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Abstract

Many studies have focused on aliphatic hydrocarbons and polycyclic aromatic hydrocarbons
(AHs and PAHS) in different environmental compartments, especially atmospheric particles
(aerosols), due to their adverse effects on the environment and human health. However, much
less information is currently available on the content of AHs and PAHSs in the atmospheric gas
phase, which is a major reservoir of volatile and photoreactive compounds. Here, for the first
time, we assessed the levels, gas—particle partitioning, human health risks and seasonal
variations of AHs and PAHSs in the atmospheric gas-phase of Bizerte city (Tunisia, North
Africa) over a one-year period (March 2015-January 2016). X34PAH concentration in the gas
phase over the period ranged from 6.7 to 90.6 ng m and on average was 2.5 times higher in
the cold season than in the warm season. X2gAH concentration in the gas phase over the
period ranged from 14.0 to 35.9 ng m™, with no clear seasonal variations. In the gas phase,
hydrocarbons were dominated by low-molecular-weight (LMW) compounds, i.e. 3- and 4-
ring for PAHs and < n-C4 for AHs. Gas-phase concentrations of PAHs and AHs accounted
for up to 80% of the total (gas + particle phases) atmospheric concentrations of PAHs and
AHs. Further analysis of gas—particle partitioning showed that LMW hydrocarbons
preferential accumulated in the gas phase, and that gas—particle partitioning was not in
equilibrium but dominated by absorption processes into the aerosol organic matter.
Benzo[a]pyrene toxic equivalency quotient (BaP-TEQ) in the gas phase represented on
average 37% of the total atmospheric BaP-TEQ concentration, which was always higher in
the cold season. Atmospheric gas is a significant factor in the risks of cancer associated with
inhalation of ambient air. The Monte Carlo simulation-based exposure assessment model
predicted that outdoor air exposure to PAHs does not pose a cancer risk to infants, but the
children, adolescent, and adult populations may face a lower cancer risk during the warm

season and a higher risk in the cold season.
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1. Introduction

Among the myriad chemicals dispersed in ambient air, hydrocarbons, chiefly aliphatic
hydrocarbons (AHs) and polycyclic aromatic hydrocarbons (PAHS), have been intensively
investigated due to their carcinogenic, mutagenic and teratogenic potential (Bostrom et al.,
2002; Weinstein et al., 2010; Honda and Suzuki, 2020). PAHs and AHs are emitted into the
atmosphere by human-driven activities such as the exploitation/use of fossil fuels, biomass
burning and waste incineration (PAHSs), but also from natural sources such as volcanic
activity, wildfires (PAHs), and erosion debris from continental higher plants (AHs) (Schauer
et al., 2001; Bostrom et al., 2002; Simoneit, 2002; Ravindra et al., 2008; Yadav et al., 2013).

The transport, deposition, and chemical transformation of PAHs and AHs in the
atmosphere are driven by their gas—particle partitioning (Gong et al., 2011; Wang et al.,
2011). Like other semi-volatile organic compounds (SVOCs), individual AHs and PAHSs are
partitioned between particle and gas phases based mainly on their molecular weight, volatility
and solubility (Donahue et al., 2012; Pandis et al., 2013). However, their gas—particle
partitioning also depends on the environmental factors and climate conditions, including
temperature, humidity, precipitation, and windspeed (Munyeza et al., 2019). Consequently,
the low-molecular-weight (LMW) PAHs and AHs tend to carry into the gas phase, whereas
high-molecular-weight (HMW) hydrocarbons are mainly associated with particulates (Bi et
al., 2005; Cincinelli et al., 2007). This makes it important to consider both the gas and particle
phases, which span a size continuum and encompass a complementary spectrum of
compounds, when investigating hydrocarbon atmospheric pollution.

The majority of studies dealing with PAHs/AHs in the atmosphere focus only on the
particle phase (aerosols). This is because most of the known toxic hydrocarbons are HMW
and low-volatility compounds that preferentially carry into primary organic aerosols (POAs)

when they are freshly emitted (Tomaz et al., 2016). However, several recent observations



underline the importance of gas-phase matter. 1) It is the smallest atmospheric material
(<1 um), thought to have the most harmful effects on human health (Andersen et al., 2010;
Belleudi et al., 2010; Liu et al., 2013; Meng et al., 2013; Lin et al., 2016). This material can
penetrate via inhalation into the lungs and reach the bloodstream, causing adverse effects
(\Valavanidis et al., 2008; Manisalidis al., 2020). 2) SVOCs in the gas phase serve as
precursors to secondary organic aerosols (SOAS) due to atmospheric photochemical aging (de
Gouw et al., 2011; Shi et al., 2019a, b). SOAs are thought to have a radically different impact
on human health and climate compared primary emissions that have a far lower degree of
oxidation than SOAs (Robinson et al., 2007). 3) Photoproducts from photooxidation processes
occurring in the gas phase may be much more toxic than their parent compounds (Tomaz et
al., 2016; Mulder et al., 2019). 4) Through air—water exchanges, PAHs present in the gas
phase are a significant source of dissolved PAHSs in the marine environment that can then
enter marine trophic chains and disrupt biogeochemical cycles and ecosystem functioning
(Dachs and Méjanelle, 2010; Duran and Cravo-Laureau, 2016; Gonzalez-Gaya et al., 2019).
Despite the deterioration of air quality in Africa due to population growth, urbanization,
traffic emissions, open burning and the transport of Saharan dust, there are still limited studies
available on atmospheric hydrocarbon levels, especially in the gas phase (Fayiga et al., 2018;
Munyeza et al., 2019). Barhoumi et al. (2018) reported AH and PAH levels in total aerosols
and hydrocarbon risk assessment data in Bizerte city (Tunisia, North Africa). Here, to gain a
deeper understanding the atmospheric hydrocarbon load in this area, we performed this study
to investigate AHs and PAHSs in the atmospheric gas phase over Bizerte city during one year
(March 2015-January 2016), with a focus on the levels, gas—particle partitioning and human

health risks of AHs and PAHS, and their seasonal variations.



2. Materials and methods
2.1. Study site and sampling

Sampling was carried out on the roof of the Faculty of Science of Bizerte in the ‘Zarzouna’
district (37° 16' 0.5802” N, 9° 52' 49.875” E), approximately 1 km from Bizerte city center
(Tunisia, North Africa; see Fig. S1 in Supplementary information (SI)). Further description of
the study site and sampling procedures are reported in previous work (Barhoumi et al., 2018,
2020 a,b). Briefly, Bizerte is a medium-size city (~127,000 inhabitants), with economic
activity focused mainly on fishing, agriculture, and light and heavy industry including a
cement factory located north-west of the sampling site, a petroleum refinery, the Tunisian
Company of Lubricants (SOTULUB), and other mechanics, electronics, plastics, and textiles
industries located south-east of the sampling site. In addition to these activities, there is
substantial anthropogenic pressure driven by the high traffic density (public transport,
touristic and merchant shipping) and strong urbanization. Bizerte city has a predominantly
humid climate (average relative humidity is around 70%), and weather conditions are usually
hot in summer and mild in spring, with annual precipitation rates varying between 300 and
800 mm (mainly concentrated in the fall and winter months), and frequent northwest winds
(200 days per year, with an average windspeed of 6-8 m s%; Castro Jiménez et al., 2017).

Sampling was conducted with a high-volume air sampler (HVAS, Tisch Environmental
Inc., OH) equipped with pre-weighed, pre-combusted quartz fiber filters (QFF, 20.3 x 25.4
cm, Whatman QMA-grade) to collect the particle (aerosol) phase samples, and pre-cleaned
polyurethane foams (PUF; 7.6 x 7.6 cm, Tisch Environmental TE-1123-6) to collect gas
phase samples. The HVAS, which was calibrated before being used according to the
manufacturer’s instructions, was operated at an average flowrate of 0.66 m® min™ for 48 h
from March 2015 to January 2016 (n=53). Data on the particle-phase measurements has

already been published (Barhoumi et al., 2018). Prior to sampling, the PUFs were pre-cleaned



with dichloromethane (DCM) using pressurized solvent extraction (ASE 350, DIONEX; three
DCM cycles of 10 min: 100°C, 110 bars, 100% rinsing volume, 60 s purging time). After
sampling, the load-carrying PUFs were individually wrapped in double pre-combusted
aluminium foils, sealed in polyethylene bags, and immediately transported to the laboratory
where they were stored frozen at -20°C. Field blanks were generated every month by placing
PUFs in the HVAS for a few seconds without switching it on. Details on sampling dates,
sampling duration and collected air volumes are reported in Sl (Table S1), along with total
suspended particle (TSP) concentrations for each sample. Meteorological parameters
including wind speed and direction, relative humidity, ambient temperature and rainfall were

provided by the National Institute of Meteorology located near the sampling station.
2.2. Sample processing and analysis

In this work, we determined 28 AHs (26 resolved long-chain n-alkanes, i.e. n-Cys to n-Cao
and the two isoprenoids phytane (Phy) and pristane (Pr), the unresolved complex mixture
(UCM), which corresponds to aliphatic branched and cyclic hydrocarbons that are not
separable as individual compounds), 19 parent PAHSs, and 15 alkylated PAHs. The parent
PAHSs included naphthalene (Nap), acenaphthylene (Acy), acenaphtene (Ace), fluorene (FI),
dibenzothiophene (DBT), phenanthrene (Phe), anthracene (Ant), fluoranthene (Flu), pyrene
(Pyr), benz[a]anthracene (BaA), chrysene (Chr), benzo[b]fluoranthene (BDbF),
benzo[k]fluoranthene (BkF), benzo[e]pyrene (BeP), benzo[a]pyrene (BaP), perylene (Per),
dibenz[a,h]anthracene (DahA), benzo[g,h,i]perylene (BghiP), and indeno[1,2,3-cd]pyrene
(IcdP). The alkylated PAHs were the methyl-, dimethyl-, trimethyl- homologs (C1-, C2-, C3-,
respectively) of the five target compounds Nap, Fl, Phe, Pyr and Chr. We used the alkylated
PAHs/parent compounds (Alk/Par) ratio as an index of PAH sources, as a predominance of
alkylated compounds points to petrogenic inputs (Azimi et al., 2005). PUF samples were

spiked with 100 pL mixtures of deuterated standards (surrogates): Nap-ds, Fl-dio, Phe-dio,



Flu-dio and BaP-di2 for PAHs (2 mg L each), and Cie-03s, C24-0so and Css-d7a for AHs (20
mg L each), then extracted with DCM using ASE. The extracts were concentrated using a
rotary evaporator, then solvent-exchanged by n-hexane to ~ 200 pL, and cleaned with a silica-
alumina column (10 mm i.d., made of glass) packed from bottom to top with 3 g deactivated
alumina (with 3% water w/w), 3 g activated silica, and 1 g dehydrated sodium sulfate. AHs
and PAHs were co-eluted with 50 mL of n-hexane/DCM (80:20 v/v), followed by a pre-
analysis solvent reduction and added with a mixture of deuterated (internal) standards: Ace-
d10, Ant-d1o, Pyr-dio, Chr-di12 and Per-di2 for PAHSs, and C19-dao and Cso-de2 for AHSs.

Cleaned extracts were analyzed by gas chromatography (Trace ISQ, Thermo Electron)
equipped with a mass spectroscopy detector with hydrogen (1.2 mL min™) as carrier gas.
Injection volume was 1 pL. The capillary column (HP-5MS, Agilent Technologies, USA) was
30 m in length with an internal diameter of 0.25 mm and a film thickness of 0.25 um. The
injector temperature (used in splitless mode) was 250°C and detector temperature was 320°C.
Column temperature was first held at 70°C for 3 min, then ramped to 150°C at 15°C min™,
ramped to 320°C at 7°C min, and held for 10 min. Mass spectrometry (MS) was operated in
electron impact (EI) mode (70 eV), and PAHs and AHs were identified and quantified in full
scan and selected ion monitoring (SIM) modes simultaneously, using two distinct methods
(Guigue et al., 2011, 2014, 2017). Quantification was carried out using internal standards, and
sample concentrations are expressed in ng m=3. All solvents (Rathburn Chemicals Ltd,
Scotland) were HPLC-grade. Standards were > 98% purity-grade and clean-up powders were

high-purity grade (Merck, Sigma Aldrich, France).
2.3. Quality assurance and quality control (QA/QC)

The QA/QC procedures were strictly followed throughout the whole sampling and
laboratory treatment process. QA/QC included control/validation of GC/MS calibration and

tuning, laboratory and field blanks, method detection limit (MDL), and surrogate recoveries.



Field and laboratory blanks were prepared, processed and analyzed in the same manner as the
real samples. The results showed that only trace levels of LMW PAHSs (Nap and C1-Nap) and
AHs (n-Ci5—n-Cpo, Pr and Phy) were detected in the field blanks. Concentrations of these
compounds in the blanks represented less than 7% of the concentrations found in the real
samples. PUF sample concentrations were corrected for the corresponding average field
blank. MDLs, which were calculated from signal-to-noise ratios of 3 (considering an average
sampled air volume of 1920 m?), ranged from 0.3 to 3 pg m™ for PAHSs, and from 3 to 10 pg
m for AHs (Table S2). Compounds with concentrations below the MDL were considered as
not detected in the sample, and thus assumed to be zero in the statistical analyses. For PAHSs,
surrogate recovery rates were 69% for Nap-ds, 76% for Fl-dio, 95% for Phe-d10, 82% for Flu-
dio and 100% for BaP-d1o. For AHSs, surrogate recovery rates were 75% for Cis-dzs, 103% for

C2s-dso and 88% for Cse-d74. All data reported here has not been corrected for recoveries.
2.4. Data handling

To describe the partitioning behavior of PAHs and AHs, we calculated the gas—particle
(G/P) partitioning coefficient, K, (m®ug?), as follows:

_C, /TSP )
C

9

KP
where Cp and Cq4 are the PAH and AH concentrations in the particle and gas phases,
respectively (ng m), and TSP is the concentration of total suspended particles in the air (ug
m=3) (Pankow, 1994a; Terzi and Samara, 2004). Concentrations of PAHs and AHs in the
particle phase were obtained from Barhoumi et al. (2018). Multiplying Kp by TSP gives the
ratio between the concentrations in the particle and gas phases:

Kp X TSP=Cp / C, )



If Kp x TSP value is < 1, then that compound partitions primarily into the gas phase, whereas
if Kp x TSP is > 1, then that compound partitions primarily into the particle phase (\Volckens
and Leith, 2003).

The G/P partitioning of SVOCs in the atmosphere can generally be explained by two
different mechanisms: adsorption onto the aerosol surface, and absorption into organic matter
(Pankow, 1994a). Both mechanisms lead to a linear relationship between log Ky and log
supercooled vapor pressure, PL% which is expressed as (Caliskan et al., 2020):

logK, =m._log P’ +h, 3)

where my, the slope, and by, the intercept of the regression, are empirical constants. Log Kp
was regressed on log P? for each sampling event (n = 53) to determine m, and by. Only those
PAHs and AHs found at concentrations above the MDLs (in both phases) for a given
sample/event were used in the regression of log Kp vs log P? . In theory, where there are no
experimental errors and interferences, slope values (my) should be close to -1 under
equilibrium conditions. If my is higher than -1, then adsorption (onto the aerosol surface) is the
dominant mechanism. If m, is lower than -0.6, then absorption (into organic matter) is the
dominant mechanism. If m, is between -1 and -0.6, then both adsorption and absorption are at
work (Pankow, 1994a, b; Terzi and Samara, 2004).

The temperature-dependent P? of PAHs and AHs was calculated using the following

equation:

log(P°’,Pa) =m_/T +h, (4)
where T is daily average temperature (K) during each sampling event, and m_ and b, are
regression parameters specific to each compound, as reported by Lei et al. (2002) and VVuong
et al. (2022). Table S3 gives the m_ and b, values of selected compounds. For compounds for
which no m_ and b, values were available, the log P values were estimated using the

following equation (Xie et al., 2014):
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where PLO'* is the subcooled vapor pressure of each compound at 298.15 K obtained from EPI
Suite version 4.11 (http://www.epa.gov/opptintr/exposure/pubs/episuitedl.htm), AHSap is the
enthalpy of vaporization at standard conditions (kJ mol™)) of each compound at 298.15 K
obtained from the https://www.chemeo.com/ database (Table S3), and R is the gas constant
(8.314 J molt K,

When absorption into organic matter was the dominant process, the temperature-dependent
octanol-air partitioning coefficient, Koa, was used with success as an alternative to PP to
describe G/P partitioning (Harner and Bidleman, 1998; Esen et al., 2006; Wang et al., 2013).
The relationship between log Ky and log Koa is defined by the following equation, with
equilibrium partitioning n being expected to have a value of +1:

logK, =nlogK,, +¢ (6)
where the slope n and intercept of the regression ¢ are empirical constants, and log Koa
calculated from the following equation using temperature (in K) and available literature

values for A and B (Parnis et al., 2015; Vuong et al., 2022) (Table S3):

log Ko, = A+B/T (7
2.5. Health-risk assessment

The benzo[a]pyrene toxic equivalency (BaP-TEQ) was used as an indicator to assess the
health risks associated with exposure to in-air PAH (WHO, 1987; Bandowe et al., 2014), and
is estimated as follows:

BaP—TEQ = ). (PAHi x TEF)  (8)
where the index i runs over the n PAHs (here, n=16 (EPA priority PAHSs) or 22 (all PAHs
presenting a toxic equivalency factor (TEF)); see Table S4), PAHi is the individual
concentration of each PAH (ng m=3), and TEFi is the corresponding TEF for each PAH. Here,
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for most of the PAHs, we were able to use the TEF proposed by Nisbet and LaGoy (1992).
For PAHs with no known TEF (BeP, Per, C1-Nap, C1-Phe, and C1-Pyr), we used values
suggested by other studies (Durant et al., 1996; Hsu et al., 2014; CalEPA, 2020). Table S4
reports the list of TEFs adopted in this study.

Furthermore, we used the incremental lifetime cancer risk (ILCR) method to quantitatively
assess the risk of PAHs exposure through inhalation based on the US EPA reference model
(US EPA, 2005; Peng et al., 2011). Here, ILCR was determined for four age groups: infants
(0-1 years old), children (1-11 years old), adolescents (12—17 years old), and adults (18-30
years old). The computational formula used for ILCR, calculated here for the gas and particle

phases, is as follows:

ILCR CSF C X IR, aton © EF x EDXC,
. = X

_ . 9
inhalation inhalation BW % ALT ( )

where C (ng m™) is total (gas + particle) BaP-TEQ concentration, IRinhaiation (M® day™?) is
inhalation rate, EF (days year™) is exposure frequency, ED (year) is exposure duration, Cr is
the ng-to-mg conversion factor (10°), BW (kg) is body weight, ALT (year) is average life
span, and CSFinnaation ((Mg kg™ day™)?) is the cancer slope factor, which assumed to be 3.14 +
1.80 (mg kg* day ) (Chen and Liao, 2006). Table S5 gives details of the parameters used to
estimate ILCR values for the different age-groups.

Monte Carlo simulation generates a large number of random samples or scenarios and then
use these to estimate the probability distribution of the ILCR or the outcomes of interest. In
this case, the outcomes of interest are the probabilities of developing cancer from exposure to
PAHs. The carcinogenic risk assessment was conducted for exposure to PAHSs through air
inhalation by using Monte Carlo simulation with the Crystal Ball software, version 11.1.2.4
(Oracle, Inc., Redwood, USA). A comprehensive explanation of abbreviations, probability

distribution, and units for the input parameters such as IRinhaiation, C, EF, ED, BW, ALT, and
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CSFinnaiation can be found in Table S5. To ensure accuracy and uncertainty analyses, 10,000

random repetitions for all calculations were performed for the estimation of the ILCR.
2.6. Statistical analysis

All statistical analysis was performed using SPSS software (version 20.0) and XLSTAT
(version 2021.1.1). Student’s parametric t-test was used to determine significant differences
between group means related to season (warm versus cold seasons), with each group
including between 17 and 36 samples. Comparisons were performed using the non-parametric
Mann-Whitney test, which gave the same results as the t-test in terms of significant/non-
significant differences, with significance level set at p < 0.05. Figures were plotted using

GraphPad Prism 5 software, and calculations were performed using Microsoft Excel 2016.

3. Results and discussion

3.1. Concentrations and molecular profiles

To investigate the seasonal variations of PAH and AH distributions (concentrations and
molecular profiles) in the atmospheric gas phase, the year was divided into two periods
defined as warm season (spring—summer, from March to August 2015, n=36) and cold season
(fall-winter, from September 2015 to January 2016, n=17) based on prevailing
meteorological conditions in Bizerte city (Barhoumi et al., 2018). Ambient temperature (AT),
wind speed (U), wind direction (WD), relative humidity (RH), and other meteorological
parameters can significantly influence atmospheric pollutant loading (Chirico et al., 2007;
Elorduy et al., 2016). Here, during the warm and cold seasons, AT was 21.4 £ 5.7°C and 18.3
+ 5.9°C, RH was 68.1 + 6.6% and 73.9 + 9.7%, U was 4.4 + 1.7 and 3.3 + 1.9 m s}, and

precipitation was 0.2 + 0.8 and 0.3 + 0.5 mm, on average, respectively (Table S1).
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>34PAH concentration in the gas phase during the study period ranged from 6.7 to 90.6 ng
m= with an annual mean of 20.4 + 17.2 ng m (Table 1; Fig. 1a). These concentrations were
of the same order of magnitude as those recorded in atmospheric gas-phase analyses in Prato
(Italy), Athens and the island of Crete (Greece) (Cincinelli et al., 2007; Vasilakos et al., 2007,
lakovides et al., 2021) but much lower than those recorded in West-African port cities
(Munyeza et al., 2019). Note, however, that it is difficult to reliably compare data obtained by
different research groups, as the geological characteristics of the sampling areas, the number
of samples taken, and the number of PAHs analyzed may not be the same. Gas-phase PAH
concentrations showed seasonal variations. £3sPAH concentration averaged 13.8 + 6.6 ng m
and 34.4 + 23.7 ng m* during the warm and cold seasons, respectively (Table 1; Fig. 1a).
>34PAH concentrations were on average 2.5-times higher in the colder months than in the
warmer months (t-test, p<0.0001). This seasonal trend, i.e. higher levels in the colder season,
is in line with previous work (Vasilakos et al., 2007; Hassan and Khoder, 2012; Caliskan et
al., 2020). In addition, Alk/Par ratio was significantly higher during the warm season (2.3
0.7) than in the cold season (1.8 + 0.7) (t-test, p<0.0001). This PAH compound ratio has been
used previously to help determine the origin of hydrocarbon contamination and identify the
major weathering processes. Crude oils and many refined petroleum products have a higher
ratio of alkylated PAHs to parent PAHSs than engine exhaust emissions that have a lower ratio
due to thermal dealkylation within the engine (Schauer et al., 1999). Biomass burning has also
shown low Alk/Par ratios (Schauer et al., 2001). Moreover, Alk/Par ratio would increase with
photodegradation, because the alkyl derivatives show lower photodegradation rates than the
parent compounds (Garcia-Martinez et al., 2006). Thus, these seasonal trends in both PAH
concentrations and Alk/Par ratio would mainly be due to 1) increased usage of fossil
fuels/biomass burning, especially for heating, combined with specific atmospheric conditions

in winter (Bamford and Baker, 2003; Reisen and Arey, 2005; Manoli et al., 2016) and 2) the
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photolytic and thermal decomposition of PAHs in summer (Albinet et al., 2007; Cincinelli et
al., 2007; Sharma et al., 2007). Finally, the AT, RH, X3sPAHs and Alk/Par parameters all
correlated well together (Pearson’s correlations, r=-0.59-0.55, n=53, p<0.0001-0.044; data
not shown), which clearly illustrates the seasonality of gas-phase PAH loading.

During the study period, the X34sPAH concentration recorded in the gas phase represented
on average 89 £ 5.1% of the total (gas + particle phases) X34sPAH concentration (Fig. 1a)
(Barhoumi et al., 2018). This trend was consistent with previous studies reporting higher
levels of gas PAHSs relative to particle-bound PAHSs (Terzi and Samara, 2004; Abdallah and
Atia, 2014; Ishtiag et al., 2021). Furthermore, molecular distribution data showed that gas-
phase PAHs were dominated by 3-ring compounds (76% of X34PAHs on average during the
study period), chiefly Phe (22%), C1-Phe/Ant (20%) and C2-Phe/Ant (11%) (Fig. 1b), as
already observed by Tsapakis and Stephanou (2005). The molecular distribution profiles were
completed by 4-ring compounds (19%) and 2-ring compounds (4.6%), with a very minor
contribution from 5- and 6-ring compounds (~0.1%) (Fig. 1b). Hence, the LMW (2-4 rings)
PAHs accounted on average for 80.3%—98.8% of the gas-phase load, whereas the HMW (5-6
rings) PAHSs accounted for 96.7%-99.4% in the particle-phase load (Fig. 1b, c). These results
are in good agreement with the fact that the LMW-PAHSs have high vapor pressures and low
octanol-air partition coefficients and are generally found in the gas phase, whereas the reverse
is true for the HMW-PAHSs, which are usually attached to the particle phase, have low vapor
pressures and high octanol-air partition coefficients (Terzi and Samara, 2004; Ma et al.,
2019). Below we examine the gas—phase partitioning of hydrocarbons in greater depth.

Y28AH concentration in the gas phase during the study period ranged from 14.0 to 35.9 ng
m3 with an annual mean of 22.5 + 5.3 ng m (Table 2; Fig. 2a). Contrary to PAHSs, 2sAH no
did not show any clear variation between the warm-season (22.0 + 4.8 ng m=) and cold-

season periods (23.7 + 6.1 ng m) (Table 2; Fig. 2a). In addition to resolved compounds, we
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also recorded UCM structures in the AH analyses. The annual mean concentration of UCM
was estimated at 90.7 + 30.9 ng m™, with 90.4 + 33.6 ng m™ for the warm season and 91.3 +
26.2 ng m= during the cold season, and an average UCM/R ratio of 4.1.

During the study period, the X23AH concentration recorded in the gas phase represented on
average 47% of the total (gas + particle) X2sAH concentration (Fig. 2a). Nevertheless, this
percentage increased up to 80% when taking the UCM into account. Figs. 2b and 2c¢ show that
n-C17-n-C24 compounds were mainly found in the gas phase while > n-Czs compounds were
mostly found in the particle phase. In the gas phase, the resolved compounds displayed a
monomodal molecular distribution centred on n-C2 (18%), without any dominance of odd- or
even-numbered n-carbon compounds (Fig. 2b). This points to an anthropogenic (petrogenic)
origin of AHs in the gas phase. In addition, £28AH concentration was slightly but significantly
positively correlated to UCM and X3sPAH concentrations in the gas phase (Pearson’s
correlation, r=~0.37, n=53, p=0.005-0.008; data not shown). This observation, in agreement
with previous studies, reinforces the assumption of petrogenic-origin AHs through fossil fuel
emissions (Schauer et al., 1999, 2002; Mandalakis et al., 2002; Cincinelli et al., 2007),
although biomass burning may also contribute to the AH signature in the gas phase (Schauer
etal., 2001).

Surprisingly, compared to known oil fingerprints, the lowest-molecular-weight compounds
(2-ring PAHSs with alkylated homologs and < n-Ci9 AHs) were relatively unabundant in the
gas phase (Wang et al., 1999). One explanation could be the fact that LMW PAHSs and AHs in
the gas phase, which have been identified as important SOA contributors in urban areas
(Robinson et al., 2007; de Gouw et al. 2011; Yuan et al., 2013; Zhao et al., 2014; Li et al.,
2022) especially due to vehicle emissions (Yuan et al., 2013; Zhao et al., 2015; Liggio et al.,
2016; Ding et al., 2017; Liu et al., 2017; Luo et al., 2019), undergo transformation by

chemical reactions with hydroxyl radicals (OH), chlorine atoms (Cl), nitrate radicals (NOs) or
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ozone (O3) (Atkinson, 2000). We also cannot rule out that the relative lack of LMW
compounds in the gas phase may come from a sampling bias. Indeed, some authors have
underlined that because Naph, Acy and Ace PAHs and < n-Cig AHs possess relatively high
vapor pressures, they may not be efficiently trapped by this method used (Jolley and Wang,
1992). However, the PAH and AH compounds recorded here in the gas phase already
represented more than 80% of the ambient air loading, either in terms of mass concentrations

or in terms of pool of reactants/precursors for harmful material.
3.2. Gas—particle partitioning

3.2.1. Gas—particle phase concentrations

Understanding the phase distribution of PAHs and AHs in atmosphere is important for
evaluating their fate, transport, transformation, and potential environmental/health impacts
(Simcik et al., 1998; Gaga and Ari, 2019; Ma et al., 2019). Here we computed the G/P
partitioning coefficient (log Kp) and Kp x TSP of each PAH and AH using Eq. (1) and Eq. (2).
The average, minimum, median and maximum values of K, x TSP and log Ky are summarized
in Table S6. The median values of Ky x TSP for individual PAHs (up to BaA/Chr, MW ~228-
230) and AHs (up to n-Cxs, MW ~338) were < 1, which explain their preferential
accumulation in the gas phase. This is consistent with results reported above and in Figs. 1c
and 2c, which show the dominance of LMW PAHSs and AHs in the gas phase and of HMW
PAHs and AHs in the particle phase. The mean log K, for individual PAHs and AHs ranged
from -3.63 (DBT) to -0.042 (BghiP) and from -3.06 (n-Cis) to -0.305 (n-Cao), respectively
(Table S6). The log K, values for PAHs were in good agreement with values previously
determined in Finokalia, Greece (-3.83 < log K, < -0.66) (Tsapakis and Stephanou, 2005).
Except for LMW compounds, i.e. PAHs of MW < 166-170 and AHs < n-Ci, the log Kp
values increased with molecular weight of the compounds. This trend has already been found

in previous studies (Cincinelli et al., 2007; Cao et al., 2018). We can therefore conclude that
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the difference in log Ky among the different PAHs and AHs is mainly related to their different

physical-chemical properties.

3.2.2. Sorption mechanisms

Adsorption onto the aerosol surface and absorption into the aerosol organic matter are two
different mechanisms that have been used to describe the G/P partitioning of SVOCs
(Pankow, 1994a). The linear relationships between log Ky and log P (Eq. 3) can describe
these two mechanisms and thus afford useful information (extracted from the empirical
constants m, and by) about the partitioning of the compounds. Figs. 3a and 3c plot these
relationships for PAHs and AHSs across the whole sampling period. Due to the limited number
of the lowest-MW compounds (although plotted on figures in red), we did not include these
lowest-MW compounds in the calculation of the regression parameters. Both compound
classes showed good linear relationships, with r values of -0.92 (PAHSs) and -0.88 (AHSs). The
m; slope values were -0.71 for PAHs and -0.46 for AHs. Similarly, the intercept by, which is
mainly related to the physical properties of aerosols, was -4.40 for PAHs and -3.6 for AHs
(Figs. 3a and 3c). These values were within the range of data reported in the literature (Table
S7). The slopes obtained were lower than the expected slope under equilibrium conditions (-
1.0), but this deviation does not necessarily indicate disequilibrium, as certain factors can
cause the slopes m; to deviate from -1 (Goss and Schwarzenbach, 1998; Simcik et al., 1998).
Sampling artefacts, such as absorption of gas-phase compounds onto the quartz filters,
presence of nonexchangeable compounds on atmospheric particles, non-equilibrium
conditions due to the closeness of the sources to the sampling point, chemical and physical
characteristics of TSP, meteorological conditions, and a lack of constancy in activity
coefficients, might be the main reasons for slope-values deviations from -1 (Goss and
Schwarzenbach, 1998; Dachs and Eisenreich, 2000; Vardar et al., 2004; Su et al., 2006;

Akylz and Cabuk, 2010). BaP-to-BeP ratio has been used as indicator of long-range transport
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(Kim et al., 2012), and the fact that it did not significantly correlate with m; (r = 0.05, p >
0.05) may point to dominant local emission sources in this area. Indeed, previous research in
this area has already suggested a dominance of local-source factors (vehicle exhaust, Bizerte
harbor, the cement factory, the Zarzouna petroleum refinery, the Tunisian Company of
Lubricants, Menzel Jemil electronics, plastics and textile industries) relative to meteorological
conditions (Barhoumi et al., 2018).

The Koa value can also be used as an alternative to PP to describe the G/P partitioning.
Here we found A strong positive correlation between the measured log K, and log Koa for
PAHSs (r = 0.91, p < 0.0001) (Fig. 3b). The slope n was 0.60, thus lower than the value of the
partitioning equilibrium (1.0), which also indicates that PAHs had not reached equilibrium
between the gas and particle phases. The slope n was much steeper than the slope m; from log
Kp vs logP? , thus confirming that absorption was the dominant sorption mechanism in
studied area. The slope n value found here was similar to the value reported for an urban site

in Beijing, China (n = 0.63; Ma et al., 2011).
3.3. Health-risk assessment

The annual trend of BaP-TEQ concentrations for both gas and particle phases of 22 PAHs
is depicted in Fig. 4a. The mean BaP-TEQ (gas + particle) concentration for the whole study
period was 0.25 + 0.31 ng m™ and was 3 times higher in the cold season (mean of 0.45 + 0.48
ng m) than in the warm-season period (mean of 0.16 + 0.11 ng m=). Two values, i.e. 1.4 on
18 December 2015 and 1.8 ng m™ on 25 December 2015, were above the WHO reference
threshold (1 ng m). During the study period, the gas-phase BaP-TEQ concentration from the
represented on average 37% + 15% of the total (gas + particle phases) BaP-TEQ
concentration (Fig. 4b). Interestingly, among all TEF-PAH members (PAHs associated with
TEF factors; see Table S4) included in the BaP-TEQ calculation, C1-Pyr (84% originating

from the gas phase) was the most important carcinogenic contributor at 29.1% of total BaP-
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TEQ, more than BaP (23.6%) and DahA (12.7%) (Fig. S2a). Note that C1-Pyr does not
belong to the 16 USEPA-listed PAHSs, and thus this shows that the impact of the non-USEPA.-
listed PAHSs to total PAH toxicity is significant and should not be overlooked (Fig. S2a, b). It
is vital to consider this contribution of the gas phase to the total BaP-TEQ concentration, as
we assume that an important fraction of the LMW compounds were either not trapped in the
PUF or were phototransformed into by-products that are even more toxic than their parents or
that drive SOA formation. These results further argue for a potential role of the gas phase and
support the fact efforts to better understand and estimate the toxicity of the atmosphere needs
to focus on contaminant distribution and dynamics in all compartments. The gas phase can be
inhaled more easily and transported across the lungs into the bloodstream (Ramirez et al.,
2011), and had already been found to be a bigger driver of cancer risk than particulates
(Hassan and Khoder, 2012; Tomaz et al., 2016).

The estimation of ILCR (using Eq. 10 and the mean values of the parameters presented in
Table S5) is another way to estimate the cancer risk incurred from exposure to PAHs (from
gas + particle phases) via inhalation from outdoor sources. An ILCR of < 10 is classified as
very low potential risk, an ILCR between 10 and 10 is classified as low potential risk, an
ILCR between 10 and 107 is moderate, and an ILCR > 10 denotes a high potential health
risk (Caliskan et al., 2020). Table 3 lists the estimated ILCR values for each specific age-
group for cold and warm season as well as over the whole year. The ILCR values generally
increased with age, from infants (0-1 year) to adults (18-70 years). In contrast, adolescents
(12-17 years) have lower ILCR values than children aged 1-11 years. This was mainly
attributed to the relatively lower body weight and higher ED values of the children group. The
highest ILCR value (5.7x10#) was found in the adult group (18-70 years), suggesting that
adults over 18 years old may be at higher risk of developing cancer due to a longest duration

of exposure. The total accumulated ILCR for all the age-specific groups during the whole year
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varied from 2.0x107° to 8.9x10* (mean of 1.3x10* + 1.5x10%) and was significantly higher
(t-test, p<0.0001) in the cold season (mean of 2.3x10* + 2.4x10™) than in the warm season
(mean of 8.2x10° + 5.6x107%). All ILCRs were between 10° and 107, indicating low to
moderate risk. Note that ILCR values were calculated based on outdoor sources only.
However, the indoor sources may lead to even higher ILCR values due to additional sources
such as cooking fumes, tobacco smoke, and residential heating (Ramirez et al., 2011; Shen et
al., 2013).

Monte Carlo simulation is a powerful tool used on this study to estimate ILCR by
incorporating uncertainty and variability in the input parameters. This approach provided a
more realistic and accurate estimate of the risk of developing cancer from exposure to PAHs
in outdoor air through inhalation. The Monte Carlo simulation allowed us to calculate the
cumulative distribution function (CDF) of the predictive inhalation lifetime cancer risk
(ILCR), which was useful for visualizing the data for all age groups experiencing different
levels of health risks due to exposure to PAHSs in outdoor air. Plotting the CDF of the ILCR
for the annual period (Fig. 5), the cancer risk threshold (represented by the red line) indicated
that infants faced no health risk. However, the 95% adult population (>5th percentile) had a
low potential risk (ranging from 1.1x107° to 2.6x10*). Additionally, the 50% population
(>50th percentile) of children (with risks ranging from 1.7x10° to 8.2x10°) and adolescents
(with risks ranging from 1.1x10° to 5.2x10°) may also face low potential risks (Table 3).
Overall, during the cold season, all age groups experienced higher health risks compared to
the warm season (Fig. S3). For the cold season, while the 95% adult population (>5th
percentile) may face a low potential risk, 75% of the children and adolescent population
(>25th percentile) may also face low potential risks. Infants, on the other hand, may face

health risks only if they are part of the 5% of the population (>95th percentile) (Table 3).
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4. Conclusions

This study shows that the gas phase carrying LMW compounds (3- and 4-ring PAHs and
< n-C2s AHs) may contribute up to 80% of the total (gas plus particle-borne) hydrocarbon
concentration and up to 40% of the total hydrocarbon toxicity (BaP-TEQ concentration) in the
atmosphere. If we factor in a possible sampling bias of the PUFs (which do not retain all the
LMWs) and the reactivity of the compounds in the gas phase (transformation into
photoproducts or secondary organic aerosols), then we can assume that the actual toxicity of
the gas phase is even greater. Gas-phase PAH concentrations were higher during the colder
season, whereas gas-phase AH concentrations showed no marked seasonal pattern. This work
also highlights that atmospheric hydrogen toxicity involves not only the 16 listed PAHSs
studied but also other (methylated) aromatic compounds, such as C1-Pyr. We conclude that
the gas phase is an essential compartment that needs to be addressed to properly investigate
the levels, dynamics, chemical/photochemical reactivity, and impact/toxicity of hydrocarbons
in the atmosphere. According to the Monte Carlo simulation-based exposure assessment
model, outdoor air exposure to PAHs was predicted to not pose a cancer risk to infants.
However, the model indicates that children, adolescents, and adults may have a low cancer
risk during the warm season and a high risk in the cold season. Future investigations on the
gas phase should focus on the reactivity of the compounds and their transformation into
secondary organic aerosols, as these secondary aerosols are known to cause impactful adverse

effects on both human health and climate.
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Figure captions

Figure 1. a) Concentrations of total (Z34) PAHs (ng m3) from March 2015 to January 2016,
b) annual mean concentrations of individual PAHs (ng m), and c) relative abundances of
individual PAHs (%) in the atmospheric gas and particle phases of Bizerte city. The particle-

phase data used is from Barhoumi et al. (2018).

Figure 2. a) Concentrations of total (Z2s) AHs (ng m™) from March 2015 to January 2016, b)
annual mean concentrations of individual AHs (ng m), and c) relative abundances (%) of
individual AHs in the atmospheric gas and particle phases of Bizerte city. The particle-phase

data used is from Barhoumi et al. (2018).

Figure 3. Regression plots of a) log K versus log P? for PAHSs, b) log K, versus log Koa for
PAHSs, and c) log K; versus log P? for AHs in atmospheric samples from Bizerte city. Blue
dots represent the compounds used for the regression, i.e. DBT, Phe, Ant, Flu, Pyr, BaA, Chr,
BbF, BkF, BeP, BaP and BghiP for PAHs and n-Ci9-n-Css for AHs. Red dots represent the
compounds excluded from the regressions, i.e. Nap, Acy and FI for PAHs and n-C15-n-Cgs, Pr

and Phy for AHs.

Figure 4. a) Concentrations of benzo[a]pyrene toxic equivalency quotient (BaP-TEQ, in ng
m3), and b) relative contribution of gas and particle-bound PAHs to the BaP-TEQ
concentrations in the atmospheric gas and particle phases of Bizerte city from March 2015 to

January 2016. The black dotted line represents the WHO reference threshold (1 ng m=).
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Figure 5. Cumulative distribution function of incremental lifetime cancer risk (ILCR)
associated with exposure to PAHSs present in both gas and particle phases of outdoor air in

Bizerte city evaluated for the period of March 2015 to January 2016.
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Table captions

Table 1. Mean PAH concentrations (ng m™®) in the gas phase of Bizerte city during the warm
season (March—August 2015), the cold season (September 2015-January 2016), and over the

whole year (March 2015-January 2016).
Table 2. Mean AH concentrations (ng m=) in the gas phase of Bizerte city during the warm
season (March—August 2015), the cold season (September 2015-January 2016), and over the

whole year (March 2015-January 2016).

Table 3. Assessment of incremental lifetime cancer risk (ILCR) stratified by specific age-

groups and season for PAHSs (calculated for the gas + particle phases).
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Table 1

Mean PAH concentrations (ng m-3) in the gas phase of Bizerte city during the warm season (March-
August 2015), the cold season (September 2015-January 2016), and over the whole year (March
2015-January 2016).

Compound Gas phase (ng m-)

Warm Cold Annual
Nap @ 0.034 + 0.063 0.078 £ 0.133 0.048 + 0.093
Acy? 0.042 + 0.056 0.266 + 0.865 0.114 £ 0.493
Ace? 0.004 + 0.009 0.024 + 0.052 0.010 £ 0.031
Fla 0.128 £ 0.123 0.605 £ 0.841 0.281 £ 0.527
DBT?® 0.233+£0.280 0.259 £ 0.207 0.241 £ 0.257
Phe @ 2414 +2.234 8.579 £ 9.924 4.391 + 3.407
Ant? 0.141 +0.118 0.547 £ 0.571 0.271+£0.382
Flu? 0.832 £ 0.420 1.933+1.210 1.185+0.916
Pyra 0.890 £ 0.397 2.030£1.021 1.255 + 0.846
BaA? 0.018 + 0.020 0.081+0.131 0.038 £ 0.080
Chra 0.082 + 0.071 0.287 £ 0.378 0.148 £ 0.238
BbF2 0.006 + 0.006 0.015 +0.010 0.009 + 0.008
BkF 2 0.002 + 0.003 0.006 + 0.005 0.003 + 0.004
BePP® 0.004 + 0.004 0.011 + 0.006 0.007 £ 0.006
BaP? 0.002 + 0.004 0.005 + 0.005 0.003 + 0.004
Per® nd nd nd
DahA? nd nd nd
lcdP 2 0.001 + 0.002 0.002 + 0.001 + 0.002
BghiP 2 0.002 + 0.003 0.004 + 0.002 + 0.003
Cl-Nap°® 0.054 £ 0.071 0.121 £0.183 0.076 £ 0.121
C2-Nap°® 0.207 + 0.286 0.565 + 0.804 0.322 +0.531
C3-Nap°© 0.391+0.412 1.070 £ 1.277 0.609 + 0.848
C1-Fl¢ 0.320 £ 0.232 1.415+1.816 0.671+1.148
C2-FI¢ 0.663 £ 0.430 1.623 +1.357 0.971 £ 0.946
C3-Fl¢ 0.937 £ 0.425 2.000 +1.242 1.278 £ 0.921
C1-Phe/Ant¢ 2.814 +1.382 6.764 +4.721 4.081 + 3.407
C2-Phe/Ant¢ 1.948 + 0.908 3.111+1.193 2.321 +1.137
C3-Phe/Ant¢ 0.997 + 0.413 1.575+ 0.633 1.169 + 0.564
C1-Flu/Pyre¢ 0.349 £ 0.200 0.681 + 0.316 0.456 + 0.286
C2-Flu/-Pyr¢ 0.217 £ 0.155 0.538 £ 0.452 0.320 £ 0.320
C3-Flu/-Pyre 0.026 + 0.034 0.111+0.164 0.054 + 0.103
C1-BaA/Chre 0.036 + 0.034 0.082 +0.132 0.051 + 0.082
C2-BaA/Chre 0.002 + 0.005 0.014 + 0.047 0.006 £ 0.027
C3-BaA/Chre¢ nd nd nd
>16EPA-PAHSs 46+2.8 145+12.8 7.8+8.8
234PAHSs (parent + alkylated) 13.8 +6.6 34.4 +23.7 204 +17.2
Alk/Par 23+0.7 1.8+0.7 21+0.7

nd: not detected; #° parent PAHs; @ EPA priority PAHs; ¢ Alkylated PAHs.
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Table 2

Mean AH concentrations (ng m-2) in the gas phase of Bizerte city during the warm season (March-
August 2015), the cold season (September 2015-January 2016) and over the whole year (March
2015-January 2016).

Compound Abbreviation Gas phase (ng m-)

Warm Cold Annual
Pentadecane Cis 0.014 + 0.054 0.038 + 0.083 0.022 + 0.065
Hexadecane Cie 0.052 +0.134 0.145 + 0.250 0.082 +0.182
Heptadecane Ci7 0.695 + 1.907 0.576 £ 0.635 0.656 + 1.605
Octadecane Cis 1.012 + 0.470 1.291 £ 0.877 1.101 £ 0.635
Nonadecane Cio 1.440 +0.672 2.125+1.318 1.659 + 0.971
Eicosane C20 3.565 + 0.739 3.800+1.132 3.640 + 0.880
Heneicosane Ca 2.830 £ 0.611 3.573 £ 0.905 3.069 £ 0.791
Docosane Ca2 4,048 £1.764 3.737 £1.132 3.949 + 1.584
Tricosane Cas 2.387 £ 0.853 2.516 + 0.893 2.429 + 0.859
Tetracosane Cza 1.923 +1.015 1.761 £ 0.994 1.871 £ 1.002
Pentacosane Cas 1.149 £ 0.706 0.984 £ 0.752 1.096 +0.718
Hexacosane Cas 0.551 + 0.485 0.535 +0.462 0.546 + 0.473
Heptacosane Ca7 0.552 + 0.515 0.491 +0.412 0.533+0.481
Octacosane Cas 0.254 £ 0.449 0.212 £0.244 0.241 £ 0.393
Nonacosane Cao 0.303 £ 0.417 0.251 £ 0.252 0.286 + 0.370
Triacontane Cso 0.131+0.319 0.116 £ 0.169 0.126 + 0.278
Hentriacontane Ca 0.196 + 0.284 0.166 + 0.158 0.186 + 0.249
Dotriacontane Cs2 0.053+0.124 0.060 + 0.075 0.056 +0.110
Tritriacontane Css 0.044 + 0.057 0.067 £ 0.063 0.051 + 0.059
Tetratriacontane Caa 0.015 £ 0.024 0.026 £ 0.036 0.018 £ 0.029
Pentatriacontane  Css 0.008 + 0.015 0.021 £ 0.030 0.012 £ 0.022
Hexatriacontane Cse 0.004 = 0.009 0.014 + 0.025 0.007 £ 0.017
Heptatriacontane  Cas7 0.002 = 0.006 0.010 + 0.027 0.005 +0.016
Octatriacontane Cas 0.002 £ 0.006 0.008 £ 0.021 0.004 +0.013
Nonatriacontane Cao 0.001 + 0.005 0.007 £0.023 0.003 £0.014
Tetracontane Cao nd 0.006 + 0.018 0.002 +0.010
Pristane Pr 0.230 £ 0.219 0.497 £ 0.760 0.315+0.475
Phytane Phy 0.507 £ 0.352 0.638 +0.478 0.549 + 0.397
>28AHSs 22.0+4.9 23.7+6.1 225+53
UCM 90.4 + 33.2 91.3+26.2 90.7 + 30.9
UCM/R 42+1.7 3.9+0.8 41+15

nd: not detected.
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Table 3 Assessment of incremental lifetime cancer risk (ILCR) stratified by specific age-groups and season for PAHs (calculated for the gas + particle

phases).
Age group Season Estimated ILCR Predicted ILCR by Monte Carlo simulation
Mean Mean + SD 5th 25t 50t 75th 95th

Infants Warm 1.6x10°% 1.7x106 + 1.3x10 4.0x107 8.2x107 1.3x10 2.1x10® 4.1x10®
Children Warm 1.7x10° 1.7x10°5 + 1.2x10° 4.9x10°6 9.0x10¢ 1.4x10° 2.2x105 4.0x10°
Adolescents Warm 1.1x10° 1.1x10° + 7.5x10° 3.2x10¢ 5.9x10¢ 9.0x10® 1.4x10° 2.5x10%
Adults Warm 5.2x10° 5.2x10°5 + 3.7x10° 1.5x10° 2.8x10° 4.3x10° 6.6x10° 1.2x104
Infants Cold 4,5x10°6 4.7x10% +5.1x10° 6.6x10”7 1.7x10°¢ 3.1x10%6 5.8x10% 1.4x10°
Children Cold 4.7x10° 4.8x10° +5.2x105 7.6x10¢ 1.8x10° 3.3x10° 5.9x10% 1.4x104
Adolescents Cold 3.0x10° 3.1x105 + 3.3x10° 6.1x10¢ 1.2x10° 2.1x105 3.7x10° 8.9x10°
Adults Cold 1.5x104 1.4x104 + 1.5x10* 2.4x10° 5.6x10° 9.9x10° 1.8x104 4.1x104
Infants Annual 2.5x10¢ 2.6x10° + 3.3x10¢ 3.0x107 7.9x107 1.6x10° 3.2x10% 8.2x10®
Children Annual 2.7x10° 2.7x10° + 3.3x10° 3.4x10°¢ 8.8x10¢ 1.7x10° 3.3x10% 8.2x105
Adolescents Annual 1.7x10° 1.7x10° + 2.2x10° 2.2x10¢ 5.7x10%¢ 1.1x10° 2.1x105 5.2x10%
Adults Annual 8.2x10° 8.3x10° +1.1x10*4 1.1x10° 2.8x10° 5.3x10° 1.0x104 2.6x104

SD = Standard deviation. 5t, 25t 50t 75t and 95t Percentiles.
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Fig. 1. a) Concentrations of total (234) PAHs (ng m) from March 2015 to January 2016, b) annual

mean concentrations of individual PAHs (ng m=), and c) relative abundances of individual PAHs (%)

in the atmospheric gas and particle phases of Bizerte city. The particle-phase data used is from

Barhoumi et al. (2018).

S42



160 a) Warm period

1
140 i
—~ 120 i _
= i Cold period
100 R .
()]
=S | |
P 80 i i
< 60 i :
& = :
Tl l H [t LN PRTATIE
o 111411 | THEEH LI
' !
0 o 1ol ol ol oT T Tl Tol
I\ N I\ N N ECTSN- TN NI NI\
Q2 v \\'oﬂ W W WY e o O e
8 1 b)
7_
6_ .
& m Particle phase
E 51
o I Gas phase
£ 41 .
[%2]
T 3 | [
<
2_ -
o | 1
0 = 1 Ll g B uunoua
LRI 22RNARIICIRIINIsaosnendS
Q0 QEHLYOYLLQYLOROHYLELLQVLLQQ
c C C < cC Cc Cc CcCccCcCcCc Cc C C C C C C C Cc Cc Cc C C

Relative abundance

50% -
@
O

N-C 37 |

D O
[S S
QQ

c

0%
D O~ =0 200 4N M T WO OO d N M I
A1 A0l S AN NNNNNNNNN®OM®M®O®M
LY Qe QQOOHHRHRLYYQCE ? G
c C C c CcC € Cc Cc CcCcCc CcCc Cc Cc C C Cc Cc Cc C C c C
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Barhoumi et al. (2018).
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Table S1. Sampling details and meteorological data during the study period (March 2015-January 2016).

Month Sampling Sampling Volume TSP ] WD RH AT P
period duration (h) (m®) (g m3)  (ms?) (%) (°C) (mm)

Mar-15 02-04/03/15 48 1888.67 50.78 2.8 NW 76 18 0.0
Mar-15 04-06/03/15 48 1872.48 106.03 3.9 NW 75 14 4.7
Mar-15 11-13/03/15 48 1868.54 99.74 3.3 NW 77 11 0.0
Mar-15 13-15/03/15 48 1872.36 77.79 3.1 NNW 73 12 0.0
Mar-15 18-20/03/15 48 1879.90 44.36 6.1 NE 81 14 0.0
Mar-15 25-27/03/15 48 1905.13 49.77 6.4 NW 81 14 1.0
Mar-15 27-29/03/15 48 1888.65 71.34 10.3 WNW 75 14 0.0
Apr-15 07-09/04/15 48 1854.38 46.71 5.8 NNE 58 11 0.3
Apr-15 09-11/04/15 48 1883.44 40.71 3.9 NNE 68 14 0.0
Apr-15 17-19/04/15 48 1913.42 88.42 3.6 wsw 71 18 0.0
Apr-15 21-23/04/15 48 1894.08 45.70 3.6 SW 71 17 0.0
May-15 07-09/05/15 48 1927.44 111.52 5.6 WNW 67 21 0.0
May-15 12-14/05/15 48 1912.32 35.31 2.8 NNE 60 20 0.0
May-15 14-16/05/15 48 1943.55 81.70 3.6 NW 59 21 0.3
May-15 19-21/05/15 48 1936.98 88.55 4.2 NW 70 20 0.7
May-15 26-28/05/15 48 1912.60 75.19 7.2 NW 73 18 1.0
May-15 28-30/05/15 48 1926.39 37.64 4.4 SwW 61 20 0.0
Jun-15 02-04/06/15 48 191750 48.91 3.3 NNW 71 20 0.0
Jun-15 09-11/06/15 48 1949.13 42.82 5.3 SE 67 25 0.0
Jun-15 11-13/06/15 48 1967.08 92.43 6.7 SE 58 27 0.0
Jun-15 18-20/06/15 48 1939.76 95.91 7.8 NW 70 22 0.0
Jun-15 24-26/06/15 48 194457 16.32 3.6 NNW 68 24 0.3
Jun-15 26-28/06/15 48 1943.92 43.94 5.8 NNW 67 24 0.0
Jul-15 03-05/07/15 48 1942.73 9.63 3.1 NNE 71 25 0.0
Jul-15 05-07/07/15 48 1956.95 38.70 3.3 SE 56 28 0.0
Jul-15 10-12/07/15 48 1954.09 41.23 3.9 NW 71 25 0.0
Jul-15 12-14/07/15 48 1962.44 89.41 6.4 NW 67 27 0.0
Jul-15 25-27/07/15 48 1973.14 50.80 3.6 NW 63 27 0.0
Jul-15 29-31/07/15 48 1995.17 58.48 2.2 NW 55 30 0.0
Aug-15 04-06/08/15 48 1973.60 47.29 1.9 NNW 64 28 0.0
Aug-15 07-09/08/15 48 1975.97 34.37 1.7 NNW 68 28 0.0
Aug-15 11-13/08/15 48 1964.42 25.85 5.8 NNW 67 27 0.3
Aug-15 13-15/08/15 48 1973.31 70.33 2.2 w 75 26 0.0
Aug-15 19-21/08/15 48 1951.85 60.67 4.4 NW 63 26 0.0
Aug-15 21-23/08/15 48 1956.63 30.98 2.8 NNW 67 26 0.0
Aug-15 27-29/08/15 48 1965.70 68.17 5.8 SE 68 29 0.0
Sep-15 02-04/09/15 48 1973.14 105.67 1.9 SE 65 27 0.3
Sep-15 05-07/09/15 48 1996.96 44.93 3.9 NW 63 25 0.3
Sep-15 11-13/09/15 48 1967.20 78.01 5.0 sw 63 28 0.0
Sep-15 16-18/09/15 48 1989.74 119.06 4.7 SwW 56 29 0.0
Oct-15 16-18/10/15 48 1935.82 57.69 1.9 SwW 67 21 0.0
Oct-15 22-24/10/15 48 1909.94 64.10 5.6 NNE 67 17 1.0
Oct-15 27-29/10/15 48 1921.69 41.94 2.8 NW 79 20 0.0
Nov-15 04-06/11/15 48 1908.41 56.28 2.8 NW 84 19 0.0
Nov-15 11-13/11/15 48 1893.83 65.30 1.4 NW 84 17 0.0
Nov-15 20-22/11/15 48 1914.44 99.46 7.5 NW 66 18 0.0
Nov-15 27-29/11/15 48 1879.78 37.71 7.2 NW 71 14 2.0
Dec-15 04-06/12/15 48 1857.30 83.53 11 ESE 78 15 0.0
Dec-15 18-21/12/15 48 1853.05 64.44 0.8 NE 85 12 0.0
Dec-15 23-25/12/15 48 1852.71 54.24 1.9 SW 84 12 0.0
Jan-16 13-15/01/16 48 1866.33 58.06 3.1 WNW 76 12 0.7
Jan-16 27-29/01/16 48 1840.11 50.24 3.9 SSW 82 14 0.0
Jan-16 29-31/01/16 48 1863.08 86.22 6.9 NW 63 13 0.0

TSP total suspended particles, U wind speed, WD wind direction, RH relative humidity, AT ambient
temperature, P precipitation.
Meteorological data from Bizerte city were provided by the National Institute of Meteorology.
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Table S2. Method detection limits (MDLs) of PAHs and AHs in the gas phase (pg m-3).

PAHs AHs

Nap 0.3 Cis 3
Acy 0.3 Cis 3
Ace 0.3 Car 3
Fl 0.3 Cis 3
DBT 0.3 Cuo 3
Phe 0.3 C20 5
Ant 0.3 Ca 5
Flu 0.3 C2 5
Pyr 0.3 Cas 5
BaA 3 Coa 5
Chr 3 Czs 5
BbF 3 Cas 5
BkF 3 Car 5
BeP 3 Czs 5
BaP 3 Ca29 5
Per 3 Cao 5
DahA 3 Ca1 10
lcdP 3 Ca 10
BghiP 3 Cas 10
C1-Nap 0.3 Csa 10
C2-Nap 0.3 Css 10
C3-Nap 0.3 Cse 10
Ci1-Fl 0.3 Car 10
C2-Fl 0.3 Css 10
C3-FI 0.3 Cao 10
C1-Phe 0.3 Cao 10
C2-Phe 0.3 Pr

C3-Phe 0.3 Phy

C1-Pyr 0.3

C2-Pyr 0.3

C3-Pyr 3

C1-Chr 3

C2-Chr 3

C3-Chr 3
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Table S3. Parameters used for temperature correction of subcooled liquid vapour pressure (PLO'*) and

octanol-air partition coefficient (Koa).

0

Compounds log(P?, Pa) = muT + by PO = PO« exp(> ’;”“" (—29;15 - %) Log Koa= A + BIT

me bL A Hqp(KJmol-1) P> (Pa) A B
PAHs
Nap -32252 12.66° 39540 29607
Acy -39942 14.15° 54432 37297
Fl -3492° 11.430 2.586°  1097¢
DBT 78 2.7E-02 2.870°  1160°
Phe -3675° 11.42¢ 22522 29522
Ant -3703° 11.47° 23000 29802
Flu 42987 12.45° 3.279° 3575
Pyr 4164 11.7° 3.446°  1170°
BaA 52172 13.93 4758 4493°
Chr 52282 13.94° 4.773% 4505
BbF 58192 14.822 5.651° 50967
BKF 58492 14.87° 5.703* 51267
BeP 59267 14.96° 57922 52032
BaP 59442 14.98° 5.815% 52208
BghiP 64432 15.622 -6.450° 57207
AHs
c17 86 3.0E-02
Pr 87 5.8E-02
C18 91 2.0E-02
Phy 92 1.9E-02
C19 96 6.5E-03
C20 101 6.2E-03
c21 107 4.2E-03
c22 115 3.2E-03
c23 120 1.26-03
c24 124 4.7E-04
c25 129 1.7E-04
C26 130 6.6E-05
c27 137 2 5E-05
C28 142 9.4E-06
C29 146 3.5E-06
C30 151 1.3E-06
Cc31 155 5.0E-07
c32 160 1.9E-07
C33 164 7.1E-08
C34 169 2.6E-08
C35 173 1.0E-08

a the values were acquired from Vuong et al. (2022); b the values were acquired from Lei et al.
(2002); © the values were acquired from Parnis et al. (2015); the values for A Hy,, (Enthalpy of
vaporization at standard conditions (kJ mol?)) were acquired from https://www.chemeo.com/,
and the subcooled liquid vapor pressures (P>*) at 298.15 K were acquired from EPI Suite version

4.11 from the US EPA website (http://www.epa.gov/opptintr/exposure/pubs/episuitedl.htm).

S52



Table S4. Toxic equivalent factors (TEF) of PAHs.

Compound TEF References

Nap 2 0.001 Nisbet and LaGoy (1992)
Acy? 0.001 Nisbet and LaGoy (1992)
Ace? 0.001 Nisbet and LaGoy (1992)
Fla 0.001 Nisbet and LaGoy (1992)
Phe? 0.001 Nisbet and LaGoy (1992)
Ant? 0.01 Nisbet and LaGoy (1992)
Flu2 0.001 Nisbet and LaGoy (1992)
Pyra 0.001 Nisbet and LaGoy (1992)
BaA®? 0.1 Nisbet and LaGoy (1992)
Chra 0.01 Nisbet and LaGoy (1992)
BbF2 0.1 Nisbet and LaGoy (1992)
BkF 2 0.1 Nisbet and LaGoy (1992)
BeP 0.01 Hsu et al. (2014)

BaP 2 1 Nisbet and LaGoy (1992)
Per 0.001 Hsu et al. (2014)

DahA®? 1 Nisbet and LaGoy (1992)
IcdP @ 0.1 Nisbet and LaGoy (1992)
BghiP 2 0.01 Nisbet and LaGoy (1992)
C1-Nap 0.0025 Durant et al. (1996)
C2-Nap 0.001 Nisbet and LaGoy (1992)
C1-Phe 0.001 CalEPA (2020)

C1-Pyr 0.1 CalEPA (2020)

@ EPA priority PAHs
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Table S5. Parameters used in the incremental lifetime cancer risk (ILCR) assessment for the different age groups.

Infants Children Adolescents Adults
Exposure parameter Unit Distribution

0-1 year 1-11 years 12-17 years 18-70 years
Inhalation rate (IRinhaation)? m? day?! Normal 5.96 +1.49 1410+ 1.72 32.13+1.04 32.73+1.14
BaP-TEQ—gas+particle (22 PAHS) ng m-3 Log-normal 0.25+0.31 0.25+0.31 0.25+0.31 0.25+0.31
Exposure frequency (EF)? days year? Uniform 252 +1.01 252 +1.01 252 +1.01 252+1.01
Exposure duration (ED)¢ years Uniform 1 11 6 52
Body weight (BW)¢ kg Normal 6.79 + 1.27 16.68 + 1.48 32.41+£1.08 59.78 + 1.07
Average life span (ALT)® years Uniform 70 70 70 70
Cancer slope factor (CSFinnatation)' (mg kg dayt)!t Uniform 3.14+1.80 3.14+1.80 3.14+1.80 3.14+1.80

a Adopted from ICPR, 1994.

b Adopted from Central Personnel Administration, ROC (http://www.cpa.gov.tw/cpa2004/pfattend/download/EXWT93102901.doc).

¢ Adopted from Yang et al. (2014).

d Adopted from department of Health, ROC (http://www.doh.gov.tw/cht/index.aspx#),Chen et al. (2012) and Wu et al. (2011).

¢ Adopted from Lu et al. (2016).
f Adopted from Chen and Liao, 2006.
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Table S6. Statistical summary of Kp x TSP and log Kp for each PAH and AH congener.

Kp X TSP log Kp
Compound - - Compound - -

n Mean Min Median Max n Mean Min Median Max
PAHs PAHs
Nap 27 0.493 0.030 0.158 4.231 Nap 27 -2.506 -3.515 -2.533 -1.153
Acy 44 0.205 0.002 0.081 3.256 Acy 44 -2.950 -4.379 -2.934 -1.248
Fl 53 0.072 0.002 0.049 0.513 FI 53 -3.092 -4.600 -3.074 -1.964
DBT 36 0.026 0.001 0.014 0.140 DBT 36 -3.625 -4.620 -3.658 -2.748
Phe 53 0.022 0.001 0.018 0.127 Phe 53 -3.550 -4.841 -3.530 -2.572
Ant 48 0.061 0.002 0.025 0.488 Ant 48 -3.251 -4.737 -3.373 -1.987
Flu 53 0.083 0.001 0.054 0.609 Flu 53 -3.195 -9.204 -3.029 -1.950
Pyr 53 0.096 0.001 0.065 0.779 Pyr 53 -3.129 -9.061 -2.993 -1.843
BaA 47 1.877 0.074 0.847 8.024 BaA 47 -1.747 -3.088 -1.869 -0.812
Chr 52 1.553 0.045 0.917 12.83 Chr 52 -1.803 -3.372 -1.898 -0.561
BbF 46 29.90 4.950 20.41 186.1 BbF 46 -0.456 -1.072 -0.553 0.427
BKkF 27 14.51 1.737 9.426 47.80 BkF 27 -0.778 -1.542 -0.832 -0.072
BeP 41 26.98 0.823 22.89 85.48 BeP 41 -0.448 -1.997 -0.375 0.094
BaP 27 17.27 0.468 14.07 61.93 BaP 27 -0.816 -2.222 -0.705 -0.017
BghiP 27 62.10 13.91 55.53 122.9 BghiP 27 -0.042 -0.504 -0.043 0.355
215PAHs 91.51 0.562 66.94 369.4 215PAHs -26.78 -36.52 -27.50 -13.46
AHs AHs
Cu7 44 0.986 0.005 0.445 7.524 Cu7 44 -2.146 -4.230 -2.116 -0.808
Cis 48 0.114 0.004 0.089 0.430 Cis 48 -2.872 -3.989 -2.842 -1.849
Cuo 53 0.065 0.006 0.062 0.190 Cio 53 -3.023 -3.912 -2.947 -2.306
C20 53 0.059 0.006 0.050 0.254 C20 53 -3.064 -4.134 -3.062 -2.289
Ca 53 0.094 0.012 0.059 0.407 Ca 53 -2.911 -3.884 -3.002 -2.125
C22 53 0.187 0.019 0.119 1.045 C22 53 -2.637 -3.661 -2.631 -1.687
Cos 53 0.404 0.032 0.252 1.843 Cas 53 -2.354 -3.156 -2.360 -1.499
Cas 53 1.107 0.059 0.697 4,978 Co2s 53 -1.950 -2.805 -1.943 -1.082
Cos 53 3.442 0.208 2.085 15.30 Cos 53 -1.442 -2.285 -1.418 -0.609
Co2s 53 7.362 0.394 4.025 37.01 C2s 53 -1.162 -2.061 -1.222 -0.192
Co7 53 19.36 0.739 9.664 332.3 Cor 53 -0.782 -1.985 -0.742 0.821
Cozs 52 20.85 0.423 13.75 108.3 Cazs 52 -0.681 -2.226 -0.629 0.489
Coo 53 40.54 0.945 38.83 123.8 C2o 53 -0.309 -1.878 -0.219 0.917
Cao 52 54.47 0.376 35.90 381.8 Cazo 52 -0.305 -2.278 -0.201 1.005
Ca1 53 29.29 1.528 22.64 113.3 Ca1 53 -0.480 -1.602 -0.450 0.513
Ca2 45 21.21 0.787 19.23 97.73 Ca2 45 -0.647 -2.051 -0.498 0.306
Cass 46 28.05 2.858 20.96 143.0 Cas 46 -0.473 -1.436 -0.358 0.434
Cas 31 21.61 2.214 14.90 180.5 Cas 31 -0.657 -1.578 -0.618 0.447
Css 27 25.87 3.088 20.86 91.82 Css 27 -0.574 -1.446 -0.583 0.415
Pr 37 1.474 0.069 0.841 8.024 Pr 37 -1.831 -2.898 -1.917 -0.763
Phy 40 0.366 0.014 0.248 1.117 Phy 40 -2.372 -3.745 -2.315 -1.235
221AHs 238.2 23.38 210.9 634.8 221AHs -30.10 -47.32 -29.85 -15.26

n: number of data points. Only those PAHs and AHs having concentrations above the MDLs in both the gas and particle phases for a given
sample/event have been considered.
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Table S7. Comparison of log Ky versus log p? regressions for PAHs and AHs at various locations worldwide.

Sampling area n mr br R2 Reference

PAHs

Bizerte city, Tunisia 53 -0.71 (-0.95 to -0.32) -4.40 (-5.94 to -2.93) 0.85 (0.60 to 1.00) This study

Four climate zones, China 26 -0.65 to -0.47 -4.84 to -3.93 0.93t0 0.80 Wei et al. (2021)

Lhasa, China 18 -0.50 (-0.66 to -0.31) -3.96 (-4.54 to -3.64) 0.51t0 0.90 Gong et al. (2011)

Agra, India 40 -2.83 10 -0.04 -6.68 to -2.54 0.58 t0 0.98 Verma et al. (2017)
Ovaakca and Cumalikizik, Turkey =~ 52-72 -0.505 to -0.319 -3.563510 -3.166 0.455 to 0.652 Ayyildiz and Esen (2020)
Eskisehir, Turkey 60 -0.334 t0 -0.314 -3.245 t0 -2.962 0.59 to 0.60 Gaga and Ari (2019)
Zonguldak, Turkey 84 -0.49 (-0.63 to -0.29) -4.70 (-5.60 to -3.78) 0.88 (0.64 to 0.96) Akytiz and Cabuk (2010)
Zaragoza, Spain 48 -1.20to0 -0.17 -5.22t0-1.76 0.74 10 1.00 Callen et al. (2008)
Prato, Italy 11 -0.81to -0.64 -7.06 to -5.68 0.87t0 0.98 Cincinelli et al. (2007)
Heraklion, Greece 16 -1.01 to -0.69 -7.77 t0 -6.19 0.94 t0 0.99 Tsapakis and Stephanou (2005)
Athens, Greece 19 -1.491t0-0.16 -6.50 to -2.80 0.47 t0 0.93 Sitaras et al. (2004)

AHs

Bizerte city, Tunisia 53 -0.46 (-0.98 to -0.28) -3.59 (-5.48 to -2.67) 0.78 (0.53 t0 0.96) This study

Prato, Italy 11 -0.84 t0 -0.32 -8.53 to -5.07 0.74 10 0.99 Cincinelli et al. (2007)
Athens, Greece 8 -0.57 t0 -0.25 -5.24t0 -4.22 0.47 to 0.99 Mandalakis et al. (2002)

n: number of data points.
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Figure S2. Percentage contributions of individual PAHs to the total BaP-TEQ of 222PAHs (a) and

216USEPA-PAHS (b).
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Figure S3. Boxplot of incremental lifetime cancer risk (ILCR) associated with exposure to PAHs
present in both gas and particle phases of outdoor air in Bizerte city for the period from March 2015 to

January 2016, and grouped by season and age.
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