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Abstract
The environmental influence of biomass burning for civil uses was investigated through the determination of several air toxicants in the town of Leonessa and its surroundings, in
the mountain region of central Italy. Attention was focussed on PM10, polycyclic aromatic hydrocarbons (PAHs) and regulated gaseous pollutants (nitrogen dioxide, ozone and
benzene). Two infield campaigns were carried out during the summer 2012 and the winter 2013. Contemporarily, air quality was monitored in Rome and other localities of Lazio
region. In the summer, all pollutants, with the exception of ozone, were more abundant in Rome. On the other hand, in the winter, PAH concentration was higher in Leonessa (15.8
vs. 7.0 ng/m3), while PM10 was less concentrated (22 vs. 34 μg/m3). Due to lack of other important sources and to limited impact of vehicle traffic, biomass burning was identified
as the major PAH source in Leonessa during the winter. This hypothesis was confirmed by PAH molecular signature of PM10 (i.e. concentration diagnostic ratios and 206 ion mass
trace in the chromatograms). A similar phenomenon (i.e. airborne particulate levels similar to those of the capital city but higher PAH loads) was observed in other locations of the
province, suggesting that uncontrolled biomass burning contributed to pollution across the Rome metropolitan area.
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Symbols
Compound symbols
PAH Polycyclic aromatic hydrocarbon
FP

Fingerprint (molecular signature)

DR

Diagnostic concentration ratio

MW

Molecular weight

BaA

Benz[a]anthracene

BbF

Benzo[b]fluoranthene

BjF

Benzo[j]fluoranthene

BkF

Benzo[k]fluoranthene

BFs

BbF+BjF+BkF

BPE

Benzo[ghi]perylene

BeP

Benzo[e]pyrene

BaP

Benz[a]pyrene

CH

Chrysene

DBA Dibenz[a,h]anthracene
IP

Indeno[1,2,3cd]pyrene

PE

Perylene

Site symbols
LNS Leonessa (Rieti)
TRZ Terzone (Rieti)
RDT Rome downtown
ROS Rome outskirts
RPR Rome province
Others
IC

Ion chromatography

CGC

Capillary gas chromatography

FID

Flame ionization detection

MSD (EISIM) Mass spectrometric detection (operated in electron impact, selected ion monitoring mode)
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Introduction
Clean, safe and sufficient energy supply is essential for a sustainable development. Fossil fuels need to be replaced with ‘carbonneutral’ fuels, which in turn must guarantee minimal
impacts on the environment and human health to be truly sustainable and costeffective. Biomass burning, especially for heat production, is considered an economical and efficient way
to reduce carbon emissions (Biomass Task Force 2005 ), although the proper accounting of CO2 emissions from biomass combustion in bioenergy systems is still a discussed topic
(Cherubini et al. 2011 Brandão et al. 2013 ). On the other hand, negative aftermaths on climate can also be attributed to carbonaceous aerosol emissions (Jacobson 2014; Liu et al.
2016 ), since biomass burning is the largest source of primary fine carbonaceous particles in the global troposphere (Akagi et al. 2011 ). Some works report emission factors (EF) for
known pyrogenic species from open fires (Delmas et al. 1995 ) and generally for indoor and outdoor combustion sources (Andreae and Merlet 2001 ; Akagi et al. 2011 ). A
comprehensive report on EF from civil combustion appliances was released by EMEP/EEA ( 2013 ) for the compilation of emission inventories.
AQ2
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On the whole, apart from suspended particulate matter, a number of pollutants are emitted within biomass exhausts, in particular volatile organic compounds (VOCs), nitrogen oxides
(NOx), and polycyclic aromatic hydrocarbons (PAHs). The increasing use of wood combustion for residential purposes is expected to induce adverse effects on human health of local
population, owing to its heavy impact on air quality (Naeher et al. 2007 ).
The health risk associated with exposure to residential wood combustion emissions is ascertained (Sexton et al. 1984 ; Smith et al. 2000 ; Luhar et al. 2006 ; Naeher et al. 2007 ,
Johnston et al. 2013 ); moreover, most organic toxicants are associated to breathable particles (Alves et al. 2000 ; Kleeman et al. 2000 , 2008 ). Indeed, based on epidemiological
studies and investigations conducted about cancer development mechanisms on animals, airborne particulate and its size fractions (especially ultrafine and fine) have been classified
by the International Agency for Research on Cancer (IARC) as carcinogenic to humans (Group 1) (Loomis et al. 2013 , 2014 ). Besides, many PAHs are suspected or ascertained
carcinogens and mutagens (IARC 2005 ), and it has been demonstrated that domestic wood combustion is a key source of atmospheric PAHs in many areas of Europe (Lohman et al.
2000 ; Boman et al. 2003 ; Lee et al. 2005 ; Belis et al. 2011 ), USA (Polissar et al. 2001 ; Lobscheid and McKone 2004 ; Holden et al. 2011 ;) and Asia (Liu et al. 2007 ; Shen et al.
2013 ). Though classified as semivolatile, toxic airborne PAHs (≥4 benzene rings) are overall associated to particulate, especially to the fine fraction (Eatough et al. 1993 ;
Venkataraman et al. 1994a , b; Greenberg 1999 ; Xie et al. 2014 ; DelgadoSaborit et al. 2014 ; Paolini et al. 2016 ). Thus, reliable data of PAH emission rates from this kind of source
are critical for developing emission inventories, predicting local air quality and modelling future scenarios. Nevertheless, databases are often poor and uncertain (Lobscheid and
McKone 2004 ; DEFRA 2006 ; Bignal Keeley et al. 2008 ), because these pollutants require timeconsuming and expensive procedures to be reliably measured in emissions and only
mean values over several hours or days can be obtained for air (Peltonen and Kuljukka 1995 ; Mastral and Callen 2000 ).
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In this study, the concentrations of air pollutants such as PM10, PAHs, nitrogen dioxide (NO2), NOx, sulphur dioxide (SO2), ozone (O3) and monoaromatic hydrocarbons (BTX) were
monitored to make a comprehensive evaluation of the air quality and to assess the influence of biomass combustion for civil uses. Two air quality monitoring campaigns were carried
out in 2012–2013 in Leonessa, a mountain town at the southern edge of the Apennine area, 36 km northeast of Rieti city (Italy). The main manufacturing activity carried out in the
area is related to forest resources and agricultural management which, in turn, are the principal air pollution sources due to biofuel combustion. In total, 11 sampling points were
selected to monitor the air pollutants along the connection roadway from Leonessa to Trognano, both in residential and rural areas.
In order to better understand the characteristics of pollution sources as well as the influence of meteorology and geographical position, the concentration data collected in the study
area were compared with those recorded contemporarily in downtown Rome and other localities of its province.
The investigation reported was intended as preliminary to a more extensive study to be implemented in forthcoming years (2016 and later) aimed at estimating the real impact of
biomass combustion sources over rural regions, and the improvements achieved through implementing mitigation strategies.

Materials and methods
Sampling sites
Two infield campaigns were carried out in summer 2012 (17–30 July) and in winter 2013 (16 February–2 March), since the two seasons are characterized by different pollution source
emission cocktails: in particular, domestic heating systems based on wood combustion are only used during the winter season.
Figure 1 a, b shows the sampling points over the Leonessa area. Eleven sites were selected along the valley between Leonessa and Terzone, extending the survey to the extreme borders
of the contiguous region Umbria (TR1 site near Trognone, a small village). The majority of the sites were chosen to be representative of the residential areas, while only a few of them
were placed close to sources as a plant for the production of biogas from sewage (BG1 and T2) and near a roadway connecting the small villages of the area (S1) (details provided in
Table 1 ). Gaseous pollutants were collected by means of diffusive devices deployed in high number in the sampling area, ensuring high spatial resolution (Fig. 1 a, b), though
sacrificing the time resolution (the concentration of each compound was averaged over the entire campaign duration). Totally, 96 samplers were employed for each campaign,
including blanks and replicates (respectively 10 and 30% of the total number).
Fig. 1
a Map of sampling sites within the Leonessa area. b Map of the sampling sites in the Terzone area
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Table 1
Abbreviations and description of sampling sites
Site

Description

Classification

L1/PM1

Leonessa (school)

Residential

CA1

Casanova Madonna PaceS. Giovanni

Residential

VO1

Volciano

Residential

VI1

Vindoli

Residential

P1

Pianezza

Rural

SG1

San Giovenale

Residential

T1

Terzone (Bar)

Residential

BG1

Terzone (Biogas plant)

Plant

T2

Terzone (Biogas plant)

Plant

S1

Roadway

Kerbside

TR1

Trognano

Residential

AQ5

PM10 and associated PAHs were measured in a school courtyard in Leonessa (L1/PM1 residential site) and in a private garden close to a coffee bar in Terzone (T1 residential suburban
site,) as far away from the street and relevant pollution sources as possible. In addition, PAHs were monitored at the ARPA Lazio reference stations of the capital city, Rome, (Belloni
Cinecittà, residential, MeloriaCipro, residential, Francia, kerbside, and Villa Ada, urban background).
During winter sampling campaign, the target compounds were also monitored in the city outskirts, i.e. at Malagrotta (hosting small industries and a landfill) and Tenuta del Cavaliere
(semirural), and in four towns of province (Ciampino, Civitavecchia, Colleferro and Guidonia, residential districts). All sampling started at 00:00 h and lasted 24 h.

Sampling and analysis of PM10 and PAHs
The sampling apparatuses and procedures adopted to measure airborne PM are described elsewhere (Cecinato et al. 2014 ) with the respective features. The overall attention was
focussed on compounds exceeding 228 of molecular mass units, due to their carcinogenic properties; furthermore, lighter PAHs are mainly present in gaseous phase (Possanzini et al.
2006 ; DelgadoSaborit et al. 2014 ). In total, 58 polytetrafluoroethylene (PTFE) filter membranes were collected by using mediumvolume systems operating at 38 L/min (Skypost
models, both from Tecora, Fontenay sous Bois, France). The pumping units were equipped with PM10 selective inlets according to the European Standard EN 12341. Before sampling,
the instrument was set up in accordance with the supplier references and was operated under the control of physical parameters (temperature, pressure, etc.). Field blanks were put
during the cruise in order to check for possible artefacts. The amount of PM10 was determined gravimetrically with an analytical balance (0.001 mg SartoriusMicro, Sartorius, Milan,
Italy) after conditioning at controlled temperature (20 ± 2 °C) and relative humidity (50 ± 5%); five weightings per filter were performed before and after collection. Subsequently, in
order to reach the limit of quantification of PAHs, samples were gathered to form 5 or 7day groups and processed as weekly pools.
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The analytical procedure for PAH compounds was optimized in previous studies (Borsella et al. 2004 ; Di Filippo et al. 2005 ; Romagnoli et al. 2014 ). Fortyeight particulate samples
were processed for PAH determinations. Briefly, the samples were spiked with perdeuterated homologues of analytes (used as reference compounds for quantification), extracted in
ultrasonic bath with dichloromethane (DCM) and acetone (4:1 in volume, 3 times, 20 min each), reduced close to dryness and fractionated through column chromatography on basic
alumina (deactivated with 2.5% of water). PAHs were eluted with DCM/isooctane (2:3 in volume), suitably concentrated under nitrogen and quantified by gas chromatographymass
spectrometry analysis (GCMSD) with detection operated in selected ion monitoring (SIM) mode (TRACE GC Ultra and DSQII, both from Thermo, Rodano, Italy). The GC column
(EUPAH type, from CPS Analitica, Cinisello Balsamo, Milan, Italy) provided the fine separation of the three b, j and k benzofluoranthene isomers as well as that of benz[a]anthracene
and chrysene, which allowed to upgrade the knowledge of the group composition; on the other hand, it did not distinguish dibenz[a,h]anthracene from its [a,j] isomer. The instrument
was calibrated, and blanks were measured for each sample series.
All reagents (from ROMIL, Delchimica, Naples, Italy) were of residue analysis grade. A certified EPA610 PAH mixture in toluene (from Supelco, Sigma, Milan, Italy) was enriched
with reference compounds and used to prepare calibration stock solutions. No interferences were observed with regard to the selected PAHs. According to equivalent air volumes
sampled (132–380 m3), the method sensitivity, expressed in terms of the limits of detection (LODs), ranged from 0.020 ng/sample for benz[a]anthracene (BaA) and chrysene (CH) to
0.150 ng/sample for indeno[1,2,3cd]pyrene (IP) and benzo[ghi]perylene (BPE), while the limit of quantification (LOQ) of analytes, calculated as three times the value of LOD, ranged
from 0.060 to 0.450 ng/sample. The uncertainty calculated by three replicated analyses of samples was better than 12% for all analytes except dibenz[a,h]anthracene (DBA) (16%).
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Among PAHs, the study was focused on compounds recognized as ‘certain’ (group 1), ‘probable’ (group 2A) and ‘possible’ (group 2B) carcinogens, according to recent IARC revision
(IARC 2010, 2012). They were BaA, benzo[b]fluoranthene (BbF), benzo[j]fluoranthene (BjF), benzo[k]fluoranthene (BkF), benzo[a]pyrene (BaP), IP, BPE and DBA. In addition, CH,
benzo[e]pyrene (BeP) and perylene (PE) were determined to draw information about the emission sources.
AQ7

Sampling and analysis of gaseous pollutants
To perform the diffusive sampling of NO2, NOx, SO2, NH3, O3 and benzene, Analyst samplers were used (purchased from Marbaglass, Rome, Italy) due to the operating time range (2–
3 weeks). Duplicate samplers were exposed in parallel with sealed devices, to verify the precision of field measurements and subtract blanks.
At the end of the campaigns, diffusive samplers were sealed, stored in the dark and analysed according to procedures reported elsewhere (De Santis et al. 1997 , 2002 ; Bertoni et al.
2001 , 2002 , Petracchini et al. 2016 ). In particular, the Analyst devices for NO2 and O3 were extracted by adding a Na2CO3/NaHCO3 buffer solution directly in the sampling vessel
and stirring with a VIBROMIX 203 EVT (from Tehtnica, Železniki, Poland) adapted to this purpose; then, the solution was analysed through ion chromatography (IC) (Dionex ICS
1000 equipped with AS12A column). In the case of NOx, the absorbing pad was removed from the body of the sampler and analysed separately in a suitable vial. For SO2, 0.03% of
H2O2 was added to the extracting solution to quantitatively oxidize sulphur products to sulphate. The concentrations of analytes such as nitrate, nitrite and sulphate were determined
referring to calibration curves constructed with water solutions prepared by opportune dilution of stock standards (Certipur from Merck, Milan, Italy) containing 1000 mg/L of each
analyte. The sampler for NH3 was extracted with water, and the ammonium concentration determined using ion chromatography (Dionex DX 500 equipped with CS12A column).
The Analyst devices for BTX were extracted in the vessel with carbon disulphide fortified with chlorobenzene (internal standard); after 1 h, the solution was analysed by GCFID
(UltraGC from Thermo) using a J&W DBWAX column (L = 60 m, i.d. = 0.32 mm, film = 1.2 μm) provided by CPS, Milan, Italy.
The LOD of diffusive samplers was set equal to three times the standard deviation (3σ) of values obtained with distinct blanks. According to the exposure period of devices (20 days),
LODs corresponded roughly to an equivalent concentration in air of 0.25 ppb for NO2 and NOx and to 0.50 ppb in the case of O3, SO2 and NH3.
Finally, the concentration values (e.g. PM10, NO2, O3) released by the air pollution control network managed by the Regional Agency for Health Preservation (ARPA Lazio), and
downloadable free from http://www.arpalazio.gov.it/ambiente/aria/dati.htm , were used as supplementary databases.

Results and discussion
Summer infield measurements
Figure 2 a, b reports the concentrations of PM10 and NO2 detected in Leonessa, Terzone and Rome during July 2012. Suspended particulates in the mountain area were less
concentrated than elsewhere; on the average, PM10 concentration was 15 ± 5 and 13 ± 6 μg/m3 in Leonessa and Terzone (N = 14), respectively, while 30 ± 3 μg/m3 in Rome (N = 56)
and 25 ± 5 μg/m3 in the countryside (N = 56). Nonetheless, links existed among the pollution degrees (R2 Pearson coefficients equal to ~0.65 for both localities vs. Rome city), and
correlation was improved if two rainy days were cut (R2 > 0.85). Thus, the predominant meteoclimatic conditions (Table 2 ), recorded in the reference stations for the Regional
Pollution Network of the ARPA Lazio Agency, seemed to put the whole region under only one blend of emission sources. These findings were confirmed by the data sets collected in
Rieti, where the mean PM10 concentration reached 16 ± 6 μg/m3, showing a good agreement with Leonessa (R2 = 0.76) and network stations of Rome (R2 = 0.67 and R2 = 0.88
neglecting the rainy days on 23 and 24 July).
Fig. 2
a Daily concentration of PM10 in Leonessa, Terzone, Rieti and Rome during the summer campaign (July 2012). b Daily concentration of NO2 in Leonessa, Rieti and Rome during the
summer campaign (July 2012). c Daily concentration of O3 in Leonessa, Terzone, Rieti and Rome during the summer campaign (July 2012). d Hourly concentration of O3 in Leonessa and
Rieti during the summer campaign (July 2012)

Table 2
Meteoclimatic conditions during the sampling periods at the reference stations for the Regional Pollution Network of the ARPA Lazio Agency
Location

Leonessa

Rome

Sampling duration

15 Feb.2 Mar. 2013

17–30 Jul. 2012

15 Feb.–2 Mar. 2013

17–30 Jul. 2012

Average T (°C)

−3.3

14.5

6.9

26.2

T min (°C)

−4.0

12.5

1.2

20.2

T max (°C)

−2.2

16.7

12.7

32.6

Mean humidity (%)

93.6

63.3

74.7

49.7

Wind speed (km/h)

20.8

22.0

6.3

8.8

Foggy days

25–26 Feb.; 2 Mar.

None

16, 20, 23, 27 Feb.

None

Rainy days

None

None

22–25 Feb.

23–24 Jul.

The O3 concentration is reported in Fig. 2 c. As expected, O3 was higher in Leonessa than in other localities of the regional network. A correlation was found between the mountain
village and the town of Rieti (R2 = 0.7), whereas no correlation was found with the other sites in Rome. Nevertheless, through the analysis of the detailed time series of ozone data
collected during summer, it is possible to observe a different trend in these two sites. As shown in Fig. 2 d, the ozone concentration minima (during night and early morning hours)
were higher in Leonessa (about 900 m a.s.l.) than in the town of Rieti (about 400 m a.s.l.). This finding is consistent with similar observations (Wolff et al. 1987 ) made at other
mountain sites and confirms that the inversion layer has a rather different impact at different altitudes.
Considering PAHs in the summer, important differences were observed among the concentration values, as reported in Table 3 . The second week of Leonessa was affected by total
concentrations (0.56 ng/m3) higher than the first one (0.19 ng/m3) and both weeks in Terzone (0.15 and 0.12 ng/m3, respectively). ∑PAHs in downtown Rome ranged between
0.62 ± 0.27 and 1.24 ± 0.61 ng/m3 in the 2 weeks, respectively. Contemporarily, BaP, used as a marker for the carcinogenic risk associated with PAHs (WHO 2000 ), reached,
http://eproofing.springer.com/journals/printpage.php?token=HkgKFtMBN5II1li_WtZgNFfsDBEBfxC0D87aXCE9fQ
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respectively in the first and second sampling weeks, the following: 0.012 and 0.034 ng/m3 in Leonessa, 0.005 and 0.005 ng/m3 in Terzone and 0.033 ± 0.022 and 0.053 ± 0.026 ng/m3
in Rome downtown.
Table 3
Individual PAH, ∑11PAH (ng/m3) concentrations in the study sites and ARPA Lazio stations in Rome (mean ± standard deviations N = 8) in summer 2012
Leonessa 1

Leonessa 2

Terzone 1

Terzone 2

Rome city (N = 8)

BaA

0.005

0.010

0.003

0.004

0.04 ± 0.01

CH

0.012

0.019

0.011

0.011

0.13 ± 0.05

BbF

0.027

0.056

0.022

0.018

0.15 ± 0.05

BjF

0.013

0.032

0.011

0.009

0.08 ± 0.03

BkF

0.015

0.026

0.011

0.009

0.05 ± 0.02

BeP

0.024

0.053

0.018

0.014

0.12 ± 0.05

BaP

0.012

0.034

0.005

0.005

0.04 ± 0.02

PE

0.002

0.007

0.001

0.001

0.01 ± 0.00

IP

0.028

0.091

0.021

0.015

0.09 ± 0.04

DBA

<LOQ

<LOQ

<LOQ

<LOQ

0.01 ± 0.00

BPE

0.052

0.231

0.051

0.034

0.20 ± 0.11

∑11PAHs

0.19

0.56

0.15

0.12

0.93 ± 0.38

Leonessa 1 and Terzone 1 = 17–23 July 2012; Leonessa 2 and Terzone 2 = 24–30 July 2012 sampling period. Rome city: Lazio Region Network average four stations BelloniCinecittà, Cipro, Francia
and Villa Ada
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N sample number; ∑11PAHs sum of all PAHs, BaA benz[a]anthracene, CH chrysene, BbF benzo[b]fluoranthene, BjF benzo[j]fluoranthene, BkF benzo[k]fluoranthene, BeP benzo[e]pyrene, BaP
benzo[a]pyrene, IP indeno[1,2,3cd]pyrene, BPE benzo[ghi]perylene, DBA dibenz[a,h]anthracene

The results of gaseous pollutants monitoring through diffusive sampling are reported in Table 4 . Taking into account the uncertainty of the measure and the different time scales, the
numbers were consistent with the values recorded by the ARPA Lazio Regional Network (NO2 4.5 ± 1.1 μg/m3; O3 91 ± 15 μg/m3; PM10 14 ± 5 μg/m3). In Leonessa, nitrogen dioxide
concentration was much lower than in Rieti (17 ± 4 μg/m3) and Rome (25 ± 7 μg/m3 in the outskirts and 49 ± 12 μg/m3 in the city centre). Benzene had a similar behaviour
(0.21 ± 0.02 vs. 0.9 ± 0.3 μg/m3 in Rome), while ethylbenzene and xylenes did not reach the detection limit of the method (0.05 μg/m3). On the other hand, ozone (117 ± 17 μg/m3in
Leonessa and 82 ± 11 μg/m3 in Rieti) showed an opposite trend (72 ± 12 μg/m3 in Rome city and ~53 ± 10 in its outskirts).
Table 4
Mean concentrations (μg/m3) of gaseous toxicants determined by means of diffusive sampling techniques
Site

Benzene

Toluene

NO2

NO

O3

SO2

NH3

L1/PM1

0.19

0.24

2.8

2.9

125

<0.5

2.9

CA1

0.22

0.14

1.4

4.6

128

<0.5

6.7

VO1

0.23

<0.05

2.1

6.0

111

<0.5

2.9

VI1

0.21

0.13

8.2

5.3

94

<0.5

3.4

P1

0.22

<0.05

<0.5

2.0

142

<0.5

3.2

SG1

0.18

0.08

2.2

3.8

103

<0.5

3.1

T1/PM2

0.19

<0.05

1.0

5.6

101

<0.5

12.9

BG1

0.23

<0.05

<0.5

7.8

102

3.2

83.6

T2

0.22

<0.05

3.9

7.3

120

2.6

131.2

S1

0.22

<0.05

<0.5

6.3

95

<0.5

16.2

TR1

0.19

0.10

1.0

4.5

129

<0.5

19.7

Leonessa area, 17–30 July 2012

Winter infield measurements
The daily trends of PM10 and NO2 in the winter campaign are shown in Fig. 3 a, b. Daily and hourly trends of ozone are reported in Fig. 3 c, d. The average NO2 and O3 values
detected in the same period by the ARPA Lazio Network in Leonessa reached 10 ± 4 and 79 ± 6 μg/m3, respectively. As observed during the summer, the PM10 levels over the
examined mountain area (mean = 22 ± 6 and 21 ± 7 μg/m3 in Leonessa and Terzone (N = 15), respectively) were lower than in Rome (mean = 35 ± 13 μg/m3, N = 60); on the other
hand, differences over the whole region were less marked. For instance, the loads in Rome and Rieti (32 ± 14 μg/m3) were similar.
Fig. 3
a Daily concentration of PM10 in Leonessa, Terzone, Rieti and Rome during the winter campaign (February to March 2013). b Daily concentration of NO2 in Leonessa, Rieti and Rome
during the winter campaign (February to March 2013). c Daily concentration of O3 in Leonessa, Terzone, Rieti and Rome during the winter campaign (February to March 2013). d Hourly
concentration of O3 in Leonessa and Rieti during the winter campaign (February to March 2013)
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Linear correlations among PM10 concentrations in the different site typologies (R2 = 0.55–0.60) were substantially improved (R2 = 0.80–0.85) when two fog events that occurred on
24–25 February were omitted. With regards to NO2, Leonessa (10 ± 4 μg/m3) was scarcely polluted if compared with Rieti (33 ± 10 μg/m3) and Rome (60 ± 11 μg/m3 in the city,
42 ± 15 μg/m3 in the city outskirts and 42 ± 11 in the countryside). Instead, no important correlation existed in either NO2 or O3 in Leonessa and Rome (R2 < 0.44). The ozone
concentrations in the valley (81 μg/m3 in Leonessa) almost doubled those found in the city (57 μg/m3 in Rieti).
The PAH concentrations in Leonessa and Terzone during the winter campaign are shown in Table 5 , together with the corresponding amounts observed in Rome and its province.
Unlike PM, the PAH concentrations were higher in the mountain area (15.8 ± 5.1 and 7.4 ± 0.4 ng/m3, respectively, in Leonessa and Terzone, vs. 7.0 ± 1.5 ng/m3 in downtown Rome).
This behaviour could not originate solely from cold ambient temperatures recorded in the mountain area (ΔT ~ −10 °C compared to Rome) which should favour the accumulation of
semivolatile BaA and CH onto soot particles, nor from the reduced vertical mixing occurring during winter time. Instead, it suggests the presence of a local emission source. In fact,
the percentages of fourring, fivering and sixring PAHs were similar between Terzone, Rome outskirts and the countryside (ca. 26, 52 and 22% of total PAHs, respectively), while in
Leonessa, the fourring compounds were relatively more abundant (31%) than in Rome (21%). This special source would affect at some extents also the Rome outskirts and
countryside, since total PAHs (8.0 ± 2.5 and 9.6 ± 6.6 ng/m3, respectively) were more abundant there than in downtown Rome.
Table 5
Mean individual PAH and ∑PAH (ng/m3) concentrations (± standard deviations) in the study sites and ARPA Lazio stations in Rome and provinces during 16 February–2 March 2013
Leonessa (N = 3)

Terzone (N = 3)

Rome city (N = 12)

Outskirts (N = 6)

Countryside (N = 12)

BaA

1.82 ± 0.88

0.67 ± 0.05

0.37 ± 0.16

0.66 ± 0.46

0.64 ± 0.41

CH

3.01 ± 1.13

1.30 ± 0.02

1.12 ± 0.20

1.32 ± 0.50

1.76 ± 1.22

BbF

1.94 ± 0.51

0.98 ± 0.04

1.19 ± 0.15

1.40 ± 0.27

1.54 ± 1.04

BjF

1.03 ± 0.26

0.46 ± 0.03

0.57 ± 0.11

0.68 ± 0.18

0.77 ± 0.52

BkF

1.20 ± 0.34

0.60 ± 0.03

0.67 ± 0.12

0.81 ± 0.19

0.89 ± 0.60

BeP

1.35 ± 0.33

0.68 ± 0.03

0.76 ± 0.19

0.86 ± 0.22

1.04 ± 0.72

BaP

1.68 ± 0.64

0.72 ± 0.14

0.44 ± 0.15

0.54 ± 0.32

0.73 ± 0.52

PE

0.25 ± 0.11

0.10 ± 0.01

0.09 ± 0.02

0.09 ± 0.04

0.11 ± 0.05

IP

1.67 ± 0.52

0.82 ± 0.05

0.77 ± 0.12

0.79 ± 0.29

1.03 ± 0.77

DBA

0.36 ± 0.14

0.18 ± 0.02

0.13 ± 0.01

0.17 ± 0.03

0.16 ± 0.08

BPE

1.45 ± 0.41

0.69 ± 0.11

0.86 ± 0.29

0.62 ± 0.30

0.93 ± 0.61

∑PAHs

15.8 ± 5.1

7.2 ± 0.4

7.0 ± 1.5

8.0 ± 2.5

9.6 ± 6.6

Rome city: Lazio Region Network average four stations BelloniCinecittà, Cipro, Francia and Villa Ada. Outskirts: Lazio Region Network average two stations Malagrotta and Tenuta del Cavaliere.
Countryside: Lazio Region Network average four stations Ciampino, Civitavecchia, Colleferro and Guidonia
N sample number; ∑11PAHs sum of all PAHs, BaA benz[a]anthracene, CH chrysene, BbF benzo[b]fluoranthene, BjF benzo[j]fluoranthene, BkF benzo[k]fluoranthene, BeP benzo[e]pyrene, BaP
benzo[a]pyrene, IP indeno[1,2,3cd]pyrene, BPE benzo[ghi]perylene, DBA dibenz[a,h]anthracene

Temporal trends of PAHs are similar to those reported in recent studies performed in suburban and rural Italian areas. Martellini et al. ( 2014 ) reported in Tuscany (Central Italy) an
average benzo(a)pyrene concentration of 0.02 and 0.20 ng m−3 in a suburban location during cold and warm seasons, respectively. A similar increase in PAHs with decreasing
temperature is reported in northeastern Italy (Masiol et al. 2014 ). However, compared to the abovementioned studies, higher PAH levels were observed in this study, together with a
more significant contribution of residential heating. For instance, the maximum relative concentration of benzo(a)pyrene was always observed by Martellini et al. ( 2014 ) in urban
locations, while in this study it was found in the rural mountain area; furthermore, Masiol et al. ( 2014 ) identified transport from industrial areas as the main PAH source to background
sites, while in our case, the high relative content of BaP suggests the predominance of a local source.
AQ9

On the other hand, results are in good agreement with most of the previous studies concerning the impact of domestic wood burning in mountain rural areas: Lohman et al. ( 2000 )
estimated a 75% contribution of wood combustion to total PAH concentration in rural areas of UK, and a significant impact of local biomass burning was also observed by Holden et
al. ( 2011 ) in several Western USA rural localities. Different situations were only reported in Northern China (Liu et al. 2007 ), where comparable PAH concentrations were detected in
rural and urban areas during the winter period; nevertheless, these differences were probably related to specific features of air quality in Chinese cities. In Northern Italy, Gianelle et al.
( 2013 ) reported a winter BaP/PM ratio higher in mountain areas than in urban locations, and the local biomass burning was suggested as the principal factor explaining this
phenomenon. In this framework, our results allow to confirm the important impact of local domestic biomass burning on the air quality of mountain areas. As observed by Saarikoski
et al. ( 2008 ), this phenomenon is also amplified by the low height from ground to which emissions are released.
The air quality guideline for BaP (equal to 1 ng/m3 as annual average) during this period was exceeded in Leonessa (1.68 ± 0.52 ng/m3), while in Terzone (0.72 ± 0.14 ng/m3), BaP
was more abundant than in Rome and its outskirts (0.44–0.54 ng/m3). Finally, the PAH loads were in both seasons much more variable in Leonessa than in Terzone, suggesting that
pollutants originated in the town did not move directly to the rural site but diffused over the whole area.
The diffusive sampling of gaseous pollutants in winter provided the results reported in Table 6 . As observed for the summer campaign, results were consistent with the values recorded
by the ARPA Lazio Regional Network. On average, benzene and toluene reached 1.3 ± 0.4 and 0.7 ± 0.3 μg/m3, respectively. In Leonessa, benzene was less concentrated than both in
Rome (2.1 μg/m3) and Rieti (2.4 μg/m3), similarly to PM10 (9.9 ± 4.2 vs. 60 ± 11 and 33 ± 10 μg/m3, respectively; data from ARPA), while ozone concentrations were higher (79 ± 6
vs. 30 ± 9 and 37 ± 10 μg/m3, data from ARPA). Noticeably, the O3/NO2 winter ratio was equal to 9.5 ± 5.6 in Leonessa and 0.5–1.2 in Rome and Rieti, while during summer, it
reached 22 ± 7 in Leonessa vs. 5.1 ± 1.8 in Rieti and 1.6–2.7 in Rome. This result probably confirms the importance of vertical mixing with regards to ozone injection into the
troposphere of the mountain area.
Table 6
Mean concentrations (μg/m3) of gaseous toxicants determined by means of diffusive sampling techniques
Site

Benzene

NOx

Toluene

NO2

O3

SO2

NH3

L1/PM1

2.31

1.14

5.7

2.9

125.0

1.4

2.9

CA1

1.48

0.83

6.0

4.6

127.9

<LOD

6.7

VO1

1.39

0.73

8.1

6.0

111.2

<LOD

2.9

VI1

1.11

0.52

13.5

5.3

94.0

1.3

3.4

P1

0.93

0.52

1.0

2.0

142.3

<LOD

3.2

SG1

0.2

0.1

6.0

3.8

103.2

<LOD

3.1

T1

1.48

1.25

6.6

5.6

101.2

<LOD

12.9

BG1

1.11

0.52

7.8

7.8

102.0

3.2

83.6

T2

1.02

0.52

11.2

7.3

120.3

2.6

131.2

S1

1.30

0.93

6.0

6.3

94.7

<LOD

16.2

TR1

1.67

0.73

5.5

4.5

129.4

n.a.

19.7

Average

1.38

0.77

7.0

5.1

113.7

2.1

26.0

RSD

0.38

0.26

0.5

0.3

0.1

0.4

1.6
6
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Leonessa area, February–March 2013
Site

Benzene

Toluene

NO

NO

O

SO

NH

Using BaP equivalence factors (BaPEFs) assigned to each carcinogenic compound (CalEPA 2005 ), an equivalent BaP concentration >2.5 ng/m3 could be calculated in Leonessa (see
Supplementary Material). These findings seem worthy of further indepth analyses, because an excess lifetime cancer risk of 10−5 can be associated to a BaP concentration of
1.2 ng/m3 (WHO 2000 ). The impact of biomass burning probably explains also why, during the winter, BaPequivalent carcinogenicity in Rome was lower than in the city outskirts
and in the countryside.
By contrast, during the summer, BaPequivalent carcinogenicity was higher in Rome than in Leonessa.

Areal distribution of pollutants
The survey carried out by diffusive sampling in the two seasons shows that, except for VI1 and P1 with regard to the NOx/O3 ratio and BG1 and T2 for NH3 and SO2, the sites
exhibited rather similar concentrations of pollutants (Fig. 4 ).
Fig. 4
a Diffusive sampling results collected at the different sites for ozone and nitrogen oxides, during the summer campaign (July 2012). b Diffusive sampling results collected at the different
sites for ozone and nitrogen oxides, during the winter campaign (February to March 2013)

The average values of NO2 and NOx concentrations did not show any important seasonal variation and only single sites had remarkably higher values of NOx during the summer (i.e.
VI1, SG1 and T2 in Terzone). This finding can likely be explained, taking into account the increased vehicular traffic due to summer holydays. Different contributions could affect the
area on a seasonal basis: biomass burning during the winter and increased vehicular traffic during summer vacations. On the other hand, the P1 site was recognized as representative of
the rural surrounding environment, because O3 concentration was in the two seasons higher than in other residential sites (see Fig. 4 a, b).
NH3 and SO2 measurements were also performed. Ammonia is basically released in rural areas by manure nearby farms or sewage treatment plants. In this study, the major NH3 source
was the biogas plant (Fuchsz and Kohlheb 2015 ). The maximum concentration values of NH3, as expected, were found at the two sites close to the plant (BG1 and T2). The values on
average were about four times higher than the background levels, with marked seasonal differences (see Fig. 5 ). In BG1 and T2 the maximum concentrations of SO2 were also
detected. This result could likely be due to diesel trucks going to/coming from the plant and from the biogas plant activity. In any case, SO2 concentration was well below the annual
value of 20 μg/m3 established by legislation to preserve vegetation.
Fig. 5
Diffusive sampling results collected at the different sites for sulphur dioxide and ammonia

Source identification through PAH fingerprints
The mean percent composition of PAHs during the two infield campaigns is shown in Fig. 6 a, b. In the summer (Fig. 6 a), the distributions were different for the sites. In general, the
average temperatures in the Leonessa and Rome areas (equal to ~15 and ~26 °C, respectively) distinctly influenced the most volatile species, i.e. CH and BaA, to accumulate on
particulates; moreover, atmospheric stability played a role, as indirectly suggested by both mean wind speed (16 vs. 26 km h−1 in the first and second weeks, respectively) and relative
humidity (61 vs. 75%) over the period (Table 2 ). It is worth noting that the maximum relative abundance of BaP was observed in Leonessa: this could suggest that PAH emission was
recent and local, not related to transport, since the BaP relative abundance decreases with particle ageing. In parallel with total concentration values, also the percentages of individual
PAHs were distinct in Leonessa in the second week; in particular, the relative abundance of BPE reached 41%, unlike 27–30% during the first week. Conversely, in Terzone, the CH
percentage was ~3 and ~6–8% in the first and second weeks, respectively.
Fig. 6
Percent composition of PAHs during the two infield campaigns. Symbols: BaA benz[a]anhracene, CH chrysene, BeP benzo[e]pyrene, BaP benzo[a]pyrene, IP indeno[1,2,3cd]pyrene,
BPE benzo[ghi]perylene
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In the winter (Fig. 6 b), PAH fingerprints in Leonessa and Terzone were more similar, but distinct from those of Rome. Even taking into account the lower temperatures recorded in
Leonessa compared to Rome during the sampling campaign (−3 °C with 93% relative humidity and 22 km h−1 of wind speed vs. 7 °C, 74.7% and 6.2 km h−1 in Rome), differences
could be ascribed to local sources rather than to atmospheric reactivity; in fact, though ozone should decompose BaP in Leonessa more than in Rome, the reverse situation was found,
with the compound percentages reaching 10 and 6%, respectively, in the two areas. Another peculiarity of PAHs in the mountain area was the importance of BPE, whose percentages in
summer exceeded 30% (<20% in Rome), while in winter it did not reach 10% (~11% in Rome).
The analysis of concentration ratios was attempted to draw insights about the nature of PAH sources in the Leonessa area. The study of source molecular signature through diagnostic
PAH concentration ratios (DRs) has been questioned due to uncertainty affecting the DR rates attributable to various emissions as well as to the distinct fate of each PAH congener in
the atmosphere, because some compounds are more volatile or more reactive than others (Yunker et al. 2002 ; Marchand et al. 2004 ; Zhang et al. 2005 ). Nonetheless, this approach
seems to give useful information about the sources of pollution, at least at qualitative level, provided three or four DRs are analysed in the light of recent investigations. In fact, a rich
literature exists about that (see Galarneau 2008 ; Tobiszewski and Namiesnik 2012 ; Cecinato et al. 2014 ; Katsoyiannis and Breivik 2014 ; and references herein).
According to recent literature (Cecinato et al. 2014 ; see Table 7 ), the following diagnostic ratios were selected: BaA/(BaA + CH), IP/(IP + BPE), CH/(CH + BaP) and BaP/BPE;
besides, the ageing of emissions was indexed by means of the BaP/(BaP + BeP) ratio. The respective DR values (calculated on single samples and averaged for sites and year seasons)
are reported in Table 8 .
Table 7
Diagnostic ratios reported for PAHs (Cecinato et al. 2014 )
AQ10

Source

BaA/(BaA + CH)

IP/(IP + BPE)

CH/(CH + BaP)

BaP/BPE

BaP/(BaP + BeP)

Highduty diesels

0.73

0.50

0.25

0.35

0.36

Lightduty diesels

0.29–0.39

0.45

0.50–0.71

0.59

0.30–0.57

Gasoline cars (non catal.)

0.58

0.18–0.51

0.56–0.78

0.30–0.58

0.13–0.49

Gasoline cars (catalysed)

0.52

0.27

0.47–0.57

0.33–0.40

0.19–0.49

Urban incinerator plant

0.46

0.43

0.59

0.70

0.53

Landfill fumes

0.47

0.49

0.38

0.59

Paved soil

0.45

0.53

0.70

0.11–0.45

0.18

House heating, pine wood

0.39

0.52

0.61

1.22

0.67

House heating, oak wood

0.07

0.54

0.92

0.91

0.64

House heating, oil

0.30–0.68

0.82

0.54

0.81–1.09

0.32–0.67

House heating, coal

0.44

0.76

0.03

0.50

Power plant, coal

0.57

0.39

1.71

0.73

N sample number; ∑11PAHs sum of all PAHs, BaA benz[a]anthracene, CH chrysene, BbF benzo[b]fluoranthene, BjF benzo[j]fluoranthene, BkF benzo[k]fluoranthene, BeP benzo[e]pyrene, BaP
benzo[a]pyrene, IP indeno[1,2,3cd]pyrene, BPE benzo[ghi]perylene, DBA dibenz[a,h]anthracene

Table 8
Mean PAH diagnostic ratios calculated at Leonessa, Terzone, Rome and the Regional Pollution Network
Season

Summer

Winter

Site

BaA/(BaA + CH)

IP/(IP + BPE)

CH/(CH + BaP)

BaP/(BaP + BeP)

BaP/BPE

LNS

0.32 ± 0.04

0.32 ± 0.05

0.43 ± 0.10

0.36 ± 0.04

0.19 ± 0.06

TRZ

0.24 ± 0.01

0.30 ± 0.01

0.68 ± 0.02

0.25 ± 0.02

0.13 ± 0.03

RDT

0.24 ± 0.03

0.33 ± 0.05

0.76 ± 0.03

0.26 ± 0.02

0.26 ± 0.05

LNS

0.37 ± 0.03

0.53 ± 0.05

0.64 ± 0.06

0.55 ± 0.05

1.14 ± 0.19

TRZ

0.34 ± 0.01

0.55 ± 0.03

0.65 ± 0.04

0.51 ± 0.05

1.04 ± 0.07

RDT

0.23 ± 0.07

0.43 ± 0.03

0.67 ± 0.08

0.34 ± 0.07

0.47 ± 0.05

ROS

0.19 ± 0.02

0.44 ± 0.01

0.60 ± 0.09

0.30 ± 0.01

0.70 ± 0.14

RPR

0.26 ± 0.02

0.48 ± 0.06

0.68 ± 0.05

0.39 ± 0.05

0.64 ± 0.17

N sample number; ∑11PAHs sum of all PAHs, BaA benz[a]anthracene, CH chrysene, BbF benzo[b]fluoranthene, BjF benzo[j]fluoranthene, BkF benzo[k]fluoranthene, BeP benzo[e]pyrene, BaP
benzo[a]pyrene, IP indeno[1,2,3cd]pyrene, BPE benzo[ghi]perylene, DBA dibenz[a,h]anthracene, LNS Leonessa, TRZ Terzone, RDT Rome downtown, ROS Rome outskirts, RPR countryside

The concentration ratios characterizing the winter season suggest that domestic biomass burning is the major source of PAHs in Leonessa and a significant source in Terzone. All
concentration ratios values were in agreement with pine wood combustion [BaA/(BaA + CH) = 0.37 ± 0.03 in Leonessa vs. 0.23 ± 0.07 in Rome city; IP/(IP + BPE) = 0.53 ± 0.05 vs.
0.43 ± 0.03; BFs/BPE = 3.0 ± 0.7 vs. 2.6 ± 0.2; BaP/BPE = 1.14 ± 0.10 vs. 0.47 ± 0.10]; the only CH/(CH + BaP) rate (~0.65 ± 0.07) was similar in all localities investigated. In
Terzone, the diagnostic ratio rates were very similar to those of Leonessa, while some differences were found between Rome downtown, its outskirts and the towns of province,
suggesting a minor impact of wood burning in the countryside.
Finally, the role of wood burning was highlighted by the mass spectrometric ion current traces corresponding to m/z ratios 206 and 234 (Benner et al. 1995 ). In fact, during the third
sampling week in winter and the whole summer campaign, the profile of dimethyl/ethylphenanthrene isomers in Leonessa was very different from that found in Rome and the peak of
retene was recorded (see Fig. 7 ). By contrast, in the first winter week, a mix of biogenic and anthropogenic sources affected the area.
Fig. 7
GCMSD profiles of ion traces m/z = 206 (dimethyl/ethylphenanthrenes) and m/z = 234 (retene) in airborne particulates collected in Rome and Leonessa. Peak at 13.75/13.78 min: 1,7
dimethylphenanthrene
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Conclusions
In this study, the concentrations of several pollutants (PAHs, PM10, NOx, ozone, ammonia and benzene) were monitored in the small mountain village of Leonessa and its
surroundings. The measurement period was extended to different seasons, both to account for climatic seasonal variation and to aim at the investigation on the influence of biomass
burning for civil use on air quality. The results obtained were compared with the air quality of Rome and other localities of the province.
In the summer, all pollutants except for ozone were more abundant in Rome than in the mountain sites. Similar concentration values of NO2 and PM10 were found in Rome and Rieti
province, apart from the mountain area. On the other hand, the percentages of individual PAH compounds changed over the region, because of the atmospheric reactivity and/or local
sources impacts.
In the winter, airborne PAHs were more abundant in Leonessa (15.8 ng/m3) than in the capital city (7.0 ng/m3), despite that suspended particulates were less concentrated (22 vs.
34 μg/m3) and benzene was similar (2.3 μg/m3). The molecular signatures, in terms of concentration ratios of selected PAHs, indicate biomass burning for domestic heating as the
major PAH source in Leonessa. These results were confirmed by the mass spectrometric ion current trace analysis of PAH subgroups. Compared to Leonessa, in Terzone the air was
less significantly affected by PAH and with a different percent distribution, indicating that pollution did not move directly from the town onto the rural site but diffused over the whole
area.
Finally, no correlation was found between the ozone concentration recorded in Leonessa and Rome both in winter and in summer campaigns, whereas the correlation with ozone data
in Rieti worsened during wintertime. These findings were probably due to the different mass exchange between low and high atmosphere of the mountain area with respect to the city.
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