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Abstract. We present a kinetic double-layer surface model The K2-SURF model enables the calculation of ozone
(K2-SURF) that describes the degradation of polycyclic aro-uptake coefficientsyos, and of PAH concentrations in the
matic hydrocarbons (PAHS) on aerosol particles exposed t@uasi-static particle surface layer. Competitive adsorption
ozone, nitrogen dioxide, water vapor, hydroxyl and nitrateand chemical transformation of the surface (aging) lead to
radicals. The model is based on multiple experimental studa strong non-linear dependencegg on time and gas phase

ies of PAH degradation and on the PRA framewor&géhl- composition, with different characteristics under dilute atmo-
Rudich-Ammann, 2007) for aerosol and cloud surface chemspheric and concentrated laboratory conditions. Under typi-
istry and gas-patrticle interactions. cal ambient conditionsyoz of PAH-coated aerosol particles

For a wide range of substrates, including solid and liquid are expected to be in the range of $010-°.
organic and inorganic substances (soot, silica, sodium chlo- At ambient temperatures, NGalone does not efficiently
ride, octanol/decanol, organic acids, etc.), the concentrationdegrade PAHS, but it was found to accelerate the degrada-
and time-dependence of the heterogeneous reaction betwedion of PAHs exposed to £ The accelerating effect can
PAHs and @ can be efficiently described with a Langmuir- be attributed to highly reactive N{Qradicals formed in the
Hinshelwood-type mechanism. Depending on the substratgas phase or on the surface. Estimated second-order rate
material, the Langmuir adsorption constants fgn@ry over  coefficients for @-NO, and PAH-NQ surface layer reac-
three orders of magnitudeKfgsoz ~ 10°1°-10"13cm®),  tions are in the range of 1’10 %cn?st and 101°-
and the second-order rate coefficients for the surface layer ret0-12cnm? s—1, respectively.
action of @ with different PAH vary over two orders of mag- The chemical half-life of PAHs is expected to range from
nitude ksLrpaH.03 ~ 1071810717 cnm? s~1). The available  a few minutes on the surface of soot to multiple hours on or-
data indicate that the Langmuir adsorption constants fof NO ganic and inorganic solid particles and days on liquid parti-
are similar to those of & while those of HO are several or- cles. On soot, the degradation of particle-bound PAHs in the
ders of magnitude smalleKggsHzo ~ 10°8-10"17cm®).  atmosphere appears to be dominated by a surface layer re-
The desorption lifetimes and adsorption enthalpies inferredaction with adsorbed ozone. On other substrates, it is likely
from the Langmuir adsorption constants suggest chemisorpdominated by gas-surface reactions with OH org\t@icals
tion of NO, and G and physisorption of pO. Note, how-  (Eley-Rideal-type mechanism).
ever, that the exact reaction mechanisms, rate limiting steps To our knowledge, K2-SURF is the first atmospheric pro-
and possible intermediates still remain to be resolved (e.g.cess model describing multiple types of parallel and sequen-
surface diffusion and formation of O atoms of @ns atthe tial surface reactions between multiple gaseous and particle-
surface). bound chemical species. It illustrates how the general equa-
tions of the PRA framework can be simplified and adapted
for specific reaction systems, and we suggest that it may
Correspondence ta¥l. Shiraiwa serve as a basis for the development of a g_eneral master
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1 Introduction PRA model approach can be efficiently extended to other
PAHs and photo-oxidants. Within the European integrated
Aerosols are ubiquitous in the atmosphere and have strongroject on aerosol, cloud, climate and air quality interac-
effects on climate and public health. Depending on chemi-tions (EUCAARI, Kulmala et al., 2009), we have reviewed
cal composition and surface properties, aerosol particles caand synthesized available literature data to develop a reac-
act as condensation nuclei for cloud droplets and ice crystalsion mechanism describing the degradation of PAHs exposed
and they can influence trace gas concentrations through hete O3, NO,, H,O, OH and NQ@ radicals in a kinetic double-
erogeneous chemical reactions (Seinfeld and Pandis, 199%yer surface model (K2-SURF). PAH degradation and re-
Poschl, 2005; Fuzzi et al., 2006; Andreae and Rosenfeld]ated ozone uptake are simulated over a wide range of condi-
2008; Hallquist et al., 2009). Polycyclic aromatic hydro- tions, and the atmospheric implications are discussed.
carbons (PAHs) are one of the most prominent groups of
toxic air pollutants. They originate from biomass burning
and fossil fuel combustion, and they reside to a large ex-2 Model description
tent in fine air particulate matter that can penetrate deep into
human lungs (Finlayson-Pitts and Pitts, 2000séhl, 2002; The K2-SURF model is based on the PRA framework for
Schauer et al., 2003). Chemical degradation and transformz2erosol and cloud surface chemistry and gas-particle inter-
tion (oxidation or nitration) can change the surface proper-actions (Bschl, Rudich and Ammann 2007; Ammann and
ties of aerosol particles and the toxicity of PAH (Pitts, 1983; Poschl 2007). This framework describes the gas-particle in-
Atkinson and Arey, 1994; &schl, 2002; Schauer et al., 2004; terface by several model compartments and molecular layers
Poschl et al., 2007). in which volatile, semi-volatile and non-volatile species can
Moreover, PAH as well as its oxygenated or nitrated Undergo mass transport and chemical reactions: gas phase,
derivatives are well defined model substances for the molech€ar-surface gas phase, sorption layer, quasi-static surface
ular structure of soot, which is the black solid product layer, and (near-surface) bulk of the particle.
of incomplete combustion or pyrolysis of organic mat- As illustrated in Fig. 1, the K2-SURF model does not con-
ter (Homann, 1998; Messerer et al., 2005séhl, 2005; sider semi-volatile species and processes in the particle bulk,
Sadezky et al., 2005). Soot contributes to regional and globayvhich is just regarded as a substrate that may influence the
climate change because of its role in direct, indirect andProperties of the quasi-static surface layer.
semi-direct radiative forcing (Hansen et al., 1997; Ackerman In describing the degradation of particle-bound polycyclic
et al., 2000; Jacobson, 2000). Upon emission from combusaromatic hydrocarbons (PAHs) exposed tg, &>0, NO,,
tion sources, fresh soot is initially hydrophobic and mostly OH, and N@, the focus was on the gas phase diffusion,
externally mixed with non-refractory compounds (Shiraiwa gas-surface mass transport, surface layer reactions, and gas-
et al., 2007; Schwarz et al., 2008). However, condensasurface reactions, which are discussed in following sections.
tion of semi-volatile compounds and chemical processing byWVe assumed that the effects of surface-bulk mass transport
ozone and other oxidants can make soot particles hydrophili@nd chemical reactions in the bulk are negligible compared
(Mikhailov et al., 2006) and influence their ability to act as t0 gas-surface mass transport and chemical reactions at the
cloud condensation nuclei (Kuwata et al., 2007). Further-surface. Nevertheless, the chemical species in the quasi-
more, chemical reactions with atmospheric photo-oxidantsstatic surface layer (PAH) can interact with the near-surface
can lead to substantial degradation, short-term and seasongfrticle bulk (substrate), which may influence the effective
variations, and measurement artefacts in the determination d¥hysicochemical properties of the quasi-static surface layer
PAHSs (Schauer et al., 2003, 2004; Marchand et al., 2004; Liiand related kinetic parameters such as surface accommoda-
etal., 2006; Lee and Kim, 2007; Lammel et al., 2009). tion coefficients, desorption lifetimes, and surface reaction
As detailed below (Sect. 3), several laboratory studies havéate coefficients (&schl et al. 2007).
investigated the heterogeneous reaction of PAHs on various
substrates with ozone, nitrogen dioxide, water vapour, hy-2'1
droxyl and nitrate radicals. So far, however, the experimen- N N -
tal results had not yet been compiled in a form that enablesBased on kinetic theory, the gas kinetic flux of eolliding
efficient modelling of PAH degradation in different types of with the surface/conx; can be expressed as

Gas phase diffusion and gas-surface mass transport

reactlpn systems and direct comparison of relevant phyS|c'o-JCO”,Xi = [X;lgsoxi /4 (1)
chemical parameters (accommodation, uptake, and reaction
rate coefficients; adsorption constants; etc.). where [X]gs is near-surface gas phase concentration

Recently, Springmann et al. (2009) have demonstrated thef X; and wyx; is mean thermal velocity given by
applicability and usefulness of the PRA framework (Am- wx; = (8RT/(r Mx;))Y/2, where My; is the molar mass of
mann and Bschl, 2007; Bschl et al., 2007) for atmospheric X;, R is the gas constant, aril is the absolute tempera-
modeling of the degradation of benzo[a]pyrene on soot byture. Here we assume that the gas phase concentrations of
ozone and nitrogen dioxide. In this study we show that theOs, H>,O, and NG are homogeneous throughout gas phase
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Fig. 1. Schematic illustration of the kinetic double-layer surface model (K2-SURF). Compartments, transport fluxes (thick green arrows),
and chemical reactions (thin red arrows) of volatile species KO, NO,, OH and NQ) and non-volatile species (PAHS).

and near-surface gas phase;{p$ = [Xi]g). This assump- whereasx; is surface accommodation coefficient angk;
tion is well justified when uptake coefficients are belowd0 (= as xiwx;l4) is a first-order adsorption rate coefficient. In
(Ammann and Bschl, 2007). Langmuir adsorption moded;s x; is determined by the sur-

On the other hand, uptake of OH and By PAH isre-  face accommodation coefficient on an adsorbate-free surface
ported to be high#0.1) (Bertram et al., 2001; Gross and «so x; and the sorption layer coverage which is given by
Bertram, 2008), therefore, the significant net uptake of OHthe sum of the fractional surface coverage of all competing
and NG will lead to local depletion of concentration at near- adsorbate species (i.eagH>0, and NQ) 65 xp.
surface gas phase ([}s<[Xi]g) and gas phase diffusion
will influence further uptake. In this case near-surface gas¥sXi = asoxi(1—6s) = asoxi(l— ZGS,xp) (6)
phase concentration should be corrected using a gas pha@gxp is the ratio between the actual and the

diffusion correction factoCg,x; maximum  surface  concentration value of ,X
X _ X 2 Osxp = [Xp]sl[xp]smax = Us,Xp[Xp]Sa where Os,Xp is
[Xilgs = CqxilXilg (2)  the effective molecular cross section of Xn this study, we

) assume that the effective molecular cross section is the same
Coxi can be described as follows based on PRA frame'for all co-adsorbed species unless mentioned otherwise.
work (Foschl et al., 2007). Accordingly, the inverse molecular cross section can be
1 regarded as the overall concentration of non-interfering
= 075 7 028 Ky (3) sorption sites on the quasi-static surface layés(l et al.,
VX T @ T Ky 2007): [SS§s= 0¢x -
The adsorbed molecules can thermally desorb back to the
Kny; is Knudsen number which can be approximated by gagyas phase. Desorption, the inverse of adsorption, can be de-

Cyx

phase diffusion coefficiendg x; and particle diameteryd scribed by a first-order rate coefficiekd x;, which is as-
sumed to be independent @gx;. The flux of desorption
Knx = 6 Dg.x, (4) of gas molecules on the quasi-static particle surface can be
" oxdp expressed as
We calculated’yg on andCg nos Using the reported values  Jgesxi = kd,xi [Xils = Td_)l(i [Xils @)
of Dgon =217 hPacras™! (lvanov et al., 2007)yon = 0.32 o _ _ _
(Bertram et al., 2001)Dg no3 = 107 hPa crs™t (Rudich et The desorption lifetimerq x; is the mean residence time

al., 1996) an =0.13 (Gross and Bertram, 2008). Fig- " the surface in the absence of surface reaction and surface-

) andmos ( )- Fig bulk transport. Since molecules are desorbed thernialby,
depends strongly on temperature. This can be described by
an Arrhenius equation as described below.

ure 2 illustrates the decrease @§ o+ and Cgno3 With in-
creasingdp, i.e., how the effect of gas diffusion increases
with increasing particle diameter.

The flux of adsorption of gas molecules on the quasi-statickdyxl:A exp(A Hadsxi /RT) (8)

particle surface can be expressed as ) _ _
A pre-exponential factord is typically ~10*s~! for

Jadsxi = s xi Jeoll i = kaxi[Xilgs (5) chemisorbed species, which is approximately the vibrational
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PAH (LsLrpaH) Ccan be described using the second-order

1_0 1'1'C-D" . .
rate coefficient&s|r paH,03 andks| R PAH.NO3,
0.9
LsLrpaH = ksLRr PaH,05[PAH]sd Osls (10)
08 + ksLr paH,NOs[PAHIsdNOs]s = ks paH[PAH]ss
o 0.7 whereks paH (= ksLr paH,03[O3]s + ksLr paH,NO3[NO3]s) is
0.6 an apparent first-order PAH decay rate coefficient.
T . The loss rate of ozone by SLR1-SLR2d| r03) can be
i - described as
04 bl 1 Lol 1 L1 LSLR,O?, - kSLR,PAH,Og,[PAH]SS[OS]S (11)
56 2 3 456 2 3 456
10 100 1000 + ksLR 03,NO,[O3]s[NOz2]s = ks 05[Osls
d .
p (NM) where ks o3 (=ksLr paH,03[PAH]sstks|r 03 N0O3[NO2]s) is
an apparent first-order ozone loss rate coefficient.
Fig. 2. Gas phase diffusion correction factary) for OH and NG The production rate of N@on the surfacePs r no3, CaAN
plotted against particle diametei]. be described as

PSLRNO; = ksLR 03,N0,[O3]s[NOz2]s (12)

frequency of a molecule bound to the surface. For ph-— ksir paH,NOz[PAHIsdNOz3]s
ysisorbed species is typically ~10'2s~1. Adsorption en-
thalpy of gaseous X A Hagsx; can be estimated roughly by 2.3 Gas-surface reaction (Eley-Rideal-type mechanism)
assumingA.

The uptake coefficient of gas speciescan be expressed
as a ratio between the net fluxes gf fom the gas phase to
the condensed phadgetx;, andJeoll, i -

The gas-surface reaction is a single kinetic step of collision
and reaction between gaseous species and surface molecules,
which can be regarded as an Eley-Rideal-type mechanism
(Ammann and Bschl, 2007; Bschl et al., 2007). Note that
Jnetxi  Jadsxi — Jdesxi traditionally the term “Eley-Rideal mechanism” (also nhamed
= = ©) Rideal-Eley or Langmuir-Rideal mechanism) is used for sur-
face catalytic reaction between adsorbed gas species rather
2.2 Surface layer reactions (Langmuir-Hinshelwood- than for reactions that transform the surface (Masel, 1996;
type mechanism) IUPAC, 1997). Here we consider two GSRs.

P =
JcoII,Xi JcoII,Xi

The surface layer reactions (SLRs) occur within the surfacdPAH(s9 + OH(gs) — O3—PAH(s9 (GSR)
double layer and involve only adsorbed species or compo-

nents of the quasi-static layer. In this study the PAglsgs- ~ PAH(SS + NOs3(gs) — O4—PAH(ss (GSR2
tem is considered to follow a Langmuir-Hinshelwood-type
mechanism, in which ozone first adsorbs to the surface an%
then reacts with PAH in a quasi-static surface layés(hl et

al., 2001; Ammann et al., 2003; Ammann anasehl, 2007; LGSRPAH = ZVGSRX,-,PAH Osspar (1 — 09 Jeox,  (13)
Poschl et al., 2007). Note, however, that traditionally the X;

term “Langmuir-Hinshelwood mechanism” is used for sur- . i

face catalytic reactions between adsorbed gas species and notHeré yesrxi.pan is defined as the elementary surface

to describe reactions that transform the surface (Masel, 199g€action probability that X (OH or NO;) undergoes gas-
IUPAC, 1997). Here we consider three SLRs: surface reaction when colliding with PAH on the surface.

OsspaH IS the surface coverage of PAH.

Heterogeneous loss of PAH on the surfate$rpar) Can
e described by the following equationo@ehl et al., 2007).

PAH(s9 + O3(s) — O1—PAH(s9 (SLRY)
2.4 Steady-state conditions

0O3(s) + NO2(s NOs3(s SLR

3(8) + NO2(9) = NOs(9) ( 2 The surface mass balance and rate equations can be described
PAH(s9 + NO3(s) — 02— PAH(s9 (SLR3 as below in summary @Chl etal., 2007)

The products of SLR1 and SLR3, O1-PAH and 02-pAH, A931s/d" = Jadsos = Jaesos — Lstro3 (14)
are oxidized non-volatile PAHs. The surface reaction @f O [H,0}s/df = Jagshz0 — JaesH20 (15)
and NG produces the highly reactive NQadical, which
can react with PAH immediately. The degradation rate ofd[NO2]s/df = JadsNno2 — JdesNO2 — LSLRNO2 (16)
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d[PAH]ss/df = — LsLr paAH — LGSRPAH (17) B A N
: Ea ]

d[NQgz]s/dr = PsirN03 — JdesNO3 (18) 02k 0 @ ]
é .‘,.'.. ,,'.' E

Steady-state conditions are characterized by;d[ar=0 F o8 A pha ]

(Xi=0s, H20, and NQ). The effective Langmuir adsorp- <~ ;43 T
tion equilibrium constank’,4sx; can be described as below
should be follows. o BaP on sol Y

107 || ™ BaP on azelaic acid i

Ks pan (s

, Qs’x_ E_ A Anthracene on octanol - _E
K adsx; [Xilgs = ﬁ (29) C |m Cypermethrin on ZnSe| .- ]
—Us S x 1
k 10° _ E
K'adsx; =03X,'& (20) L ST i R R R
kd,X,» + ks,Xi 1012 1013 1014 1015 1016
If surface reactions are much slower than desorption [0l (cm™)
(ka,xi>>ks,xi), thenK’aqsx; is equal to a Langmuir adsorp-
tion eqUIIIbrlum.(?onstanKadsx,- (:?s,Xi_ka,Q,Xi/kd,Xi)- Un- Fig. 3. Pseudo-first-order PAH decay rate coefficiefttsran) as a
der these conditions the desorption lifetimgx; and first-  function of gas phase ozone concentrationg{lg under dry con-
order rate coefficierkq x; are given by ditions: BaP on soot aerosol8chl et al., 2001), BaP on azelaic
1 K acid aerosol (Kwamena et al., 2004), Anthracene on octanol (Ka-
kax, = —— A gy, —20Xi _ &s,0.X; X; 98 X; (21)  han et al., 2006), and cypermethrin on ZnSe (Segal-Rosenheimer
T " K'adsX; 4 K'adsx; and Dubowski, 2008).

The surface concentration of Xan be expressed as

1 Kladsx; [Xilgs 2004; Mmereki et al., 2004; Donaldson et al., 2005; Kahan
O X; T+ 5 K acex, [XiTgs (22)  etal., 2006; Kwamena et al., 2006, 2007). The investigated
' PAHs comprise benzo[a]pyrene (BaP), anthracene, naph-
An apparent first order rate coefficiekfpanq can be de- thalene, pyrene, phenanthrene, benzo[a]anthracene (BaA),
scribed as perylene, and fluoranthene. The substrates include soot, aze-
K’ . laic acid, phenylsiloxane, glass, ZnSe, non-activated silica
adsX; [Xz]gs -, . . . K
; (23) gel, fused silica, octanol, decanol, stearic acid, octanoic acid,
1+ ;K adsX,[Xplgs and hexanoic acid and water. As specified in Table 1, the
PAHSs were deposited on aerosol particles, solid or liquid sub-
whereks paH,max is @ maximum pseudo-first order rate coef- strates, or on organic thin films on water. Self-assembled
ficient of PAH. monolayers (SAM) of alkenes and cypermethrin were also
The uptake coefficient of ozongds) can be calculated as  analyzed for comparison (Dubowski et al., 2004; Segal-
Rosenheimer and Dubowski, 2008), as they follow similar
(24)  reaction mechanisms and kinetics.

— -1 —
[Xils= GS,XiQS;Xi =

ks paH = ks PAH,max

Yo, = Lsiro; ~ 4kspan
° " Jeol,os  opAH w0,[Oslgs

The initial concentration of PAH is considered to be the 3-1.1 Basic physicochemical parameters
inverse of the effective molecular cross sectigny and is
estimated assuming one aromatic ring has 0.2 nFor ex-
ample,ogapis assumed to be 1 ribecause BaP consists of
five aromatic rings (Bschl et al., 2001).

As illustrated in Fig. 3, the pseudo-first order PAH decay rate
coefficients ks pan) typically exhibit a nonlinear dependence

on gas phase ozone concentration, which is consistent with
a Langmuir-Hinshelwood-type mechanism. In contrast, an
Eley-Rideal-type mechanism would lead to a linear depen-

3 Experimental data analysis and steady-state dence ofks pan ON gas phase ozone concentration. In the
conditions PAH-O3-H20 system Eq. (23) can be simplified to
3.1 PAH-03-H,0 system ks paH (25)

ks, PAH,maxK/ad503 [OB]gs
adsO3 [03]gs + K/ads HZO[HZO]gs

The kinetics of the heterogeneous reaction between gaseods 1+ K
ozone and PAHs bound on various substrates have been in-
vestigated in several laboratory studies (Wu et al., 1984; The parameters dfs paH,max and K’ adso3 Were obtained
Alebic-Juretic et al., 1990; @3chl et al., 2001; Ammann et by a non-linear least-squares fit of Eq. (25) to the experimen-
al., 2003; Mmereki and Donaldson, 2003; Kwamena et al..tal data pairs oks pan and [Qs]gs for each PAH and substrate
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Table 1. Basic physicochemical parameters of i@ the PAH-Q;-H,0 system with different PAHs and substrates. The upper part is kinetics
data of PAHs on solid substrates, the middle part is that of PAHs on liquid substrates, and the bottom part is that of non-PAH.

PAH Substrate RH  Kadsos  kspAHmax  kSLRPAH03  kdo3 Tdo3 AHadsoz Reference

(%) (1075cmd) (sh @0 Yem?s ) (s (s)  (kImorl)
BaP soot aerosol 25 255 0.0155 3.37 0.08 13.0 —-86 Foschl et al. (2001)
BaP azelaic acid aerosol 72 4.39 0.0600 10.4 3.56 0.28 —-76 Kwamena et al. (2004)
BaP soot aerosol 0 255 0.0154 2.66 0.06 16.3 -86 Foschl et al. (2001)
BaP azelaic acid aerosol 0 1.18 0.0480 8.30 13.2 0.08 —-73 Kwamena et al. (2004)
BaP NaCl aerosol 0 0.12 0.0320 5.54 130 0.01 -67 Kwamena et al. (2004)
BaP fused silica 0 27.1 0.0325 5.62 058 174 -81 Wu et al. (1984)
BaP silica gel 0 9.4 0.0325 5.62 1.67 0.60 -78 Alebic-Juretic et al. (1990)
Anthracene glass 0 2.85 0.0060 1.04 548 0.18 -75 Kwamena et al. (2006)
Anthracene azelaic acid aerosol 0 2.24 0.0550 9.52 6.97 0.14 —-75 Kwamena et al. (2007)
BaA silica gel 0 38.6 0.004 0.69 0.40 247 -82 Alebic-Juretic et al. (1990)
Pyrene silica gel 0 86.0 0.001 0.17 0.18 551 -84 Alebic-Juretic et al. (1990)
Perylene silica gel 0 67.9 0.004 0.69 0.23 435 -83 Alebic-Juretic et al. (1990)
Perylene fused silica 0 4.4 0.004 0.69 355 028 -76 Wu et al. (1984)
Fluoranthene  silica gel 0 65.0 0.0001 0.02 0.24 417 -83 Alebic-Juretic et al. (1990)
BaP octanol 0 0.35 0.0055 0.94 450 0.02 -70 Kahan et al. (2006)
Anthracene phenylsiloxane oil aerosol 0 104 0.0100 1.73 0.15 6.66 —84 Kwamena et al. (2007)
Anthracene octanol/decanol 0 0.56 0.0026 0.44 28.0 0.04 —-71 Kahan et al. (2006)
Anthracene octanol on water 0 1.83 0.0026 0.45 8.53 0.12 -74 Mmereki and Donaldson (2003)
Anthracene water 0 0.45 0.0026 0.45 34.7 0.03 -71 Mmereki and Donaldson (2003)
Anthracene stearic acid on water 0 0.47 0.0024 0.41 334 003 -71 Mmereki et al. (2004)
Anthracene octanoic acid on water 0 0.94 0.0013 0.22 16.7 0.06 —72 Mmereki et al. (2004)
Anthracene hexanoic acid on water 0 1.2 0.0004 0.07 13.0 0.08 —73 Mmereki et al. (2004)
Naphthalene  octanol 0 0.97 0.0009 0.15 16.1  0.06 —-72 Kahan et al. (2006)
Pyrene octanol 0 0.32 0.0007 0.12 48.8 0.02 -70 Kahan et al. (2006)
Pyrene water 0 0.86 0.0012 0.20 18.2 0.06 -72 Donaldson et al. (2005)
Pyrene octanol on water 0 1.66 0.0015 0.26 9.41 0.11 -74 Donaldson et al. (2005)
Phenanthrene  octanol 0 0.16 0.0006 0.10 97.6 0.01 —-68 Kahan et al. (2006)
SAM C3&C8 ZnSe 0 25 0.0060 1.04 0.62 160 -80 Dubowski et al. (2004)
Cypermethrin  ZnSe 0 0.47 0.0007 0.12 33.2 0.03 -71 Segal-Rosenheimer and

Dubowski (2007)

(IGOR software). The experimental data were taken from thenclude the dissociation of ozone or other intermediate steps
referenced studies, and the fit results are summarized in Taef chemical interaction at the surface as will be discussed
ble 1. below.
Poschl et al. (2001) also measured the surface concentra- From kq o3 = 14, és approximate adsorption enthalpies
tion of ozone, [Q]s, as a function of gas phase ozone concen-A Hagso3 Were estimated using Eqg. (8) and assuming a pre-
tration, which can be described by the following equation: exponential factor ofA = 104s~1 (Pdschl et al., 2001).
. Test calculations witht = 102-10'°s~1 gave an uncertainty

Os X, K'ads0;[03lgs (26) range of+ 6kJmol? in AHags03. K’ adsos iS approxi-
14 K'ads03[03lgs+ K adsH,0[H201gs mated t0Kags03, askq,03 is one to three orders of magni-
tude larger tharts o3. The Kagso3z values are one to three

A non-linear least squares fit yieldegk 03=0.17 nnt orders of magnitude larger for solid substrates compared
([SSks=5.8x10"cm=2). We assumed this value for the to liquid substrates. This corresponds to longer desorption
other studies as well, becausésehl et al. (2001) is the lifetimes and larger negative adsorption enthalpy values for
only study that reported [€)s. Second-order rate coef- solid substratesA Hagso3z ~ —(70-90) kJ mot?). Addition-
ficients (sLrpaH,03) were calculated using the relation ally, ks paH,max @and ks r pan,03 are by an order of magni-
k3pAH’max:kSLR,pAH’o3UST33. Ozone desorption lifetimes tude larger on solid substrates. Self-assembled monolayers
(trd,03) and the corresponding desorption rate coefficientsof alkenes show similar adsorption and reaction rate coeffi-
(kq,03) were estimated using Eq. (21), assuming a surfacecients as PAHs on solid substrates, whereas the parameters
accommodation coefficient f o 03=1.0x 103 (Rogaskiet  for cypermethrin are similar to PAHs on liquid substrates.
al., 1997) for the adsorbate-free surface. Most studies were performed under dry conditions

The obtainedry o3 values are in the range of 10ms-10s (RH ~ 0%), but B®schl et al. (2001) and Kwamena et
depending on the substrate (Table 1). The relatively longal. (2004) also reported results for humid conditions. The
desorption lifetimes suggest chemisorption of Possibly  Kagshzo values obtained from these data are of the or-
in the form of O atoms. Thus, thgy o3 values should be re- der of 101" cm~3 (Table 2), i.e., 2—4 orders of magnitude
garded as apparent desorption lifetimes that may effectivelysmaller thanKagsos. Assumingaso Hzo = 6.0 x 1074

[Osls =
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Table 2. Basic physicochemical parameters gf®in the BaP-@-NO»-H,0 system on soot and azelaic acid.

Substrate RH N@ KadsH20 [SSks T4.H20 kd.H20 AHagsHoo Reference Data set

(%) (ppb) (10 Yemd) (10 cm?) (s) (sh (kI mor1)
soot 25 0 0.17 4.60 1331074 7.54x10°  —35+9  Poschl et al. (2001) [6ls vs. [Os]gs
soot 25 1000 0.15 2.24 5.640°° 1.76x10°  —33+9  Schauer (2004) [§)s vs. [Os]gs
soot 25 0 1.02 - 7.96107% 1.26x10°  -39+9  Poschletal. (2001)  kspapVs. [Oslgs
soot 25 1000 1.18 - 448104 2.23x10°  —38£9  Schauer (2004) ks BapVs- [Os]gs
azelaic acid 72 0 0.10 - 9.800°° 1.02x10*  -34£9  Kwamenaetal. (2004) kspapVs. [Oslgs

(Rogaski et al., 1997) we obtained,® desorption life- to 10-1@ ppb under dry standard conditions at 1013 hPa
times of the order of 0.1 ms, indicating physisorption of and 298K). The symbols represent literature data (Ta-
H20. The adsorption enthalp HagsH2o Was estimated to  ble 1), and the curves represent three characteristic K2-SURF
be —36( + 9) kJmol* assuming a pre-exponential factor in model scenarios: (1) a soot surface witfioz=10s and
the range of 18-10'2s~1 (Pbschl et al., 2001). ksLrpaH.03 = 2.7 x 10717 (red solid line); (2) a solid or-
Kwamena et al. (2007) pointed out that the substrate in-ganic surface withrg 03=1s andks| r paH,03 = 2.7 X 10717
fluences the partitioning of ozone to the surface irrespectivegred dotted line); (3) a liquid organic surface wii§lo3z=0.1s
of the PAH adsorbed to it. They also suggested that differ-andks|r paH,03 = 5.0 x 1018 (black solid line).
ent experimental approaches can yield different results. In Systems on a solid substrate such as soot, glass and solid
particular, they found that PAHs may dissolve into the sub-organic substrate are well described by the red lines in Fig. 4,
strate of thin film experiments, thereby affecting the reactioncovering over five orders of magnitude in botks and
kinetics and partitioning of @as will be discussed below. [Os]gs- Most experimental data were obtained at high] [
According to molecular dynamics (MD) simulations the but along the model linegoz can be extrapolated to atmo-
desorption lifetime of ozone on at the interface of pure wa-spheric conditions ([€]gs<150 ppb). Thereoz is estimated
ter and air should be only 36 ps (Vieceli et al., 2005) which isto be ~10~° for PAHs on a soot surface and10-° on a
much shorter than the values listed in Table 1. Possible explasolid organic surface.
nations for the differences are: (1) The surfaces considered On liquid substrategos is substantially lowers 10-8).
in our study are covered by PAH molecules and thus likely A possible explanation is that some PAH may be dissolved
to interact differently with ozone. (2) The desorption life- in the liquid substrate (Kwamena et al., 2007), leading to
times calculated from measurement-derived adsorption cona reduction of the actual PAH concentration on the surface
stants depend inversely on the assumed surface accommodand to a decrease ¢H3 according to Eq. (24). Transport of
tion coefficients ¢s,0) and might thus be up to three orders of PAH from the quasi-static layer to the bulk can be modelled
magnitude shorter is o were close to unity. (3) The chemi- by surface-bulk exchange fluxeg{p, Jb ss) Which goes be-
cal species actually residing at the surface might be O atomgond the present study. Still, these data are well fitted by the
rather than ozone molecules, and thus additional processeslack solid line suggestingos values of the order of 1
such as a dissociation reaction or other intermediate steps afnder atmospheric conditions.
chemical interactions at the surface might have to be con- McCabe and Abbatt (2009) have already pointed out a re-
sidered for full mechanistic understanding. (4) Surface-bulkmarkable similarity ofyo3 on a variety of surfaces (soot, 1-
exchange as well as mass transport and chemical reactiorfexadecene, metal oxides, atmospheric mineral dust, PAHs
might also play a role for liquid substrates. Further investi- coated to soot, organic, and water substrates) both in their
gations will be needed to resolve these issues, and we arabsolute magnitude and in their partial pressure dependence,
planning to pursue such investigations using K2-SURF asespecially given the very different experimental techniques
well as kinetic double- and multi-layer models that resolves(Knudsen cells, aerosol flow tubes, etc.). Possible explana-
also diffusion and reaction in the bulk of the particle or sub-tions and rate limiting steps discussed in their and earlier
strate, respectively (K2-SUB, Pfrang et al., 2009; KM-SUB, studies are: surface diffusion of adsorbed ozone molecules

Shiraiwa et al., 2009). (Kwamena et al., 2007) and/or multiple steps of chemi-
cal reaction involving possible intermediates likg @ns
3.1.2 Uptake of ozone (Nelander and Nord, 1979) or O atoms (Stephens et al., 1986;

. Poschl et al., 2001; Sullivan et al., 2004).
Ozone uptake coefficients for the PAH-®BI,0 system were

calculated using Eq. (24) and are shown in Fig. 4. 7bg
values exhibt a strong dependence on the gas phase concen-
tration of ozone ([@]gs ~ 10'-10®cm~2 corresponding
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Fig. 4. Ozone uptake coefficientgds) for different PAHs and substrates. Symbols represent literature data (Table 1). Lines show model
results assuming the following parameters:#dhz = 10 s andcs| R pAH,03 = 2.7 X 10-17for soot surfaces (red solid line), (do3=1s
andks| R paH,.03 = 2.7 x 10717 for solid organic surfaces (red dotted line), (3)oz = 0.1s andks| g paH.03 = 5.0 x 10718 for liquid
surfaces (black solid line).

3.2 PAH-03-H>0-NO; system A Hagsnoz Was estimated to be67(£6) kJ mol1 assuming
arange of pre-exponential factors ¢ 1012-10s1).

The oxidation of the PAH benzo[a]pyrene upon interaction  Table 4 shows the basic physicochemical parameters of O

with Oz, H,O and NQ was investigated using data from in this system. The apparent overall concentration of sorp-

Schauer (2004). As illustrated in Fig. 5, the pseudo-first or-tion sites [SS]s decreases systematically as the Neédn-

der PAH decay rate coefficientkspan) exhibit a nonlinear  centration increases, which implies that the effective molec-

dependence on gas phase ozone concentration, which is coptar cross section of adsorbed ozone is smaller than that of

sistent with a Langmuir-Hinshelwood-type reaction mecha-NO,. This finding suggests that ozone may indeed be ad-

nism and can be described by the following equations. sorbed in the form of O atoms, because moleculgishot
expected to be smaller than MOAIlternatively or in addi-
tion, other intermediates might also be involved in the co-

[Osls (27)  adsorption of @ and NG (e.g., NG or N»Os formed by

a&—cl)3 K’ ads0s[Oalgs [:)eactiorsj o(; {\IQ Iwit_rclj ng ?r: 0). tFu:ther irr:ve_stigatifo.n? Wi"t'
= ; ; ; e needed to elucidate the actual mechanism of interaction
1+ K'ads05[ Oslgst Kads;0lH20lgst K'adsnoy (NOzlgs o eon itrerent co-adsorbed species, and additional pro-
cesses could be flexibly included in K2-SURF. Nevertheless,
the simple Langmuir-Hinshelwood-type formalisms applied

ks, paH (28) in this study appear to sufficient for efficient description of
_ ks,pAH,maxK"ads03[Ozlgs multi-component systems as illustrated in Figs. 4 and 5.
1+ K ads05[03lgst K adsH,0[H20]gs+ K’ adsno, [NO2lgs Apparent second-order surface reaction rate coefficients

ksLr pPaH,03 Were derived assuminfis rosno2 = 0, be-

Non-linear least squares fits yielded the effective ,NO cause no PAH degradation was observed upon exposure to
adsorption constants summarized in Table 3 (assumingNO, without Oz (Pdschl, 2002; Schauer, 2004; Schauer
Kadsno2 ~ K’ adsno2)- They are of the order of 164cns, et al.,, 2004). Interestingly, however, the measured and
which is similar to the ozone adsorption constants. Assum-derived rate coefficient&span,max and ksLrpaH,03 €X-
ing as0,Nno2 = 0.064 (Tabor et al., 1994) we obtained NO hibit a systematic increase with increasing Nébncentra-
desorption lifetime estimates of abotino2 &~ 50ms, in-  tion. For exampleks|rpan 03 increases by a factor of
dicating chemisorption of N© The adsorption enthalpy ~2 from 2.66x 10-1’cm?s! in the absence of NDto
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Table 3. Basic physicochemical parameters of Ni@ the BaP-Q-NO»-H,0 system on soot (Schauer, 2004).

9579

RH NO; KadsNo2 [SSks kgNO2 TdNO2 AHadgsno2 Dataset

(%) (ppb) (A0 ¥cmd) (@o4em?)  (sY (s) (kI mot1)
0 100 82 450 16.0 0.062 —70 [Os]s vs. [Os]gs
0 500 34 3.50 496 0020 —67 [Os]s vs. [Os]gs
0 1000 53 3.00 371 0.027 —68 [O3]s vs. [Oz]gs
25 1000 10 2.24 263 0.004  —63 [Os]s vs. [Os]gs
0 100 69 - 19.0  0.053 —69 ks,BaPVS- [O3]gs
0 250 54 - 273  0.037 —68 ks,BapPVS- [O3]gs
25 250 86 - 17.2  0.058 -70 ks,BapVs- [O3gs
0 500 71 - 23.8  0.042 —69 ks,BaPVS- [D3]gs
0 750 17 - 99.2  0.010 —65 ks,BaPVS- [O3]gs

Table 4. Basic physicochemical parameters of i@ the BaP-@-NO»-H,O system on soot (Schauer, 2004).

RH NO Kadso3 ks, PAH,max [SSks kSLR PAH,03 kdo3 7td,03 AHadso3
(%) (ppb) (101%cmd) (s h 1o%ecm2) @olem?s) (s (s)  (kImord)

0 0 255 0.015 5.80 2.66 0.06 163 -86

0 100 331 0.013 450 2.89 0.06 165 —86

0 250 369 0.015 4.00¢ 3.75 0.06 16.4 -86
25 250 332 0.021 4.00¢ 5.25 0.07 147 -86

0 500 347 0.020 3.50 571 0.07 135 -86

0 750 296 0.020 3.25 6.15 0.09 107 -85

0 1000 513 - 3.00 - 0.06 171 -86
25 1000 474 - 2.24 - 0.09 118 -85

*Values in italic are interpolated.

5.70x 1017 cn?s~1 at 500 ppb NG. The accelerating ef-  from earlier studies (Tabor et al., 1994; Rogaski et al., 1997).
fect of NO, can be attributed to the formation of highly re- The tg and ksir paH.03 Values were taken from Sect. 3.
active NQ; radicals in the gas phase or on the surface. OtheiThe gas phase o0zone concentration is set to 100 ppb, which
reactive nitrogen species likex®s or HNOg are unlikely to  is typical for polluted air masses. The chemical half-life
play a major role because the uptake coefficients reported foof the PAH ¢1/2) is defined as the time when the PAH
them are<10~° (Gross and Bertram, 2008). concentration reaches half of the initial concentration.

4.1 PAH-03-H,0 system

4 Numerical modeling of transient conditions . ) . . )
Here we simulate PAH degradation upon interaction with

Here we simulate the temporal evolution of surface compo-O3 and HO. Fig. 6 shows the surface concentrations of all
sition and uptake coefficients of ozone over timescales frominvolved chemical species and the uptake coefficient f O
microseconds to days under standard conditions (298 K(yos)- Figure 6a displays the model results for a soot surface
1013 hPa). The model calculations were performed by solvat 25% RH. The initial plateau ofos is equal toaso,03
ing the rate equations (Eq. 14-18) numerically with Matlab (=10~3) up to 1, which can be explained by adsorption of
software (ode23s solver). No steady-state assumptions wer@s onto a nearly adsorbate-free surface. The second plateau
applied in the numerical simulations. of yo3 at ~107° is due to chemical reaction of {0with

The initial PAH surface concentration is set to PAH. Under dry conditions the model results are similar (not
1 x 10%cm2, and the initial surface concentration of shown in figure), but due to the absence of competitively ad-
gas species (X= O3, H,0O, NO,, and NQ) is set to zero. sorbing HO the surface coverage ofsOncreases and the
In the exemplary simulations, we consider soot and solidPAH chemical half-life decreases 188s (25% RH) to 168s
organic surfaces. The required basic physicochemicafdry).
parameters are listed in Table 5. Tdagp values were taken
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Table 5. Basic physicochemical parameters af, ®l,0, and NG used in the numerical simulations of transient conditions.

X;  Substrate Kadsx; ksSLRPAH,03 Td,Xi s,0,Xi WXi
(10 15cmd) (10 cenls Y (s) (cms1
O3  soot 160 27 10 10° 3.60x10%
solid organic 1.6-16 2.7 0.1-1 18 3.60x10*
liquid 0.16-1.6 0.5 0.01-0.1 16 3.60x 10%
H,0 103 - 104 4.0x10% 5.90x10%
NO» 50 - 0.05 0.064  3.6010%

@) 0016 : : : : : : - Fig. 6b displays the model resu]t_s for a solid (_)rganic sur-

: face at 25% RH. Under these conditions the dominant species
0.014|- — on the surface is D, and the @ surface concentration is
0012k } % | much lower than on soot. Consequently, the PAH degrada-

U tion proceeds slower and the second plateaypafis longer
<, 00101 % 7 (~10*s) and lower foz = x1077).
"% 0.008 - i o - The differences of PAH degradation on soot and on the
< - solid organic surface are mainly caused by the different des-
> 0.006 . § _ orption lifetimes of ozone as derived and discussed in Sect. 3
0.004 - '@ - (~10s vs.~0.1s). We speculate that the longer appar-
® dry, 250 ppb NO, ent desorption lifetime on soot may reflect stronger elec-
0.002 L © 25% RH, 250 ppb NO, 7 tron donor-acceptor interactions between the graphene layers
0.000 ¥’ ! ! ! ! | | + (aromatic rings) and the adsorbed ozone molecules or oxygen

0 2 4 6 8 10 12 14 atoms, respectively.
[03]s (x 10" em”)
4.2 PAH-03-H>0-0OH system

—
O
~
(&)}
H
—=—|
|

Here we simulate PAH degradation bys,CH>O, and OH
4r radicals for which we assume an elementary surface reaction
{ probability ofycsrown,pan = 0.32 (Bertram et al., 2001). The
3r R - two dotted lines in Fig. 6a and 6b correspond to different OH
concentration levels: an estimated global average value of
oL % { i [OH]g = 10°cm~3) (Prinn et al., 1992) and an approximate
L s — % -------------- T upper limit value of [OH} = 10’ cm~3. The near-surface gas
o . & phase concentration [Oftjwas calculated from Egs. (2) and
r P . gg{/o RH 7 (3) assuming a particle diameter of 200 nfiy b = 0.87).
O 25% RH, 1 ppm NO, Figure 6a indicates that OH does not significantly affect
Y. ] I I I I I - PAH degradation on soot, where ozone is strongly adsorbed
0 2 4 6 b 8_3 10 12 and plays a dominant role. On the solid organic surface, how-
[O5lgs (X 10" cm ™) ever, where ozone is less efficiently adsorbed, OH strongly
accelerates PAH degradation as shown in Fig. 6b. Conse-
Fig. 5. Experimental data and fit lines for the BaR-80,-H,0 quently, the PAH decay proceeds faster and the length of the
system (Schauer, 2004)@a) Pseudo-first-order BaP decay coef- second plateau gfp3 decreases with increasing OH concen-
ficients kspap) as a function of gas phase ozone concentrationtration.
([O3zlgs) under dry and wet (25% RH) conditions with 250 ppb
NO. (b) The surface concentration of ozone §[g) as a func-
tion of [Oz]gs. The data were measured under dry, wet (25% RH),
and wet (25% RH) and N&(1 ppm) conditions. Fit curves assume
a Langmuir-Hinshelwood-type mechanism.

[0,], (x 10" cm™)

4.2.1 PAH chemical half-life on the surface and
atmospheric implications

Here we simulate the chemical half-life of PAH,4) on
soot, organic and liquid surfaces, when exposed to ambient
concentrations of @and OH at 25% RH.
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b
(b) o, [OH],
—0 —0
i ---1.0x10°cm® — -1.0x10°cm®
2 — -1.0x10"cm® — - 1.0x10" cm®
8 &
E o
;,E; - 03 O b
2 . R D R [O3]4s (PPD)
S 4"k ST 10 —— PAH
ool N [T Yes Fig. 7. Chemical half-life of PAHs on different substrates (soot,
10% 10" 10° 10" 10° 10° 10" 10° solid organic, liquid) as a function of gas phase ozone concentra-
Time (s) tion at 25% RH assuming OH concentrations of 0 (solid lines),

1.0x108 cm=3 (dashed lines), and 110’ cm™3 (dotted lines).
Fig. 6. Temporal evolution of the surface concentration of the The desorption lifetime of @ (rq,03) was set to 10s (soot), 1 or
volatile species (@ and H0), of PAH in the quasi-static sur- 0.1s (solid organic), and 0.01 s (liquid), respectively.
face layer, and of the ozone uptake coefficientd) at 100 ppb
O3 and 25% RH assuming OH concentration of 0 (solid line),
1.0 x 10°cm~3 (dotted line) and 1.0« 10°cm=3 (dashed line).
PAHSs are eithe(a) on soot or(b) on a solid organic surface. 4.3 PAH-03-H20-NO>-NO3 system

Here we simulate PAH degradation on soot upon interac-
Figure 7 displays the results of calculations. The black linetions with G;, H,O, NO,, and NG&. As shown in Table 4,
is thet;/2 of PAH on a soot surface, which showed, of ~ NO, could accelerate PAH degradation. For example, the
~10min at typical atmosphericgxoncentration of 30 ppb.  apparents| g pan.03 is increased from 210~/ cms 1t
We calculatedy/> under dry conditions as well, which re- to 5.7x10~17 cm?s~1 under 500 ppb N@ leading to a re-
sulted in ar12 value of ~5min at 30ppb @ Therefore,  duction ofr1/, from 188s to 170s at 100 ppbz@nd 25%
the competitive adsorption ofand HO leads to a signif-  RH. Here we consider two possible explanations for the ac-
icant increase im /2. However, ther > values showed only  celeration of PAH degradation by NO(1) surface reaction
a slight change with increasing [O§i]This is because PAH  of O3 with NO, (Langmuir-Hinshelwood-type mechanism)
degradation on soot is dominated by the surface layer reacand (2) gas-surface reaction between PAH and gas phase
tion of PAH with Q. NOgs radical (Eley-Rideal-type mechanism).
The t1> values on a solid organic surface (red and blue
line) are estimated to 2-15h at 30 ppla @hen [OH}; is 4.3.1 Surface reaction of @ with NO»
0. Thety» value on a liquid surface like octanol and water
(green line) is estimated to a few days. As shown in Fig. 7,Here we simulate degradation of PAH on soot upon interac-
14,03 iS a critical factor in estimating the chemical half-life of tions with G;, NO; and HO considering a surface reaction
PAH on the surface. OH plays a critical role in these casesof Oz with NO, (SLR2) and the subsequent reaction ofNO
It accelerates the PAH degradation by one to two orders ofvith PAH (SLR3). We testeds| r 03 N02 andksiR pAH,NO3
magnitude depending on OH concentration. values in the range of 138-10-11cm? s~1. The desorption
In summary, the PAH chemical half-life on the surface lifetime of NOs (zq,no3) Was assumed to be 10 and 0.01s.
(t1/2) ranges from~10 min on soot, to 1-5 h on solid organ- The concentration of N@at 25% RH is set to 500 ppb. The
ics and 6 h on liquid particles under typical ambient condi- resulting PAH chemical half-lifest{;;) are summarized in
tions (30 ppb @, 25% RH, 16 cm~3 OH). Therefore, the Table 6.
relative importance of PAH degradation by @nd OH de- The 11, value should be~170s considering the
pends on the substrate of PAH. acceleration of PAH degradation as discussed above.
Moreover, the fact that the PAH4H>0-NO, sys-
tem is well described by Langmuir-Hinshelwood-type
mechanism (Fig. 5) indicated.sir 03K Jdeso3, leading
to ks 03 (=ksLr paH,03[PAH]sstksLr 03 N02[NO2]s) kg, 03
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Table 6. Chemical half-life of PAHs in the PAH-NO»-H»0 sys-
tem assuming different values for thg-®O, and PAH-NQ; sur-
face layer reaction rate coefficieniss( R 03 NO2: kSLR PAH,NO3)-

T9,N03=10s 11,2 (S) ksLr pAH.NO3(CMP s71)
10717 10716 10714 10711

Concentration (cm‘z)

ksLroano2 10718 263 262 245 242

(cm?s™1 10-17 265 253 154 145 102 10" 10° 10" 10 10° 10" 10
10716 287 197 41 36 Time (5)
(b) 10" T T T T T . P NOy.,
— 1 ppt
7d,N03=0.01s 11/2(S) ksLRPAH.NO3 (CTP s~ Y) g J 0t | oo
10—17 10—16 10—14 10—11 g \ . S
£ \ q10%8 | 3
ksLrR 03NO2 10°18 263 263 263 244 g - zéo
(cm?s™1 10-17 266 266 264 153 8 110° | oA
10716 297 297 280 40 A\ Tos
Ly L 10—7
10 10" 10° 10" 10° 10° 10 10°
Time (s)

Consideringkq,03 is ~10"1 and [NG]s and [PAHLs is Fig. 8. Temporal evolution of the surface concentrations of PAHs
~10', thenks| r 03 NO2 Should be< 10-16. and \(o_latile species (§and HO) on soot, and of the ozone uptake
Based on these criteridg r oz no2 Should be of the or-  Coefficient ¢o3) at 100ppb @, 500 ppb NG and 25% RH.(a)
- ; . -O3- - idering surface reaction af\ilith
der of 101710716 cn? s, whereasks) g pan no3 iS Of the PAH-03-H20-NO;, system consi 9 .
order of 10-5-10-22cnPs-1. This is reasonable because o2 (P) PAH-Og-Ha0-NO,-NOg system assuming Ngoncen-
. ) trations of 1 ppt (solid line), 10 ppt (dashed line) and 100 ppt (dotted
kSLR,O?,,N_OZ I.S on the same order .deLR,PAH.,O_B and the line), respectively.
NOj3 radical is expected to have high reactivity. The pos-

sible combination of rate coefficients are (d)noz=10s,

kSLRi,‘?S,NOZTJ:!-O_N—]-O_lG cn?st, kSLR,PAH,NOS:lO_ij— not considered in this simulation. The near-surface gas phase
10:lecmz S,l and (2) Td,NOSZO-?% S'kleQP“O?”N?zl:lo_ —  concentration [N@]gs was calculated from Egs. (2) and (3)
1018 cn? s71, ksLr pan,N03=10"13-10"2cn? s 7L, assuming a particle diameter of 200 n€y{o3=0.94). The

Figure 8a shows the exemplary simulation of this sys-NO, concentration at 25% RH is set to 500 ppb. FoursNO
tem using 7qn03=105, ksLrozno2=10"1 cm?s™l, and  concentrations that cover the range of ambient concentrations
ksLrPAHNO3=10"*cn?s™1. Temporal evolution is sim- (1, 10, 20, and 100 ppt) are assumed (Finlayson-Pitts and
ilar to Fig. 6a, but the PAH degradation was acceleratedpitts, 2000).
by formation of NQ radical, whose concentration reaches Figure 8b indicates that the presence of N@oes
~10*cm™2. The uptake coefficient of ©(y03) stayed  not impact the degradation of PAHs significantly when
10 because of continuous surface reaction of With [NOs]g=1ppt,, but rather ozone plays a dominant role in
NO2. yno2 Was also calculated and it was 0.064 initially pAH degradation. The Nfradicals compensate the com-
up to 10°?s, which is equal tasonoz. AS it is shown by petitive adsorption of N@ when [NGs]g=10 ppt with t1/
[NO2]s which reached steady-state condition quickljo2  of 186s. Thery, is 144s when [N@|q=20ppt. And for

decreased away after 0.1s. [NO3]q=100 ppt, they 7 is calculated to 38 s, indicating PAH
degradation is dominated by the N@adical at this condi-
4.3.2 Gas-surface reaction with N@ tion.

Gas-surface reaction between gas phase Kdicals and  4.3.3 PAH chemical half-life on the surface and

PAH is another possible explanation for the acceleration of atmospheric implications

PAH degradation. This system corresponds to a possible

nighttime chemistry of PAH degradation, as N®the dom-  Here we simulate the chemical half-life of PAH,6) on

inant oxidant at nighttime. soot, organic and liquid surfaces, when exposed4oHRO,
Here we simulate PAH degradation by,®,0, NO,, and NO,, and NG at typical ambient concentration level at night

gas phase N@radicals for which we assume an elementary time (<150 ppb Q, 60% RH, 100 ppb N@ 1-10 ppt NQ).

surface reaction probability ¢icsron,pan=0.13 (Rudich et Note that at higher RH water vapor may undergo multilayer

al., 1996). Note that the surface reaction afWwith NO; is adsorption and its effect may thus not be well described
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Table Al. Frequently used symbols.

Meaning

10" E = Symbol
€ ] YXi
£ 10° £ E 4,03 Td,Xi
2 3|=—— 0.01 s (on liquid) wx;
7 J|—— 0.1 s (on organics) C
© — 1 s (on organics) 9, Xi
T 2 —— 10 s (on soot) d
T 107k p
g — 0,NO, SLR kd xi
INO;q kSLRv,Xp,Xgq>
10" — - 1ppt SLRv,Xp,Yq
3]--- 10 ppt
Kadsxi
’
40 80 120 K" adsxi
[O3lgs (PPb) Os,0,Xi

Fig. 9. Chemical half-life of PAHs on different substrates (soot, f1/2
solid organic, liquid) as a function of gas phase ozone concentration [SSss
at 100 ppb NQ and 60% RH. The desorption lifetime 0gQ@rq 03) [Xilg
is setto 10s (soot), 1 or 0.1 s (solid organic), and 0.01 s (liquid), re- [Xilgs
spectively. The assumed N@as phase concentrations are 0 (thick [Xils
solid lines), 1 ppt (dashed lines), and 10 ppt (dotted lines), respec- [Yjlss

uptake coefficient of X

desorption lifetime of X

mean thermal velocity of Xin the gas phase
gas phase diffusion correction factor of X
particle diameter

first-order desorption rate coefficient of X
second-order rate coefficients for surface
layer reactions of ) with X4, X, withY,
respectively

adsorption equilibrium constant of; X
effective adsorption equilibrium constant of X
surface accommodation coefficient of X

on an adsorbate-free surface

chemical half-life of PAHs on the surface
sorption site surface concentration

gas phase concentration of X

near-surface gas phase concentration of X
surface concentration of;X{sorption layer)
surface concentration of Y(quasi-static layer)

tively. Thin solid lines indicate that §NO, surface layer reactions
are taken into account assuming [Alg=0.

by a Langmuir adsorption isotherm (Thomas et al., 1999;
Figure 9 displays the results of

Mikhailov et al., 2009).
calculations. Neither the surface reaction of @With NO»
nor gas-surface reaction of N@vas considered for the thick

solid line. NG accelerates the PAH degradation by one to

three orders of magnitude depending on\gdncentration
(dotted and dashed line). The surface reactiongpd@ NQ
decreases thg,, by ca. 40% on every surface (solid line).

In summary, under typical ambient conditions at night

time (i.e. 30 ppb @, 100 ppb NQ, 60% RH, 1 ppt NQ), 1,2

ranges from~10 min on soot, to 30—-60 min on solid organics

and liquid particles.

5 Conclusions

We have developed and applied a kinetic double-layer sur-

reaction rate coefficients depending on the substrate ma-
terial. Note, however, that the exact reaction mech-
anisms, rate limiting steps and possible intermediates
still remain to be resolved (e.g., surface diffusion and
formation of O atoms or Q ions at the surface).

Competitive and reversible adsorption and chemical

transformation of the surface (aging) lead to a strong

non-linear dependence of the ozone uptake coefficients
on time and gas phase composition with different char-

acteristic features under dilute atmospheric and con-
centrated laboratory conditions. Under typical ambient

conditions the ozone uptake coefficients of PAH-coated

aerosol particles are likely in the range of £8107°.

Nitrogen dioxide undergoes competitive co-adsorption
with ozone. At ambient temperatures N@one does
not efficiently degrade PAHSs, but it can accelerate PAH

face model (K2-SURF) and chemical reaction mechanism
to describe the degradation of polycyclic aromatic hydrocar-
bons (PAHSs) on aerosol particles interacting with ozone, ni-
trogen dioxide, water vapor, hydroxyl and nitrate radicals.
Basic physicochemical parameters have been derived from

degradation by ozone. The accelerating effect obNO
can be explained by the formation of highly reactive
NOj3 radicals in the gas phase and on the surface.

experimental data and used to simulate PAH degradation and?4)
ozone uptake by aerosol particles under a wide range of con-

ditions. The main conclusions are:

The chemical half-life of PAH is expected to range
from a few minutes on the surface of soot, to multi-
ple hours on solid organics and days on liquid particles.
On soot, PAH degradation appears to be dominated by

(1) The heterogeneous reaction between particle-bound
PAHs and ozone can be well described by Langmuir-
Hinshelwood-type mechanism and rate equations with
effective Langmuir adsorption constants and surface

www.atmos-chem-phys.net/9/9571/2009/

a surface layer reaction with adsorbed @angmuir-
Hinshelwood-type mechanism). On other substrates, it
seems to be dominated by gas-surface reaction with OH
and NG radicals (Eley-Rideal-type mechanism).
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(5) To our knowledge, K2-SURF is the first atmospheric Atkinson, R. and Arey, J.: Atmospheric chemistry of gas-phase
process model describing multiple types of parallel and polycyclic aromatic-hydrocarbons — Formation of atmospheric
sequential surface reactions between multiple gaseous mutagens, Environ. Health Persp., 102, 117-126, 1994.
and particle-bound chemical species. We propose thaBertram, A. K., lvanov, A. V., Hunter, M., Molina, L. T., and
K2-SURF may be used to design, analyze, and interpret Molina, M. J.: The rga_cnon probability of OH on organic
experiments for better understanding of heterogeneous gzgi‘c;gﬂ tropospheric interest, J. Phys. Chem. A, 105, 9415~
,reacnor? systems. For example, systematic senSItIV'Donaldson, D. J., Mmereki, B. T., Chaudhuri, S. R., Handley, S.,
ity studies can help to determine the range of exper-

. o ) ; and Oh, M.: Uptake and reaction of atmospheric organic vapours
imental conditions (reactant concentrations, reaction on grganic films, Faraday Discuss., 130, 227-239, 2005.

time, etc.) that are likely to provide most informa- pubowski, Y., Vieceli, J., Tobias, D. J., Gomez, A., Lin, A., Nizko-
tion and direct insight into possible reaction mecha- rodov, S. A., Mclntire, T. M., and Finlayson-Pitts, B. J.: Interac-
nisms and the underlying physicochemical parameters tion of gas-phase ozone at 296 K with unsaturated self-assembled
(e.g., Langmuir-Hinselwood-type vs. Eley-Rideal-type = monolayers: A new look at an old system, J. Phys. Chem. A, 108,
mechanisms, physisorption vs. chemisorption, adsorp- 10473-10485, 2004.

tion/desorption vs. chemical reaction rate coefficients,Finlayson-Pitts, B. J. and Pitts, J. N.. Chemistry of the upper and
etc.). Moreover, we suggest that K2-SURF may serve_ OWer atmosphere, Academic Press, 2000.

as a basis for the development of a general master mecH-U2Z: S~ Andreae, M. O., Huebert, B. J., Kulmala, M., Bond,
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