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Abstract

We present a kinetic double-layer surface model (K2-SURF) that describes the degra-
dation of polycyclic aromatic hydrocarbons (PAHs) on aerosol particles exposed to
ozone, nitrogen dioxide, water vapor, hydroxyl and nitrate radicals. The model is
based on multiple experimental studies of PAH degradation and on the PRA frame-
work (Poschl et al., 2007) for aerosol and cloud surface chemistry and gas-particle
interactions.

For a wide range of substrates, including solid and liquid organic and inorganic
substances (soot, silica, sodium chloride, octanol/decanol, organic acids, etc.), the
concentration- and time-dependence of the heterogeneous reaction between PAHs
and O3 can be efficiently described with a Langmuir-Hinshelwood-type mechanism.
Depending on the substrate material, the Langmuir adsorption constants for O vary
over three orders of magnitude (K45 0,~1 07 '°-107" cm®), and the second-order rate
coefficients for the surface layer reaction of O5 with different PAH vary over two orders
of magnitude (ksLR,PAH,03~10_18—10_17 cm?s™"). The available data indicate that the
Langmuir adsorption constants for NO, are similar to those of O3, while those of H,O
are several orders of magnitude smaller (KadS,HZOM0'18—10'17 cm3). The desorption
lifetimes and adsorption enthalpies inferred from the Langmuir adsorption constants
suggest chemisorption of NO, and O3 — possibly in the form of O atoms — and phy-
sisorption of H,O.

The K2-SURF model enables the calculation of ozone uptake coefficients, yo_, and
of PAH concentrations in the quasi-static particle surface layer. Competitive adsorp-
tion and chemical transformation of the surface (aging) lead to a strong non-linear
dependence of Yo, on time and gas phase composition, with different characteristics
under dilute atmospheric and concentrated laboratory conditions. Under typical ambi-
ent conditions, yo3 of PAH-coated aerosol particles are expected to be in the range of
107°-107°.

At ambient temperatures, NO, alone does not efficiently degrade PAHs, but it was
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found to accelerate the degradation of PAHs exposed to O5. The accelerating effect
can be attributed to highly reactive NOj radicals formed in the gas phase or on the
surface. Estimated second-order rate coefficients for O3-NO, and PAH-NO; surface
layer reactions are in the range of 107"7-10""° cm®s™" and 107 °=10""%2cm?®s7", re-
spectively.

The chemical half-life of PAH is expected to range from a few minutes on the surface
of soot to multiple hours on organic and inorganic solid particles and days on liquid
particles. On soot, the degradation of particle-bound PAHs in the atmosphere appears
to be dominated by a surface layer reaction with adsorbed ozone. On other substrates,
it is likely dominated by gas-surface reactions with OH or NOg radicals (Eley-Rideal-
type mechanism). To our knowledge, K2-SURF is the first atmospheric process model
describing multiple types of parallel and sequential surface reactions between multiple
gaseous and particle-bound chemical species. It illustrates how the general equations
of the PRA framework can be simplified and adapted for specific reaction systems,
and we suggest that it may serve as a basis for the development of a general master
mechanism of aerosol and cloud surface chemistry.

1 Introduction

Aerosols are ubiquitous in the atmosphere and have strong effects on climate and pub-
lic health. Depending on chemical composition and surface properties, aerosol parti-
cles can act as condensation nuclei for cloud droplets and ice crystals, and they can
influence trace gas concentrations through heterogeneous chemical reactions (Sein-
feld and Pandis, 1998; Poschl, 2005; Fuzzi et al., 2006; Andreae and Rosenfeld, 2008;
Hallquist et al., 2009). Polycyclic aromatic hydrocarbons (PAHs) are one of the most
prominent groups of toxic air pollutants. They originate from biomass burning and fos-
sil fuel combustion, and they reside to a large extent in fine air particulate matter that
can penetrate deep into human lungs (Finlayson-Pitts and Pitts, 2000; Pdschl, 2002;
Schauer et al., 2003). Chemical degradation and transformation (oxidation or nitration)
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can change the surface properties of aerosol particles and the toxicity of PAH (Pitts,
1983; Atkinson and Arey, 1994; Pdschl, 2002; Schauer et al., 2004; Poschl et al.,
2007).

Moreover, PAH as well as its oxygenated or nitrated derivatives are well defined
model substances for the molecular structure of soot, which is the black solid product
of incomplete combustion or pyrolysis of organic matter (Homann, 1998; Messerer
et al., 2005; Poschl, 2005; Sadezky et al., 2005). Soot contributes to regional and
global climate change because of its role in direct, indirect and semi-direct radiative
forcing (Hansen et al., 1997; Ackerman et al., 2000; Jacobson, 2000). Upon emission
from combustion sources, fresh soot is initially hydrophobic and mostly externally mixed
with non-refractory compounds (Shiraiwa et al., 2007; Schwarz et al., 2008). However,
condensation of semi-volatile compounds and chemical processing by ozone and other
oxidants can make soot particles hydrophilic (Mikhailov et al., 2006) and influence their
ability to act as cloud condensation nuclei (Kuwata et al., 2007). Furthermore, chemical
reactions with atmospheric photo-oxidants can lead to substantial degradation, short-
term and seasonal variations, and measurement artefacts in the determination of PAHs
(Schauer et al., 2003; Marchand et al., 2004; Schauer et al., 2004; Liu et al., 2006; Lee
and Kim, 2007; Lammel et al., 2009).

As detailed below (Sect. 3), several laboratory studies have investigated the hetero-
geneous reaction of PAHs on various substrates with ozone, nitrogen dioxide, water
vapor, hydroxyl and nitrate radicals. So far, however, the experimental results had not
yet been compiled in a form that enables efficient modelling of PAH degradation in
different types of reaction systems and direct comparison of relevant physicochemical
parameters (accommodation, uptake, and reaction rate coefficients; adsorption con-
stants; etc.).

Recently, Springmann et al. (2009) have demonstrated the applicability and useful-
ness of the PRA framework (Ammann and Poschl, 2007; Pdschl et al., 2007) for atmo-
spheric modeling of the degradation of benzo[a]pyrene on soot by ozone and nitrogen
dioxide. In this study we show that the PRA model approach can be efficiently extended
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to other PAHs and photo-oxidants. Within the European integrated project on aerosol,
cloud, climate and air quality interactions (EUCAARI) (Kulmala et al., 2009), we have
reviewed and synthesized available literature data to develop a reaction mechanism
describing the degradation of PAHs exposed to O3, NO,, H,O, OH and NOj radicals in
a kinetic double-layer surface model (K2-SURF). PAH degradation and related ozone
uptake are simulated over a wide range of conditions, and the atmospheric implications
are discussed.

2 Model description

The K2-SURF model is based on the PRA framework for aerosol and cloud surface
chemistry and gas-particle interactions (Pdschl et al., 2007; Ammann and Pdschl,
2007). This framework describes the gas-particle interface by several model compart-
ments and molecular layers in which volatile, semi-volatile and non-volatile species can
undergo mass transport and chemical reactions: gas phase, near-surface gas phase,
sorption layer, quasi-static surface layer, and (near-surface) bulk of the particle.

As illustrated in Fig. 1, the K2-SURF model does not consider semi-volatile species
and processes in the particle bulk, which is just regarded as a substrate that may
influence the properties of the quasi-static surface layer.

In describing the degradation of particle-bound polycyclic aromatic hydrocarbons
(PAHs) exposed to O, H,O, NO,, OH, and NOj, the focus was on the gas phase dif-
fusion, gas-surface mass transport, surface layer reactions, and gas-surface reactions,
which are discussed in following sections. We assumed that the effects of surface-
bulk mass transport and chemical reactions in the bulk are negligible compared to
gas-surface mass transport and chemical reactions at the surface.
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2.1 Gas phase diffusion and gas-surface mass transport

Based on kinetic theory, the gas kinetic flux of X; colliding with the surface J. x, can
be expressed as

Joolx, = [Xilgs@x, /4 (1)
where [X;]qs is near-surface gas phase concentration of X; and @y is mean thermal

velocity given by @X/_=(8RT/(7TMXI_))1/2, where My is the molar mass of X;, R is the
gas constant, and T is the absolute temperature. Here we assume that the gas phase
concentrations of O3, H,O, and NO, are homogeneous throughout gas phase and
near-surface gas phase ([X;lgs=[X;lg). This assumption is well justified when uptake

coefficients are below 107° (Ammann and Pdschl, 2007).

On the other hand, uptake of OH and NO5; by PAH is reported to be high (>0.1)
(Bertram et al., 2001; Gross and Bertram, 2008), therefore, the significant net up-
take of OH and NO; will lead to local depletion of concentration at near-surface gas
phase ([X;]4s<[X;]4) and gas phase diffusion will influence further uptake. In this case
near-surface gas phase concentration should be corrected using a gas phase diffusion
correction factor Cy x .

[Xlgs=Ca x, [Xlg 2)
Cy.x, can be described as follows based on PRA framework (Poschl et al., 2007).
1

Cyx = 3
9% 0.75+0.28K0y, (3)

1 + yx’ KnXI.(1+KnX’.)

Kny, is Knudsen number which can be approximated by gas phase diffusion coefficient

Dy x, and particle diameter dj,.
6D x.
Kny, = —= )
Lo
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Using the reported value of Dg,OH=163 Torrcmz, s (Ilvanov et al., 2007), youy=0.32

(Bertram et al., 2001), Dg,,\,03=80Torrcm2 s~ (Rudich et al., 1996) and ¥Nno,=0.13
(Gross and Bertram, 2008), Cy o and Cg o, Were plotted against particle diameter d,
in Fig. 2. Diffusion effect becomes larger at larger d,,.

The flux of adsorption of gas molecules on the quasi-static particle surface can be
expressed as

Jads,X, = as,X,-JcoII,X, = ka,X,[X/]gs (5)

where ag . is surface accommodation coefficient and k, x, (=05 x,@x,/4) is a first-
order adsorption rate coefficient. In Langmuir adsorption model, a5 x. is determined
by the surface accommodation coefficient on an adsorbate-free surface ag o x, and the
sorption layer coverage 6, which is given by the sum of the fractional surface coverage
of all competing adsorbate species (i.e. O3, H,O, and NO,) QS,XP.

s x;, = as,O,X,-(1 -6;) = a's,o,X,-(‘I - z es,xp) (6)

SS,XP is the ratio of surface concentration of X, and concentration of surface sorption
site [SS]g: 6?5,)(p=[Xp]S /[SS]s- Surface sorption site [SS] is the inverse of the effec-
tive molecular cross section of X ,, Os X, In this study, we assume [SS] is independent
on adsorbate gas of O3, H,0, and NO; (i.e. 05 0, =0 1,0=0s N0, )- _

The adsorbed molecules can thermally desorb back to the gas phase. Desorption,
the inverse of adsorption, can be described by a first-order rate coefficient ky x , which
is assumed to be independent on &g x . The flux of desorption of gas molecules on the
quasi-static particle surface can be expressed as

Jaes x, = Kax IXils=T33 X5 (7)

The desorption lifetime 74y is the mean residence time on the surface in the absence
of surface reaction and surface-bulk transport. Since molecules are desorbed ther-
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mally, kg x, depends strongly on temperature. This can be described by an Arrhenius
equation as described below.

kqx, = Aexp(AH,qs x,/AT) (8)

A pre-exponential factor A is typically ~10'*s™" for chemisorbed species, which is
approximately the vibrational frequency of a molecule bound to the surface. For
physisorbed species, A is typically ~10's™". Adsorption enthalpy of gaseous X;,
AH,4s x, can be estimated roughly by assuming A.

The uptake coefficient of gas species X; can be expressed as a ratio between the
net fluxes of X; from the gas phase to the condensed phase Jpg; x,, and Jeq) x -

Jnet,X, Jads,X,- - Jdes,X,

9)

VX' = =
" ool Jeoll X

2.2 Surface layer reactions (Langmuir-Hinshelwood-type mechanism)

The surface layer reactions (SLRs) occur within the surface double layer and involve
only adsorbed species or components of the quasi-static layer. In this study the PAH-
O5 system is considered to follow a Langmuir-Hinshelwood-type mechanism, in which
ozone first adsorbs to the surface and then reacts with PAH in a quasi-static surface
layer (POschl et al., 2001; Ammann et al., 2003; Ammann and Pdschl, 2007; Poschl
et al., 2007). Note, however, that traditionally the term “Langmuir-Hinshelwood mech-
anism” is used for surface catalytic reactions between adsorbed gas species and not
to describe reactions that transform the surface (Masel, 1996; IUPAC, 1997). Here we
consider three SLRs:

PAH(ss) + O3(s) — 01-PAH(ss) (SLR1)
O5(s) + NO,(s) — NO4(s) (SLR2)
PAH(ss) + NO3(s) — 02-PAH(ss) (SLR3)
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The products of SLR1 and SLRS, 01-PAH and 02-PAH, are oxidized non-volatile PAHs.
The surface reaction of O and NO, produces the highly reactive NO3 radical, which
can react with PAH immediately. The degradation rate of PAH (Lg g payy) Can be de-
scribed using the second-order rate coefficients kg g par,0, @nd As| R pPaH,NO,

Lsir pan = KsLr,pan,0,[PAHIss[Osls + ksir panNo, [PAH]ss[NOsls=ks pan[PAHss  (10)

where ks papi (=Ksr pan,0,[03ls +AsLr par,no, [NO3ls) is an apparent first-order PAH de-
cay rate coefficient.
The loss rate of ozone by SLR1-SLR2 (Lg g o,) can be described as

Lsir0, = KsLr panH,0,[PAHIss[Osls + kst 0,N0,[03]s[NO2ls=ks 0,[03ls (11)

where kg o, (=Ksir paH,0,[PAHlss+KsLRr 0, n0,INO2]s) is an apparent first-order ozone
loss rate coefficient.
The production rate of NOg on the surface, Pg g no,. Can be described as

PsLrNO, = KsLR,0,N0,[O3lsINO2]s— ks g par,no, [PAH]ss[NOgls (12)

2.3 Gas-surface reaction (Eley-Rideal-type mechanism)

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 Pdschl, 2007; Pdschl et al., 2007). Note that tradition-
ally the term “Eley-Rideal mechanism” (also named Rideal-Eley or Langmuir-Rideal
mechanism) is used for surface catalytic reaction between adsorbed gas species rather
than for reactions that transform the surface (Masel, 1996; IUPAC, 1997). Here we con-
sider two GSRs.

PAH(ss) + OH(gs) — 03-PAH(ss) (GSR1)
PAH(ss) + NO3(gs) — 04-PAH(ss) (GSR2)
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Heterogeneous loss of PAH on the surface (L gggr pan) Can be described by the following
equation (Poschl et al., 2007).

Lasrpan = 2 Vasrx, PaHOss pan(1 = 0s)Jeoiix, (13)
X;

Here yasr x; pan is defined as the elementary surface reaction probability that X; (OH or
NOjz) undergoes gas-surface reaction when colliding with PAH on the surface. 84 pay
is the surface coverage of PAH.

2.4 Steady-state conditions

The surface mass balance and rate equations can be described as below in summary
(Poschl et al., 2007).

d[Osls/df = Jags,0,~Ydes,0,~LsLR.0, (14)
d[H,0ls/dt = Jags H,0~Jdes H,0 (15)
dINO,Js/dt = Jags No, ~aes,NO, ~L sLR.NO, (16)
d[PAH]ss/dt = —L g1 g pan—L GsR,PaH (17)
dINOgls/dt = Psi g No, ~aes NO, (18)

Steady-state conditions are characterized by d[X;];/dt=0 (X;=03, H,O, and NO,). The

effective Langmuir adsorption equilibrium constant Kallds,X, can be described as below.

6s,X,-

Kallds,X, [Xilgs = o ) (19)
ka 0.X;

KI — il 20

adsX; = 95X Kax, + Ksx, 2

. . ! .
If surface reactions are much slower than desorption (kq x>k x), then Kads,x, is equal

to a Langmuir adsorption equilibrium constant Kugs x. (=05 x,Ka 0 x,/Ka x,)- Under these
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conditions the desorption lifetime 74 x. and first-order rate coefficient k4 . are given by

1 Kaox,  Qs0x®@x,0sXx,
kd,X,‘ = T_ ~ US,Xi K’ = 4K’ (21)
d.X; ads,X; ads,X;
The surface concentration of X; can be expressed as
K;ds,x.[xi]gs
[Xi]sz[ss]sses,xiz[ss]ss : (22)

1+ 2 Kaas x,Xilgs
An apparent first order rate coefficient ks pay Can be described as

K. gs x [Xi]
Ks pan = Ks pAH max il i (23)
’ PR TS
D

K gox, Dol

where kg pay max IS @ maximum pseudo-first order rate coefficient of PAH.
The uptake coefficient of ozone (Vos) can be calculated as

_Lsiro, 4k pan
Yo, =

= (24)
Joollo,  OpaH®0,[Oslgs

The initial concentration of PAH is considered to be the inverse of the effective molec-
ular cross section opay and is estimated assuming one aromatic ring has 0.2 nm?. For
example, og,p is assumed to be 1 nm? because BaP consists of five aromatic rings

(Poschl et al., 2001).
3 Experimental data analysis and steady-state condition
3.1 PAH-0;-H,0 system

The kinetics of the heterogeneous reaction between PAHs bound on a substrate and
gas phase ozone were investigated in various laboratory studies (Wu et al., 1984;
18031

ACPD
9, 18021-18063, 2009

Kinetic double layer
model (K2-SURF)

M. Shiraiwa et al.

00


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/18021/2009/acpd-9-18021-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/18021/2009/acpd-9-18021-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

Alebic-Juretic et al., 1990; Poschl et al., 2001; Ammann et al., 2003; Mmereki and
Donaldson, 2003; Kwamena et al., 2004, 2006, 2007; Mmereki et al., 2004; Don-
aldson et al.,, 2005; Kahan et al.,, 2006). The investigated PAHs in this current
study are benzo[a]pyrene (BaP), anthracene, naphthalene, pyrene, phenanthrene,
benzo[a]anthracene (BaA), perylene, and fluoranthene. Degradation kinetics of a self-
assembled monolayer (SAM) of alkenes and cypermethrin were also analyzed as refer-
ences (Dubowski et al., 2004; Segal-Rosenheimer and Dubowski, 2008), as they were
also observed to follow a Langmuir-Hinshelwood-type mechanism. The heterogeneous
reactions between PAH with ozone were investigated for a wide range of substrates,
including aerosols of soot, azelaic acid and phenylsiloxane oil, and solid and liquid of
glass, ZnSe, non-activated silica gel, fused silica, and water, octanol, decanol, stearic
aicd, octanoic acid, and hexanoic acid, respectively.

3.1.1 Basic physicochemical parameters

A pseudo-first order rate PAH decay coefficient (ks pay) Was reported by laboratory
studies as a function of gas phase ozone concentration as shown in Fig. 3. They
showed nonlinear relationship with a shape that is consistent with the Langmuir-
Hinshelwood-type mechanism. This is in contrast to Eley-Rideal-type mechanism,
which would display a linear dependence of ks pay ON gas phase ozone concentration.

A non-linear least-square fit to the experimental data pairs of kg pay and [Og]gs for
each substrate is displayed in Fig. 3. In PAH-O3-H,0 system Eq. (23) can be simplified
to

K«’:Ilds,Os [Oslgs

ks,PAH = ks,PAH,max 7 7
1+ Kads,0,103lgs + Kags 11,0lM20]gs

(25)

The fit parameters of kg papy max and Kz;ds,03 are obtained by fitting to data using Eq. (25)
and summarized in Table 1. Pdschl et al. (2001) measured the surface concentration
of ozone, [O;], as a function of gas phase ozone concentration, which can be fitted by
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following equation.

Kads,0,[0slgs
Od)s=188ks 15— k" 1,0 (26)
+ Kads, 0,[O8los + Kogs 11,0lH20lgs

A non-linear square fit of these data leads to [SS]SS=5.8x1O14 cm™2 (05,0,=0.17 nm?).
We assumed this value for the other studies as well because as Poschl et al. (2001) is
the only study that measured [Og]s. A second-order rate coefficient (kg g pan,0,) caN
be calculated using the relation kg pay max=KsLR,par,0,[SSlss- The desorption lifetime
of Oz on the surface (740,) and desorption rate coefficients (k4 ,) were estimated
using Eq. (21), assuming the surface accommodation coefficient on an adsorbate-free
surface (a9 o,) of 1.0x10~° (Rogaski et al., 1997).

The 74, was calculated to be in the range of 10ms—10s depending on substrate
materials. The relatively longer desorption lifetime and the fact that the experimental
data can be described by Langmuir adsorption suggest chemisorption of O3 — pos-
sibly in the form of O atom — rather than physisorption. The adsorption enthalpy
AH,4s,0, Was roughly estimated using Eq. (8), assuming a pre-exponential factor (A)

of 10" s™". We calculated AH,4s,0, With A=1 0'-10"°s™", this leads to an uncertainty

of +6kJmol™" in AH,4s.0,- K;ds’os is approximated to Ky4s o, @s Kq 0, is one to three
orders of magnitude larger than ks o3. Kags0, @re one to three orders of magnitude
larger on a solid substrate compared to on a liquid substrate. This leads to a longer
desorption lifetime and higher AH,45 o, (»—(70-90) kJ mol‘1) on a solid substrate. Ad-
ditionally, ks par,max and Ksigr pan,0, are factor of 10 larger on a solid substrate com-
pared to a liquid one. Note that self-assembled monolayer of alkenes showed similar
adsorption and reaction rate values as PAH, whereas cypermethrin showed significant
lower reaction rate.

The surface kinetics were also investigated at a relative humidity of 25% (Poschl
etal., 2001) and 72% (Kwamena et al., 2004), respectively. The Ky4s 1,0 for these con-
ditions are summarized in Table 2. The K4 1,0 Values are on the order of 107" em™3,
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which are 2—4 orders of magnitude smaller than K,y 0, as0H,0 Of 6.0x10™* (Ro-
gaski et al., 1997) was assumed in order to estimate 74 4,0 and ky y,o0- The desorption
lifetime of H,O (Td,HZO) was ca. 50 ms, indicating the physisorption of H,O. The ad-
sorption enthalpy AH,4s 1,0 Was estimated to be —36(+9) kJ mol™" assuming a range

of pre-exponential factor values (108—1012 3'1).
3.1.2 Uptake of ozone

The yo, values of the PAH-O5-H,O system were calculated using Eq. (24) and are
shown in Fig. 4. The Yo, values showed a strong [03]gs dependence over five orders

of magnitude ([Oz]gs~1 0-10° ppb). The curves are modeled using K2-SURF assuming
three cases; 1) 740,=10s, kSLR,PAH,03=2-7X1O_17’ on a soot surface (Fig. 4, red solid
line), 2) 74 0,=1s, kSLR,PAH,03=2.7x1O'17, on a solid organic surface (red dotted line),

3) 74,0,=0.1s, kSLR,PAH,O3=5-OX1O_18’ on a liquid surface (black solid line). Systems
on a solid substrate such as soot, glass and solid organic substrate are explained very
well by the red lines in Fig. 4, over five orders of magnitude. As can be seen in Fig. 4,
most experimental data are obtained at high [O3],s range. The Yo, can be extrapolated
to atmospheric condition ([03]gs<150 ppb) by the modeled lines. The Yo, of PAH on

a soot surface is estimated to be (1 —3)><10'5 and ~107° on a solid organic surface.
The yp, on a liquid octanol surface (triangle markers in Fig. 4) showed significantly
lower values compared to the yo_  on a solid surface. One possible explanation is
that some PAH was dissolved into the octanol so the actual PAH concentration on
the surface was decreased leading to the reduction of yp, based on Eq. (24). The
transport of PAH from quasi-static layer to bulk can be modelled using surface-bulk
mass transport fluxes Jgs,, Which is beyond the present study. Still, these data are

well fitted by black solid line (74 0,=0.1s, kSLR,PAH703=5.0x1O'18), which suggests v,
at atmospheric condition in the order of 1078,
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3.2 PAH-O3-H,0-NO, system

The oxidation of PAH upon interactions with O3, H,O and NO, were investigated using
data from Schauer (2004). A pseudo-first order PAH decay rate coefficient (kg payy) and
the surface concentration of ozone, [O3];, were measured as a function of gas phase
ozone concentration as shown in Fig. 5, which can be fitted by following equations.

K ads,0,[Oslgs
[Osls=15Sks 1715 K’a — H,Ol . + K’ NO (27)
* adsros[ slgs + ads.Hzo[ 20lgs + ads,NOz[ 2lgs

Ke,lds,03 [Oslgs

Ks paH = Ks PAH, max 7 ; - (28)
1+ Kads,03[03]93 + Kads,Hzo[HZO]gs + Kads,NOZ[NOZ]gS

Using these equations of the non-linear fit, the Ka,lds,NOZ was estimated, which are sum-

marized in Table 3. The K;dS,NOZ values are on the order of 107'*cm?®, which are
comparable to K45 0,- The 7y no, Values were estimated to be ca. 50 ms, indicating
the chemisorption of NO,. The adsorption enthalpy AH,4s no, Was estimated to be

-67(+6) kJ mol ™" assuming a range of pre-exponential factors (A~1 0'2-10" 3'1).
Table 4 shows the basic physicochemical parameters of O in this system. The sorp-
tion sites decrease systematically as NO, concentration increases, which implies that
the effective molecular cross section of ozone (or O atom) is smaller than that of NO,
(05,0,(05,0)<0s No,)- The apparent kg g par 0, Was estimated assuming kg g o, no, =0-

It is interesting to note that kg pay max @and Kg g pan,0, iNCrease systematically as NO,

concentration increase. For example, k increases from 2.66x10™" cm?s™"
SLR,PAH,O4

0 5.70x10"7 cm? 3'1, when NO, increases from 0to 500 ppb, which indicates the ac-

celeration of PAH degradation. The PAH degradation was not observed when PAHs

are exposed to only NO, with concentrations of up to 1 ppm, which means NO, alone

does not efficiently degrade PAHs (Schauer et al., 2003). Therefore, the accelerating

effect of NO, can be attributed to the formation of the highly reactive NO5 radicals
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formed in gas phase or on the surface, or other reactive nitrogen species like N,Og
or HNOj;. The reactive uptake coefficients of N,Og or HNO; are reported to be below
~107°, therefore they are unlikely to react with PAHs at ambient conditions (Gross and
Bertram, 2008).

4 Numerical modeling of transient conditions

Here we model the temporal evolution of surface composition and uptake coefficients
of ozone over timescales from microseconds to days under standard conditions (298 K,
1013 hPa). The simulations were performed by solving the rate equations (Eqgs. 14—18)
numerically with a Matlab program.

The initial concentration of PAH is set to be 1x10'* cm™, and the initial surface con-
centration of gas species (O3, H,O, NO,, and NO3) is 0. For the exemplary model sim-
ulations, we consider PAH degradation both on soot and organics surface. The basic
physicochemical parameters required in the simulations are the surface accommoda-
tion coefficient on the free substrate (a5 (), the mean thermal velocity of gases (®), the
desorption lifetime of species (74), and the second-order rate coefficient (ks.g pan,0,),
which are summarized in Table 5. The a5, values were taken from previous studies
(Tabor et al., 1994; Rogaski et al., 1997). The 74 and kg g paH,0, Were determined
based on Sect. 3. The gas phase O5 concentration is set to be 100 ppb, which is
typical ozone concentration in polluted air mass. The chemical half-life of PAH on the
surface (¢4 ,) is estimated, which is defined as the time when the PAH concentration
reaches half of the initial concentration.

2

4.1 PAH-0;-H,0 system

Here we modeled PAH degradation upon interactions with O3 and H,O. Figure 6 shows
the surface concentrations of all involved chemical species and the uptake coefficient
of Og (Vo3)- We modeled PAH degradation on soot surface under dry (0% RH) and wet
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conditions (25% RH). Figure 6a shows the results at 25% RH. The initial plateau of Yo,
is equal to a5 g o, (=1 0'3) up to 1's, which can be explained as adsorption of O5 onto an

adsorbate free surface. The second plateau of y, at ~1 0~° is due to chemical reaction
of O5 with PAH. The temporal evolutions of surface species at 25% RH are analogous
under dry conditions (not shown in figure), except that the competitive adsorption of
H,O has the following consequences: (a) the surface coverage of O; becomes lower
at 25% RH due to competitive adsorption of O3 and H,O, (b) the PAH chemical half-life
increased from 168 s (dry) to 188s (25% RH).

When PAH is on the organics surface with 74, of 0.1s, the dominant species on
the surface is H,O and the maximum surface coverage of O3 reaches only 0.1% in
a short time (ca. 0.1s) as shown in Fig. 6b. Consequently, the second plateau of Yo,

is largely extended to ~10%s due to slow PAH degradation. Additionally, the second
plateau value of Yo, is lower on the organics (y03~10'7) than on the soot (y03~10'5).

4.2 PAH-O3-H,0-OH system

We modeled PAH degradation by O, H,O, and OH. Here we assume that the reported
Yon of 0.32 (Bertram et al., 2001) is equal to elementary surface reaction probabil-
ities vgsr.onpan- OH radicals colliding with PAH are assumed to react immediately
due to the OH radical’s high reactivity. The near-surface gas phase concentration of
OH was corrected using a gas phase diffusion correction factor (Cy o) of 0.87 and
assuming a particle diameter of 200nm. The two dotted lines in Fig. 6a and b corre-
spond to two different OH concentrations: a globally averaged ambient concentration
([OH];=1 x10° cm'3) (Prinn et al., 1992) and an approximate upper limits in polluted
air ([OH]q=1x1 0’ cm'3).

Figure 6a shows that OH does not affect PAH degradation on soot significantly. In
this case O3 plays the dominant role in the PAH degradation. On the other hand, OH
largely accelerates PAH degradation on an organic surface as shown in Fig. 6b. As
a consequence, the plateau of Yo, is an order of magnitude shorten depending on OH
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concentration. Therefore OH plays a main role in PAH degradation on an organics
surface.

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

We have estimated the chemical half-life of PAH (¢, ,) on soot, organic and liquid sur-
faces, when exposed to ambient concentrations of O; and OH and with a RH=25%.

Figure 7 displays the results of these calculations. The black line is the ¢, ,, of PAH
on a soot surface at 25% RH, which showed ¢;/,, of ~10min at typical atmospheric
O3 concentration of 30 ppb. We calculated ¢4, under dry conditions as well, which
resulted in a t4 , value of ~5min at 30 ppb O3. Therefore, the competitive adsorption
of O3 and H,O leads to a significant increase in t4 ,. However, the ¢, , values showed
only a slight change with increasing [OH]g. This is because PAH degradation on soot
is dominated by the surface layer reaction of PAH with Os.

The t4,, values on a solid organic surface (Fig. 7, red and blue line) are estimated
to be 2-15h at 30 ppb O3 when the OH concentration is 0. The t, , value on a liquid
organic surface like octanol (green line) is estimated to be a few days. As shown in
Fig. 7, 74 0, is a critical factor in estimating the chemical half-life of PAH on the surface.
OH plays a critical role in these cases. It accelerates the PAH degradation by one to
two orders of magnitude depending on OH concentration.

In summary, the PAH chemical half-life on the surface (¢, ;) ranges from ~10 min on
soot, to 1-5h on solid organics and 6 h on liquid particles under typical ambient condi-
tions (30 ppb O3, 25% RH, 10°cm™3 OH). The relative importance of PAH degradation
by O3 and OH depends on the substrate of PAH.

4.3 PAH-03-H,0-NO,-NO; system

Here we modeled PAH degradation on soot upon interactions with O3, H,O, NO,, and
NO;. As discussed in Sect. 4.1, if other gas species (i.e. H,O) coexist with ozone in
the system, competitive adsorption leads to slower degradation. Therefore, if we con-
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sider neither the surface reaction of O5 with NO, nor gas-surface reaction of NO3, then
competitive adsorption of NO, leads to slower PAH degradation. This is inconsistent
with experimental results (Table 4), which shows that NO, accelerates PAH degrada-
tion. For example, the apparent kg g pan 0, IS inCreased from 2.7x10" " cm?®s™" to

5.7x10" " cm?s™" (Table 4) under 500 ppb NO,, leading to a reduction of #;,, from
188s to 170s at 100 ppb O and 25% RH. Here we considered two possible expla-
nations for the acceleration of PAH degradation: (1) surface reaction of Oz with NO,
(Langmuir-Hinshelwood-type mechanism) and (2) gas-surface reaction between PAH
and gas phase NOj radical (Eley-Rideal-type mechanism).

4.3.1 Surface reaction of O; with NO,

We modeled the PAH-O5-H,0-NO,-soot system considering a surface reaction of Og
with NO, (SLR2) and the subsequent reaction of NO; with PAH (SLR3). We tested
KsLr,0,NO, and Kg R pan,No, Values in the range of 107%-10""" ¢cm®s™". The desorp-
tion lifetime of NOj3 (74 no,) Was assumed to be 10 and 0.01s. The concentrations of
O3 and NO, at 25% RH are set at 100 and 500 ppb, respectively. The resulting PAH
chemical half-lifes (¢, /,) are summarized in Table 6.

The t;,, value should be ~170s considering the acceleration of PAH degrada-
tion. Moreover, the fact that the PAH-O3-H,O-NO, system is well described by
Langmuir-Hinshelwood-type mechanism (Fig. 5) indicates Lg g o, <Jges 0, l€ading to

kS.Os (=kSLR,PAH,03[PAH]SS+kSLR,03,N02[NOZ]S)<<kd,03' ConSidering kd,03 |S N10_1 and
[NO,]; and [PAH] is ~10', then kg o, no, Should be <107'°.
Based on these criteria, kg g o, N0, Should be on the order of 107"7-107"® em?s7",

whereas kg g paH,No, i ON the order of 107"°-10""?cm?s™". This is reasonable be-
cause Kg| g o, No, IS On the same order of kg g pan,0, @and the NO; radical is expected

to have high reactivity. The possible combination of rate coefficients are 1) 74 yo, =105,

-17 -16 2 -1 -15 -14 2 -1
kSLR,Oa,NOZ=1O —10 cm S ’kSLR,PAH,NO3=1o —10 cm- S
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A7 =16 2 1
and 2) 74 No,=0.01s, kg R o, N0, =10 " —=10" "cm”s™ ', kg| R paH,NO, =

107321072 em?s7".

Figure 8a shows the exemplary simulation of this system using 74no,=10s,

kSLR,O3,N02=1O_17cm2 s™', and kS,_R]PAH,\,03=10'14cm2 s, Temporal evolution is

similar to Fig. 6a, but the PAH degradation was accelerated by formation of NOg radical,
whose concentration reaches ~10'2cm™2. The uptake coefficient of Og (Vos) stayed

107° because of continuous surface reaction of O3 with NO,.
4.3.2 Gas-surface reaction with NO3

Gas-surface reaction between gas phase NO; and PAH is another possible explana-
tion for the acceleration of PAH degradation. This system corresponds to a possible
nighttime chemistry of PAH degradation, as NO; is the dominant oxidant at nighttime.
The degradation of PAHs on a soot surface when exposed to O3, H,O, NO,, and gas
phase NO; was modeled in Fig. 8b. Note that the surface reaction of O3 with NO, is
not considered in this simulation. The NOj; reactive uptake coefficient by PAH is re-
ported to be 0.13 (Rudich et al., 1996). We assumed this is equal to the elementary
surface reaction probability Ygsr no, paH- The near-surface gas phase concentration
of NOz was corrected by the gas phase diffusion correction factor (Cg no,) of 0.94 and
assuming a particle diameter of 200 nm (Fig. 2). The concentration of O3 and NO, at
25% RH are set to be 100 ppb and 500 ppb, respectively. Four NO5 concentrations
that cover the range of ambient concentrations (1, 10, 20, and 100 ppt) were assumed
(Finlayson-Pitts and Pitts, 2000).

When the NO3 concentration is 1ppt, the presence of NO; does not impact the
degradation of PAHSs significantly, but rather ozone plays a dominant role in PAH degra-
dation. The NO; radicals compensate the competitive adsorption of NO, when NO4
concentration is 10 ppt with £, ,, of 186's. The #;, is 144 s when the NO; concentration
is 20 ppt. And for 100 ppt NOg concentration, the ¢4, is calculated to be 38s, which
means the PAH degradation is dominated by the NO; radical at this condition.
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4.3.3 PAH chemical half-life on the surface and atmospheric implications

The chemical half-life (4/,) of PAH on the surface (soot, organics, and liquid) was
estimated upon interactions with O3, H,O, NO,, and NO5; at ambient concentration
level (<150ppb O3, 25% RH, 100ppb NO,, 1-10ppt NO3). Figure 9 displays the
results of calculations. Neither the surface reaction of O3 with NO, nor gas-surface
reaction of NO; was considered for the thick solid line. NOj accelerates the PAH
degradation by one to three orders of magnitude depending on NO3 concentration
(Fig. 9, dotted and dashed line). The surface reaction of O3 and NO, decreases the
ty o by ca. 40% on every surface (Fig. 9, solid line).

In summary, under typical ambient conditions at night time (i.e. 30 ppb O3, 100 ppb
NO,, 25% RH, 1 ppt NOs), the PAH chemical half-life on the surface (t;,) ranges from
~10 min on soot, to 30—60 min on solid organics and liquid particles. The NO4 radical
can degrade PAH and ¢, ,, depends largely on NO3 concentration.

5 Conclusions

We have developed and applied a kinetic double-layer surface model (K2-SURF) and
chemical reaction mechanism to describe the degradation of polycyclic aromatic hy-
drocarbons (PAHs) on aerosol particles interacting with ozone, nitrogen dioxide, water
vapor, hydroxyl and nitrate radicals. Basic physicochemical parameters have been de-
rived from experimental data and used to simulate PAH degradation and ozone uptake
by aerosol particles under a wide range of conditions. The main conclusions are:

1. The heterogeneous reaction between particle-bound PAHs and ozone can be well
described by Langmuir-Hinshelwood-type mechanism and rate equations with ef-
fective Langmuir adsorption constants and surface reaction rate coefficients de-
pending on the substrate material.

2. Competitive and reversible adsorption and chemical transformation of the surface
18041
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(aging) lead to a strong non-linear dependence of the ozone uptake coefficients
on time and gas phase composition with different characteristic features under
dilute atmospheric and concentrated laboratory conditions. Under typical ambient
conditions the ozone uptake coefficients of PAH-coated aerosol particles are likely
in the range of 107°-107°,

3. Nitrogen dioxide undergoes competitive co-adsorption with ozone. At ambient
temperatures NO, alone does not efficiently degrade PAHSs, but it can accelerate
PAH degradation by ozone. The accelerating effect of NO, can be explained by
the formation of highly reactive NO4 radicals in the gas phase and on the surface.

4. The chemical half-life of PAH is expected to range from a few minutes on the
surface of soot, to multiple hours on solid organics and days on liquid particles. On
soot, PAH degradation appears to be dominated by a surface layer reaction with
adsorbed O3 (Langmuir-Hinshelwood-type mechanism). On other substrates, it
seems to be dominated by gas-surface reaction with OH and NO4 radicals (Eley-
Rideal-type mechanism).

5. To our knowledge, K2-SURF is the first atmospheric process model describ-
ing multiple types of parallel and sequential surface reactions between multiple
gaseous and particle-bound chemical species. We suggest that it may serve as
a basis for the development of a general master mechanism of aerosol and cloud
surface chemistry, and we intend to pursue this development in follow-up studies
including other organic aerosol components.
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Table 1. Basic physicochemical parameters of O; in the PAH-O5-H,O system with different
PAHs and substrates.

PAH Substrate RH(%) Kags,0, Ks pAH max KsLr paH,0, Kyo, Tao, DHagso, Reference

(107%em®)  (s7)  (1077em?®s™") (s) () (kJmol™")
BaP Soot 25 255 0.0155 3.37 0.08 13.0 -86 Péschl et al. (2001)
BaP Azelaic acid 72 4.39 0.0600 10.4 356 0.28 -76 Kwamena et al. (2004)
BaP Soot 0 255 0.0154 2.66 0.06 16.3 —-86 Péschl et al. (2001)
BaP Azelaic acid 0 1.18 0.0480 8.30 13.2 0.08 -73 Kwamena et al. (2004)
BaP NaCl 0 0.12 0.0320 5.54 130 0.01 -67 Kwamena et al. (2004)
BaP Fused silica 0 271 0.0325 5.62 0.58 1.74 -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 0 2.24 0.0550 9.52 6.97 0.14 -75 Kwamena et al. (2007)
BaA Silica gel 0 38.6 0.004 0.69 040 247 -82 Alebic-Juretic et al. (1990)
Pyrene Silica gel 0 86.0 0.001 0.17 0.18 5.51 -84 Alebic-Juretic et al. (1990)
Perylene Silica gel 0 67.9 0.004 0.69 0.23 4.35 -83 Alebic-Juretic et al. (1990)
Perylene Fused silica 0 4.4 0.004 0.69 355 0.28 -76 Wu et al. (1984)
Fluoranthene  Silica gel 0 65.0 0.0001 0.02 0.24 4.17 -83 Alebic-Juretic et al. (1990)
BaP Octanol 0 0.35 0.0055 0.94 45.0 0.02 -70 Kahan et al. (2006)
Anthracene Phenylsiloxane oil 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 0 1.83 0.0026 0.45 8.53 0.12 -74 Mmereki et al. (2003)
Anthracene Water 0 0.45 0.0026 0.45 34.7 0.03 =71 Mmereki et al. (2003)
Anthracene Stearic aicd 0 0.47 0.0024 0.41 33.4 0.03 =71 Mmereki et al. (2004)
Anthracene Octanoic acid 0 0.94 0.0013 0.22 16.7 0.06 -72 Mmereki et al. (2004)
Anthracene Hexanoic acid 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/water 0 1.66 0.0015 0.26 9.41 0.1 -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 1.60 -80 Dubowski et al. (2004)
Cypermethrin ~ ZnSe 0 0.47 0.0007 0.12 33.2 0.03 =71 Segal-Rosenheimer

and Dubowski (2007)
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Table 2. Basic physicochemical parameters of H,O in the BaP-O3-NO,-H,0 system on soot
and azelaic acid.
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Substrate RH (%)  Kagsh,0 [SSlss TgH,0 kim0 BHagsh,o0

(1077em®) (10" em™®) (s) ) (kJmol™)
Soot 25 0.17 4.60 1.33x10™*  7.54x10°  -35+9  Poschl et al. (2001) [Og]; vs. [Oslgs
Soot 25 0.15 2.24 569x10™° 1.76x10*  -33x9  Schaueretal. (2003)  [Og]; vs. [Osys
Soot 25 1.02 - 7.95x10™* 1.26x10°  -39x9  Poschl et al. (2001) Ks Bap VS. [Oglgs
Soot 25 1.18 - 4.48x107* 2.23x10° -38+9  Schauer et al. (2003) Ks gap V8- [O3lgs
Azelaic acid 72 0.10 - 9.80x107° 1.02x10* -34+9  Kwamena et al. (2004) kg gap VS. [Ojlgs
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Table 3. Basic physicochemical parameters of NO, in the BaP-O3-NO,-H,0 system on soot

(Schauer, 2004).
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RH NO, Kads NO, [SSlss kano, Tano, DHagsno,

(%) (ppb) (107%cm®) (10™em™@) (s7')  (s) (kdmol™)
0 100 82 4.50 16.0 0.062 -70 [03]; vs. [Oglye
0 500 34 3.50 496 0.020 -67 [03]s Vs. [Oglge
0 1000 53 3.00 371 0.027 -68 [03]; vs. [Oglge

25 1000 10 224 263 0.004 -63 [03], vs. [0
0 100 69 - 19.0 0.053 -69 ke gap VS- [O3gs
0 250 54 - 27.3  0.037 -68 ke ap VS. [Oslgs

25 250 86 - 172 0.058 -70 ke pap VS. [Oslgs
0 500 71 - 238 0.042 -69 ke gap VS- [0
0 750 17 - 99.2 0.010 -65 ke gap VS [Oslge
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Table 4. Basic physicochemical parameters of O5 in the BaP-O4-NO,-H,O system on soot
(Schauer, 2004).
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RH N02 Kads,O3 ks,PAH,max [SS]SS kSLR,PAH,03 kd,03 Td,03 AHads,Oa
(%) (ppb) (107"%em®) (')  (10"™em™@) (1077 em®s™) (s7') (s) (kJmol™)
0 0 255 0.015 5.80 2.66 0.06 16.3 -86
0 100 331 0.013 450 2.89 0.06 16.5 -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 5.71 0.07 135 -86
0 750 296 0.020 3.25 6.15 0.09 107 -85

The values in bold are interpolated values.
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Table 5. Basic physicochemical parameters of O3, H,O, and NO, used in the numerical simu-
lations of transient conditions.

Substrate Kags KsLr paH,0, T4 Qs o ®
(10'150m3) (10'17cm2 s'1) (s) (cm s'1)
O;  Soot 160 2.7 10 107 3.60x10*
Organics 1.6-16 2.7 0.1—1 107 3.60x10*
Liquid 0.16-1.6 0.5 0.01-0.1  10°  3.60x10*
H,O 1072 - 107 4.0x10™* 5.90x10*
NO, 50 - 0.05 0.064  3.69x10"
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Table 6. Chemical half-life of PAHs in the PAH-O3-NO,-H,0 system assuming different values
for the O5-NO, and PAH-NO; surface layer reaction rate coefficients (kg g 0, N0, KsLr paH.NO,)-

Tano, =108 KsLR PAH,NO, (cm?s™")
tip(s) 1077 107 107" 107"
KsLr.0,.NO, 107" 263 262 245 242
(cm?s™") 107" 265 253 154 145
107 287 197 41 36
Tano,=0.01s KsLR PAH,NO, (cm?s™")
tip(s) 1077 107 107" 107"
KsLr.0,.NO, 107" 263 263 263 244
(cm?s™") 10" 266 266 264 153

107'® 297 297 280 40
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Table A1. Frequently used symbols.

ACPD
9, 18021-18063, 2009

Symbol Meaning
¥x, Uptake coefficient of X;
Ty x, Desorption lifetime of X;
@y, Mean thermal velocity of X; in the gas phase
9.X; Gas phase diffusion correction factor of X;
b Particle diameter
Kax, First-order desorption rate coefficient of X;
Ksiry x, X, Second-order rate coefficients for surface layer reactions of X,
ksirvx,y,  With Xy, X, with Y, respectively
Kads x, Adsorption equilibrium constant of X;
Ka’\ds,X, Effective adsorption equilibrium constant of X;
Asox, Surface accommodation coefficient of X; on an adsorbate-free surface
Lo Chemical half-life of PAHs on the surface
[SSlgs Sorption site surface concentration
Xilg Gas phase concentration of X;
[Xilgs Near-surface gas phase concentration of X;
X1s Surface concentration of X; (sorption layer)
[Y/lss Surface concentration of Y; (quasi-static layer)
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Fig. 1. Schematic illustration of the kinetic double-layer surface model (K2-SURF). Compart-
ments and transport fluxes for volatile species (O, H,O, NO,, OH and NO3) and non-volatile

species (PAHSs).
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Fig. 2. Gas phase diffusion correction factor (Cy) for OH and NO; plotted against particle

diameter (d,).
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Fig. 3. Pseudo-first-order PAH decay rate coefficients (ks pay) as a function of gas phase ozone
concentration ([Og]ys) under dry conditions: BaP on soot aerosol (Poschl et al., 2001), BaP on
azelaic acid aerosol (Kwamena et al., 2004), Anthracene on octanol (Kahan et al., 2006), and
cypermethrin on ZnSe (Segal-Rosenheimer and Dubowski, 2008).
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Fig. 4. Ozone uptake coefficients (y,) for different PAHs and substrates. Symbols rep-
resent literature data (Table 1). Lines show model results assuming the following parame-
ters: 1) 740,=10s and kS,_R,F,A,_,,Oa=2.7x10'17 for soot surfaces (red solid line), 2) 740,=1s

and kSLR,PA,JLoa:Z.?x10‘17 for solid organic surfaces (red dotted line), 3) 74,,=0.1s and
Ksr pan,0,=5.0x107"® for liquid surfaces (black solid line).
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(RH 25%), and wet (RH 25%) and NO, (1 ppm) conditions. Fit curves assume a Langmuir-
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Fig. 6. Temporal evolution of the surface concentration of the volatile species (O; and H,0),
of PAH in the quasi-static surface layer, and of the ozone uptake coefficient (Vos) at 100 ppb _
O; and 25% RH assuming OH concentration of 0 (solid line), 1.0x10° cm™ (dotted line) and
1.0x10° cm™ (dashed line). PAHSs are either (a) on soot or (b) on a solid organic surface.
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Fig. 7. Chemical half-life of PAHs on different substrates (soot, solid organic, liquid) as a func-
tion of gas phase ozone concentration at 25% RH assuming OH concentrations of 0 (solid
lines), 1.0x10° cm™ (dashed lines), and 1.0x10” cm™ (dotted lines). The desorption lifetime
of O (740,) Was set to 10s (soot), 1 or 0.1s (solid organic), and 0.01 s (liquid), respectively.
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