. This behaviour was much less marked for the final period from 2 to
6 May including the weekend of 3 to 4 May where the ventilation was also switched off.
This tends to confirm that the weather change combined with the stop of ventilation for
the weekend of 26 to 27 April explains the high I/O values found for 24 to 28t of April.

This finding corroborates the explanation given above in the section dedicated to
the temporal variation of total PAH concentrations, where it was assumed that the total
PAH level decreases outdoors due to rain events while total indoor PAH concentration
remained constant for half of the sampling period in the absence of ventilation during the
weekend. However, it is surprising to observe almost no variation over time for I/O values
corresponding to certain PAH molecules with five rings, e.g., benzo[b]fluoranthene and
benzo[k]fluoranthene.

3.4.2. Comparison with Literature

Even if this study reports the first temporal monitoring of indoor-to-outdoor concen-
tration ratios (I/O) of individual PAHs in an European School, the comparison can be
made with the mean values of I/O reported in previous studies performed in European
schools [11–13,15] or other indoor environments [43,49,50].

Concerning the individual indoor-to-outdoor concentration ratios reported in the
literature for PAHs in schools, Romagnoli et al. showed that all the I/O values calculated
for the six Italian schools are lower or close to 1, in both winter and summer [12]. The
results obtained by Krugly et al. are also in agreement with this behavior except for the I/O
values found for the light PAHs, which sometimes exceeded 1 [11] as observed in this work
(see Figure 7a). These authors showed that the I/O values for PAHs with four aromatic
rings were close to 0.5, which is also observed in our study except for the period from 24 to
28 April 2014.

Oliveira et al. reported also I/O ratios of PM2.5-bound PAHs at two preschools [15]
and at 10 primary schools [13] in Portugal. At both preschools, I/O ratios of lighter
PAH congeners (naphthalene, acenaphthene, fluorene, and phenanthrene) exceeded unity,
suggesting potential contribution of indoor sources. Indeed, they can originate from evap-
oration from building materials, occupants’ activities including children artistic activities,
and classroom cleaning [11]. In the 10 investigated primary schools, this behavior was
less remarkable since PAHs with two to three aromatic rings (fluorene, phenanthrene,
anthracene, and fluoranthene) showed a mixed trend: I/O > 1 at S2, S6, S10, and I/O < 1 at
S7, S8, S9 [13]. In preschools and schools, the PAHs with four to six aromatic rings showed
I/O ratios lower than 1 at all locations (with the exception of one school), confirming
the outdoor origin of these compounds [13,15]. Moreover, ratios of PAHs with four rings
(namely pyrene, chrysene, benzo[a]anthracene) were lower than 0.5 at PS1 and varied
between 0.4 and 0.7 at PS2, which agrees with our values.

These comparisons have been extended to different indoor environments, namely
offices and private dwellings, which are more studied in terms of PAH measurements. The
indoor-to-outdoor concentration ratios determined in our study are again in agreement
with the following studies: 0.31–0.78 in winter and 0.73–0.98 in summer in offices in
Italy [43]; close to 1 for PAHs considered as non-volatile compounds (MW > 228 g mol−1)
and between 1.2 and 3.7 for volatile PAHs (MW < 206 g mol−1) in individual dwellings
in USA [49], the highest values being reached during the summer period. Likewise, I/O
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values between 0.05 and 0.36 were reported in Lithuanian dwellings in the absence of
combustion sources [50]. In addition, this later study highlighted very low ratio values
in a newly constructed building with thermal insulation criteria, the indoor-to-outdoor
concentration ratios ranging from 0.05 to 0.25 for PAHs.

3.5. Risk Assessment

To express the carcinogenic risk for both indoors and outdoors due to PAHs exposure,
the B[a]P equivalent factor (BaPeq) was evaluated, and results are reported in Table 4.
This factor is based on the PAHs concentrations determined with sampling followed by
analysis and on a toxic equivalency factor (TEF), which estimates the carcinogenic potency
of PAHs to relative potency of B[a]P. These factors have been determined by numerous
studies and we chose the most used approach to assess PAHs carcinogenic potential, i.e.,
the method proposed by Nisbet and LaGoy (1992) [51] improved later by Malcom and
Dobson [52]. This method used all the TEFs values from Nisbet and LaGoy except for
DB[a,h]A which TEF value is 1 instead of 5. The TEFs values are reported in Table S3 in the
Supplementary Materials. The BaPeq is derived from equation (1) in order to express the
level of carcinogenicity of the mixture relative to B[a]P:

BaPeq = ∑16
i=1[PAH]i × TEFi, (1)

where i is one of the 16 priority PAHs. This formula is built on two assumptions: (1) the
impact of individual PAHs on animals is the same on humans, (2) the risk that individual
PAHs is additive and so the sum of the individual risks is representative of the risk of the
exposure to the entire PAHs mixture.

Table 4. Evaluation of BaPeq indicator during the whole field campaign.

BaPeq
(ng m−3)

14–17
April2014

17–21
April 2014

21–24
April 2014

24–28
April 2014

28 April–2
May 2014

2–6
May2014

Indoors 0.08 0.06 0.06 0.05 0.03 0.05
Outdoors 0.11 0.07 0.12 0.02 0.03 0.04

The evaluated BaPeq varies in the ranges 0.03–0.08 and 0.02–0.12 ng m−3 for in-
doors and outdoors, respectively. These values are all below the European guideline
n◦2004/107/CE fixing a threshold of 1 ng m−3 [53] confirming that the French investigated
school is in a low contaminated area in terms of PAH levels. These values are consistent
but slightly lower than those reported by Liaud et al. [31] who used the same method-
ology and the same TEF values, and where the evaluated BaPeq ranged between 0.038
and 0.374 ng m−3 for eight indoor sampling locations in France. All these data can be con-
trasted with the Lithuanian study in five schools located in various environments where
the BaPeq indicators, calculated again with the same assumptions, varied between 1.20
and 50.8 ng m−3 [11], i.e., much higher than the threshold value set by Europe. Our BaPeq
values are also lower than those found in others studies: 0.2–10.7 ng m−3 with candle
burning emissions [28]; 0.48 ng m−3 indoors and 2.83 ng m−3 for Environment Tobacco
Smoking (ETS) [44]; 1.70 ng m−3 in Japan [54].

4. Conclusions

During this field campaign, two cascade impactors were deployed simultaneously
indoors and outdoors to study the temporal variations of PAH concentrations on particle
matter according to their size distribution.

This methodology exhibited a drawback because it was not always possible to accu-
rately weigh the particles impacted on the plateaus of both cascade impactors regarding
the small quantities collected for large particles. However, this work highlights that fine
particles (<1 µm) are often the majority. Despite the small quantities collected over three to
four days of sampling, it was possible to determine precise PAH concentrations and to show
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that indoor PAH exposure levels are comparable to outdoor ones. These exposure levels
were of the same of magnitude to those found in other French and Italian schools [14,31]
but significantly lower than those measured in other European countries such as Portu-
gal [13,15] and Lithuania [11]. For instance, the BAPeq values derived indoors for the six
periods in this work are 15 to 1660 times lower than the corresponding ones reported
by Krugly et al. (2014) in five schools of Lithuania [11]. However, our measurements
conducted during the spring holidays most likely minimize the PAH concentrations in this
period of low car traffic and in the absence of indoor sources from occupant’s activities.

The temporal variations in the PAH concentrations as a function of the particle size
distribution show that the behavior of certain HAPs was identical, suggesting a common
source of emission. The indoor-to-outdoor concentration ratios were usually found close
to or less than ine over the field campaign duration, except for air sampled between 24
and 28 April, where the ratios are between two and five times higher depending on PAHs.
Indeed, indoor levels remained high despite outdoor levels decreasing due to the fresh
air ventilation being deactivated for several days. This remarkable fact demonstrates that
outdoor PAH sources appear to dominate indoor PAH exposure levels. This observation
confirms the importance of an efficient ventilation ensuring a high air exchange rate in
buildings and more particularly in low-energy buildings which are very insulated.

The methodology used in this work is thus suitable for determining the PAH con-
centrations adsorbed on particles according to their size and to monitor their changes
over time, even in environments with very little pollution such as that monitored in this
work. Particle sampling with a shorter sampling time could be carried out by means
of cascade impactor in more polluted environments to either help the identification of
emission sources or identify specific tracers and fingerprints for a given emission source.

Finally, this method could also be used to measure the temporal variations in concen-
trations of other semi-volatile organic compounds adsorbed on the particles as a function
of the particle size.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-443
3/12/1/108/s1, Table S1: Indoor and outdoor sample Volumes (in units of m3) for each sampling
period during the field campaign, Table S2: Calibration parameters for the PAHs quantification with
LOD and LOQ for the analytical instrument (LC for Liquid Chromatography) in µg L-1, converted
in injected mass (pg) and considering Airborne Concentrations (AC) in (pg m−3), Table S3: Toxic
Equivalency Factor (TEF) values extracted from the works reported by Malcolm and Dobson (1994)
and by Nisbet and LaGoy (1992).

Author Contributions: Conceptualization, S.L.C., and C.L.; methodology, C.L., and S.L.C.; validation,
C.L., S.C., and S.L.C.; formal analysis, C.L., S.C., and S.L.C.; resources, S.L.C.; writing—original draft
preparation, S.L.C. and C.L.; writing—review and editing, S.L.C.; visualization, C.L., and S.L.C.;
supervision, S.L.C.; project administration, S.L.C.; funding acquisition, S.L.C. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by ADEME (Agence De l’Environnement et de la Maîtrise de
l’Energie), grant number 1262C0023.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available because the authors want to keep priority
for conference presentations.

Acknowledgments: The authors would like to thank all the people working at the junior high school
and the school administration for their support. The authors also thank all the participants of the
MERMAID field campaign coordinated by Coralie Schoemaecker.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Weschler, C.J.; Shields, H.C. Potential reactions among indoor pollutants. Atmos. Environ. 1997, 31, 3487–3495. [CrossRef]
2. Carslaw, N. Chemical Reactions in the Indoor Atmosphere. In Indoor Air Pollution; The Royal Society of Chemistry: London, UK,

2019; pp. 105–126. ISBN 978-1-78801-514-1.

https://www.mdpi.com/2073-4433/12/1/108/s1
https://www.mdpi.com/2073-4433/12/1/108/s1
http://doi.org/10.1016/S1352-2310(97)00219-7


Atmosphere 2021, 12, 108 20 of 22

3. Poggi, P. Réglementation thermique 2012, une rupture de méthode, mais de fortes modulations des exigences de performance.
1er volet: Nouveaux mécanismes et différences par rapport à la RT 2005. Qual. Constr. 2011, 1269, 124.
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