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Abstract. The size distribution of particulate nitrated and 1 Introduction
oxygenated polycyclic aromatic hydrocarbons (NPAHs and
OPAHSs) was determined during two field campaigns at a
traffic site in summer 2010 and at a suburban site during
the MEGAPOLI (Megacities: Emissions, urban, regional and
Global Atmospheric POLIution and climate effects, and In-
tegrated tools for assessment and mitigation) experiment i
summer 2009. Both, OPAHs and NPAHs were strongly as
sociated £85 %) to fine particlesp < 2.5 um) increasing
the interest of their study on a sanitary point of view. Results
showed really different NPAH and OPAH particle size distri-
butions between both sites. At traffic site, clearly bimodal
(notably for NPAHSs) particle size distributionsg=0.14

Numerous studies had been demonstrated the relationship

between particle size and health effect (Oliester et al.,
005; Berico et al., 1997). Particulate matter may penetrate in

‘the respiratory system more or less deeply depending on the

particle size. Coarse particle®f > 2.5 um) are blocked in

the extra thoracic region while, ultrafine ond3,(< 0.1 pum)

are able to reach the pulmonary alveoli causing serious health

damages (Obeiuister et al., 2005; Berico et al., 1997). The

toxicity of these particles is linked to their size, but also to

and 1.4 pm) were observed, while the particle size distriby-"€ chemicals which are adsorbed on them. Many toxic com-

tions were more scattered at the suburban site, especially for}ounds_ are associated to aerosol pgrticle; such as polycyclic
OPAHSs. Bimodal particle size distribution observed at traffic aromatic hydrocarbons (PAHs) emitted in the atmosphere

site for the NPAH could be assigned to the vehicle emissionéDy goerust|on prr;ceoslsDeAsHand tge’ler%Hyger_:_e;;[ed alndtnltrated
and the particle resuspension. Broadest distribution observeger'va IVES namely, S an S. [NEse last com-

at the suburban site could be attributed to the mass transfe[?Ounds are both, emitted primarily by combustion sources

of compounds by volatilization/sorption processes during theand formed in the atmosphere by photo-oxidation processes

transport of particles in the atmosphere. Results also showeaf parent PAHSs with a_tmosphgnc oxidants (e..g;,'(DIOZ,
that the combination of the study of particle size distributionsNzO5’ O'T' and NQ radicals) (.V|0n_e etal., 2004, P't_ts Jr. et
applied to marker compounds (primary: 1-nitropyrene, sec-l 1978_’ zhang etal., 2011; Albinet et al., 2007a; Arey et
ondary: 2-nitrofluoranthene) and to NPAH or OPAH chemi- al., 1986’ At.klnscl)n,_1990 and references there".‘)- .

cal profiles bring some indications on their primary and/or, Particle size d|s.tr|but|on of PAHS was Iarge_ly |r-1vest|gated
secondary origin. Indeed, 1,4-anthraquinone seemed onlg]ogzrnz;/)\lljasniu;I:tsa(le'gé o/glenzgtt)glkllb?ggt’ e'\:/t“%lljelzi)toaslat'
primary emitted by vehicles while 7-nitrobenz[a]anthracene, ' N ' ' " '

benz[a]antracen7,12-dione and benzol[b]fluorenone seeme aarr_uo etal., 2008; SchneIIQ-Krels etal, 20_01; Duan etal.,
secondarily formed in the atmosphere. 005; Venkataraman and Friedlander, 1994; Venkataraman

et al., 2002). These studies, conducted in various countries,
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showed that the PAH particle size distribution depended or2.2 Sample collection
several parameters, such as season or particle aging.

Due to their recognized or potential mutagenic activity Two types of samplers were used during these field cam-
(Arey et al., 1988; Durant et al., 1996; Ishii et al., 2000; Ped-paigns. Aerosol particle samples were collected on a quartz
ersen et al., 2004, 2005), the study of PAH derivatives acHibre filter (Whatman QMA, & 150 mm) previously fired for
cording to the particle size distribution is of prime interest. 2 h at 500°C, using a high volume sampler equipped with
However, to date, only 8 authors reported results on the siza PMyg sampling head (Digitel DA-80, 30¥nh~1). Sam-
distribution of NPAHs (Ladji et al., 2009; Hayakawa et al., pling duration was 12h (from 7:00a.m.). Particle size dis-
1995b; Albinet et al., 2008a; Cecinato et al., 1999; Di Filippo tributions were established with a micro-orifice uniform de-
et al., 2010; Hayakawa et al., 1995a; Jinhui and Lee, 2000posit impactor (from 0.01 to 18 um) (MOUDI 120 II, MSP
Kawanaka et al., 2004, 2008; Teixeira et al., 2011), and onlycorp., 1.8mih~1). Details on the size classes are reported
4 papers focused on the particle size distribution of OPAHSsin the Supplement (Table S1). Particles were collected on
(Albinet et al., 2008a; Allen, 1997; Allen et al., 1997; Ladji aluminium foils (MSP corp., @ 47 mm) placed on each im-
etal., 2009). paction stage and a quartz fibre filter (Whatman QMA, @

This paper presents results from the study of the particled7 mm) was used as backup filter. All filters and aluminium
size distribution of OPAHs and NPAHSs for two sites of differ- foils were previously fired for 2 h at 50€. Sampling dura-
ent typology: traffic and suburban. The purpose of this studytion was 24 h (from 7:00 a.m.). After collection, filters were
was to apprehend the link between the particle size distribuwrapped in aluminium foil, sealed in polyethylene bags and
tion of 18 NPAHs and 9 OPAHS, the sanitary impact and thesamples from the MOUDI were stored in Petri dishes (Pall,
primary and/or secondary origin of these compounds. Analyslide) and placed in opaque hermetic bags. All samples

were stored at-22°C until analysis.

2 Experimental section 2.3 Analytical procedures

2.1 Sampling sites Reagents used, their degrees of purity, and the supplier data

The suburban site was located in Palaiseau (France) at tweng e reported in the Supplement. Detailed analytical proce-
kilometres in the south-west of Paris (28N, 2°14 E). ures are also described.

Samplings were done continuously during the MEGAPOL| Prior to extraction, 1-nitropyrene-d9 was added as a sur-
(Megacities: Emissions, urban, regional and Global At- rogate standard for NPAHs and OPAHSs quantification. Filter

mospheric POLIution and climate effects, and Integratedsamples and aluminium foils were extracted by pressurised

tools for assessment and mitigation) (http://megapoli.dmi.SClvent extraction using Ci€l, as the solvent (Dionex,
dk) summer experiment on 15 to 31 July 2009. This siteASE 200). Due to low concentrations in ambient air, all the

was potentially under the influence of Paris plume and farMOUDI's impaction media (aluminium foils) of the same
from any other major pollution source. No precipitation oc- part'|c'le size range were extracted together in ordgr tol have a
curred during the sampling period. The weather was C|Oudysuff|0|ent amount of matter to pe_rfor_m the quantlflcanon_of
with bright intervals and average temperature was abouPPAHS and NPAHSs. For the traffic site, it represented 7 im-
18°C. During all the sampling campaign, observed M paction media corresponding to 7 sampling days. (from t_he
and NG, atmospheric concentrations were quite low (15 and/ to the 13 September 2012). For the suburban site, particle

13 pg 3, respectively, in average), ands @oncentrations size distributions obtained are a combination of 16 impaction
were moderate (75 ug{ﬁ)- ’ media sampled continuously (from the 15 to the 31 July

The traffic site was located in Paris (France, Airparif's 2009). Prior to analyses, extracts were purified using alu-
air quality network station “Porte d’Auteil” (4%1 N mina and silica SPE (solid phase extraction). Residues were

2°15 E)). Samplings were done continuously (on 6 to 13 then dissolved in isooctane and analysed by GC/NICI-MS

September 2010). The instrumented station was situated 482 chromatography with negative ion chemical ionisation-
2m from the heavily trafficked ring road-(220 000 vehi- ~ Mass spectrometry detection). Entire analytical procedures

cles/day, 75% diesel passenger cars, www.airparif.fr). pur-used were described previously (Albinet et al., 2006) and de-

ing the sampling period, the weather was quite variabletailed in thg .Supp_leme.nt. Overall 18 NPAHs and 9 OPAHs
(cloudy with rainfall episodes the first days and sunny for ere quantified with this procedure.

the rest of the sampling period) and the average temperature i

was about 19C. Atmospheric NQand PMgconcentrations ~ 2-4 Quality assurance

were higher than at the suburban site (265 and 40T re-
spectively), and @concentration levels were lower than the

quantification limit & 2 ug n13).

The analytical procedure for NPAH and OPAH was val-
idated by the analysis of the NIST SRM 1649a (stan-
dard reference material, urban dust). Recovery rates were
in the range 14-84 % for NPAHs (1-nitronaphthalene and

Atmos. Chem. Phys., 12, 8877-8887, 2012 www.atmos-chem-phys.net/12/8877/2012/
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Table 1. Comparison of the atmospheric particulate NPAH and OPAH concentrations determined with both types of samplers.

MW (g mol—1) Traffic Suburban
DA-80 MOUDI DA-80 MOUDI Uncertainties of
NPAHSs (pg nT3) measuremetit(%)
1-Nitronaphtalene (1-Nnaph) 173 6.1 55 0.2 0.2 53
2-Nitronaphtalene (2-Nnaph) 173 3.1 2.8 0.0 0.2 91
2-Nitrofluorene (2-Nfluo) 211 0.4 nd nd nd 63
9-Nitroanthracene (9-NA) 223 29.2 6.8 6.1 0.8 105
9-Nitrophenanthrene (9-Nphen) 223 4.9 2.0 nd 0.1 182
3-Nitrophenanthrene (3-Nphen) 223 7.8 5.0 0.6 0.2 308
2+3-Nitrofluoranthene (2+3-Nflt) 247 15.8 9.4 11.7 4.6 105
1-Nitropyrene (1-NP) 247 72.6 51.3 1.6 1.4 83
2-Nitropyrene (2-NP) 247 7.9 29.8 0.8 1.8 120
4-Nitropyrene (4-NP) 247 29 21 nd 0.1 292
7-Nitrobenzo[a]anthracene (7-NB[a]A) 273 5.9 3.3 0.7 14 87
6-Nitrochrysene (6-NChr) 273 0.3 nd nd nd 177
1,3-Dinitropyrene (1,3-DNP) 292 1.2 0.7 0.1 nd 96
1,6-Dinitropyrene (1,6-DNP) 292 0.1 nd nd nd 98
1,8-Dinitropyrene (1,8-DNP) 292 1.8 1.3 0.4 nd 113
1-Nitrobenzo[a]pyrene (1-NB[a]P) 297 0.1 0.1 nd nd 107
3-Nitrobenzo[a]pyrene (3-NBJ[a]P) 297 0.3 0.8 nd nd 107
6-Nitrobenzo[a]pyrene (6-NBJ[a]P) 297 9.9 1.4 0.4 0.1 67
OPAHSs (pg nT3)
1-Naphtaldehyde (1-Naph) 156 5.2 5.1 0.2 nd 103
9-Fluorenone (9-Fluo) 180 73.5 43.5 7.8 3.6 93
9-Phenanthrenecarboxaldehyde (9-Phen) 206 207.0 164.4 21 0.4 93
9,10-Anthraquinone (9,10-Ant) 208 659.8 82.0 55.7 6.6 51
1,4-Anthraquinone (1,4-Ant) 208 122.0 257.2 0.2 nd 85
Benzo[a]fluorenone (B[a]Fone) 230 166.5 206.6 15.6 2.3 88
Benzo[b]fluorenone (B[b]Fone) 230 151.3 18.0 3.0 2.6 73
Benzanthrone (Benz-one) 230 46.6 6.6 34 4.3 122
Benz[a]anthracene-7,12-dione (B[a]A-7,12-dione) 258 45.2 41.7 115 4.9 84

* uncertainties of measurement evaluated for the DA-80 with the GUM (Guide to the expression of Uncertainty in Measurement) approach. Details are reported elsewhere

(Ringuet et al., 2012a) and in the Supplement.

7-nitrobenz[aJanthracene, respectively), and from 5% (1-3 Results
naphthaldehyde) to 83 % (benzo[b]fluorenone) for OPAHS;

The repeatability of the entire analytical procedure (repro-3.1 Comparison of NPAH and OPAH concentrations

ducibility) was about 15% on average, evaluated using the
NIST SRM 1649a and b (urban dust) (Albinet et al., 2006).
Analytical blanks were realized at each step (extraction, pu

rification and analysis) of each analysis series 4). Field

blanks (i.e. sampling media exposed without filtration) were

done every two days for the DA-8@ € 12) and every day
for the MOUDI, at each site (1 stage per days 24, ex-

tracted in two sets). OPAH and NPAH concentrations were
corrected from the highest blank value obtained in the ana
lytical process. Overall, the blank levels obtained during both

field campaigns were in the rangelL.OD to below 10 % of
the average individual OPAH and NPAH concentrations.

www.atmos-chem-phys.net/12/8877/2012/

determined with both sampler types

Given that traffic and suburban sites were instrumented with
two types of samplers (cascade impactor and high volume
sampler), a comparison of the particulate OPAH and NPAH
concentrations determined with both sampling systems could
be realised by summing the concentrations of all the im-
pactor stages and averaging concentrations of the all 12-hour
total filtration samples (DA-80) (Table 1). Overall, concen-
trations obtained with both samplers were of the same or-
der of magnitude and could be considered as equivalent,
in regard to the uncertainties of measurement evaluated for
the DA8O, using the GUM approach (global uncertainty of
measurement) (Table 1) (Ringuet et al., 2012a; &etal.,
2010). Note that, global uncertainties of measurement are

Atmos. Chem. Phys., 12, 8877-8887, 2012
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in the range 51-308 %, with about 90% due to the ana- 1.0

lytical procedure. The fact that certified concentration val- = Ultra-fine (Dp < 0.14 um)
. . . —= Accumulation (0.14 < Dp < 2.5 ym)
ues do not exist for all the studied compounds increases === Coarse (Dp > 2.5 um)

artificially the global uncertainty (see the Supplement for

details of the calculation). By neglecting this parameter, 2
the uncertainties are in the range 11-140%. By compar-2
ison, total uncertainty of measurement of benzo[a]pyrene'§ 05k
(B[a]P) is about 40% (Maxet al., 2010) £ 50% in agree- ¢
ment with European standardised method NF EN 15549).°
Only, the atmospheric concentrations obtained for few -
compounds (namely, 9-nitroanthracene, 2-nitropyrene, 6-

nitrobenzo[a]pyrene, 9-phenanthrenecarboxaldehyde, 9,10

anthraquinone, benzol[a]fluorenone, benzo[b]fluorenone anc

tion

raci

benzanthrone) were statistically different (at least at one sam-  *° & & & &
pling site). A combination of several processes could ex- Q@\‘Q’ \&Q Q@“Q’ 33"&
plain the differences observed. First, the reduce pressure ot & ‘;\J’ & v&‘c’
the lower impactor stages could induce the desorption of X &K

the more volatiles compounds, especially in summer seas

L, Fig. 1. Average NPAH and OPAH concentration fractions in the
son (Zhang and McMurry, 1991; Di Filippo et al., 2010, different particle size classes at the traffic and suburban sites. The

and references therein). Second, the difference of technolyecentage of NPAHs and OPAHS in each size class is based on the
ogy between both samplers could play a role in the dispartotal OPAH and NPAH concentrations.
ities observed. The contact between collected particles and
ambient air is probably greater in the case of the DA-80 (fil- _
tration) and the backup filter of the MOUDI sampler than for OPAHs and 3NPAH5, respecstlvely), than at the suburban
for the impactor stages. In the case of the MOUDI, the air-Sité (< 0.1ngn7* and 0.02ng m®, for OPAHs and NPAHS, -
flow just runs over the sampling media (aluminium foils), respectively). All these results were in good agreement with
while for the DA-80, the airflow pass through the filter in- Previous StUd'?S performed on similar sites and season (sum-
ducing that sampled particles are more exposed to atmoMer) (e.g. Alblnet etal., 2007a, “2008b; Bamford and Baker,
spheric oxidants. The formation of secondary compounds i£003; Di Filippo et al., 2009; Kojima et al., 2010; Liu et al.,
then potentially higher using filtration sampling systems (Al- 2006; Schnelle-Kreis et al., 2001). _
binet et al., 2007b; Sanderson and Farant, 2005). Addition- Few compounds (2-nitrofluorene, 6-nitrochrysene and 1,6-
a||y’ degrada’[ion of some Compounds by reaction with atmo.dlnltropyrene) were not quantlfled in sufficient amount in or-
spheric oxidants (§ NOy, OH) could be also higher using der to establish their full particle size distributions and are
this system. As an example, the secondary formation of 1,400t showed here.
anthraquinone has never been reported but its degradation, in , o
the presence of atmopheric oxidants, was recently observed-3 NPAH and OPAH concentrations and profiles in the
(Ringuet et al., 2012b). different size classes
Nevertheless, all the results showed here were obtained US54t . . . .
. . Particulate matter is usually divided in three size
ing the same cascade impactor sampler, the same analytlcafa . . . )
. . : Classes according to particle formation processes: the
procedure and equipment inducing that the total measure- . i
; : tra-fine mode Dp<0.14um), the accumulation
ment error made could be considered as systematic. NPAI-:IInoole (0.14umx Dy <2.5um) and the coarse mode
and OPAH particle size distributions obtained during both L p<<oH

sampling campaigns could be compared and discussed WitF]Dp>2'5 um) (Whitby, 1978). This repartition is also
npiing paigr P closely linked to the sanitary impact of the particles. The
a high level of confidence.

NPAH and OPAH fraction in the different size classes is
presented on Fig. 1 for both sites. The percentage of NPAHs
and OPAHSs in each size class is based on the total OPAH

A detailed analysis and a discussion about the atmos herifénd NPAH concentrations.
Y P The part of OPAHs and NPAHs associated to particles

poly_cychc aromgnc co.mpou.nd (P.AC) concentrations, PAC smaller than 2.5um was upper than 859%, at both sites
profiles and their relationships with other pollutants, could ;. ;
. . : (Fig. 1), showing that a large part of these compounds are
be found in a previous paper (Ringuet et al., 2012a). Here .
ble to reach the deepest part of the human respiratory sys-

we only briefly discuss the results obtained about NPAH anda s ) )
OPAH concentration levels (Table 1), tem and highlighting the importance to study this class of

OPAH and NPAH concentration levels observed Werecompounds from a sanitary point of view.
largely higher at the traffic site{1 ngnt3 and 0.2 ngm?3

3.2 Particulate NPAH and OPAH concentration levels

Atmos. Chem. Phys., 12, 8877-8887, 2012 www.atmos-chem-phys.net/12/8877/2012/
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Traffic site (T) Suburban site (SU)

100 mmmm 1-Nnaph
mmm 2-Nnaph
9-NA

S 80y —= 9-NPhen
@ mmmm 3-Nphen
3 == 3+2-NFit
o 90r == 1-NP
y) e 2-NP
= mmm 4-NP
E 07 mmm 7-NB[a]A
& === 1,3DNP
- 20 | e 1,8DNP
mmm 1-NB[a]P
mmm 3-NBJ[a]P
g m=m 6-NB[a]P
100
® 80 = 1-Naph
@ mm 9-Fluo
% 60 === 9-Phen
Q 9,10-Ant
‘@ m 1.4-Ant
= —= B[a]Fone
§ c===3 Blb]Fone
‘g — Benz-one
e = B[a]A-7,12-dione
0

Fig. 2. NPAH (A) and OPAH(B) concentration profiles (%) according to the different particle size classes and to the sampling site (traffic
and suburban).

The fraction of NPAHSs in the different size classes was al-Discussion) and/or differences of chemical affinity between
most the same at both sites. The ultra-fine and accumulatio®PAHs and NPAHs could explain these observations as al-
modes were of the same order of magnitugesQ % of the  ready suggested by previous authors (Albinet et al., 2008a).
sum of NPAH), while less than 10 % of NPAHs were asso- In order to apprehend the sanitary impact of NPAHs and
ciated to the coarse particulate fraction. These findings wer®PAHs and to evaluate the link between their origin (primary
not in agreement with previous studies where NPAHs sam-and/or secondary) and their particle size distribution, it could
pled on traffic sites were mostly associated to the accumube interesting to study the chemical profiles of these toxic
lation mode (Kawanaka et al., 2008; Albinet et al., 2008a).compounds according to their particle size class (Fig. 2).
Unlike NPAHSs, the ultra-fine mode was highly predominant Observed NPAH and OPAH profiles were strongly differ-
for OPAHSs at both, the traffic and the suburban site (77 andent between both studied sites and this, whatever the particle
64 %, respectively). Coarse mode was largely lower, espesize class considered. This result highlighted a difference of
cially at the traffic site (2 %). Differences of particle size dis- source influences (Ringuet et al., 2012a).
tributions between OPAHs and NPAHs were in total agree- At traffic site, NPAH profiles observed in the ultra-fine and
ment with the literature (Albinet et al., 2008a) and showedaccumulation modes were similar. 1-Nitropyrered0 % of
that, at least in summer season, OPAHs were more associatele total particulate NPAH concentration) was predominant
to the finest fraction of aerosol particles than NPAHs evenwhile, in the coarse mode, both 1- and 2-nitropyrene were
at the traffic site. Differences of sources (see paragraph 4the most abundant NPAHs=(40 % each). As for NPAHS,

www.atmos-chem-phys.net/12/8877/2012/ Atmos. Chem. Phys., 12, 8877-8887, 2012
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OPAH ultra-fine and accumulation profiles observed at the 20
traffic site were quite comparable. Benzo[a]fluorenoneand 9-_ e LW NPAH T
phenanthrenecarboxaldehyde accounted each for about 2093 3 HWNPAH HW OFAH

Traffic site (19 °C)

Alog

of the total particulate OPAH concentrations. Coarse mode=, 10 7

profile was largely different with a predominance of 9,10- % 05 %% S
anthraquinone and benzo[b]fluorenore3s and 20%, re- 7 ;Z:B;D:_ § §§
spectively), and a minor contribution of 1,4-anthraquinone °v°0 o o ) o oo o1 o
and 9-phenanthrenecarboxaldehyde5@6). Interestingly, . ' '
1,4-anthraquinone contribution decreased with the increase Suburban site (18 °C)

of the particle size class. It accounted about 40 % of the totalz '°
OPAH concentration in the ultra-fine mode while, it repre- é’ 10

sented about 15% in the accumulation mode and less thare N
5% in the coarse mode. g 0 N\ “§
Contrary to the traffic site, profiles of both, NPAHs 0,0 EZZZAVAN N7 Vs HENE. @

and OPAHSs, in each particle size class were different at 0,01 0.1 1 10 001 0.1 1 10

the suburban site. 2+3-Nitrofluoranthene was predominant et S

in the ultra-fine and accumulation modes aﬂd acc_ounteq:ig. 3. Particle size distributions at traffic and suburban
about 60 and 30 % of total NPAH concentration while, 1- gjtes of SNPAHs and SOPAHs according to their molec-
nitropyrene (50 %) was the most abundant NPAH in theyjar weight range (LWNPAHs: MW 223gmoll; HWN-
coarse mode. For OPAHSs, 9,10-anthraquinon@Q %) and  PAHs: MW> 247 gmot 1 and LWOPAHs: MW< 208 g mot1;
benz[a]anthracene-7,12-dione’ 25 %), were predominant HWOPAHs: MW> 230 g mof1).

in the ultra-fine mode whereas, 9-fluorenone and benzan-

throne were the most abundant OPAHs30 %) in the ac-

cumulation mode and the contribution of 9,10-anthraquinone At the traffic site, particle size distributions of both, LWN-
was really low & 2 %). The coarse mode was largely dom- PAHs and HWNPAHS, were clearly bimodal (modes centred
inated by 9-fluorenone and 9,10-anthraquinone (60 andat Dp=0.14 and 1.4 um) with a large contribution of LWN-
30 %). Finally, note that, 1,4-anthraquinone was not detectedPAHs to the first mode (1-nitronaphtalene (1-Nnaph) and 9-

=

on this site in any particle size class. nitroanthracene (9-NA)) while, the second mode was mainly
_ _ S attributable to HWNPAHSs (2+3-nitrofluoranthene (2+3-NF)
3.4 Particle size distribution of NPAH and OPAHs and 1-nitropyrene (1-NP)). Interestingly, this result disagreed

i o with previous studies performed in similar conditions (traf-
NPAH and OPAH size distributions were plotted by normal- . site in summer period) (Albinet et al., 2008a) where

izing the compound concentrations for each stage to the 0§ pa distributions were reported as unimodal and centered
compound concentration and the logarithmic bin width. The 5, Dp=0.8um. A difference in number and nature of source
data are represented a£/(Cotar AlogDp) (Figs. 3, 4 and  jha,ences between these sites considered as “traffic” could
5). The lower limit of particle size collected on the backup explain these observations.
filter (Dp =0.01 um) has been selected arbitrarily. Particle size distributions at the suburban site were more
NPAH and OPAH are compounds partitioned in both, gcattered due to the low concentration of several NPAHS.
gaseous and particulate phases. Their partitioning is strongly, predominant mode was around 0.14 um for both, HWN-
dependent on their molecular weight and their vapour prespaps and LWNPAHs. and a little mode was observed in
sure (Albinet et al., 2007a, 2008D; Allen etal., 1997; Sandery,q g per micrometre fraction at 1.4 um. The observed dis-
son and Farant, 2005). The lighter compounds are in thjp tions here seemed more similar (and especially for 9-
gaseous phase or partitioned between both phases whereqgyqanthracene (9-NA)) to the results reported for a site
the heaviest OPAHs and NPAHSs are only associated to thj;\vntown Rome (Italy) where the distributions of some

particulate matter. In this way, it could be interesting to study NpaHs were bimodal (both in the sub micrometre fraction)
the particle size distribution of NPAHs and OPAHs accord- ik 5 major mode centered &% = 0.4 um (Di Filippo et al.
ing to their molecular weight and so, their predominance iny410). Finally, NPAH size distributions obtained were really

gaseous or in particulate phase (Fig. 3). different than those observed by Albinet et al. (2008a) on
The particle size distributions of the sum of low molec- ¢ ,burban sites in the French Alps.

X i 1
ular weight NPAHs (LWNPAHS; MWs 223gmot, from The size distribution of low molecular weight OPAHs
1-nitronaphthalene to 3-nitrophenanthrene) and high m°|eC(LWOPAHS' MW <208 gmot?, from 1-naphthaldehyde

. . 1 1 — )
ular we|ght NPAHS (HWNPAHS’ MW 247 gmof =, from to 1,4-anthraquinone) and high molecular weight OPAHs
2+3-nitrofluoranthene to 6-nitrobenzo[a]pyrene) and someyvoPAHs: MW> 230gmotL, from benzo[a]fluorenone
selected NPAHSs of different molecular weight are presented,, benz[a]anthrac_ene-7,12-dione) and selected individual

in Figs. 3 and 4. OPAHSs are presented on Figs. 3 and 5.

Atmos. Chem. Phys., 12, 8877-8887, 2012 www.atmos-chem-phys.net/12/8877/2012/



J. Ringuet et al.: Particle size distribution of NPAHs and OPAHSs 8883

12 1-Nnaph 9-NA 2+3-NFlt 1-NP
210 (Traffic) (Traffic) (Traffic) (Traffic)
8 08} _
o [N -
g o2 |1 — 1] i
9\ 0:0 1 | h ‘/_’7
14 ¢
o 12 M 1-Nnaph 9-NA M 2+3-NFlt 1-NP
zog 1,0 | (Suburban) (Suburban) M (Suburban) (Suburban)
4 08
£ 061
EH . “1 T | LT
S 02 ilis
o2 L L e |
0,01 0,1 1 10 0,01 0,1 1 10 0,01 0,1 1 10 0,01 0,1 1 10
D, (um) D, (um) D, (km) D, (um)

Fig. 4. Particle size distributions of 1-nitronaphthalene (1-Nnaph), 9-nitroanthracene (9-NA), 2+3-nitrofluoranthene (2+3-NFIt) and 1-
nitropyrene (1-NP) at traffic and suburban sites.
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Fig. 5. Particle size distributions of 9,10-anthraquinone (9,10-Ant), benzo[a]fluorenone (B[a]Fone), benzo[b]fluorenone (B[b]Fone) and
benzo[a]anthracene-7,12-dione (B[a]A-7,12-dione) at traffic and suburban sites.

OPAH particle size distributions were also bimodal at inated from primary non-combustion processes, such as re-
the traffic site, but contrary to NPAHs, the second modesuspension of surface dust and soil particles by wind action.
(1.4 um) was significantly less important than the one cen-Once emitted, organic compounds associated to fine parti-
tred at 0.14 um. At the suburban site, OPAH particle size dis<cles, including NPAHs and OPAHSs, could migrate during
tributions were really scattered, particularly for LWOPAHS their transport in the atmosphere towards larger particles by
like 9,10-antraquinone (Fig. 4). Bimodal distributions were volatilisation/sorption processes (Venkataraman et al., 1999;
observed for HWOPAHs with modes centred at 0.056Albinet et al., 2008b; Allen et al., 1996, 1997; Venkataraman
and 0.25 um (benzo[b]fluorenone and benz[a]lantracen-7,12and Friedlander, 1994). The migration of these compounds
dione, Fig. 5). All these results were in disagreement withdepends on their vapour pressure. Lighter PACs have higher
previous studies showing clearly unimodal particle size dis-vapour pressure than the heavier ones and could be trans-
tributions and an association of OPAHSs to larger particles, forferred more rapidly towards large particles.
both, traffic and suburban sites (Albinet et al., 2008a; Allen At the suburban site, the particle size distributions of
etal., 1997). These results highlighted the strong dependend®PAHs (Figs. 3 and 5) and some NPAHs, such as 1-
of OPAH particle size distribution with the studied site. nitropyrene (Fig. 4) were spread with a lower definition of

the modes than at traffic site. Suburban site was not di-

i ) rectly influenced by combustion sources and size distribu-

4 Discussion tions observed could be explained by the transfer of PACs
from fine to coarse particles during the transport of particles

The particle size distribution of PACs depends of various. . :
. : in the atmosphere. Interestingly, isomers of benzofluorenone

parameters, such as the typology of the sampling site, the : . : Lo .
: . : Showed really different particle size distributions at both sites
physicochemical properties of the compounds or the charac; . . P .
T . s ) : (Fig. 5). Benzo[a]fluorenone size distribution was unimodal
teristics of the particles (e.g. origin, age). Fine particles are’ = .
; . . while, the one of benzo[b]fluorenone was bimodal. Vapour
emitted by combustion processes and/or secondary formation

; i 6
in the atmosphere, whereas coarse particte®.5 um) orig- pressures of both isomers are similap 3.4x107"Pa,
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sparc online calculator: http://archemcalc.com/sparc/test). 12

The difference of mass transfer from fine to large particles e Traffic
(volatilization/sorption process) was not able to explain the 107 v Suburban
observations made. o gl

The study of the particle size distributions could bring f v v
some information on the source of PACs. At traffic site, = 6}
OPAHs were strongly associated to particles of diameter Z
about 0.14 um (Fig. 1). Previous studies reported that traf- 2 4 ;
fic combustion mainly emitted particulate matter in the size - v 7
range around 0.1 um (Wang et al., 2011; Jones and Harrison,
2006). Results observed showed that traffic (combustion) Ol ® o o o o o ¢ & & °
constitutes a major source of OPAHs. This was consistent © 00 0 0. 0 7 7 38 2
with conclusions from a previous paper for the same sam- “ %% ’0‘\’@‘\“{‘%"\0“ P T T s
pling site (Ringuet et al., 2012a). On the other hand, NPAH '%;5, 09 009 QVQ ‘\9 \\9 2,
particulate size distributions were clearly bimod@j( 0.14 95" 0,0 0.7, % %% 0 <,
and 1.4 pm). If the first peak could be assigned to the traf- ° {9//”;}/ 6, % B D 2
fic emissions (combustion), the second mode highlighted the NI

existence of another origin of NPAHS. Resuspension of par_Fig. 6.2+3-Nitrofluoranthene/1-nitropyrene ratios (2+3-NFIt/1-NP)

ticles accumulated on the r.oad and cont:?u'nlng alarge pgrt 0glccording to the particle size classes for traffic and suburban sites.
HWNPAHSs (compounds with a low volatility) could be this

source as already showed in a previous study (Ringuet et al.,
2012a).

The comparison of the particle size distributions of com- ues calculated in each particle size class for both sampling
pounds recognized as primary or secondary combined wittsites. At the traffic site, ratio values observed were really low
the comparison of the chemical profiles observed in each parin all particle size ranges in agreement with the primary ori-
ticle size class for both sites, brought information about thegin of NPAHSs at this site (traffic combustion and probably
primary and secondary origin of the NPAHs and OPAHs.  resuspension). At the suburban site, the highest 2+3-NFIt/1-

For example, at the suburban site (site far from di- NP ratio values were observed for the smallest particles high-
rect combustion sources), particle size distribution of 1-lighting that NPAHs formed by chemical reactions in the at-
nitropyrene was really different than the one observed formosphere condensed on the fine fraction of the aerosol par-
2+3-nitrofluoranthene while they were similar at the traf- ticles, and more precisely on ultra-fine particles, because of
fic site (Fig. 4). 1-Nitropyrene is known as mainly primary their greater specific surface.
emitted by diesel powered engines (Paputa-Peck et al., 1983) All these results were consistent with PAC profiles ob-
and used as marker of diesel emissions (e.g. Albinet eterved in each particle size mode (Fig. 2). The similar and
al., 2007a), whereas 2-nitrofluoranthene (largely predomi-constant profiles observed for NPAHs and, the predominance
nant against 3-nitrofluoranthene in ambient air (Bamford andof 1-NP in the ultra-fine and accumulation modes at the traf-
Baker, 2003)) is solely secondarily formed (Arey et al., 1986; fic site (Fig. 2) were coherent with the fact that the traffic
Atkinson and Arey, 1994; Ringuet et al., 2012b). Differences (combustion) constituted the main source of NPAHSs at this
of size distributions observed between both compounds at theite. At the suburban site, the high variability of the pro-
suburban site could be attributed to their difference of origin.files between each size class was consistent with the age-

Additionally, the 2-nitrofluoranthene/1-nitropyrene (2- ing process of the aerosol during the transport of the par-
NFIt/1-NP) ratio is commonly used by various authors in ticles in the atmosphere. Moreover, 2+3-nitrofluoranthene
order to evaluate the importance of secondary formationwas found as predominant and only associated to the ultra-
of NPAHs (e.g. Bamford and Baker, 2003; Albinet et al., fine and accumulation modes, in link with its secondary
2007a, 2008a and references therein). Assuming the same réermation in the atmosphere and its quick condensation on
moval and photolysis rates (Fan et al., 1996), a ratio highethe small particles. Same conclusions could be made for
than 5 highlights a significant formation of NPAHs. Note the 7-nitrobenz[a]anthracene, benz[a]antracene-7,12-dione
that in this study, the separation of 2- and 3-NFlt could notand benzo[b]fluorenone previously described as secondary
be achieved with the chromatographic column used (5 %formed by heterogeneous reaction processes witart/or
phenyl-substituted methylpolysiloxane phase). In ambientNO, (Ringuet et al., 2012b). Interestingly, at the traffic site,
air, the proportion of 3-NFlt is largely lower than 2-Nflt the part of 1,4-anthraquinone decreased the size of the par-
[< 1% (Bamford and Baker, 2003; Zielinska et al., 1989) andticles increased highlighting that this OPAH is only emit-
<50% (Feilberg et al., 2001)] allowing to use the 2+3-NF/1- ted by combustion engines. This result was consistent with
NP ratio with caution (Albinet et al., 2007a, 2008b; Ringuet previous studies, in which 1,4-anthraquinone was not ob-
et al., 2012a). Figure 6, shows the 2+3-NFIt/1-NP ratio val-served as a degradation product of anthracene (Perraudin et
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