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Abstract. A kinetic model framework with consistent and  Steady-state model scenarios illustrate characteristic ef-
unambiguous terminology and universally applicable ratefects of gas phase composition and basic kinetic parameters
equations and parameters for aerosol and cloud surfacen the rates of mass transport and chemical reactions. They
chemistry and gas-particle interactions has been presentedemonstrate how adsorption and surface saturation effects
in the preceding companion paper bgsehl, Rudich and can explain non-linear gas phase concentration dependen-
Ammann (Bschl et al., 2007), abbreviated PRA. It allows cies of surface and bulk accommodation coefficients, uptake
to describe mass transport and chemical reaction at the gasoefficients, and bulk solubilities (deviations from Henry’s
particle interface and to link aerosol and cloud surface prodaw). Such effects are expected to play an important role in
cesses with gas phase and particle bulk processes. Here weaany real atmospheric aerosol and cloud systems involving
present multiple exemplary model systems and calculationg wide range of organic and inorganic components of con-
illustrating how the general mass balance and rate equationsentrated agueous and organic solution droplets, ice crystals,
of the PRA framework can be easily reduced to compact setand other crystalline or amorphous solid particles.
of equations which enable a mechanistic description of time
and concentration dependencies of trace gas uptake and par-
ticle composition in systems with one or more chemical com-
pon.ents and physicochemical processes. 1 Introduction
Time-dependent model scenarios show the effects of re-

versible adsorption, surface-bulk transport, and chemical ag- ; q icle i . f |
ing on the temporal evolution of trace gas uptake by soligSurface processes and gas-particle interactions of aerosols

particles and solubility saturation of liquid particles. They and clouds are important aspects of atmospheric chemistry

demonstrate how the transformation of particles and the vari@nd Physics. They influence the atmospheric budget of ozone

ation of trace gas accommodation and uptake coefficients b@nd Other trace gases, the atmospheric residence time of par-
orders of magnitude over time scales of microseconds to dayli/es and their influence on the hydrological cycle, the radia-
can be explained and predicted from the initial compositiontlve propertles of the atmosph_ere, and th? health effects ofin-
and basic kinetic parameters of model systems by iterativé'2/€d particles. In the preceding companion paperdschl,
calculations using standard spreadsheet programs. Mord3udich, and Ammann @schl et al., 2007), further on re-
over, they show how apparently inconsistent experimentarerred to as PRA, we have presented a kinetic model frame-

data sets obtained with different techniques and on differ-VOrk with consistent and unambiguous terminology and uni-

ent time scales can be efficiently linked and mechanisticallyversally applicable rate equations and parameters, which de-

explained by application of consistent model formalisms andscr't,)eS mass transport gnd chemical reactions at the gas-
terminologies within the PRA framework. particle interface and to link aerosol and cloud surface pro-

cesses with gas phase and particle bulk processes in systems
Correspondence to: M. Ammann with multiple chemical components and competing physico-
(markus.ammann@psi.ch) chemical processes.
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As detailed in the preceding companion paper, the keyactions, and surface composition in time-dependent aerosol
elements and essential aspects of the PRA framework arend cloud systems with multiple chemical species and com-
a simple and descriptive double-layer surface model (sorppeting processes. For such systems, the surface mass bal-
tion layer and quasi-static layer); straightforward flux-basedance equations given in PRA Sect. 3.1 lead to a set of cou-
mass balance and rate equations; clear separation of mapted differential equations, which can be solved numerically
transport and chemical reaction; well-defined rate parameby inserting the rate equations given in PRA Sects. 3.2-3.6
ters (uptake and accommodation coefficients, reaction prober alternative/complementary mathematical descriptions of
abilities, reaction rate coefficients, and mass transport rat¢he involved physicochemical processes. Required input pa-
coefficients); clear separation of gas phase, gas-surface, amdmeters are the initial concentrations of relevant chemical
surface-bulk transport (gas phase diffusion correction, surspecies and the corresponding mass transport and reaction
face and bulk accommodation); clear separation of gasfrate coefficients.
surface, surface layer, and surface-bulk reactions (Langmuir- Here we consider a few simple model systems and scenar-
Hinshelwood and Eley-Rideal mechanisms); mechanistic deios of gas uptake onto solid and into liquid particles. The
scription of concentration and time dependencies; flexiblesimulations were performed by iterative integration of the
inclusion/omission of chemical species and physicochemi-equations specified below with a standard spreadsheet pro-
cal processes; flexible convolution/deconvolution of speciesgram (Microsoft Excel 2000). The selected examples have
and processes; and full compatibility with traditional resis- been chosen to show how reversible adsorption (accommo-
tor model formulations. The PRA framework is meant to dation and competition for surface area in the sorption layer)
provide a common conceptual basis for experimental andand chemical aging (transformation of the quasi-static layer)
theoretical studies of atmospheric aerosol and cloud surfacean influence the time dependence of surface and bulk ac-
chemistry and gas-particle interactions. Its practical applica.commodation coefficients and uptake coefficients. Some of
bility and flexibility shall be illustrated in this paper. the input parameters for the numerical simulations have been

One of the primary aims of the flux-based PRA mass bal-adopted from experimental studies. The primary aim of the
ance and rate equations is the efficient mechanistic descripnodel systems and scenarios presented in this paper, how-
tion of concentration and time dependencies of reactive andver, is not to describe specific systems but to illustrate the
non-reactive gas uptake and particle surface aging. In Sect. #exibility of the PRA framework and its suitability to de-
of this manuscript we show how the temporal evolution of scribe generic features of gas-particle interaction kinetics.
surface composition, accommodation and uptake coefficients
can be efficiently followed over timescales from microsec- 2.1 Reactive gas uptake and transformation of solid particle
onds to days. Exemplary numerical simulations will be pre- surfaces
sented for model systems referring to earlier studies and lit- _ _ )
erature data of trace gas uptake onto solids (Sect. 2.1) ang1-1 Modelsystem Solid 1 (S1): adsorption and sequential
into liquids (Sect. 2.2). In Sect. 3 we illustrate character- surface layer reactions with particle components

istic effects of gas phase composition and basic rate coeffi- . . .
gas p b n this model system we consider a trace gaswhich un-

cients on surface coverages, surface and bulk accommod lergoes reversible adsorption and irreversible surface layer
tion coefficients, uptake coefficients, and bulk solubilities of 9 P Y

trace gases interacting with solid and liquid particles unde'yeactlons on the surface of a solid particle, which initially

(quasi-)steady-state conditions. Throughout this manuscrip‘t:OnSIStS of the non-volatile component. ¥in a sequence of

. . . three surface layer reactions; ¥an be converted into the
e will use the terminology of the PRA framework. For defi- . e )
we wind : 9y W : chemical derivatives ¥, Y3, and Y, respectively: SLR1:

nitions and a list of symbols see the preceding companion an (S)+Y1(5S)> Ya(sS).  SLR2:  %(S)+Ya(sS)o Ya(sS):
1 1 2(ss); : 2 3(ss);

per (Rdschl et al., 2007). Overall, the exemplary calculations )
presented here concentrate on the quantities that determirg-R3:  Xa(S)+Ys(Ss)>Y4(ss).  Surface-bulk transport
rocesses as well as elementary gas-surface and surface

rates of disappearance from the gas phase or equilibratio i .
bp gas p d ulk-reactions are assumed to be negligible. Under these

with the gas phase, but not so much on the temporal evolu- diti h | PRA surf bal d rat
tion of surface and bulk composition. These can be obtainedOndtions, the genera surface mass balance and rate

in a straightforward way using the PRA framework. Further equations can be reduced to:

examples related to aerosol processing will be presented i'a[xl]s/dt = Jadsx1 — Jdesx1 — Lsxt 1)
forthcoming papers. '

dlY1lss/dt = —Lssva (2)
2 Time dependencies of gas uptake and particle compo-  d[Y;]sg/df = Psgy2 — Lssy2 (3)

sition

d[Y3lss/df = Pssy3 — Lssv3 (4)
The PRA flux formalism, mass balance and rate equations
enable efficient description of mass transport, chemical red[Y slss/df = Psgva (5)

Atmos. Chem. Phys., 7, 6025-6045, 2007 www.atmos-chem-phys.net/7/6025/2007/
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Lsx1 = kstrixt,v1[X1ls[Y1lss (@) 1.E+15 5 ™ e 1.E-02
I Iy :
+ksLr2x1,v2[X1ls[ Y 2]ss = :Mﬁ( i
+kstrax1,v3[X1ls[Y3lss (6) g TS = E-04
g 1
Lssy1 = ks rix1,v1[X1ls[Y1lss (7) ELE+13 4 1 L 1E06 Z
g 7 11s ;
15) 1 E
Pssy2 — Lssy2 = kstrix1,v1[X1ls[Y1lss BLEH2 & £ LE-08
—ksiLrax1,v2[X1ls[Y 2]ss 8 E ]
1.E+11 T HH””} TrrTTmT HHH”} T HH””} T ““””7 1.E'10
Pssy3 — Lsgys = ksLr2x1.v2[X1ls[Y 2]ss 1.E-03 1.E-01 1.LE+01  1.E+03  1.E+05
—ksLrax1,v3[X1ls[Y3lss ) time (5)
(b) 1.E+15 7 e 1.E-02
Pssva = ksirax1,va[X1ls[Yalss (10) S [Mﬁ
=) | [YZ]ss E
Jadsx1 = as,0,x10x1/4[X1]gs(1 — 65) (11) ,§1'E+14 1Y o e
< ] E
asx1 = as0.x1(1— 6s) (12) SLEH3 + 1E-06 Z
g E i
0s = [X1ls/[X1lsmax = o x1[X1ls (13) % ]
SLE+12 - X1, £ 1LE-08
Jdesx1 = Tgx1[X1ls (14) 5
J J 1.E+11 LI L I L LB B LI R LLLU I B L LLL B R “““”7 l,E-lo
Yx1 = ysorxa = —XL — cdesxd (15) LE03  1EOI LE+01 1E+03 1LE+05

JcoII,Xl

The model system and rate equations outlined above corre-

spond to a Langmuir-Hinshelwood-type mechanism as dis-
cussed by Ammann et al. (2003). Note, however, that th

time (s)

eFig. 1. Temporal evolution of the surface concentration of the

volatile species in the sorption layer{}s (blue), of the non-volatile

c_IassmaI Langmuw-HmsheI_wood mecha_msms and rate €QU3; e cies in the quasi-static surface layef]p% (red), [Y]ss (green),
tions known from the chemical engineering literature usuaIIy[Y3]SS (orange), and of the gas uptake coefficiegt (black) in
refer to reactions between two adsorbed species (heteroggnodel system S1 (adsorption and sequential surface layer reac-
neous catalysis) rather than one adsorbed species and oBgns): scenario S1-1 with [§gs=2.5x 1013 cm~3 (a) and scenario
quasi-static surface layer component. S1-2 with [%]gs=2.5x 101 cm™3 (b).

For the exemplary model simulations illustrated in Fig. 1,
the following input parameters have been used in the iterative
calculation and integration of Egs. (1)—(11s0,x1=10"3;
wx1=3.6 x 10* cm s7%; 74 x1=18 s;0%1=1.8 x 10715 cn?,
kSLRLXl,Yl:2-1 x 10717 cm? S_l, kSLRZXl,Y2:2-1 X
10719 cm? s, ksirax1y3=2.1 x 10721 cm? s71,

accommodation process and a surface reaction (decomposi-
tion of Oz into O and Q). A detailed analysis and investiga-
tion of this aspect is beyond the scope of this paper, but we
[Y 1]ssini=1 x 104 cm2, [X1]gs=2.5 % 103 cm3 (scenario  are planning to pursue this aspgct in future studies applying
S1-1) or 2.5x 10 cm3 (scenario S1-2).wx1, Hs0XLs the PRA framework._ The rea_ct|o_n prodL_Jcts—W4 can be
x1, ox1, andksirix1.y1 are based on the values reported pictured as Bz_iP derivatives with increasing num_b_er of oxy-
by Poschl et al. (2001) for the interaction of ozone with genated_functlonal groups and decreasing reactlwty_towards
the polycyclic aromatic hydrocarbon benzo[a]pyrene (BaP)Photooxidants (BaP-quinones, hydroxy-ketones, acid anhy-
on soot at ambient temperature and pressure. The experfifides, lactones, etc.; Letzel et al., 1999a, b, 20Gischl,
mental results of &chl et al. (2001) also support the as- 2002).

sumption that the basic adsorption, desorption, and reaction In the numerical simulations, the gas phase concentra-
rate parameters are not significantly affected by the chemtion of X; close to the surface, [fgs, was kept con-
ical transformation of the quasi-static surface layer (nearstant, i.e. it was assumed not to be depleted by the net
identical observations on soot particles which were fully or uptake into the condensed phase. Due to the relatively
only partially covered with benzo[a]pyrene). Note, how- low uptake coefficients 1 <10~3) this assumption is
ever, that ozone may be adsorbed either in the form of O very well justified for fine soot particles (particle diam-
molecules or in the form of O atoms8chl et al., 2001). eters on the order of,~100nm) interacting with ozone

In the latter case the actual surface accommodation coeffiand similar low-molecular-mass photo-oxidants like OH,
cient might be significantly higher than the observed short-NO,, etc. (gas phase diffusion coefficients on the order
term uptake coefficients, which would convolute the actualof Dg x3~0.1 cnt s71). In case of significant gas phase

www.atmos-chem-phys.net/7/6025/2007/ Atmos. Chem. Phys., 7, 6025-6045, 2007
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depletion, the influence of gas phase diffusion could be dethe gas uptake coefficient over several orders of magnitude,
scribed by the PRA gas phase correction factgii (PRA and exhibit non-linear gas phase concentration dependencies.
Sect. 2). Cgx1 can be used in this as well as in all other They clearly demonstrate that the PRA framework formalism
model systems outlined below to account for gas phase difcan be used to efficiently describe these processes and effects
fusion effects and to relate pXgs to the average gas phase over time scales from milliseconds to days. The time scales
concentration of X, [X1]g. considered here are also covered by laboratory experiments
Figure la shows the surface concentrations of all in-ranging from seconds in flow reactors to days in large atmo-
volved chemical species and the uptake coefficientas  spheric simulation chambers.
a function of time from one ms up to one day for sce-
nario S1-1 ([X]gs=2.5x103cm™3). The initial plateau 2.1.2 Model system Solid 2 (S2): adsorption and parallel
of Vx1%ocs_o.x1=10_3 up to ~1s is determined by adsorp- surface layer reactions with particle components

tion onto an essentially adsorbate free surfage:Q). The . . )
Again we consider a trace gas; Xwhich undergoes re-

steep decrease ofx; at ~5s is due to surface satura- X ) 3 ; .
tion with X; (approach of quasi-steady-state surface con.versible adsorption and irreversible surface layer reactions

centration [X]s~5x 101 cm—2), and the subsequent plateau on the surface of a solid particle, which initially consists
at ~20s and yx1%4x10‘6 is, due to chemical reaction of two non-volatile components 1Yand Y.. In this case

of X; with the quasi-static layer consisting almost ex- X1 can react _in twq parallel su_rface layer rea(_:tions, one of
clusively of Y1 (SLR1, [Ya]ssini~[Y 1]ssini=1x 104 cm2). _them c.onvertmg Y into a \(olat|le pro_duct, which desorbs
The second steep decreaseyqf at ~200s is due to the |mmed|a}tely and does not interfere with the.surfaceT any fur-
depletion of ¥, and the subsequent plateau -a1000s ther, while the other convertsl\fnto the.chemlcal derivative
and yx1~4x10°8 is due to chemical reaction of X Y2: SLR1: X;(s)+Y1(ss)» non-interfering products; SLR2:
with the quasi-static layer consisting almost exclusively X1(S)*Y2(SS)>Y2(ss). Surface-bulk transport processes as
of Y2 (SLR2, [Ya]s¥[Y 1]ssini=1x 10%cm2). The third well as_elementary gas—surfgcg and surfac_e bglk—reactmns
steep decrease gfy; at ~30000s is due to the deple- are again as;umed to be negligible (L.a_ngmuw—HlnsheIwood—
tion of Yy, and the subsequent plateau~at00000s and type mechanism). Under these condlt.lons, the general PRA
»x1~4x 10710 is due to chemical reaction of Xwith the surface mass balance and rate equations foand Y; are
quasi-static layer consisting almost exclusively gf(8LR3, the_ same as above (model system S1), except for Eq. (6),
[Y 3ls[Y 1]ssini:1><1014 cm2). which has to be replaced by:
hFigyreI 1b sh_ows thg tsklljrfac? (i(onceng_at_;)&s of aIIfinvoIvedLSsxl = kstrixLy1[X1ls[Y1lss

chemical species and the uptake coefficigat as a func-
tion of timepfrom one ms uppto one day for scenario S1-2 Fhsirax.valXals[Y2lss (16)
([X1]gs=2.5% 10 cm~3). The temporal evolution is analo- For the exemplary model simulations illustrated in Fig. 2a,
gous to Fig. 1la (scenario S1-1), but the substantially lowerthe following input parameters have been used in the iterative
gas phase concentration of;Xhas the following conse- integration:wx1=3.6x10% cm s*l;as,o,x1:0.14;rd,x1:18 S;
quences: (a) the plateaus pf; are more extended and ox1=3x10"1% cn?, ksirix1y1=7x10"18 cn? s71,
the decreases are less steep (slower surface saturation ak€lrox1.y2=8x1071° cm? s71, [Y1]sgini=5x10* cm~2,
reactant depletion, respectively); (b) the plateau values ofY 2]ssini=1x10" cm=2, [X1]gs=3x10' cm~3 (scenario
yx1 corresponding to the different surface layer reactions areS2-1) or 1x10*2 cm3 (scenario S2-2).wx1, @s0.x1, TX1
higher because the decrease af gas phase concentration andoyx; are based on experimental data for the adsorption
and gas kinetic flux to the surface is much more pronouncednd reaction of nitrogen dioxide (N@at the surface of soot
than the corresponding decrease gfsxirface concentration particles on time scales of seconds to minutes in Knudsen
and surface layer reaction rate (Langmuir adsorption effect)cell experiments (Gerecke et al., 1998), an aerosol flow
Similar non-linear gas phase concentration dependencies arr@actor experiment (Ammann et al., 1998), and experiments,
effects of reversible adsorption followed by surface layer re-in which particles were deposited on filters for exposure to
actions (Langmuir-Hinshelwood reaction mechanisms) haveNO, (Ammann et al., 1997). [Yssini and [Y2]ssini have
already been outlined by Ammann et al. (2003) and will been constrained by the total yield of products observed in
be further discussed in Sect. 3. They are particularly im-these experimentsys g x1 has been assumed to correspond
portant when the gas phase and surface concentrations &b the low concentration limit of the initial uptake coefficient
volatile species are high, i.e. when the (quasi-)steady-statebserved in the Knudsen cell experiments reported by
surface coverage by adsorbate molecules is close to satur&erecke et al. (1998).ks r1x1.v1 and ks r2x1,y2 have
tion (monolayer coverage). been adjusted to fit the experimental data from flow tube

Overall, Fig. 1a and b illustrates that the processes ofand filter exposure studies. The features of the temporal
adsorption and chemical reaction can transform the surfacéehaviour of the uptake coefficient are very similar to the
composition of solid particles (saturation of sorption layer example shown in Fig. 1. In this case, the slower, parallel
and chemical aging of quasi-static surface layer), changeurface layer reaction SLR2 weakens the decreasing slope

Atmos. Chem. Phys., 7, 6025-6045, 2007 www.atmos-chem-phys.net/7/6025/2007/
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at longer reaction times, becoming the dominant uptake (a) | g+q0
pathway, once Yis consumed.

Three more simulations are shown in
Fig. 2b, in which ag0x1=0.01; 14x1=0.1 s; 1.E-02
O’x1:3X10_15 sz, kSLRLXl,Y1:3-5X10_16 cn? S_l,
kSLRZXl,Y2=1X10_l7 cm? s71, [Yl]ssinizl-zx-lols cm2,
[Y 2]ssini=2.4x 10 cm2, [X1]gs=1x10' cm=3 (sce- 1.E-04
nario S2-3), [%]gs=3x10'' cm3 (scenario S2-4) or
1x 10 cm3 (scenario S2-5). These parameters are based
on experimental data for the adsorption and reaction of 1.E-06 4
nitrogen dioxide (N@) on diesel soot deposited on filters 1.E-02 1.E+00 1L.E+02 L.E+04
for exposure to N@ (Arens et al., 2002). In this case, a
lower concentration of reactants was observed on the surfaceb
of this soot type, while the kinetics of the surface reaction (b) 1.E-02
was significantly faster than in the other scenarios S2-1 and
S2-2. The general features are similar to those in Fig. 2a,  1.E-03
the long-term reactivity being even more dominated by the
reaction with ¥, in the scenarios S2-3 to S2-5. 5 1.E-04

Many more laboratory studies on the subject of theeyNO
soot reaction are available (Aubin et al., 2007, and references | 05
therein), and we are not attempting to discuss all physico-
chemical aspects of the methodologies and of the chemical
reaction itself in detail, but rather to show the applicability of
the PRA framework and the importance of considering long-
enough time scales. The simulations demonstrate that the time (s)
assumption of suitable microphysical and chemical mecha-
nisms and rate parameters reconciles short-term and Ionq:-. ] o ]
term experimental results, which often appear to be inconsist '9: 2= Temporal evolution of the gas uptake coefficient in
tent at first sight. Moreover, they demonstrate the complexityr.mde_I system 8.2 (adsorption and p‘?‘ra”el _surfacel Iaygrg reac-
. - - . . tions): (a) scenarios S2-1 and S2-2 with {}g,y3><101 cm
introduced into the system by just assuming two different re- . . :

L . nd [X1]gs=1x 1012 cm3, respectively(b) scenarios S3-3, S3-4
actants on the surface. It becomes strikingly obvious thaf 9 1510 em-3 —32 10 cm-3
extensive parameter variations are necessary to reliably corfnd S35 W'thz ng bxl cm = [X1]gs=3x 107" cm™ and
strain all relevant parameters. [X1]gs=1x 1012 cm=3, respectively. For the other parameters, see

text. The large and small squares refer to data reported by Ammann
et al. (1998) and Ammann et al. (1997), respectively. The trian-
2.1.3 Model system Solid 3 (S3): adsorption and paral-gles refer to results reported by Gerecke et al. (1998). The small
lel surface layer reactions including adsorbate self-diamonds in (b) refer to experiments with diesel soot particles de-
reaction posited on filters, as reported by Arens et al. (2001).

—scenario S2-1

—scenario S2-2

A Gerecke et al. (1998), 11ppb
A Gerecke et al. (1998), 40ppb
B Ammann et al. (1998)

= Ammann et al. (1997)

VX1

time (s)

scenario S2-3
—scenario S2-4
—scenario S2-5
Arens et al. (2001), 3.3ppb
= Arens et al. (2001), 18ppb
= Arens et al. (2001), 34ppb

.
.
TTTTTTIH

Lol Lol il L1l

1,E-06 LI 1 1 o R A 11 B R R R R R LA R R e R
1.E-02 1.E+00 1.E+02 1.E+04

In model system S3 a trace gag Xindergoes reversible
adsorption and irreversible surface layer reactions on th
surface of a solid particle, which initially consists of the Lgx; = ksirix1.v1[X1ls[Y1lss

non-volatile component ¥ In tr_us case X can react in thsiroxLx1[X1]sX1ls (17)

two parallel surface layer reactions, one of them convert-

ing Y1 into the chemical derivative X whereas the other For the exemplary model simulations illustrated in Fig. 3, the
one is a self-reaction of Xleading to its decomposition following input parameters have been used in the iterative in-
into products which desorb immediately and do not inter-tegration:wx1=3.6x10* cm s71; oes,o,x1:10‘3; 74.x1=18 S;
fere with the surface any further (e.g. bath gas molecules)ox1=1.8x10"1% cn?, ks rix1y1=1x1071° cm? s71,
SLR1: X3(s)+Y1(sS)>Y2(ss); SLR2: X(s)+X1(S)— non-  ksirzx1.x1=1x1071° cn? s, [Y1lssini=1x 10 cm2,
interfering products. Surface-bulk transport processes agX1]gs=2.5x10'2 cm~3 (scenario S3-1) or 2:610*% cm—3

well as elementary gas-surface and surface bulk-reactionéscenario S3-2)wx1, @so0.x1, Tx1, andox1 are based on ex-
are again assumed to be negligible (Langmuir-Hinshelwoodperimental data for the adsorption of ozone at the surface
type mechanism). Under these conditions, the general PRAf soot particles on time scales of seconds to minutes in
surface mass balance and rate equations f@rX Y; arethe ~ Knudsen cell and flow tube studies (Stephens et al., 1986;
same as above (model system S1), except for Eq. (3) whiclirendel et al., 1995; Rogaski et al., 1998skhl et al., 2001,

ehas to be replaced by:

www.atmos-chem-phys.net/7/6025/2007/ Atmos. Chem. Phys., 7, 6025-6045, 2007
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1.E-02 5 tions. Under these conditions, the general PRA surface mass
— scenario S2-1 balance and rate equations can be reduced to:
3 — scenario S2-2
1.E-04 1 s AIDA, 100 ppb d[X1]s/dt = Jadsx1 — Jdesx1 + Jo.sx1 — Jsb,x1 (18)
= ] AIDA, 1000 ppb
& - ’ PP Jsbx1 = kspx1[X1ls (19)
1.E-06 El Jb.sx1 = kpsx1[X1lbs (20)
Jsb.x1
02 | | Ap X1 = OsX]———— (21)
1.E-08 +—rrrmm—rrrrrm—rrrrrmm—r R A
1.E-01 1.E+01 1.E+03 1.E+05

time (5) The rate equations and parameters describing adsorption,
desorption, and net uptake of;Xare defined in the same
Fig. 3. Temporal evolution of the particle surface composition and Way as in model system S1, Egs. (11) to (15). Moreover,
the gas uptake coefficient in model system S3 (adsorption and pawe assume that diffusion in the bulk liquid phase is fast and
allel surface layer reactions including adsorbate self-reaction): scethat the bulk phase is well mixed at all times, i.e. the near-
nario S3-1 with [X]gs=2.5x10'3 cm~3 and scenario S3-2 with  surface bulk concentration and average bulk concentration of
[X1]gs=2.5x 1012 cm~3. The symbols refer to aerosol chamber ex- X1 are identical ([X]ps=[X1]p). This is certainly the case
periments by Kamm et al. (1999). for small particles with diameters of about 100 nm or less
and small molecules with diffusion coefficientsp j, on
the order of 10° cm? s~1 or higher, leading to character-
Sect. 2.1.1). [¥]ssini approximates the surface concentra- jsic mixing times ofd3/(42)/Dp x1~10~" s (Seinfeld and
tion of aromatic rings on a graphene layer (or large poly- pandis, 1998). Under these conditions, mass balance for the

cyclic aromatic hydrocarbon)ksirixi,v1 andksiraxi.x1  bulk of a spherical particle (surface-to-volume ratidgican
have been adjusted to fit the experimental data for ozon&jmply be described by:

uptake on soot over a time scale of hours in aerosol cham-
ber studies (Kamm et al., 1999; Fig. 3). Experiments byd[X1lp/df = d[X1lps/df = (Jsb.x1 — Josx1)(6/dp)  (22)

Longfellow et al. (2000) suggest that the initial uptake €0 Note that the factor @, which is the surface-to-volume ratio

efficient (surface assommodation coefficient) and the quasiyg 5 spherical particle, converts the surface area normalized

steady-state uptake coefficient at reaction times of 1-7 h may, :
) . luxes to a volume based rate of change. According to equa-
be as high as 1% and 104, respectively, for ozone uptake g groeq

on fresh methane soot. These observations could as well bos (PRA-72) and (PRA-73) the solubility saturation con-

. X ) . entrations of X in the gas phase and particle bulk ([% sat
simulated with the aboye model equat|on§ and different rateand [X]b.sad, and the ggas-spurface andpsurface-bullf"t?ansport
parameters or W't.h a different set 0 f reactlons.a}nd equatlon§ate parameters of Xunder equilibrium conditions are re-
more reprefsentat_lve for the chemical composnlqn and 'aClted to its dimensionless gas-particle partitioning coefficient
tivity of the investigated surfaces. A comprehensive anaIyS|sOr solubility. K )
and consolidation of all available studies of ozone uptake on Y, Ksolcex1:
soot, the identification of specific surface properties respon- [X1lpsat  ksbx1 asx1ox1
sible for the differences observed in different experiments™ %X = 1312 = G Ak g
performed with different types of soot, and the planningand = o
design of experiments (reaction conditions, time scales, etcf\t infinite dilution Ksoiccx1 equals the Henry's law
for the development of consistent chemical mechanisms of°€fficient of X% in the investigated condensed phase
soot surface reactions with ozone would go beyond the scop(v,[X 1]o¥0, 0s~0, asx1~as0,x1, Ksolcox1¥Heex1; PRA
of this paper. Nevertheless, the above model simulations |S€Ct- 3:5.2).  For the exemplary model simulations illus-
lustrate the applicability and usefulness of the PRA frame-fatéd in Figs. 4 to 6, the following input parameters have

work for this aim, which we are planning to pursue in future P€€n used in the iterative integrlation of Eqsl.4(18) and
studies. (22): Olso’)(l:l; a)x1:3.l>( 104 cms -, O'x]_:lx 10~ sz;

[X1lsini=[X1lbsini=[X1]p,ini=0, dp=100nm.  For g x1,
2.2 Non-reactive gas uptake into liquid particles ksbx1, ko,sx1, and [Xi]gs, which have been varied in scenar-
ios L1-1to L1-9, see Table 1. The scenarios L2-1to L2-9, in
2.2.1 Model system Liquid 1 (L1): adsorption and solubil- which bulk diffusion is important and which are also listed
ity saturation in Table 1, will be discussed in Sect. 2.2.2.
The parameters for scenarios L1-1 to L1-3 are based on
In model system L1 a trace gag Xindergoes reversible ad- the experimental data reported by Jayne et al. (1990) for
sorption and surface-bulk transport (solvation and desolvathe uptake of sulfur dioxide into acidic aqueous solution
tion) onto and into a liquid droplet, but no chemical reac- droplets, assuming that the “surface complex” proposed in

(23)
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Table 1. Scenarios, rate parameters, and gas phase concentrations for the simulation of time dependent gas uptake into liquid particles
for model systems L1 (bulk saturation) and L2 (bulk diffusion), respectively, is the desorption lifetime (which is the inverse of the
first-order desorption rate coefficient) ofi Xks  x1 andky s x1 are the first-order rate coefficients for surface-to-bulk and bulk-to-surface
transfer of Xq, respectively.Hp x1 is the Henry's law coefficient of Xand Hec x1 is its dimensionless form, [¥gs is the near-surface gas

phase number concentration of XThe scenarios L1-1 to L1-9 and L2-1 and L2-9 are organized to represent three different settings of the
kinetic parameters, while for each parameter setting three scenarios are defined by three different gas phase concentrations. Note that mod
systems L1 and L2 have identical kinetic parameter settings.

Scenario g x1 ks kp,s Hee x1 Hep x1 X1lgs
(s) sH  (@emshH @ (molL~Yatm™1) (cm~3)
L1-1,L2-1 1.7%10°° 7x103 7.5 126 5.15 x10t1
L1-2,L2-2 1.7%107°> 7x103 7.5 126 5.15 x10!3
L1-3,L2-3 1.%10°° 7x10° 7.5 126 5.15 1015
L1-4,L2-4 1.7%10°° 7x10° 7.5 1.26<10* 515 <101
L1-5,L2-5 1.7%10°° 7x10° 7.5 1.26<10* 515 1x 1013
L1-6,L2-6 1.7%107°> 7x10° 7.5 1.26c10* 515 1x 1015
L1-7,L2-7 1 1d 1 7.84x107  3.2x10° 1x101
L1-8,L2-8 1 1d 1 7.84<107 3.2x10P 1x1013
L1-9,L2-9 1 1d 1 7.84x107  3.2x10° 1x1015

their study corresponds to an adsorbed molecule in the PRAhe following Henry’'s law coefficients or solubilities at
framework. Here we assume that chemical reactions are negrs x1=as0,x1: Hepx1=515 mol L1 atm ! (L1-4 to L1-6)
ligible, which is reasonable for solutions sufficiently acidic and Hep x173.2x10° mol L=t atn? (L1-7 to L1-9).
to prevent significant formation of sulfite from S0 The
data of Jayne et al. (1990) did not allow to fully constrain  Figure 4 shows the temporal evolution of the liquid phase
as0.x1, but they reported rate parameters equivalent o bulk concentration [X]p, sorption layer surface coveragg
andksp x1 for different assumptions afso x1. For scenar- surface accommodation coefficientx1, bulk accommoda-
ios L1-1 to L1-3 we have setso x1 to unity and used the tion coefficientap x1, and uptake coefficientx, for scenar-
corresponding values forg x1 andksp x1 based on Jayne ios L1-1 to L1-3, respectively, in which [gsis varied from
et al. (1990). Using Eq. (23), the bulk-to-surface transport1x10* to 1x10™. In all scenarios except L1-7 (Fig. 6a),
rate constanty, s x1 for scenarios L1-1 to L1-3 was matched solubility saturation equilibrium is achieved ([34[X]b,sad
to a Henry’s law coefficient or solubility at infinite dilu- and yx1 drops to zero within less than one millisecond.
tion which roughly corresponds to that of 5@t pH~2  Moreover,ap x1 is significantly lower tharwsxi because
(Ksol.cp.x1=Hepx1=5 mol L-1 atnr?! for s X1=05,0,X1)- the rate of desorption is significantly higher than the rate of
Here and below Henry's law coefficient or solubilities in surface-to-bulk transport.
concentration and pressure units (index “cp”) have been )
converted into the corresponding dimensionless parameters At oW and moderate trace gas concentration levels (L1-
(index “cc”) by the relationk socex1=RTKsoLcpx1 (PRA 1 and L1-2, Flg._ 4a and bisx1 andap x1 are practically
Sect. 3.5.2). Note that this choice of parameters is not mearif'dependent of time and [gs, and also the temporal evolu-
to pursue a specific investigation of $Qptake into aque- 10N Of yx1 is essentially independent of {¥gs. Athigh trace
ous droplets in this paper but just to establish a reasonabl§aS concentration (L1-3, Fig. 4c), howevegx1 andap x1
base case and starting point for the parameter variations if€crease from their initial values characteristicgr0 to a
the different scenarios of model system L1 (Table 1). golower value at equmbnum,.whmh is due to surfgce saturation
far we have found no other published experimental data suit€ffécts ¢s close to scenarios L1-4 to L1-6, which are anal-
able to retrieve these basic rate parameters, although Dijkae?90Us t0 L1-1 to L1-3 except thagp x; was increased by
and Tabazadeh (2003) pointed out the potential importancé factor of 100 (Table 1). These parameters correspond to
of surface saturation effects on gas-particle partitioning, in@ Henry’s law coefficient a factor of 100 higher than for the
particular for organic surfactants. base case, and thus solubility saturation is regched signifi-
cantly later (after~1 ms for the lower concentration levels).
In scenarios L1-4 to L1-6 and L1-7 to L1-9 (Ta- Moreover, the increase @fp x1 makes the rate of surface-
ble 1), tx1, ksbx1 and kpsx1 have been varied to sim- to-bulk transport substantially higher than that of desorption,
ulate species with different adsorption properties and soldeading to a bulk accommodation coefficient just slightly
ubilities. The parameters have been adjusted to matchower than the surface accommodation coefficient.
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Fig. 4. Temporal evolution of sorption layer surface coveragg, Fig. 5. Temporal evolution of sorption layer surface coverégg,
(red), surface accommodation coefficientxs (black), bulk ac- (red), surface accommodation coefficientx; (black), bulk ac-
commodation coefficientry x1 (orange), uptake coefficientyq commodation coefficienty x1 (orange), uptake coefficientyq
(green) and particle bulk composition (blue) in model system (green) and particle bulk composition (blue) in model system
L1 describing adsorption and surface-bulk transport of a traceL1 describing adsorption and surface-bulk transport of a trace
gas X (i.e., non-reactive solvation of a trace gas into a liquid gas X (i.e., non-reactive solvation of a trace gas into a liquid
aerosol): scenario L1-fa) with [X1]gs=1x 10! cm~3, scenario  aerosol): scenario L1-fa) with [X1]gs=1x 101 cm~3, scenario
L1-2 (b) with [X1]gs=1x10'3 cm™3 and scenario L1-gc) with ~ L1-5 (b) with [X1]gs=1x 102 cm~3 and scenario L1-6c) with
[X1lgs=1x10'S cm3. The further parameters associated with [X1]gs=1x10% cm 3.
these scenarios are listed in Table 1. The temporal evolution for
the other scenarios of model system L1 listed in Table 1, L1-4 to
L1-6 and L1-7 to L1-9, are presented in Figs. 5 and 6, respectively.
of magnitude relative to scenarios L1-4 to L1-6 (Table 1).
These parameters represent a highly viscous patrticle inter-
In scenarios L1-7 to L1-9 (Fig. 6)q.x1 was increased acting with a highly soluble gas with strong affinity to the
by almost five orders of magnitude wherelag, x1 and  surface, leading to very high saturation surface coverages
kp s x1have been reduced by about one order of magnitude(9s~1) at all gas phase concentrations and very slow sol-
enhancing the Henry’s law coefficient by almost four ordersubility saturation at low concentration (afterls in L1-7,
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Fig. 6a). Due to the high value afyx; the rate of des- (a) | E+20

orption is much lower than that of surface-to-bulk transport, ~
. . E e 1L.LE+00 X
andap x1 equalsas x1 at all times and concentration levels. 1.LE+18 4 E N
Moreover, surface saturation effects and the decrease froms~ =
initial to equilibrium values ofwsx1 and ap x1 is particu- £ LE+16 < L 1E-02 8
larly pronounced in L1-9 (Fig. 6¢), which also clearly illus- = >
A . - 1.E+14 4 E @
trates thatvs x1 limits bothap x1 andyx1 (provided that gas- >, E F %
. 02 L 1.E-04 -
surface reactions are negligible; PRA Sect. 3.6). 1E+12 3 g "
Overall, the numerical simulations performed for model S
system L1 demonstrate that adsorption and surface satura-  1.E+10 *——rrmm—rrrmr—r—rrmr——rrrm- 1.E-06
tion effects (limitation of surface accommodation by sorption 1.E-06 1.E-05 1.E-04 1.E-03 1.E-02
layer capacity) can significantly influeneg x1 and as x1 time (s)
even in case of non-reactive uptake of highly soluble trace (b) | g+20 4 .
gases by liquid particles. The most important rate parame- g =
. . - 3 e 1.LE+00 X
ters governing these effects are the desorption lifetime and LE+18 5 £ ~
the surface-to-bulk transfer rate coefficient. Besides the tem- s~ %
poral evolution of gas uptake they also influence the equi- § 1E+16 2 C1E02 S
librium values of solubility, especially at elevated trace gas = LE+14 E <
concentrations. X 8 S
. S 3 e 1L.LE-04 =
In all scenarios except L1-7, equilibrium surface and bulk 1.E+12 3 ®
concentrations are largely established by 0.01's (upper limit 8
of time scale in Figs. 4-6). Due to the decreaser9f 1.LE+10 +——mm——rrrmr——mm - 1.E-06
andap x1 at solubility saturation, however, the increase of 1.E-06 1.E-05 1.E-04 1.E-03 1.E-02
[X1]b,satis less than proportional to that of {¥y satfrom L1- time (s)
2to L1-3 (Fig. 4bvs. c)and from L1-5to L1-6 (Fig. 5bvs.c). (¢) 1.E+20 5 .
From scenario L1-8 to scenario L1-9 (Fig. 6b vs. ¢; 0.015s) g =
. R L 3 e 1.LE+00 X
almost no increase of the equilibrium bulk concentration is LE+18 < g =
observed, in spite of the gas phase concentration increase by~ %
two orders of magnitude. These deviations from Henry’s law 5 L.E+16 E ¢ LE-02 8
and non-linear dependencies of solubility on gas phase com- = L "
. . . . . - 1.LE+14 E &
position will be illustrated and addressed in more detail be- > L 1 B-04 <
low by exemplary calculations dfsocp x1 @s a function of 1.E+12 F s
as0,x1, kd,x1, ks,bx1, kb,s x1, and [X%]gs (model system SS6, s
Sect. 3.6). 1.LE+10 +——mr——r——m——— 1.E-06
1.E-06 1.E-05 1.E-04 1.E-03 1.E-02
2.2.2 Model system Liquid 2 (L2): adsorption and bulk dif- time (s)
fusion

Model system L2 is analogous to L1, except for consideringrig, 6. Temporal evolution of sorption layer surface coveraggy
large droplets where the gas uptake is influenced by liquidred), surface accommodation coefficienty; (black), bulk ac-
phase diffusion. Assuming that the particle bulk is initially commodation coefficiengy, x; (orange), uptake coefficientxy
free of Xy, the net transport flux of Xfrom the surface to the (green) and particle bulk composition (blue) in model system
near-surface particle bulkisp netx1, can be matched with L1 describing adsorption and surface-bulk transport of a trace
a quasi-steady-state dissolvo-diffusive flux of ¥om the gas X (i.e., non-reactive solvation of a trace gas into a liquid
near-surface particle bulk towards the particle copgiqx. ~ 2erosol): scenario L1-fa) with [X]gs=1x 10" cm™3, scenario
(analogous to the reacto-diffusive flux in systems with chem-L1-8 (b) with [X1]gs=1x10*3 cm~3 and scenario L1-gc) with

ical reactions in the particle bulk; PRA Sect. 3.5.1), and ap-X1lgs=1x10*> cm~3.

proximated by (Finlayson-Pitts and Pitts, 2000; assumption

of quasi-planar surface geometry):

Jsbnetxt = Jspx1 — Jo,sx1 = Jb,dd x1 (24)

Equation (24) can be inserted for/. —J in
= (Doxa/(x0)Y2[X1lbs = kspnetxa[X1]s d (24) sbx1=Jbsx1)

Eqg. (18) to describe the surface mass balance in model sys-
1 tem L2 in analogy to model system L1. The ratio of the
_ kp,s x1 near-surface bulk and surface concentrations pfcxn be
ksbnetx1 = kspx1 | 1+ ———= (25) . . L. ;
VDo xi1/ (zt) obtained for quasi-steady state conditions and in analogy to
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Fig. 8. Temporal evolution of sorption layer surface coverégg:
(red), surface accommodation coefficientxs (black), bulk ac- (red), surface accommodation coefficientys (black), bulk ac-
commodation coefficientry x1 (orange), uptake coefficientyq commodation coefficienty x1 (orange), uptake coefficientyq
(green) and particle bulk composition (blue) in model system L2 (green) and particle bulk composition (blue) in model system L2
describing adsorption and diffusion-limited surface-bulk transportdescribing adsorption and diffusion-limited surface-bulk transport
of a trace gas X (i.e., non-reactive solvation of a trace gas into a of a trace gas X (i.e., non-reactive solvation of a trace gas into a
liquid aerosol): scenario L2-a) with [X 1]gs=1x 10 cm~3, sce-  liquid aerosol): scenario L2-) with [X1]gs=1x 10t cm~3, sce-
nario L2-2 (b) with [X1]gs=1x10*3 cm=3 and scenario L2-)  nario L2-5 (b) with [X1]gs=1x 10" cm~3 and scenario L2-fc)
with [X 1]gs=1x 1015 cm™3. The further parameters associated with with [X1]gs=1x 105 cm~3,

these scenarios are listed in Table 1. The temporal evolution for the

other scenarios of model system L2 listed in Table 1, L2-4 to L2-6

and L2-7 to L2-9, are presented in Figures 8 and 9, respectively.

Fig. 7. Temporal evolution of sorption layer surface coverégg

Much more elaborate formlisms for the description of time
dependent diffusive transport in liquid droplets considering
particle size and geometry are available (e.g., Hanson, 1995;

Eg. (PRA-69): ) .
a- ( ) Worsnop et al., 2002; Smith et al., 2003) and can be inserted
into the PRA framework (PRA Sect. 3.5). In the context
[X1lbs ksb,x1 of this paper, however, the simple approximations outlined

26 . .
(26) above appear sufficient to demonstrate the potential effects

X1ls  kpsxi+ /Do x1/ (t)
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of reversible adsorption and liquid phase diffusion on solu- (a) | E+20

bility saturation of large droplets. 7 LE+00 =
For the exemplary model simulations illustrated in Figs. 7— 1.E+18 4 E =
9, the input parameters used in the iterative integration < %
of Eq. (18) for scenarios L2-1 to L2-9 are the same g c1.E-02 3
that have been used for scenarios L1-1 to L1-9, ex- _z2 g
cept for assuming a larger particle diametés>100 nm): 3 — 1.E-04 M
Olso’x]_:l; wx1=3.1X104 cm §1; O‘)(]_:].Xlof14 sz; E %
[X1]sini=[X1]p,ini=0. Forx1, ksb,x1, knsx1, and [Xi]gs, S
see Table 1. The particle is assumed to be large enough that  1.E+10 +———r——r———mr———- 1.E-06
the concentration of Xin the particle core remains close 1.LE-06 1.E-05 1.E-04 1.E-03 1.E-02
to zero over the simulation time scale, justifying the simple time (s)
form of the dissolvo-diffusive flux introduced above and the (b) | g+20
use of Eq. (24) (Finlayson-Pitts and Pitts, 2000). For the g _
L . . .. e 1.LE+00 X
liquid phase diffusion coefficient we have chosen the same F ﬁ
value as used by Jayne et al. (1990) for,S®acidic aque- 'S X
ous dropletsPp x1=7.65x 1078 cn? s~ In scenarios L2-1 § L 1.E-02 S
to L2-9 the near-surface bulk concentration of, XX1]ps, 3 g
has been calculated iteratively using Eg. (26), based on the < g @
. . — e 1.LE-04 =
assumption of quasi-steady-state for the near-surface bulk of E %
the large particle, whereas in scenarios L1-1 to L1-9 the bulk 3
concentration of X, had been obtained by explicitly solv- 1L.E+10 F—rrmmr - 1.E-06
ing the bulk mass balance equation for a well-mixed small 1.E-06 1.E-05 1.E-04 1.E-03 1.E-02
particle ([X1]p=[X1]ps)- time (s)
Figures 7-9 (L2-1 to L2-9) are organized in analogy to (¢) 1.E+20 _
Figs. 4-6 (L1-1 to L1-9), i.e. the scenario with the lowest 3 L E+00 =
. . . e 1. >
gas phase concentration is displayed at the top (panel a), fol- F N
lowed by the corresponding scenarios with gas phase concen-— %
trations enhanced by factors of 100 (panels b and c; Table 1). E £ 1.E-02 s
Note, however, that Figs. 7-9 display the near-surface bulk _2 ?;
concentration of X, while Figs. 4-6 display its bulk concen- < 7 L E-04 Qi
tration. E "
The temporal evolution and values of the sorption layer 8
surface coveragés, the surface accommodation coefficient LE+10 +——rrrmr——rrrmm—r—rrrm——rr 1.E-06
as x1, and the bulk accommodation coefficientx, are very 1.E-06 1.E-05 1.E-04 1.E-03 1.E-02

similar in the corresponding scenarios of model systems L2 time (s)
and L1 (Figs. 7-9 and 4-6, respectively), which is due to the
identical basic rate coefficients for the processes governing
surface mass balance and compositi®go(x1, Tx1, ksb. X1 Fig. 9. Temporal evolution of sorption layer surface coverégg,
kp.sx1). The evolution of [X]ps in scenarios L2-1 to L2-9  (red), surface accommodation coefficienfx, (black), bulk ac-
is also very similar to that of []p in scenarios L1-1 to L1- commodation coefficien, x1 (orange), uptake coefficientcy
9, i.e. solubility-driven gas uptake into the near-surface bulk(@réen) and particle bulk composition (blue) in model system L2
of large particles proceeds essentially in the same way as th‘a\eSCrIbIng adsorptlon and dlffu_s|on-||m|tgd surface-bulk transport
solubility saturation of small well-mixed particles (approach- c.)f a trace gas X(@e., non-reactive solvation of a trace gas into a
. , - . liquid aerosol): scenario L2-@&) with [X 1]gs=1x 10 cm~3, sce-
ing Henry’'s law equilibrium at long times and low concen- __ . . _ 3 . a3 .

. . nario L2-8 (b) with [X1]gs=1x 1013 cm™3 and scenario L2-9c)
trations). At very short times up to 18-10*s, the uptake ith [X11c=1x 1015 _93
coefficientsyxy of scenarios L2-1 to L2-9 also closely fol- with [X1]gs=1 em =
low the temporal evolution ofx1 in scenarios L1-1 to L1-9.
At the time scale of milliseconds (16-102s), however,
where X1 rap|d|y drops to zero for small partides due to uptake coefficient driven by bulk phase diffusion has been
solubility saturation (scenarios L1-1 to L1-9; Figs. 4-6), the Presented by Hanson (1997) and Huthwelker et al. (2006) to
net gas uptake into large particles continues gadexhibits ~ Parameterize uptake of acidic species into ice.
only a slow decrease proportional tByx1t) /2 (scenarios Overall, the initial non-linear increase of surface and
L2-1 to L2-9; Figs. 7-9; liquid phase diffusion towards the near-surface bulk concentrations and the coincident decrease
particle core). A similar case of the time dependence of theof the kinetic parameterss x1, anx1, yx1 in both model
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systems and sets of scenarios (L2 and L1) are determine8S4) show differences between trace gas reactions at the
by adsorption and surface saturation effects, whereas the esurface following Langmuir-Hinshelwood and Eley-Rideal
tablishment of constant equilibrium conditions at the end ofmechanisms, respectively. Model systems Steady-State 5
the simulations for model system L1 and the continued gasand 6 (SS5 and SS6) illustrate effects of reversible adsorption
uptake in the simulations for model system L2 are due toon gas uptake, which is purely solubility-driven (only gas-
solubility saturation of the particle bulk (without or with lim-  surface and surface-bulk transport, no chemical reactions).
itation by liquid phase diffusion, respectively).

As mentioned above, the simulations L2-1 to L2-3 cover 3.1 Model system Steady-State 1 (SS1): adsorption, sur-
the conditions and time scale of the droplet train experiments ~ face layer reaction with particle components, and
by Jayne et al. (1990). If we compare the uptake coefficient ~ surface-bulk transport
at 103 s for the different gas phase concentrations, the nu- .
merical simulations predict a drop g1 by a factor of~2 [N model system SS1, we consider a trace gag X
from L2-2 to L2-3 (Fig. 7b and c, respectively). This drop which undergoes reversible adsorption (gas-surface trgns-
is consistent with the drop observed in the experiments byP°rt), surface-bulk transport, and a surface layer reaction

Jayne et al. (1990), when the gas phase concentration wdSLR1: Xi(8)+Y1(s)— products) under (quasi-)steady-state
changed from 18 to 105 cm~3. conditions. In this case the PRA adsorption-reaction steady-

state equations (PRA Sect. 4.5.1, Special Case B) for the ef-
fective Langmuir adsorption equilibrium constaﬁtﬂldle,
3 Gas phase concentration dependencies under steady- PSeudo-first-order surface reaction rate coefficiegks,
state conditions sorption layer surface coveragg surface accommodation
coefficientas x1, bulk accommodation coefficient, x1, and

Reversible and competitive adsorption on a quasi-static surtiptake coefficienyx, can be reduced to:

face implies that the surface accommodation coefficient of OX1OX1

ing it i i K! = 05 0.X1 (27)
every species }(de.cre.ases w_|th increasing surface concen-“adsx1 s.0, A(ka.xt + ks x + ks bnetxt)
tration and thus with increasing gas phase concentration of
all gompetitively co—adso'rbing spec'ies. Cpnsequently, all Ki-kg x1 = kst rix1.v1[Y1lss (28)
netic parameters proportionaldg x;, including bulk accom-
modatiqn and s_orption upt_al_<e coefficientsi( and ysorxi, _ Kédsxﬂxl]gs 29
respectively) will also exhibit a dependence on gas phas@s T 14 K goxa [X1lgs (29)
composition, which can only be neglected when the to- acs
tal sorption layer surface coverage is much less than unity _ 1— 00 = 0s,0.X1 30
(fs<1; PRA Sect. 4.5.1). sx1 = osoxi(d=0s) = 77 K gsx1[X1lgs (30)
To illustrate characteristic effects of gas phase concentra-
tions and basic rate parameters on surface concentrations, ks,b.x1 31
surface and bulk mass accommodation coefficients, and upbX1 = ¥sX1 ksbx1 + ksx1 + ka.x1 (31)
take coefficients of trace gases under (quasi-)steady-state
conditions, we present exemplary simulations based on PRA ks x1 + ksb,netx1
VsorX1 = Qs X1 (32)

Sect. 4.5.1 (adsorption-reaction steady-state, Special Case I%ﬁ<1 -
for selected model systems and scenarios. Steady-state con-
ditions are not only highly relevant for the determination of For the exemplary model simulations illustrated in
basic rate coefficients in laboratory experiments with aerosoFig. 10, the following input parameters have been
and cloud model systems, quasi-steady-state conditions alsésed: asox1=107% wx1=3.6x10* cm s %1=18 s
do occur the temporal evolution of real time-dependent sysand kg x1=5.6x1072 s ox1=1.8x107* cn¥;
tems. For example, such conditions are illustrated by thekstrix1,y1=2x107Y cn? s71; [Y1]ss1x10M cm™2.
plateau values of near-constant uptake coefficients in thésb.netx1 Was set equal to zero (scenario SS1-1)kdQ1
model systems and scenarios of the preceding section.  (SS1-2), tokgx1 (SS1-3), and to multiples of £and 1¢
Model system Steady-State 1 (SS1) demonstrates th8f kdx1 (SS1-4 and SS1-5ksp x1 Was set to &ksp netx1.-
coupling of gas-surface transport (adsorption), surface-bull® listing of the parameter values and resulting effective
transport (solvation), and chemical reaction at the surface@dsorption equilibrium constanss, .y is given in Table 2.
and the application of effective adsorption equilibrium con- [X1]qs Was varied from 1®cm=3 to 10'° cm~3, correspond-
stants, which are expected to be relevant in particular foring to volume mixing ratios of about 100 ppt to 100 ppm at
highly reactive trace gas species and highly viscous or solicambient temperature and pressure.
particles. Model system Steady-State 2 (SS2) illustrates the wx1, @sox1, ™1, ox1, and ks rix1,y1 are based on
interaction of multiple competitively adsorbing species atthe values reported by@Bchl et al. (2001) for the inter-
the surface. Model system Steady-State 3 and 4 (SS3 andction of ozone with the polycyclic aromatic hydrocarbon

ks b,netx1 + ksx1 + kd,x1
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@ 1.E+01 3 Table 2. Scenarios, rate parameters, and adsorption equilibrium
] —ggié constant for model system SS1 describing adsorption, surface layer
1E+00 4  —SSI-3 reaction with particle components, and surface-bulk transport un-
{ -3 der steady state condition; p x1 is the first-order rate coefficient
q? LE-01 4 fpr surface-to-bulk Frgnsfer of Xand ks p netx1 is the pseudo-
E first-order rate coefficient for the net surface-to-bulk transfer of X
LE-02 Kédsx1 is the effective adsorption equilibrium constant of. X
TR R A A Scenario kspnetxi ksbxi  Khgsxi
1.E+09 1.E+11 1.E+13 1.E+15 (S_l) (S_l) (cm3)
[XJgs (em™)
® 1502 Ss1-1 0 0 2.%10°13
] SS1-2 %1072 8x103 2.6x10713
1.E-03 1 SS1-3 51072  2x10°! 1.5x10°13
1.E-04 | SS1-4 5100 2x10t  3.1x10°15
% 1 E05 ] SS1-5 5107 2x10*  3.1x107Y7
3 3
1.E-06 1
1.E-07 4
=08 et benzo[a]pyrene on soot. The other values have been chosen
1L.E+09 LE+11 LE+13 LE+15 to illustrate characteristic parameter dependencies and the
[XJgs (em™) differences between systems dominated by surface processes
(© 1E-02 4 (SS1-1, solid particles), influenced by surface and bulk pro-
LE-03 ] cesses (SS1-2 to SS1-4; liquid particles with high viscosity
] and/or high surface reactivity), or dominated by bulk pro-
- 1.E-04 ¢ cesses (SS1-5; liquid particles with low viscosity and/or low
g 1LE-05 surface reactivity).
1.E-06 4 Figure 10a—d displayss, os x1, ap,x1, andyxi as a func-
BT tion of gas phas_e concentration for the five scenarios SS1-1
‘ to SS1-5 with different (net) surface-to-bulk mass transport
1.E-08 —rrrmm—r—rrrrm e rate coefficients and effective adsorption equilibrium con-
1.E+09 LE+11 LB LE*1S stants (Table 2). In all scenariégx; increases near-linearly
o (Xilgs (cm™) with [X1]gs While asx1, an x1, andyx1 are independent of
1E-02 5 [X1]gs as long as [f]gsKL/K gexq- At [X1lgs¥1/K pyexs
1.E-03 4 the effects of reversible and competitive adsorption inhibit
| E.04 the increase ofs with [X1]gs (characteristic shape of Lang-
_ muir isotherm), and induce a decreasexgki, ap x1, and
L LE-05 5 yx1 With [X1]gs. At [X1]gs>1/K] 4.« the sorption layer sur-
1.E-06 4 face coverage approaches unity, leading to a steep decrease
LE07 of ag x1, ap x1, andyxy with [X1]gs (near-constant fluxes of
surface layer reaction and surface-to-bulk transport vs. linear
L increase of gas kinetic flux to the surface).
HE0 I'EHl[X]]gS (Cm73)1.E+13 HES Scenario SS1-1 (blue lines in Fig. 10a—d) corresponds to

a simple Langmuir-Hinshelwood-type reaction mechanism,

Fig. 10. Exemplary numerical simulations for model system as discussed in model systems S1-S3 and by Ammann et

Steady-State 1 (SS1), describing adsorption, surface layer reactiogl. (2003). It exhibits the strongest gas phase concentra-

with a particle component, and surface-bulk transport of a trace gagjon dependency, the earliest onset of surface saturation and

X1: sorption layer surface coverage(a), surface accommodation  raquction ofas x1, the lowest values ofx1, andap, x1=0.

coefficientas x1 (b), and bulk accommodation coefficieap x1 In scenarios 581-2 to SS1-4 the increasekmx’l and

(c), and uptake coefficienty, (d) as a function of near-surface , Y

) . ksbnetx1 and the decrease ot y,, respectively, move

gas phase concentration {}gs for scenarios SS1-1 (blue), SS1-2 he’onset of surface saturation tovsvards highailgX and the

(green), SS1-3 (yellow), SS1-4 (red), and SS1-5 (black) as define(ﬁ gher e

in Table 2. values ofwp x1 andyxi approachws xi as an upper limit. In
scenario SS1-5 (black lines in Fig. 10a—d) the sorption layer
surface coverage remains far below unity even at high gas
phase concentration, amng x1=op x1=yx1 are independent
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Fig. 11. Exemplary numerical simulations for model system
Steady-State 2 (SS2), describing competitive co-adsorption of trac

gases X and Xy, and a surface layer reaction of;Xwvith a
particle component: fractional surface coverafig(; (a), to-
tal sorption layer surface coverage (b), surface accommoda-
tion coefficientasx1 (c), and uptake coefficienyx; (d) as a
function of near-surface gas phase concentratiofidXfor sce-
narios SS2-1 ([Xlgs=0, blue, identical with SS1-1 in Fig. 10
and Table 2), SS2-2 (Ngs=2.5x<10%? cm™3, green), SS2-3
([X2]gs=2.5x 102 cm~3yellow), SS2-4 ([%]gs=2.5x 10 cm~3,
red), and SS2-5 ([ gs=2.5x 10> cm~3, black).
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of [X1]gss. Under these conditions the gas-particle inter-

actions are dominated by bulk processes, and the bulk ac-
commodation coefficient convoluting surface accommoda-
tion and surface-bulk transport is suitable to describe the
overall gas uptake.

3.2 Model system Steady-State 2 (SS2): competitive co-
adsorption and surface layer reaction with particle com-
ponents

Model system SS2 is analogous to SS1, except that no
surface-bulk transport of Xis considered here. Instead, a
second trace gasycompetitively co-adsorbs to the surface.
X2 is assumed to be non-reactive, and to undergo no surface-
bulk transport either. In this case the PRA adsorption-
reaction steady-state equations (PRA Sect. 4.5.1, Special
Case B) can be reduced to:

OX1 WX1
K/ = A B 33
adsx1 = #s0X1 4(kd,x1 + ks, x1) (33)
OX2 WX2
Kidsx2 = ®s0.x2 T (34)
Osx1 = KagoxaX1los (35)
§ 1+ Kédle [Xl]gs + KédsXZ [XZ]gs
_ Kagsx1[X1lgs + Kqgsxo[X2lgs (36)
U1+ Klgexa[Xalgs + KfgsxoX2lgs
Qs,0,X1
Us X1 = - 37
° 1+ Kagsxa[X1lgs + Kpgsxo[X2lgs (37)
ksx1 = ksLrix1,v1[Y1lss (38)
ks,x1
¥YX1 = VsorX1 = as,Xlk:q (39)

Osx1 represents the fractional surface coverage af X
(Bs.x1=0x1 [X1]s), whereads is the total sorption layer sur-
face coverageff=ox1 [X1]stox2 [X2]s). For the exemplary
model simulations based on Eqgs. (33)-(39) and illustrated
in Fig. 11, the input parameters for; ave been the same
as in scenario SS1-K{ .y, =2.7x 1013 cm?®). Except for

its non-reactivity, % was assumed to have the same proper-
ties as X (Kadsx2=K}gsxo=2-8% 10~13 cm?). In scenarios
$52-1 to SS2-5 the gas phase concentration Hf[Xz]gs,
was set to 0, 2510 cm?, 2.5x 10" cm?, 2.5x 10 e,

or 2.5x 10 cm?, respectively (corresponding to about 0.1—
100 ppm at ambient temperature and pressure).

Figure 11a—d displayss, 0s x1, @sx1, andyxi as a func-
tion of gas phase concentration for the five scenarios SS2-
1 to SS2-5. In all scenariog x1 increases near-linearly
with [X1]gs While as x1 andyxi are independent of [§gs as
long as [X]gs< /K jysxq X 2lgs Kigsxo!Kx1 (Osx1<1).

At [X1]gs %1/Kédsx1+ [Xg]gSKédsleKédle, the effects of
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M. Ammann and U. Bschl: Kinetic model framework for aerosols and clouds — Part 2 6039

reversible and competitive adsorption of Xhibit the fur- @ | piof -
ther increase obsx1 with [X1]gs (characteristic shape of —ggg%
Langmuir isotherm), and induce a decreasepts andyxi 1L.E+00 4 —SS3-3
with [X1]gs. At [X1lgs> 1K jgexa X2 gsK hasxa! K hasxis . 1 239
the fractional surface coverage by Approaches unity, lead- < LEO14
ing to a steep decrease @fx1 andyxy with [X]gs (near- 1
constant flux of surface layer reaction vs. linear increase of L.E-02 5
gas kinetic flux to the surface). ]

Scenario SS2-1 (blue lines in Fig. 1la-d; 2]4=0) I'E'0]3E+0‘9“““” ‘ 1E+Il ‘ 1E+I3 e “]“EHS
is identical with scenario SS1-1 (Fig. 10) and exhibits ' ' N '
the same features as discussed in Sect. 3.1. In scenar- ® (X1l (cm”)
ios SS1-2 to SS1-5 the increase of;[¥ enhances the 1LE+0T 5
total sorption layer coveragegs, and and significantly ]
decreasesysx1, fsx1, and yxy for X; gas phase con- 1LE+00 5
centrations up to [aqgsmlll(édsxﬁ[xz]gsKédsleKédle. i ]

At [X 1]gs< 1K Jgexq HX 2lgsK hgexa! K agsxa the values of = 150 s
as x1 andyx1 become independent of pYys (6s dominated 1
by Xq). LE-02 4

The outlined effects of competitive co-adsorption are con- ]
sistent with the experimental data reported byséhl et I'E"OfEm‘g”””” 1E+11 11~:+13 m1!+15
al. (2001) for HO and @ interacting with soot aerosol par- ' ' Xl (em?) ’
ticles (K} gsnp0< Kas03): @nd more recent observations for () | L
NO,; and Q (KédsNozzKédsOS; publication of measure- ]
ment data in preparation; preliminary results reported by L.E-03 ¢
Poschl, 2002, and Schauer et al., 2004). 1.E-04 4

5 ] .
3.3 Model system Steady-State 3 (SS3): competitive co- s I'E'()S? \
adsorption and surface layer self-reaction of adsorbate 1.E-06
molecules (Langmuir-Hinshelwood mechanism) 1LE07 ]
Model system SS3 is analogous to SS2, except thairnk LEO8 A
dergoes self-reaction rather than reaction with quasi-static HE0 I'EHI[Xl]gS (Cm_3)1.15+13 HES
surface components. The self-reaction afiX assumed to @ 1 502 -
proceed exclusively via a surface layer reaction (Langmuir- '
Hinshelwood mechanism; SLR1:1¥6)+X1(s)— products). 1.E-03 5
The reaction products are assumed to be non-reactive and to 1.E-04 4
have very low effective adsorption equilibrium constants, i.e. % 105
negligible influence on the surface concentrations pRd IR
X2 and on the total sorption layer coverage. The overall pro- 1.E-06 5
cess can be viewed as heterogeneous catalysig déxom- 1.E-07 4
position by self-reaction. In this case the same set of equa- N D i
tions as in model system SS2 are applicable, except that the LE+09 LE+11 LE+13 LE+15
pseudo-first-order surface reaction rate coefficient is given by [X, ]y (cm™)
ksx1 = ksLr1x1,x1[X1ls (40)  Fig. 12. Exemplary numerical simulations for model system

. . . A Steady-State 3 (SS3), describing competitive co-adsorption of trace
For the exemplary model simulations illustrated in Fig. 12, gases X% and %, and surface layer self-reaction of Xfractional

the_mpUt par_amEterS for Xand X have been the same surface coverages x1 (a), total sorption layer surface coveragge
as in scenarios SS1-1 and SS2-1, except the replacemefy) surface accommodation coefficientx; (c), and uptake coef-
of ksLrix1,v1 by the surface layer self-reaction rate coef- ficientyy; (d) as a function of near-surface gas phase concentration
ficientks rix1,x1=2x 10717 cn? s71. In scenarios SS3-110  [X1]gsfor scenarios SS3-1 (gs=0, blue, identical with SS1-1 in
SS3-5, the gas phase concentration of [X2]gs, Was again  Fig. 10 and Table 2), SS3-2 (Bfgs=2.5x 102 cm™3, green), SS3-3
set to 0, 2.510' e, 2.5x10' cm?®, 2.5x10M cm®, or (X p]¢s=2.5% 1013 cm3yellow), SS3-4 ([%]gs=2.5% 1044 cm™3,
2.5x 10" c®, respectively. red), and SS3-5 ([¥lgs=2.5x 1015 cm~3, black).

Figure 12a—d display®sxi, 6s, asx1, and yx1 as a
function of gas phase concentration for the five scenar-
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ios SS3-1 to SS3-5. In all scenario% x1 and yx1 in- YgsrX1 = YGSRX1,X10sx1 (44)
crease near-linearly with [§qs while as x1 is independent of _ _ _ o
[X1lgs as long as [X]gs<1/K jgsx1 X 2lgs Kagsxa! Kadsx1 For_the exemplary model simulations illustrated in Fig. 13,
(Bsx1<1). At [X1] gs%l/Kéngl* [X2] gsKédsle K::\dsx:l.’ the mpgt parameters forpand X have been the same as in
the effects of reversible and competitive adsorption gf X Scenarios SS1-1to SS3-1, except for the omission of the sur-
inhibit the further increase dfsx; with [X1]gs (character- face layer reaction rate coefficient and the introduction of the
istic shape of Langmuir isotherm), and lead to a decrease ogas-surface self-reaction probabilifissr1x1,x1=2x 1074, _
asx1 and to a maximum ofxi (maximum ratio between N scenarios SS4-1 to SS4-5 the gas phase concentration of
the fluxes of surface reaction and surface collisions). AtX2, [XZ]gs’ was again set to 0, 2810 e, 2.5x10" e,
[X 1]gsKL/K hagya X 2lgs K aasxca! K hasa the fractional sur- 2.5x10" cn®, or 2.5¢10" cm?, respectively.
face coverage by Xapproaches unity, leading to a steep de-  Figure 13a—d displayss x1, s, asx1, andyxi as a func-
crease ofugx1 and yx1 with [X1]gs (near-constant flux of —tion of gas phase concentration for the five scenarios SS4-1
surface layer self-reaction vs. linear increase of gas kinetid® SS4-5. In all scenaridk x andyx, increase near-linearly
flux to the surface). with [X1]gs, While as x1 is independent of [X]gs as long as
The main feature differentiating SS3 from SS2 is the in- [X1]lgsK UK gox1 +[X2lgs Kigexo/Kagsxa (Bsx1<1). The
crease ofxy with increasing [%]gsat low concentration lev- ~ Increase ofyx1 is similar to that in SS3 and it reflects an ef-
els, which is due to the increasing rate of surface layer selfféctive second-order dependence of the gas uptake ggqX
reaction with increasing surface coverage by (¢econd-  Which results from the combination of the (near-)first-order
order dependence on [Jys). At high concentration levels dependencies of the surface concentratiof]{>nd of the

the surface is saturated with; Xandasx1 as well asyx1 loss rate COEfﬁCiG;‘ms,Xl on [Xl]QS;- /
decrease with further increasing {}§s in analogy to model At [X1]gse UK gexa HX 2lgs Kagsxo!Kagsxa: the effects
system SS2 and SS1 (Figs. 10 and 11). of reversible and competitive adsorption of ¥hibit the

Scenario $S3-1 (blue lines in Fig. 12a—d, 2[3=0) further increase 0bsx1 and yxy with [X1]gs (characteris-
exhibits the highest values ofsxi, asxi, and yxi tic shape of Langmuir isotherm), and lead to a decrease of
and the lowest values ofls.  In scenarios SS3- @sxi- At[X1]gs>1/K gox1 +[X2]gsKagsxo!/ Kagsxa: the val-

2 to SS3-5 the increase of ks enhances the to- U€S offs x1, asx1 and yx1 become independent of f¥ys
tal sorption layer coveragefs, and significantly de- (near-linear increase of gas-surface reaction flux as well as

creasesasxi, Osx1, and yxy for X1 gas phase con- 9as kinetic flux to the surface). Moreovek, exceedsisxi

centrations up t0 [Xgs¥1/K jqex HX2lgsK hasxa! K hasxi- in all scengrios ?s [¥gs goes to very high values, i.e. at
At [X 1]gs> UK yoxa HXalgsK ool Koo the values of  Xalgs¥107 em. _
asx1 andyxa become independent of pfys (6s dominated The independence afsx1 and yxa from [Xi]gs at high

by X1). Overall, the effect of X in model system SS3 9@S phase concentration and the fact that the net gas uptake

(Fig. 12) is essentially the same as in SS2 (Fig. 11): competiS Not limited by surface accommodation, i.e. thai can
itive displacement of X in the sorption layer by reversible ©€Xc€€dasxi, clearly distinguish SS4 from model systems
co-adsorption without interference in chemical reactions. SS1 t0 SS3. These fundamental differences are due to the
fact that gas-surface reactions are not limited by adsorption
3.4 Model system Steady-State 4 (SS4): competitive co-and surface saturation but increase with the gas phase con-
adsorption and gas-surface self-reaction (Eley-Ridealkentration and gas kinetic flux to the surface as long as the
mechanism) surface provides reaction partners. In contrast, the surface
layer reactions and surface-to-bulk transport, which drive the
Model system SS4 is analogous to SS3, except thatas uptake in models systems SS1 to SS3, are fully governed
the surface layer self-reaction of1Xis replaced by a by adsorption and limited by surface saturation.
gas-surface self-reaction (Eley-Rideal mechanism; GSR1: Scenario SS4-1 (blue lines in Fig. 13a—d[=0) ex-
X1(9)+X1(s)— products). Again, the overall process can hibits the highest values afx1, asx1, andyxy and the
be viewed as heterogeneous catalysis pfdécomposition |owest values ofs. In scenarios SS4-2 to SS4-5 the in-
by self-reaction, and the same set of equations as in modeajrease of [%]gs enhances the total sorption layer cover-
system SS2 and SS3 are applicable, except that the pseudage, 6s, and significantly decreaseg xi, asxi, and yx1

first-order surface reaction rate coefficient and the uptake cofor X; gas phase concentrations up to1Jq~1/K ey +

efficient are given by [xz]gsKéqst/K;dle. Simlar to model systems SS2 and

k wx1 [X4] (41) SS3, the influence of Xon of 65 x1, as x1, andyx1 becomes
- —0o hatas} e

sX1 X1YGSRX1X1—,~ 1 1lgs negligible at [X]gs>1/KjyexatX2lgs  Khgsxo!Khasxa

in SS4-2 with relatively low gas phase concentration

of X ([Xz]gs>>1/K;d5X2+ [Xl]gsKédsxﬂKédsxz)- In

ks x1 contrast to SS2 and SS3, however, the decrease of
: (43) : . -

kd x1 Osx1, asx1, and yx1 by Xo persists in the scenarios

¥YX1 = VsorX1 + VgsrX1 (42)

Vsor, X1 = s X1
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with relatively high gas phase concentration ofy X @ | E+01 -
([X2]93>>1/K;1de2+[X/1]gjs Kédle/Kégsxz; S/S4-3 to SS4- —ggﬂ
5) even at [X]gs> /K yox1 * [X2lgsK agsxo! Kadsxa - LE+00 5 :ggii
Although the role of % in SS4 (Fig. 13) is in principle 1 —Ss4s
the same as SS2 and SS3 (Figs. 11 and 12: enhancement Qf 1LE-01
of 65 and decrease @k by competitive displacement ofiX ]
in the sorption layer), the persistence of the influence pf X 1.E-02 1
0N 6sx1, asx1, 0sx1, andyxs at high [Xq]gs clearly distin- ]
guishes SS4 from the other models systems. 1.B-03 ALt e
The characteristic differences between SS4 and the other 1LE+09 LE+11 LEH3 LE+15
models systems should enable the distinction of surface layer [Xi]gs (em™)
and gas-surface reactions (Langmuir-Hinshelwood and Eley- ®) 1 k01
Rideal mechanisms) in experimental investigations, provided 1
that the range of basic rate parameters and experimental con- LE+00 3 =
ditions are appropriate. In practice, however, the distinction 1
may not always be straightforward and time dependencies < I.E-01
may need to be considered as outlined in Sect. 2. 1
1.E-02 <
3.5 Model system Steady-State 5 (SS5): solubility-driven 1
gas uptake 1.E-03 e
1E+09 LE+11 LE+13 LE+15
In model system SS5, a trace gag Xndergoes reversible [XJgs (em™)
adsorption and surface-bulk transport (solvation and desol-  (© 1.E-02
vation) onto and into a liquid droplet, but no chemical reac- LE-03 1
tions. Under quasi-steady-state conditions this system can be
described by the following equations derived from the gen- ~_"*%*:
eral PRA adsorption-reaction steady-state equations (PRA §I.E—05;
Sect. 4.5.1, Special Case B): 1.E-06 4
OX10X1 LE-07
K, = 050,X1 (45) ]
adsX1 ™= TS5 Akd x1 + ks b,netx1) R
1.E+09 1.E+11 1.E+13 1.E+15
= K:;dsxﬂxl]gs (46) [Xi]gs (cm™)
T 14 Kjgexa[Xalgs @ 1502 5
0s5,0,X1 1E-03 3
s X1 = — 47 ]
S 1 + Kédsxj_[xl]gs 1.E-04 E
ksbx1 Z 1.E-05
ap X1 = Ag X1 48 06
b, S, ks,b,Xl + kd,Xl ( ) 1.E-06
1.E-07 4
For the exemplary model simulations based on Egs. (45)— | E08 1
(48) and illustrated in Fig. 14, the basic input param- | E+09 LB LE+13 LB+

eters were the same as in model systems L1 and L2:
Olso’x]_:l; a))(;|_=3.1X104 cm §1; ‘Cd,x1=l.7X1075 s and
kd,x1:5.8x104 s ox1=1.0x10"14 cm?. kpsx1 was set  Fig. 13. Exemplary numerical simulations for model system
to 32.3 cm 51, and in scenarios SS5-1 to SS5-7 (Table 3) Steady-State 4 (SS4), describing competitive co-adsorption of trace

ksb.x1 Was varied to match different Henry’s law coefficients 9ases X and X, and gas-surface self-reaction of Xfractional
(EqQ. 23, Sect. 2.2.1) ranging frotHcpx1=0.1 M/atm and surface coverages x1 (a), _total sorpt_lon layer surface coverage
ks p=5.8x 102 1 (scenario SS5-1) tiHcp w1=1C° M/atm (b), surface accommaodation coefficien{x, (c), and uptake coef-

andks p=5.8x 108 51 (scenario SS5-7). The parameters for ficientyyx, (d) as a function of near-surface gas phase concentration

. X for scenarios SS4-1 =0, blue, identical with SS1-1in
S$S5-2 are closest to those of scenarios L1-1 to L1-3 and L2-1 198 ([ﬂgr_ -
. ig. 10 and Table 2), SS4-2 (b¥gs=2.5x 102 cm3, green), SS4-3
to L2-3, respectively.

_ 3 m—3 ) _ 4.3
In scenarios SS5-1 to SS5-7 we build on model system([XZ]gshz'5X101 cm~yellow), SS4-4 (Dglgs=2.5101 =2,

} - 5 ~m—3
L2 (large droplets and limitation of gas uptake by liquid ") nd SS4-5 ([{gs=2.5x 10 cni~?, black).
phase diffusion) and assume quasi-steady state conditions

[X]gs em™)
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Table 3. Scenarios, rate parameters, adsorption equilibrium constant and solubility for model system SS5 describing adsorption and surface-
bulk transport into a liquid droplet under quasi-steady-state conditions. See Tables 1 and 2 for explanation of symbols.

Scenario ks p x1 ks,b.netX1 Kédsx1 Hee x1 Hep x1
(s (s (cm3) ) (mol L~ atm™1)
SS5-1 584 0.89 1.3610715 245 0.1
SS5-2 5.8410° 8.91 13510715 245x10t 1
$S5-3 5.8410%~ky 89.1 13510715 2.45¢107 10
SS5-4 5.8410° 8.91x 107 1.33x10°1%  2.45¢10° 102
SS5-5 5.8410° 8.91x103 1.17x10°15  2.45¢10* 103
SS5-6 5.8410’ 8.91x10%~ky 5.33x10°16  245¢10° 10*
SS5-7 584108 8.91x 10° 8.27x10°17  2.45x10° 10°

which can be described by Egs. (24) and (25). The liquida near-linear increase witks pnetx1 fOr ks b netx1<kd x1
phase diffusion coefficient was set to 7:6B0 % cn? s71, (scenarios SS5-1 to SS5-5) and approach the value of the sur-
andksp netx1 Was calculated using Eqg. (25) with t=19s, face accommodation coefficient x1 for ksp netx1>kd.x1
i.e. for a time, where (quasi-)steady-state concentrations ofscenarios SS5-6 and SS5-7; Fig. 14d). These simulations
X1 have been established at the surface and in the near suiltustrate the close relation of adsorption and surface-bulk
face bulk and where further gas uptake is determined by theransfer rate coefficients with gas uptake and solubility in lig-
dissolvo-diffusive flux towards the particle core (Sect. 2.2.2).uid particles.

Figure 14a—d displayss, as x1, ap,x1, andyxz as a func-
tion of gas phase concentration for the five scenarios SS53.6 Model system Steady-State 6 (SS6): solubility satura-
1 to SS5-7 with different (net) surface-to-bulk mass trans- tion
port rate coefficients and effective adsorption equilibrium
constants (Table 3). In all scenarisy; increases near- Model system SS6 describes the non-reactive partitioning of
linearly with [X1]gs, While asx1, ap x1, andyx1 are inde- a volatile species Xbetween the gas-phase and particle bulk
pendent of [X]gs as long as [)g]gs<<1/1<;1ds><l (Bsx1k1). at equilibrium (solubility satura.tio.n)_. It corresponds to.mod_el
At [X 1]gs¥1/K [y, the effects of reversible and competi- Systems L1, L2, and SS5 at infinitely long gas-particle in-
tive adsorption inhibit the increase @fwith [X1]gs, and in-  teraction time (tzo, Js b netx1=0). Under these conditions,
duce a decrease af x1, ab x1, andyx1 with [X1]gs (Surface the ratio between particle bulk and gas phase concentration
saturation withds approaching unity). of X1 is determined by the equilibrium partitioning coeffi-

The decrease of accommodation and uptake coefficient§ient or solubilityKsoicc.x1 as defined in Eq. (23) and PRA
due to surface saturation effects at high gas phase conceect. 3.5.2.
trations is consistent with the observations reported by Jayne The exemplary simulations illustrated in Fig. 15 cor-
et al. (1990) for the uptake of $Onto acidic aqueous so- respond to the scenarios of model systems L1, L2, and
lution droplets. As discussed in the preceding companionSS5, respectively, witles o x1=1; wx1=3.1x10% cm s°%;
paper (PRA Sect. 3.5.2), such surface saturation effects ar@x1=1x10"4 cm?.  For the variation oftax1, kspx1,
expected to be particularly important for gas uptake and parkb,sx1, Kagsx1, Heex1, and Hep x1 see Tables 1 and 3, re-
titioning in case of high concentrations (laboratory studies)spectively.
and viscous liquids with slow surface-bulk mass transport Figure 15 displays the equilibrium solubilities of; n
(e.g. liquid organic droplets or particle coatings). They may,concentration and pressure uniSsol cp,x1, @s a function of
however, also be important for cloud droplets covered by or-gas phase concentration for the three rate parameter com-
ganic surfactants, which might strongly influence the desorpbinations and Henry’s law coefficients corresponding to the
tion and surface-to-bulk transfer rate coefficients. Such ef-scenarios L1-1/L2-1 to L1-9/L2-9 (Fig. 15a) and for the
fects and their implications have recently been discussed bgeven combinations corresponding to scenarios SS5-1 to

Djikaev and Tabazadeh (2003). SS5-7 (Fig. 15b).
Between the different scenarios SS5-1 to SS5-7, the mass For all scenarios, Ksojcpx1 €quals Hepx1 as long
accommodation coefficients, x1 exhibit a near-linear in-  as [XilgsK1/K yoxy (Bsxa<kl, asx1=0s0,x1)- At

crease Withksp x1 for ks x1<kdx1 (scenarios SS5-1 to [Xl]gs%l/K{;dle the effects of reversible and competi-
SS5-3) and approach the value of the surface accommodatiative adsorption inhibit further increase Okgsx1, Jsb.x1

coefficientas x1 for ksp x1>kg x1 (Scenarios SS5-5 to SS5- and [Xi]p,sat With [X1]gs=[X1]g;sat inducing a decrease of
7; Fig. 14c). Similarly, the uptake coefficientg, exhibit asx1 and Ksocpx1 according to Egs. (47) and (23). At
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Fig. 15. Exemplary numerical calculations for model system

Steady-State 6 (SS6), describing equilibrium of a trace gagrX
dergoing adsorption and surface-bulk transport (non-reactive solva-
tion of a trace gas into a liquid) between the bulk and the gas phases:
solubility Kso|cp,x1, @s a function of near-surface gas phase con-
centration [X]gs for the parameters defined in model systema,1 (
see Table 1) and model system S859ee Table 3).

[X 1]gs>>1/Kéde1, the sorption layer surface coverage ap-
proaches unity, leading to a further decreasexgf; and
Ksolcp x1. Note that the concentration dependence of the sol-
ubility following from the kinetic model of gas-particle par-
titioning is consistent with the correction of thermodynamic
Henry’s law coefficients (limiting case for dilute solutions)
by activity coefficients for concentrated solutions.

Figure 15 indicates that surface saturation effects on bulk

Fig. 14. Exemplary numerical simulations for model system solubility are not significant for most of the investigated sce-
Steady-State 5 (SS5), describing adsorption, and diffusion limited,5rios at typical atmospheric trace gas concentration levels,

surface-bulk transport of a trace gag ¥on-reactive solvation of
a trace gas into a liquid): surface coveraye; (a), surface ac-
commodation coefficientrs x1 (b), bulk accommodation coeffi-
cient, ap x1 (€) and uptake coefficienyy; (d) as a function of
near-surface gas phase concentratiof] §Xfor scenarios SS5-1 to

but can be important for laboratory measurements of Henry’s
law coefficients at elevated concentrations (Shuntirasingham
et al., 2007). For gas molecules with high affinity to the sur-
face (long desorption lifetimes) and highly viscous liquid or

SS5-7. The parameters for these scenarios (see Table 3) are repi@Rlid particles with slow surface-bulk mass transport, how-

sentative of species with solubility ranging from 0.1 t& MYatm,

respectively.

www.atmos-chem-phys.net/7/6025/2007/

ever, surface saturation effects are likely to influence the sol-
ubility saturation equilibrium of the particle bulk even at at-
mospheric concentration levels (e.g. liquid organic droplets,
coatings, or surfactant layers; Djikaev and Tabazadeh, 2003).
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4 Summary and conclusions and consistency of the PRA framework as a tool and com-
mon basis for experimental and theoretical studies investi-
The model systems and scenarios presented in this papefating and describing atmospheric aerosol and cloud surface
demonstrate that the PRA framework can be used for effichemistry and gas-particle interactions.
cient, flexible, and consistent description of surface chem-
istry and gas-particle interactions in aerosols and cloudsacknowledgements. The authors thank T. Bartels-Rausch,
They illustrate how the general PRA mass balance and rat&. Carslaw, S. Clegg, T. Cox, N. Deisel, R. Garland, M. Kerbrat,
equations can be easily reduced to compact sets of equationd, Knopf, T. Mentel, N. Otto, T. Peter, R. Sander, Y. Rudich,
which enable a mechanistic description of time and concenV. Schurath, D. Worsnop, and many other members of the atmo-
tration dependencies of trace gas uptake and particle comp@pheric science community for stimulating scientific discussions.
sition in systems with one or more chemical components and his work was supported by the European Integrated Project on
physicochemical processes. Aer9§ol Cloud Climate an_d Air Quallty Interactions (EUCAARI).
The exemplary numerical simulations in Sect. 2 show theU' Poschl acknowledges financial support by the German Federal

ffects of reversible adsorption rface-bulk tran it an inistry of Education and Research (BMBF, AFO2000 07ATCO5,
etects ot reversiblie adsorption, surlace-bu ansport, a ARBAERO). M. Ammann acknowledges financial support by the

chemical a_ging O_n the tempora_l .evolution_of traqe 935 UP-swiss National Science Foundation (grant no 200020-100275).
take by solid particles and solubility saturation of liquid par-

ticles. They illustrate how the transformation of particles andgdited by: M. Kulmala
the variation of trace gas accommodation and uptake coeffi-
cients by orders of magnitude over time scales of microsec-
onds to days can be explained and predicted from the iniReferences
tial composition and basic kinetic parameters of model sys-
tems by iterative calculations using standard spreadsheet prgsmmann, M., Rssler, E., Baltensperger, U., and Kalberer M.: Het-
grams. Moreover, they show how apparently inconsistent ex- erogeneous reaction of N@n bulk soot samples, Laboratory of
perimental data sets obtained with different techniques and Radio- and Environmental Chemistry Annual Report 1997, 24,
on different time scales can be efficiently linked and mech- 1997.
anistically explained by application of consistent model for- Ammann, M., Kalberer, K., Jost, D. T., Tobler, L.,0Bsler, E.,
malisms and terminologies within the PRA framework. The Piguet, D., Gggeler, H. W., and Baltensperger, U.: Heteroge-
time scales considered here are also covered by laboratory neous production of nitrous acid on soot in polluted air masses,
experiments, ranging from milliseconds in flow reactors to Nature, 395, 157-160,1998. ,
. ’ L . Ammann, M., Bschl, U., and Rudich, Y.: Effects of reversible

daysin Igrge gtmosphenc S|m.ulat|on chambers. o adsorption and Langmuir-Hinshelwood surface reactions on gas

The simulations in Sect. 3 illustrate characteristic effects ptake by atmospheric particles, Phys. Chem. Chem. Phys., 5,
of gas phase composition and basic kinetic parameters on 351-356, 2003.
the rates of mass transport and chemical reactions undexrens, F., Gutzwiller, L., Baltensperger, U.AGgeler, H. W., and
(quasi-)steady-state conditions. They demonstrate how ad- Ammann, M.: Heterogeneous reaction of pOn diesel soot
sorption and surface saturation effects can explain non-linear particles, Environ. Sci. Technol., 35, 2191-2199, 2001.
gas phase concentration dependencies of surface and bulk agubin, D. G. and Abbatt, J. P. D.: Interaction of M@ith hydro-
commodation coefficients, uptake coefficients, and bulk sol- carbon soot: Focus on HONO yield, surface modification, and
ubilities (deviations from Henry’s law). Such effects are ex- _Mechanism, J. Phys. Chem. A, 111, 6263-6273, 2007.
pected to play an important role in many real atmosphericl‘e“evre’ S., Bedjanian, Y., Laverdet, G., and Le Bras, G.: Hetero-

| and cloud i involvi id f .~ geneous reaction of NOwith hydrocarbon flame soot, J. Phys.
aerosol and cloud systems involving a wide range of organic  ~. .. A, 108, 1080710817, 2004.

and. 'norga_n'c components of concentrated aqueous ‘f’md 0bjikaev, Y. S. and Tabazadeh, A.: Effect of adsorption on the uptake
ganic solution droplets, ice crystals, and other crystalline or ~ ¢ organic trace gas by cloud droplets, J. Geophys. Res.-A, 108,
amorphous solid particles. 4689, doi:10.1029/2003JD003741, 2003.

Both modeling approaches, the iterative solving of massFendel, W. and Schmidt-Ott, A.: Ozone depletion potential of car-
balance equations and the application of analytical equations bon aerosol particles, J. Aerosol Sci., 24, S317-S318, 1993.
describing (quasi-)steady-state conditions, can be applied forendel, W., Matter, U., Burtscher, H., and Schmidt-Ott, A.: Interac-
the analysis and interpretation of experimental data, for the tion.between carbon or iron aerosol particles and ozone, Atmos.
design of experiments, for the establishment of comprehen- Environ., 29, 967-973, 1995. _
sive and self-consistent collections of basic rate parameter§"iayson-Pitts, B. J. and Pitts Jr., J. N.: Chemistry of the upper and

of aerosol and cloud processes, and for the flexible and con- lower atmosphere, Academic Press, San Diego, 159-164, 2000.
P ’ Gerecke, A., Thielmann, A., Gutzwiller, L., and Rossi, M. J.: The

sistent integration of specific processes and kinetic parame- chemical kinetics of HONO formation resulting from heteroge-
ters into comprehensive aerosol, cloud, atmospheric, and cli- peqys interaction of Nwith flame soot, Geophys. Res. Lett.,
mate models. 25, 2453-2456, 1998.

We hope that the presented model systems and simuladuthwelker, T., Ammann, M., and Peter, T.: The uptake of acidic
tions have clearly demonstrated the universal applicability gases onice, Chem. Rev., 106, 1375-1444, 2006.

Atmos. Chem. Phys., 7, 6025-6045, 2007 www.atmos-chem-phys.net/7/6025/2007/



M. Ammann and U. Bschl: Kinetic model framework for aerosols and clouds — Part 2 6045

Hanson, D. R.: Reactivity of CION®on H%8O ice and organic  Poschl, U., Letzel, T., Schauer, C., and Niessner, R.: Interac-
liquids, J. Phys. Chem., 99, 13059-13 061, 1995. tion of ozone and water vapor with spark discharge soot aerosol
Jayne, J. T., Davidovits, P., Worsnop, D. R., Zahniser, M. S., and particles coated with benzo[a]pyrene:3@nd HO adsorp-
Kolb, C. E.: Uptake of S@Q) by Aqueous Surfaces as a Func-  tion, benzo[a]pyrene degradation and atmospheric implications,
tion of pH — the Effect of Chemical-Reaction at the Interface, J.  J. Phys. Chem. A, 105, 4029-4041, 2001.
Phys. Chem., 94, 6041-6048, 1990. Poschl, U.: Formation and decomposition of hazardous chemi-
Kamm, S., Mohler, O., Naumann, K. H., Saathoff, H., and Schu- cal components contained in atmospheric aerosol particles, J.
rath, U.: The heterogeneous reaction of ozone with soot aerosol, Aerosol Med., 15, 203-212, 2002.

Atmos. Environ., 33, 4651-4661, 1999. Rogaski, C. A., Golden, D. M., and Williams, L. R.: Reactive
Letzel, T., ®schl, U., Rosenberg, E., Grasserbauer, M., and Niess- uptake and hydration experiments on amorphous carbon treated
ner, R.: In-source fragmentation of partially oxidized mono- and  with NO2, SO2, O3, HNO3, and H2SO4, Geophys. Res. Lett.,

polycyclic aromatic hydrocarbons in atmospheric pressure chem- 24, 381-384, 1997.

ical ionization mass spectrometry coupled to liquid chromatog- Schauer, C., Niessner, R., andisehl, U.: Analysis of nitrated poly-

raphy, Rapid Commun. Mass Spectrom., 13, 2456—-2468, 1999. cyclic aromatic hydrocarbons by liquid chromatography with flu-
Letzel, T., ®schl, U., Wissiack, R., Rosenberg, E., Grasserbauer, orescence and mass spectrometry detection: air particulate mat-

M., and Niessner, R.: Phenyl-modified reversed-phase liquid ter, soot, and reaction product studies, Anal. Bioanal. Chem.,

chromatography coupled to atmospheric pressure chemical ion- 378, 725-736, 2004.

ization mass spectrometry: A universal method for the analysisSmith, G. D., Woods, E., Baer, T., and Miller, R. E.: Aerosol uptake

of partially oxidized aromatic hydrocarbons, Anal. Chem., 73, described by numerical solution of the diffusion — Reaction equa-

1634-1645, 2001. tions in the particle, J. Phys. Chem. A, 107, 9582-9587, 2003.
Letzel, T., Rosenberg, E., Wissiack, R., Grasserbauer, M., andhunthirasingham, C., Lei, Y. D., and Wania, F.: Evidence of bias

Niessner, R.: Separation and identification of polar degrada- in air-water henry’s law constants for semivolatile organic com-

tion products of benzo[a]pyrene with ozone by atmospheric pres- pounds measured by inert gas stripping, Environ. Sci. Technol.,

sure chemical ionization-mass spectrometry after optimized col- 41, 3807-3814, 2007.

umn chromatographic clean-up, J. Chromatogr. A, 855, 501-514Stephens, S., Rossi, M., and Golden, D. M.: the heterogeneous re-

1999. action of ozone on carbonaceous surfaces, Int. J. Chem. Kinet.,
Longfellow, C. A., Ravishankara, A. R., and Hanson, D. R.: Re- 18, 1133-1149, 1986.

active and nonreactive uptake on hydrocarbon soot: 5ING3, Worsnop, D. R., Morris, J. W., Shi, Q., Davidovits, P., and

and NbOs, J. Geophys. Res.-A, 105, 24 345-24 350, 2000. Kolb, C. E.: A chemical kinetic model for reactive transfor-
Poschl, U., Rudich, Y., and Ammann, M.: Kinetic model framework mations of aerosol particles, Geophys. Res. Lett., 29, 1996,

for aerosol and cloud surface chemistry and gas-particle interac- doi:10.1029/2002GL015542, 2002.

tions — Part 1: General equations, parameters, and terminology,

Atmos. Chem. Phys., 7, 5989-6023, 2007,

http://www.atmos-chem-phys.net/7/5989/2007/.

www.atmos-chem-phys.net/7/6025/2007/ Atmos. Chem. Phys., 7, 6025-6045, 2007


http://www.atmos-chem-phys.net/7/5989/2007/

