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Abstract. Aerosols and clouds play central roles in at- concentration and time dependences (transient and steady-
mospheric chemistry and physics, climate, air pollution, state conditions); flexible addition of unlimited numbers of
and public health. The mechanistic understanding andchemical species and physicochemical processes; optional
predictability of aerosol and cloud properties, interactions,aggregation or resolution of intermediate species, sequential
transformations, and effects are, however, still very limited. processes, and surface layers; and full compatibility with tra-
This is due not only to the limited availability of measure- ditional resistor model formulations.
ment data, but also to the limited applicability and com- The outlined double-layer surface concept and formalisms
patibility of model formalisms used for the analysis, inter- represent a minimum of model complexity required for a
pretation, and description of heterogeneous and multiphaseonsistent description of the non-linear concentration and
processes. To support the investigation and elucidation ofime dependences observed in experimental studies of atmo-
atmospheric aerosol and cloud surface chemistry and gaspheric multiphase processes (competitive co-adsorption and
particle interactions, we present a comprehensive kineticsurface saturation effects, etc.). Exemplary practical applica-
model framework with consistent and unambiguous termi-tions and model calculations illustrating the relevance of the
nology and universally applicable rate equations and paramabove aspects are presented in a companion paper (Ammann
eters. It enables a detailed description of mass transport anand Ryschl, 2007).
chemical reactions at the gas-particle interface, and it allows We expect that the presented model framework will serve
linking aerosol and cloud surface processes with gas phasas a useful tool and basis for experimental and theoretical
and particle bulk processes in systems with multiple chemi-studies investigating and describing atmospheric aerosol and
cal components and competing physicochemical processescloud surface chemistry and gas-particle interactions. It shall
The key elements and essential aspects of the presentdwlp to end the “Babylonian confusion” that seems to in-
framework are: a simple and descriptive double-layer surfacéhibit scientific progress in the understanding of heteroge-
model (sorption layer and quasi-static layer); straightforwardneous chemical reactions and other multiphase processes in
flux-based mass balance and rate equations; clear separaerosols and clouds. In particular, it shall support the plan-
tion of mass transport and chemical reactions; well-defineching and design of laboratory experiments for the elucidation
and consistent rate parameters (uptake and accommodati@nd determination of fundamental kinetic parameters; the es-
coefficients, reaction and transport rate coefficients); cleatablishment, evaluation, and quality assurance of comprehen-
distinction between gas phase, gas-surface, and surfacsive and self-consistent collections of rate parameters; and
bulk transport (gas phase diffusion, surface and bulk accomthe development of detailed master mechanisms for process
modation); clear distinction between gas-surface, surfacanodels and derivation of simplified but yet realistic parame-
layer, and surface-bulk reactions (Langmuir-Hinshelwoodterizations for atmospheric and climate models.
and Eley-Rideal mechanisms); mechanistic description of
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5990 U. Bschl et al.: Kinetic model framework for aerosols and clouds — Part 1

1 Introduction et al., 2002; Stewart et al., 2004; Seisel et al., 2005; Karagu-
lian et al., 2006; McNeill et al., 2006), and have been exten-
Aerosols and clouds play central roles in atmospheric chemsively discussed as a source for HONO (Broske et al., 2004;
istry and physics, climate, air pollution, and public health. Stemmler et al., 2007; and references therein).
They influence the Earth's energy budget by scattering and On the other hand, chemical aging of aerosol particles
absorption of radiation, they regulate the hydrological cy-generally decreases their reactivity, increases their hygro-
cle, and they affect the abundance of trace gases via hetergcopicity and cloud condensation activityd@ehl et al.,
geneous chemical reactions and other multiphase process@®01; Kumar et al., 2003; Rudich, 2003; Asad et al., 2004;
(Andreae and Crutzen, 1997; Ravishankara, 1997; Seinfel@roekhuizen et al., 2004; McFiggans et al., 2006; Dinar
and Pandis, 1998; Waibel et al., 1999; Finlayson-Pitts ancet al., 2006a, b, 2007; Rudich et al., 2007; and references
Pitts, 2000; Ramanathan et al., 2001; Ramaswamy et altherein), and can change their optical properties (Gelencser
2001; Rudich, 2003; Mikhailov et al., 2004; Kulmala et al., et al., 2003; Abo Riziq et al., 2007; Dinar et al., 2008; and
2004; Kanakidou et al., 2005; Lohmann and Feichter, 2005references therein).
Poschl, 2005; Fuzzi et al., 2006; Rudich et al., 2007; and Heterogeneous oxidation and nitration reactions lead to
references therein). the formation or degradation of hazardous aerosol compo-
Moreover, aerosols can cause respiratory, cardiovascunents (Finlayson-Pitts and Pitts, 1997; Letzel et al., 2001;
lar, and allergic diseases when inhaled and deposited ifPgschl, 2002a; Schauer et al., 2004; Franze et al., 2005;
the human respiratory tract (Finlayson-Pitts and Pitts, 1997Pgschl, 2005; Gruijthuijsen et al., 2006; and references
Finlayson-Pitts and Pitts, 2000; Katsouyanni et al., 2001;therein), they cause artifacts upon sampling and analysis
Pope et al., 2002;d&chl, 2002a; Bmmel et al., 2003; Gau- of air particulate matter (Finlayson-Pitts and Pitts, 2000;
derman et al., 2004, Franze et al., 2006sé€hl, 2005; Grui-  Schauer et al., 2003;08chl, 2005; and references therein),
jthuijsen et al., 2006; and references therein). and they play a major role in technical processes and devices
The quantification of aerosol and cloud effects and the asfor the control of combustion aerosol emissions (Su et al.,
sessment of natural and anthropogenic influencing factors arg004; Messerer et al., 2004, 2006; Ivleva et al., 2007; and
among the key topics of current research on the environmentefernces therein).
and public health. The mechanistic understanding and pre- Efficient investigation and description of these muilti-
dictability of aerosol and cloud properties, interactions, andphase and multicomponent processes in laboratory, field, and
transformation (chemical and physical aging) are, howevermodel studies require consistent terminologies and univer-
still very limited. sally applicable mathematical formalisms. Such formalisms
Atmospheric aerosols and clouds are complex multiphaséave been presented and are widely applied for reactions oc-
systems consisting of a wide variety of organic and inor-curring in the bulk of liquid atmospheric particles (Schwartz
ganic chemical compounds — multiple main components ancand Freiberg, 1981; Schwartz, 1986; Hanson et al., 1994;
hundreds of trace substances — in gaseous, liquid, and solidolb et al., 1995; Sander, 1999; Finlayson-Pitts and Pitts,
form (Seinfeld and Pandis, 1998; Finlayson-Pitts and Pitts,2000; Ervens et al., 2003; Sander et al., 2005; Sandu and
2000; McMurry, 2000; Raes et al., 2000; Matta et al., 2003; Sander, 2006; Tost et al., 2007; and references therein).
Malfiling et al., 2003; &schl, 2003; Sciare et al., 2003; Smo-  The formalisms presented and applied for the description
lik et al., 2003; Schauer et al., 2003, 2004; Schneider et al.of particle surface reactions, however, generally have been
2004; Putaud et al., 2004a, bpsthl, 2005; Fuzzi et al., limited to specific reaction systems and conditions: liquid
2006; Elbert et al., 2007; Rudich et al., 2007; and referencesvater, water ice, acid hydrates, soot, or mineral dust; fresh
therein). or aged surfaces; low or high reactant concentrations; tran-
Chemical reactions proceed both at the surface as well asient or (quasi-)steady-state conditions; limited numbers of
in the bulk of solid and liquid particles, influencing atmo- chemical species and reactions; etc. (e.g. Jayne et al., 1990;
spheric gas phase chemistry as well as the physicochemic@avidovits et al., 1991; Mozurkewich, 1993; Tabazadeh and
properties and effects of the particles (Ravishankara, 1997Turco, 1993; Tabor et al., 1994; Davidovits et al., 1995;
Atkinson et al., 1997; Seinfeld and Pandis, 1998; Finlayson-Kolb et al., 1995; Nathanson et al., 1996; Atkinson et al.,
Pitts and Pitts, 2000; Moise et al., 2000, 2001, 2002a, b1997; Carslaw and Peter, 1997; Hanson, 1997; Jayne et al.,
2005; Rschl et al., 2001; Sander et al., 2002; Ammann et1997; Rschl et al., 1998; Bertram et al., 2001; Clegg and
al., 2003; Reid and Sayer, 2003; Rudich, 2003; Katrib et al., Abbatt, 2001; Grassian, 2001; Katrib et al., 200hséhl et
2005; Laskin et al., 2005;dchl, 2005; Fuzzi et al., 2006; al., 2001; Vesala et al., 2001; Adams et al., 2002; Hynes et
George et al., 2007; and references therein). al., 2002; Remorov et al., 2002; Sander et al., 2002; Smith
For example, they lead to the formation of reactive halogenet al., 2002; Worsnop et al., 2002; Ammann et al., 2003; da
species and depletion of ozone in the stratosphere and madosa et al., 2003; Djikaev and Tabazadeh, 2003; Folkers et
rine boundary layer (Austin et al., 2003; Sander et al., 2003:al., 2003; Reid and Sayer, 2003; Rudich, 2003; Strekowski
Pszenny et al., 2004; Coe et al., 2006; von Glasow, 2006gt al., 2003; Frinak et al., 2004; Kwamena et al., 2004, 2006,
Pechtl etal., 2007), to the decomposition a4 (Meilinger 2007; Thornberry and Abbatt, 2004; Adams et al., 2005; Al-
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Hosney and Grassian, 2005; Gustafsson et al., 2005; Kleffare required for a mechanistic description and prediction of
mann and Wiesen, 2005pBchl, 2005; Remorov and Bard- aerosol surface chemistry and gas-particle interactions.
well, 2005; Seisel et al., 2005; Garrett et al., 2006; Kahan The general concept, terminology, and rate equations are
et al., 2006; Li et al., 2006; Remorov and George, 2006;outlined in the following sections of this manuscript: Sect. 2
Vlasenko et al., 2006; Chan et al., 2007; Hatch et al., 2007deals with the basic concepts of gas kinetics and uptake co-
Rudich et al., 2007; Zahardis and Petrucci, 2007; and referefficients and with the influence of gas phase diffusion. Sec-
ences therein). tion 3 introduces a double-layer surface model and the quasi-
The different and sometimes inconsistent rate equationselementary steps of mass transport and chemical reaction at
parameters, and terminologies make it hard to compare anthe surface, which represent a minimum of model complexity
to extrapolate the results of different studies over the widethat is needed for mechanistic description of the concentra-
range of reaction conditions relevant for the atmosphere orion and time-dependent surface reaction kinetics observed in
the one hand, and for laboratory experiments and technicaéxperimental studies of atmospheric multiphase chemistry.
processes on the other. Indeed, scientific progress in the urSection 4 addresses general aspects of model application
derstanding of heterogeneous chemical reactions and othauch as the change of gas uptake coefficients and other rate
multiphase processes in aerosols and clouds appears to Iparameters with composition, temperature, and time. More-
inhibited by a “Babylonian confusion” of terms and param- over, Sect. 4 shows how the general rate equations intro-
eters (Bschl, 2005; Bschl et al., 2005a, b, c; Fuzzi et al., duced in Sects. 2 and 3 are related to standard surface reac-
2006; Garrett et al., 2006; Rudich et al., 2007). tion mechanisms (Langmuir-Hinshelwood, Eley-Rideal) and
To provide a basis for consistent description of chemicalhow they can be simplified and applied under (quasi-)steady-
reactions and mass transport at the surface and in the bulk aftate conditions (adsorption equilibrium, adsorption-reaction
liquid and solid atmospheric particles, we have developed asteady-state, equivalent resistor model formulations).
comprehensive model framework for aerosol and cloud sur- Exemplary practical applications including analytical and
face chemistry and gas-particle interactions. In analogy tonumerical solutions for different systems under transient and
well-established formalisms of gas phase chemistry, it shallquasi-)steady-state conditions are presented in a companion
support the establishment and evaluation of comprehensivpaper (Ammann anddchl, 2007).
and self-consistent collections of rate parameters (Atkinson
et al., 1997; Sander et al., 2002; Atkinson et al., 2004, 2006,
2007), the development of detailed master mechanisms and Gas phase composition and processes
process models (Saunders et al., 2003; Jenkin et al., 2003; o o
Bloss et al., 2005a, b; Aumont et al., 2005; Johnson et al.2-1 Gas kinetic fluxes and uptake coefficients

2006), and the derivation of simplified but realistic mecha-I atmospheric chemistry the net untake of gases by aerosol
nisms and parameterisations for large scale atmospheric ang pher ISty b g y

climate models (Bschl et al., 2000; von Kuhlmann et al., apd clouq pa}rticles is usually described by an uptake coeffi-
2004; dckel et al., 2005; Spr’acklen’et al., 2005; Croft et al., cient, which is _defmgo_l as the number of gas molecules taken
2005; Textor et aI.’, 2006; Tost etal., 2007’)_ ' up I_Jy t_he particle d|V|d_ed by the number of gas molecules

The presented model framework builds on the basic ki./mpinging onto the particle surface (here and below the term

netic theories of gases, condensed phases, and interfac gnolecule includes atomic, ionic, and I’adIC.a|. species). In
and it combines concepts, rate equations, and rate parame(ge”n.s of molecular fluxes, the uptake coefﬁqent for a gas
ters developed and applied in physical chemistry, surface sciPecles % vxi, can be expressed as the ratio between the
ence and aerosol research (Masel, 1996; Seinfeld and Pand ,et flux of X; from th_e gas phase to ‘_h? con_densed phase,
1998; Berry et al., 2000; Finlayson-Pitts and Pitts, 2000). It "tXi: and the gas kinetic flux of ,Xcollldmg.wnh the sur- .
is meant to be sufficiently general and flexible to allow effi- ff"lce’_Jc"”’Xi (number of molecules per unit area and unit
cient description of both simple and complex systems, to en- me):
able the inclusion of more elaborate concepts and formalisms Jnetxi
of current and future atmospheric research and surface sciXi =
ence, and to bridge the gaps between atmospheric and tech-
nical processes as well as between modeling and experimerrquation (1) is fully compatible with traditional verbal def-
tal studies. Most likely not all of the rate parameters intro- initions of the uptake coefficient, buhex; andyx; can as-
duced below will be available for all species and systems ofSume negative values if the particle acts as a net sourcg of X
atmospheric relevance, but in analogy to the development ofvhich will be discussed below. For a list of symbols and SI
detailed master mechanisms of atmospheric gas phase cherpits see Appendix A.

istry they can be determined for certain model species and Based on gas kinetic theory, the flux of collisions of gas
systems and extrapolated for others. The presented termppecies Xwith a surface can be expressed as

nology and formalisms shall help to develop a clear picture wx;

of the measurements, calculations, and assumptions whicHcoll,xi = [Xi]gsT (2)

@)

JcoII,Xi
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[Xilgs is the gas phase concentration of dose the sur-

U. Bschl et al.: Kinetic model framework for aerosols and clouds — Part 1

Uptake coefficients for different types of gases and aerosol

face, i.e. about one mean free path off the surface (seearticles are usually determined in laboratory studies cover-

Sect. 2.2), andvy; is its mean thermal velocity given by

wxi = (8 R TI(r Mx;))Y?, where My; is the molar mass of

Xi, R is the gas constant, arfdis the absolute temperature.
Assuming that the gas phase concentration pfisxho-

ing a limited range of experimental conditions. For a reli-

able extrapolation and application of the experimentally de-
termined uptake coefficients to atmospheric conditions and
in numerical models of the atmosphere, the uptake coeffi-

mogeneous throughout the investigated system, the flux o€ients have to be deconvoluted into basic physicochemical
surface collisions can be described by the average gas kiparameters, which describe the multiple steps (elementary

netic flux, Jeoll,avgxi = [Xilg wxi/4, where [X]q is the av-
erage gas phase concentration of Xe. the concentra-

processes) that are usually involved in aerosol surface reac-
tions and gas-particle interactions and will be outlined in the

tion far from the particle. Under these conditions the netfollowing sections (transport and chemical reactions in and
flux of X; into the condensed phase can be described byetween gas phase, surface, and particle bulk).

Jnetxi = ¥xi [Xilg wxi/4. Significant net uptake, however,
will lead to local depletion of Xclose to the particle surface
([X;1gs < [Xi]g), and gas phase diffusion will influence fur-
ther uptake {coi xi < Jeoll,avgxi)- Therefore it is useful to
define an effective uptake coefficiepd x; and a gas phase
diffusion correction factoCgq x;:

wxi
Jnetxi = Yeff,xi Jeoll,avgXi = Yeff,Xi [Xi]g —

WX
= VXi [Xi]gsTl 3
Coxi = vefixi  JeollXi [Xilgs 4)

VXi B Jcoll,avg,Xi B [Xi]g
vefi xi relates the net uptake of speciesdfrectly to its av-

erage gas phase concentration, which is usually the majovef.Xi

For gas uptake by liquid droplets a widely used resis-
tor model has been developed to deconvoludgex; under
(quasi-)steady-state conditions. In this model, gas phase dif-
fusion to the particle surface, mass transfer from the gas
phase into the liquid phase, and subsequent chemical reac-
tion in the liquid are regarded as decoupled processes. These
processes are described by individual resistance terms which
can be added up to obtain/f x; as the overall resistance in
analogy to an electrical circuit consisting of serial resistors
(Schwartz and Freiberg, 1981; Schwartz, 1986; Hanson et
al., 1994; Kolb et al., 1995; Finlayson-Pitts and Pitts, 2000;
and references therein):

1 1

1_‘g,Xi

1
VYXi

(6)

observable in laboratory studies and the most relevant vari-

able in atmospheric models. It is sometimes also referred 1

to as the “apparent”, “
cient. Note, however, that the term “net uptake coefficient”
is not well suited to distinguisjess x; from yx;, because both
quantities describe the same net flux of specie$on the

measurable”, or “net” uptake coeffi- ;. —

1

oXi

1

Cp,xi

@)

ay; represents the probability or normalized rate of trans-
fer of gas molecules across the surface (or gas-liquid in-

gas phase to the condensed phase and are just normalizggtace) into the liquid and has usually been referred to as
by different gas kinetic reference fluxes (average gas klnethhe “mass accommodation coefficient’. The “conductances”

flux or actual surface collision flux)Cg x; describes the ra-

tio between these fluxes, which is determined by the rates o

ginverse resistanced)g x; andI'p x; represent normalized
ates of gas phase diffusion and bulk diffusion and reac-

uptake and gas phase diffusion and will be described in detai{ion, respectively. The most common formulae used to cal-

below (Sect. 2.2).
The net gas phase loss of Xlue to gas-particle inter-
actions, Lg p x; —Pgp,xi (i.e. gross loss minus production;

molecules per unit volume and unit time), can be conve-

niently calculated, when the particle surface concentration
[PS], (area per unit volume), and the effective uptake coeffi-
cient are known:

WX
Lgpxi = Pypxi = Jnetxi [PSg = veft xi [PS1glXilg —~
= kg,p,Xi [Xi]g (5)

culate these conductances ditgx; ~ 8 Dg x; a);il d[jl and

Tpxi ~4 Hepxi R Tt (Doxi kbxi)Z, whereDy x; is the

gas phase diffusion coefficient of; Xd,, is the particle di-
ameter,Hep x; is the solubility or Henry's law coefficient of

X;, Dy x; is the diffusion coefficient of Xin the liquid, and

kp.x; is the first-order chemical loss rate coefficient of X

in the liquid. The derivation and applicability of the resis-
tor model equations and parameters will be addressed below
(Sects. 2.2 and 4.3.2). Several studies have already set out
to include surface reaction terms in the resistor model for

Equation (5) allows to use an apparent first-order rate co-gas uptake by liquid atmospheric particles and to extend it to

efficient, kg p xi = veff,xi [PSly wxi/4, to calculate the net gas solid particles. So far, however, the applicability of the pub-
phase loss as a (pseudo-)first-order process with respect tshed formalisms and terminologies was generally limited to
average gas phase composition, which is usually the prespecific types of aerosols and reaction conditions (e.g. Han-
ferred way to handle heterogeneous reactions in atmospherigon, 1997; Smith et al., 2002; Worsnop et al., 2002; Ammann
models. et al., 2003; Reid and Sayer, 2003; and references therein).

Atmos. Chem. Phys., 7, 5988023 2007 www.atmos-chem-phys.net/7/5989/2007/



U. Pdschl et al.: Kinetic model framework for aerosols and clouds — Part 1 5993

2.2 Gas phase diffusion For the uptake of Xby a “perfectly absorbing sphere”
(yxi =1) under steady-state conditions in the continuum

Mass transport from the gas phase to the surface of an aerosmgime Kny; < 1), the net flow from the gas phase into

or cloud particle and the influence of molecular diffusion in the particle (number of molecules per unit time) can be de-

the gas phase depend on the flow regime, which is characscribed by the following continuum and gas kinetic expres-

terized by the Knudsen numbefny;, and determined by sions (Fuchs, 1964; Fuchs and Sutugin, 1971; Seinfeld and

the mean free path of the investigated speciesXhe gas  Pandis, 1998):

phase,\x;, and by the particle radius,,, or diameterd,,: 5 X

Knx; :)V)(i/rp = 2)»Xi/dp- Fretxi =27 dp Dy xi [Xi]g = dp”T [Xi]gs (10)

Based on simple gas kinetic theory and on earlier stud- ) )
ies of gas-particle interactiony; andKny; can be approx- In this case, the relation between the_ near-sur_face and av-
imated by (Fuchs, 1964; Fuchs and Sutugin, 1971: Seinfel§'@d€ (distant) gas phase concentrations ofs)given by:

and Pandis, 1998; and references therein): [Xilgd[Xilg =8 Dy xil (wxi dp) = 413Knx;. _
For lower values of/x; and for the transition regime, the

3 Dg xi flow matching approach of Fuchs (1964) can be applied to

AXi = Toxi (8)  obtain arelation between [Xysand [X]g. It had been devel-
oped for the coagulation of aerosol particles and is adopted
Kny 6 Dg x; ©) here for the special case where one particle (molecule) is very

small and moving much faster than the other one (quasi-static
aerosol particle). Under these conditions, the average dis-

For air and most atmospheric gases the mean free paﬂance from Wh|Ch the m0|eCU|e haS a Straight trajectory to

at standard temperature and pressure (STB, @ atm) the particle surfacepx;, can be approximated byx; for

is on the order of~60nm, and the particle size depen- Knxi>1, x;/2 for Knx; <1, and values in between for

dence of the Knudsen number can be approximated by<nxi~1:

Knx; ~ (10? nm)/d,, with d,, in nm or byKnx; ~ (0.1.m)/d,, . ) 3

with d,, in zm, respectively. Ay = [(Cl'p . kx,~> B ((dp> + A)z() ] )
In the gas kinetic or free-molecule regimé,( Axi, 3dp Axi 2 2 ! 2

Kny; > 1) and whenevelKny;/yx; > 1, the flow of X from (11)

the gas phase to the condensed phase is limited only by sur-

face kinetics and independent of the gas phase diffusion coBy defining the gas phase concentration pfaXthe distance

efficient. Under these conditions the gas phase concentrationy; from the surface as [}gs, the net flow of gas phase dif-

of X; is homogeneous ([Xgs~ [Xi]g), and the net flow, fusion through a virtual particle envelope with the diameter

Fretx; (Molecules per unittime), is simply given by multipli-  (dp + 2Ax;) can be expressed as

cation of Jnetx; as defined in Eq. (3) with the particle surface

area 2z for spherical geometry)Fnerx; =dg  yxi [Xilg Fretxi = 27 (dp + 2Ax;) Dgxi ([Xilg — [Xilgs) (12)

wxil4. For mass conservation, the above continuum expression for
In the continuum regimed}, > Ax;, Knx; <1), the  the flow of gas phase diffusion to the surface has to equal the

flow of X; is limited only by gas phase diffusion when gas kinetic expression for the flow of uptake at the surface
Knx;/yxi < 1. Under these conditions, the flow is directly (Fqy; ngn Jnetxi):

proportional to the gas phase diffusion coefficient and parti-

cle diameter, and it is independent of the uptake coefficien27 (dp 4+ 2Ax;) Dgxi ([Xilg — [Xilgs)

(Seinfeld and Pandis, 1998; and references therein). I SN X,] (13)
In the transition regime df, ~ix;, Knx; ~1) when =G T VXi T Rilgs

yxi~#1 and also in the continuum regime when Rearrangement using the above definitionsCgfx;, Ax;,

Knx;/yx; =1, the flow of X is influenced by both gas Kny;, andAy; leads to

phase diffusion and surface kinetics, which can be described

by correction terms in the continuum and gas kinetic flow ~ i = [Xilgs _ dp + 2Ax;
equations as detailed below. ¢ [Xilg 3B 4 4 oAy
Whenever Kny;/yx; <~1 (continuum or transition 18”" P '
regime), the gas concentration of Xar from the surface — (14)
([X;1g), which drives gas phase diffusion, is different from 1+ yxi s

. . . K (14 Kny; 2X0)
the near-surface concentration (J¥), which drives surface Xi

uptake kinetics. A relation between [)§ and [X;]gs can be  Equation (14) can be further simplified by neglecting the size
obtained by matching the flow of gas phase diffusion to thedependence ahx; and assuming\x; = Ax; as will be dis-

surface with the flow of uptake at the surface. cussed and illustrated below (Fig. 1).

www.atmos-chem-phys.net/7/5989/2007/ Atmos. Chem. Phys., 7, 606292007
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o 1
o Cyxi = 1 4 g, 075+ 028K, (19)
+ PS4 YXi Kny; (1+ Knx;)
o FS,0.1 . . H
o FS,0.01 In the gas kinetic or free-molecule regimén; > 1), Cg x;
e is close to unity ([X]gs~ [Xilg), and in the continuum
R regime Kny; < 1), Egs. (14) and (19) both can be reduced
— —F, simp.,
——F, simz., 0.1 to:
— —F, simp., 0.01
o c .t (20)
/ e gXi = 0.75
0.01 - e 1+ i Kng
1.E-03 1.E-02 1.E-01 1.E+00 1.E+01 ] ] ]
Kny; Figure 1 displays’y x; calculated as a function dny; for

yxi =0.01, 0.1, and 1, respectively. The calculations have
Fig. 1. Gas phase diffusion correction factog, x; plotted against ~been performed with Egs. (20), (19), (14), and with a simpli-
Knudsen numbeKny; for different uptake coefficients and transi- fied version of Eq. (14) assuminyx; = Ax;. Foryx; <0.01
tion regime flux matching approachegy;=1 for black lines and  the results of the different formalisms are essentially identi-
symbols; yx;=0.1 for red lines and symbolsx;=0.01 for blue  cal. Foryx; ~0.1 small differences occur in the transition
lines and symbols; FS (symbols): Eq. (19) based on Fuchs angegime but the relative deviations are less than 5%. Substan-
Sutugin (1971); F (solid lines): Eq. (14) based on Fuchs (1964)i4ia| geviations between the different formalisms occur only
F, simp. (dashed lines): Eq. (14) withyx;=Ax;; F, cont. (dotted ~ ~ s
lines): Eq. (20). foryx; ~ 1 gndKnx,- ~1. Eyen under these conditions, how-
ever, the differences relative to Eq. (19) do not exceed +7 %
for Eq. (14), +10 % for Eq. (14) witlAx; = Ax;, and—13 %
Fuchs (1964) expressed the result of flux matching as dor Eqg. (20), respectively. For many atmospheric process
correction factopr for the flow of a trace gas species Mto studies, these differences are well within the general uncer-

a “perfectly absorbing sphere” under continuum conditions: tainties. They should, however, not be neglected in high-
precision measurements and model calculations of processes

Fretxi = Br2m dp Dy xi [Xilg 15 With ¥xi ~ 1 andKny; ~ 1. The results of earlier studies sug-
i (1 + Kny; %> gest tha_t Eqg. (19) b_ased on Fuchs _a_nd Sut_ugin (197_1) is most
B = AXi (16) approprlate under !sothermal c_ond|t|ons (Li anq Davis, 199_6;
i + %Knxl' (1 + Knm%) Widmann and Davis, 1997; Seinfeld and Pandis, 1998; Shi et
Xi al., 1999; Swartz et al., 1999; Qu and Davis, 2001; Worsnop

Fuchs and Sutugin (1971) proposed an alternative correctioet al., 2001). More elaborate formalisms may be required
factor Bes, which was derived from a numerical solution of for non-isothermal processes (Qu et al., 2001), but several
the Boltzmann diffusion equation for neutron transfer to astudies have shown that the formulation of Fuchs and Sutu-
black sphere and is thus characteristic for light molecules ingin (1971) works well also under non-isothermal conditions

a heavy background gas: (Kulmala and Vesala, 1991; Vesala et al., 1997; Kulmala and
wxi (1+ Kny;) Wagner, 2001; Winkler et al., 2004).
FS= o our knowledge, a gas phase diffusion correction fac-
B 7 T knowled hase diffusi ion f

2

yxi + zKnx; (Knx; +1+0.28yx;) tor similar to C, x; as defined in Eq. (4) and calculated in
The applicability of s for trace gases in air (including Egs. (14), (19), and (20) has not been explicitly defined and
species with higher molecular mass) has been confirmed bjntroduced for the description of atmospheric gas-particle in-
good agreement with experimental data (Li and Davis, 1996zeractions before. At least within the kinetic model presented
Widmann and Davis, 1997; Seinfeld and Pandis, 1998; Shi efn the following sections, however, it appears to be the most
al., 1999; Swartz et al., 1999; Qu and Davis, 2001; Worsnopuseful, convenient, and descriptive way of representing the
etal., 2001). influence of gas phase diffusion on mass transport and chem-

By inserting Brs instead offr in Eq. (15) and rearrange- ical reaction at the surface of aerosol particles. In particular,
ment usingJnetx; = Fretxi/(dj 7) and Eq. (9),Cqx; can it allows the flexible implementation of different models and
be flexibly adapted to the approach of Fuchs and Sutucorrections for gas phase diffusion effects without changing

gin (1971): the remainder of the kinetic model formalism.

WX The relation ofCy x; with the gas phase diffusion conduc-

;= Brs ——Kny; [Xilg = g.xi : :
Inetxi = Prs 3 i [Xilg tance,I'g x;, of the traditional resistor model outlined above
_ Kng; + Kny; . oxi X1 follows from Egs. (4) and (6):
KnZ, + Kny; + 0.28Knx; yx; + 0.75yx; 4 = 9 Vet 1
wx; Coxi = —— = I (21)

= Cg xi Vi v [Xilg (18) YXi 1+ mxit
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with X{9) gas phase
Ca.xi 4 Ax; 0
Cgxi = inL = - Kny; (1 + KnXil> (22) ’ t X{(gs)  near-surface gas phase
1- Cg,Xi 3 AXi o J, t
ader des Xi(s) sorption layer
for the approach of Fuchs (1964), and
oo Jos quasi-static surface layer Y (ss) i
. . JSS, 4 J ,SS
Cgxi = M (23) X,(bs) near-surface bulk Y (bs) v
’ 0.75+ 0.28Kny; J t ___________________________________________________ t J,
for the interpolation of Fuchs and Sutugin (1971), respec- X{b) bulk e

tively.
For the calculation of gas phase diffusion resistances irFig. 2. Double-layer surface model compartments and transport
the continuum regimeKy; < 1) the above equations can fluxes for volatile species X(left) and non-volatile species ;Y
be rearranged by inversion, multiplication with{IKny;), (right).
and omission of quadratic termsléhy;, which leads to

1 -~ wx; dp

~ —0.38 24
Tgxi  8Dgxi (24) contribution of % to the chemical composition and physic-

o . ochemical properties of the quasi-static surface layer, how-
for the gas phase diffusion resistance term based oRyer is assumed to be negligible. The description and ef-

Fuchs (1964), and fects of semivolatile species that can significantly contribute
1 wxi dp to thg composition pf aII' model compa_rtments (ga}s phase,

T ~ D v 0.47 (25) sorption layer, quasi-static surface, particle bulk) will be ad-
g.Xi g.Xi dressed below (Sect. 3.7). Note that a double-layer surface

for the resistance term based on Fuchs and Sutugin (1971jnodel as outlined above represents a minimum of model
respectively. complexity required for consistent description of competi-

The additive constants0.38 and—0.47 on the right hand tive co-adsorption and surface saturation effects as detailed
side of Egs. (24) and (25), respectively, correspond to the cordnd discussed in Sects. 4 and 5.

rection term—1/2 in traditional resistor model formulations T describe surface-bulk mass transport and the potential
for the effect of gas phase diffusion in the continuum regimejnfluence of bulk composition on surface processes, it is use-
(Danckwerts, 1951; Finlayson-Pitts and Pitts, 2000; and reffy| to define the condensed phase directly adjacent to the
erences therein), which have been attributed to an effectivgyasi-static surface layer as the “near-surface particle bulk”.
doubling of the mean molecular velocity component directedpepending on the chemical composition and physical state of
towards the surface in case of high net uptake (distortion ofne investigated particles, the near-surface bulk region can be
Maxwellian flow; Motz and Wise, 1960). If, howevetnx;  pictured to extend one or a few molecular diameters or chem-

is indeed more than an order of magnitude below unity, thejca| ponds (1 nm) from the quasi-static surface into the par-
additive constants contribute less thah % to the gas phase tjcle bulk. The chemical species present in the near-surface
diffusion resistances and can be omitted from Egs. (24) angharticle bulk are not directly exposed to the gas phase or
(25), which become equivalent to Eg. (20). sorption layer species, but they interact with the quasi-static
surface layer and can influence its physicochemical proper-
. N ties: e.g. electron donor-acceptor and charge-transfer inter-

3 Particle surface and bulk composition and processes actions; hydrogen bonding networks (O'Hanlon and Forster,
2000); quasi-liquid or structurally disordered surface layers

3.1 Double-layer surface model and surface mass balanceon ice (Delzeit et al., 1996; Girardet and Toubin, 2001). With

To describe the phvsicochemical or tth i [espect to mass transport, the near-surface particle bulk is
Jodescribe Ihe pnysicochemica’ processes at In€ gas-pa Caenalogous to the near-surface gas-phase, i.e. the gas phase
interface, we apply a simple double-layer surface model

; i . . about one mean free path off the surface as discussed in the
which comprises two monomolecular layers: a quasi-static

surface laver consisting of (quasi-Inon-volatile particle Com_preceding section on gas phase diffusion. Both can be pic-
u y ISting ( (quasi-) -voiatiie partl tured as the region from which a molecule of the investigated
ponents Y, (molecules, ions, or functional groups), and a

. . . species can directly interact and undergo exchange with the
sorption layer consisting of adsorbed volatile moleculgs X P y 9 9

(Fig. 2). Both the non-volatile particle components and molecules in the double-layer surface.

the volatile molecules Xcan be reversibly transferred be-  Mass transport of the volatile species ahd non-volatile
tween the double-layer surface and the underlying particlespecies ¥ between the near-surface gas phase (gs), the sorp-
bulk, in which they can undergo diffusion and reaction. Thetion layer (s), the quasi-static surface layer (ss), and the near-
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of X; in the sorption layer Bsx; — Lsx;) and of Y; in the

surface-layer gas-surface ) | Y .
reactions (SLRv) reactions (GSRu) quasi-static surface layeP{y; — Lssv ), respectively, dif-
X.(gs) reaction ferent reaction mechanisms have to be taken into account.
P’ . . . .
7 probabilities Depending on the involved model compartments we distin-
pazorer | %l Ey Xt ‘ (o) guish between gas-surface reactions, surface layer reactions
(ksus) Y (s5)5 Y/ss) qYJ'.(s-s) and surface-bulk reactions. The different types of chemical
2nd order reactions and rate parameters are illustrated in Fig. 3 and will
Xplbs)  Yofbs) rate cosficients be described in detail below (Sect. 3.3).
surface-bulk S8R
reactions (SBRw) 3.2 Adsorption and desorption (gas-surface mass transport)

Fig. 3. Classification of chemical reactions between volatile and We define adsorption as the accommodation of gas molecules
non-volatile species at the surface. on the quasi-static particle surface, i.e. transport from the gas
phase into the sorption layer on the quasi-static surface, and
desorption as the reverse process. As indicated by the sur-

surface particle bulk (bs) can be summarized by: face mass balance equations outlined above, the presented
Jadsxi Jsbxi model framework aims at a clear distinction of transport pro-
X; (99 - X; (9) - X; (b9 (26) cesses (adsorption and desorption) fr_om chemical reactions
J A at the surface. We speak of adsorption or surface accom-
desXi Jb,in . - .
modation when the gas molecule colliding with the surface
Jssh,Y j neither reacts nor bounces off immediately but stays within
Y;(s9 Y (b9 (7) @ dlstgnce on the order of a chemical pond(r Om) fqr a
Jb‘vssw duration longer than the average duration of a (quasi-)elastic

gas-surface collision or molecular scattering process. From
Compartments and transport fluxes in the double-layer surgas kinetic theory this duration can be approximated by the
face model considering only volatile and non-volatile speciesratio of the typical length of a chemical bond and the mean
are illustrated in Fig. 2. Combination of transport with chem- thermal velocity of the gas molecule-{0? m s 1), which is
ical production and loss at the surface leads to the followinggenerally on the order of10-1?s under ambient conditions
surface mass balance equations fpraXd Y;: in the lower atmosphere.
The processes of adsorption and desorption are considered
d[Xils/dt = Jadsxi — Joesxi + Psxi = Lsxi to include intermolecular interactions between molecules in
+Josxi — Jsbxi (28) the sorption layer and in the quasi-static surface layer (van
der Waals interactions, hydrogen bonding, and similar elec-
dY jlso/dt = Pesyj = Lssvj + Jossvj = Jssoyj  (29) donor-acceptor intergctio?"ns; Goss, 29004) but no forma-
[X;]s is the concentration of Xin the sorption layer (num- tion or cleavage of stable chemical bonds. Gas-surface in-
ber per unit area), and [Yss is the concentration of ¥in teractions which lead to the formation or cleavage of sta-
the quasi-static surface layer (number per unit area). Allble chemical bonds (including so-called dissociative adsorp-
terms on the right hand side of Egs. (28) and (29) are fluxtion or desorption) are regarded either as (quasi-)elementary
densities (number per unit area and unit timé)asx; and “gas-surface reactions” (Sect. 3.3.1) or as two-step processes
Juesx; stand for adsorption and desorption, i.e. reversibleof gas-surface mass transport and subsequent chemical re-
mass transport from the near-surface gas phase to the sorpetion within the surface double-layer (“surface layer reac-
tion layer; Jpsx; and Jspx; for mass transport from the tions”, Sect. 3.3.2). The conceptual distinction between ad-
near-surface bulk to the sorption layer and vice vef&g;; sorption, scattering (bounce), and immediate reaction of gas
andL x; for production and loss of adsorbeg by chemical ~ molecules colliding with a liquid or solid surface is supported
reaction at the surfacefy ssy; and Jsspy; for mass trans- by the results of molecular beam experiments and other ad-
port from the bulk to the quasi-static surface layer and vicevanced surface science studies revealing further details of
versa; Pssy; and Lssy; for chemical production and loss gas-surface interactions on a molecular level (e.g. Masel,
of Y; in the quasi-static surface layer. The mass transporfl996; Nathanson et al., 1996; Rettner et al., 1996; Bartels-
flux densities,Jadsxi, Jdesxi» Jb,sxi» Jsbxir Jhssyj, and Rausch et al., 2002, 2005; and references therein).
Jssbyj, are determined by the chemical composition and In surface science the terms “physisorption” and “trap-
physicochemical properties of the surface (sorption layer anging” are frequently used to describe loose binding of
quasi-static layer), the near-surface gas phase, and the neardsorbed molecules to a surface (negative adsorption en-
surface particle bulk. Molecular mechanisms and rate equathalpies typically<50kJ mot 1), whereas “chemisorption”
tions for the mass transport processes will be outlined beand “sticking” are used to describe strong binding (nega-
low (Sects. 3.2 and 3.4). For chemical production and losgive adsorption enthalpies typically50kJ motl; Masel,
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1996). Within the kinetic model framework outlined in this a Langmuir adsorption model in which all adsorbate species
manuscript, however, all of these terms are sub-summarizedompete for a single type of non-interfering sorption sites
under the umbrella terms adsorption or surface accommowith an overall concentration [S&](hnumber per unit area)
dation, which comprise the full range from rather loose to on the quasi-static surface. In this casg; is determined
relatively strong binding of molecules to the quasi-static sur-by the surface accommodation coefficient on a clean, i.e.
face, as long as no formation or cleavage of stable chemicahdsorbate-free surfaces o x;, and the sorption layer surface
bonds is involved. This definition is in line with Langmuir's coverageés, which is given by the sum of the fractional sur-
understanding of adsorption (Langmuir, 1916) and aims afface coverages of all competing adsorbate spegigs,:

making the presented kinetic model framework with a lim-

ited number of rate equations and parameters consistentlys x; = os0,x; (1 — 6s) (32)
applicable for the wide variety of particles and trace gases

interacting in the atmosphere. It is, however, not meant tog, — ZQS,X[) (33)
constrain the distinction and application of different mech- 7

anisms and traditional categories of adsorption for detailed
investigation and characterization of specific systems, fromUnder the assumption of a single type and surface concen-
which the generalized rate parameters defined below can bgation of sorption sites for all adsorbate species, the frac-
determined and extrapolated to atmospheric conditions.  tional surface coverage of an individual speciesiXgiven

The flux of adsorption of gas molecules Xan be de- by 6sxp = [X,]s/[SSks
scribed by multiplication of the flux of surface collisions, In practice the nature of sorption sites at the surface of an
Jeoll, xi» With a surface accommodation coefficient or adsorp-aerosol particle is determined by its chemical composition,
tion probability,cs x; : and the interaction between different adsorbates and specific
surface sites (molecules, functional groups, atoms, or ions)
may be highly variable. For such complex systems differ-
asx; is defined as the probability that; Xindergoes nei- ent types of sorption sites can be defined for different types
ther scattering nor immediate chemical reaction upon colli-of phase species interacting with the surface. For example,
sion with the particle but is accommodated in the sorptiondual-site Langmuir formalisms have been applied to describe
layer of the particle (& asx; <1). In the scientific litera-  the interaction of carbonaceous particles with nitrogen ox-
ture similarly defined parameters have been called adsorpides (Gray and Do, 1992). In principle, such formalisms
tion coefficient (Shi et al., 1999; Turco et al., 1989; Worsnop are compatible with the model framework outlined in this
etal., 2002), condensation coefficient (Pruppacher and Klettmanuscript, but they seem to be hard to generalize for atmo-
1997), sticking coefficient (Hanson, 1997), sticking proba- spheric applications with a large number of interacting trace
bility (Clement et al., 1996; Garrett et al., 2006), trapping gases and their elaboration goes beyond the scope of this pa-
probability (Masel, 1996), adsorptive mass accommodatiorper. Here we apply a simple approach assuming that the com-
coefficient (Elliott et al., 1991), (mass) accommodation coef-petition of different adsorbate species for different adsorption
ficient (Jayne et al., 1990; Tabazadeh and Turco, 1993; Prupsites on the quasi-static particle surface can be described by
pacher and Klett, 1997; Kulmala and Wagner, 2001; Huth-assigning effective molecular cross sections to the adsorbate
welker et al., 2006), and thermal accommodation coefficientspecies and letting them compete for surface area rather than
(Lietal., 2001; Worsnop et al., 2002). For clarity and unam- specific sites. In this case, the fractional surface coverage of
biguous distinction of the gas-to-surface mass transfer proindividual species X% can be calculated by
cess specified above from mass transfer into the bulk, from
chemical reactions, and from heat transfer (Sect. 4.2), howds x, = [X,1s/[Xplsmax = 0sxp [Xpls (34)
ever, we propose to use the term surface accommodation co-
efficient. whereos x , is the effective molecular cross section of k

Inserting Eqg. (2) in (30) leads to the sorption layer, and the inverseafy , is the maximum
surface concentration of X [X ,]s max-

Jadin = Qg Xi JcoII,Xi (30)

Jadsxi = kaxi [Xilgs (31) Equations (31)-(34) describe a Langmuir-type adsorp-
with a first-order adsorption rate coefficierthx; = tion process accounting for different competing adsorbate
as xi wxil4, which has the dimensions of unit length per unit species. The influence of the (potentially changing) chemical
time and can be regarded as a deposition velocity. composition of the quasi-static particle surface on adsorbate-
In Egs. (30) and (31) all surface-specific parameters aresurface interactions and thus on the surface accommodation
lumped in the surface accommodation coefficteqi; , with- coefficient can be taken into account by describing x;

out making any a priori assumptions about the number ands a linear combination of the initial surface accommodation
nature of sorption sites, surface coverage by competing adeoefficients that would be observed on pure substrates made
sorbate molecules, surface mobility and residence of adsomp by the different surface componentg Weighted by their
bate molecules, etc. The simplest way to estimatg; is fractional surface arefgy,, i.e. their surface concentration
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[Y ,]ss multiplied by their effective molecular cross section  In the Langmuir model of reversible adsorption, also the

OssYq desorption process can be described by a first-order rate co-
efficient,kq x;, which is assumed not to dependérand can
os0.Xi = ZasO,Xi,Yq Bssvq (35)  be regarded as the inverse of the desorption lifetirgg,,
q i.e. the mean residence time of the investigated species on

(36) the surface in the absence of chemical reaction and surface-
bulk mass transport (Laidler etal., 1940)'

with ZQSSYq—l Jdesxi = kdxi [Xils = 74 Xz [Xils = 74; X, oy; est (40)

It the surface accommodation process were significantlyynder adsorption equilibrium conditions it is useful to
influenced not only by the quasi-static surface layer but alsaccombine the rate coefficients of adsorption and desorption
by the underlying condensed phase (e.g. by hydrogen bondnto a Langmuir adsorption equilibrium constakigsx;
ing or other electron donor-acceptor interactions), the com{Sect. 4.4). In case of rapid chemical reaction or surface-bulk
pOSitiOﬂ of the near-surface particle would also have to beexchange, however, the actual mean residence t|me ohX
taken into account. This could be achieved by expressinghe surface is shorter than its desorption lifetime, which can
as0,xi,Yp @s alinear combination of the adsorption probabil- pe taken into account in an effective adsorption equilibrium
ities s 0,x1,v p,vq Which would be observed forpcolliding  constantk .y for the description of adsorption-reaction
with an adsorbate-free surface made up of puse an un-  steady-state conditions (Sect. 4.5). These special cases of

QSSYq = [Yq]ssUssYq

derlying bulk of pure Y;: equilibrium and steady-state conditions will be described and

discussed in more detail below (Sect. 4) and illustrated by ex-

Us.0.XiYp = Z US.0Xi.Yp.Yg PYq (37) emplary model calculations in a companion paper (Ammann
1 and Pschl, 2007).

The weighting factopy, could be the mole, mass, orvolume  In analogy to Egs. (35)—(37) farso x;, the influence of
fraction of Y, in the near-surface particle bulk. The latter the chemical composition of the quasi-static surface layer
appear to be more suitable for the representation of macroand near-surface particle bulk can be taken into account by
molecular particle components. describingzq,x; as a linear combination of the desorption
In this approach surface heterogeneities and interferencdietimes which would be observed on pure substrates made
between adsorbate molecules which may lead to non-lineaup by the different chemical components of the actual sur-
dependence ofisx; on particle composition and sorption face,zq x; v, Or on surfaces made up by purg ¥n an un-
layer coverage, are assumed to be negligible or cancel ouferlying bulk of pure Y, 74 xi,v p.vq-
statistically. If this is not the case, appropriate corrections or Since desorption is driven by thermal motion, the mean
alternative mathematical formalisms have to be applied. Theesidence times and desorption rate coefficients are expected
investigated surfaces and underlying molecular layers have tto exhibit a strong temperature dependence, which can usu-
be resolved into quasi-homogenous areas, or Monte-Carloally be described by an Arrhenius equation involving the heat
type simulations have to be performed. Such approachesf adsorption and a pre-exponential factor on the order of the
could be included in the presented model framework, butvibration frequency of the involved molecules and chemical
they would have to be designed specifically for different bonds (Laidler et al., 1940; Baetzold and Somorjai, 1976;
aerosol systems and are beyond the scope of this paper.  Podschl et al., 2001; and references therein). Of course the

Combining Egs. (31) and (32) leads to other rate coefficients of mass transport and chemical reac-
tion introduced above and in the remainder of this manuscript
Jadsxi = kao.xi [Xilgs(1 — 65) (38)  can also exhibit more or less pronounced temperature depen-
with dences, as will be discussed below (Sect. 4.2).

o From heterogeneous catalysis it is known that almost all

ka0.xi = Qs0.Xi 2Xi (39) technically relevant surface reactions (except for single crys-
4 tal surfaces) can be described by Langmuir-Hinshelwood or

Equation (38) is consistent with standard textbook formula-Eley-Rideal rate equations derived on the basis of a simple
tions for the flux of Langmuir adsorption (Langmuir, 1916; Langmuir adsorption model; even in systems where the ac-

Laidler et al., 1940). The dependencex@b x; and thus of  tual adsorption process does not follow a simple Langmuir
kaox; on the composition of the quasi-static surface layerisotherm, reaction rates can often be described by Langmuir-
and near-surface particle bulk described in Egs. (35)—-(37)Hinshelwood rate equations based on the assumption of

however, implies that even in the simple model of adsorptionLangmuir adsorption (Sect. 4; Masel, 1996; Ammann et al.,
outlined above, the surface accommodation and adsorptio@003; and references therein). Thus we expect that the above
rate coefficients may change over time if the particle com-rate equations of adsorption and desorption will be suitable
ponents are transformed by chemical reactions (chemical agor the description of most relevant surface reactions on at-
ing). mospheric particles, as indicated by multiple recent studies
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(Arens et al., 2001, &schl et al., 2001; Ammann et al., 2003; cgsr.,g,x; Stands for the stoichiometric coefficient of gas
Rudich, 2003; Dubowski et al., 2004; Mmereki et al., 2004; molecules Xinvolved in the elementary gas-surface reaction
Sullivan et al., 2004; Ammann andgchl, 2007; and refer- GSRu.

ences therein). Due to chemical interferences (activation or passivation
. . by neighboring species, etc.), the reaction probabilities
3.3 Chemical reactions at the surface YGSR.Xp.xq andyGsr.x .y, may depend on surface com-

position and adsorbate coverage. As discussed in the above
Langmuir adsorption model, non-linear interferences cannot
. . be easily taken into account, but linear dependences on sur-
We reserve the term gas-surface reactions exclusively for re; o
. . . : - face and near-surface bulk composition could be accounted
actions which can be described by a single kinetic step of col- . o : i
- ) for by linear combination of the reaction probabilities that
lision and reaction between gas phase and surface molecules
. : . : would be observed on pure substrates made up by the chem-
i.e. heterogenous elementary reactions in which one of the re-

) . cal components of the actual surface and near-surface parti-
actants comes directly from the gas phase without a separa X .
. . . cle bulk (in analogy to Egs. 35—-37). The same applies for the
step of surface accommodation prior to reaction. Accord-

; . . rate coefficients of surface layer reactions and surface-bulk
ing to the above definition of surface accommodation, gas- ; : : d !
X . reactions defined in the following sections.
surface reactions in the lower troposphere would have to oc-
cur within ~107*2s upon collision of the gas molecule with 33 5  gyrface Layer Reactions (SLR)
the surface. In the chemical engineering literature, processes
involving gas-surface reactions are commonly referred to asThe term surface layer reaction is reserved for reactions
Eley-Rideal mechanisms. which proceed within the surface double layer and involve
In principle, sorption layer and quasi-static surface layeronly adsorbed species or components of the quasi-static
components Xand Y; can be formed upon reaction of any surface layer. Such reactions can be influenced by sur-
gas phase specieg,Xvith any surface species»or Y,, re-  face heterogeneities and chemical interferences (local deple-
spectively. Net chemical production (i.e. gross productiontion or enrichment, activation or passivation by neighboring
minus loss) of X and Y; by elementary second-order gas- species, etc.), but for simplicity we assume that they exhibit a
surface reactions can be described by the following generalstraightforward rate-dependence on the average surface con-

3.3.1 Gas-Surface Reactions (GSR)

ized rate equations: centration of the reactants and that deviations cancel out sta-
tistically. The same approach has been taken in early sur-

Psgxi — Lsgxi = J . . . :
SQXi T s g.Xi Xu: Xp: Xq: CGSRus.Xi Jeoll. Xp face science (Laidler et al., 1940; Hinshelwood, 1940) and is

widely applied in heterogeneous catalysis (Masel, 1996). In
(vGsRi.xpxq Osxg + YGSRLXp.Yq Ossvq (1= 65) (41) the chemical engineering literature processes involving sur-
face layer reactions are commonly referred to as Langmuir-

Pssgyj — Lssgy; = Z Z ZCGSRA,sst Jeoll, X p Hinshelwood mechanisms.
wopoq Assuming that all relevant surface layer reactions can
(YGSRuXp.Xq OsXq + YGSRiXp.Yq Ossyg (1 —65)) (42) be described by quasi-elementary steps following first- or
second-order kinetics, the following generalized expressions

cGsRu,sxi ANdcasRr sy, stand for the stoichiometric Coef- 5 he ysed to describe net chemical production (i.e. pro-
ficients (negative for starting substances and positive for re4uction minus loss) of surface speciesot Y ; by reactions

action products) of surface specit_as and Y; involved in within the sorption layer Rssx; — Lssx:), between sorp-
the elementary gas-surface reaction GSR=1, ... umax tion layer and quasi-static surface layd {sx: — Lsssxi,

for a total number ofimax elementa_ry gas-surface reactions. Psssvj — Lsssy ), and within the quasi-static surface layer
YGSRu,Xp,Xg OF YGSR:,Xp,Yq are defined as elementary gas- (

surface reaction probabilities, i.e. the probabilities that gas
phase molecules Xundergo an elementary gas-surface reac-Pssx; — Lssxi = Z Z CSLRu,s Xi [Xpls
p

Psssst - Lsssst)-

tion GSR: when colliding with an adsorbed volatile species v

X; in the sorption layer or with a non-volatile specieg ¥

the quasi-static surface layer, respectively. (kSLRv,X p+ Y ksLRuXp.Xg [Xq]s> (44)
Production and loss of @by elementary gas-surface reac- q

tions can involve volatile species in the sorption layer as well
as non-volatile species in the uncovered fractions (1), of ~ Psssxi — Lsssxi = Z Z Z CSLRv,s,Xi KSLRv,Xp.Yq
the quasi-static surface layer: vop g

Py.gstxi — Lg.gstxi = Z Z Zcesw,g,Xi Jeoll, X p
u p q
Psssst - Lsssst = Z Z CSLRv,ssY j [Yp]SS

(YGSRuXp.Xq OsXq + YGSR.Xp.Yq Ossvq (1 —0s)) (43) v 5

[Xpls[Yqlss (45)
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number per unit volume), ariggry v » Yo andksery Y ».X
k k Y 46) 3R, Y p. Vg X pXr
( SLRu.Yp + Xq: SLRu.Yp.¥g | "]SS> (46) are the second-order rate coefficients.
On the other hand, the net chemical production pbKd
Y ; in the near-surface particle bulk due to surface-bulk reac-
Psssyj — Lsssy; = Z Z Z CSLRv.ssY j KSLRu. X p.Yq tions can be described by
v p 9
P i— L P = c iLY
[Xp]s[Yq]ss (47) b,ssY j b,ssY Xw:; SBRw,b,Y][ p]ss
Here cs|ry,sxi and csiro,ssy; stand for the stoichiomet-
ric coefficients (negative for starting materials and positive ZkSBRw»Y%Y‘I [Yqlbs + ZkSBRw»YP’X’ [Xrlbs | (49)
q r

for reaction products) of species; Xand Y; in reaction
SLRv; v=1,...,vmax in a system with a total number of
vmax (photo-)chemical reactions occurring on the surface of
the investigated aerosol particléss ry,x p, Y4+ KSLRv, X p.Xq,
andksiry,y p,v4 @re second-order reaction rate coefficients;
TP ) . ) k Y k X 50

ksLro,xp and ksir v are first-order reaction rate coeffi- Xq: SBRw.Yp.Yq [ q]bs+2r: SBRw.Y p.Xr [XrIbs ] (50)
cients, including photolysis frequencies\alues). o _

In principle, higher-order reactions might also occur in ¢SBReb.xi @ndcsgru by, stand for the stoichiometric coef-
real systems and could be flexibly included in Egs. (44)_(47)_f|C|9nts (negative for starting materials anq positive fpr re-
In analogy to the description of complex gas phase reaction&Ction products) of near-surface bulk specigsadd Y; in

in atmospheric chemistry, however, it should be possible toN€ Surface-bulk reaction SBR For highly dynamic sur-

avoid excessive complexity and diversity of rate equations/@ceS With rapid surface-bulk mass transport (low-viscosity
and to describe such reactions by formal first- or secongliquid droplets with high molecular diffusivity and/or tur-
order rate equations with appropriate rate coefficients reflectPUl€nt mixing), surface-bulk reactions can probably be ne-
ing the influence of additional species (third-body reactions;gleCted under most conditions. I_:or. non-volatllfa solid partll-
Atkinson et al., 2004). cles, however, they may play a significant role in the chemi-

cal aging of the surface and near-surface particle bulk.

Pb,sin - Lb,sin = Z ZCSBRw,b,Xi [Yp]SS
p

w

33.3 Surface-bulk reactions 3.3.4 Overall chemical production and loss of surface layer

The term surface-bulk reaction is reserved for elementary components

reactions between species in the quasi-static surface Iayqltor conciseness, gross production and loss have not been

and in the near-surface particle bulk. For simplicity we as'separated in the above generalized rate equations for gas-

sume that potential surface-bulk reactions proceed via quaSIéurface, surface layer and surface-bulk reactions. For some

elementary steps with straightiorward second-order rate.'considerations, however, this separation may be useful and it

?hepende_ncte t(')n thef surfla ce congentr?rt]lon cif the reactarlt 1 easy to achieve by separate summation of the reaction rate
€ quasl-static surtace fayer and on the Volume CONCentray, g yith positive stoichiometric coefficients (production)

tion of the involved SPECIES I the negr—surface parucle buIk'and with negative stoichiometric coefficients (loss). Accord-
Under these conditions the following generalized expres-;

. . . X ngly, the overall flux densities of gross chemical production
sion can be used to describe net chemical production OLgy g P

: . ‘ | ies ; bulk nd loss of adsorbed molecules X the sorption layer and
quasi-static surface layer specieg Ny surface-bulk reac- ¢ hon olatile particle components;Yin the quasi-static

tions (Pssp,vj—Lssb, j): surface layer, respectively, can be expressed as follows:
Pssb)Yj — Lssb,yj = Z ZCSBRw,sst [Yplss Psxi = Psgxi + Pssxi + Psssxi (51)
v Lsx; = Lsgxi + Lssxi + Lsssxi (52)

(Xq: ksgru.Y p.Yq [Yglbs+ Xr:kSBRw,Yp,Xr [Xr]bs> (48)  Piqvj = Pesqv) + Psssyj + Pssssyj + Pssbyj  (53)

L . . L =1L i+ L i + L i+ L i 54
csBru.sy; Stands for the stoichiometric coefficient (nega- ssYJ S8G.Yj T fsss Y T hssssYj T LssbY (54)

tive for starting materials and positive for reaction products) To describe the influence of chemical reactions at the surface
of surface species Yin the surface bulk reaction SBR on the composition and mass balance of an aerosol particle
w=1,...,wmax in a system with a total number abmax surface, Egs. (51)—(54) have to be inserted in Egs. (28) and
chemical reactions occurring between surface species an(29). Some of the reaction pathways and flux densities, how-

underlying condensed phase species on the surface of the iever, which have been included for completeness and con-
vestigated aerosol particles. [) s or [X;]p,s are the volume  sistency of the above generalized rate expressions, are ex-
concentrations of Yand X in the near-surface particle bulk pected to be negligible under most atmospherically relevant
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conditions and will not be taken into accountin the remainder3.4.2 Mass transport of non-volatile particle components

of this manuscript (e.9PssssYj, PossYj, LbssYj: Possxi between quasi-static surface layer and near-surface
Lp,ssxi)- particle bulk
3.4 Surface-bulk mass transport Mass transport of chemical species between the quasi-static

surface layer and the near-surface particle bulk, i.e. con-

3.4.1 Transfer of volatile species between sorption layeryersion of surface species into near-surface particle bulk
and near-surface particle bulk species and vice versa, can proceed via two mechanisms:

(a) coverage or exposure of near-surface bulk species by

. ! . eactive transformation and size changes of the overlying
sorption layer and near-surface particle bulk (solvation and;uasi-static surface layer species (e.g. addition or loss of

desolvation, respectively), we assume a first-order depeng,,ciional groups, partial volatilization); and (b) mutual

dence on sorption layer and near-surface bulk ConcentratiOqsxchange between surface and near-surface bulk species by
respectively: thermal motion. We denote the transfer fluxes corresponding

For the mass transport of volatile species bétween the

Jsbxi = kspxi [Xils (55)  to the different mechanisms byssb,rx,y; and Jossrx,y;
X 6 (reactive transformation) and b¥sspexy; and Jpssexy;
Jo.sxi = ko.sxi [Xilps (56) (exchange), respectively.

The surface-to-bulk transfer rate coefficidntp x; can be
regarded as the inverse of the surface-bulk exchange lifed) Reactive transformation

time, 75 p.xi, i-€. the mean residence time of the investigated

species at the surface in the absence of chemical reaction arfehemical transformations changing the molecular size
desorption. 7sp.x; is expected to decrease with increasing of particle components in the quasi-static surface layer (e.g.
dynamic variability of the quasi-static surface and with de- addition or loss of functional groups, volatilization) will
creasing viscosity of the near-surface particle bulk. In anal-generally lead to the coverage of neighboring surface species
ogy to the desorption lifetime, the influence of the chemi- Or to the exposure of previously underlying near-surface
cal composition of the quasi-static surface and near-surfacBulk species. The overall process can be described by a
particle bulk on the surface-bulk exchange lifetime could bepseudo-first-order “quasi-static surface transformation rate
taken into account by describingp, x; as a linear combi- ~ coefficient” kssix calculated from the net production and
nation of the residence times that would be observed on puréffective cross section of all quasi-static surface specjes Y
substrates made up by the chemical components of the actual  _ _

surface and near-surface particle bulk (in analogy to Egs. 35;%550( =2 (Pssyp = Lssvp)ov, ®7)

37). Moreover, the cluster-nucleation model proposed by
Davidovits et al. (1991) and similar approaches of describing

surface-to-bulk transfer could be used to determine and pagurface bulk species to the gas phase or sorption layer, which

rameterizeksp x; (Remorov and Bardwell, 2005; Remorov ;T;:fi;?g;g;ngerfrf)m;zziz\?:r\'lzll‘a‘?gif?“'ktootrf:etr?:as"
and George, 2006). ssb,rx,Y - SSIX

The bulk-to-surface transfer rate coefficiégt x; has di- other hand, describe the coverage of surface species which
y 1

mensions of unit length per unit time and can be regarded a|Smplles their transfer from the quasi-static surface to the near-

a transfer velocity, analogous to the deposition velocity (ad_surface particle bulk/bssrx.v ;- .
: - . : By multiplication of the surface transformation rate coef-
sorption rate coefficientax;) on the gas phase side. It is

- . . . ficient with the surface concentration [}¢sor with the near-
expected to be negligibly small for solid non-volatile materi- : o .
: L . . surface bulk mole fraction and effective cross section of a
als and to increase with increasing mobility of i the con-

densed phase. Based on kinetic theory of condensed phasggn—volatlle particle component,Y respectively, the corre-

and on the diffusion coefficient of ;Xin the near-surface sponding surface-bulk mass transport fluxes can be approxi-

particle bulk, it should be possible to estimate the magni—mated as follows:

tude of kp s x; for different types of particles. A detailed
discussion of this aspect, however, is beyond the scope of >
this paper, which is focused on surface reactivity rather than
surface-bulk mass transport. As for the rate coefficients de-Jb sy = |kssrx| = kssrx ¢ j/ov; -1
fined above, linear dependences on surface and near-surface™ ! 2 > dvp/ovp Y

bulk composition could be accounted for by linear combina- P

tion of the inverse rate coefficients that would be observed _ |kssrx| — kssrx 1

on pure substrates made up by the cher_mcal com_ponents of 2 UYZj S IY plos Y by p/ovp
the actual surface and near-surface particle bulk (in analogy p p

to Eqs. 35-37). = ko s,y j [Y jlbs (59)

Negative values ofkssx describe the exposure of near-

kssrx + ‘kssrx} [y

2 j]ssz kssb,rx,Yj [Yj]ss (58)

b,rx,Yj =

[Yj]bs
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In Eq. (59) ¢y, stands for the mole fraction of \Yin the Jbssyj = Jbssrx.Yj + JbssexYj = kbssy [Yjlbs (63)
near-surface particle bulk. If mass or volume fraction are ) o

used instead, the number concentrations]¥ have to be ~ With pseudo-first-order transfer rate coefficients

scaled by molar mass or partial molar volume, respectively,,
kbssrx,yj and ksshrxy; are the pseudo-first-order rate
coefficients for reactive bulk-to-surface and surface-to-bulkand
transfer of Y;, respectively.

ssb,Yj = kssb,rx,Yj + kssb,e)ng (64)

kb,ssY;j = kb,ssrx,Yj + kb,ssex Y (65)

b) Mutual exchange 3.5 Bulk reactivity and solubility

In analogy to the surface-bulk mass transport of volatile os outlined in Sects. 3.1-3.4 the concentrations pfaxd
species, we assume that the mass transport fluxes of/. in the near-surface particle bulk, s and [Y;]ps, can
non-volatile particle components ;Yexhibit a first-order  jnfluence the interaction between gas and surface molecules
dependence on their surface and near-surface bulk conceRng can be changed by surface-bulk mass transport and reac-
trations, respectively: tions. On the other hand, the composition of the near-surface
(60) particle bulk is influenced by transport, solubility, and chem-
ical reaction in the particle bulk, which will generally change

Jo,ssexY; = kbssex Y [Y jlbs (61) over time (solubility saturation, depletion of reaction partners

. L . and change of diffusion coefficients due to chemical aging).
Again, the transfer rate coefficients can be expected t0 in- A getajled discussion of physicochemical processes within
crease with increasing dynamic variability of the quasi-staticy,,q particle bulk is beyond the scope of this paper, which is
surface and with decreasing viscosity of the near-surface pak,.,sed on aerosol surface chemistry. Here we just include

ticle bulk. Linear dependences on surface and near-surfacg cquple of special cases which are also considered in tradi-
bulk composition could be accounted for by linear combina-iional resistor model formulations

tion of the inverse rate coefficients for pure substrates.

In contrast to the mass transport of volatile species be3.5.1 Chemical reaction
tween bulk and sorption layer, however, the mutual exchange
of non-volatile species between quasi-static surface layer antdnder steady-state conditions and if surface-bulk reactions
near-surface particle bulk has to be balanced at all times beare negligible, the net mass transport flux gf iom the
cause)_ Ossvy, =1 by definition, i.e. the quasi-static surface surface to the near-surface particle bulky netxi, can be
matched with the so-called reacto-diffusive flux of i the
1particle bulk,Jb rd.xi:

Jssb,ex,Yj = kssb,e)ng [Yj]ss

q
has to be a monomolecular layer (Sect. 3.1, Eq. 36).
Since precise values for the transfer rate coefficients o
all species present in real aerosol particles will hardly everJspnetxi = Jsb.xi — Jo.sxi = Jb.rd,Xi (66)
be available, practical application of Egs. (60) and (61)

for a comprehensive description of surface-bulk exchanget’ b’rdvxé |str:he flut?< |Of X fronr]]_thhe. ngqr—surgaciﬁ particle bu:k
will require a self-consistent normalisation formalism. The owards the particie core which IS driven by thé consumption

normalisation could be achieved in analogy to Egs. (58)ofx,- through chemical reaction. Assuming spherical geom-

and (59) using an overall exchange rate coefficient instead'"y & uruform psegdo-ﬂrst-pr'der loss rate'coefflcmi,

of the transformation rate coefficient. The magnitude of and a uniform d'ﬁ‘!S'Of? coefficiendy, x; of X; in the particle
such an overall exchange rate coefficient or of individual bgl{; t.he reacto-diffusive flux can be expressed as (Hanson,
exchange rate coefficients for different species and different )

types _of particles_cou_ld be estimated based on diffusiony, . v; = Cp rd.xi v/kb.xi Do.xi [Xilbs (67)
coefficients and kinetic theory of condensed phases. A ) o )

detailed discussion of this issue, however, is beyond theCbrdxi is the reacto-diffusive geometry correction factor

scope of this framework paper. (conversion from planar to spherical geometry) which is de-
termined by the particle radius,, and the so called reacto-
c) Overall transfer fluxes diffusive length for species Xlra xi = (Db, xilkn xi) /%
T ld,xi
Combining the above equations describing the two dif- Cb,rd.xi = COth(&) - rr—x’ (68)
rd, X P

ferent transfer mechanisms, the overall transfer fluxes of
non-volatile species Y between the quasi-static surface According to Egs. (66), (67), (55), and (56) the concentration
layer and the near-surface particle bullsp v ; andJp ssy; ratio [X;]ps/[X;]s under steady-state conditions is given by

can be expressed as
P [Xilos ks b,xi

Jssb,Yj = Jssb,rx,Yj + -/ssb,eij = kssb,Yj [Yj]ss (62) [Xils B kb,s,Xi + Cb,rd,xi \/kb,XiDb,Xi

(69)
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and the net flux of surface-to-bulk mass transport can be extangmuir-type adsorption with significant surface coverage
pressed as a function of [} and a pseudo-first-order trans- but did not explicitly follow up on the implications. The di-

fer rate coefficienks p netxi: rect proportionality betweesoccx; andasx;, however,
implies a gas phase composition dependence of the solu-
Jsbonetxi = ksb.netxi [Xils (70) bility, becausexs x; decreases with increasing surface and
gas phase concentration of all competitively co-adsorbing
L ksb.xi Co.rd.xi v/kb.xi Do xi species. A comparable treatment of the equilibrium between
sb.netXi = . v Dew. gas, interface and bulk has also been presented by Donaldson
¥osxi + Chraxi vhnxi Doxi ) (1999). This effect limits the applicability of solubilities or
ke (14 kp,sxi (71) Henry’s law coefficients determined for highly dilute solu-
sbXi Cb,rd,Xi\/W tions ([X;]b~ 0,85~ 0, asx; ~ aso,xi» Ksolcexi & Heexi)-

Surface saturation effects are expected to be important at el-
Formalisms for the description of reactive transformationevated concentration levels and for viscous liquids with slow
of the particle bulk composition by diffusion and chemical surface-bulk mass transport (e.g. liquid organic droplets or
reaction as a function of gas-particle interaction time haveparticle coatings; Marcolli et al., 2004). They may also
been presented and applied in recent studies (Worsnop et abffect aqueous droplets contaminated with organic surfac-
2002; Smith et al., 2002, 2003). Again, a detailed discus-tants (Djikaev and Tabazadeh, 2003; Shunthirasingham et
sion of such processes is beyond the scope of this paper, bal., 2007). For such system$soiccx; and Ksolcpxi, re-
it should be possible to flexibly include such formalisms in spectively, have to be deconvoluted into the underlying gas-
the model framework presented here. In fact, it is certainlysurface and surface-bulk exchange rate coefficients in order
more straightforward to include additional processes in theto allow reliable application and extrapolation of solubilities
flux-based kinetic model framework presented here than iror Henry’s law coefficients to varying conditions in the atmo-

the traditional resistor model. sphere or in laboratory experiments. Exemplary calculations
_ _ of Ksolce xi as a function of [X]g, oso,xi+ kd,xi, ks,b,xi,» and
3.5.2 Dissolution kp.sx; as well as the time dependence of solubility-driven,

. . .. hon-reactive gas uptake into liquids are illustrated in a com-
Under mass transport equilibrium conditions (negligible panion paper (Ammann andbchl, 2007). Note that the

chemical loss and production) the rate coefficients of 9as¢,ncentration dependence following from the kinetic model

surface and surface-bulk transport can be combined to bt 45 harticle partitioning is consistent with the thermody-
tain the solubility or gas-particle partitioning coefficient

' namic approach of correcting Henry’s law (limiting case for

Ksolcpxi» Which describes the partitioning of a volatile ;e solutions) by activity coefficients for concentrated so-
species between gas phase and condensed phase (partigle s

bulk). At infinite dilution, i.e. for ideal or at least highly

dilute solutions Ksol.cp.xi €quals the Henry's law coefficient 3.6  Overall gas uptake

for X; in the investigated condensed phaskp x;. Solu-

bilities or Henry's law coefficients are mostly reported as Based on Egs. (15) and (29) the overall flux of net uptake of a
amount-of-substance concentrations in the condensed phaselatile species Xby the condensed phase can be described
per unit partial pressure in the gas phase (index “cp”; Sanderpy

1999). By multiplication with the gas constant and tem-

perature, they can be converted into dimensionless ratios ofnetxi = Jadsxi — Jdesxi + Lg,gstxi — Pg,gstXi (74)
condensed phase and gas phase concentrations (index “cc”;,
Sander, 1999): with
Ksolcexi = Ksolcpxi RT = [Xilb,sat/[Xilg,sat (72) Jadsxi — Jdesxi = d[Xils/dt — (Psxi — Lsxi)
—(-Ib,s,Xi - Js,b,Xi) (75)

[Xi]p,sat and [X]g,sat are the equilibrium or solubility satu-
ration number concentrations of; ¥ the condensed phase Accordingly, the uptake coefficient can be expressed as
(particle bulk) and in the gas phase, respectively. Mass

balance implies thaksp x; [Xi]ssat=kbsxi [Xilbsat and  ¥xi = ¥sorxi + Ygstxi (76)
kaxi [Xilssat=kaxi [Xi]g,sar; which leads to

with
kspbxi kaxi _ ksbXi &sXi WxXi

Ksolcexi = 7— =— ’ (73) Todexi — JHacy:

ST kosxi kaxi kosxi 4kaxi Vsorxi = —adsxj . desXi (77)

coll, Xi

Equation (73) is equivalent to an expression previously de-
rived by Hanson (1997), who also pointed out that the frac- - Lggstxi — Py.gsxi 78
tional surface coverage has to be taken into account in case @@stXi = JeollXi (78)
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surface-layer gas-surface
Z,(9) gas phase reactions (SLRv) reactions (GSRu)
Jg t -------------------------------------------------- Z,(gs) reaction
probabilities
Z,(gs)  near-surface gas phase 158 2% order 2 200 7 ‘ \ oun)
Jads’ Jdes t rate coefficients X N
Z,(s) sorption layer (ksir) Z (ss)<—> Z{ss) Z(ss)
Js,ss' Jss,s t 2nd order
Z,(ss) quasi-static surface layer Z,(bs) Z4(bS) | rate coefficients
oo Joss t surface-bulk (hsor)
Z,(bs) near-surface bulk reactions (SBRw)
F o —
Z,(b) bulk Fig. 5. Classification of chemical reactions between semivolatile
species at the surface.

Fig. 4. Double-layer surface model compartments and transport
fluxes for semivolatile species,Z phase onto the particle surface and further into the (near-

surface) particle bulk (“bulk accommodation” characterised
by apxi), with its first (quasi-)elementary step (“surface
accommodation” characterised by x;). This distinction
is particularly important for the understanding of heteroge-
neous chemical reactions and surface saturation effects as de-
tailed below. Especially for the treatment of processes at ice
be regarded as the probabilities that a collision @fwith surfaces, these definitions have not been used in a consistent
the surface leads to net uptake of My adsorption (sur- way (e.g., Huthwelker et al., 2006; and references therein).
face accommodation) and subsequent accumulation or reNote thatws x; is the maximum value fagp x; as well as for
active consumption at the surface or in the bulk of the yso;x; but not foryx; andygs:x;, which can exceedsx; in
particle ¢sorxi), or by elementary gas-surface reactions case of significant gas-surface reactions.
(vgsrxi), respectively. Neithepsorx; nor ygscxi, however, In the final version of this paper we have chosen the
describe the probability for individual gas moleculescél- symbolsasx; andap x; for surface and bulk accommoda-
liding with the surface to be taken up by or react with tion coefficients, respectively, in order to maximize the self-
the condensed phase. In fagkorx; and ygsrx; can as-  consistency of terminology (greek letters for all quantities
sume negative values if the particle acts as a source; of Xnormalized by the gas kinetic flux) and to minimize the
(Jdesxi + Pg,gsrxi > Jadsxi + Lggsrxi), While at the same  potential for confusion with related but differently defined
time the probability for an individual molecule colliding with quantities in surface science (sticking vs. trapping probabili-
the surface to be lost from the gas phase may still be largeties; Sect. 3.2).
than zero. Note, however, that we had used the alternative symbols
The probabilities for individual gas molecules colliding Sx; and ax; in the preceding discussion paperogehl et
with the surface to be adsorbed or react at the surface aral., 2005a) to emphasize the compatibility with earlier sur-
given by the following termswg x; for adsorption (surface face reaction studies in atmospheric science (e.g. Hanson,
accommodation) Lg gsrxi/Jeol,x; for elementary gas sur- 1997; Worsnop, 2002; Ammann et al., 2003; Reid and Sayer,
face reactions, an@§ x; Lsx;)/(Lsxi+Jdesxi+Jsb,xi) for 2003; Rudich, 2003; Huthwelker et al., 2006; and references
adsorption and subsequent surface layer reaction. The proltherein). For convenience and ease of comparison, both vari-
ability for a gas molecule colliding with the surface to enter ants are included in the list of symbols (Appendix A).
the bulk of the particle is given by: The development of the model framework presented here
has been targeted primarily at the description of aerosol
surface chemistry. Nevertheless Egs. (74) to (79) are
equally applicable to systems where the rate of gas up-
In the atmospheric chemistry literature, the probability for g take is do_mmated_ by particle bulk processes (e.g. I|qu_|d
gas molecule colliding with the surface to enter the bulk of droPlets with reactive bulk components and highly dynamic

the particle has usually been designated as the “mass accoriu!faces). In such cases, the above relations simplify to

modation coefficient” with the symbaly;, but we propose X ~ ¥sorxi ¥ (Jsb.xi = Jo.sxi)l Jeollxi and apxi ~ dsxi
to use the term “bulk accommodation coefficient” and sym-as discussed below and illustrated with exemplary model cal-

bol ap x; instead. The proposed terminology shall help to culations in a companion paper (Ammann aibséhl, 2007).

avoid confusing the overall process of mass transport across
the gas-particle interface, i.e. from the (near-surface) gas

The “sorption uptake coefficient’ysorxi;, and the “gas-
surface reaction uptake coefficient/gs;x;, are limited to

YsorXi <oasxi <1, vgsrxi <1, and ysorxi +ygsexi <1, re-
spectively. For values>0, these uptake coefficients can

Js,b,Xi
Jsb,xi + Jdesxi + Lsxi

ob,Xi = U5 Xi (79)
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3.7 Semivolatile species and condensation/evaporation

Semivolatile chemical specie&y, could be described and
flexibly included in the double-layer model framework out-
lined above with the following relations:

Jadszk Js,ss Zk Jssb,zk

Zr(99 Z(9) Zi(s9 Zi(bs
Jdeszk Jsss,zk Jo,sszk
(80)
d[Zkls/dt = Jadszk — Jdeszk + Pszk — Lszk
+Jsss,zk — Jssszk (81)
d[Zi]ss/dt = Jssszk — Jsss.zk + Psszk — Lsszk
+Jb,sszk — Jssb,zk (82)

[Z+]s and [Z]ss are the concentrations of, 2n the sorption

layer and quasi-static surface layer, respectively (number pe,

unit area). Jsss zx and Jssszx are the flux densities of mass

6005

multilayer adsorption, and bulk condensation or evaporation
is, however, beyond the scope of this manuscript.

For particles consisting of a semivolatile main component
at steady-state (e.g.2B® in liquid or solid cloud particles),
the effects of continuous surface regeneration by condensa-
tion and evaporation of the semivolatile main component can
be convoluted into the effective rate parameters describing
the mass transport of volatile trace species across the gas-
particle interface, and the semivolatile main particle compo-
nent can be regarded as quasi-non-volatile. In fact, this is an
implicit assumption of the traditional resistor model for the
interaction of reactive trace gases with cloud droplets.

4 Model application and special cases

4.1 Composition and time dependence

The flux formalism and rate equations presented above al-
w to describe mass transport, chemical reaction and chang-
ing chemical composition in aerosol and cloud systems with

transport from the quasi-static surface layer to the sorptiony, isiple chemical species and competitive processes under

layer and vice versa (number per unit area and unit time)
All other flux densities on the right hand side of Egs. (81) and
(82) are analogous to those described above for volatile an
non-volatile species. The relevant processes are illustrated i
Figs. 4 (transport) and 5 (chemical reaction).

Equations (80)—(82) should allow to describe also multi-
layer adsorption (Vinokurov and Kankare, 2002) and bulk

transient conditions. For such systems the surface mass bal-
ance equations given in Sect. 3.1 lead to a set of coupled
Qifferential equations. These can be solved numerically by
[hserting the rate equations given in Sects. 3.2-3.5 or alter-
native/complementary mathematical descriptions of the in-
volved physicochemical processes, provided that the initial
concentrations and relevant mass transport and reaction rate

condensation or evaporation within the presented Kineticyefficients are known or can be reasonably estimated. Ex-

model framework. In the sorption layer; Zvould competi-
tively inhibit the adsorption of other semivolatile or volatile
species as described for, ¥ Sect. 3.2. In the quasi-static
surface layer, on the other hand; #ould provide sorp-

emplary practical applications and model calculations will
be presented in a companion paper (Ammann adscH,
2007).

In the rate equations of Sect. 3 gas phase diffusion effects

tion sites (area) for gas molecules. The extent to which a, .o implicitly taken into account by considering gas phase

semivolatile species at the particle surface acts as an adsofyncentrations close to the surface

bate species or as a quasi-static surface component, i.e. i
effective volatility and gas-particle partitioning, could be de-

scribed by the ratio of the rate parameters governing the re,

versible transfer of Zbetween the two surface layers. Trans-

i]gé, rather than aver-
Eﬁ;e gas phase concentrations;][X As outlined in Sect. 2,
[Xi]gs can be calculated by multiplication of [}g with the
0as phase diffusion correction fact6g x; which is deter-
mined by the uptake coefficiepk; and the Knudsen number

fer from the quasi-static surface layer to the sorption layer iSKnx»
. . . . I
a (formal) kinetic step which can be pictured as a thermal ac-  £q consistent analysis and interpretation of kinetic mea-

tivation process transforming a quasi-static surface compOg;rement data of aerosol and cloud surface chemistry and
nent (with relatively low potential energy) into an adsorbate gas-particle interactions, and for their application and ex-

species (with relatively high potential energy) which can ei- 4 hqation in atmospheric models, it is important to rec-
ther desorb into the gas phase or return to the quasi-staliGgnize the (potential) dependence of rate parameters on the

surface (thermal deactivation).

composition of the investigated system. In this respect, the

In principle, all species of aerosol and cloud systems coulq3¢e parameters introduced in the presented model framework

be treated as semivolatile specigs the distinction between
volatile species X and non-volatile species ;Ycould be
abandoned, and formalisms for the calculation of the flux
terms on the right hand side of Egs. (81) and (82) could
be developed in analogy to the formalisms for volatile and
non-volatile species presented abovéssszx and Jssszk
could be described in a similar way dgssy; and Jssh,y;

(Sect. 3.4.2). A detailed description of semivolatile species,

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

(above and in the following sections) can be classified as fol-

1. Rate parameters which can be influenced by the
gas phase, double-layer surface, and particle bulk
composition of the investigated aerosol (alpha-
betical order): anxi, asxi, Vxi» YeffXxir YgstXi»
Ysor,Xi» 1—‘b,Xi, l—‘g,Xiy Fin, F&b,Xiy Cg,Xi' ka,Xiy

Atmos. Chem. Phys., 7, 608392007
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kp,ssrx,Yj» kbssYj. kgpxir kssrx: Kssb,rx,Yj, Kssh,Y presentation of the proposed model framework have been fo-
ksxi, ksgxi, ks,sxis kssYj, kssg,Y > ksss,Y s Kédsxw cussed on consistent description of aerosol and cloud surface
Ksolce xi» Ksolepxi- chemistry and gas-particle interactions of reactive trace sub-

) . stances, rather than on phase transitions of major gas phase
2. Rate parameters which are assumed to be independegt,q particle components with substantial uptake/release of
of gas phase and sorption layer composition but can bgatent heat (bulk condensation or evaporation, melting or
influenced by the quasi-static surface layer and nearfreezing). Nevertheless, the uptake/release of latent heat

surface particle bulk compositiows o xi, ¥Gsr.xi.Xp»  upon adsorption/desorption, condensation/evaporation, mix-
YGSRe.Xi.Yq» TdXi» TsbXi» Heexis Hepxir kaoxi ing/dissolution, solvatation/segregation, etc. as well as the
kd.xi, kpsxis kbssexYjs ksb.xis Ksbnetxis kssbexYjs  transport of sensible heat in the gas phase, across the inter-
ksssxis kssssYj kKsLRu.Xps  KSLRu.Yp:  KSLRu.Xp.Xg> face, and in the particle bulk can be flexibly added by com-
ksLru.Xp.Yqs KSLRu.Yp.Yq: KSBRw.Yp.Xrs KSBR.Yp.Yq:  plementing the presented mass balance, mass transport, and
Kadsxi- reaction rate equations with analogous energy balance and

3. Rate parameters which are assumed to be indepenr-]eat flux equations. Based on the heat capacities and con-

dent of double-layer surface composition but dependductlvmes of the particles and gas phase in the investigated

. " : aerosol or cloud system, the uptake or release of heat can
on gas phase or particle bulk composition, respectively: . S
be translated into a temperature change, which in turn can
Ch,rd,xi» Do,xi» Dg,xi» kb, Xi» Ird,Xi -

be taken into account in the determination of temperature-

Characteristic composition dependences, in particular the efdependent kinetic parameters (Arrhenius equations, etc.).
fects of varying gas phase concentrations, are illustrated in a For example, the release and transport of heat during gas-
companion paper (Ammann andsthl, 2007). liquid condensation of water could be captured with the for-
In transient systems, composition-dependent rate parammalism outlined by Winkler et al. (2004), using a “thermal
eters are likely to exhibit pronounced time dependencesa@ccommodation coefficienti) to describe the efficiency of
which may vary with the chemical nature and physical stateenergy equilibration between impinging gas molecules and
of the aerosol and its components. Exemplary temporal evoparticle surface. In agreement with Winkler et al. (2004), but
lutions of aerosol surface composition and rate parameter§0ing beyond their treatment of a simple non-reactive sys-
are illustrated in a Companion paper (Ammann anddnl, tem, we emphasize the need for a clear distinction of the

2007). processes and coefficients of thermal accommodation (heat
transfer), surface accommodation (adsorption), and bulk ac-
4.2 Temperature dependence and heat transfer commodation (absorption) of gas molecules by an aerosol or

cloud particle. Even if the values of these coefficients are

Of course the rate parameters of mass transport and chenfikely to be (near-)identical and close to unity for many at-
ical reaction introduced above will exhibit more or less mospherically relevant conditions, species, and systems such
pronounced temperature dependences, which can be des warm water clouds{x; ~ asx; ~ ap x; ~ 1; Laaksonen
scribed by appropriate mathematical formalisms like Ar-et al., 2005; Garrett et al., 2006; Winkler et al., 2006), the
rhenius equations. This approach has already been intraunderlying processes should not be confused (see Sect. 4.6).
duced and applied for the description of selected adsorp- |n any case, heat transfer and related temperature changes
tion and reaction processes in stratospheric aerosols at diffegan be included in the proposed kinetic model framework
ent temperatures (Elliott et al., 1991; Tabazadeh and Turcowithout necessitating a modification of the terminology and
1993; Mozurkevich, 1993; Carslaw and Peter, unpublishediormalisms presented in this paper. A detailed treatment of
manuscript, 1997), and for specific systems the required therthese aspects would, however, go beyond the scope of this
mochemical data are available in the scientific literature ofpaper.
physical chemistry and chemical engineering (e.g. Masel,
1996, and references therein). For detailed and reliable mod4.3 Special mechanisms and conditions
els of atmospheric aerosol chemistry the temperature depen-
dences of rate parameters will have to be further exploredVhen only reversible adsorption and surface layer reactions
and characterized in analogy to atmospheric gas phase ref volatile species but no gas-surface and surface bulk
action rate coefficients (Sander et al., 2002; Atkinson et al. reactions or surface-bulk transfer are considergé; x; =
2004). Appropriate formalisms and parameters (ArrheniusLggsixi = Psgxi = Lsgxi = Josxi = Jspbxi = 0),
equations and activation energies, etc.) can be flexibly inthe formalisms outlined above are equivalent to classi-
cluded in the presented model framework, but a detailedcal Langmuir-Hinshelwood reaction mechanisms. If, on
treatment of this aspect would go beyond the scope of thishe other hand, only elementary gas-surface reactions of
paper. volatile species but no surface-layer reactions and surface-

As pointed out in the interactive public discussion of our bulk reactions or surface-bulk transfer are considered
manuscript (Bschl et al., 2005a, b, c), the development and(Pssx; = Lssxi = Psssxi = Lsssxi = Jb.sxi = Jsp.xi =0),

Atmos. Chem. Phys., 7, 5988023 2007 www.atmos-chem-phys.net/7/5989/2007/
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they are equivalent to classical Eley-Rideal reaction mechaef adsorption and desorption:
nisms. For these two types of reaction mechanisms a wide N
range of special cases with different rate limiting steps *2dsXi > Jdesxi > FPggsexi + Logsixi + Psxi + Lsxi

(adsorption, desorption, or chemical reaction) and different +Jo,sxi + JsbXxi (83)

types of interacting species have been described in the sciefeompining relations (33)—(34) and (38)—(40), and introduc-
tific literature of chemical engineering and catalysis (Masel,ing a (Langmuir) adsorption equilibrium constakibdsx
1996). The rate equations for chemical surface reactiongeggds to

following these mechanistic schemes can be readily inserted
Os Xi _ Os xi

into the presented model framework. Kadsxi [Xilgs = T =1 S o (84)
Characteristic effects of reversible adsorption and particle S > SAP
aging on the concentration- and time-dependence of uptake .
- e I . With
coefficients in simple Langmuir-Hinshelwood reaction sys-
tems have already been presented by Ammann et al. (2003)_, ... — oxi kaoxi _ #s0.xi OXi @WXi (85)
Further exemplary model systems and calculations involv- ka xi kg xi

ing multiple chemical species, reactions, and mass transpolt a|| other competitively adsorbing species, Xare as-
processes under transient and steady-state conditions are pi§imed to be in adsorption equilibrium as well, their
sented and discussed in a companion paper (Ammann anflactional surface coverages can be substituted by
Poschl, 2007). Osxp= (s, xi Kadsxp X p]gs)/(Kadin [Xi]gs), and the

In the following sections we present rate equations andsurface concentration of,Xas well as the overall fractional
equivalent resistor model formulations derived from the gen-surface coveragés can be expressed as a function of gas
eral formalisms presented above for several special casgshase concentrations and adsorption equilibrium constants:

involving reversible adsorption and reactions at the parti- " Kadsxi [Xilgs

cle surface as well as surface-bulk transfer processes urfX;ls = oy; (86)
der (quasi-)steady-state conditions. They are based on the 1+ %: Kadsxp [Xplgs

assumption of constant gas phase and particle composition

(quasi-steady-state approximation, QSSA), which is gener- > Kadsxp [Xplgs

ally applicable to describe chemical kinetics on short time-g, = P (87)
scales and can be extended to longer time-scales by iterative 1+ 2 Kadsxp [Xplgs

calculations as illustrated in a companion paper (Ammann P

and Rschl, 2007). 4.4.2 Surface and bulk accommodation and net uptake

In Sect. 4.4 we consider “adsorption equilibrium” condi- of X;
tions where the surface concentration of volatile species i
determined by reversible adsorption which proceeds muc i o o .
faster and can be regarded as fully decoupled from all othepPOrPtion equilibrium conditions follow from relations (32)—
involved processes. In Sect. 4.5 we consider “adsorption—(33)' (79), (83), (85) and (87):

ﬁl’he surface and bulk accommodation coefficients under ad-

reaction steady-state” conditions where the surface concerly ., = ®s,0.Xi (88)
tration of volatile species is determined by reversible adsorp- 1 4+ ) Kadsxp [Xplgs

tion, surface reactions, and surface-bulk exchange which pro- P

ceed at rates of comparable magnitude and have to be treated ks b.xi

as coupled processes. In Sect. 4.6 we consider systems whiéfp-Xi = *sXi (89)

are dominated by “bulk absorption or condensation”, and . o ] ]
where it will normally not be necessary to fully resolve the Jayne et al. (1990) derived similar expressions to describe
surface processes and effects outlined above. the dependence of S@ptake into aqueous solution droplets

on gas phase concentration and surface coverage. Relations
equivalent to (89) have also been derived by Davidovits et
al. (1995) and Hanson (1997), but they did not explicitly ac-
count for competitive adsorption and assurag; to be the
maximum value not only fowp x; but also foryx;, neglect-

ing the possibility of gas-surface reactions (Egs. 74—79).

At steady state (d[Xs/dr=0) and when the rates of ad-  The net flux of % from the gas phase to the condensed

sorption and desorption are of similar magnitude and muchyhase under adsorption equilibrium conditions can be calcu-
higher than the rates of all other processes affecting the sufzted from

face concentration of a species &d its particle-related gas
phase loss, Xcan be assumed to be in adsorption equilib- Jnetxi = Lggstxi — Pggsrxi + Lsxi — Psxi
rium and [X]s can be approximated by equating the fluxes +Jsb,xi — Ib,sXi- (90)

ksb,xi + kd xi

4.4 Adsorption equilibrium conditions

4.4.1 Surface concentration of X

www.atmos-chem-phys.net/7/5989/2007/ Atmos. Chem. Phys., 7, 60292007
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By inserting Eq. (86) into the formulae presented in Kadsxp [Xplgs
Sects. 3.3 and 3.4, all terms on the right hand side of Eq. (90Ygstxi = — Y casmugxi | D vesRugXixp 1+ Y Kadsxq [Xqlgs
andJnetx; can be expressed as explicit functions of the near- ! g q
surface gas phase concentrations of all competitively adsorb-
ing volatile species and of the surface and near-surface bullg YGSRu,g,Xi,Yr 0vr [Yrlss
concentrations of non-volatile particle components. In the -
same wayysorxi, Vgstxi, andyx; can be expressed and cal-
culated according to Eqgs. (74)—(78). ksxi = ksgxi + kssxi + ksssxi (95)

From relations (74)—(78) and (83) followgsorx;i < 1,
vgsexi < 1, andyx; < 1. Provided that the particle diam- wx
eter is not much larger than the mean free path pbd  ksg.xi = —oxi ZZCGSRM,Xi YGSRu,Xi,Xp TP[Xp]gs (96)

1

94
1+ Z KadsXq [Xq]gs ( )
q

according to Egs. (4), (14), (19), and (26%; < 1 implies T
Cgxi 1, [Xilgs~[Xilg, and yx; = yefi xi- Thus the av-

erage gas phase concentration]jXcan be used instead of kssxi = — ZCSLRU -
[Xi]gs under these conditions. - oS,

4.4.3 Surface concentration of;Y

1 KadsXp [Xp]gs (97)

k » ksLR, Xi
SLRv,Xi T Z SLRu.Xi.Xp Oxp 7 S Kadsxg Xqlgs
q

For non-volatile particle components; Yhe rate of surface g

concentration change, dfYsddr, is given by Eq. (29). Un-
der adsorption equilibrium conditions all terms on the right ksssxi = — Z ZCS'—RU’S’Xi ksiro,xi,vq [Yqlss (98)

hand side of Eq. (94) can be expressed as explicit functions v

of the near-surface gas phase concentrations of the compett y; is the overall pseudo-first-order rate coefficient for the
tively adsorbing and reacting volatile species and of the surchemical loss of Xin the sorption layerks g xi, ks, xi, and

face and near-surface bulk concentrations of non-volatile parks sqx; are individual pseudo-first-order loss rate coefficients
ticle components by inserting Eq. (86) into the formulae pre-for gas-surface reactions and surface layer reactions within
sented in Sects. 3.3 and 3.4. In case ofsignificant transformahe sorption |ayer or between sorption |ayer and quasi-static
tion of particle components by chemical reaction (chemicalsurface layer, respectively.

aging of the particle), the change of surface and near-surface According to Sect. 3.5.1, the net surface-bulk transfer of
bulk concentrations can feed back into the calculation of sur-X; under steady-state conditions can also be described as a
face reaction rates and adsorption equilibrium constants vigseudo-first-order process with a rate coefficieyt net x; -

Eq. (85), Eq. (35) fors o x;, and analogous equations for Combining Egs. (70), (77), (86), and (93) leads to

other rate parameters. Under these conditions, the calcula-

tion of surface and near-surface bulk concentrations has to b?sorxl‘ = daxi ks xi + ksb.netxi (99)
iterated for both volatile and non-volatile species in orderto” ’ kq xi

maintain the quasi-steady-state approximation (assumptio
of constant chemical composition) on which Egs. (86)—(90)
are based.

Yhe overall uptake coefficient for;Xs given by the sum of
Ygstxi andysorx; (EQ. 76).

4.4.4 Special Case A: “adsorption equilibrium and negligi- Surface concentration of

ble chemical production at the surface” Assuming that there is no or negligible chemical produc-

tion, surface-bulk reaction, and surface-bulk transport of a
non-volatile particle component;Yits surface concentration

For a species Xwith negligible chemical production at the change over time can be described by

particle surfaceRy gsrxi + Psxi < Lsxi + Jsbxi + Jb,sXi)s _ _ _ _ .
Eq. (90) can be reduced to dlY jlss/dr = —(Lssq Y + LsssY; + Lssssv,)
= —ksst [Yj]ss (100)

Jnetxi = Lg,gsrxi + Lsxi + Jsb,xi — Jb,sXi (91) ] ) .

_ with an overall pseudo-first-order loss rate coefficient
Based on the formulae of Sect. 3.3, the chem[cal loss term§sst:kssg’Yj +ksssvj +kssssy; that comprises individual
Lggsrxi andLs x; can be described as pseudo-first order pro-pseydo-first-order rate coefficients for gas-surface reactions

cesses with the following rate equations and parameters: 504 surface layer reactions within the quasi-static layer or

Net uptake oK;

0} between sorption layer and quasi-static layer, respectively:
Lg,gstxi = VgsrXi _4l [Xilgs (92) P Y q y P y
WX p
kssgYj = —0vy; CGSRuss,Yj YGSR,Xi,Yj —— [Xplgs (101
Lexi = ksxi [Xils (03)  femes = TOW 2 oSy YosRuxi; = Xplos (101)
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ksssyj = — Z Z CSLRu,ss,Y j KSLRu,Xp,Y o;I} Inserting Egs. (38), (40), (70), and (93) into (105) leads to
vop
1+> Kadsxq [Xqlgs p
4 (kd,Xi + ks xi + k&b,netXi) (106)

By introducing an effective adsorption equilibrium constant,
kssssYj = — Y cStRuss.Yj | kstrovj+ Y kstruvg v [Yqls K 4sxi» EQ. (LO6) can be further rearranged to
v q

(103) Osxi _ Osxi

1—95 o 1-29&)(11
p

Kgsxi [Xilgs = (107)

4.5 Adsorption-reaction steady-state
) with

When the rates of reaction at the surface or surface-bulk ex-
change of a volatile species Xre of comparable magnitude Ky; =
as the rate of adsorption, no general explicit analytical ex-
pression like Eq. (86) can be derived to describe the sur-  _ e OXi WXi (108)
face concentration of volatile species as a function of their s0.x 4 (kdxi + ksxi + ksb.netxi)
gas phase concentration. At steady-state, however, the Suft the assumption of negligible production by surface reac-
face mass balance of all competitively adsorbing and reactiion can be extended to all competitively adsorbing species
ing volatile species X (p=1,....ima0 can be described by  x  (or at least to the species dominating the total sorption
a set ofimax algebraic equations in the general form layer coverage), their fractional surface coverages can be
Jadsxp — Jdesxp + Psxp — Lsxp + Jo,sxp substituted byox, = (Oxi KédSXp [xp]gs)/(KédSXi[xi]g§),
(104) and [X]s as well asfs can be expressed as a function of

gas phase concentrations and effective adsorption equilib-
After inserting the rate equations and rate coefficients derium constants:

oxi ka,0,xi
kd xi + ksxi + ks b,netxi

_Js,b,Xp =0

fined in Sects. 3.2-3.4, the near-surface gas phase concentra- Kl gex: Xilgs

tions of all competitively adsorbing volatile species, and the[X;]s = ole & 5, : (109)

surface and near-surface bulk concentrations of non-volatile 1+ Xp: Kadsxp Xplas

particle components, Eg. (104) can be solved for the surface .

concentrations [X]s, and the uptake coefficien; can be > Kadsxp [(Xplgs

calculated according to Eqgs. (74)—(78). 0y = b y (110)
In case of significant net consumption of particle com- 1+ g Kadsxp [Xplgs

ponents Y, by chemical reaction (chemical aging of the ) .
particle), their surface and near-surface bulk concentratiopurface accommodation, bulk accommodation, and net up-

changes feed back into the calculation of mass transporke 0fX;
and reaction rates at the surface. Under these condmon,'qZ . -
. or the surface and bulk accommodation coefficients under
the calculation of surface and near-surface bulk concentra- . . -
. . : . _adsorption-reaction steady-state conditions follows
tions has to be iterated for both volatile and non-volatile

species in order to maintain the quasi-steady-state approXy y; = af’o’Xi (111)
imation (assumption of constant chemical composition) on 1+ Kadsxp [(Xplgs
which Eq. (104) is based. r

In general, Eq. (104) has to be solved numerically; onIyO[b i = dex; ks.b.xi (112)

under restricted conditions explicit analytical expressions for ksp.xi + ksxi + kd.xi

[Xpls: vxp, @nd d[Y;]sJdr can be derived as outlined above pagaq on Eq. (109) and in analogy to Special Case A
for general adsorption equilibrium conditions. (Sect. 3.2.1, Egs. 91-99) the following expressions can be
gerived for the gas-surface reaction uptake coefficient, the
pseudo-first-order rate coefficient for reactive loss within the
sorption layer, and the sorption uptake coefficient:

4.5.1 Special Case B: “adsorption-reaction steady-state an
negligible chemical production at the surface”

Surface concentration of; )
Klasxp [Xplgs

. . .. . . YostXi = — CGSRu, g, Xi YGSR, Xi, X 7 +
For a species Xwith negligible chemical production at the o ; ¢ ; "1+ % Kidsxg [Xqlgs
particle surfaceBs x; < Jaesxi + Lsxi + Jsb.xi + Jo.sXi),
the surface mass balance, Eq. (104), can be reduced to 1

(113)

D vesruxivr ovr Y, lss
-

1 K! X
Jadsxi = Jdesxi + Lsxi + Jsb.xi — Jb,sXi (105) + % adsxg [Xalos
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kssxi = — ZCSLRU.&X[ every species Xdecreases with increasing surface concen-
v tration and thus with increasing gas phase concentration of
all competitively adsorbing species (surface saturation ef-
fects). Consequently, all rate parameters proportional to
asxi, including bulk accommodation, sorption uptake, and
gas-particle partitioning coefficients (solubilities), will also
ks xi + ksb.netxi (115)  exhibit a dependence on gas phase composition which can
ksxi + ksp,netxi + kd,xi only be neglected when the total sorption layer surface cov-
erage is much less than unitysé 1). For systems in

ks xi, ks,g xi» ksssxi, andks p netx; are defined in analogy to . . S : . .
LS : ' ; Langmuir adsorption equilibrium or in adsorption-reaction
Special Case A, Egs. (35), (96), (98), and (71). Again, the§te(:1dy-str:1te with negligible surface production of volatile

overall particle-related gas phase loss is given by the sum Ospecies, the conditiof < 1 is fulfilled when the sum of the
Vst Xi andysorxi -

Note that the possibility of second order reactions withingOdUCts of (near-surface) gas phase concentration and ef-

. . ective adsorption equilibrium constant of all volatile species
the sorption layer (adsorbate cross and self reactions) leads (including X is much less than unity:
a mutual interdependence of the effective adsorption equilib-"7 9 y:
rium constant 4, and the pseudo-first-order surface loss Z Khasx [Xplgs < 1 (117)
rate coefficientssx; andkssx; as defined in Egs. (108),
(94), and (114): kssxi which is required for the calcu-
lation of ksx; and Kédsxz' depends itself on the surface
concentration of all adsorbed species,[X and thus on
Kiqsxi- As a consequence, no explicit algebraic expres-
sion for K} .x; can be derived, and generally the surface [Xils ~ ot Kjgsxi [Xilgs (118)
concentrations and reaction rates have to be determined n
merically. Only when second order sorption layer reac-

tions are n'egllglble. aga;nst th: O'Vegetnwigiﬁf;isigv'typoIIuted air masses (e.g. fossil fuel combustion or biomass
(g CSLRvs Xi kSLRuxi. XplX pls <Kksxi), burning plumes; Bschl, 2002b; von Glasow et al., 2003;
activity is negligible against mass transpait £, < kd xp + Hobbs et al., 2003'; Jost et al., 2003; Meilinger et al., 2005)
ksbnetxp), the effective adsorption equilibrium constant and for the analysis and extrapolation of laboratory experi-
Kl g4sx; Can be expressed explicitly as a function of volatile ments with relatively high trace gas concentrations, however,
species gas phase concentrationg]X, non-volatile parti- non-linear gas phase concentration dependences of rate pa-
cle component surface concentrationg [3% and basic rate  rameters caused by reversible and competitive adsorption can

1 Kigsxp Xplgs (114)

q
q

p

YsorXi = O Xi

Under these conditionss x; can be replaced bys o x;, and
the relation between gas phase and surface concentration of
X; becomes quasi-linear, as assumed by Hanson (1997):

Relations (117) and (118) may often be valid under atmo-
spheric background conditions. For the modeling of highly

coefficients. play an important role (e.g.@chl et al., 2001; Ammann et
al., 2003; and references therein). Exemplary model calcula-
Surface concentration of ; tions and parameter variations are illustrated in a companion

paper (Ammann anddchl, 2005).
The surface concentration change of a particle compongnt Y _ _ _
with negligible chemical production, surface-bulk reaction, 4.5.2 Resistor model formulation of Special Case B

and surface-bulk mass transport can be calculated accord- ) .
ing to Eq. (100) with the same rate coefficiehigg y; and To re-formulate the flux equations describing net gas uptake

kssssy; @s in Special Case A, but with a modified pseudo- in Special Case B (adsorption-reaction steady-state and neg-

first-order surface reaction rate coefficietatsy; and re- Iigib]g chemigal production at the surface) in_terms of the
placement 0K agsx by K traditional resistance model, Eq. (115) can be inverted to

1 1 .
_ (1+ kax ) (119)

_ . C a1
ksssyj = — Z Z CSLRv,ssY j KSLRo,Xp.Y j O%p Vsor, Xi Os Xi ks xi + ks,b,netxi
vop

/ .
adsXp-

All parameters in Eqg. (119) are defined in the same way as in

Kadsxp Xrlgs (116)  Sect. 3.2.1, and by inserting Eq. (71) fafb,netx; it can be

1+ 2 Kigsxg [Xqlos further rearranged to
q
1 1
Effectslof reversible and competitive adsorption and surfaceysonxl. s Xi
saturation 1
+ o 1 (120)
Reversible and competitive adsorption on a quasi-static sur-  ®sXi g5, + I I
face implies that the surface accommodation coefficient of asXi Tt asx; ",fab;(fi Cbxi ;ﬁk:;' Db Xi
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and When surface saturation effects are negligible (Eq. 117,
1 1 1 Sect. 4.5.1) and the rates of surface reaction and desorp-
= + T (121)  tion are much lower than the rate of surface-bulk transfer
Ysor, Xi s Xi PCsxi + —1——71

(ks xi + kd,xi < ksp,xi), then bulk and surface accommoda-

TsbXi b Xi tion coefficients are near-identical and independent of gas-
with phase compositiong x; ~ as x; ~ 0s,0,Xi)-
ksxi  Akaxi ksxi Under such conditions, it will normally not be necessary to
Psxi = agxi kaxi | oxi kaxi (122) apply the double-layer surface model and to resolve the sur-

face processes and effects outlined above. Accordingly, tra-
ksb,xi (123) ditional definitions of mass accommodation and basic equa-
kd xi tions of cloud microphysics are sufficient to calculate con-

densation rates for the growth of water droplets in supersatu-

rated water vapour (e.g., Kulmala and Wagner, 2001; Win-

1—‘&b,Xi = O Xi

Crns — ksbxi Coxi v/kpxi Dbxi kler et al., 2004; Laaksonen et al., 2005; Winkler et al.,
b,Xi = s Xi
kd,xi kb, s Xi 2006).

4 Nevertheless, a lack of consistent and explicit distinction
= w_xl.KSO"CﬂX" NaRT Coxivkoxi Doxi  (124)  petween surface and bulk accommodation seems to be a
likely explanation for some of the apparent discrepancies be-
Equation (121) is equivalent to earlier resistor model formu-tween different studies and values reported for the “mass ac-
lations (Hanson, 1997; Davidovits et al., 1995; Worsnop etcommodation” coefficient of water vapour on liquid water:
al., 2002; Smith et al., 2003; Reid and Sayer, 2003; and~1.0 and not<0.4 (Winkler et al., 2004; Laaksonen et al.,
references therein), in which the processes of surface reagoos; Winkler et al., 2006) vs~0.2 but not>0.3 (Davi-
tion, surface-bulk transfer, and bulk diffusion and reaction dovits et al., 2004, 2005). In fact, surface accommodation
are represented by the “conductance terms” (inverse resigollowed by rapid isotope exchange reactions at the surface
tances)'s xi, I'sp,xi, andlp x; - and partial desorption of the reaction products might explain
In Eq (121) and in most previous resistor model formula- Why some of the apparent “mass accommodation” coeffi-
tions, however, the possibility of elementary gas-surface recients observed for isotopically labelled water are smaller
actions has not been taken into account. To account for sucthan others. Detailed investigations and discussions of this
processes and to obtain a comprehensive expression for thgbject would go beyond the scope of the present manuscript

uptake coefficienyx;, ygsixi as defined in Eq. (113) has to  and will be pursued in follow-up studies.
be added and Eq. (121) has to be extended to

1
YXi = Ygsrxi T 3 i (125)
ax T T xi+————1— 5 Summary and conclusions
TbXi ' TsbXi

Among the major obstacles on the way to full mechanistic
model formulations such as Egs. (121) and (125), the gasynderstanding and reliable prediction of aerosol and cloud
' ’ properties and effects on the atmosphere, climate and public

surface reaction probabilitygs;x; is the only parameter in health v the limited labilit of
Eq. (125) which is independent of the surface accommoda- ealth are not only the limited availability of measurement

tion coefficientas x;. Surface layer and bulk reactions are data, but also the limited applicability and compatibility of

coupled to the surface accommodation process, and the COIII(]dee,I f(.)rmallltsms usch fc:jr tr|1e 3ngly5|s, |.nterpre:jat|0n, ?nd
ductance term&s x;, Tsp xi, andT'y x; are directly propor- escription of aerosol and cloud interactions and transfor-

tional toas x; as shown by Egs. (122)—(124). mation. I'n particular, the kinetics of heFeroggnous reactions
and multiphase processes (concentration, time, and temper-
4.6 Bulk absorption or condensation ature dependences) are usually not well characterized, and
most experimental and modeling studies involve system- and
If the rates of elementary gas-surface reactions and surfacenethod-specific rate equations and parameters, which are
layer reactions are negligible against uptake into the particléhard to compare and extrapolate.
bulk (Ygsrxi < Ysorxi andks x; < ksp,netxi), then the terms Comprehensive investigations of atmospheric aerosol
Ygstxi andlsx; can be omitted from Eq. (125). In this case and cloud effects, however, need to include a consis-
the resistancesdé x; and 1I'sp x; can be convoluted into a tent description of a wide range of components and pro-
“bulk accommodation resistance’od/x; to obtain the tradi- cesses: systems with multiple condensed phases, inter-
tional resistance model formulation for gas uptake (absorpfaces and mixing states (solid/liquid, surface/bulk, ho-
tion) by liquid droplets, Eq. (7), and the bulk accommodation mogeneous/heterogeneous, internal/external mixing); mul-
coefficientay x; is given by Eqg. (89). tiple chemical species (volatile/semivolatile/non-volatile,

Even though this aspect tends to be obscured by resistan
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reactive/non-reactive); multiple competing physical and of atmospheric gas-particle interactions including both sur-
chemical processes (particle formation/transformation, gasace and bulk processes.

uptake/release, mass transport, phase transition, chemical re-Numerous experimental studies referenced above and
action, reversible/irreversible). in our companion paper Part 2 (Ammann andséhl,

For this purpose we have developed and presented a ki2007) have demonstrated that the kinetics of heteroge-
netic model framework with consistent and unambiguous terneous reactions at the surface of aerosol particles or sur-
minology and universally applicable rate equations and pafogate surfaces exhibit non-linear concentration and time-
rameters, which allow to describe mass transport and chemdependences, which can hardly be described in a physically
ical reactions at the gas-particle interface and to link aerosomeaningful way without invoking competitive co-adsorption
and cloud surface processes with gas phase and particle butéf gas molecules in a sorption layer (Langmuir-Hinshelwood
processes. The key elements and essential aspects of the kirechanisms, etc.). Competitive co-adsorption, however, can
netic model framework can be summarized as follows: hardly be described without assuming a quasi-static surface

layer which determines the quality and quantity of sorption
(@) simple and descriptive double-layer surface modelgjteg (surface area).
(sorption layer and quasi-static layer); The near-surface gas phase and near-surface particle bulk
(b) straightforward flux-based mass balance and rate equa:> defined in our model framework are essentially the same
tions- asin ear”er modgl formalisms linking mterfgmal mass trans-
' port to diffusion in the gas phase and particle bulk. These
(c) clear separation of mass transport and chemical reachad mostly referred to “concentrations at/near the surface”
tion: without providing a descriptive definition and illustration of
the model domain (compartment) which is effectively char-
(d) well-defined and consistent rate parameters (uptake angcterized by these “concentrations at/near the surface”.
accommodation coefficients, reaction probabilities, re- As illustrated by the examples given in our companion pa-
action rate coefficients and mass transport rate coeffiper Part 2 (Ammann anddBchl, 2007), many of the kinetic
cients), parameters required for consistent description of chemical

| o h ; reactions and mass transport within and across sorption lay-
(e) clear distinction between gas phase, gas-surface, angg ang quasi-static surface layers can be derived from exist-

surface-bulk transport (gas phase diffusion, surface ang, jiterature data — not only for solid particles (e.g. soot in-
bulk accommodation); teracting with @, NO,, and HO) but also for liquid droplets

(f) clear distinction between gas-surface, surface layer(€-g- @queous droplets interacting withz50 ,
and surface-bulk reactions (Langmuir-Hinshelwood and  ©On the other hand, we do not want to suggest that it would
Eley-Rideal mechanisms); be necessary to resolve the multiple surface layers and the

kinetics of all (quasi-)elementary molecular processes out-
(9) mechanistic description of concentration and time de-lined above for all types of gas-particle interactions in the
pendences for all processes and conditions (transienatmosphere. For bulk condensation or evaporation and ab-
and steady-state); sorption of gases by liquid aerosol and cloud particles, it
should normally be sufficient to determine and use a bulk ac-
(h) flexible addition of unlimited numbers of chemical commodation coefficient (traditional “mass accommodation
species and physicochemical processes depending ogvefficient”) to characterize the molecular kinetics of gas-to-
the complexity of the investigated systems; particle mass transfer, and a simple evaporation rate coeffi-
(i) optional aggregation or resolution of intermediate cient for the reverse procesg. In. mgny cases, it may even be
. . sufficient to consider only diffusion in the gas phase and/or
species, sequential processes, and surface layers dSf)ndensed phase as the rate limiting process, and to neglect

pendmg or: tlhe zowe(; e:lr.]d r;aqur:rgment.s of the apphedthe molecular kinetics of mass transfer at the surface (gas-
experimental and modelling techniques; particle interface).

() full compatibility with traditional resistor model formu- ~ When, however, there is a demand or need to resolve

lations (steady-state approximations). molecular kinetics at the gas-par_tlcle interface (e.g., to_ ac-

count for effects of surface reaction or surface saturation),

Following up on the interactive public discussion of our the proposed model framework enables the description and

manuscript (Bschl et al., 2005a, b, c), we would like to re- linkage of elementary steps of molecular motion and interac-

confirm that the proposed double-layer surface model andion as well as macroscopic observables within a consistent

unambiguous definition of elementary steps of mass transset of terms and formalisms.

port and chemical reactions represent a minimum of detalil
and complexity required for the description of aerosol and
cloud surface chemistry, and thus for consistent description
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The framework formalism and terminology are suffi-  Exemplary practical applications and model calculations
ciently general and consistent to allow both: detailed investi-illustrating the relevance of the above aspects are presented
gations of complex systems by resolving individual elemen-in a companion paper (Ammann anddehl, 2007). We
tary processes whenever it is necessary, and efficient descrifrope that the presented model framework will serve as a use-
tion of simple systems by aggregation of multiple elementaryful tool and common basis for experimental and theoretical
processes whenever it is possible and convenient. studies investigating and describing atmospheric aerosol and

With regard to chemical species, the presented formalism§IOUd surface chemistry and gas-particle interactions. In par-

allow to resolve the formation, interaction, and decomposi-t'cmar’ Itis meant to support

tion of unlimited numbers of highly reactive and short-lived

intermediates at the particle surface via consecutive or com-(a) the planning and design of laboratory experiments for
petitive gas-surface, surface layer, and surface bulk reactions.  the elucidation and determination of rate parameters
This can be important for the atmospheric abundance of haz-  (mapping of most insightful experimental conditions;
ardous air pollutants in densely populated areas and for the identification and characterization of relevant concen-
influence of meteorological conditions, local emissions, and tration and time dependences);

long range transport on aerosol health effects. ] ] )
b) the establishment, evaluation, and quality assurance of

comprehensive and self-consistent collections of rate
parameters (in analogy to existing evaluated data bases
of gas phase reaction rate coefficients);

On the other hand, a master mechanism of aerosol chem-(
istry based on the proposed kinetic model framework would
also support systematic lumping (grouping) of the hundreds
and thousands of organic species and reactions in air partic-
ulate matter into surrogate species (substance classes witlic) the development of detailed master mechanisms for pro-

fairly uniform physicochemical properties) and surrogate re- cess models and the derivation of simplified but yet
actions (reaction types with fairly uniform pathways and ki- realistic parameterizations for atmospheric and climate
netics), which appear to be appropriate for efficient descrip- models (in analogy to existing master mechanisms and
tion of atmospheric aerosol aging and climate effects on condensed mechanisms of atmospheric gas phase chem-
global scales. istry).
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Appendix A
List of symbols

Symbol Meaning Sl Unit

ox; mass accommodation coefficient of X

Qp Xi bulk accommaodation coefficient of; X

asxi (Sxi) surface accommodation coefficient of X

as,0,xi (So,xi)
as,0,xi,Y p (So.xi,vp)
®s,0,Xi,Y p.Yq (S0.Xi,Yp.Yq)

ot Xi
BrF
BFs
VXi

Veff, Xi

YGSRu,Xp,Xir YGSR,Xp,Y j

Vsor Xi
Yagsr Xi
[ xi
[y xi
Fs,Xi
Ijs,b,Xi
Axi

AXi
Os
Osx p
GSSYq
US,Xp
OssYq

¢Yq

Td, Xi

Td,Xi,Y p

Td,Xi,Yp,Yq

Ts,b,Xi

wXi

CGSR,g,Xi

CGSRu,s,Xi» CGSRy,ssYj
CSLRu,s,Xi» CSLRv,ssY j
CSBRw,ssYj
CSBRw,b,Xi» CSBRw,b,Y j
Cb,rd,Xi

Cy,xi

dp

Dy xi

Dy xi

FneLXi

Hcp,Xi

Hee xi

i,j,p,Q, LU, V,W
Jads,Xia Jdesxi
Jb.rd Xi

Jb,s,Xiy Js,b,Xi
Jb,ssty JssbA,Yj
Jb,ssex,ij Jssb,e)ch
Jb,ssrx,Yj, Jssb,rx,Yj
JcoII,Xi

Jcoll,avg)(i

JnetXi

JsbmetXi

surface accommodation coefficient of h an adsorbate-free surface

surface accommodation coefficient of %n an adsorbate-free surface composed pf Y
surface accommodation coefficient of & an adsorbate-free surface composed pbW

a particle bulk composed of Y

thermal accommodation coefficient of X

continuum flow correction factor based on Fuchs (1964)

continuum flow correction factor based on Fuchs and Sutugin (1971)

uptake coefficient of X(normalized by gas kinetic flux of surface collisions)

effective uptake coefficient of Xnormalized by average gas kinetic flux)

gas-surface reaction probabilities for gas phagealliding with surface Xor Y ;, respec-
tively

sorption uptake coefficient of ;X

gas-surface reaction uptake coefficient gf X

resistor model conductance of particle bulk diffusion and reaction; of X

resistor model conductance of gas phase diffusion;of X

resistor model conductance of surface reactionof X

resistor model conductance of surface-bulk transfer;of X

average distance from which; Xjas molecules have a straight trajectory to the partiake
surface

mean free path of Xin the gas phase m
sorption layer surface coverage

fractional surface coverage by,Xsorption layer)

fractional surface area of Y(quasi-static layer)

molecular cross section of Xin the sorption layer h
molecular cross section of Mn the quasi-static layer fn
fractional concentration of Yin the near-surface particle bulk (mole, mass, or volume
fraction)

desorption lifetime of X S
desorption lifetime of X on a surface composed of,Y S
desorption lifetime of X on a surface composed of,on a particle bulk composed of,Y s
surface-bulk exchange lifetime s

mean thermal velocity of Xin the gas phase ms
stoichiometric reaction coefficient of gas phaserXthe gas-surface reaction GBR
stoichiometric reaction coefficients of surfaceafd Y; in the gas-surface reaction GBR
stoichiometric reaction coefficients of surfaceafd Y; in surface layer reaction ShR
stoichiometric reaction coefficients of surface ivi surface-bulk reaction SBR

stoichiometric reaction coefficients of bulk Xnd Y; in surface-bulk reaction SBR
reacto-diffusive geometry correction factor for X

gas phase diffusion correction factor foy X

particle diameter m

particle bulk diffusion coefficient of X m2s1

gas phase diffusion coefficient of X mést

net flow of X; from the gas phase to the particle -1

Henry’s law coefficient of X (concentration/pressure) molhPat
dimensionless Henry’s law coefficient of X

counting variables

flux of adsorption and desorption of X m2st
reacto-diffusive flux of Xin the particle bulk m2s1

flux of bulk-surface and surface-bulk transfer of (§orption layer) m2s

flux of bulk-surface and surface-bulk transfer of {uasi-static layer) me st
flux of exchange bulk-to-surface and surface-to-bulk transfer ofdvasi-static layer) mé st
flux of reactive bulk-to-surface and surface-to-bulk transfer p{tfuasi-static layer) me st
gas kinetic flux of X colliding with the surface més1

average gas kinetic flux of ;X m2s1
net flux of X; from the gas phase to the condensed phase —2gnt
net flux of surface-bulk transfer of;X m2s1

Atmos. Chem. Phys., 7, 5988023 2007

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



ks,g,Xi ’ ksin ’ kssin

kssy j
kssb.Yj

kssb,exY
kssb,m,Yj

kssg,Yj. ksss,Yj: ksssst

kssrx

kSBRw,Y p,Yq» KSBRw.Y p.Xr

ksSLRv,Xp» KSLRv,Yq

kSLRy. X p.Xq» KSLRu.Xp.Ygs KSLRu.Y p.Yq

Kadsxi

’
Kads)(i
Ksol,cp,Xi

Kol cc xi

Kny;

lrd,Xi

Mx;

Na

Pp ssxiy Lb,ssxi

Pbi,ss,ij Lb,sst
Pg,gsr,Xi, Lg,gsr.Xi
Pgi,p,Xi, Lg,p.Xi
Ps,Xi, Ls,)(i

Ps,g.Xi. Lsg,Xi
Ps.s,X[y Ls,sX[y Ps,ss)(iy Ls,sin

Psst. Lsst
Pssb,Y_j, Lssb,Yj
Pssg,ij Lssg,Yj

Psss,Yj| Lsssty Psssst, Lsssst

PS¢
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Symbol Meaning SI Unit

kaxi first-order adsorption rate coefficient of X ms?

ka,0.xi first-order adsorption rate coefficient of ¥n an adsorbate-free surface nts

kb, xi pseudo-first-order rate coefficient for chemical loss pfrkthe particle bulk st

kb,s i first-order rate coefficient for bulk-to-surface transfer ¢f X ms1

kp,ssY; first-order rate coefficient for bulk-to-surface transfer gf Y ms1

kb,ssexY first-order rate coefficient for bulk-to-surface transfer gftyy mutual exchange ms

kb,ssrx,Y j pseudo-first-order rate coefficient for bulk-to-surface transfer dfyrreactive trans- m s1
formation

kd.xi first-order desorption rate coefficient of X s1

kg,p.xi pseudo-first-order rate coefficient for gas phase loss; afié to gas-particle interac-s1
tions

ks,xi pseudo-first-order rate coefficient for chemical loss pfrkthe sorption layer o

ks o, xi first-order rate coefficient for surface-to-bulk transfer @f X s1

ks b,netxi pseudo-first-order rate coefficient for net surface-to-bulk transfer; of X s1

pseudo-first-order rate coefficients for chemial loss pfnthe sorption layer o
by gas-surface reactions and surface layer reactions within the sorption layer or be-
tween sorption and quasi-static layer, respectively

pseudo-first-order rate coefficient for chemical loss ¢filY the quasi-static surface st
layer

first-order rate coefficient for surface-bulk transfer gf Y st
first-order rate coefficient for surface-bulk transfer gf iy mutual exchange 4

pseudo-first-order rate coefficient for surface-bulk transfer of Y st
by reactive transformation
pseudo-first-order rate coefficients for chemial loss giry st

the quasi-static layer by gas-surface reactions and surface

layer reactions within the quasi-static layer or between

sorption and quasi-static layer, respectively

pseudo-first-order rate coefficient for reactive transformation -1s
of the quasi-static surface

second-order rate coefficients for surface-bulk reactions,of Y m3 st

with Y, and Y, with X, respectively

first-order rate coefficients for surface layer reactions of -1s

X, and Yy, respectively

second-order rate coefficients for surface layer reactions of 25t

X, with X, X, with Y, and Y, with Y, respectively

adsorption equilibrium constant of; X m3

effective adsorption equilibrium constant of X m3

solubility or gas-particle partitioning coefficient of X mol m~—3 Pa !

(concentration/pressure)

dimensionless solubility or gas-particle partitioning coefficient pf X

Knudsen number for X

reacto-diffusive length for Xin the particle bulk m

molar mass of X kg mol1
Avogadro constant mof
chemical production and loss of ¥ the near surface bulk ms!
by surface-bulk reactions

chemical production and loss of;¥n the near surface bulk st
by surface-bulk reactions

chemical production and loss of gas phasé¥ gas-surface reactions Ths!
gas phase production and loss ofde to gas-particle interactions Ths 1
chemical production and loss of ¥ the sorption layer m2st
chemical production and loss of ¥ the sorption layer by gas-surface reactions —2gl
chemical production and loss of ¥ the sorption layer me st
by surface layer reactions (reaction partner in sorption

or quasi-static layer, respectively)

chemical production and loss of;Yn the quasi-static surface layer s 1
chemical production and loss of;Yn the quasi-static surface layer s 1
by surface-bulk reactions

chemical production and loss of;Yn the quasi-static surface layer s 1

by gas-surface reactions
chemical production and loss of;Yn the quasi-static layer by surface layer reactions —2grl
(reaction partner in sorption or quasi-static layer, respectively)

particle surface concentration 2m—3
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Symbol Meaning SI Unit
R gas constant J® mol~?
p particle radius m
[SSss sorption site surface concentration ~fn
T absolute temperature K
Umax Umax, Wmax total number of gas-surface, surface-layer, and surface-bulk reactions, respectively

Xi volatile molecular species

[Xilp particle bulk number concentration of X m—3
[Xilbs near-surface particle bulk number concentration pf X m—3
[Xilb,sat saturation particle bulk number concentration ¢f X m—3
[Xilg gas phase number concentration @f X m—3
[Xilgs near-surface gas phase number concentration of X m—3
[Xilg,sat saturation gas phase number concentration;of X m—3
[Xils surface number concentration of ¥orption layer) m?2
[Xils max maximum surface number concentration gf(¥orption layer) m?2
Y non-volatile molecular species

[Y;lss surface number concentration of Yguasi-static layer) e
[Y;lb particle bulk number concentration of; Y m—3
[Y los near-surface particle bulk number concentration pf Y m—3
Zy semivolatile molecular species

[Zk1s surface number concentration of &orption layer) m?2
[Zilss surface number concentration of Bjuasi-static layer) e

AcknowledgementsThe authors would like to thank T. Bartels-
Rausch, K. Carslaw, S. Clegg, T. Cox, N. Deisel, W. Elbert, R. Gar-
land, G. Held, M. Kerbrat, M. Kulmala, T. Mentel, N. Otto, T. Pe-
ter, R. Remorov, D. Rose, R. Sander, J. Scheintaub, U. Schurath,
D. Worsnop, an anonymous referee, and many other members of
the atmospheric science community for stimulating discussions
and support. This work was supported by the European Integrated
Project on Aerosol Cloud Climate and Air Quality Interactions (EU-
CAARYI). U. Pdschl acknowledges support by the German Federal
Ministry of Education and Research (BMBF, AFO2000 07ATCO05,
CARBAERO). Y. Rudich acknowledges support from the Israel
Science Foundation and from the Minerva Foundation with fund-
ing from the German Federal Ministry of Education and Research.
M. Ammann acknowledges support by the Swiss National Science
Foundation (grant no. 200020-100275).

Edited by: M. Kulmala

Atmos. Chem. Phys., 7, 5988023 2007 www.atmos-chem-phys.net/7/5989/2007/



U. Pdschl et al.: Kinetic model framework for aerosols and clouds — Part 1 6017

References Atmos. Chem. Phys., 7, 981-1191, 2007,

http://www.atmos-chem-phys.net/7/981/2Q07/

Abo Rizig, A., Dinar, E., Erlick, C., and Rudich, Y.: Optical proper- Aumont, B., Szopa, S., and Madronich, S.: Modelling the evolution
ties of absorbing and non-absorbing aerosols retrieved by cavity of organic carbon during its gas-phase tropospheric oxidation:
ring down (CRD) spectroscopy, Atmos. Chem. Phys., 7, 1523— development of an explicit model based on a self generating ap-
1536, 2007, proach, Atmos. Chem. Phys., 5, 2497-2517, 2005,
http://www.atmos-chem-phys.net/7/1523/2007/ http://Awww.atmos-chem-phys.net/5/2497/2005/

Adams, J. W., Holmes, N. S., and Crowley, J. N.: Uptake and re-Austin, J., Shindell, D., Beagley, S. R., Bruhl, C., Dameris, M.,
action of HOBr on frozen and dry NaCl/NaBr surfaces between  Manzini, E., Nagashima, T., Newman, P., Pawson, S., Pitari, G.,
253 and 233 K, Atmos. Chem. Phys., 2, 79-91, 2002, Rozanov, E., Schnadt, C., and Shepherd, T. G.: Uncertainties and
http://www.atmos-chem-phys.net/2/79/2002/ assessments of chemistry-climate models of the stratosphere, At-

Adams, J. W,, Rodriguez, D., and Cox, R. A.: The uptake of SO20on  mos. Chem. Phys., 3, 1-27, 2003,

Saharan dust: a flow tube study, Atmos. Chem. Phys., 5, 2679— http://www.atmos-chem-phys.net/3/1/2003/
2689, 2005, Baetzold, R. C. and Somorjai, G. A.: Preexponential factors in sur-
http://www.atmos-chem-phys.net/5/2679/2005/ face reactions, J. Catal., 45, 94-105, 1976.

Al-Hosney, H. A. and Grassian, V. H.: Water, sulfur dioxide and Bartels-Rausch, T., Eichler, B., Zimmermann, P., Gaggeler, H. W.,
nitric acid adsorption on calcium carbonate: A transmission and Ammann, M.: The adsorption enthalpy of nitrogen oxides
and ATR-FTIR study, Phys. Chem. Chem. Phys., 7, 1266-1276, on crystalline ice, Atmos. Chem. Phys., 2, 235-247, 2002,

2005. http://www.atmos-chem-phys.net/2/235/2002/

Ammann, M., Bschl, U., and Rudich, Y.: Effects of reversible Bartels-Rausch, T., Huthwelker, T., Gaeggeler, H. W., and Am-
adsorption and Langmuir-Hinshelwood surface reactions on gas mann, M.: An atmospheric pressure coated wall flow tube study
uptake by atmospheric particles, Phys. Chem. Chem. Phys., 5, of acetone adsorption onice, J. Phys. Chem. A, 109, 4531-4539,
351-356, 2003. 2005.

Ammann, M. and Bschl, U.: Kinetic model framework for aerosol Berry, R. S., Rice, S. A., and Ross, J.: Physical Chemistry, Oxford

and cloud surface chemistry and gas-particle interactions — Part University Press, New York, 2000.
2: exemplary practical applications and numerical simulations,Bertram, A. K., lvanov, A. V., Hunter, M., Molina, L. T., and
Atmos. Chem. Phys., 7, 6025-6045, 2007, Molina, M. J.: The reaction probability of OH on organic sur-
http://www.atmos-chem-phys.net/7/6025/2007/ faces of tropospheric interest, J. Phys. Chem. A, 105, 9415-9421,

Andreae, M. O. and Crutzen, P. J.: Atmospheric aerosols: bio- 2001.

geochemical sources and role in atmospheric chemistry, Scienceloss, C., Wagner, V., Bonzanini, A., Jenkin, M. E., Wirtz, K.,

276, 1052-1058, 1997. Martin-Reviejo, M., and Pilling, M. J.: Evaluation of detailed
Arens, F., Gutzwiller, L., Baltensperger, U.aggeler, H. W., and aromatic mechanisms (MCMv3 and MCMv3.1) against environ-

Ammann, M.: Heterogeneous reaction of NO2 on diesel soot mental chamber data, Atmos. Chem. Phys., 5, 623-639, 2005a.

particles, Environ. Sci. Technol., 35, 2191-2199, 2001. Bloss, C., Wagner, V., Jenkin, M. E., Volkamer, R., Bloss, W. J.,

Asad, A., Mmereki, B. T., and Donaldson, D. J.: Enhanced up- Lee, J. D., Heard, D. E., Wirtz, K., Martin-Reviejo, M., Rea,
take of water by oxidatively processed oleic acid, Atmos. Chem.  G., Wenger, J. C., and Pilling, M. J.: Development of a detailed
Phys., 4, 2083-2089, 2004, chemical mechanism (MCMv3.1) for the atmospheric oxidation
http://www.atmos-chem-phys.net/4/2083/2004/ of aromatic hydrocarbons, Atmos. Chem. Phys., 5, 641-664,

Atkinson, R., Baulch, D. L., Cox, R. A., Hampson, R. F., Kerr, J. 2005b.

A., Rossi, M. J., and Troe, J.: Evaluated kinetic, photochemicalBommel, H., Haake, M., Luft, P., Horejs-Hoeck, J., Hein, H., Bar-
and heterogeneous data for atmospheric chemistry: Supplement tels, J., Schauer, C.pBchl, U., Kracht, M., and Duschl, A.: The

V, IUPAC submcommittee on gas kinetic data evaluation for at-  diesel exhaust component pyrene induces expression of IL-8 but
mospheric chemistry, J. Phys. Chem. Ref. Data, 26, 521-1011, not of eotaxin, Intern. Immunopharmacol., 3, 1371-1379, 2003.
1997. Broekhuizen, K., Kumar, P. P., and Abbatt, J. P. D.: Partially sol-

Atkinson, R., Baulch, D. L., Cox, R. A., Crowley, J. N., Hamp- uble organics as cloud condensation nuclei: Role of trace sol-
son, R. F., Hynes, R. G., Jenkin, M. E., Rossi, M. J., and Troe, J.: uble and surface active species, Geophys. Res. Lett., 31, 1107,
Evaluated kinetic and photochemical data for atmospheric chem- doi:10.1029/2003GL018203, 2004.

istry: Volume | — gas phase reactions of ®Ox, NOy and SQ Broske, R., Kleffmann, J., and Wiesen, P.: Heterogeneous conver-
species, Atmos. Chem. Phys., 4, 1461-1738, 2004, sion of NO2 on secondary organic aerosol surfaces: A possi-
http://www.atmos-chem-phys.net/4/1461/2004/ ble source of nitrous acid (HONO) in the atmosphere?, Atmos.

Atkinson, R., Baulch, D. L., Cox, R. A., Crowley, J. N., Hampson, Chem. Phys., 3, 469-474, 2003,
R. F., Hynes, R. G., Jenkin, M. E., Rossi, M. J., Troe, J., and IU-  http://www.atmos-chem-phys.net/3/469/2Q03/
PAC Subcommittee: Evaluated kinetic and photochemical dataCarslaw, K. S. and Peter, T.: Uncertainties in reactive uptake co-
for atmospheric chemistry: Volume Il — gas phase reactions of efficients for solid stratospheric particles, 1. Surface chemistry,

organic species, Atmos. Chem. Phys., 6, 3625-4055, 2006, Geophys. Res. Lett., 24, 1743-1746, 1997.
http://www.atmos-chem-phys.net/6/3625/2006/ Chan, A. W. H,, Kroll, J. H., Ng, N. L., and Seinfeld, J. H.: Ki-
Atkinson, R., Baulch, D. L., Cox, R. A., Crowley, J. N., Hamp-  netic modeling of secondary organic aerosol formation: effects

son, R. F,, Hynes, R. G., Jenkin, M. E., Rossi, M. J., and Troe, J.: of particle- and gas-phase reactions of semivolatile products, At-
Evaluated kinetic and photochemical data for atmospheric chem- mos. Chem. Phys., 7, 4135-4147, 2007,

istry: Volume Ill — gas phase reactions of inorganic halogens,

www.atmos-chem-phys.net/7/5989/2007/ Atmos. Chem. Phys., 7, 60292007


http://www.atmos-chem-phys.net/7/1523/2007/
http://www.atmos-chem-phys.net/2/79/2002/
http://www.atmos-chem-phys.net/5/2679/2005/
http://www.atmos-chem-phys.net/7/6025/2007/
http://www.atmos-chem-phys.net/4/2083/2004/
http://www.atmos-chem-phys.net/4/1461/2004/
http://www.atmos-chem-phys.net/6/3625/2006/
http://www.atmos-chem-phys.net/7/981/2007/
http://www.atmos-chem-phys.net/5/2497/2005/
http://www.atmos-chem-phys.net/3/1/2003/
http://www.atmos-chem-phys.net/2/235/2002/
http://www.atmos-chem-phys.net/3/469/2003/

6018 U. Bschl et al.: Kinetic model framework for aerosols and clouds — Part 1

http://www.atmos-chem-phys.net/7/4135/2007/ Dinar, E., Abo Riziq, A., Spindler, C., Erlick, C., Kiss, G., and

Clegg, S. M. and Abbatt, J. P. D.: Uptake of gas-phase SO2 and Rudich, Y.: The complex refractive index of atmospheric and
H202 by ice surfaces: Dependence on partial pressure, temper- model humic-like substances (HULIS) retrieved by a cavity ring
ature, and surface acidity, J. Phys. Chem. A, 105, 6630-6636, down aerosol spectrometer (CRD-AS), Faraday Discuss., 137,
2001. 279-295, 2008.

Clement, C. F., Kulmala, M., and Vesala, T.: Theoretical consid- Djikaev, Y. S. and Tabazadeh, A.: Effect of adsorption on the up-
eration on sticking probabilities, J. Aerosol Sci., 27, 869-882, take of organic trace gas by cloud droplets, J. Geophys. Res.,
1996. 108(D22), 4689, d0i:10.1029/2003JD003741, 2003.

Coe, H., Allan, J. D., Alfarra, M. R., Bower, K. N., Flynn, M. Donaldson, D. J.: Adsorption of atmospheric gases at the air-water
J., McFiggans, G. B., Topping, D. O., Williams, P. |., O’'Dowd, interface.l. NH3, J. Phys. Chem. A, 103, 62—70, 1999.

C. D., Dall'Osto, M., Beddows, D. C. S., and Harrison, R. M.: Dubowski, Y., Vieceli, J., Tobias, D. J., Gomez, A., Lin, A., Nizko-
Chemical and physical characteristics of aerosol particles atare- rodov, S. A., Mclntire, T. M., and Finlayson-Pitts, B. J.: Interac-
mote coastal location, Mace Head, Ireland, during NAMBLEX, tion of gas-phase ozone at 296 K with unsaturated self-assembled
Atmos. Chem. Phys., 6, 3289-3301, 2006, monolayers: A new look at an old system, J. Phys. Chem. A, 108,
http://www.atmos-chem-phys.net/6/3289/2006/ 10473-10485, 2004.

Croft, B., Lohmann, U., and von Salzen, K.: Black carbon age- Elbert, W., Taylor, P. E., Andreae, M. O., and Pschl, U.: Contribu-
ing in the Canadian Centre for Climate modelling and analysis tion of fungi to primary biogenic aerosols in the atmosphere: wet
atmospheric general circulation model, Atmos. Chem. Phys., 5, and dry discharged spores, carbohydrates, and inorganic ions, At-
1931-1949, 2005, mos. Chem. Phys., 7, 4569-4588, 2007,
http://www.atmos-chem-phys.net/5/1931/2005/ http://www.atmos-chem-phys.net/7/4569/2007/

Danckwerts, P. V.: Absorption by Simultaneous Diffusion and Elliott, S., Turco, R. P., Toon, O. B., and Hamill, P.: Application
Chemical Reaction into Particles of Various Shapes and into of Physical adsorption thermodynamics to heterogeneous chem-
Falling Drops, Trans. Faraday Soc., 47, 1014-1023, 1951. istry on polar stratospheric clouds, J. Atmos. Chem., 13, 211-

da Rosa, M. B., Behnke, W., and Zetzsch, C.: Study of the hetero- 224, 1991.
geneous reaction of O-3 with CH3SCH3 using the wetted-wall Ervens, B., George, C., Williams, J. E., Boxton, G. V., Salmon,
flowtube technique, Atmos. Chem. Phys., 3, 1665-1673, 2003, G. A., Bydder, M., Wilkinsons, F., Dentener, F., Mirabel, P,
http://www.atmos-chem-phys.net/3/1665/2003/ Wolke, R., and Herrmann, H.: CAPRAM 2.4 (MODAC mech-

Davidovits, P., Jayne, J. T., Duan, S. X., Worsnop, D. R., Zahniser, anism): An extended and condensed tropospheric aqueous phase
M. S., and Kolb, C. E.: Uptake of Gas Molecules by Liquids: A mechanism and its application, J. Geophys. Res., 108, 4426,
Model, J. Phys. Chem., 95, 6337-6340, 1991. doi:10.1029/2002JD002202, 2003.

Davidovits, P., Hu, J. H., Worsnop, D. R., Zahniser, M. S., and Kolb, Finlayson-Pitts, B. J. and Pitts Jr., J. N.: Tropospheric air pollution:
C. E.: Entry of gas molecules into liquids, Faraday Discuss., 100, ozone, airborne toxics, polycyclic aromatic hydrocarbons, and
65-81, 1995. particles, Science, 276, 1045-1052, 1997.

Davidovits, P., D. R.Worsnop, J. T. Jayne, C. E. Kolb, P. Win- Finlayson-Pitts, B. J. and Pitts Jr., J. N.: Chemistry of the upper and
kler, A. Vrtala, P. E.Wagner, M. Kulmala, K. E. J. Lehtinen, T. lower atmosphere, Academic Press, San Diego, 2000.

Vesala, and M. Mozurkewich: Mass accommodation coefficient Folkers, M., Mentel, T. F., and Wahner, A.: Influence of an organic
of water vapor on liquid water. Geophys. Res. Lett., 31, L22111, coating on the reactivity of aqueous aerosols probed by the het-
doi:10.1029/2004GL020835, 2004. erogeneous hydrolysis of N205, Geophys. Res. Lett., 30, 1644,

Davidovits, P., Worsnop, D. R., Williams, L. R., Kolb, C. E., and doi:10.1029/2003GL017168, 2003.

Gershenzon, M.: Comment on “Mass accommodation coeffi-Franze, T., Weller, M. G., Niessner, R., angisehl, U.: Protein ni-
cient of water: Molecular dynamics simulation and revised anal- tration by polluted air, Environ. Sci. Technol., 39, 1673-1678,
ysis of droplet train/flow reactor experiment”, J. Phys. Chem. B, do0i:10.1021/es0488737, 2005.

109, 14 742-14 746, 2005. Frinak, E. K., Wermeille, S. J., Mashburn, C. D., Tolbert, M. A,

Delzeit, L., Devlin, M. S., Rowland, B., Devlin, J. P., and Buch,  and Pursell, C. J.: Heterogeneous reaction of gaseous nitric acid
V.. Adsorbate-induced partial ordering of the irregular surface on gamma-phase iron(lll) oxide, J. Phys. Chem. A, 108, 1560—
and subsurface of crystalline ice, J. Phys. Chem., 100, 10076— 1566, 2004.

10082, 1996. Fuchs, N. A.: The mechanics of aerosols, Pergamon, Oxford, 1964.

Dinar, E., Mentel, T. F., and Rudich, Y.: The density of humic Fuchs, N. A. and Sutugin, A. G.: High-dispersed aerosols, in: Top-
and humic like substances (HULIS) from fresh and aged wood ics in current aerosol research, edited by: Hidy, G. M. and Brock,
burning and pollution aerosol particles, Atmos. Chem. Phys., 6, J. R., Pergamon, New York, 1971.

5213-5224, 2006a. Fuzzi, S., Andreae, M. O., Huebert, B. J., Kulmala, M., Bond,

Dinar, E., Taraniuk, I., Graber, E. R., Katsman, S., Moise, T., T. C., Boy, M., Doherty, S. J., Guenther, A., Kanakidou, M.,
Anttila, T., Mentel, T. F., and Rudich, Y.: Cloud condensationnu-  Kawamura, K., Kerminen, V. M., Lohmann, U., Russell, L. M.,
clei properties of model and atmospheric HULIS, Atmos. Chem. and Rschl, U.: Critical assessment of the current state of scien-
Phys., 6, 2465-2482, 2006b. tific knowledge, terminology, and research needs concerning the

Dinar, E., Taraniuk, |., Graber, E. R., Anttila, T., Mentel, T. F., and  role of organic aerosols in the atmosphere, climate, and global
Rudich, Y.: Hygroscopic growth of model and atmospheric hu-  change, Atmos. Chem. Phys., 6, 2017-2038, 2006,
mic like substances (HULIS), J. Geophys. Res., D112, D05211, http://www.atmos-chem-phys.net/6/2017/2006/
doi:05210.01029/02006JD007442, 2007. Garrett, B. C., Schenter, G. K., and Morita, A.: Molecular sim-

Atmos. Chem. Phys., 7, 5988023 2007 www.atmos-chem-phys.net/7/5989/2007/


http://www.atmos-chem-phys.net/7/4135/2007/
http://www.atmos-chem-phys.net/6/3289/2006/
http://www.atmos-chem-phys.net/5/1931/2005/
http://www.atmos-chem-phys.net/3/1665/2003/
http://www.atmos-chem-phys.net/7/4569/2007/
http://www.atmos-chem-phys.net/6/2017/2006/

U. Pdschl et al.: Kinetic model framework for aerosols and clouds — Part 1

ulations of the transport of molecules across the liquid/vapour
interface of water, Chem. Rev., 106, 1355-1374, 2006.

Gauderman, W. J., Avol, E., Gilliland, F., Vora, H., Thomas, D.,
Berhane, K., McConnell, R., Kuenzli, N., Lurmann, F., Rappa-
port, E., Margolis, H., Bates, D., and Peters, J.: The effect of air
pollution on lung development from 10 to 18 years of age, New
Eng. J. Med., 351, 1057-1067, 2004.

Gelencser, A., Hoffer, A., Kiss, G., Tombacz, E., Kurdi, R., and
Bencze, L.: In-situ formation of light-absorbing organic matter
in cloud water, J. Atmos. Chem., 45, 25-33, 2003.

6019

d0i:10.1029/2001JD001557, 2002.

Ivleva, N. P., Messerer, A. K., Yang, X., Niessner, R., aiiddhl,

U.: Raman microspectroscopic analysis of changes in the chem-
ical structure and reactivity of soot in a diesel exhaust aftertreat-

ment model system, Environ. Sci. Technol., 41, 3702-3707,

2007.

Jayne, J. T., Davidovits, P., Worsnop, D. R., Zahniser, M. S., and

Kolb, C. E.: Uptake of SO2(g) by aqueous surfaces as a function
of pH: The effect of chemical reaction at the interface, J. Phys.
Chem., 94, 6041-6048, 1990.

George, I. J., Vlasenko, A., Slowik, J. G., Broekhuizen, K., and Jayne, J. T., &chl, U., Chen, Y.-M., Dai, D., Molina, L. T,
Abbatt, J. P. D.: Heterogeneous oxidation of saturated organic Worsnop, D. R., Kolb, C. E., and Molina, M. J.: Pressure and
aerosols by hydroxyl radicals: uptake kinetics, condensed-phase temperature dependence of the gas-phase reaction of SO3 with

products, and particle size change, Atmos. Chem. Phys., 7,

4187-4201, 2007,
http://www.atmos-chem-phys.net/7/4187/2Q07/
Girardet, C. and Toubin, C.: Molecular atmospheric pollutant ad-

sorption on ice: a theoretical survey, Surf. Sci. Reports, 281, 1—

79, 2001.
Goss, K.-U.: The air-surface adsorption equilibrium of organic

H20 and the heterogeneous reaction of SO3 with H20/H2S04
surfaces, J. Phys. Chem. A, 101, 10 000-10011, 1997.

Jenkin, M. E., Saunders, S. M., Wagner, V., and Pilling, M. J.: Pro-

tocol for the development of the Master Chemical Mechanism,
MCM v3 (Part B): tropospheric degradation of aromatic volatile
organic compounds, Atmos. Chem. Phys., 3, 181-193, 2003,
http://www.atmos-chem-phys.net/3/181/2003/

compounds under ambient conditions, Crit. Rev. Environ. Sci.Jockel, P., Sander, R., Kerkweg, A., Tost, H., and Lelieveld, J.:

Technol., 34, 339-389, 2004.

Technical Note: The Modular Earth Submodel System (MESSy)

Grassian, V. H.: Heterogeneous uptake and reaction of nitrogen — a new approach towards Earth System Modeling, Atmos.

oxides and volatile organic compounds on the surface of atmo-
spheric particles including oxides, carbonates, soot and mineral

Chem. Phys., 5, 433-444, 2005,
http://www.atmos-chem-phys.net/5/433/2Q05/

dust: implications for the chemical balance of the troposphere, Johnson, D., Utembe, S. R., Jenkin, M. E., Derwent, R. G., Hay-

Int. Rev. Phys. Chem., 20, 467-548, 2001.

Gray, P. G. and Do, D. D.: Modeling of the interaction of nitrogen-
dioxide with activated carbon, 1. Adsorption dynamics at the
single-particle scale, Chem. Eng. Commun., 117, 219-240,
1992.

man, G. D., Alfarra, M. R., Coe, H., and McFiggans, G.: Simu-
lating regional scale secondary organic aerosol formation during
the TORCH 2003 campaign in the southern UK, Atmos. Chem.
Phys., 6, 403-418, 2006,
http://www.atmos-chem-phys.net/6/403/2Q06/

Gruijthuijsen, Y. K., Grieshuber, I., Stcklinger, A., Tischler, U., Jost, C., Trentmann, J., Sprung, D., Andreae, M. O., McQuaid, J.

Fehrenbach, T., Weller, M. G., Vogel, L., Vieths, S., Pschl, U.,
and Duschl, A.: Nitration enhances the allergenic potential of
proteins, Int. Arch. Allergy Imm., 141, 265-275, 2006.

B., and Barjat, H.: Trace gas chemistry in a young biomass burn-
ing plume over Namibia: Observations and model simulations,
J. Geophys. Res., 108, 8482, doi:10.1029/2002JD002431, 2003.

Gustafsson, R. J., Orlov, A., Badger, C. L., Griffiths, P. T., Cox, Kahan, T. F., Kwamena, N.-O. A., and Donaldson, D. J.: Hetero-

R. A., and Lambert, R. M.: A comprehensive evaluation of wa-
ter uptake on atmospherically relevant mineral surfaces: DRIFT

geneous ozonation kinetics of polycyclic aromatic hydrocarbons
on organic films, Atmos. Environ., 40, 3448-3459, 2006.

spectroscopy, thermogravimetric analysis and aerosol growttKwamena, N.-O. A., Thornton, J. A., and Abbatt, J. P. D.: Kinetics

measurements, Atmos. Chem. Phys., 5, 3415-3421, 2005,
http://www.atmos-chem-phys.net/5/3415/2005/

of surface-bound benzo[a]pyrene and ozone on solid organic and
salt aerosols, J. Phys. Chem. A, 108, 11 626-11 634, 2004.

Hanson, D. R., Ravishankara, A. R., and Solomon, S.: HeteroKwamena, N.-O. A., Earp, M. E., Young, C. J., Abbatt, J. P. D.:

geneous reactions in sulfuric acid aerosols: — A framework for
model calculations, J. Geophys. Res., 99, 3615-3629, 1994.

Hanson, D. R.: Surface specific reactions on liquids, J. Phys. Chem.

B, 101, 4998-5001, 1997.

Hatch, C. D., Gough, R. V., and Tolbert, M. A.: Heterogeneous up-
take of the C1 to C4 organic acids on a swelling clay mineral,
Atmos. Chem. Phys., 7, 4445-4458, 2007,
http://www.atmos-chem-phys.net/7/4445/2007/

Kinetic and product yield study of the heterogeneous gas-surface
reaction of anthracene and ozone, J. Phys. Chem. A, 110, 3638—
3646, 2006.

Kwamena, N.-O. A., Clarke, J. P., Kahan, T. F., Diamond, M. L.,

and Donaldson, D. J.: Assessing the importance of heteroge-
neous reactions of polycyclic aromatic hydrocarbons in the urban
atmosphere using the multimedia urban model, Atmos. Environ.
41, 37-50, 2007.

Hinshelwood, C. N.: The kinetics of chemical change, Clarendon,Kanakidou, M., Seinfeld, J. H., Pandis, S. N., Barnes, |., Dentener,

Oxford, 1940.

Hobbs, P. V,, Sinha, P., Yokelson, R. J., Christian, T. J., Blake, D. R.,
Gao, S., Kirchstetter, T. W., Novakov, T., and Pilewskie, P.: Evo-
lution of gases and particles from a savanna fire in South Africa,

J. Geophys. Res., 108, 8485, doi:10.1029/2002JD002352, 2003.

Hynes, R. G., Fernandez, M. A., and Cox, R. A.: Uptake of
HNO3 on water-ice and coadsorption of HNO3 and HCI in the

F. J., Facchini, M. C., van Dingenen, R., Ervens, B., Nenes, A,
Nielsen, C. J., Swietlicki, E., Putaud, J. P., Balkanski, Y., Fuzzi,
S., Horth, J., Moortgat, G. K., Winterhalter, R., Myhre, C. E. L.,
Tsigaridis, K., Vignati, E., Stephanou, E. G., and Wilson, J.: Or-
ganic aerosol and global climate modelling: a review, Atmos.
Chem. Phys., 5, 1053-1123, 2005,
http://www.atmos-chem-phys.net/5/1053/2005/

temperature range 210-235 K, J. Geophys. Res., 107, 479%aragulian, F., Santschi, C., and Rossi, M. J.: The heterogeneous

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

Atmos. Chem. Phys., 7, 608392007


http://www.atmos-chem-phys.net/7/4187/2007/
http://www.atmos-chem-phys.net/5/3415/2005/
http://www.atmos-chem-phys.net/7/4445/2007/
http://www.atmos-chem-phys.net/3/181/2003/
http://www.atmos-chem-phys.net/5/433/2005/
http://www.atmos-chem-phys.net/6/403/2006/
http://www.atmos-chem-phys.net/5/1053/2005/

6020 U. Bschl et al.: Kinetic model framework for aerosols and clouds — Part 1

chemical kinetics of N20O5 on CaCO3 and other atmospheric ization mass spectrometry: A universal method for the analysis
mineral dust surrogates, Atmos. Chem. Phys., 6, 1373-1388, of partially oxidized aromatic hydrocarbons, Anal. Chem., 73,
2006, 1634-1645, 2001.
http://www.atmos-chem-phys.net/6/1373/2006/ Li, W. G. and Davis, E. J.: Aerosol evaporation in the transition
Katrib, Y., Deiber, G., Schweitzer, F., Mirabel, P., and George, C.: regime, Aerosol Sci. Technol., 25, 11-21, 1996.
Chemical transformation of bromine chloride at the air/water in- Li, Y. Q., Davidovits, P., Shi, Q., Jayne, J. T., Kolb, C. E., and
terface, J. Aerosol Sci., 32, 893-911, 2001. Worsnop, D. R.: Mass and thermal accommodation coefficients
Katrib, Y., Martin, S. T., Rudich, Y., Davidovits, P., Jayne, J. T.,and  of H20(g) on liquid water as a function of temperature, J. Phys.
Worsnop, D. R.: Density changes of aerosol particles as a result Chem. A, 105, 10627-10 634, 2001.
of chemical reaction, Atmos. Chem. Phys., 5, 275-291, 2005, Li, L., Chen, Z. M., Zhang, Y. H., Zhu, T., Li, J. L., and Ding,
http://www.atmos-chem-phys.net/5/275/2Q05/ J.: Kinetics and mechanism of heterogeneous oxidation of sulfur
Katsouyanni, K., Touloumi, G., Samoli, E., Gryparis, A., Le dioxide by ozone on surface of calcium carbonate, Atmos. Chem.
Tertre, A., Monopolis, Y., Rossi, G., Zmirou, D., Ballester, F., Phys., 6, 2453-2464, 2006,
Boumghar, A., Anderson, H. R., Wojtyniak, B., Paldy, A., Braun-  http://www.atmos-chem-phys.net/6/2453/2006/
stein, R., Pekkanen, J., Schindler, C., and Schwartz, J.: ConLohmann, U. and Feichter, J.: Global indirect aerosol effects: a re-
founding and effect modification in the short-term effects of am-  view, Atmos. Chem. Phys., 5, 715-737, 2005,
bient particles on total mortality: results from 29 European cities  http://www.atmos-chem-phys.net/5/715/2005/
within the APHEAZ project, Epidemiology 12, 521-531, 2001. Marcolli, C., Luo, B. P., Peter, T., and Wienhold, F. G.: Inter-
Kleffmann, J. and Wiesen, P.: Heterogeneous conversion of NO2 nal mixing of the organic aerosol by gas phase diffusion of
and NO on HNOS3 treated soot surfaces: atmospheric implica- semivolatile organic compounds, Atmos. Chem. Phys., 4, 2593—
tions, Atmos. Chem. Phys., 5, 77-83, 2005, 2599, 2004,
http://www.atmos-chem-phys.net/5/77/2005/ http://www.atmos-chem-phys.net/4/2593/2004/
Kolb, C. E., Worsnop, D. R., Zahniser, M. S., Davidovits, P., Keyser, Masel, R. |.: Principles of adsorption and reaction on solid surfaces,
L. F., Leu, M.-T., Molina, M. J., Hanson, D. R., Ravishankara, = Wiley, New York, 1996.
A. R., Williams, L. R., and Tolbert, M. A.: Laboratory studies Malling, A., Wiedensohler, A., Busch, B., Néug C., Quinn, P.,
of atmospheric heterogeneous chemistry, in: Progress and Prob- Bates, T., and Covert, D.: Hygroscopic properties of different
lems of Atmospheric Chemistry, edited by: J. R. Barker, Chap. aerosol types over the Atlantic and Indian Oceans, Atmos. Chem.
18, Advanced Series in Physical Chemistry, edited by: C.-Y. Ng, Phys., 3, 1377-1397, 2003,

World Scientific, Singapore, Vol. 3, 1995. http://www.atmos-chem-phys.net/3/1377/2003/
Kulmala, M. and Vesala T.. Condensation in the Continuum Matta, E., Facchini, M. C., Decesari, S., Mircea, M., Cavalli, F.,
Regime, J. Aerosol Sci., 22, 337-346, 1991. Fuzzi, S., Putaud, J.-P., and Dell’Acqua, A.: Mass closure on

Kulmala, M. and Wagner, P. E.: Mass accommodation and uptake the chemical species in size-segregated atmospheric aerosol col-
coeffcients — a quantitative comparison, J. Aerosol Sci., 32, 833— lected in an urban area of the Po Valley, Italy, Atmos. Chem.
841, 2001. Phys., 3, 623-637, 2003,

Kulmala, M., Suni, T., Lehtinen, K. E. J., Dal Maso, M., Boy, http://www.atmos-chem-phys.net/3/623/2003/

M., Reissell, A., RanniklJ., Aalto, P., Keronen, P., Hakola, H., McFiggans, G., Artaxo, P., Baltensperger, U., Coe, H., Facchini, M.
Back, J., Hoffmann, T., Vesala, T., and Hari, P.: A new feedback C., Feingold, G., Fuzzi, S., Gysel, M., Laaksonen, A., Lohmann,
mechanism linking forests, aerosols, and climate, Atmos. Chem. U., Mentel, T. F., Murphy, D. M., O'Dowd, C. D., Snider, J.

Phys., 4, 557-562, 2004, R., and Weingartner, E.: The effect of physical and chemi-
http://www.atmos-chem-phys.net/4/557/2Q04/ cal aerosol properties on warm cloud droplet activation, Atmos.

Kumar, P. P., Broekhuizen, K., and Abbatt, J. P. D.: Organic acidsas Chem. Phys., 6, 2593—-2649, 2006,
cloud condensation nuclei: Laboratory studies of highly soluble  http://www.atmos-chem-phys.net/6/2593/2006/
and insoluble species, Atmos. Chem. Phys., 3, 949-982, 2003, McNeill, V. F., Patterson, J., Wolfe, G. M., and Thornton, J. A.
http://www.atmos-chem-phys.net/3/949/2003/ The effect of varying levels of surfactant on the reactive uptake

Laaksonen, A., Vesala, T., Kulmala, M., Winkler, P. M., and Wag-  of N20O5 to aqueous aerosol, Atmos. Chem. Phys., 6, 1635-1644,
ner, P. E.. Commentary on cloud modelling and the mass accom- 2006,
modation coefficient of water, Atmos. Chem. Phys., 5, 461-464, http://www.atmos-chem-phys.net/6/1635/2006/

2005, Meilinger, S. K., Karcher, B., and Peter, T.: Suppression of chlorine
http://www.atmos-chem-phys.net/5/461/2Q05/ activation on aviation-produced volatile particles, Atmos. Chem.

Laidler, K. J., Glasstone, S., and Eyring, H.: Application of the  Phys., 2, 307-312, 2002,
theory of absolute reaction rates to heterogeneous processes: Il. http://www.atmos-chem-phys.net/2/307/2Q02/

Chemical reactions on surfaces, J. Chem. Phys., 8, 659-66Meilinger, S. K., Karcher, B., and Peter, Th.: Microphysics and
1940. heterogeneous chemistry in aircraft plumes - high sensitivity on

Langmuir, I.: The constitution and fundamental properties of solids local meteorology and atmospheric composition, Atmos. Chem.
and liquids, Part I. Solids, J. Am. Chem. Soc. 38, 2221-2295, Phys., 5, 533-545, 2005,

1916. http://www.atmos-chem-phys.net/5/533/2Q05/

Letzel, T., ®schl, U., Wissiack, R., Rosenberg, E., GrasserbauerMesserer, A., Rothe, D.,8chl, U., and Niessner, R.: Advances in
M., and Niessner, R.: Phenyl-modified reversed-phase liquid the development of filterless soot deposition systems for the con-
chromatography coupled to atmospheric pressure chemical ion- tinuous removal or diesel particulate matter, Top. Catal., 30/31,

Atmos. Chem. Phys., 7, 5988023 2007 www.atmos-chem-phys.net/7/5989/2007/


http://www.atmos-chem-phys.net/6/1373/2006/
http://www.atmos-chem-phys.net/5/275/2005/
http://www.atmos-chem-phys.net/5/77/2005/
http://www.atmos-chem-phys.net/4/557/2004/
http://www.atmos-chem-phys.net/3/949/2003/
http://www.atmos-chem-phys.net/5/461/2005/
http://www.atmos-chem-phys.net/6/2453/2006/
http://www.atmos-chem-phys.net/5/715/2005/
http://www.atmos-chem-phys.net/4/2593/2004/
http://www.atmos-chem-phys.net/3/1377/2003/
http://www.atmos-chem-phys.net/3/623/2003/
http://www.atmos-chem-phys.net/6/2593/2006/
http://www.atmos-chem-phys.net/6/1635/2006/
http://www.atmos-chem-phys.net/2/307/2002/
http://www.atmos-chem-phys.net/5/533/2005/

U. Pdschl et al.: Kinetic model framework for aerosols and clouds — Part 1 6021

247-250, 2004. tion, benzo[a]pyrene degradation and atmospheric implications,

Messerer, A., Niessner, R., anddehl, U.: Comprehensive ki- J. Phys. Chem. A, 105, 4029-4041, 2001.
netic characterization of the oxidation and gasification of model Pdschl, U.: Formation and decomposition of hazardous chemi-
and real diesel soot by nitrogen oxides and oxygen under engine cal components contained in atmospheric aerosol particles, J.
exhaust conditions: Measurement, Langmuir-Hinshelwood, and Aerosol Med., 15, 203-212, 2002a.

Arrhenius parameters, Carbon, 44, 307-324 2006. Poschl, U.: Interactive comment on “Modeling the chemical effects

Mikhailov, E., Vlasenko, S., Niessner, R., andsehl, U.: Interac- of ship exhaust in the cloud-free marine boundary layer” by R.
tion of aerosol particles composed of protein and salts with water von Glasow et al., Atmos. Chem. Phys. Discuss., 2, S296-S299,
vapor: hygroscopic growth and microstructural rearrangement, 2002b.

Atmos. Chem. Phys., 4, 323-350, 2004, Poschl, U.: Aerosol particle analysis: challenges and progress,
http://www.atmos-chem-phys.net/4/323/2Q04/ Anal. Bioanal. Chem., 375, 30-32, 2003.

Mmereki, B. T., Donaldson, D. J., Gilman, J. B., Eliason, T. L., Pdschl, U.: Atmospheric aerosols: Composition, transformation,
and Vaida, V.: Kinetics and products of the reaction of gas-phase climate and health effects, Angewandte Chemie — International
ozone with anthracene adsorbed at the air-aqueous interface, At- Edition, 44, 7520-7540, 2005.
mos. Environ., 38, 6091-6103, 2004. Poschl, U., Rudich, Y., and Ammann M.: Kinetic model framework

Moise, T. and Rudich, Y.: Reactive uptake of ozone by proxies for aerosol and cloud surface chemistry and gas-particle interac-
for organic aerosols: Surface versus bulk processes, J. Geophys. tions: Part 1 — general equations, parameters, and terminology,
Res., 105, 14667-14 676, 2000. Atmos. Chem. Phys. Discuss., 5, 2111-2191, 2005a.

Moise, T. and Rudich, Y.: Reactive uptake of cl and br atoms Poschl, U., Rudich, Y., and Ammann, M.: Interactive comment on
by organic surfaces — a perspective on the processing of or- “Kinetic model framework for aerosol and cloud surface chem-
ganic aerosols by tropospheric oxidants, Geophys. Res. Lett., 28, istry and gas-particle interactions: Part 1 general equations, pa-
4083-4086, 2001. rameters, and terminology” by U.0Bchl et al., Atmos. Chem.

Moise, T. and Rudich, Y.: Reactive uptake of ozone by aerosol- Phys. Discuss., 5, S1916-S1925, 2005b.
associated unsaturated fatty acids: Kinetics, mechanism, an®dschl, U., Rudich, Y., and Ammann, M.: Interactive comment on
products, J. Phys. Chem. A, 106, 6469-6476, 2002a. “Kinetic model framework for aerosol and cloud surface chem-

Moise, T., Talukdar, R. K., Frost, G. J., Fox, R. W., and Rudich, istry and gas-particle interactions: Part 1 — general equations,
Y.: The reactive uptake of NO3 by liquid and frozen organics, J.  parameters, and terminology” by Uogthl et al., Atmos. Chem.
Geophys. Res., 107, 4014, doi:101629/20015D000334, 2002b.  Phys. Discuss., 5, S5547-S5555, 2005c.

Moise, T., Rudich, Y., Rousse, D., and George, C.: Multiphase de-Pope Ill, C. A., Burnett, R. T., Thun, M. J., Calle, E. E., Krewski,
composition of novel oxygenated organics in aqueous and or- D., Ito, K., and Thurston, G. D.: Lung cancer, cardiopulmonary
ganic media, Environ. Sci. Tech., 39, 5203-5208, 2005. mortality, and long-term exposure to fine particulate air pollu-

Motz, H. and Wise, H.: Diffusion and heterogeneous reaction. 3. tion, J. Amer. Medical. Assoc., 287, 1132-1141, 2002.

Atom recombination at a catalytic boundary, J. Chem. Phys., 32 Putaud, J. P., Raes, F., Van Dingenen, R., Bruggemann, E., Fac-
1893-1894, 1960. chini, M. C., Decesari, S., Fuzzi, S., Gehrig, R., Huglin, C.,

Mozurkewich, M.: Effect of competitive adsorption on polar strato-  Laj, P., Lorbeer, G., Maenhaut, W., Mihalopoulos, N.{ilMr,
spheric cloud reactions, Geophys. Res. Lett., 20, 355-358, 1993. K., Querol, X., Rodriguez, S., Schneider, J., Spindler, G., ten

Nathanson, G. M., Davidovits, P., Worsnop, D. R., and Kolb, C.  Brink, H., Torseth, K., and Wiedensohler, A.: European aerosol
E.: Dynamics and kinetics at the gas-liquid interface, J. Phys. phenomenology-2: chemical characteristics of particulate matter
Chem., 100, 13007-13 020, 1996. at kerbside, urban, rural and background sites in Europe, Atmos.

O’Hanlon, D. and Forster, R. J.: Intermolecular hydrogen bonding:  Environ., 38, 2579-2595, 2004a.

Two component anthragquinone monolayers, Langmuir, 16, 702-Pruppacher, H. R. and Klett, J. D.: Microphysics of clouds and
707, 2000. precipitation, 2nd ed., Kluwer Academic Publishers, Dordrecht,

Pechtl, S., Schmitz, G., and von Glasow, R.: Modelling iodide — 1997.
iodate speciation in atmospheric aerosol: Contributions of in-Putaud, J. P., Van Dingenen, R., Dell'Acqua, A., Raes, F., Matta,
organic and organic iodine chemistry, Atmos. Chem. Phys., 7, E., Decesari, S., Facchini, M. C., and Fuzzi, S.: Size-segregated
1381-1393, 2007, aerosol mass closure and chemical composition in Monte Ci-
http://www.atmos-chem-phys.net/7/1381/2007/ mone (I) during MINATROC, Atmos. Chem. Phys., 4, 889—-902,

Poschl, U., Canagaratna, M., Jayne, J. T., Molina, L. T., Worsnop, 2004b.

D. R., Kolb, C. E., and Molina, M. J.: Mass accommodation Pszenny, A. A. P., Moldanov, J., Keene, W. C., Sander, R., Maben,
coefficient of H2SO4 vapor on aqueous sulfuric acid surfaces J. R., Martinez, M., Crutzen, P. J., Perner, D., and Prinn, R. G.:
and gaseous diffusion coefficient of H2SO4 in N2/H20, J. Phys. Halogen cycling and aerosol pH in the Hawaiian marine bound-
Chem. A, 102, 10082-10089, 1998. ary layer, Atmos. Chem. Phys., 4, 147-168, 2004,

Poschl, U., von Kuhlmann, R., Poisson, N., and Crutzen, P. J.: De- http://www.atmos-chem-phys.net/4/147/2Q04/
velopment and intercomparison of condensed isoprene oxidatiorQu, X. and Davis, E. J.: Droplet evaporation and condensation in
mechanisms for global atmospheric modeling, J. Atmos. Chem., the near-continuum regime, J. Aerosol Sci., 32, 861-875, 2001.
37,29-52, 2000. Qu, X., Davis, E. J., and Swanson, B. D.: Non-isothermal droplet

Poschl, U., Letzel, T., Schauer, C., and Niessner, R.: Interac- evaporation and condensation in the near-continuum regime, J.
tion of ozone and water vapor with spark discharge soot aerosol Aerosol Sci., 32, 1315-1339, 2001.
particles coated with benzo[a]pyrene:3@nd HO adsorp-  Ramanathan, V., Crutzen, P. J., Kiehl, J. T., and Rosenfeld, D.:

www.atmos-chem-phys.net/7/5989/2007/ Atmos. Chem. Phys., 7, 60292007


http://www.atmos-chem-phys.net/4/323/2004/
http://www.atmos-chem-phys.net/7/1381/2007/
http://www.atmos-chem-phys.net/4/147/2004/

6022 U. Bschl et al.: Kinetic model framework for aerosols and clouds — Part 1

Aerosols, climate and the hydrological cycle, Science, 294, drocarbons in urban air particulate matter: decadal and seasonal

2119-2124, 2001. trends, chemical degradation, and sampling artifacts, Environ.
Ramaswamy, V., Boucher, O., Haigh, J., et al.: Climate Change Sci. Technol., 37, 2861-2868, 2003.

2001: The scientific basis (Working group | to the third assess-Schauer, C., Niessner, R., andidehl, U.: Analysis of nitrated poly-

ment report of the IPCC), Cambrige Univ. Press, Cambrige, 349— cyclic aromatic hydrocarbons by liquid chromatography with flu-

416, 2001. orescence and mass spectrometry detection: air particulate mat-
Ravishankara, A. R.: Heterogeneous and multiphase chemistry in ter, soot, and reaction product studies, Anal. Bioanal. Chem.,
the troposphere, Science, 276, 1058-1065, 1997. 378, 725-736, 2004.

Reid, J. P. and Sayer, R. M.: Heterogeneous atmospheric aeros@chneider, J., Borrmann, S., Wollny, A. G., Blasner, M., Mi-
chemistry: laboratory studies of chemistry on water droplets, halopoulos, N., Oikonomou, K., Sciare, J., Teller, A., Levin, Z.,
Chem. Soc. Rev., 32, 70-79, 2003. and Worsnop, D. R.: Online mass spectrometric aerosol mea-

Remorov, R. G., Gershenzon, Y. M., Molina, L. T., and Molina, surements during the MINOS campaign (Crete, August 2001),
M. J.: Kinetics and mechanism of HO2 uptake on solid NaCl, J.  Atmos. Chem. Phys., 4, 65-80, 2004,

Phys. Chem. A, 106, 4558-4565, 2002. http://www.atmos-chem-phys.net/4/65/2004/
Remorov, R. G. and Bardwell, M. W.: Langmuir approach in the Schwartz, S. E. and Freiberg, J. E.: Mass-transport limitation to the
study of interface mass transfer, Surf. Sci., 585, 59—-65, 2005. rate of reaction of gases in liquid droplets: application to oxida-

Remorov, R. G. and George, C.: Analysis of chemical kinetics at tion of SO2 in aqueous solutions., Atmos. Environ., 15, 1129—
the gas-aqueous interface for submicron aerosols, Phys. Chem. 1144, 1981.

Chem. Phys., 8, 4897-4901, 2006. Schwartz, S. E.: Mass-transport considerations pertinent to aqueous

Rettner, C. T., Auerbach, D. J., Tully, J. C., and Kleyn, A. W.:  phase reactions of gases in liquid-water clouds, in: NATO ASI
Chemical dynamics at the gas-surface interface, J. Phys. Chem., Series, Vol. G6, Chemistry of multiphase atmospheric systems,
100, 13021-13033, 1996. edited by: Jaeschke, W., Springer, New York, 1986.

Rudich, Y.: Laboratory perspectives on the chemical transforma-Sciare, J., Bardouki, H., Moulin, C., and Mihalopoulos, N.: Aerosol
tions of organic matter in atmospheric particles, Chem. Rev., 103, sources and their contribution to the chemical composition of
5097-5124, 2003. aerosols in the Eastern Mediterranean Sea during summertime,

Rudich, Y., Donahue, N. M., and Mentel, T. F.: Aging of organic ~ Atmos. Chem. Phys., 3, 291-302, 2003,
aerosol: Bridging the gap between laboratory and field studies, http://www.atmos-chem-phys.net/3/291/2003/

Ann. Rev. Phys. Chem., 58, 321-352, 2007. Seinfeld, J. H. and Pandis, S. N.: Atmospheric chemistry and

Sander, R.: Modelling atmospheric chemistry: interactions be- physics — from air pollution to climate change, John Wiley &
tween gas-phase species and liquid cloiud/aerosol particles, Sur- Sons, New York, 1998.
vey Geophys., 20, 1-31, 1999. Seisel, S., Brensen, C., Vogt, R., and Zellner, R.: Kinetics and

Sander, S. P., Finlayson-Pitts, B. J., Friedl, R. R., Golden, D. M., mechanism of the uptake of N20O5 on mineral dust at 298 K, At-
Huie, R. E., Kolb, C. E., Kurylo, M. J., Molina, M. J., Moortgat, mos. Chem. Phys., 5, 3423-3432, 2005,

G. K., Orkin, V. L., and Ravishankara, A. R.: Chemical kinetics  http://www.atmos-chem-phys.net/5/3423/2005/

and photochemical data for use in atmospheric studies, Evaluashi, Q., Davidovits, P., Jayne, J. T., Worsnop, D. R., and Kolb, C.

tion number 14, JPL Publication 02-25, Jet Propulsion Labora- E.: Uptake of gas-phase ammonia, 1. Uptake by aqueous sur-
tory, Pasadena, 2002. faces as a function of pH, J. Phys. Chem. A, 103, 88128823,

Sander, R., Keene, W. C., Pszenny, A. A. P., Arimoto, R., Ayers, 1999.

G. P., Baboukas, E., Cainey, J. M., Crutzen, P. J., Duce, R. A.Shunthirasingham, C., Lei, Y. D., and Wania, F.: Evidence of bias
Honninger, G., Huebert, B. J., Maenhaut, W., Mihalopoulos, N., in air-water henry’s law constants for semivolatile organic com-
Turekian, V. C., and Van Dingenen, R.: Inorganic bromine inthe  pounds measured by inert gas stripping, Environ. Sci. Technol.,
marine boundary layer: a critical review, Atmos. Chem. Phys., 3, 41, 3807-3814, 2007.

1301-1336, 2003, Smith, G. D., Woods, E., DeForest, C. L., Baer, T., and Miller, R.
http://www.atmos-chem-phys.net/3/1301/2003/ E.: Reactive uptake of ozone by oleic acid aerosol particles: Ap-
Sander, R., Kerkweg, A.d6gkel, P., and Lelieveld, J.: Technical plication of single-particle mass spectrometry to heterogeneous
Note: The new comprehensive atmospheric chemistry module reaction kinetics, J. Phys. Chem., A, 106, 8085-8095, 2002.
MECCA, Atmos. Chem. Phys., 5, 445-450, 2005, Smith, G. D., Woods, E., Baer, T., and Miller, R. E.: Aerosol up-
http://www.atmos-chem-phys.net/5/445/2Q05/ take described by numerical solution of the diffusion — Reaction

Sandu, A. and Sander, R.: Technical Note: Simulating chemical equations inthe particle, J. Phys. Chem. A, 107 (45), 9582-9587,
systems in Fortran90 and Matlab with the Kinetic PreProcessor 2003.

KPP-2.1, Atmos. Chem. Phys., 6, 187-195, 2006, Smolik, J., Zdimal, V., Schwarz, J., Lazaridis, M., Havranek, V.,
http://www.atmos-chem-phys.net/6/187/2Q06/ Eleftheriadis, K., Mihalopoulos, N., Bryant, C., and Colbeck, I.:
Saunders, S. M., Jenkin, M. E., Derwent, R. G., and Pilling, M.  Size resolved mass concentration and elemental composition of
J.: Protocol for the development of the Master Chemical Mech- atmospheric aerosols over the Eastern Mediterranean area, At-

anism, MCM v3 (Part A): tropospheric degradation of non-  mos. Chem. Phys., 3, 2207-2216, 2003,
aromatic volatile organic compounds, Atmos. Chem. Phys., 3, http://www.atmos-chem-phys.net/3/2207/2003/

161-180, 2003, Spracklen, D. V., Pringle, K. J., Carslaw, K. S., Chipperfield, M.
http://www.atmos-chem-phys.net/3/161/2Q03/ P., and Mann, G. W.: A global off-line model of size-resolved
Schauer, C., Niessner, R., andsehl, U.: Polycyclic aromatic hy- aerosol microphysics: |. Model development and prediction of

Atmos. Chem. Phys., 7, 5988023 2007 www.atmos-chem-phys.net/7/5989/2007/


http://www.atmos-chem-phys.net/3/1301/2003/
http://www.atmos-chem-phys.net/5/445/2005/
http://www.atmos-chem-phys.net/6/187/2006/
http://www.atmos-chem-phys.net/3/161/2003/
http://www.atmos-chem-phys.net/4/65/2004/
http://www.atmos-chem-phys.net/3/291/2003/
http://www.atmos-chem-phys.net/5/3423/2005/
http://www.atmos-chem-phys.net/3/2207/2003/

U. Pdschl et al.: Kinetic model framework for aerosols and clouds — Part 1 6023

aerosol properties, Atmos. Chem. Phys., 5, 2227-2252, 2005, P., Lorbeer, G., Maenhaut, W., Palmgren, F., Querol, X., Ro-
http://www.atmos-chem-phys.net/5/2227/2005/ driguez, S., Schneider, J., ten Brink, H., Tunved, P., Torseth, K.,
Stemmler, K., Ndour, M., Elshorbany, Y., Kleffmann, J., D’'Anna, Wehner, B., Weingartner, E., Wiedensohler, A., and Wahlin, P.:
B., George, C., Bohn, B., and Ammann, M.: Light induced con- A European aerosol phenomenology — 1: physical characteris-
version of nitrogen dioxide into nitrous acid on submicron humic tics of particulate matter at kerbside, urban, rural and background
acid aerosol, Atmos. Chem. Phys., 7, 4237-4248, 2007, sites in Europe, Atmos. Environ., 38, 2561-2577, 2004.
http://www.atmos-chem-phys.net/7/4237/2007/ Vesala, T., Kulmala, M., Rudolf, R., Vrtala, A., and Wagner, P. E.:
Stewart, D. J., Griffiths, P. T., and Cox, R. A.: Reactive uptake co- Models for condensational growth of binary aerosol particles, J.
efficients for heterogeneous reaction of N205 with submicron  Aerosol Sci., 28, 565-598, 1997.
aerosols of NaCl and natural sea salt, Atmos. Chem. Phys., 4\esala, T., Hannemann, A. U., Luo, B. P., Kulmala, M., and Peter,
1381-1388, 2004, T.. Rigorous treatment of time-dependent trace gas uptake by
http://www.atmos-chem-phys.net/4/1381/2004/ droplets including bulk diffusion and surface accommodation, J.
Strekowski, R. S., Remorov, R., and George, C.: Direct kinetic Aerosol Sci., 32, 843-860, 2001.
study of the reaction of Cl-2(center dot-) radical anions with Vinokurov, I. A. and Kankare, J.: Kinetics of multilayer Lang-
ethanol at the air-water interface, J. Phys. Chem. A, 107, 2497— muirian adsorption, Langmuir 18, 6789-6795, 2002.

2504, 2003. Vlasenko, A., Sjogren, S., Weingartner, E., Stemmler, K., Gggeler,
Su, D. S., Jentoft, R., Mler, J.-O., Rothe, D., Jacob, E., Simp- H. W., and Ammann, M.: Effect of humidity on nitric acid up-
son, C. D., Millen, K., Messerer, A., &chl, U., Niessner, R., take to mineral dust aerosol particles, Atmos. Chem. Phys., 6,

and Schbgl, R.: Microstructure and oxidation behaviour of Euro 2147-2160, 2006,
IV diesel engine soot: a comparative study with synthetic model  http://www.atmos-chem-phys.net/6/2147/2006/
soot substances, Catal. Today, 90, 127-132, 2004. von Glasow, R., Crutzen, P. J., Sander, R., and Lawrence, M. G.:

Sullivan, R. C., Thornberry, T., and Abbatt, J. P. D.: Ozone decom- Modeling the chemical effects of ship exhaust in the cloud-free
position kinetics on alumina: effects of ozone partial pressure, marine boundary layer, Atmos. Chem. Phys., 3, 233-250, 2003,
relative humidity and repeated oxidation cycles, Atmos. Chem. http://www.atmos-chem-phys.net/3/233/2Q03/

Phys., 4, 1301-1310, 2004, von Glasow, R.: Importance of the surface reaction OH ¥ Gh
http://www.atmos-chem-phys.net/4/1301/2004/ sea salt aerosol for the chemistry of the marine boundary layer —

Swartz, E., Shi, Q., Davidovits, P., Jayne, J. T., Worsnop, D. R., and a model study, Atmos. Chem. Phys., 6, 3571-3581, 2006,

Kolb, C. E.: Uptake of gas-phase ammonia. 2. Uptake by sulfuric  http://www.atmos-chem-phys.net/6/3571/2006/
acid surfaces, J. Phys. Chem. A, 103, 88248833, 1999. von Kuhlmann, R., Lawrence, M. G.¢Bchl, U., and Crutzen, P. J.:

Tabazadeh, A. and Turco, R.: A model for heterogeneous chemical Sensitivities in global scale modeling of isoprene, Atmos. Chem.
processes on the surfaces of ice and nitric acid trihydrate parti- Phys., 4, 1-17, 2004,
cles, J. Geophys. Res., 98, 12727-12 740, 1993. http://www.atmos-chem-phys.net/4/1/2004/

Tabor, K., Gutzwiller, L., and Rossi, M. J.: Heterogeneous chemicalWaibel, A. E., Peter, Th., Carslaw, K. S., Oelhaf, H., Wetzel, G.,
kinetics of NO2 on amorphous carbon at ambient temperature, J. Crutzen, P. J., &chl, U., Tsias, A., Reimer, E., and Fischer,
Phys. Chem., 98, 6172-6186, 1994. H.: Arctic ozone loss due to denitrification, Science, 283, 2064—

Textor, C., Schulz, M., Guibert, S., Kinne, S., Balkanski, Y., Bauer, 2069, 1999.

S., Berntsen, T., Berglen, T., Boucher, O., Chin, M., Dentener,Widmann, J. F. and Davis, E. J.. Mathematical models of the uptake
F., Diehl, T., Easter, R., Feichter, H., Fillmore, D., Ghan, S., Gi- of CIONO2 and other gases by atmospheric aerosols, J. Aerosol
noux, P., Gong, S., Grini, A., Hendricks, J., Horowitz, L., Huang,  Sci., 28, 87-106, 1997.

P., Isaksen, I., lversen, |., Kloster, S., Koch, D., Kirkgy A., Winkler, P. M., Vrtala, A., Wagner, P. E., Kulmala, M., Lehtinen,
Kristjansson, J. E., Krol, M., Lauer, A., Lamarque, J. F., Liu, K. E., and Vesala, T.: Mass and thermal accommodation during
X., Montanaro, V., Myhre, G., Penner, J., Pitari, G., Reddy, S., gas-liquid condensation of water, Phys. Rev. Lett., 93, 07501-
Seland, @., Stier, P., Takemura, T., and Tie, X.: Analysis and 01-07501-04, 2004.

quantification of the diversities of aerosol life cycles within Ae- Winkler, P. M., Vrtala, A., Rudolf, R., Wagner, P. E., Riipinen,
roCom, Atmos. Chem. Phys., 6, 1777-1813, 2006, l., Vesala, T., Lehtinen, K. E. J., Viisanen, Y., and Kulmala,
http://www.atmos-chem-phys.net/6/1777/2006/ M.: Condensation of water vapor: Experimental determination

Thornberry, T. and Abbatt, J. P. D.: Heterogeneous reaction of of mass and thermal accommodation coefficients, J. Geophys.
ozone with liquid unsaturated fatty acids: detailed kinetics and Res., 111, D19202, doi:10.1029/2006JD007194, 2006.
gas-phase product studies, Phys. Chem. Chem. Phys., 6, 84-98/orsnop, D. R., Shi, Q., Jayne, J. T., Kolb, C. E., Swartz, E.,
2004. and Davidovits, P.: Gas-phase diffusion in droplet train measure-

Tost, H., &ckel, P., Kerkweg, A., Pozzer, A., Sander, R, ments of uptake coefficients, J. Aerosol Sci., 32, 877-891, 2001.
and Lelieveld, J.: Global cloud and precipitation chemistry Worsnop, D. R., Morris, J. W., Shi, Q., Davidovits, P., and
and wet deposition: tropospheric model simulations with  Kolb, C. E.: A chemical kinetic model for reactive transfor-
ECHAM5/MESSy1, Atmos. Chem. Phys., 7, 2733-2757, 2007,  mations of aerosol particles, Geophys. Res. Lett., 29(20), 1996,
http://www.atmos-chem-phys.net/7/2733/2007/ doi:10.1029/2002GL015542, 2002.

Turco, R. P, Toon, O. B., and Hamill, P.: Heterogeneous Physico-Zahardis, J. and Petrucci, G. A.: The oleic acid-ozone heteroge-
chemistry of the Polar Ozone Hole, J. Geophys. Res., 94, 16 493— neous reaction system: products, kinetics, secondary chemistry,
16510, 1989. and atmospheric implications of a model system — a review, At-

Van Dingenen, R., Raes, F., Putaud, J. P., Baltensperger, U., Char- mos. Chem. Phys., 7, 1237-1274, 2007,
ron, A., Facchini, M. C., Decesari, S., Fuzzi, S., Gehrig, R.,  http://www.atmos-chem-phys.net/7/1237/2007/

Hansson, H. C., Harrison, R. M., Huglin, C., Jones, A. M., Laj,

www.atmos-chem-phys.net/7/5989/2007/ Atmos. Chem. Phys., 7, 60292007


http://www.atmos-chem-phys.net/5/2227/2005/
http://www.atmos-chem-phys.net/7/4237/2007/
http://www.atmos-chem-phys.net/4/1381/2004/
http://www.atmos-chem-phys.net/4/1301/2004/
http://www.atmos-chem-phys.net/6/1777/2006/
http://www.atmos-chem-phys.net/7/2733/2007/
http://www.atmos-chem-phys.net/6/2147/2006/
http://www.atmos-chem-phys.net/3/233/2003/
http://www.atmos-chem-phys.net/6/3571/2006/
http://www.atmos-chem-phys.net/4/1/2004/
http://www.atmos-chem-phys.net/7/1237/2007/

