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Abstract. The impact of multiphase reactions involving ni- is observed to increase gradually during night, while after
trogen dioxide (N@) and aromatic compounds was simu- sunrise it is rapidly photolysed leading to OH and NO, which
lated in this study. A mechanism (CAPRAM 2.4, MODAC is believed to be a significant source of OH in polluted atmo-
Mechanism) was applied for the aqueous phase reactiongpheres (Finlayson-Pitts and Pitts, 1997). This may be par-
whereas RACM was applied for the gas phase chemistryticularly important in morning hour photochemistry, when
Liquid droplets were considered as monodispersed withOH production rates from other sources such as photolysis
a mean radius of 0,Am and a liquid content (LC) of of ozone or formaldehyde are slow.

_3 . .
501g m—°. The multiphase mechanism has been further ex- Recently, the heterogeneous conversion of,N@ soot

Fended to the chemistry of aromatics, i.e. reactions i”VOIV'particIes emitted from combustion sources has been sug-
ing benzene, toluene, xylene, phenol and cresol have be€flasted as a more efficient HONO source than aqueous phase
added. In addition, reaction of NQwith dissociated hy- N, disproportionation (Ammann et al., 1998; Gerecke et
droxyl substituted aromatic compounds has also been impley; 1998- Kleffmann et al.. 1999 Longfellow et al., 1999).
mented. These reactions proceed through charge exchangg, a5 suggested that NOeacts with an organic reactant on
leading to nitrite ions and therefore to nitrous acid forma- e soot surface leading to HONO. However, more detailed
tion. The strength of this source was explored under urban,yneriments indicated that soot does not contain a sufficient
polluted conditions. It was shown that it may increase gasy mper of these reactants on its surface to provide a signif-
phase HONO levels under some conditions and that the eXeant source of HONO in the polluted troposphere (Arens et
tent of this effect is strongly pH dependent. Especially undery;  2001- Aumont et al.. 1999 Kalberer et al.. 1999a b).
moderate acidic COﬂdI'[IO(?S (i-e. pH above 4) this source may\eyertheless, the fact that condensed phase organic species
represent more than 75% of the total HONON@roduc-  geemed to be involved shed a light on other possible sources

tion rate, but this contribution drops down <_:Iose to zero in ot g ch species. For instance, it has been shown very re-
acidic droplets (as those often encountered in urban eNVironzently, that semi-volatile species from diesel engine exhaust

ments). may undergo transfer to the condensed phase under atmo-
spheric conditions and react there with N form nitrite,
and consequently HONO if the aqueous phase becomes suf-
1 Introduction ficiently acidic (Gutzwiller et al., 2002).

Nitrous acid (HONO) may be an important early morning ) While the identity of these species remained mostly un-

. : nown in the study by Gutzwiller et al. (2002), a few species
source of hydroxyl radicals in polluted urban atmospheres . .
- . .—.are known to undergo electron transfer reactions withh NO
and may therefore initiate early daytime photochemistry

. ; ’ to form nitrite, e.g. hydroxy-substituted aromatics (Alfassi
(Lammel and Cape, 1996). The concentration of nitrous acmtet al., 1986), aromatic amines (Saltzman, 1954) or alco-

Correspondence taCh. George hol amines (Levaggi et al., 1974). It has also been well
(Christian.George@univ-lyon1.fr) established that the photooxidation of aromatic compounds
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Fig. 1. Diurnal behaviour of gas phase HONOz @d NG and liquid phase pH, N& NO; , phenol and phenolate during the exposure of

monodispersed droplets (with a radius of @rh andLC = 5019 m_3), initially free of aromatics. The multiphase chemistry was activated
between 06:00 and 10:00 LT.

leads to a number of phenols and cresols (Pan et al., 1993yhether these reactions are indeed sources of HONO, the fate
which may further undergo reaction with OH partially lead- of aromatics in the condensed phase needed to be described
ing to several dihydroxy-substituted derivatives (Olariu et al., explicitly. This was performed by taking into account each
2000). Thus, hydroxy substituted aromatics may also reacbxidation step, potentially initiated by radicals or radical an-
with NOy in the aqueous phase. In general, the multiphase ofons. Our model is described in the next section, along with
heterogeneous chemistry of aromatic compounds is still unthe scenario used, whereas model outputs are discussed in
clear, i.e. in many cases the source of the large number of pathe results section.

lar aromatic species identified in aerosols is not really known.

They may originate from primary emissions, and both gas -

and particle phase oxidation processes. A number of studieg Model description

have shown that combustion processes (e.g. wood combus;

. . . 1 Gas phase and uptake processes
tion and many other) releases very high concentrations of gas

phase and condensed-phase phenols (Nolte et al., 2001). A5 our intentions were only to study the influence of given
is also known that such phenolic compounds are ubiquitougnemical reactions, we performed our simulations using a
in particulate matter (Fraser et al., 1998, 2000; Hawthorne,ox model, without any horizontal or vertical transport con-
etal., 1992). Although not fully characterised, this group of gjgerations (i.e. our air mass is considered instantaneously
compounds includes a number of large phenols, wich havgye|-mixed). The chemical scheme used is derived from
very low volatility, that will primarily exist in the condensed «cApRAM 2.4, MODAC mechanism” (Ervens et al., 2002).
phase. The impact of such particles will be explored below. This scheme considers about 440 reactions in the condensed
For the present study, we extended the CAPRAM mechphase. The code was extended, by 62 reactions, in or-
anism (Ervens et al., 2002) to assess the impact of mulder to simulate the chemistry of aromatic compounds such
tiphase reactions of nitrogen dioxide (MOwith aro- as benzene, toluene, ortho-, meta- and para-xylene, ortho-
matic compounds of the type mentioned above, e.g. pheand para-cresol and phenol. The phase transfer between
nol, hydroquinone, resorcinolp-methoxyphenol andn- aqueous and gas phases of these aromatics and of 34 other
methoxyphenol. Different scenarii will be used, ranging species (see Ervens et al., 2002) was described using the
from aromatic free droplets to concentrated droplets (seanethodology derived by Schwartz (1986). For this purpose,
above). Explicitly, the mechanism involves the dissocia-data on Henry’s law constants, gas phase diffusion, as well
tion of these rather weak acids, followed by electron trans-as mass accommodation coefficients were collected or esti-
fer yielding aqueous nitrite (Alfassi et al., 1986; Ammann mated as given in Table 1 (which lists only the data for the
et al., 1999a, b; Schall and Heumann, 1993). In order to tesaromatics; the values of the basic scheme can be found on

Atmos. Chem. Phys., 2, 215-226, 2002 www.atmos-chem-phys.org/acp/2/215/
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Table 1. Uptake parameters, solubilities and diffusion coefficients for aromatic compounds

Species Ky AH/R o D References
[Matm—1] K] [105m?s
benzene 2x101 3800 1x 102 0.8 (Dewulf et al., 1995; Heal et al., 1995;
CsHg estimated Robbins et al., 1993)
toluene 18x 1071 —3400 1x 1072 0.8 (Dewulf et al., 1995; Heal et al., 1995;
CgHsCH3 estimated Robbins et al., 1993)
o-xylene 19x 1071 —3400 1x 1072 0.8 (Heal et al., 1995; Robbins et al., 1993)
CH3CgH4CH3 estimated
m-xylene 16 x 101  —4000 1x 1072 0.8 (Dewulf et al., 1995; Heal et al., 1995)
CH3CgH4CH3 estimated
p-xylene 17x 1071 —4500 1x 1072 0.8 (Dewulf et al., 1995; Heal et al., 1995)
CH3CgH4CH3 estimated
o-cresol 820 —7400 27x10°2 0.8 (Betterton, 1992; Ervens, 2001;
CH3CgH40OH Heal et al., 1995; Hine and Mookerjee, 1975)
p-cresol 1300 —7400 27x10°2 0.8 (Betterton, 1992; Ervens, 2001;
CH3CgH40OH Heal et al., 1995; Hine and Mookerjee, 1975)
phenol 2900 —6800 27 x 1072 0.8 (Ervens, 2001; Heal et al., 1995;
CgHgO Hine and Mookerjee, 1975)
the internet undelnttp://www.tropos.de/CHEMIE/ urban polluted conditions, ozone is about 70 nmol/mol (see
multimod/CAPRAM/capram.html ). Fig. 1).

In this reaction scheme, the homogeneous gas phase pro- However, in the RACM scheme a lumping procedure was
cesses are simulated according to the RACM mechanisnused which resulted, for the aromatics, in three compound
(“Regional Atmospheric Chemistry Mechanism”; Stockwell families. The latter are TOL (for toluene and less reactive
et al., 1997). RACM includes rate constants and productaromatics), XYL (for xylene and more reactive aromatics)
yields from most recent laboratory measurements, and iand CSL (for cresol and other hydroxy substituted aromat-
was tested against environmental chamber data. Therefories). For gas phase reactions, we used the lumped families,
this code, which treats about 237 reactions and 78 speciesyhile the agueous phase scheme of “CAPRAM 2.4, MODAC
is widely used and was applied here without any modifi- mechanism” and its extension for aromatics treat all species
cation (despite the fact that its N@hemistry may not be explicitly. We therefore had to detail the aromatic com-
fully adequate with respect to HONO chemistry) in order pounds once transferred to the aerosol. This was done using
to make comparisons with other modelling studies usingfollowing assumptions (taken from Ferrari et al., 1998):
RACM straightforward.

RACM contains reactions producing nitrous acid. The first TOL(9) — 0.5CsHg (ag) + 0.5C7Hg (ag) (2)

involves NO and OH and proceeds directly according to: (i.e. 50% benzene + 50% toluene)

NO + OH — HONO (1) csu@) — 0.6CsHsO (ag) + 0.2C;HgO (ag)

A second set of gas phase reactions is also driven by OH +0.1GHs02 (ag) + 0.1C7HgO2 (ag) ®)
but involves the lumped aromatic compounds, i.e. CSL, TOL
and XYL (as defined below). The latter react, in RACM, with
OH forming an adduct which then reacts with N@ form
HONO, liberating the CSL compound family.

In RACM, all these HONO sources are driven by OH xy| (g) — (CHg)>CsHa(ag) 4)
and can therefore be mainly active during the day (which
in our simulations last from 06:00 to 20:00LT). HONO is (i.e. 100% xylene, no differences in reactivity @fm-,p-
readily photolysed leading to daytime maximum concentra-xylene assumed) where the subscripts (g) and (aq) refer to
tions of less than 1 pmol/mol, while NO and M@ach about  the gas and aqueous phases, respectively. It is obvious that
0.06 nmol/mol and 0.7 nmol/mol, respectively. Under thesethis splitting into explicit compounds is somewhat arbitrary

(i.,e. 60% phenol + 20 % cresol + (5% hydroquinone +
5% resorcinol) + (5% meta-methoxyphenol and 5% para-
methoxyphenol))

www.atmos-chem-phys.org/acp/2/215/ Atmos. Chem. Phys., 2, 215-226, 2002
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since it cannot reflect the full nature of the chemistry of aro-to be expressed and used. All reaction pathways end with
matics. In fact, the aromatic content of polluted urban airring maintaining products because the knowledge about ring
masses is highly variable due to the influence of local or recleavage processes in the aqueous phase is very restricted.
gional emissions which can only be partially captured by a The general aromatic oxidation mechanism starts
code such as RACM due to the lumping procedure. It musiwith the formation of a primary HCHD (‘hydroxy cy-
also be underlined that the above splitting into “real” com- clohexadienyl’) radical, identical for each initial attack
pounds may not be fully coherent with the initial lumping on the aromatic ring. This radical is called “deriva-
in RACM. Furthermore the ratios given above change withtive” and numbered according to its parent aromatic, i.e.:

the age of the air parcels due to the different reactivity of the H,0 HO
species included. Nevertheless, we believe that our approach .
is still justified within the case studies reported in the results © + X /o tHY+ X
section. o

Our reaction scheme does not have any heterogeneous re_benzene der|va_t|ve (1)
actions (i.e. gas-solid interactions such as soot reactions) xylene denyaﬂye (2)
as it is a purely multiphase model meaning that trace gasest0|uene der'lvat.lve ®)
are transferred into the aerosol, assumed to be liquid, and cresol der!vat!ve (4)
react only in the bulk of the droplet. Therefore, we deal phenol derivative (5)
only with two kinds of reactions, which are in the gas phasex — OH,NOs, SO; . Br;, Cl;, CO; )

(treated according to the RACM scheme) and in the lig-

uid phase (treated according to the extended CAPRAM- As already explained, the radical derivatives (1 to 5) may
MODAC scheme). Details regarding the aqueous phasye formed from the addition of X, followed by reaction with
Chemistry are given in the section below. Both atmOSpheriC\Nater and the elimination of HX, or they arise from a di-
compartments are connected by uptake processes (treated aéct electron transfer from the aromatic ring to the oxidant
cording to the methodology derived by Schwartz, 1986). Ac-X. Such radical derivatives were observed experimentally to
cordingly, the chemistry in the aerosol is treated similarly decay with a half-life time of about 1 ms (Herrmann et al.,
to cloud chemistry and makes use of the model derived for1995). Such a decay is mainly due to three pathways, which
use in dilute solutions (WithOUt treatment of ionic Strength are: (a) formation of hydroxy_substituted aromatics ancho

effects). in the presence of oxygen, (b) formation of ring cleavage
products (such as aldehydes) from cyclohexadienyl peroxy
2.2 Aqueous phase processes intermediates, and (c) formation of aromatic radical cations

after protonation of the radical derivative and the elimination
All of the above detailed aromatics undergo condensed phasgf water, The further decay of these ‘derivatives’ is due to
oxidation via primary attack of radicals or radical anions the addition of oxygen. Several pathways for this reaction
such as ¢J, Br;, CO;, NOs, OH or SQ, via pathways in-  gre described by Pan et al. (1993). Based on these data a
cluding H-atom abstraction (at side-chains or at the aromatignetic simulation was performed by Ervens (2001), obtain-

ring), addition at the aromatic ring or electron transfer. Sev-ing a rate constant and product yields for the sum reaction as
eral investigators (Herrmann et al., 1995; Merga et al., 1994jyen in reaction (6):

O’Neill et al., 1975; Steenken et al., 1990) reported possi-

ble pathways for the reactions of free radicals with aromaticDerivative(i) + O, —> 0.4 ArOH 4+ 0.4 HO,

compounds in aqueous solutions. Electron transfer was as- 0.6 derivative(ox)(i) (6)
signed, for N@ and SQ@, to be the predominant pathway

(Herrmann et al., 1995). However, for the purpose of the Here ArOH is a hydroxy substituted aromatic based on
present study, details of the reaction mechanism are not &he chemical structure of the initial aromatic being oxidised
central issue as all reactions were expressed as “sum rea¢-e. toluene will lead to cresol while benzene’s oxidation
tions” for which the products are identical from either elec- will result in phenol). The derivatives will in turn also re-
tron transfer reaction or adduct build-up. For sake of simplic-act and form hydroxy substituted aromatics. All these path-
ity, we assumed that all radicals react in the same way (conways are included in reaction (6) which is a simplified ex-
sidering different rate constants) and that all reactions ocpression of this complex reaction mechanism and in which
cur directly at the aromatic ring (i.e. side-chain reactions aresome oxygenated products (such as peroxy) are simply writ-
omitted). It is obvious that these assumptions do highly sim-ten as “derivative(ox)”. All the data used in this “aromatic
plify the oxidation mechanism for aromatics but we believe extension of CAPRAM 2.4, MODAC mechanism” are from
that this approach retains the main fate of these oxidatiorErvens (2001).

processes. It must also be emphasized that our knowledge of Finally, all the hydroxy substituted aromatics will undergo
the aqueous chemistry of aromatics is scarce, and does nerid/base dissociation to the anions, which are very reactive
permit, at the present time, a realistic detailed mechanisntoward NQ. Such reactions will proceed through electron

Atmos. Chem. Phys., 2, 215-226, 2002 www.atmos-chem-phys.org/acp/2/215/
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Table 2. Kinetic data for the reactions of NQwith dissociated hydroxyl substituted aromatic compounds

K E, /R Reference
M-tsTh (K]
phenol 15 x 10’ 4125 (Alfassi et al., 1986; Alfassi et al., 1990)
CeH50™ + NOy — CgHs50 + NO,
hydroquinone g-hydroxyphenol) 1 x 10° (Alfassi et al., 1986)
CeH4OHO™ + NOy — CgH4OHO + NO,
resorcinol ¢-hydroxyphenol) Bx 108 (Alfassi et al., 1986)
CeH4OHO™ + NOy — CgH4OHO + NO,
p-methoxyphenol U x 10° (Huie and Neta, 1986)
CgH40CH30™ + NOpy — CgH40OCH30 + NOZ_
m-methoxyphenol B x 10 (Alfassi et al., 1986)
CgH4OCH3O™ + NO2 — CgH40OCHO + NO,
p-cresol 34 x 107 (Alfassi et al., 1986)
CH3CgH40™ + NOy — CH3CgH40 + NOZ_
m-cresol 13 x 107 (Alfassi et al., 1986)

CH3CgH40™ + NO7 — CH3CgH40 + NO,

Table 3. Acid-base dissociation reactions of the hydroxy substituted aromatics, i.e. equilibrium constants and estimated rate constant. (data
from Weast, 1988)

K k398 k398
M (forward) (back)
711 [M-isTh
CeHs50H < CgH50~ + Ht 1.0 x 10710 5.00 50 x 1010
p—CgHa(OH)2 <» p—CgH50, + HF 45x 10711 2.24 50 x 1010
0—CgHa(OH)2 <> 0—CgH505 + H 1.6 x 10711 7.75 50 x 100
CH3CgH4OH <> CH3CgH4O™ + HT 7.4 x 10711 3.71 50 x 1010

p—CgHaOCH3OH <> p—CgH4OCHzO~ + HT  45x 10711 2.24 50 x 100
m—CgHaOCHgOH < m—CgH4OCHsO~ + Ht 1.6 x 10710 7.75 50 x 100

* The rate of the “back” reactions were set to this upper limit and the “forward” rate constants calculated accordingly in order to match the
equilibrium constant.

transfer from the aromatic ring to form nitrite ion (or its as- any attempt to simulate the impact of these reactions. Ac-
sociated acid, HONO depending of pH); corresponding ki-cordingly, they were not considered in the present study.
netic data are listed in Table 2. The acidity constants of these
compounds are listed in Table 3; all pKa values are aboub 3 pModel parameters
10 meaning that only a minor fraction of these aromatics is
dissociated under acidic conditions encountered in the atmo_.. . . . .
. : . Simulations were carried out for a total duration of 10 simu-
sphere. In our simulation, we only considered the chargeI S . . o
. ; X ated days, the first five days being considered as an initial-
exchange reaction between h@nd dissociated hydroxy- ._. .
: ) i . zing period. The parameters such as temperature and pres-
substituted aromatics despite that recently Vione et al. (2001 ; . :
. ure were kept constant during the simulati@n=£ 291K,
showed that N@ (or N2O4) may react, by H-abstraction, )
. : . p = latm,rh = 76%), such model parameters are iden-
with undissociated phenol and produce HONO (or;)N@ : . :
. S . tical to those described by Ervens et al. (2002). Especially,
the first oxidation step. However the corresponding mecha-

nistic and kinetic information is not yet available inhibitin the simulations were made for a sunny period of the year,
y 9 starting 21 June at latitude of 5 (i.e. the longest day

www.atmos-chem-phys.org/acp/2/215/ Atmos. Chem. Phys., 2, 215-226, 2002
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Table 4. Initial concentrations in both phases (i.e. gas and liquid). The terminology for gas phase species is strictly taken from Stockwell et

al. (1997)
Species Gaseous concentration (nmol/mol)
NO» 4.5
HNO3 1
CHgy 1700
Ho0, 1
O3 90
HCI 0.2
NH3 5
co, 3.75x 10°
SO, 5.0
HCHO 1.0
Ethane (ETH) 2.0
Alkanes with OH rate constant between 2.7 #8and 3.4 1012cm? 2.0
s 1 (298K, 1 atm), (HC3)
Alkanes with OH rate constant between 3.4 18and 6.8 1012 1.0
cmds~1 (298K, 1 atm), (HC5)
Alkanes with OH rate constant greater than 6.8 ##cm3s~1 (298K, 1 atm), (HC8) 0.1
CoHg 1.0
Terminal alkene (OLT) 0.1
Toluene and less reactive aromatics (TOL) 0.1
Cresol and other hydroxy substituted aromatics (CSL) 0.001
Xylene and more reactive aromatics (XYL) 0.1
Aldehyde (ALD) 0.1
Ketone (KET) 1.0
Glyoxal (GLY) 0.1
Methylglyoxal (MGLY) 0.1
Peroxyacetylnitrate (PAN) 0.5
CH300H (OP1) 1.0
Higher organic peroxide (OP2) 0.1
CH3C(O)OOH (PAA) 0.001
CH30H 5.0
EtOH 1.0
Species Aqueous concentration (M)
pH 45
(ol 1.0x 104
Br- 3.0x 1077
Felt 5.0x 10~/
Mn3+ 20x 1078
Cu* 20x 1078
HSO, 3.0x 1077
Sl 50x107°
C207~ 5.0 x 1077
aromatics Variable (see text)

of the year with high photolysis rates).

on the internet ahttp://www.tropos.de/CHEMIE/
multimod/CAPRAM/capram.html
maximum value (i.e. at a solar zenith angle 6§.0Sunrise

The correspond-photolysis rates follow a semi-sinusoidal diurnal cycle with

ing photolysis rates at ground level, which can be founda maximum at noon.

) . Our box-model calculations were performed mostly with-

, are listed at their ot any aerosol present in our air mass. In fact, “fresh”
aerosol particles were only injected in the air mass once per

and sunset are at 04:00 and 20:00LT, respectively and theay between 06:00 and 08:00 or 06:00 and 10:00LT (i.e.

Atmos. Chem. Phys., 2, 215-226, 2002
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with an aerosol lifetime of 2 or 4 h). During the rest of the we consider only multiphase chemistry in our air mass be-
time, the air mass was purely homogeneous. The aerosdiveen typically 06:00 and 08:00LT (or 10:00LT), HONO
injection timing was chosen in such a manner that it “simu-formed at night will be photolysed rapidly, enabling an as-
lates” secondary particle formation resulting from the com-sessment of the potential contribution of the chemistry in lig-
bined effect of early morning photochemistry and simultane-uid particles. This “turning on” of aerosol particles for 2 or
ous high emissions from car traffic in urban environments. 4 h is indeed a very artificial means of probing the chemistry
To allow meaningful simulation over long periods of time and will of course lead to the wrong diurnal dependence of
(e.g. 10 days), it is obvious that the code must considetHHONO in the gas phase. However, the initial main idea be-
emissions (from the ground, as far the boundary layer is conhind that assumption is to treat the chemistry of secondary or
cerned the height of which is considered to be 1 km) and deaged particles (resulting from the combined effect of early
position in order to provide some stability to the simulated morning photochemistry and simultaneous high emissions
system. We therefore used data from the EDGAR databas&om car traffic in urban environments). It is obvious that the
(Olivier et al., 1996), which was developed for global mod- emitted aerosol particles may have longer (or shorter) life-
elling purposes and has a resolution ©f&11°. This database times which are not accounted for in this study. On the other
considers both anthropogenic and biogenic emissions. Thbeand, for numerical reasons, it is not safe to keep the same
more detailed NMVOC database underlying EDGAR was droplets for a long period of time as their content may “dis-
used to specify non-methane-hydrocarbons needed in theppear”, at least for compounds having no gas phase sources
RACM mechanism. Natural hydrocarbon emissions wereas the aerosol content is not replenished during time, lead-
specified using the database of Guenther et al. (1995). Thing to some numerical singularities which may be difficult to
maximum, 80%, median and minimum emissions values ofsolve. As will be shown below, the impact of the chemistry of
all 1° x 1° gridboxes over Europe were determined, and thethe aromatic compounds is mainly observed during the first
two first data sets used in the present simulation as beindpour of gas/droplet interaction and reflects the evolution of
representative of an urban polluted site. All values for depo-the pH, which becomes more acidic when the droplet starts
sition and emission rates are given by Ervens et al. (2002). to be aged. Accordingly, our simulations will show the main
Initial conditions were chosen to be representative of anfeature of these processes despite that turning on and off of
urban case as listed in Table 4. The initial condensed phas#e aerosol.
concentrations of aromatics were initially set to 0, but in Here it should be noted that reactions on liquid droplets
some case studies described below, their initial concentramay be sustained for much longer times (compared to solid
tions were raised up to 0.1 M arbitrarily. The aerosol consid-substrates) simply because diffusion processes are much
ered in that study is assumed to consist of spherical dropletdaster than in solids, allowing a replenishment of reactants
in a liquid state, monodispersed with a mean radius ofinl ~ from the droplets’ interior or from the gas phase. This is
and a liquid content{C) of 50.g m~3. We simply took lo- & major change compared to the chemistry of soot particles
cal PM10 measurements and transformed that arbitrarily intovhere surface ageing is a key issue (Aumont et al., 1999;
a spherical liquid droplet to obtain sudtC values. Thisis Kotamarthi et al., 2001)
by no means representative of a tropospheric cloud or of a When we switch on the multiphase chemistry (i.e. the
real aerosol, but it allows use of agueous phase chemistry, fi-CAPRAM 2.4, MODAC mechanism”), several other path-
nally the only kind of data available at present time, for this ways forming HONO are initiated. In fact, this code contains
explorative approach. However, one should keep in mind allfollowing reactions:

!imi_tations behind all thege extreme simpli_fications SUCh_a52N02(+H20) —> HONO+ HNO3 @)
ionic strength effects, which were ignored in order to main-
tain a straightforward simulation of the multiphase processesNO; + O, — NO, + O (8)

Furthermore, at the current state of knowledge, the consider-

- +
ation of activity coefficients for all species would introduce HNOs < NOy +H ©)
another source of uncertainties to the data set. NO; — NO, + O, (10)

XNO2 +Y™ — NO, + XY (X; Y = Br, Cl) (11)

3 Results and discussion The last of these is a potential source only under special

In our explorative approach, we inject the aerosol in the airg)ynedr't'?_?lseS;EZ?:Q;?:;”;S;TE;S Igc?uer rg\?:rgsvﬁcé?:diry
mass only during day-time and we consider only liquid parti- ) . "
y g day ylquiap was shown that reactions (9) and (10) can act as an effective

cles (no soot). We are not including any night-time reactions . .
on the aerosol or on the ground (note however that the IatteF'.QNo source in aqueous solution (I_Ervens et. al., 2002). A.d'
itionally, we also include the following reaction scheme in

could also be a reservoir for the aromatic species considere liquid droplet:

here). Therefore, we avoid any night-time source of HONO € liquid droplet.

(potentially leading to underestimated concentrations). Since&CgH50™ + NO2 — CgHs0 + NO., (12)
2
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p—CsH4OHO™ + NO2 — p—CgH4OHO + NO; (13) 0.016
0—CgH4OHO™ 4+ NOp — 0—CgH4OHO + NO, (14) e
0.012 | IR

p—CeHa0OCH;O~ + NO, — p—CgH4OCH;0 + NO, (15) _ oow} // TN

g | —
m—CgHsOCH0™ +NOp — m—CgHsOCHO+NOy (16) £ °™ /" nerosaiprsen \

é’ 0.006 - / \
CeH4CH30™ + NO2 — CgH4CH30 + NO; a7 2 ool // \\

Each of these reactions proceed through electronexchan¢ ~ ***[ />
from the aromatic ring to N@ producing nitrite ion and 0000 fr=EEmE T ]
therefore gas phase HONO depending on the pH of the - - - - - -
droplet. The latter changes from its initial value of 4.5 to Time ()
about 2, depending on the amount and chemistry of the gase
being taken up during the lifetime of the droplets. Of course 01 ‘ ‘ ‘ ‘ ‘ 10°
the above reaction scheme also depends on the condens '
phase concentrations of both M@nd the aromatics. 10

Nitrogen dioxide has a very low physical solubility in wa- '
ter; its Henry’s law constant is as low as 0.013 Matnat z oo . ¢ 1
291 K (Schwartz and White, 1981) meaning the Henry's Iawé i g
equilibrium will be reached very rapidly for small droplets as = 1% §
those considered in this study. Accordingly, the condensecs | | - o 1 40e
phase NQ concentration is small and proportional to the gas o 0
phase density with a net flux of NOnto the droplet being . 110w
very small after a few minutes of simulation. This is mainly

valid for a gas having a low solubility and which does not 0.0001 : - : : : 10
undergo fast chemical reactions, which is the case of NO
taken up by pure water. However, this is completely changea

if some reactions are added (as those considered here involy;y 5 pjymal behaviour and pH dependence of gas phase HONO
ing aromatic compounds). In such a case, the uptake of NOor condensed phase nitrite ions formed through reactions (12)—(17)
is not driven by its solubility but by the kinetics of the chemi- during the exposure of monodispersed droplets (with a radius of
cal processes in the condensed phase. Accordingly, despitetal um and L = 50,gm3) initially free aromatics with vary-
low solubility the conversion of N@into NO, may become  ing constant pH. The multiphase chemistry was activated between
important depending on the characteristics of the chemicaf6:00 and 10:00 LT, starting on the 5th day. The lower panel shows
transformation as it will allow a significant (at least compared the behaviour of both HONO (circle) and NQ(square) concentra-
to the pure water case) net flux of N@to the droplet. tions as a function of pH.

Figure 1 shows some temporal variation of some gas phase
species (such asgDHONO and NQ) over several days, and
the liquid phase concentrations for one “aerosol period” forothers). However, the behaviour of nitrite ions is different as
NO,, nitrite, phenol, phenolate and pH, obtained with the as-it goes through a maximum. The latter is due to two oppo-
sumption of a droplet initially free of any aromatic. First, for Site trends: as mentioned, the decreasing agueous phase NO
very diluted droplets (i.e. aromatics initial concentrations be-concentration and the increasing acidity which favours sev-
low M levels), the contents of the reactants in reactions 12eral of the reactions (7)—(10) or the source reactions of these
to 17 is controlled by material captured from the gas phasefeactants, the product of both trends leading to the observed
During the 2 h period in which the reaction sequence 12 tomaximum. In this case (where the initial aromatic concentra-
17 is possible, the pH of the droplets decreases from 4.5 tdion is set to zero in the aqueous phase), the source of nitrite
about 3 (or less if the droplets are exposed over longer times)ons (or HONO) for the charge exchange process from an
leading to an efficient out-gassing of nitrous acid. During aromatic ring due to reactions (12)—(17) is negligibly small.
the same time, the phenol concentration increases to abot®elow, we will explore the conditions under which such pro-
10-19M while the content of the phenolate anion is negligi- cesses will gain in importance.
bly small under such acidic conditions. The p€@ncentra- The more obvious parameter is the acidity of the droplet
tion initially increases (due to the uptake from the gas phaseas it controls the levels of dissociated aromatics - or, more
see discussion above) and then decreases slightly because gisnerally, the fraction of dissociation. To test this param-
gas phase counterpart density is affected by the increasingter, we made some simulations during which the pH was
intensity of photolysis of gaseous nitrogen dioxide (amongfixed at a constant value in the range from 3 to 7. The corre-

pH
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sponding results are depicted in Fig. 2. Of course, fixing the
pH has a very strong influence on many processes within the
droplet that are far beyond just reactions (12)—(17). Never- _
theless, such simulations may correspond to droplets trans s
ferred to other air masses where either acid levels are lowe

0.25

0.20 -

or in which alkaline species (such as ammonia, or particu- € 015
late buffers arising from the aerosol source, e.g. combus:
tion, erosion,..) are more abundant. From Fig. 2, it can 010 -

be seen that this additional source of HONO is only active
at higher pH but not necessarily alkaline ones. In fact, ad-
ditional HONO (and therefore nitrite ions) is already formed
when the pH is higher than 4, which is still a reasonable value 2 o.00 | . o o o
for droplets under many atmospheric conditions. Therefore
a small contribution to the HONO budget may be expected o o e o -
from this chemistry involving aromatics at moderate acidity.

Note however that such a pH may be more representative
of remote conditions than those encountered in an urban aTFig. 3. Excess gas phase HONO concentrations (expressed in

mosphere (which was the main objective of the present casgmol/mol) compared to the base case as a function of aromatic
study). It must also be underlined that increasing the pH will,initial concentrations (in molar) determined at maximum HONO
on one hand, increase the amount of aromatics being dissoctoncentration. The excess of gas phase HONO is defined as the
ated so that they may act as reactants in the reaction sequendiference in concentration between the base case and simulations
from (12)—(17). On the other hand, the increasing pH will considering the charge exchange reactions betweena@ disso-
trap an increasing fraction of HONO within the droplet as ni- ciated hydroxyl substituted aromatics.
trite ions. This means that this source of gaseous HONO may
only be very important if the droplets become more acidic af-
ter the reactions (12)—(17) were initiated at higher pH. centration of the aromatics and of their ions not only alters

However, the situation may be somehow different depend-directly the rate of reactions (12)—(17) but also modifies the
ing on the source of the droplet being considered. For in-PH. In fact, as the initial concentration of all aqueous phase
stance, soot particles are emitted as hydrophobic substratedfomatics are increased from 0 to 0.1 M, the pH gets more
However, their aging in the atmosphere gives hygroscopicand more alkaline (unrealistically, up to pH8 for the more
properties to their surface, and water as well as secondary‘oncentrated SO|Uti0nS), which in turn shifts the equilibrium
organic material are Condensing on them, |eading to a ComOf the aromatic toward the anions and toward the formation
p|ex agueous Organic System_ Such a System is Considerle NOE It is clear that under such severe COﬂditiOﬂS, reac-
here as an aqueous droplet or film containing initially a largetions (12)—(17) are important sources of HONO/NOBut
fraction of aromatics in various oxidation states. To mimic such conditions are not those effectively encountered in the
such conditions, we applied our model to droplets with aatmosphere; therefore this may not be extrapolated to real en-
variable initial content of aromatics and with their phase ex-vironmental conditions. Nevertheless, this shows again that
change being stopped, i.e. the high aqueous phase contefite major controlling factor is the pH and that even moder-
of aromatics is kept artificially within the particles (again as ate acidity will lead to some HONO formation through these
a proxy for higher non volatile compounds that are in sec-charge exchange reactions involving N@nd an aromatic
ondary or aged particles and which will not escape from thering.
particulate phase), making sure that the gas phase chemistry The impact of this HONO source on the gas phase chem-
is not perturbed by an additional (hon-realistic) source foristry is, however, still minor since none of the RNO—Oy
aromatic compounds. Of course we do apply the same reeycles were disturbed within our simulations as a result of
action scheme, which is a very straightforward simplifica- reactions (12)—(17). This is due to the fact that at such a low
tion and which may eventually not be valid. However, with LC the fraction of the species in the particle phase is very
regard to the lack of knowledge, this is still a working hy- small, so that the contributions of aqueous phase processes
pothesis that may be considered. As shown in Fig. 3, forto the total budget of these species is very small. All gas
droplets with a high load of aromatics (i.e. taken as proxiesphase modifications are at the percentage level and therefore
for liquid organic aerosols with a high fraction of WSOC), not really substantial. However, the aerosol load of about
the model simulates an additional content of day time HONO50.g m~2 used here may easily be reached in heavily pol-
of about 0.2 nmol/mol, i.e. the HONO source is enhancedluted places and even exceeded; especially under heavy road
The HONO peak occurs subsequent to aerosol injection intdraffic influences (such as those encountered in large cities),
the air mass and is not sustained when the aerosol is removedven though this aerosol loading will be limited by soot or

It must also be underlined that changing the initial con- dust and not water. Under those circumstances, this addi-

0.05 -

NOg in excess (units nmol mo

Aromatics Concentration (units mol L'1)
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CSL- + NO2
mC6H40CH30- + NO2
pC6H40OCH30- + NO2
0oC6H40HO- + NO2
pC6H40HO- + NO2
C6H50-+ NO2
CINO2 + Br-
O2NO2-
NO2 + NO2
NO2 + O2-

HNO2 + OH -~ |

NO2- + O3 A

NO2- + NO3 A |

NO2-+8S04- 4 ]

NO2- + OH

NO2 + OH

FeO++ + NO2-+ H+ - ]

FeO++ + HNO2 - ]

1020 10" 10*® 10" 10" 10'®* 10'* 10'* 102 10" 10 10° 10°%

Instantaneous reaction rate (M s™)

Fig. 4. Instantaneous reactions rates (in M3¥ at 07:00 LT on the 7th day of simulation, which corresponds to one hour interaction time
between the gas phase and the droplets, of chemical reactions affecting the nitrite ions (and therefore HONO) budget in the droplet. Filled
bars are source processes whereas open bars are sink reactions.

tional HONO source from aged or secondary particles maybility leading to a lower out-gassing and therefore a smaller
be very important, leading to early morning HONO concen-impact. Keeping in mind all these arguments, we believe
trations of more than 1 nmol/mol (under solar irradiation!). that temperature effects may not be so large, at least over the
Of course, most of the influence of these reactions is seen igonditions encountered at ground level over Europe, which
the liquid phase where the nitrite content is greatly affectedcorrespond to our case study. Accordingly, to have a con-
and mostly trapped in the particles depending on the pH. Thisistent data set for the studies performed here we kept the
is a critical factor in these simulations. More acidic con- temperature constant.

ditions result in a very low fraction of hydroxyl substituted . . .
) . . . . . Figure 4 shows the instantaneous reaction rates of the sys-
aromatics being dissociated. In more alkaline solutions, all

_ . —1 .
HONO would be trapped in the liquid phase as nitrite ions. tem_ NOZ/NOZ /HQNO (inMs™) at07.00LT on the 7th day
of simulation which corresponds to one hour interaction time

The temperature was not varied in our study simply be-between the gas phase and the droplets. The figure shows
cause many temperature dependences of the rate constankte sink and source rates at high aromatic levels (i.e. initial
are not known which prohibits any simulation at lower tem- condensed phase concentrations were initialised af M0
perature as those encountered during winter time. It maywhich are levels found in field campaigns; Fraser et al., 1998,
be argued that at lower temperature the solubility of,NO 2000; Hawthorne et al.,1992) because it provides a better il-
becomes higher therefore allowing a stronger impact of thdustration of the competition between all pathways. In fact,
reactions described above. However, this would be too simunder such conditions, the pH is about 5 where the reactions
ple. First of all, solubility and chemical kinetics have dif- (12)—(17) start to be effective. It can be seen that the de-
ferent temperature trends. While the first physical parametecomposition of HNQ is still the major source of nitrite ions
(through the Henry’s law constant) increases with decreas{through reaction 10) but that the sum of the contributions of
ing temperature, rate constants (for elementary reactions) deeactions (12) and (17) now slightly exceed the one by reac-
crease. Therefore lowering the temperature has two oppositions (8) and (10), meaning that additional HONO is formed.
effects that may cancel each other, so that in the absence dte conditions chosen for the simulations depicted in Fig. 4
appropriate experimental values, we cannot arrive at a firmhighlight the requirements for the reactions (12)—(17) to be
conclusion with regard to this aspect. An additional effect isan effective additional HONO source: a weak acidic media
that reaction products (i.e. HONO) have also a higher solu<i.e. pH above 4) and a substantial amount of aromatic com-
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pound in the particle (that amount is highly variable as itis Vogt, R. and Axelsdottir, G., Ford Forschungszentrum Aachen
highly dependent on the pH: at very high pH, it can be very GmbH, Aachen, Germany, pp. 236—239, 1999b.
small; and inversely at low pH where it must be very high). Ammann, M., Kalberer, M., Jost, D.T., Tobler, L., Rossler, E.,
It must be underlined from Fig. 4 that when comparing loss  Piguet, D., Gaggeler, H. W., and Baltensperger, U.: Heteroge-
and source processes for HONO, that the latter is always pro- N€0US production of nitrous acid on soot in polluted air masses,
duced from a liquid droplet and that reactions (12)—(17) are, Naure, 395, 157-160, 1998.
just an additional source that may become important unde'ra‘rens’ F., Gutzwiller, L., Baltensperger, U., Gaeggeler, H. W., and
. . . . Ammann, M.: Heterogeneous Reaction of N@n Diesel Soot
certain co_ndmons. Hoyvever such conditions, may rgadny be Particles, Environ. Sci. Technol., 2191-2199. 2001.
observed in urban environment under wood smoke influence\ymont, B., Madronich, S., Ammann, M., Kalberer, M., Bal-
but also and more generally under the influence of emissions  tensperger, U., Hauglustaine, D., and Brocheton, F.: On the NO
which originate from combustion processes, which produce + soot reaction in the atmosphere, J. Geophys. Res., 1729-1736,
large concentrations of phenolic type compounds, i.e. reac- 1999.
tants that may initiate reactions (12)—(17). Betterton, E. A.: Henry's law constants of soluble and moderately
soluble organic gases: effects on aqueous phase chemistry, in:
Gaseous pollutants: Characterisation and cycling, (Ed) Nriagu,
4 Conclusions J. 0., Wiley, J., pp. 1-50, 1992.
Dewulf, J., Drijvers, D., and Van Langenhove, H.: Measurement of
In this exploratory study, we applied a multiphase model, Henry's law constant as a function of temperature and salinity for
the “CAPRAM 2.4, MODAC mechanism”, in order to simu- the low temperature range, Atmos. Environ., 29, 323-331, 1995.
late the chemistry occurring in liquid aerosol particles, in the Ervens, B.: Troposgirische Multiphasenchemie: Modellrechnun-
early morning, under polluted conditions. The code was ex- 9en und kinetische Untersuchungen von Reaktionen des OH-
tended to take into account the multiphase reactions of NO  Radikals in vésseriger bsung, University of Leipzig, Leipzig,
with dissociated hydroxyl-substituted aromatics. Since thes%rzom'

reactions proceed through electron transfer, they produce ni- e >’ B., George, C., Williams, J., Buxton, G. V., Salmon, G.
P 9 ! yp A., Bydder, M., Wilkinson, F., Dentener, F., Mirabel, P., Wolke,

trite ions in the liquid phase,. which, depending on the pH, R., and Herrmann, H.: CAPRAM2.4 (MODAC mechanism): An
may lead to HONO out-gassing. The strength of this source gytended and condensed tropospheric aqueous phase mechanism
was explored. It was shown that it leads to HONO even for  ang its application, J. Geophys. Res., in press, 2002.
very dilute liquid droplets under moderate acidic conditions, Ferrari, C. P., Kaluzny, P., Roche, A., Jacob, V., and Foster, P.: Aro-
and increases in importance when the aromatic content of the matic hydrocarbons and aldehydes in the atmosphere of Greno-
droplets is increased. However, the influence of these reac- ble, France, Chemosphere, 1587-1601, 1998.
tions on daytime photochemistry is still minor with a notable Finlayson-Pitts, B. J. and Pitts, J. N.: Tropospheric Air-Pollution
impact only at heavily polluted locations. — Ozone, Airborne Toxics, Polycyclic Aromatic-Hydrocarbons,
and Particles, Science, 276, 1045-1052, 1997.
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