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Abstract

This paper gives an overview of the processesdaataccount for the occurrence of mononitro-
PAHs (1-nitronaphthalene —1NN—, 2-nitronaphthale@BIN—, 9-nitroanthracene) in the Antarctic
particulate matter. Long-range transport of thesapounds from the continents to the Antarctica
seems an unlikely possibility given the photolapidof 1NN and 2NN. The alternative possibility is
that nitration takes placen situ. The nitration of naphthalene is very likely tocac in the gas
phase, because the parent compound is too volatibe present in particulate matter, even at the
low temperatures of the Antarctic summer near theest In contrast, the volatility of anthracene is
sufficiently low under such conditions to allow ghcompound to be present in particles at a
significant concentration. The field data on niphthalene ratios, together with an evaluation of
their removal rates, indicate that the gas-phasatiain of naphthalene is more likely to be ingiat

by *NO3z; + "NO, (yielding INN:2NN= 2.5:1) than byOH + ‘NO, (yielding INN:2NN= 1:1).
Nitronaphthalenes, less volatile than the parentpmund, can then be found in particulate matter.
In contrast, the occurrence of 9-nitroanthraceneldcdoe consistent with an electrophilic,
condensed-phase nitration process.

Keywords. Gas-phase nitration; Nitration in particles; Nitaphthalene; 9-Nitroanthracene.
1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) and thefroderivatives (nitro-PAHs) are compounds
of concern for their possible impact on human Ieaitd the environment [1-4]. They are present in
significant concentration in urban areas but haaenbdetected also in remote locations, suggesting
a likely world-wide distribution [5,6]. Nitro-PAHsan be formed upon atmospheric nitration of the
parent PAHs, and different processes are possitalertatmospheric conditions: gas-phase daytime
nitration by 'OH + *NO,, gas-phase night-time nitration bMO3z; + "NO,, and condensed-phase
nitration processes (in the presence of HN@trogen dioxide, nitrate, and nitrite) [5,7-12)ur
research group has detected for the first timenttte-PAHSs in Antarctic particulate matter during
the austral summer, thus giving additional evideoictheir global distribution [13]. The presence
of these compounds can be accounted for by eittamsport from the continents on situ
formation. However, the identified nitro-PAHs (irapicular 1- and 2-nitronaphthalene, which
undergo very fast photolysis in the atmosphere,ingalong-range transport very unlikely [14])
suggest the presence of an efficient formationgssio situ. Furthermore the concentration values
of nitro- and dinitronaphthalenes, with a high tel® amount of the dinitroisomers, seem
incompatible with the direct nitroderivative em@siupon combustion processes [13].

Field data suggest the existence of one or moratioih processes in the Antarctic troposphere
[13]. This paper is an attempt to use the availalalia concerning nitroaromatic formation to put



constraints on the possible processes leadingetmitto-PAHSs in the Antarctic particulate matter.
The results could give insight into the chemistfythee Antarctic troposphere, and the processes
occurring in particulate matter in remote arease Tgresent work discusses literature data
concerning the nitration of naphthalene and andmec and the phase partitioning of these
compounds and of their nitroderivatives. The distus is supported by novel experimental data
concerning the transformation of 1- and 2-nitrorthplene (INN, 2NN) upon nitrate photolysis,
and the formation of nitrogen dioxide upon irradiatof solid nitrate. The relevant experiments are
described in the “Materials and methods” section.

The discussion here will be limited to the deteatemhonitro-PAHS, because insufficient data are
presently available to account for the occurrenicéhe dinitronaphthalenes, also detected in the
Antarctic samples [13].

2. Materials and methods

2.1. Reagents

NaNG; (purity grade 99.5%) and NaPOy x HO (> 99%) were purchased from Merck, 1-
nitronaphthalene (99%) and 2-nitronaphthalene (8%%n Aldrich, acetonitrile (supergradient
HPLC grade) from Scharlau,,N99.998%) and ©(99.6%) from SIAD. All reagents were used as
received, without further purification.

2.2. Procedures and instrumentation

2.2.1. Liquid-phase experiments

The transformation of INN and 2NN was studied upd/B irradiation of nitrate in aqueous
solution. The solutions (5 mL) were introduced iftgrex glass cells (4.0 cm diameter, 2.3 cm
height), and magnetically stirred during irradiatid\s radiation source a UVB Philips TL 01 lamp
was used, with emission maximum at 313 nm, prodpeiphoton flux of 1.810 Ein s* in the
cells, actinometrically determined with the fermtate method [15]. After irradiation the solutions
were analysed by HPLC, using a Merck-Hitachi chrtmgeaph equipped with a model L4200 UV-
Vis detector, L6200 and L6000 pumps for high-pressyradients, and a Rheodyne 7125 manual
injector (loop volume 54uL). Elution was carried out with a 50:50 mixture adetonitrile and
aqueous phosphate (0.020 M N&@y, pH 4.5), at 1.0 mL mitt flow rate. The column used was a
Merck RP-C18 LiChrocart (length 125 mm, diametenih), packed with LiChrospher 100 RP-18
(particle diameter fim). Under such conditions the retention times weseitronaphthalene (1NN)
8.0 min, 2-nitronaphthalene (2NN) 9.0 min, colunead time 0.9 min. Detection wavelength was
210 nm. Further experimental details are reporseirdhere [16,17].



2.2.2. Gas-solid experiments

The formation of nitrogen dioxide was studied upwadiation of solid nitrate. Solid NaNQwvas
prepared by evaporation of 25 mL of a 0.8 M sohlufjtmtal weight 1.7 g), so as to obtain a finely
and homogeneously deposited solid on a Petri diskcin diameter). Irradiation was carried out in
a 70 L stainless-steel reaction chamber, espectibigned to study gas-solid photoreactions.
Details of the chamber are given elsewhere [18¢ @&tmosphere (NO,) inside the chamber was
obtained by mixing the high-purity gases (providad SIAD, Bergamo, Italy) by means of an
Entech model 4560 SL dynamic diluter. The relativanidity was regulated upon injection of
Milli-Q water inside the chamber. Irradiation waarmeed out with a Philips HPR 125 W HG
mercury lamp. The radiation emission by the lampttom Petri dish was about 9 W frfor A
between 290 and 400 nm, measured with a CO. FO.GBHA. (Milan, Italy) power meter. The
sampling and analysis of nitrogen dioxide was edrrout with an Horiba model APNA-360
Ambient Monitor NQ analyser.

3. Results and Discussion

3.1. Nitronaphthalenes

This section contains a discussion of previougditee data, supported by experimental results
obtained as described previously, with the purpa$seaccounting for the occurrence of
mononitronaphthalenes in the particulate matténénAntarctica.

1-Nitronaphthalene (1NN) and 2-nitronaphthaleneN2Mre the most abundant nitro-PAHs found
in the Antarctic particulate matter. Their concatitm values range from 2 to 200 fgnThe
concentration ratio between 1NN and 2NN varied framout 1:1 to 2:1 according to the sample
[13]. The detection of nitronaphthalenes in pagsclis an interesting result, because these
compounds are usually present in the gas phaser upgieal temperate climate [14]. In the
Antarctica, however, the low temperature of the csphmere favours the occurrence of these
compounds in the airborne particulate matter. o that 1NN and 2NN are the most abundant
nitro-PAHs in Antarctic particles can be accounfed by two factors:(i) they are the most
abundant nitro-PAHSs also at temperate latitudest, ijuthis case they are not found in particulate
matter;(ii) the parent PAHs may possibly derive from transfrarn the continents, which might
favour the molecules with the highest vapour presssuch as naphthalene [13]. Long-range
transport of 1NN and 2NN from the continents to Amgarctica seems rather unlikely, because the
atmospheric lifetime of these compounds under teatpeconditions is only 1-2 hours due to
photolysis [14].

To gain insight into the process leading to nitpdrthalene formation, some indications concerning
the partitioning of naphthalene and derivativesMeen atmospheric phases would be of use. The
vapour pressure of the solid would be a usefulcemir of partitioning, but unfortunately the
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available data do not cover the desired temperatange for the compounds under study.
Sufficiently extended data exist for the Henry'swLaoefficient kg [20], which measures the
partitioning of a given compound between the gad the aqueous phase. The coefficientik
actually useful for the evaluation of partitionibgtween the aqueous phase, not particulate matter,
and the gas phase, but in the absence of otheatods it can be adopted as a first approximation.
The Henry’s Law coefficient is the ratio between ttoncentration of the compound in the aqueous
phase (in mol I}) and its partial pressure in the gas phase (in.aftre coefficient | varies with
temperature according to the following law [20]:

—-dInk 1 1
k., =kD[@exg ——H[j—-= 1
R ’{d(l/T) T Tﬂ @)

where k" is the Henry's Law coefficient at the temperatlire T the temperature in Kelvin, amd
Inky / d (1/T) is the temperature dependence (in Kelvinthicase of naphthalene, assumifig=T
298.15 K, it is k™ = 2 mol L atmi* andd Inky / d (1/T) = 3600 K [20]. It would mean that, for
naphthalene, k= 6 at 273.15 K (0 °C). These data indicate thahtiegene is far too volatile to be
present in significant amount in particulate matearen at the low temperatures of the Antarctic
summer. Indeed, compounds that can be found abnmabke levels in particles havg kalues of
about 100 or more [20]. The nitration of naphthales thus likely to occur in the gas phase,
followed by deposition of the nitronaphthalenesiparticulate matter. Note that deposition can
take place both in the air and, during samplingmfrthe incoming air into the particles already
collected on the filter.

By contrast, occurrence in particles would be pmesior anthracene (K = 30 mol L* atm™, d
Inky / d (1/T) = 4000 K, resulting ink= 100 at 273 K), pyrene (K = 80 mol L* atm™, d Inky/ d
(1/T) not available), and fluoranthene;tk= 110 mol * atmi?, d Inky / d (1/T) = 6990 K, giving
ky =950 at 273 K) [20].

Among the known gas-phase nitration processes,iikiatving "OH + "‘NO, gives 1NN and 2NN
with equal but low yield (0.3% each), whilHOs; + "NO, give 1NN with 17% and 2NN with 7%
yield [14]. Concentration data of nitronaphthalemmeshe Antarctic particulate matter indicate that
INN:2NN = 1-2 [13], consistent with both processaihough the NO; + "NO, one has a far
higher yield. The concentration data have howewerbé corrected for the partitioning and
degradation of the nitronaphthalenes. Henry's lavefficient data for INN and 2NN are
unfortunately not available, but some indicationymame from compounds with similar structure.
1-Methylnaphthalene hasyk = 2.7 and 2-methylnaphthaleng;"k = 2.0 mol [ atm™.
Furthermore, the different nitrotoluene isomersehaery similar k- values: 17 mol [* atm™* for
2-nitrotoluene, 14 for 3-nitrotoluene, and 16 fenirotoluene [20]. The values of the Henry's law
coefficient are quite different for 2- and 4-nithgmol [20,21], but in this case the effect is duart
intra-molecular hydrogen bonding that makes 2-pliemol much more hydrophobic than 4-



nitrophenol. Hydrogen bonding being absent in @éeeaf the nitronaphthalenes, limited difference
can be expected between the’ kalues of INN and 2NN. This suggests that theisemers are
likely to undergo partitioning to a similar exteatyd that their concentration ratios in particulate
matter are representative of the whole atmosphetios. This also means that the possible
sampling bias, connected with the deposition ofgesse 1NN and 2NN into the particles already
collected on the filter, would not modify much tlencentration ratio of 1NN to 2NN.
Accordingly, while the absolute concentration valwg 1NN and 2NN in the particles could be
modified, the presumably similar partitioning of Nind 2NN is little likely to modify much their
concentration ratio, which is the focus of the preggliscussion.

Because of formation and transformation processaspounds on particles can reach a steady-
state concentration arising from the formation$farmation budget. As a first approximation, the
steady-state condition for each nitronaphthaleoenes (NN) would be given by the following
expression:

d[NN
%:0: Ry nn = Kan INN] (2
where Rnn is the nitronaphthalene formation rate,nk the pseudo-first order degradation rate
constant, and [NN] the steady-state concentratiion.the steady-state approximation, the
concentration ratio of LINN and 2NN in particulatattar would be:

[1NN] — Rf,lNN Dkd,ZNN
[2 NN] Rf,2 NN kd,lNN

3)

In this case the ratio {Rw Rrann - would allow the assessment of the process leathng
nitronaphthalene formation, but an estimate ofréti® kj 1nn ke 2nn — iS also required.

Particle deposition, photolysis, and reactivitythie particles are the most likely removal processes
for nitronaphthalenes in the Antarctic atmosphénethe case of particle deposition, it would be
kainn = Kgonne About photolysis, the half-life times of INN ag8IN at temperate latitudes have
been evaluated as 1.7 and 2.2 hours, respectixahking nitronaphthalenes among the most
reactive compounds as far as the direct photojysisesses are concerned [14]. In the Antarctica
the half-life times are likely to be longer duethe lower solar irradiation, but the relative ratare
unlikely to change very much. A further decreasthefreactivity can be expected as a consequence
of the occurrence of 1NN and 2NN in particles. ieltbound compounds are expected to undergo
photolysis to a lesser extent compared to thoserong in the gas phase [14], but again there is no
reason to expect a substantial change in the velatiactivity. As a consequence, in the case of
direct photolysis it would begknn > kg2nn @and, from equation (3), [LINN} [2NN]™ < Riann %

-1
Riann



Among the other possible reactions that can takeepin the particles, the photolysis of nitratans
important one [18,22-24], in particular when coesidg the case of the Antarctica as can be
inferred from the deposition data of the anionsthe snow [25,26]. In analogy with nitrate
photolysis in solution one can write [24]:

NO;~ + hv + H o ‘NO, + ‘OH 4)

In the attempt to model nitronaphthalene degradatipon nitrate photolysis, we monitored the
time evolution of 1NN and 2NN (initial concentraiid0> M) upon UVB irradiation of 0.10 M
NaNGs. The corresponding curves are shown in Figuredicating that under such conditions it is
Ka,inn= 4 Kg 2nne

An overview of the possible processes for the désgran of 1NN and 2NN indicates thafkn =
ka.2nne Accordingly, from equation (3) it issRu X Reann = [LNN] x [2NN] ™, where the observed
ratio [LNN] x [2NN]™ on particles is in the range 1-2. TI@H + 'NO, process would yield R

x Rionn - = 1, hardly compatible with field data, while in tkase of NOs + *NO, it would be
Riinn X Rionn - = 2.5, compatible with the conditions Ry % Riann © = [INN] x [2NN]™.
Accordingly, the’NO3z + *NO, pathway seems more likely to account for the aenue of
nitronaphthalenes in the Antarctic particulate erattt is also more reasonable because of the
higher yield (24% total nitronaphthalenes again8¥®of the'OH +°NO, pathway [3]). The nitrate
radical undergoes photolysis in the presence dighur{8], but its atmospheric lifetime is likelpt
be longer in the Antarctica than in temperate ade@sto the lower irradiation intensity.

The occurrence oNO; is required for théNO3 + "NO, pathway to be operational, also considering
that "NOj3 is formed upon reaction betweéNO, and ozone. An important source of nitrogen
dioxide in the polar troposphere is representedthay irradiation of the snow layers, possibly
because of the photolysis of nitrate [27,28]. THetplysis of aqueous nitrate yields nitrogen
dioxide upon reaction (4). Figure 2 shows the tewelution of nitrogen oxides upon irradiation of
solid NaNQ (1.7 g), finely dispersed on the surface of aiRksh, under a simulated atmosphere
(78% N, + 22% Q) with 56% relative humidity, inside our gas-sofuhotoreactor. The main
product of nitrate photolysis is nitrogen dioxidehile the small amount of nitric oxide is likely
originated by photolysis of the nitrogen dioxidseif. The reported data show the possibility that
nitrogen dioxide is generated upon photolysis e, also in the absence of an aqueous solution.

3.2. 9-Nitroanthracene

Differently from the case of nitronaphthalenes, yowne nitrated isomer of anthracene (9-
nitroanthracene, hereafter 9NA) has been deteantditei Antarctic particulate matter. Furthermore,
the concentration values are much lower comparekd\Ntd and 2NN, and included in the range 5-
30 fg mi>. This is possibly due to a decreasing occurrefiteeoparent compounds with increasing
molecular weight, perhaps indicating that the eskatile compounds are less likely to undergo

8



transport to the Antarctica [19]. Phase partitignitata (k" = 30 mol L* atmi*, ky = 100 at 273

K), under conditions representative of the Antarstimmer climate, indicate that condensed-phase
nitration processes are not unreasonable for azghea Moreover, 9NA is unlikely to be formed
via gas-phase processes [14].

9NA has been detected in diesel exhaust, where likely to be formed upon high-temperature
electrophilic nitration [14]. 9NA is also a produdit electrophilic nitration in the atmosphere [29].
In the environment, electrophilic nitration procesgan take place in the presence of HNGOs,

and NQCI [30,31]:

HNO; + H* - NO," + H,O (5)
N2Os = NO' + NOs (6)
NOs + CI -~  NOCI+  NOy @)
NO.CI = NOS + 8)

Electrophilic nitration in particulate matter iggasonable possibility considering that the Antarct
aerosol is often acidic due to the presence ofnsuip acid, produced by oxidation of biologically
generated dimethylsulphide [32,33]. The possiboitglectrophilic nitration would be supported by
the sporadic detection of 1-nitropyrene in soméhefsamples of Antarctic particulate matter [13].
1-Nitropyrene is formed upon electrophilic nitratiof pyrene [7], which can undergo partitioning
to airborne particulate matter in the Antarctic suen climate (k” = 80 mol L! atm™). The
sporadic detection of 1-nitropyrene can be accalfde by its concentration values, considerably
lower than those of 9NA [13].

4. Environmental significance

This paper presents an overview of the possibletioh processes that can account for the
occurrence of mononitro-PAHs in Antarctic partidelanatter. The concentration data of these
compounds, and the presence of the photochemidatije 1NN and 2NN in quite high
concentration, constitute an argument in favoutheflocal origin of the Antarctic nitro-PAHS. In
contrast, long-range transport from the continesetsms unlikely [13]. The understanding of the
nitration processes could give insight into thealoatmospheric chemistry. The nitration of
naphthalene is likely to take place in the gas ehdecause this compound would undergo
negligible partitioning to particles even at thevlteemperatures of the Antarctic summer. Among
the gas-phase nitration processes, that initiajetNKD; seems more likely when considering the
relative concentration values of 1NN and 2NN, ameirt possible phase partitioning and
degradation processes. Such a pathway would requs®urce of nitrogen dioxide, which in the
Antarctica could be the photolysis of solid nitrae suggested by our gas-solid photoreactor runs
(Figure 2) and by field data [25-27].



The occurrence of 9NA might be compatible with @ation process taking place in the particles.
The nitration process could be electrophilic, whiatuld also explain the occasional detection of 1-
nitropyrene in the Antarctic particulate matter.
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Figure 1. Time evolution of 1NN and 2NN (initial concentiai 1.0x 10> M) in the presence of
0.10 M NaNQ, UVB irradiation.
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Figure 2. Time evolution of nitrogen dioxide, nitric oxidadtotal nitrogen oxides upon irradiation
of solid NaNQ (1.7 g, finely dispersed on a Petri dish), undetutated air (78% I
22% Q) and 56% relative humidity, in the gas-solid pheg&ztor.
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