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Abstract. This study assesses in detail the effects of het-of 41 ppbv and 7.8 ppbv for an hourly and six-hourly replen-
erogeneous chemistry on the particle surface and gas-phasghment cycle, respectively. This conceptual study highlights
composition by modeling the reversible co-adsorption gf O the interdependence of co-adsorbing species and their non-
NO,, and HO on soot coated with benzo[a]pyrene (BaP) for linear gas-phase feedback. It yields further insight into the
an urban plume scenario over a period of five days. By cou-atmospheric importance of the chemical oxidation of parti-
pling the Mschl-Rudich-Ammann (PRA) kinetic framework cles and emphasizes the necessity to implement detailed het-
for aerosols (Bschl et al., 2007) to a box model version of erogeneous kinetics in future modeling studies.

the gas phase mechanism RADM2, we are able to track indi-
vidual concentrations of gas-phase and surface species over
the course of several days. The flux-based PRA formula-1
tion takes into account changes in the uptake kinetics due to

changes in the chemical gas-phase and particle surface conyjeterogeneous chemistry describes reactions between gas-
positions. This dynamic uptake coefficient approach is em-hase species and condensed matter. In the atmosphere, these
ployed for the first time in a broader atmospheric context ofheterogeneous reactions can significantly change the com-
an urban plume scenario. Our model scenarios include onggsition of aerosol particles and the atmospheric environ-
to three adsorbents and three to five coupled surface reagnent. The most prominent example is heterogeneous reac-
tions. The results show a variation of thg &d NG uptake  tions on polar stratospheric clouds, which are the key pro-
coefficients of more than five orders of magnitude over thegagses for the observed strong ozone depletion during po-
course of the simulation time and a decrease in the uptakey, spring Crutzen and Arnold1986 Molina et al, 1987
coefficients in the various scenarios by more than three orgg|omon et al.1992,.

de_rs of magnitude within the fi_rs_t six hours. Thergafter, peri-  |n the troposphere, changes in aerosol composition due to
odic peaks of the uptake c_oefﬂuents follow_the diurnal cycle heterogeneous reactions can affect the particle’s hygroscop-
of gas-phase §NO reactions. Physisorption of water va- jcity with subsequent consequences for its radiative prop-
por reduces the half-life of the coating subgtance BaP by URsties and its interactions with clouds (eRudich 2003

to a factor of seven by permanently occupyn@S% of the ik anakidou et al.2005 Rudich et al, 2007. Furthermore,

soot surface. Soot emissions modeled by replenishing reag;eterogenous reactions can have significant impact on the
tive surface sites lead to maximum gas-phageal€pletions chemistry of the troposphere by changing gas-phase con-
centrations of air pollutants and oxidizing agents (&gn-

tener et al. 1996 Seisel et al. 2005 Evans and Jacob
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Human health can be affected by heterogeneous reactiorthe uptake coefficient can not a priori be treated as a constant
leading to changes in the aerosol particle’s toxicity and aller-value. Instead, one would expect that it generally varies over
gic potential Finlayson-Pitts and Pitt4997 200Q Podschl| time due to changes in the particle surface composition and
2002 Franze et a).2003 2005 Bernstein et a).2004). gas-phase concentrations.

An ubiquitous aerosol particle type, particularly in urban  Pdschl et al.(2007) developed a kinetic model frame-
environments, is soot. Soot particles originate from the in-work for aerosol surface chemistry and gas-particle interac-
complete combustion of hydrocarbons, e.g. in combustiortions which includes flux-based mass balance and rate equa-
engines Finlayson-Pitts and Pitt200Q Bond et al, 2004, tions, and a clear separation of mass transport and chemical
and may be coated with polycyclic aromatic hydrocarbonsreactions. This treatment, also termed tliséhl-Rudich-
(PAHSs) formed by the same processEmlayson-Pitts and Ammann (PRA) frameworkHoschl et al. 2007 Ammann
Pitts 2000). and Pschl 2007, allows to consider changes in the rate pa-

Laboratory studies indicated that gas phase species such aameters such as the uptake coefficient as a result of changes
ozone (Q) and nitrogen dioxide (N&) can react with soot in particle surface composition and gas-phase concentra-
surfaces Rosch| 2005 Nienow and Robert2006 Rudich  tions. For the remainder of this manuscript, we refer to
et al, 2007). Ozonolysis experiments on soot showed rapidthis approach as dynamic uptake coefficient approach em-
initial gas uptake followed by a slower uptake regime dur- phasizing the potential variability of. The PRA frame-
ing which surface reactions occurreginfith and Chughtai  work consists of a double-layer surface model which incor-
1996 Disselkamp et a).200Q Poschl et al. 2001). These  porates gas-surface, surface layer, and surface-bulk reactions
surface reactions can produce carboxyl groups that stay oand allows the addition of unlimited numbers of chemical
the particle surface and/or volatile species such as &@  species and physicochemical procesgéschl et al.2007).

H>0 that desorb to the gas pha3éémas et a).2007). The It provides an explicit mechanistic description of concentra-
same two-step kinetic process, fast initial uptake followed bytion and time dependencies of the reactive and non-reactive
a slower uptake regime, was found in experiments probinggas uptake and subsequent changes in particle composition.
the adsorption and reactivity of N®@n soot Ammann et al. Using this framework, the two-step kinetic process observed
1998 Kleffmann et al, 1999 Saathoff et a].2007). Studies in the ozonolysis and N®adsorption experiments can be
also indicated the subsequent formation and desorption of nidescribed by a Langmuir adsorption-desorption equilibrium
trous acid (HONO), which is important for initiating daytime followed by Langmuir-Hinshelwood type surface reactions
photochemistry by providing a source for the hydroxyl rad- (Poschl et al. 2001, Rudich 2003 Rudich et al. 2007,

ical (OH) (Ammann et al. 1998 Arens et al. 2001, 2002 Poschl et al.2007).

Vogel et al, 2003 Aubin and Abbatt2007). Water vapor The focus of this paper is to determine how heterogeneous
significantly affects the ozonolysis of soot and the N#dl-  reactions change the aerosol surface composition and affect
sorption on soot surfaces. It delays the loss of surface specigbe gas-phase concentrations of adsorbing pollutants in an
during ozonolysisRoschl et al.2001) and may decrease the urban plume scenario. To investigate this question, the PRA
NO, uptake. dynamic uptake coefficient approach is coupled to the Sec-

The efficiency of heterogeneous reactions is often ex-ond Generation Regional Acid Deposition Model (RADM2)
pressed employing an uptake coefficiep) vhich repre-  which is a well-established, nonlinear chemical gas-phase
sents the ratio between the net flux of a gas phase speciegsechanism for modeling atmospheric chemistry on a re-
from the gas phase to the condensed phase and the gas kinegjonal scaleChang et al.1987 Stockwell et al.1990 under
flux of the same gas phase species colliding with the surfaceonsideration of diurnal changes in photolysis frequencies
(Danckwerts1951, Schwartz and Freiberd 981, Schwartz and gas-phase emissions. With this coupled model frame-
1986 Poschl et al. 2007. Modeling studies often assume work, we are able to assess in yet not achieved detail the ef-
constant uptake coefficients to describe heterogeneous reafects of heterogeneous reactions on particle and atmospheric
tions (Tie et al, 2001, Bey et al, 2001, Aklilu and Michelan-  gas-phase composition for arbitrary time scales. We apply
geli, 2009, or employ empirical parameterizations of the up- data from several heterogeneous uptake experiments on soot
take coefficient in dependence of relative humidity, tempera-to model the reversible co-adsorption of,MO,, and water
ture, and aerosol compositioB\ans and JacoB005 Davis  vapor on soot particles coated with the polycyclic aromatic
et al, 2009. However, the experimental studies on the ad- hydrocarbon benzo[a]pyrene (BaP) for an urban plume sce-
sorption of gas-phase species on soot mentioned above indirario. These model substances are of high relevance with
cate that the heterogeneous kinetics depend also on partickespect to public health and the environment, as BaP is clas-
surface composition and gas-phase concentrations, in addsified as a “probable human carcinoge&EP@, 20063 and
tion to the environmental conditions described by temperathe trace gases £Dand NG are major criteria air pollu-
ture and relative humidity. Consequently, changes in gastants EPA, 2006h. With these gas-phase species, we de-
phase composition due to reactions within the gas-phase anfihe three model scenarios of increasing complexity which
uptake of gas-phase species by particles can significantly afare comprised of adsorption and surface reactionszpfo®
fect the efficiency of the uptake kinetics. For these reasonsQ3 and NG, and of G, NO,, and water vapor. Since each
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scenario has a different number of co-adsorbing species, we
are able to give a detailed account on the influence of co- |
adsorption on heterogeneous chemistry and the gas phaseJues4 gas phase X(g)

Instead of applying a prescribed uptake coefficient, we ex- J,,, ] |
plicitly resolve the fluxes that determine the uptake coeffi- X sorption layer X(s) \
cient. Therefore, the uptake coefficient is a quantity that is ks.z

diagnosed from our calculations and is dependent on adsor- ¥ quasi-static surface layer Y (ss)

bent specific parameters like molecular cross section, accom- ’

modation coefficient, desorption time, and the adsorbents’ bulk

gas-phase and surface concentrations and reactions.

The new contributions of this study are the coupling of
the PRA framework to gas-phase chemistry and the co- _ _ _
adsorption of multiple gas-phase species with coupled surFig. 1. The applied surface layer model is shown as a schematic.

face reactions. By including the competing effects af O The gas-particle interface i§ divided into a gas-phase (g) with gas-
NO,, and water vapor, the model complexity goes be- phase species;Xg), a sorption layer (s) with adsorbed gas-phase

yond current laboratory experiments, which consider two Co_species X(s), a quasi-static surface layer (ss) with non-volatile par-

- . N ticle components Xss), and a particle bulk. The adsorption and
adsorbing gas-phase species at most @g:hl _et al.2001). esorptioﬂ fluxes gre ?ndica’tedpfil@dS and Jges respectiverl)y, and
It also places the heterogeneous reactions into a more reafpe rate coefficient for surface layer reactions is denotetdpy.
istic atmospheric context with atmospheric humidity levels, aqapted fromPoschl et al(2007.
gas-phase and soot emissions, and diurnal photolysis pat-
terns.

The scope of this paper is conceptual and relies on someoncentration for the dynamic uptake approach and, for com-
simplifications. For example, the maximum adsorbents’ sur-parison, for an approach with constant uptake coefficients.
face coverage is limited to one monolayer, which means thatWe conclude with summarizing the findings and their atmo-
diffusion processes through multiple surface layers are nospheric implications.
considered in our model framework. This allows us to treat
the uptake of gas-phase species according to Langmuir ad-
sorption kinetics. To reduce complexity, we neglect changes Coupled PRA model framework

in particle composition due to coagulation, dilution, and con- . .
densation of semi-volatile gas-phase species. We also expe-c[ e PRA framework Roschl et gL. 2007 describes gas-
ase uptake and surface chemistry by a double-layer sur-

more trace gases than the three considered here to adso b e model with sorotion laver and quasi-static laver. and b
onto soot particles under atmospheric conditions. However, Pt yer N yer, y
flux-based rate equations. Figuteshows the scenario we

with limiting the number of adsorbents to three, we are able dant on this basis. supported by experiments on the adsor
to specifically assess each adsorbent’s influence on the hefoapt o S Dasis, supported by experiments on the adsorp
ﬁ%n and subsequent reaction o ©n soot Poschl et al.

erogeneous chemistry. Other trace gases, such as OH a )
NOgs, are also involved in important heterogeneous reaction 0]). and NG on soot fAmmann et ?l'lgga‘ Gas—p_h_ase
species X(g) adsorbs onto the sorption layer, quantified by

(e.g.Bertram et al. 2001 Molina et al, 2004 Hearn and . . :
. ) ) the adsorption fluxags Adsorbed species; Xs) can then ei-
Smith, 2006 Knopf et al, 200§ Gross and Bertran2008 ther desorb, expressed by the desorption flyeg or react

Park et al. 2008 Gross and Bertrap2009, but have not ith latil ol s f th .
been shown to adhere to Langmuir adsorption kinetics with/th hon-voiatiie particie componen 5 (6s) from the quasi-

subsequent surface reactions (Langmuir-Hinshelwood typéQ’tat'C. s_urface layer, which is indicated by a second-order rate
coefficientkg .

reactions) and are therefore not the subject of this study. Al- The coupling of the PRA model framework to the gas-

though we attempt to use realistic values characteristic of an ? . ) . .
urban plume scenario as input parameters, our purpose is n%hase mechan|§m RADM2 IS achieved by implementing the
RA framework’s net production and loss terms of gas-phase

to make exact atmospheric predictions. oo o ) )

The paper is organized as follows. Section 2 describes th nd surface species into the chemical integration routine of
employed model framework consisting of the PRA modelthADMz' lilectlonzd.l descnbis the gkjlas-phase. loss .due tg
framework coupled to the gas-phase solver RADM2. In € reversivie co-adsorplion of gas-phase Species using a dy-

namic uptake approach and S&R gives an account of the

Sect. 3, we outline our model approach by describing the mical production and | f adsorbed and surf i
adapted gas-phase chemistry of an urban plume scenario, e emical production and loss o adsorbed and surtace Species
ue to Langmuir-Hinshelwood type surface reactions.

representation of soot coated with BaP as a model substance,
our model scenarios with the implemented surface reactions,
and additional soot emission scenarios. Section 4 presents
our results on the temporal evolution of surface composi-
tion, the BaP half-life, and the feedback on the gas-phase O
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7464 M. Springmann: Reversible co-adsorption gf BO,, and HO on soot

2.1 Dynamic uptake coefficient approach diffusion correction for the cases considered here can be ne-
glected and the gas-phase concentration close to the surface

The presented derivations are relevant to couple the gasequals the average gas-phase concentratiqiy XX, Ig-
phase mechanism RADM2 to the PRA framewoRdgchl The net flux to the condensed phase is the difference of the
et al, 2007 Ammann and Bsch| 2007). The subsequent adsorption flux and desorption flux,
equations represent a condensed version of the PRA frame-
work and follow closely its derivations outlined ischl Jnetx; =Jadsx; —JdesX; - ®)
et al.(2007) andAmmann and Bschl(2007).

The uptake coefficient of gas specieg Xx;, is defined,
in terms of fluxes, as the ratio between the net flux pteX
the condensed phaséetx;, and the gas kinetic flux of X

The adsorption flux of a gas molecule ¥ related to the
collision flux via the accommodation coefficiergx, repre-
senting the molecule’s probability of adsorption on the sur-

e . face:
colliding with the surface/col x; :
I JadsX; (6)
:m. (1) 7 JcoII,Xi
J .
coll.X; Thus, Jagsx; can be expressed as
It is important to note that this definition g%. does not ex- w
ot . ! i e Xi
plicitly include chemical reactions or gas-phase diffusion, asJ/adsx; =¢s x; Jcoll,X; =s X; —[Xz‘]gs- (7)
is often assumed when referring to the reactive uptake coef-
ficient. In case of competitive co-adsorption of several gas-phase
The collision flux is based on kinetic gas theory and canSPecies, the accommodation coefficient of the individual
be expressed as speciespsx;, can be derived using a Langmuir adsorption
model in which all adsorbate species compete for a single
Jeoll X-:[Xi]gs%, 2) sorption site on the quasi-static surface, such that
s X; =Us 0,X; (1-6s), (8)

where [X]gs is the gas-phase concentration close to the sur-
face andwy; is the mean thermal velocity of molecule X  whereas g x, is the surface accommodation coefficient on an
given bywyx,=,/8 R T /(7 My,), whereR is the universal gas  adsorbate-free surfacey is the sorption layer surface cover-
constanty” is the absolute temperature, alfg; is the molar  age which is given by the sum of fractional surface coverages
mass of species; X of all competing adsorbate speciégx ,, i.€.0s= Z OsX,-
Significant net uptake of the gas-phase species can lead the fractional surface coverage depends on the surface con-
its local depletion close to the surface. A gas-phase diffu-centration of the adsorbate species, XX ,Is, and its effec-
sion correction factoCq x, can be applied to relate the gas- tive molecular cross sections x ,, which corresponds to the
phase concentration close to the surfacgdxto the average  inverse of the species’ maximum surface concentration in the

gas-phase concentration;[J§, such thatCq x. _[[ii]]‘-‘gs. For sorption layer, [%1s max:
x;-values smaller than one, which is justified for the scenar-,_, _ry X - 9
ios considered her&yx, can be determined asichs and = Xplo/ X plsma=osx, [Xpls )
Sutugin 1971 The desorption flux of species; Xan be quantified by the
1 ratio between this species’ surface concentratiofid&nd
Cox.= (3) its desorption lifetimeyq x, which is the mean residence time
9. X 0.75+0.28Kny. : .
I+yx; Ko (LTKi ) of the species on the surface:
where Kr; is the Knudsen number given by Jaesx; =[Xils/Ta.x; (10)
6 Dq x. By combining Egs. 1)—(10) and assuming [Xgs=[X;1g ,
Knx,:$ (4) the uptake coefficient of species #an be derived as

wxidp '

Dy x, is the gas-phase diffusion coefficient of speciesiXd VXi =22 TS

dp is the particle diameter. Using the diffusion coefficients 1 Jool X,
for Oz, NO,, and water vapor given bylassmar(1999 and 700X, 0x; [Xilg(1= 3=, o5x,[Xpls)— ,dx
a particle diameter of 119 nm for sod®schl et al, 200) = ~ (11)

results in Knudsen numbers of about 2.17 for Nidd HO wa" Xilg

and 2.35 for Q. Sensitivity runs with and without gas-phase Equation (1) shows that the uptake coefficient derived ac-
diffusion corrections showed no difference for the casepf O cording toPdschl et al(2007) depends on the parameters of
and HO uptake, and only a difference within the first 10 s of the adsorbing species suchag x; , O X 1 OX;r TdX; but
maximum 2% for NQ uptake. For this reason, the gas-phasealso on its surface and gas-phase concentraﬁ)&n}g and
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[Xi]1g, which can be affected by transport and chemical reac- In contrast to quasi-static surface layer components which
tions. Therefore, Eql(l) expressesgy, as a dynamic uptake are produced and lost through surface reactions, adsorbed
coefficient when changes iiX;]s and [X;]g are taken into  sorption layer species are only depleted by surface reactions,
account. The numerator of EdLY) describes the net flux of since we assume the surface reactions considered here to be
X;(g) to the particle and hence the generation gfsXin the  irreversible. The loss of sorption layer specigsdXe to the
sorption layer under consideration of the surface coverage ofurface reactions is a subset of E§3)(with the reactant
all adsorbing species. Surface reactions need to be taken inummation index variablg fixed to species X
account to obtain the total net production of sorption layer
species, which we outline in Se@.2 It should be noted SSSXi:ZZCSLR’J»S’XikSLRv»XhYz‘ [Xils[Y glss (14)
that the initial adsorbent surface concentration in the sorp- v
tion layer is zero, thus, the uptake coefficient’s initial value  The total net chemical production of sorption layer species
is given by the accommodation coefficiep, ini=cos0.x; - X;(s) is composed of the loss due to surface reactions and the
The net gas-phase loss of adsorbentiX. lossL due to  production and loss due to adsorption and desorption:
uptake onto the particle in the condensed phase minus proy
duction P due to desorption back to the gas phase, is cal-—[X;]ls=Jadsx; —Jdesx; —LsssX; (15)
culated by multiplying the adsorbent’s collision flux by the
corresponding dynamic uptake coefficient and by the partiwhere the fluxes of adsorption and desorptidgsx; and
cle surface area in aifPSg: Juesx;, respectively, are described in Seztl
The differential Egs.X2), (13), and (L5) represent the het-
erogeneous kinetics adapted in our model framework. We
implement these differential equations into the chemical in-
wx, tegration routine of RADM2Chang et a].1987 Stockwell
974 (12) et al, 1990 to obtain solutions and to account for the tempo-
The next section describes the reaction kinetics betweerﬁal evolution of th? gas phase.. .
the adsorbed species and surface components according t In the next s'ectlon, we specify the gas-phase chemistry of
¥hoMm2 and give a detailed account of our model approach

Langmuir-Hinshelwood reaction mechanism. . . .
and implemented heterogeneous chemistry scenarios.

d
|:d—[xi]g:| =Lg,p,xi—Pg,p,xi=JcoII,X,»VX,~[PSg
t uptake

=yx; [PHgl[Xi]

2.2 Langmuir-Hinshelwood mechanism for surface
reactions 3 Model approach

The Langmuir-Hinshelwood mechanism describes reactiongye model the reversible co-adsorption and subsequent sur-
in which adsorbed gas-phase species react on t_he particle SWce reactions of @ NO,, and water vapor on soot coated
face Poschl et al. 2007). For the cases considered here, yjth Bap in an urban plume scenario. Sect®bhdescribes

we focus on particle surface reactions between the sorptiog, gas-phase chemistry of this urban plume scenario as im-
layer (s) and the quasi-static surface layer (ss) following theyjemented into the chemical gas-phase solver RADM2. Sec-
derivations byPoschl et al(2007) andAmmann and Bschl  {jon 3.2 gives a representation of soot coated with BaP as
(2007. Chemical reactions that proceed between the ga$) model substance, which is followed by an overview of the
phase and the particle surface, exclusively within the Sorpt'or]mplemented surface reactions and corresponding model sce-
or the quasi-static surface layer, as well as photo-chemicahyrios in Sect3.3. Section3.4 describes two soot emission

processes on the surface are neglected. We assume the pragkanarios to assess the gas-phase feedback from heteroge-
uct of the surface reactions to be a surface component reqeqys reactions under polluted conditions.

siding within the quasi-static surface layer. Applying these

assumptions, the net chemical production of quasi-static sur3.1  Gas-phase chemistry

face species Xss) from reaction between adsorbed species

in the sorption layer, X(s), and surface components in the The chemical gas-phase solver RADM2 includes 62 chem-

quasi-static surface layer,¥ss), is determined by ical species, 21 photolysis reactions, and 140 thermal reac-
tions (Stockwell et al. 1990. A detailed account of the gas-

E[Yi]ss:Ps,ssY- —Lsssy, phase reactions of RADM2 is given elsewhe@héng et al.

dt ’ ’ 1987 Stockwell et al. 1990. RADM2 is widely used in at-

=> 3" cstrusyiksirex,. v, [XplsYglss (13)  mospheric models to predict concentrations of oxidants and

vop g other air pollutants (e.dsrell et al, 2005 Tie et al, 2007).

The main feature that RADM2 provides to this study is the

NOx-O3 chemistry with its diurnal pattern. This results in

continuous changes in theg@nd NQ gas-phase concentra-

tions throughout the simulation period. These variations in

wherev numbers the rate equatiop,andg number the re-
actantscs| r are negative or positive stoichiometric coeffi-
cients, andsg|r are second-order rate coefficients.

www.atmos-chem-phys.net/9/7461/2009/ Atmos. Chem. Phys., 9, 74892009
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gas-phase concentrations subsequently affect the magnituaef [PSg=5x 102 cm? cm—3. However, BET values for soot
of the individual and combined uptake of@nd NG by the  can range from 6 fg~? for aircraft engine combustor soot
soot particles. This investigation of the gas phase-particlgPopovicheva et 12008 to approximately 500 fg—?! for
surface interrelationship under atmospherically relevant conthe post-treated black carbon Degussa Fié{arska et a).
ditions is one of the main foci and and novelty of this study. 2006, which can lead to large differences[irSg. Thus, the
We use RADM2 in a tropospheric urban plume scenarioimplemented BET-value of 5009y~ may result in an up-
(PLUMEL1) according tdKuhn et al.(1998. This case was per limit for the concentration of surface reaction sites.

designed to represent the chemistry in the polluted bound- Wwhile the surface concentration remains constant in this
ary layer, which is consistent with an urban plume scenariomodel, the passivation of the surface is introduced by the
where emissions of soot occur. This plume scenario in-consumption of the BaP Coating, which has |n|t|a||y a sur-
cludes constant emissions for a variety of trace gases reprgace concentration of 410 cm=2 corresponding to a full
sentative for continental European drefwent and Jenkin - monolayer coverage. BaP readily adsorbs onto soot particles
1991), such as 0.54 pptvmirt of SOy, 2.68pptvmirm® of  and can be regarded as a proxy for the wider class of poly-
NO, and 5.85 pptv min' of CO. Volatile organic compounds  cyclic aromatic compounds, but also for soot due to its struc-
(VOCs) are aggregated into 15 classes of reactive organigural similarities of the surfacePpschl et al. 2001). Soot
species with emissions of 0.14 pptvminfor formalde-  can be pictured as agglomerate of graphene layers, while BaP
hyde (HCHO), 0.037 pptv min' for acetaldehyde and higher (C,oH;,) represents a single graphene layer consisting of five
aldehydes, and 0.46 pptv mihfor acetone, methyl ethyl ke-  six-membered aromatic ringslémann 1998 Poschl et al,

tone and higher ketones. Initial concentrations are set t®001). Here, BaP provides consumable reactive sites for ad-

50ppbv for @, 0.5ppbv for NQ, 0.2ppbv for NO, and  sorption processes and surface reactions.
20000 ppmv for HO which corresponds to 64% relative hu-

midity (RH). Time-dependent photolysis rates are calculated:3 3 Surface reactions
as described itKuhn et al.(1998. Physical processes such

as deposition and dilution of trace gases and soot particles,

and particle coagulation are not considered. As suggested by/e define three model scenarios with an increasing level of
Vogel et al.(2003, the reaction rate for the production of complexity. These scenarios represent the adsorption and

HONO from NO and OH was revised accordingitkinson ~ Surface reactions of £n scenario A, of @ and NG in sce-
et al.(2001). nario B, and of @, NOy, and water vapor in scenario C. As

RADM?2 is run in a box model version for a model- Starting point for the dynamic uptake coefficient approach
ing period of five days, under atmospheric conditions of d€scribed in Sece.1, we implemented experimentally de-
1013.25 hPa pressure and a temperature of 298 K. The simdeérmined initial uptake coefficients as accommodation co-
lation starts at 12 noon. The gas-phase chemistry in RADMZETiCiENts in accord toAmmann and Bschl (2007. This
is solved with a variable chemical time steph@ang et aj. ~ @PProach is justified, since initiallyx, =asox;, as can be
1987 ranging from 0.096's to 3s. To resolve the rapid ad-S€€n from Eq.X1). In the following, we discuss each sce-
sorption of water vapor in scenario C, a shorter time step id&110 Wlth regards to the |mplemented surface reactions and
used for the first day of the simulation period, ranging from 2dapted input parameters with reference to Table
0.003st0 0.006 s. The gas-phase solver RADM2 and the het- Scenario A represents the adsorption gia@d subsequent
erogeneous chemistry part outlined in the last section run irsurface reactions of Owith BaP and its derivatives. Af-

a coupled fashion for all model scenarios considered in thiger Oz is adsorbed to the sorption layer (s), it participates in

paper. three surface reactions with the quasi-static surface layer (ss),
(R1) to (R3), as given in Tabl&. These reactions con-
3.2 Representation of soot vert BaP into chemical derivatives Y2, Y3, and Y4, whose

chemical form is not exactly known, but can be pictured as
The chemical surface reactions occur on a population of sooBaP derivatives with an increasing number of oxygenated
particles coated with BaP. We adopted an initial soot con-functional groups and decreasing reactivity towards photo-
centration of 1ugm~2 in air corresponding to concentra- oxidants such as BaP-quinones, hydroxy-ketones, acid anhy-
tions in heavily polluted air $einfeld and Pandi2006. drides, lactones, etcLétzel et al, 1999gb, 2001, Pdschi|
Since the soot surface is of fractal-like geomelwgu{ Gulijk 2002. This scenario corresponds to Model System Solid 1
etal, 2009, we use the surface area obtained from Brunauer{Ammann and Bsch| 2007, except that it includes the at-
Emmett-Teller (BET) isotherms as reactive surface area andnospheric context by the coupling to RADM2. The reaction
implement a BET value of 500%g~1. This corresponds rateks g1 and the Q-specific parametekss 0,0, 003, Td,05
to values that have been used in laboratory heterogeneowsre adapted from results of aerosol flow tube experiments at
chemistry studies (e.glabor et al. 1994 Choi and Leu ambient temperature and pressudqchl et al. 2001). The
1998 Disselkamp et al.2000. Multiplying the BET value  reaction rate coefficients for reactions (R2) and (R3)r2
by the soot concentration yields a total surface concentratiomnd ks r3, were chosen according #ammann and Bschl
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(2007 to account for the decreasing reactivity of the BaP particles of different ages with different surface reactivities
derivatives. co-exist, ranging from freshly emitted particles with large

Scenario B represents the co-adsorption and subsequentimbers of reactive surface sites to aged particles where
surface reactions of 9and NG. In addition to surface most of the surface sites are depleted. In such an environ-
reactions (R1) to (R3), adsorbed M@lso reacts with BaP ment, the continuous emission of fresh soot particles could
derivatives according to surface reactions (R4) and (R5) ave important when estimating the gas-phase feedback from
listed in Tablel. Based on Model System Solid 2rf- heterogeneous reactions on soot. In our box model frame-
mann and Bsch| 2007, the products consist of another work, individual soot particles that are introduced at different
surface component (with increased oxygenated functionatimes due to continuous emissions cannot be tracked. Never-
group) and a volatile component which desorbs to the gastheless, to estimate the effect of freshly emitted soot particles
phase. Input parameters are based on experimental data fon the gas phase in our box-model framework, we adopt the
the reaction and adsorption of NGt the surface of soot following approach as a sensitivity study.
particles in Knudsen cell experimentGédrecke et a] 1998, The emission of fresh soot in our box model is approxi-
aerosol flow reactor experimen#&rimann et al.1998, and mated by resetting the soot surface to its initial condition with
filter deposition experiment®\(mmann et al.1997). There-  a BaP surface concentration of [BaP}cl0™ cm2 and no
action rate coefficient for surface reaction (R4, rs, Was  secondary surface components. At this point in the simula-
adjusted byAmmann and Bschl(2007) to fit the experimen-  tion, the existing population of soot with the residual BaP
tal data. In surface reaction (R5), we identify the volatile concentration and higher order surface components is dis-
component with nitrous acid (HONO) and apply a reactioncarded. While the number of reactive surface sites changes
rate of 3.%103s1 according toAmmann et al.(1998, to account for the effect of soot emissions on chemical reac-
which yields 7.5<10 21 cné s~ 1. tions, we assume the overall soot production and loss to be in

Scenario C involves the co-adsorption 0f,ONO,, and  equilibrium and therefore keep the soot surface concentration
water vapor, with subsequent surface reactions gfa@d [PS], constant. We neglect physical processes, such as coag-
NO; according to surface reactions (R1) to (R5) as listedulation, deposition, and dilution of the soot particles. The
in Tablel. For this scenario, we assume that water vaporBaP surface concentration on soot is replenished according
adsorbs to the surface without being involved in subsequento the two following scenarios. In the low emission scenario,
surface reactions. This is supportedRischl et al(2001), the reactive surface is replenished every six hours, and in the
who observed a slower decay of BaP and smaller gas-phad@gh emission scenario, it is replenished every hour. The er-
O3 loss under humid conditions indicating the inhibition of ror from neglecting gas-phase uptake on discarded popula-
O3 adsorption by competitive adsorption of water vapor attions for these replenishing times will be assessed in the next
the aerosol surface. Since freshly emitted discharge soot pasection.
ticles are known to be hydrophobic, physisorption of wa- The replenishing times are related to hourly emission
ter vapor on soot was suggested as mechanism for adsorpates,Remission bY
tion, supported by the water vapor’s small desorption lifetime
(Poschl et al. 200]). The HO specific parametersso,0 o _ [PSlg-pox
andrg 1,0 are adapted frorRogaski et al(1997) andPdschl emiSSIOT™ BET. 4,
et al.(2001), andon,o is taken fromNishino (2007).

In our first set of simulations we start with an initial soot Where [PS§=5x10~°cm?cm~3 is the particle surface con-
concentration and do not include any emissions of fresh soogentration, BET=500 fg~*, # is the replenishing time, and
over the course of the simulation. While the surface con-fibox is the box height which we choose as 1 km correspond-
centration[PSy remains constant, the uptake coefficigat ~ ing to the depth of the tropospheric boundary layer. This
does change with time, according to the available surface revields hourly emission rates of 1.67 kg kfh™* for the low
action sites and gas concentrations, which is explicitly pre-emission scenario with=6h, and 10kgkm?h~* for the
dicted from Eq. {1). In the second set of simulations, we high emission scenario with=1h. These emission rates
also keep the surface concentration constant, but include thare comparable in magnitude to the soot emission rates of
effect of soot emissions by replenishing the reactive surfac®-72kgknr2h~t and 7.2 kgkm?h~* chosen in a previous

: (16)

sites, which we describe in the next section. study byAklilu and Michelangeli(2004 to model typical
atmospheric background conditions with the lower rate and

3.4 Soot emissions locations close to urban combustion sources with the higher
rate.

In polluted areas, soot is emitted continuously by a variety of This completes our set of model scenarios consisting of

sources, such as car traffigiflayson-Pitts and Pitt2000 the co-adsorption scenarios A, B, and C, and the two classes
Bond et al, 2004). Once emitted, the surface of soot particles of emission scenarios which are labeled by the number of re-

is expected to become passivated as surface sites are takptenishments per day asi Bax, Cax, and Apoay, Boax, Coax.

up by adsorbents. Therefore, at any given point in time, soofor matters of comparison, we define additional scenarios at
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Table 1. Adsorbents, surface reactions, reaction rates, and parameters — accommodation coeffjcifiec{ive molecular cross section

M. Springmann: Reversible co-adsorption gf BO,, and HO on soot

(o), desorption timex) — applied in model scenarios A, B, C.

Scenario adsorbents  Surface reactions Reaction rat@sfclr]w Parameters
A O3 (R1) O3(s)+BaP(ss)> Y2(ss) kg r1=2.1x10-17ab as.0,0,=1x10738b.C
(R2) O3(s)+Y2(ss)>Y3(sSs) kgL r>=2.1x10~19P 00,=1.8x10"15cm?ab
(R3) O3(s)+Y3(ss)> YA(SS) kgL rz=2.1x10~21b 74,0,=18 &P
B O3, (R1) to (R3) as,0,N0,=0.148P
NO, (R4) NO,(S)+Y2(sS)> Y5(sS) kgL ra=Tx10-18b oNo,=3x10715cm?hP
(R5) NOx(s)+Y3(ssy>HONO(g) kg rs=7.5x10-21db 4.N0,=18 P
C Oz, as,0,H,0=0.4x10-3h2
NO,, (R1) to (R5) 0H,0=1.08x10~ 3¢9
H,0 T4 H,0=3x1073 &

appschl et al(2001); P Ammann and Bschl(2007); ¢ Stephens et a{1986; 9 Ammann et al(1998; © Gerecke et a(1998);
f Ammann et al(1997%; 9 Nishino(2001); " Rogaski et al(1997)
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Fig. 2. The temporal evolution of gas-phase component concentrafi@®nsrface component concentrations, and uptake coefficients for
the adsorption and surface reaction of @), the co-adsorption of ®and NG (B), and the co-adsorption of 9DNO,, and HO (C)
following the surface reactions defined in Talles plotted on a logarithmic timescale for day one (left panels) and on a linear timescale for
the four following days (right panels).
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various places in this paper. We briefly discuss these scenapther hand, high surface saturation leads to an increase in the

ios when defined, since they involve only minor changes ofdesorption flux of surface £)so that the desorption flux can

the scenarios described above. temporarily exceed the adsorption flux. This results in neg-
ative yo,-values which represent the direct response to the
diurnal cycle of gas-phases@s depicted in Fig2, panel G,

4 Results and discussion and are indicated by the discontinuations along the abscissa
in Fig. 2, panel A. The value ofo, decreases by more than

In this section, we present and discuss the results of the diffive orders of magnitude and then becomes negative.

ferent model scenarios. Sectidri focuses on the soot sur- The surface chemistry of scenario B is shown in Fg.

face chemistry and composition, followed by an account onpanel B. In this scenario, two gas-phase speciesam

the characteristic lifetime of the coating substance BaP inNO,, adsorb onto the soot surface. Initial adsorption of

Sect.4.2 In Sect.4.3, we assess the influence of heteroge- gas-phase species, chemical consumption of BaP and sur-

neous reactions on the gas-phaseconcentration for emis-  face components, and chemical production of surface com-

sion and non-emission scenarios. These results are then corenents proceed similar to scenario A. Although Ngas-

pared with the gas-phase; @edback obtained by applying phase concentrations are lower, the initial Naptake ex-

constant uptake coefficients in Set#. ceeds that of @due to a larger accommodation coefficient
for NO> of as 0 n0,=0.14 compared taso,0,=0.001 for Q.
4.1 Surface composition In comparison to scenario A, thes@urface concentration is

reduced in scenario B due to the co-adsorption opN&Iso
The surface chemistry of scenario A is shown in Fy.  concentrations of the other surface components are different
panel A. During the first 0.1 min, $adsorbs onto an es- compared to the ones in scenario A. The lifetime of Y2 de-
sentially adsorbate free surface witg~0. This causes creases by almost two days due the added Y5-producing re-
the initial plateau of the @uptake coefficientyo, where  action with NG. The Y3 concentration is reduced by almost
its value is dominated by the adsorption flux, so thathalf in comparison to scenario A, since not all Y2 are con-
Y0,~0.001=as 0,0, When reaching a ©surface concen- verted into Y3 anymore. As given in Table the reaction
tration of [(3]s~1.5x 10 cm~2, the surface becomes satu- rates for the reactions of NQvith Y2 and Y3 are faster than
rated leading to the first decreaseys, until around 1 min.  the reaction rates for the reactions of @ith Y2 and Y3.
The subsequent plateau y, is due to the chemical reac- Therefore, NQ converts Y2 into Y5 and Y3 into HONO
tion of Os in the sorption layer with BaP in the quasi-static faster than @ converts Y2 to Y3 and further to Y4. This
surface layer. As a result, the BaP surface concentration dedelays Y4 production by over two days. The proportional-
creases, the reactions product concentrationd¥@¢reases, ity between adsorption flux and gas-phase concentration in
and G uptake remains constant to sustain the reaction. FurEq. (7) relates the adsorbents’ uptake coefficients and sur-
ther depletion of BaP causes the second decreagg,cit face concentrations to their gas-phase concentrations. This
10 min, followed again by a plateau due to the reaction ofbecomes evident after the initial surface saturation at around
O3 with Y2 that increases the surface concentration of Y3.one minute of simulation time and, more pronounced, after
The same temporal pattern applies for the production of Y4six hours. Since the N adsorption flux initially exceeds
from the reaction of @with Y3. After the first day, the gas- that of O3, more NG molecules than @molecules are occu-
phase @ concentration increases due to the photochemicapying surface sites. Therefore the N€urface concentration
production from the reactions of thes@recursors NQand exhibits the same temporal evolution as theJ\fas-phase
VOCs. This is shown in Figz, panel G, which presents the concentration, which can be seen by comparing panels B and
gas-phase concentrations and diurnal cyclespND,, NO, G in Fig. 2. The G surface concentration increases when
and HONO corresponding to scenario A. Since the effect ofsurface sites become available from a decrease in the NO
the surface chemistry on the gas phase is negligible in scesurface concentration due to a decrease in the §#3-phase
nario A, B, and C, the temporal evolution of the gas-phaseconcentration. The resulting alternating evolution afand
concentrations in scenarios A, B, and C are identical. An in-NO; surface concentrations also induces an alternating evo-
crease in gas-phases@oncentration results in a largesO  lution of Oz and NG uptake coefficients, with maxima rang-
uptake according to Eqll). However, withyo,<1x107,  ing from 1x107° to 1x10~* for yno,, and from 5¢1078 to
its magnitude stays below first-day values due to increase®x 10~/ for Yo, on days two to five. However, these values
surface saturation and the consumption of reactive primanare three orders of magnitude smaller than the initial uptake
surface components. Within the first day, BaP is decreasedoefficients. This indicates that 99.9% of the uptake occurs
by almost 100%, essentially turning off surface reaction (R1)within the first six hours.
which subsequently slows down or inhibits reactions (R2) to The surface chemistry of scenario C is shown in Rg.
(R5) due to the decrease of educt production. During nightpanel C. In this scenario, also water vapor, in addition to
time, the Q adsorption flux decreases due tg-@epleting NO, and G, co-adsorbs onto the soot surface, but it does not
reactions and the absence of gas-phagsddrces. On the take partin chemical surface reactioneQHhas a gas-phase
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Fig. 3. The temporal evolution of the soot surface coverade scenario C is shown for the first 2 m{a), and for the entire simulation
period of five daygb). The total surface coverage is indicateddpya, and the fractional surface coverages @f 80O, and HO by 6q,,
Ono,. anddy,o, respectively. Input parameters and surface reactions for scenario C are given ifh. Table

concentration of about 20000 ppmv. This corresponds tahis model scenario. While the NO gas-phase concentration
64% RH and is six and eight orders of magnitude largerincreases from 0.2 ppbv to 97 ppbv during the five days sim-
than the gas-phase concentrations gfadd NG, respec-  ulation period, more NO can react withs@ produce NQ
tively. Due to its high partial pressure 8 adsorbs rapidly and O leading to a strong nighttime titration of ®@om the

onto the soot surface. Figua shows that the $D sur- second to the fifth day. Figu#e panel B, presents the soot
face coverage is initially over 90%, but decreases to belowparticle’'s surface concentrations. As can be seen in4&ig.
82% within the first 2 min of simulation time. FiguBb in- panel B, the &y gas-phase depletion is accompanied by a
dicates that HO constantly occupies about 75% of the total decrease in the £surface concentration. During periods of
surface for the course of the simulation. This reduces theOs depletion,yo, becomes negative, since surface desorp-
adsorption fluxes of @and NQ and results in a decrease tion exceeds the reduced adsorption from the gas phase. The
in the surface concentrations and uptake coefficientszf O overall decrease in thed®urface concentration delays the
and NG by almost one order of magnitude and half an or- production of the surface component Y4 until the fifth day
der of magnitude, respectively, as can be seen by comparisoof the simulation period. The decrease in thg €irface

with Fig. 2, panel B. Since @and NG adsorption have lit-  coverage yields increases in the pl8urface concentration

tle influence on the total surface coverage, their gas-phaseesulting in NQ saturation with a maximum surface con-
uptakes and surface concentrations are not as interdependecgntration of léno,=3x10%*cm=2. Although only the NO

as in scenario B. Consequently, both theadd the NQ sur- emission rate was changed compared to scenario B, the par-
face concentrations mimic closely their respective gas-phasécle surface compositions of this scenario and of scenario B
concentrations, which are depicted in Rlgpanel G. Lower  are significantly different. While in scenario B (see F.
surface concentrations ofs@&nd NQ also result in slower panel B) the @ surface concentration is almost double the
surface reactions, thereby delaying the production of highemmount of the N@ surface concentration at the end of the
order surface components by over half an order of magnifive day simulation period, the sorption layer surface in the
tude. For this reason, the uptake coefficients exhibit onlyhigh NO emission scenario is almost entirely filled with NO
two plateaus on the first day, one due to the initial uptake andnolecules (see Figl, panel B). This clearly demonstrates
one governed by the reactions of @ith BaP and NQ with that temporal changes in the gas-phase composition can lead
Y2. On days two to five, the evolution of{adnd NG uptake  to large differences in the particle surface composition.

coefﬂments IS S'”."'ar to th(_a one in scenario B, but in com- The variations in the adsorbents’ surface concentrations
parison to scenario B_’ maximugnvalues are reduced by up and uptake coefficients after the first day of the simulation
to one order of magnitude. period exemplify the differences to uptake scenarios that do
We investigated the effect of high NO-emissions on thenot account for a dynamic gas-phase chemistry, such as the
gas phase and particle surface composition of scenario B bivlodels Systems Solid 1 and 2 discussedAmmann and
increasing the NO emission 10-fold, from 2.68 pptvrin  Pbschl (2007. However, as shown in Fig2, variations
to 26.8 pptvmim®. The simulation results are shown in in the adsorbents’ gas-phase concentrations have a direct
Fig. 4. Figure4, panel G, shows the temporal evolution of the effect on the adsorbents’ surface concentrations and, con-
gas-phase concentrations 0§, ONO2, NO, and HONO for  sequently, on their uptake coefficients. By accounting for
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Fig. 4. The temporal evolution of gas-phase component concentrat@nsrface component concentrations, and uptake coefficients for
scenario B are shown and plotted on a logarithmic timescale for day one (left panels) and on a linear timescale for the four following days
(right panels). Scenario*Bcorresponds to scenario B with a 10-fold increase of the NO emission rates.

variable gas-phase concentrations in our coupled PRA framdarge portion of the available surface sites resulting in a high
work, we can resolve variations in the uptake coefficient overfractional surface coverage of;,B, as illustrated in Fig3.
atmospherically relevant time scales and study the effect offhe reactive surface sites occupied yHare not available
different gas-phase scenarios on the particle surface chenanymore for the adsorption ofsGand subsequent BaP con-

istry. sumption via surface reaction (R1). Compared to scenarios A
and B, the co-adsorption of water vapor leads to a more than
4.2 BaP lifetime five-fold increase in BaP half-life between scenarios C and

B, and more than a seven-fold increase between scendrios C
The consumption of the soot’s BaP coating can be regarde@nd A.
as an initial surface oxidation process due to the reaction The sensitivity of the BaP half-life on the adsorption of
with Oz and NQ. The efficiency of the heterogeneous ki- H»O is influenced by the $D concentration and therefore by
netics of this oxidation processes can be quantified by théRH. Figure6 shows that the BaP half-life increases linearly
BaP half-life. Figures shows the temporal evolution of the with RH. An increase from 0% RH to 25% RH results in an
BaP concentration for scenarios A, B, C, and scenaiio C almost threefold increase in the BaP half-life from 6 min to
with the BaP half-lives highlighted by the intersection with 17 min for scenario C. Also shown in Fi§are the half-lives
the horizontal dotted black line. Scenarid @presents the of scenarios P and*P Scenario Prepresents BaP half-lives
co-adsorption of @ and HO following the surface reac- as a function of RH derived from experimental data from
tions (R1) to (R3) as given in Tabtk It is meant to serve the ozonolysis of soot coated with BalPoéchl et al. 2007).
as an additional comparison to scenario A to identify theScenario P represents our modeling results using the experi-
influence of the co-adsorption of . Figure5 indicates  mental conditions oPdschl et al(2001) as input parameters.
that the half-life of BaP surface molecules in scenario A isThese are a 30 ppbv constant gas-phagseddcentration, an
about 4min. The addition of the co-adsorbing species NO initial BaP surface concentration of k80'3cm=2, a tem-
in scenario B extends the half-life by 54% to 6.2 min. Tak- perature of 296 K, and $and HO as adsorbing species.
ing into account HO physisorption and atmospheric rela- Other input parameters are identical to the ones listed in Ta-
tive humidity of 64% in scenario C increases the half-life of ble 1. Figure6 shows that the simulated BaP half-lives in sce-
BaP to 32.5min as indicated in Fi§. Without the NQ nario P are slightly longer than the ones inferred from labora-
co-adsorption in scenario*Cthe BaP half-life is 30 min, tory measurement®gschl et al.2001]) given by scenario
10% less than in scenario C. This indicates that th® ldo- The simulated BaP half-lives in scenario P are 5.8 min for 0%
adsorption is responsible for over 90% of the increase in BaFRH, 22.5 min for 25% RH, and 56 min for 75% RH. The BaP
half-life between scenarios A and C. The reason for this is thehalf-lives in scenario Pas derived byPdschl et al.(2001)
rapid adsorption of KO on the surface where it occupies a are 5min for 0% RH, 18 min for 25%, and 45 min for 75%
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Fig. 5. The temporal evolution of the ratio of actual BaP sur- rig g The BaP half-life is plotted as a function of relative humidity
face concentration to initial BaP concentration is shown for SCe-for scenarios C, P, and*PScenario C represents the co-adsorption
narios A, B, C, and €. Scenario A represents the adsorption 4t o, NO,, and HO following the surface reactions given in Ta-
of Og, scenario B the co-adsorption of@nd NG, scenario C  pje 1 with an initial gas-phase §concentration of 50 ppbv, an ini-
the co-adsorption of § NO>, and HO, and scenario Tthe co- 5] Bap surface concentration ok104cm~2, and a temperature
adsorption of @ and H,O. Scenarios A, B, and C follow the surface 4to98 15K. Scenario P represents the co-adsorptionai@ H,O
reactions given in Tabl& scenario € follows the surface reactions following surface Reactions (R1) to (R3) from Tallavith a con-

(R1) to (R3) given in Tabld. The intersection with the horizontal  giant gas-phasegoncentration of 30 ppbv, an initial BaP surface
dotted lines indicate BaP half-life (dotted black line) and BaP life- ~yncentration of 1.8103cm=2. and a temperature of 296 K cor-

time (dotted grey line). responding to the boundary conditions of an aerosol flow tube ex-
periment conducted biydschl et al(200]). Scenario P represents

) o _ ~_the experimentally derived BaP half-lives from the aerosol flow tube
RH. Reasons for the Ionger simulated lifetimes in scenario Pexperiment Poschl et al.2001) with the same boundary conditions

could be parameter sensitivity or physio-chemical processess used in scenario P.
that were not accounted for in our model approach. Regard-
ing the former, a 20% reduction in the value for the effective
molecular cross section of4@ would result in half-lives in The gas-phase uptake in scenarios A, B, and C cause no
agreement with the measurementsRékchl et al.(2001). significant decrease in the gas-phasgoOncentration with
Regarding the latter, physiochemical processes that are ndgSPect to the base scenario. Detail 1 in Figresolves
captured in our model framework are, e.g. the diffusion ofthe differences among scenarios A, B, C. The stronggst O
adsorbents through surface® which could lead to surface depletion among these scenarios is 0.33 ppb in scenario B
oxidation and a reduction in the BaP half-life even thoughWhiCh is less than 2%o. in comparison to the base scenario af-
most reactive sites are Occupied bycH AISO, Changes in terthe ﬁVe dayS mode”ng period. The diﬁerence to the Weak'
the soot particle’s hydrophilicity could result in changes of €st @ depleting scenario C is less than 1%.. This insignifi-
the residence time of surface,@, subsequently affecting cance of the gas-phase; @edback from the non-emission
particle oxidation. A variation of the ¥0 desorption time, ~ Scenarios is in agreement with previous studienim et al,
71,0, of about+10% due to possible changes in particle hy- 1999 Disselkamp et a].200Q Nienow and Robert2009
drophilicity changes the BaP lifetime by abat min. which considered @depletion on soot surfaces as probably
negligible under conditions relevant to the upper troposphere
4.3 Feedback on the gas-phase {£oconcentration with ~ and lower stratosphere.
differing uptake and emission scenarios Figure 7 shows a larger gas-phase; @duction for the
low emission scenarios 4, Bsx, and Gy in comparison to
In this section, we assess the gas-phagsde@dback from the non-emission scenarios A, B, C and the base scenario.
scenarios A, B, C, and from the emission scenarigg Bax, Detail 2 in Fig.7 indicates the strongestzQeduction for
Cax, and Apayx, Boax, Coax. Figure7 shows the temporal evo- scenario By, in which the Q concentration is 7.88 ppbv or
lution of the gas-phase{Xoncentrations in these scenarios 4.8% less than in the base scenario after the five days mod-
and a base scenario which does not include any heterogeeling period. The difference in £concentration between
neous reactions on soot. The diurnal cycle of gas-phase Oscenarios B and Ay is less than 1%. In scenarigg; the
and the potential decreases in the gas-phasm@centration Oz concentration is decreased by 2.6% with respect to the
due to the heterogeneous reactions implemented in our moddlase scenario, which is almost half the decrease of scenario
scenarios can be clearly identified. Bax.
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Fig. 7. The temporal evolution of the gas-phasg éncentration is shown for a base scenario with no heterogeneous chemistry, for the
model scenarios A, B, C, and the corresponding low and high emission scenggid®48, Cax and Apay, Boax, Coax, respectively. Detalil

1 shows an enlarged view of the results of the base scenario and model scenarios A, B, and C. Detail 2 shows an enlarged view of the result:
for the low emissions scenariosif Bax, Csx. Input parameters for the A, B, and C-scenarios are given in Table

The high emission scenario$4, Baax, and Gax exhibit of the interdependent specieg @nd NQ, and the rapid co-
the largest @ reductions. Figure’ shows the lowest ©  adsorption of HO.
concentration for scenarioB, which is 41.6 ppbv or 25.6% Since there is a wide range of measured uptake coeffi-
less than the @concentration for the base scenario after thecients for NG on soot, ranging from smaller tharx40-8 to
five days modeling period. The scenariomfand Gax ex-  0.12 (Aubin and Abbatt2007), we simulated the B-scenarios
hibit a decrease in £concentration with respect to the base with accommodation coefficients af\lozzlo_ﬁ (Kleffmann
scenario of 33.8 ppbv and 19.2 ppbv, respectively. These reet al, 1999 andaN02=10‘3 (Kirchner et al, 2000. These
ductions in the troposphericsoncentration indicate that Jower initial uptake coefficients yield, within 1ppbv, the
these heterogeneous reactions may have an impact on urb@ame gas-phase feedback as the A-scenarios, which have no
O3 concentrations. NO, co-adsorption implemented. Thus, the gas-phase feed-

Figure7 also shows clear differences i @oncentrations ~ Pack from the co-adsorption of NGbeying an accommo-
between the specific co-adsorption scenarios. The scenaflation coefficient smaller than 18is negligible.
ios C, Gix, and Gay are associated with the leasg @eple- It should be noted that the feedback on the gas-phase O
tion in comparison to the A and B-scenarios. This is dueconcentration from the desorption of HONO in surface re-
to the co-adsorption of water vapor which hinders diregt O action (R5) given in Tabld was found to be negligible for
uptake by constantly occupying over 75% of the total reac-all model scenarios due to the small production rate in re-
tive surface as discussed in SettL In terms of gas-phase lation to gas-phase production. The HONO production rate
Os reduction, the A-scenarios, in which only @ taken up, ~ from desorption is 0.22 pprm¢ min—* which is five orders
do not deplete gas-phase Goncentrations as much as the of magnitude smaller than the gas-phase production rate of
B-scenarios, in which less{Js taken up by the soot sur- NO with OH. In the mornings, the gas-phase HONO pro-
face directly. However, the additional NQuptake in the  duction temporarily decreases due to low OH concentrations,
B-scenarios affects the gas-phase,NO production cycle  but surface desorption is still one order of magnitude smaller
leading to a lower @ concentration than in cases with no than the gas-phase production and thus does not exert a sig-
NO, uptake. Consequently, no clear relationship betweernificant influence.
the number of adsorbing species and the resultingl€ple- The error in both emission scenarios from neglecting gas-
tion can be established. As can also be seen from7-itpe phase uptake on disregarded surface sites can be estimated
relative difference in gas-phase; @oncentrations between with reference to Secd.1and Fig.2. Figure2 shows that, for
the A, B, and C-scenarios increases disproportionately froneach adsorption scenario, the uptake coefficients decrease by
the non-emission and low emission scenarios to the highmore than three orders of magnitude or 99.9% within the first
emission scenarios. This highlights the non-linear behav-six hours of simulation time. Therefore, the error in the low
ior of the gas-phase {2depletion due to the co-adsorption emission scenarios from neglecting gas-phase uptake on soot
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Fig. 8. The temporal evolution of the gas-phasg €bncentra-

tion is shown for a base scenario with no heterogeneous chem

istry and for the constant uptake scenariagfys Beonst Cconst
Scenarios Aonst Beonst Cconst Use constant uptake coefficients
of y0,=1x10~3 (Stephens et gl.1986 Poschl et al. 2002,
¥NO,=0.14 Gerecke et a].1998 Ammann and Bsch| 2007, and
YH,0=0.4x 10°3 (Rogaski et a].1997 Poschl et al.2001) but are
otherwise equivalent to scenarios A, B, and C as defined in Table

surfaces that are older than six hours is not significant. After

one hour of simulation time, the uptake coefficients fall by

M. Springmann: Reversible co-adsorption gf BO,, and HO on soot

The application of constant uptake coefficients reduced the
computation time by a factor of about 18 compared to a dy-
namic uptake approach and needed roughly the same time
as a simulation without any heterogeneous reactions imple-
mented.

Figure 8 shows the temporal evolution of the gas-phase
O3 concentration for scenarioScéhss Beonss Ceonst and for
a base scenario without heterogeneous chemistry. After two
hours of modeling time, the gas-phase &@ncentration in
the constant uptake coefficient scenariag Bconss and
Cconstfalls by more than one order of magnitude and is ap-
proaching zero. This fast depletion o @ due to the fact
that the gas-phase uptake is not limited by surface satura-
tion, which otherwise would reduce the uptake coefficients.
The uptake is now solely determined by the adsorbents’ con-
stant uptake coefficients, their molecular velocities, and their
gas-phase concentrations via Et)( This results also in a
different ordering of scenarios in terms of theig @epletion
efficiency when compared to the dynamic uptake scenarios.
Scenario Aonstshows the least gas-phasg d@pletion, since
it employs the lowest uptake coefficient. Scenarigs,Band
Cconstshow the same gdepletion, since in this constant up-
take coefficient approach, the co-adsorption of water vapor
in scenario Gonstdoes not reduce the gas-phase uptakezf O
and NG which therefore is the same as in scenarigng
Clearly, these constant uptake coefficient scenarios do not
represent the underlying physical and chemical processes

one to two orders of magnitude, depending on the scenaricand result in an unrealistically high gas-phasgdepletion

Thus, up to 10% of gas-phase uptake is neglected in the hig

Wwhich may not describe typical urban plume conditions.

emission scenarios due to an hourly replenishing time, which In addition to using the initial uptake coefficients as con-
results in a small underestimate of the total gas-phase uptaketant uptake values, we also attempted to parameterize the
In the next section, we compare the gas-phase feedbaclptake process by several time-specific uptake values mod-
from heterogeneous chemistry obtained in this section foreled after the temporal evolution of the uptake coefficients
the dynamic uptake coefficient approach with the gas-phasas shown in Fig2. Neither a 3-step uptake parametrization,
feedback obtained from the use of constant uptake coeffinor a 2-step one using an initial uptake value from laboratory

cients.

4.4 Gas-phase @feedback for constant uptake
parameterizations

To study the gas-phase feedback from a heterogeneous mo

eling approach employing constant uptake coefficients, we

implement the experimentally determined constant uptak
coefficients ofyo,=1x10~3 for O3 uptake Poschl et al,
2001, yno,=0.14 for NG uptake (Gerecke et al.1998,
andyn,0=0.4x 10-3 for the uptake of water vapoRpgaski
et al, 1997 into the non-emission scenarios A, B, and C.
Theseyyx;-values represent initial uptake coefficients that

were previously implemented in our model as accommoda—t

tion coefficients. The gas-phase loss is computed accordin
to Eqg. (L2) with the same input parameters, particle surface
concentration and gas-phase concentrations that were pre
ously used in scenarios A, B, and C. We denote these co
stant uptake coefficient scenarios bysfss Beonss Ceonst

Atmos. Chem. Phys., 9, 7461479 2009

measurements and subsequent values from our model was

successful in capturing thesQ@lepleting effect. Application

of a single constant uptake value for each adsorbent yielded

acceptable agreement with the gas-phageddcentration of

awe respective model scenarios if an uptake value was chosen
ignificantly different from the laboratory measurements and

odel results. However, this approach is only successful for

& certain time frame and certain boundary conditions, such as

initial gas-phase concentrations. Furthermore, the adsorbent-
specific uptake values determined in such a way, could not
be used to capture the combined effect on thecncen-
tration of two or more adsorbents. Thus, the uptake values
obtained in this manner are heavily scenario dependent and
herefore of little use in general atmospheric models. These
Hifficulties in obtaining a simplified and thus computation-
ally more efficient description of the uptake process clearly

r\]’ilﬁdicate the underlying complexity of the involved physical-

chemical mechanisms, emphasizing the need for a detailed
modeling framework to accurately resolve the uptake pro-
cess.
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5 Conclusions emission scenario with a reduction i @oncentration of up

to 41.6 ppbv or 25% for the co-adsorption of @nd NQ. It
The PRA framework Roschl et al. 2007, which allows a  also resulted in a reduction of 33.8 ppbv or 21% for the sce-
dynamic uptake coefficient treatment, was coupled to a boxario with the adsorption of § and of 19.2 ppbv or 11.8%
model version of the gas-phase solver RADM&tdckwell  for the scenario with the co-adsorption of O,, and water
et al, 1990 to model heterogeneous reactions of 8Oz,  vapor. In comparison, the low emission scenarios replenish-
and water vapor on soot coated with benzo[a]pyrene for ang reactive sites every six hours showed a decrease in gas-
period of five days. Gas-phase reactions and emissions welghase @ concentration of maximum 7.8 ppbv or 5%. Hence,
based on an urban plume scenakalin et al, 1998. This  our conceptual study employing soot particles in an urban
allowed us to study, in detail, the heterogeneous kinetics anénvironment indicates that heterogeneous chemistry has the
its dependency on diurnal changes in gas-phase compositigotential to significantly alter the gas-phase composition.
due to photochemical processes. Our model results indicated that the uptake is sensitive

A detailed analysis of surface chemistry showed that theto the co-adsorbing species and their interactions with each
Oz and NG uptake coefficients vary by more than five orders other. The scenario with the mosg Qptake from the exclu-
of magnitude due to competition for reactive surface sitessive adsorption of @is surpassed in overall gas-phasg O
and changes in gas-phase composition. Within the first sixeduction by the scenario in which@nd NG co-adsorb.
hours of simulation time, the uptake coefficients decrease byrhis is due to the additional4¥eduction induced by the gas-
more than three orders of magnitude or 99.9%. From day twphase reactions betweern @nd NG. This exemplifies the
to five, periodic peaks of the uptake coefficient follow the non-linear feedbacks obtained from a co-adsorption scheme.
diurnal cycle of the adsorbents’ gas-phase concentrations.  Although heterogeneous reactions can be an important

The half-life of BaP was found to increase with the num- source for nitrous acid (HONOBtemmler et a).2006), the
ber of co-adsorbing species. Physisorption of water vaporesorption of HONO from surface reactions of pN@h soot
increased the BaP half-life by a factor of five to seven by particles was found to be negligible for the gas-phagedd-
permanently occupying about 75% of the surface and therebyentration.
delaying the surface reactions of @1d NG. The BaP half- We compared the dynamic uptake coefficient approach
life increases linearly with RH and the linearity is preserved with a constant uptake coefficients approach. The use of ex-
under changes in £and BaP concentrations, temperature, perimentally determined reactive uptake coefficients which
and number of adsorbing species. Our results show that evewere kept constant in these model scenarios led to an almost
at low RH, the adsorption of water vapor can play a majorcomplete gas-phase;@epletion after two hours of modeling
role in the soot surface chemistry. An increase from 0% RHtime which is highly unrealistic for an urban plume scenario.
to 25% RH increases the BaP half-life by a factor of three. Since surface conditions and reactions were not related to the

This study indicates the importance of the co-adsorptionuptake dynamics in these constant uptake coefficient scenar-
of water vapor for heterogeneous chemistry also for aerosoios, the co-adsorption of water vapor had no impact on the
particles other than soot coated with BaP. Since BaP beefficiency of gas-phase {ddepletion which ignores the un-
longs to the group of polycyclic aromatic hydrocarbons derlying physical and chemical picture and is in contrast to
which are known to be hydrophobiR¢gge et a].1993, an  the results from the dynamic uptake coefficient approach.
even greater impact of water vapor co-adsorption on surface It should be noted that modeling studies used constant up-
chemistry can be expected for more hydrophilic surfacestake coefficients, but employed consumable reactive sites on
While our model does not capture changes in hydrophilicity,the soot surface to account for surface passivatiklil(
it assesses surface oxidation which is thought to influenceand Michelange}i2004). This approach yields a more phys-
the activation of tropospheric aerosols as cloud condensatioital picture of the gas-phase uptake, but it still lacks the ac-
nuclei (CCN) Rudich 2003 Rudich et al. 2007 Kanaki- curate description of the heterogeneous kinetics involving the
dou et al, 2005 Petters et al.2006 Shilling et al, 2007). interdependence of gas-phase and adsorbed surface species.
Our modeling approach is able to estimate surface oxidatiorOur study showed that the superposition of fixed reactive up-
times, such as the BaP half-life, in an atmospheric contextake coefficients, despite being experimentally determined,
and may therefore be used in part to derive CCN activationcan result in erroneous results for the overall uptake effi-
times. ciency and thus gas-phase composition.

We also assessed the feedback of heterogeneous uptake onOther modeling studies used empirical parameterizations
the gas-phase £oncentration. The different co-adsorption of the uptake coefficient as a function of relative humid-
scenarios with no soot emissions implemented showed ndty, temperature, and aerosol typgvans and Jacol2005
significant feedback on the gas-phase composition. HowDavis et al,2008. As such, the parametrization op85 hy-
ever, two emission scenarios in which reactive surface sitesirolysis yields gas-phase concentrations in good agreement
are replenished every six hours and every hour induced sigwith climatological observationsEffans and Jacot20095.
nificant changes in the gas-phasg €bncentration. The This may be due to the fact that thee® hydrolysis in
largest Q depletions were observed for the hourly high aqueous aerosol particles follows an absorption type reaction
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mechanism lanson and RavishankarB991 Knopf et al, Chemistry, Web Versionwww.iupac-kinetic.ch.cam.ac.ukast
2007 Cosman et a)2008), i.e. the uptake can be dominated  access: 27 March 2009, University of Cambridge, UK, 2001.
by dissolution of the gas-phase species into the particle govAubin, D. G. and Abbatt, J. P. D.: Interaction of MQvith
erned by Henry’s law constant and by subsequent reaction hydrocarbon soot: Focus on HONO vyield, surface modifica-

in the bulk Finlayson-Pitts and Pitt2000. In such het- ;;Ohioa;gz;?'e%gasrgZTﬁ ‘ZJOOF;hyS' Chem. A, 111, 6263-6273,
. ; 0i:10. ip , .
erogeneous processes, gas-phase species do not Competeé%rnstein, J. A., Alexis, N., Barnes, C., Bernstein, |. L., Bernstein,

reactive surface sites, which therefore have no effect.on the 1. A. Nel. A Peden, D.. Diaz.Sanchez, D.. Tarlo, S. M.. and
Subsequent up.take.' In (,:OntraSt’ heterogeneous reactions fOI'WiIIiams, P. B.: Health effects of air pollution, J. Allergy Clin.
lowing adsorption kinetics may predominantly occur at the  |mmun_, 114, 1116-1123, doi:10.1016/j.jaci.2004.08.030, 2004
surface of solid or crystalline particleRdich 2003 and Bertram, A. K., Ivanov, A. V., Hunter, M., Molina, L. T., and
aqueous surfaces coated by an organic surfadbantdldson Molina, M. J.: The reaction probability of OH on organic sur-
and Vaida 20069. This limits the available number of reac- faces of tropospheric interest, J. Phys. Chem. A, 105, 9415-9421,
tive surface sites in comparison to the bulk liquid. Therefore, 2001.

higher order reactive uptake processes such as LangmuiBey. |., Jacob, D. J., Yantosca, R. M., Logan, J. A., Field, B. D.,
Hinshelwood surface reactions will not be correctly repre-  Fiore, A. M., Li, Q. B, Liu, H. G. Y., Mickley, L. J., and Schultz,
sented by the application of constant reactive uptake coeffi- M- G.: Global modeling of tropospheric chemistry with assim-
cients. ilated meteorology: Model description and evaluation, J. Geo-

. . hys. Res.-At ., 106, 23073-23095, 2001.
This study clearly emphasizes the need for Iaboratorydat%orr’]dysT gs Strrggti’ D G Yarber K F Nelson. S. M.. Woo

of physical and chemical parameters for atmospherically rel- ;. H., and Klimont, Z.: A technology-based global inventory of
evant adsorbents and aerosols to predict, in detail, the effects pjack and organic carbon emissions from combustion, J. Geo-
of heterogeneous chemistry on the gas-phase and aerosolphys. Res.-Atmos., 109, D14203, doi:10.1029/2003JD003697,
composition. 2004.
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