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Abstract. We present a novel kinetic multi-layer model that  Depending on the complexity of the investigated system,
explicitly resolves mass transport and chemical reaction atuinlimited numbers of volatile and non-volatile species and
the surface and in the bulk of aerosol particles (KM-SUB). chemical reactions can be flexibly added and treated with
The model is based on the PRA framework of gas-particleKM-SUB. We propose and intend to pursue the application
interactions (Bschl-Rudich-Ammann, 2007), and itincludes of KM-SUB as a basis for the development of a detailed mas-
reversible adsorption, surface reactions and surface-bulk exer mechanism of aerosol chemistry as well as for the deriva-
change as well as bulk diffusion and reaction. Unlike earliertion of simplified but realistic parameterizations for large-
models, KM-SUB does not require simplifying assumptions scale atmospheric and climate models.

about steady-state conditions and radial mixing. The tempo-
ral evolution and concentration profiles of volatile and non-
volatile species at the gas-particle interface and in the particlg
bulk can be modeled along with surface concentrations and

gas uptake coefficients. Aerosols are ubiquitous in the atmosphere and have strong

In this study we explore and exemplify the effects of effects on climate and public health (Seinfeld and Pandis,
bulk diffusion on the rate of reactive gas uptake for a sim-1998; Finlayson-Pitts and Pitts, 20000gehl, 2005). De-
ple reference system, the ozonolysis of oleic acid particlespending on chemical composition and surface properties,
in comparison to experimental data and earlier model studaerosol particles can act as condensation nuclei for cloud
ies. We demonstrate how KM-SUB can be used to inter-droplets and ice crystals, and they can affect the abundance of
pret and analyze experimental data from laboratory studiesirace gases through heterogeneous chemical reactions (Am-
and how the results can be extrapolated to atmospheric cormann et al., 1998; #&schl, 2005; Fuzzi et al., 2006; An-
ditions. In particular, we show how interfacial and bulk dreae and Rosenfeld, 2008; Hallquist et al., 2009). Gas-
transport, i.e., surface accommodation, bulk accommodatiomarticle interactions can also significantly change the physi-
and bulk diffusion, influence the kinetics of the chemical re- cal and chemical properties of aerosols such as toxicity, reac-
action. Sensitivity studies suggest that in fine air particu-tivity, hygroscopicity and radiative propertiesg@thl, 2002;
late matter oleic acid and compounds with similar reactiv- Rudich, 2003; Kanakidou et al., 2005; Rincon et al., 2009;
ity against ozone (carbon-carbon double bonds) can reackviedensohler et al., 2009). Chemical reactions and mass
chemical lifetimes of many hours only if they are embeddedtransport lead to continuous transformation and changes in
in a (semi-)solid matrix with very low diffusion coefficients the composition of atmospheric aerosols (“chemical aging”)
(=107 0cmP s, (Schwartz and Freiberg, 1981; Hanson, 1997; Smith et al.,
2003; Ammann and®&schl, 2007).

Atmospheric particles consist of a wide variety of organic

Correspondence tdJ. Poschl and inorganic chemical compounds which can exist in dif-
BY (u.poschi@mpic.de) ferent liquid or (semi-)solid states (crystalline, amorphous,
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glassy, ultraviscous, gel-like) (Seinfeld and Pandis, 1998;2 Model description

Finlayson-Pitts and Pitts, 2000; Mikhailov et al., 2009).

Chemical reactions can occur both at the surface and in thdhe kinetic multi-layer model of aerosol surface and bulk

bulk of liquid and (semi-)solid particles. Itis often difficultto chemistry (KM-SUB) builds on the formalism and termi-

discriminate surface and bulk reactions, and the relative imNology of the PRA framework (Ammann and$thl, 2007;

portance of surface and bulk processes is not well understooB0schl et al., 2007). A list of symbols is given in Ap-

(e.g., Moise and Rudich, 2000; Hearn et al., 2005; PfrangPendix A.

et al., 2009). Resistor model formulations are widely used As illustrated in Fig. 1, KM-SUB consists of multiple

to describe and investigate heterogeneous reactions and mupodel compartments and layers, respectively: gas phase,

tiphase processes in laboratory, field and model studies ofear-surface gas phase, sorption layer, quasi-static surface

atmospheric chemistry (Hanson, 1997; Finlayson-Pitts andayer, near-surface bulk, and a numbendfulk layers. The

Pitts, 2000; Worsnop et al., 2002; Anttila et al., 2006; King duasi-static surface layer has a monolayer thickness that cor-

et al., 2008, 2009; and references therein). The traditionalésponds to the (average) effective molecular diameter of

resistor models, however, are usually based on simplifyinghon-volatile species j(dy;). The thickness of bulk layers

assumptions such as steady-state conditions, homogeneo(fs follows from the number of layersij and particle radius

mixing, and limited numbers of non-interacting species and('p) :d = (rp—3v; )/n.

processes. The following processes are considered in KM-SUB: gas
In order to overcome these limitation®)$2hl, Rudichand ~ phase diffusion, gas-surface transport (reversible adsorp-

Ammann have developed a kinetic model framework (PRAtiON), surface layer reactions, surface-bulk transport, bulk

framework) with a double-layer surface concept and uni-diffusion, and bulk reactions. As outlined in the PRA frame-

versally applicable rate equations and parameters for mas&ork, the following differential equations can be used to

transport and chemical reactions at the gas-particle interdescribe the mass balance of volatile specigsaXd non-

face of aerosols and cloudsd#hl et al., 2007). Am- Volatile species Y for each model layer:

mann and Bschl (2007) provided first examples on how the

PRA framework can be applied to describe various physico-

chemical processes in aerosols and clouds such as reaflXils/dt = Jadsx; = Jdesx; +Psx; ~Lsx;

tive gas uptake on solid particles and solubility saturation—Jsb,x; +Jb,sx; (2)
of liquid droplets under transient or steady-state conditions. dt = 2
Springmann et al. (2009) demonstrated the applicability andlYils/dt = Jb,ssv; —Jssb,v; +Pssy; ~Lssy; @)

usefulness of the PRA framework in an urban plume box

model of the degradation of benzo[a]pyrene on soot by ozone

and nitrogen dioxide. Shiraiwa et al. (2009) presented ad[Xilp1/dt = (Jsp,x; — Ib,sx; )ALV (1)

kinetic double-layer surface model (K2-SURF) and master__ _ _

mechanism for the degradation of a wide range of polycyclic b1z~ Io201x JAR/V (D) +Porx; —Lowx, &)
aromatic hydrocarbons (PAHs) by multiple photo-oxidants

(O3, NO2, OH and NQ) through different types of parallel

and sequential surface reactions. Pfrang et al. (2009) deveB[Y; Jp1/dt = (Jssb,v; —Jb,ssv; )AL/ V (1)

oped a kinetic double-layer model coupling aerosol surface_(Jblbe’Yj —Jb2b1Y;)AQR)/V (1) +Poay; — L1y, (4)
and bulk chemistry (K2-SUB), in which mass transport and

chemical reactions in the particle are not explicitly resolved

but represented by a reacto-diffusive flux (Danckwerts, 1951;

Hanson, 1997). d[Xilok/dt = (Jok—1,bk,x; — Jok,bk—1,%; JAK)/V (K)
Here we present a kinetic multi-layer model of aerosol —(Jbk,bk+1,X; — Jbk+1,bk,X; JAK + 1)/ V (K) + Pk x;
surface and bulk chemistry (KM-SUB) that explicitly treats — ,, . k=2,..,n—1) (5)

all steps of mass transport and chemical reaction from the

gas-particle interface to the particle core, resolving concen-

tration gradients and diffusion throughout the particle bulk.

We demonstrate the applicability of KM-SUB for a common ALY Jbk/dt = (Jbk—1,bk,v; — Jok,bk—1,v; JA(K)/V (k)

model system of organic aerosol chemistry, the ozonolysis of=(Jpk,bk-+1,Y; = Jok+1,bk,Y; JAK +1)/V (K) + Pk, v;

oleic acid droplets (e.g., Moise and Rudich, 2002; Katrib et_|_bk’Yj (k=2,..,n—1) (6)
al., 2004, 2005; King et al., 2004, 2009; Knopf et al., 2005;

Ziemann, 2005; Hearn and Smith, 2007; Pfrang et al., 2009;

Sage et al., 2009; Vesna et al., 2009), and we compare the re-

sults of our numerical simulations with the results of earlier d[Xilon/dt = (Jon—1,bn,x; ~Jbn,bn—1,x;)AN)/V ()
experimental and theoretical studies of this system. +Ppn,x; — Lbn,x; )

Atmos. Chem. Phys., 10, 3673691, 2010 www.atmos-chem-phys.net/10/3673/2010/
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Fig. 1. Kinetic multi-layer model (KM-SUB){(a) Model compartments and layers with corresponding distances from particle agyter (
x), surface areas¥) and volumes\); Ax; is the mean free path ofjXn the gas phase; andéyj are the thicknesses of sorption and
quasi-static bulk layers; is the bulk layer thicknesgb) Transport fluxes (green arrows) and chemical reactions (red arrows).

2.1 Gas-surface interactions and surface layer reactions

d[Yj Jon/dt = (Jbn—1,bn,v; = Jon,bn—1,v; JA(N)/V (n) The principles and details of gas-phase and gas-surface trans-
+Ppn,v; —Lon,y; (8) port Jads Jgeg and surface layer reactionkd, Lss Ps, Psg)

have been discussed and illustrated in the PRA framework
The various types of mass transport flux@$ énd rates of ~ (Poschl et al., 2007; Ammann and$thl, 2007) and in the
chemical production and los® ( L) are defined in the list K2-SURF study of aerosol surface chemistry (Shiraiwa et
of symbols (Table A1)A(k) andV (k) are the outer surface al., 2009). Here we just briefly summarize the key aspects
area and the volume of the bulk layerespectively (Fig. 1). and equations. The fluxes of surface collisions, adsorption
For spherical particle\(k) andV (k) can be calculated from and desorption of a volatile species ¥coil,x;, Jadsx; and
the particle bulk radiusrf =rp—dv;), bulk layer thickness Jdesx; ) are given by:
(6) and layer index numbéx as follows.

4 1 1 JCOll,Xi = [xi]gSin/4 (13)
_° e — 1Y\3 — (1 — 15)3
V()= 3" (ro—(k—=1)0)" — (rp —kd) SN dsx, = Os.x; Jooll X, (14)
A(K) =47 (rp— (k—1)8)? (10)  Jdesx; =kax;[Xils (15)
For planar geometry (thin films), the surface-to-volume ratio 0s x; = 0s,0,x; (1 —08s) (16)
is constant: 1
Bs= 0sx; [Xils (17)
AK)/V (k)=1/8 (11) i

The surface-to-volume ratios of the layers play an importantlXilgs iS the near-surface gas phase concentratior phx;
role in accounting for particle geometry. The absolute num-iS the mean thermal velocitysx; is the surface accom-
ber of non-volatile molecules;¥in the particle Ny;) can be modation coefficient, anlly x; is the desorption rate coef-

calculated as follows: ficient or inverse desorption lifetime, respectivekg k; =
T(I)l(i). 0s,0,x; is the surface accommodation coefficient on an
Ny: =[Y;]ssAss+ ﬁkv () (12) adsorbate-free surfaces x; is the effective molecular cross
i J Ississ ]

section of X in the sorption layer, anék is the surface cov-
erage by adsorbed species.

whereAgsis the surface area of the particle. In the following  The influence of changing chemical composition of the
sub-sections we specify the formalisms used to describe anduasi-static particle surface on adsorbate-surface interactions
calculate fluxes or rates of gas-surface interactions, surfacgreversible adsorption) can be taken into account by describ-
bulk transport, bulk diffusion and bulk reactions. ing 0s,0,x; andtq,x; as a linear combination of the parameter
valuesas g, x; i andrd,xi,yj that would be observed on pure

k=1

www.atmos-chem-phys.net/10/3673/2010/ Atmos. Chem. Phys., 10, 36932010
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substrates made up by the different surface components Y2.2 Surface-bulk transport
weighted by their fractional surface argy; (Poschl etal.,

2007): The surface-bulk transport of volatile specigs(Js,b,x; and
L1 5 1g) Jbsx) is defined as exchange between sorption layer and
Os,0,x; = ) 0s,0,Xi,Yj UssY; (18) near-surface bulk, and the surface-bulk transport of non-
— volatile species Y (Jssb,y; andJossy;) is defined as ex-
Taxi = Tdx,vj0ssy; (19) change between quasi-static surface layer and near-surface
j bulk. Based on the PRA framework, surface to bulk trans-

For slow gas uptake and in the gas kinetic-regime (smallPOrt can be described by:
uptake coefficient, large Knudsen numbg;]lys is prac- _ )

tically the same as the average gas phase concentration grbxi = ks [Xils (24)
?(i in the m_vestlgated sys_tgnﬁxi]g._ For rapid gas uptake Jssby; = kssb,Yj [Yjlss (25)
in the continuum or transition regime (large uptake coeffi-
cient, small Knudsen number), the gas phase diffusion corksp, x; andkssp,v; are first-order transport rate coefficients
rection factorCy x; can be _.used to calculal[e(i]g§ from (s1) of X; and Y;, respectively. In the same way, bulk to
[Xilg : [Xilgs= Cg,x;[Xilg (POschl et al., 2007; Shiraiwa et grface transportl s x, and Jb,ssy;) can be described as

al., 2009). The uptake coefficienty;) for X; is given by: follows:
i = M *VYgstx; (20)  Jbsx; =Kb,sx; [Xilb1 (26)
coll,X;
Ygsrx; IS the reaction probability for elementary gas-surfaceJp,ssy; =Ko,ssv; [Yjlo1 (27)
reactions (potentially relevant for free radicals but assumed
to be zero in the remainder of this study). kb,s,x; andkp,ssy; (cm s 1) are transport rate coefficients,

General rate equations of chemical production and lossvhich can be regarded as effective transport velocities. Es-
by surface layer reaction®{x;, Pssv;, Lsx;, Lssy;) are  timates for these effective transport velocities can be derived
specified in the PRA framework (Sect. 3.3psehl et al., from the corresponding bulk diffusion coefficiefg x; and
2007). Different types of surface layer reactions can pro-Db,y; (cm? s71) by considering the average distance traveled
ceed within the sorption layerP{sx; — Lgsx;), Within by molecules diffusing in one directionx = (4Dpt/m)Y/2
the quasi-static surface layePgssy; —Lssssy;), and be-  (Atkins, 1998; Pfrang et al., 2009), On average, a molecule
tween sorption layer and quasi-static lay@gdsx; —Lsssx;,  Yj in the near-surface bulk layek & 1) needs to travel a
PsssY; —Lsssy;)- The generalized rate equations for reac- distance of = (3+3y;)/2 to move into the quasi-static sur-
tions between volatile species ¥ the sorption layer and face layer. The average time required to travel over this dis-
non-volatile species j¥in the quasi-static layer are given by: tance by diffusion ig = (5+5Yj )ZT[/(]-GDb,Yj ). By division

of travel distance over travel time we obtain the following

p — estimate for the effective transport velocity:
S | e

= CSLRv,s.X; KSLRv, X, Y4 [Xpls[Yqlss (21)  kp,ssy; =8Dp,v;/((3+3y;)m) (28)
v p q

Under equilibrium conditions, mass conservation implies
Pssssy. — L . kb,ssv; [Yjlb1= kssb,_vj [Yilss {:md for pure Y the surface
_ is—ltliaiﬁ K X 1Y 29 and bulk concentrations are given by the inverse of the effec-
- v b g CSLRv,s5Yj KSLRY,Xp,Yq [Xpls[Yqlss (22) " tive molecular cross section and of the effective molecular

o ~ volume, respectivelyfYj]ss= 5\?,-2 and[Yjlo1= 5§j3. Thus,

Herecsirv,s,x; andCsiry,ssy; stand for the stoichiometric o Jii-i

coefficients (negative for starting materials and positive for

reaction produgts) of species _)sind Yj in reaction SLR, Kssb,Y; =Kb,ssv; /8y; =8Dp,y;/((3 +3v;)dy; ) (29)
v=l, ..., Vmax In a system with a total number ofpax

(photo-)chemical reactions occurring on the surface of theln analogy, the bulk-to-surface transport velocity of X
investigated aerosol particlelss_ry,xp,vq IS @ second-order can be calculated for an average travel distancex ef
reaction rate coefficient. In the exemplary simulations of (5+3x;+28y;)/2 from the near-surface bulk layer into the
the ozonolysis of oleic acid performed in this study and sorption layer:

presented in Sect. 3, we consider only chemical loss and a

second-order surface layer reaction betweg®@@and oleic ~ Kb,s,x; =8Dp,x;/((d +dx; +20v; )Tr) (30)

acid () with the following rate equation: . . :
An estimate forksp,x; can be determined by matching the

Lsx =Lssy =ksLrx,v[X1s[Y]ss (23)  rate coefficients for gas-surface and surface-bulk transport

Atmos. Chem. Phys., 10, 3673691, 2010 www.atmos-chem-phys.net/10/3673/2010/



M. Shiraiwa et al.: Kinetic multi-layer model of aerosol chemistry (KM-SUB) 3677

with a literature value or estimate for the gas-particle equilib-2.4 Bulk reaction

rium partitioning coefficientisol,cc,x; ) or Henry’s law coef-
ficient, respectively (Bschl et al., 2007): Chemical reactions proceeding within the bulk of a particle

are defined as bulk reactions (BR). For simplicity, we assume

(31) that all relevant bulk reactions proceed via quasi-elementary
s, x; WX; steps with straightforward first- or second-order rate depen-

wherekq x, is the first-order rate coefficient of desorption. dences on the concentrations within each bulk layer. The

From the fluxes and rates of gas-surface transport, surfacdollowing generalized expressions can be used to describe
bulk transport and surface reaction follows the bulk accomo-net chemical production (i.e. production minus loss) of bulk

4kb,s,xi Ksol,cc,Xi kd,xi

kS,b,Xi =

dation coefficient of X: species Xor Yj within the bulk layerk.
‘]S b Xj
Ob,x; = OsX; 2 (32) C 11
Jdesx; +Jsbx; T Lsx; Pk, x; — Lbk,x; = caRrv,X; [Xplok
2.3 Bulk diffusion — vop -
L 1
Bulk diffusion is explicitly treated in the KM-SUB model as kerv,x, +  KBRrv,Xp,Xq[Xqlbk+  Kerv,xp, v, [Yrlok (39)
the mass transpordi bk+1) from one bulk layer (bulk) to d '
the next (bulkk =1). In analogy to surface—bulk mass trans-
port, we describe the mass transport fluxes between differer‘lg L _ I:IICI:I [Yo]
layers of the bulk by first-order rate equations: bk,Yj bk, v op BRv,Y; LT pdbk
[

Jbk,bk+1,X; = Kb,b,x; [XiJok (33) L1

kerv,Y, +  KBrv,Yp,Yq[Yaqlok+  kervx, v, [Xrlok  (40)
Jok,bk+1,Y; = Kp,b,v; [YjIbk (34) q r

Estimates for the transport rate coefficients or effective ve-Herecggy x, andcgry,y; stand for the stoichiometric coef-
locities of X and Yj, kppx; andkppy; (cms™), can be ficients (negative for starting materials and positive for reac-
calculated from the corresponding diffusion coefficients. Fortion products) of species;Xand Yj in reaction BR; v=1,
this purpose we assume that each layer is homogeneously. ., vpax in a system with a total number of,ax chemical
mixed (no concentration gradient within a layer) and that thereactions occurring in the bulk laykr ksrv,xp andkerv,yp
average travel distance for molecules moving from one layemre first-order reaction rate coefficients akeRv,xp,Xq.
to the next is the layer thickness Kerv,Xp,Yr, KBRv,Yp,Yq @andkery,xr,yp are second-order bulk
reaction rate coefficients between, Xnd X;, X, and VY,
Kb,b.x; = 4Db,x;/(T10) (35) Yp and Yy, and % and Y respe(?t)ively, ?r?thepcondegsed
kb,b,; =4Dp,v; /(13) (36)  phase bulk of a system with multiple volatile species which

can react with each other. In principle, higher-order reac-
This treatment of bulk diffusion yields practically the same P P g

it trati il th Vi ¢ artial dif tions might also occur in real systems and could be flex-
results (concentration profiles) as the solving of partia " ibly included in the model. In the exemplary simulations

ferential equgtions (Smith et .al" 2003), put itis more flexi- of the ozonolysis of oleic acid performed in this study and
ble and requires no assumptions about interfacial transportpresented in Sect. 3, we consider only chemical loss and a

As detailed in Appendix B, the ozone concentrations Calcu'second-order bulk reaction betweer (X) and oleic acid
lated for the near-surface bulk indicate that the assumptior(Y) with the following rate equation:

of Henry's law equilibrium is not a realistic boundary layer

tc:nrlgmon for the PDE method when applied to reactive sys-| =, v =kggr x.v [X]ok[Y ok (41)
The influence of changing chemical composition of the

particle bulk on diffusion can be taken into account by de-3 Model application: oxidation of oleic acid by ozone

scribing Dy, x; or Db'Yj as a linear combination of the pa-

rameter values that would be observed in pure byk Y To test and demonstrate the applicability of the KM-SUB

1 model, we simulated the oxidation of oleic acid particles

Dbx; =  Dbxi,v, Le¥, (37) by ozone in comparison to experimental data from Zie-
p mann (2005). The same data set has recently been used by

Dpy. = I%! v, (o, (38) Pfrang et al. (2009) for simulations with a kinetic double-

' b §-7p layer model (K2-SUB; Appendix C). The gas phase ozone

o concentration was set tfX]g = [Xlgs = 7.0 x 103cm3
The weighting factorlp.\J, could be the mole, mass, or vol- (¢corresponding to 2.8 ppm at 1013 hPa and 298 K). The ini-

ume fraction of Y in the bulk (Roschl et al., 2007). tial surface and bulk concentrations of ozone (X) were set to

www.atmos-chem-phys.net/10/3673/2010/ Atmos. Chem. Phys., 10, 36982010
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Table 1. Kinetic parameters for the interaction of ozone (X) and ical transformation on particle size and properties shall be

oleic acid (Y) in different model scenarios (base cases 1-3). incorporated in follow-up studies.
Here we focus on three model scenarios (base cases) char-

Parameter Base case 1 Base case 2 Base case 3 acterizing the influence of different parameters and condi-

tions on the uptake of ozone and the decay of oleic acid. The
Us,0,X 4.2<107%  85<10°%  42x1071 derivation and choice of kinetic parameters were discussed in
Tde')X (2 Ml f(')g}-, 1%92 1 18'_01% detail by Pfrang et al. (2009). In view of the uncertainties and
Dbli (cms1) 10-10 10-10 10-15 limited ava|lgbll|ty of expenmen_tal data we compare three
kSL’R wy (cm2s™h)  6.0x10712 6.0x10712 6.0x10712 cases covering a range of plausible parameter variations.
kerxy €m3sh)  1.7x10715  50x10717  1.7x10715 In base case 1 (BC1, kinetic limitation by interfacial trans-

port) we assumed fast bulk reaction with a literature-derived
rate coefficient ofkgr x vy = 1.7 % 107 °cm’s™! (equiva-
lent to 1® L mol~1s™1) (Titov et al., 2005)2. n‘;he surface
. reaction rate coefficierts| grx,y = 6> 10" 12cn?s™! was
[X]s0=[X]bk,0 =0, and the initial surface and bulI; CONCEN" adopted from Pfrang et al. (2009). Note that this value is
trations of oleic aC|dl (Y)_Vgere set t(? [¥g0:9.7><10_1 cm an order of magnitude lower than reported value by other
and [Ylsso=1.2<10* cm™, respectively. Accordingly, the studies (Gonzalez-Labrada et al., 2007; King et al., 2009).

initial value of the total number of oleic acid molecules in Bulk diffusion coefficients were adopted from earlier stud-
particles with a radius of 0.2 um was, o =4.1x 10" ies Opx =105 cm? s, Dyy = 10-10cnP s~1) (Smith et
We modeled the temporal evolution of the particle sur- 5 2002, 2003), and the parameters of reversible adsorption

face and bulk composition and of the ozone uptake coefyyere adjusted to match the experimental data of oleic acid
ficient by numerically solving the differential equations of gecay (s o x = 4.2 1074 andty x = 0.015).

mass balance for each model compartment with Matlab soft- |, pase case 2 (BC2, kinetic limitation by bulk reaction)

ware (ode23tb solver with 999 time steps). The rate equaye assumed slow bulk reaction with a rate coeffici€B0l
tions describing the ozone — oleic acid reaction system argimes lower than in BClkgrx y =5x% 1077 cmis™). The

listed in Appendix D. The kinetic parameters required for 54sorption parameters were re-adjusted to match the exper-
the model simulations are summarized in Table 1: the surjnental data @sox = 8.5% 1074, 1qx = 0.001s), and all
face accommodation coefficient of ozore¢,x), the des-  qher parameters were kept equal to BC1. Note that in BC1
orption lifetime of ozone g x), the bulk diffusion coeffi- 5,4 BC2 the results can be reproduced with different com-

cients of ozone and oleic acidx, Dpy), the second-  pinations ofagex andtqx, that are closer to prediction
order surface layer reaction rate coefficiekg g x,v), and of molecular dynamic simulations (e.@1s0.x = 102 and

the _s_econQ—order bulk reaction rate coefficiekdr(x,y). Tax =1079s) (Vieceli et al., 2005; Shiraiwa et al., 2009).
Additional input parameters were the mean thermal veloc-these aspects will be further investigated in follow-up stud-
ity of ozone (ox =3.6x 10*cms™1), the Henry’s law co- ies

" — 4 3 pr1 '
efficient (Ksolccx =4.8> 10" molcniatm ), and the In base case 3 (BC3, kinetic limitation by bulk diffu-
molecular diameters of oleic acidy(= 0.8 nm) and ozone sion) we assumed slow mass transport in the bulk with

(0x =0.4nm) (Pfrang et al., 2009). The model simulations yitsion coefficients that are characteristic for amorphous
were performed with = 100 layers corresponding to a layer (semi-)solid matrices (Bird et al., 2007; Swallen et al., 2007;

thlckne_ss ofd = 1._99 nm forrp =0.2_um, unlefSS mentioned  \1ikhailov et al., 2009) and five orders of magnitude lower
otherwise. For simplicity the physico-chemical parametersyon in BC1 and BC2D x = 10-%cn? st and Dy =
were assumed to be constant throughout each model run. 1 5-15 2 s, ' '

The first-generation products of oleic acid oxidation by
ozone are mainly 1-nonanal, 9-oxononanoic acid, nonanoi@.1 Base case 1: kinetic limitation by interfacial
acid, and azelaic acid (Moise and Rudich, 2002; Katrib et transport
al., 2004; Thornberry and Abbatt, 2004; Vesna et al., 2009).
1-Nonanal is highly volatile and likely to evaporate from Figure 2 illustrates the model results of KM-SUB in base
the particle (Sage et al., 2009). The other products, howcase 1 with the kinetic parameters specified in Table 1. As
ever, have higher molecular masses and are more polar, leshown in Fig. 2a, the simulated decay of oleic acid is in
volatile and likely to remain in the condensed phase (Jimenexery good agreement with the experimentally observed de-
etal., 2009). Moreover, they may undergo recombination recay. Throughout the experimental time scale of 1-15 s,
actions forming second-generation products of higher molecthe simulated ozone uptake coefficient is nearly constant
ular mass such as dimers or oligomers in the bulk (Rudichand identical to the surface and bulk accommodation coef-
et al., 2007, and references therein). These effects go bdicients f/x = apx = 0sx = s0x =4 * 10~%), indicating
yond the scope of the present study, but the gas-particle pathat the gas uptake is limited by interfacial mass transport,
titioning of (semi-)volatile species and the effects of chem-i.e., by the process of bulk accommodation which is in turn
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limited by the process of surface accommodation. After
[30Is the ozone uptake coefficient rapidly drops off when
reaction partner oleic acid is used up by the rapid bulk reac-
tion (yx/yx,0=Ny/Ny o < 1% after [37Is). 3

As shown in Fig. 2b, the surface concentration of oleic 4
acid also decreases gradually over the fir80ls and drops . 2
off rapidly afterwards. In contrast, the surface concentra- <
tion of ozone exhibits a rapid initial increase from zero to a 1
plateau level ofX]s= 10 cm™2, which is reached within 1
less than a second20Ims) and determined by the combina-
tion of reversible adsorption, surface reaction, and surface- ok | | | H 10"
to-bulk transport driven by the chemical reaction in the bulk. 0 10 20 30 40
Over the first 30 §,X]s gradually increases with the decay of
oleic acid and the related decrease of chemical loss. As the
chemical loss by reaction with oleic acid rapidly drops off
after [30ls,[X]s swiftly increases by an order of magnitude
to a steady-state level dfT0F cm™2, which is governed by
reversible adsorption.

To test how the number of model layers in the particle
bulk affects the simulation results, we have run the model
with n=1, 5 and 100 layers corresponding to layer thick-
nesses ob = 1992, 39.8 and 1.99nm, respectively. The
results obtained wittn =100 and 5 were practically iden-
tical, demonstrating the robustness of the multi-layer model
approach with transport rate coefficients (velocities) scaled
by the layer thickness (Egs. 28-31). As shown in Fig. 2,
the deviations obtained with=1 were relatively minor, but
they indicate that the particle bulk cannot be regarded as Welkjg 2. Temporal evolution of model base case 1 in KM-SUB with
mixed under the conditions of base case 1. Similar deviationg = 1 (dashed lines) ana= 100 (solid lines) and in K2-SUB (dot-
were obtained with the kinetic double-layer model K2-SUB, ted lines). (a) Experimental data (black symbols; Ziemann, 2005)
in which the bulk processes are not explicitly resolved butand model results for the total number of oleic acid molec¥gs, (
represented by a reacto-diffusive flux (Appendix C, Pfrangblack line) and for the uptake coefficient of ozony(, red line),
etal., 2009). surface accommodation coefficierts(x, blue dotted line), and

The KM-SUB model results for the bulk concentration Pulk accommodation coefficienti x, blue dashed line)(b) Sur-
profiles of ozone and oleic acid were also essentially theface concentrations of oleic acid (black line) and ozone (red line).
same withn =100 and 5. For high resolution and to avoid
congestion of the plot, however, only the profiles obtained ]

100 layers are shown in Fig. 3. The y-axis indicates the ra-ubility saturation([X]p,sat= 8> 10" cm™3 = Ksolcex [Xgs
dial distance from the particle centen) (hormalized by the ~ With Ksojcc,x =4.8% 10~*molcm ™2 atm ™).

particle radius |(p): ranging from the particle coré,(rp =0) As shown in Fig. 3b, the ozone gradient and the ozonolysis
to the near-surface bulkrf{—38)/rp=1). of oleic acid cause a reverse gradient in the bulk concentra-

As shown in Fig. 3a, ozone rapidly diffuses into the par- tion of oleic acid. Because the concentration of oleic acid is
ticle bulk. A gradient between the near-surface bulk and theseveral orders of magnitude larger than that of ozone, how-
core is established within less than a secoR80ms), and  €ver, the strong gradient of ozone induces only a small gradi-
the concentration profile is determined by the interplay of in-éent in oleic acid. During the first few seconds, the oleic acid
terfacial mass transport (surface and bulk accommodationyoncentration in the near-surface bulkli5% lower than in
with bulk diffusion and chemical reaction. During the first the particle core. As the ozone gradient relaxes alft&dls,
few seconds, the ozone concentration in the particle core i$he small oleic acid gradient also disappears. Thus, oleic acid
about a factor offlGOllower than in the near surface bulk. Up can effectively be regarded as well-mixed.
to [3dls, the ozone concentration gradient decreases gradu- Figure 4a shows the loss rate of oleic acid and ozone
ally with the decay of oleic acid and the related decrease oby chemical reaction in the particle bulk) as calculated
chemical loss. As the chemical loss by reaction with oleicwith KM-SUB for different model layers and with KM-SUB
acid rapidly drops off after30ls, the ozone concentration and K2-SUB effectively averaged over the whole bulk vol-
gradient swiftly relaxes, and aftdr37ls ozone is well mixed ume. The averaged valueslof calculated by K2-SUB and
throughout the particle bulk at the concentration level of sol-KM-SUB are almost identical, demonstrating consistency
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Fig. 3. Temporal evolution of bulk concentration profiles for model Fig. 4. (a)Loss rate [,) and(b) absolute loss ratd_@ of oleic
base case 1 fofa) ozone andb) oleic acid (KM-SUB withn = 4c¢id in the bulk calculated by KM-SUB for bulk layers 1 (near-
100). The y-axis indicates the radial distance from the particle cenyface bulk), 20, 40, 60, and 100 (core) in BClly, calculated
ter (r) normalized by the particle radius, ranging from the particle by K2-SUB and volume averade,(= Lll;?\/b) calculated by KM-

core /rp=28/rp=0) to the near-surface bulkArp =1). The col- ~ SUB are shown in panel (a). Total absolute los ratfycalculated
ored lines are isopleths of bulk concentration with labeled in unitspy KM-SUB and K2-SUB are also shown in panel (b).

of cm=3 (blue=low, red=high). The black solid line represents the

reacto-diffusive length for ozone normalized by the particle radius

(1—Iyg x/rp). The black dotted line represents the 50% isoline for )

the concentration difference between the particle core and the neaflicate that the overall rate of conversion or absolute loss rate

surface bulk, and the black dashed line shows 63% isonng(')%# of oleic acid and ozone molecules in the particle is strongly
dominated by the outer bulk layersrdtr, > 0.8. Due to the
spherical geometry the outer layers also have much larger
of KM-SUB with K2-SUB and with the underlying resis- Vvolumes, which further enhances their relative importance
tor model formulation of the reacto-diffusive flul ;4. Due with regard to the absolute loss rate of molecules in each
to the overall kinetic limitation by interfacial transport, the layer (5= LukVix) and in the entire particle (= LyVb).
volume-average loss rate, remains near-constant up to Figure 4b illustrates this by displaying the valued gf'and
[30ls. During the first few seconds, the loss rate in the nearLtorresponding to the values bk andLy, displayed in
surface bulk (p1, r/rp=1) is more than a factor of 2 higher Fig. 4a (note the linear scaling of Fig. 4a and the logarithmic
than the volume-average loss rate, while the loss rates in layscaling of Fig. 4b)L [alculated by KM-SUB and K2-SUB
ers around the particle cor&fso to Lpioo r/rp<0.6) are  are aimostidentical.
more than a factor of 2 loweLp; continually decreases due  The black solid line in Fig. 3a represents the reacto-
to progressing consumption of oleic acid, wheréasg to diffusive length for ozone normalized by the particle radius
Lbioo exhibit a pronounced increase up I@5ls due to the  (1—Ig,x/rp), which can be regarded as the distance from
penetration of ozone to the particle core (see also Fig. 3a)the surface up to which the chemical reaction proceeds effec-
After [35Is all loss rates drop off rapidly and approach zerotively (Finlayson-Pitts and Pitts, 2000p8tchl et al., 2007).

after [37ls as oleic acid is essentially used up. The initial value ofl;g x =20 nm is consistent with the values
Up to [30ls, the strong radial gradient of loss ratgsand reported by Smith et al. (2003) and Katrib et al. (2004). Over
the approximate coincidence bfzq (r/rp=0.8) with L, in- the first C30Is of the model ruthg,x remains fairly constant,
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and the reacto-diffusive line (black solid) coincides with the
50% isoline for the concentration difference between the
particle core and the near-surface bulk (black dotted), and
with the 63% (=1-1/e) isoline ofL\{black dashed). During 3r
this time 63% ole‘)?'i.e., 63% of the overall rate of con-
version of oleic acid ozonolysis, occur in the outermost 10
bulk layers, i.e. at/ry > 0.9 (corresponding td-30P% of the
particle bulk volume). After[:30ls,lq x increases steeply as
oleic acid is depleted and ozone can freely penetrate through-

out the bulk of the particle. - 10"
(0] =3 | | | 0

0 10 20 30 40
time (s)

1
» Ul o N©

3.2 Base case 2: kinetic limitation by bulk reaction

In base case 2 the second-order bulk reaction rate coefficient
was by a factor ofz30Ismaller than in BC1, while the surface
accommodation coefficient was by a factorl@ Higher (Ta-
ble 1). As shown in Fig. 5a, the simulation results of BC2 are
also in very good agreement with the observed decay of oleic
acid. The calculated ozone uptake coefficient behaves very
differently than in BC1. The initial value ofx in BC2 is by
a factor of [Zhigher than in BC1. It reflects rapid uptake
into the initially ozone-free particle bulk, which is limited
by the kinetics of interfacial transport, i.e., bulk accommo-
dation and surface accommodation, respectively. After less
than one secondZaIms), howevelyy steeply drops off to a
level that is reaction-limitedy = 10~* < ap,x =8> 107%) Fig. 5. Temporal evolution of model base case 2 in KM-SUB with
and continues to decrease gradually with decreasing abury=1 (dashed lines) and= 100 (solid lines) and in K2-SUB (dot-
dance of the reaction partner oleic acid. ted lines). (a) Experimental data (black symbols; Ziemann, 2005)

After a rapid initial increase I[20Ims), the ozone sur- and model results for the total number of oleic acid moleculgs, (
face concentration reaches a plateau level which increasedackline) and for the uptake coefficient of ozogg (red line), sur-
only slightly until the end of the simulation, while the oleijc face accommodation coefficiertigx, blue dotted line), and bulk
acid surface concentration decreases gradually. In contrast g-commedation coefficientig, , biue dashed line)(b) Surface

" L concentrations of oleic acid (black line) and ozone (red line).

BC1, none of the compositional and kinetic parameters ex-
hibit abrupt changes after30ls. Instead, they all undergo a

gradual evolution reflecting the kinetics of the rate-limiting Figure 7a shows the loss rate of oleic acid and ozone by
bulk reaction. chemical reaction in the particle bulk) as calculated with
The results of multi-layer model KM-SUB with both= KM-SUB for different model layers and with KM-SUB and
100 and 1 were practically identical to the results of the K2-SUB effectively averaged over the whole bulk volume.
double-layer model K2-SUB, indicating that the particle bulk The average values dfy, calculated by K2-SUB and KM-
can be regarded as well mixed under the conditions of BC2.SUB are almost identical. Due to the kinetic limitation by
Due to faster interfacial transport and slower chemical re-bulk reaction, the volume-average loss fagelecreases con-
action, the ozone concentration in the bulk increases muctinuously due to consumption of oleic acid. Initially, in
faster than in BC1 (Fig. 6a vs. Fig. 3a). After less than onethe near-surface bulk 1, r/rp=1) is [40P% higher than
second (Z0Ims), the ozone concentration in the core of thethat in the core I{p100) corresponding to the concentration
particle is only [30P6 lower than in the near-surface bulk, gradient of Q in the bulk. They become almost same in 20
and the gradient continues to decrease with decreasing abufi-as concentration gradient becomes smaller. Figure 7b il-
dance of oleic acid. Due to the slow decay of oleic acid, how-lustratesL 5 {= LVix) and L= LyVp) corresponding to
ever, a small ozone gradient persists until the end of the simthe values oLy andLy, displayed in Fig. 7a (note the linear
ulation (Fig. 6a) and thus longer than in BC1, where the ini-scaling of Fig. 7a and the logarithmic scaling of Fig. 7}
tially very strong gradient essentially disappears aff8zls  calculated by KM-SUB and K2-SUB are almost identical.
when practically all oleic acid%$99%) has been consumed  The black solid line in Fig. 6a represents again the reacto-
by the rapid bulk reaction (Fig. 3a). As illustrated in Fig. 6b, diffusive length for ozone normalized by the particle radius
oleic acid can be regarded as well-mixed (concentration dif-(1—1Ig,x/rp). Due to the lower reaction rate coefficient, the
ferences<1%). initial value of I,gx = 120nm is by a factor ofL& larger
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Fig. 7. (a)Loss rate L) and(b) absolute loss ratd { of oleic
Fig. 6. Temporal evolution of bulk concentration profiles for model acid in the bulk calculated by KM-SUB for bulk layers 1 (near-
base case 1 fofa) ozone andb) oleic acid (KM-SUB withn = surface bulk), 20, 40, 60, and 100 (core) in BCRy, calculated
100). The y-axis indicates the radial distance from the particle centy K2-SUB and volume averade,(= LEA‘/b) calculated by KM-
ter (r) normalized by the particle radius, ranging from the particle SUB are shown in panel (a). Total absolute los ratg)calculated

core §/rp =08/rp=0) to the near-surface bulk{rp = 1). The col- by KM-SUB and K2-SUB are also shown in panel (b).
ored lines are isopleths of bulk concentration with labeled in units

of cm™3 (blue=low, red=high). The black solid line represents the

reacto-diffusive length for ozone normalized by the particle radiusther experiments covering a wider range of reaction times

— i % isoli o . -
(1=1ra,x/rp). The black dotted line represents the 50% isoline for 5 o itions are needed to elucidate the actual reaction
the concentration difference between the particle core and the near-

surface bulk, and the black dashed line shows 63% isolirg,of mechanism (see Pfrang et al., 2009).

3.3 Base case 3: kinetic limitation by bulk diffusion

than in BC1, and afted20ls it is already larger than the Base case 3 is based on base case 1 but the bulk diffusion
particle radius (200 nm), indicating that the reaction effec-coefficients are lower by five orders of magnitud®,k =
tively proceeds throughout the whole bulk. The 50% isoline 10-%cn?s™1, Dy, y =10 1%cn? s71, Table 1), correspond-
(black dotted) for the ozone concentration difference be-ing to characteristic diffusivities of amorphous (semi-)solid
tween the particle core and the near-surface bulk and the 63%natrices (Bird et al., 2007; Swallen et al., 2007; Mikhailov
(=1-1/e) isoline oﬂ_HbIack dashed) remain near-constant et al., 2009).
throughout the simulation. They are from the beginning at  As jllustrated in Fig. 8a, the decay of oleic acid is very
the same IeVeI reached at the end Of BCl, which I’eflects thf:%'ow in BC3 because the low d|ffus|v|ty effective'y pr‘o_
both ozone and oleic can be regarded as well mixed in BC3ects oleic acid in the particle bulk from oxidation. Within
due to slow reaction and rapid diffusion. [1d the calculated ozone uptake coefficient drops from the
BC1 may be regarded as more realistic, because it uses thaitial value of [4X1073 to [2xX107°, which is due to a
only reported value of the bulk reaction rate coefficient of rapid decrease of the oleic acid surface concentration from
ozone with oleic acid, whereas BC2 assumeE3ltimes  [I0Mcm2 to [I0Fcm™2. After [1d the ozone surface
lower value. Nevertheless, both model cases are in goo@oncentration remains practically constant EE0H cm™2
agreement with the available experimental data. Thus, fur{adsorption equilibrium). The low levels of ozone uptake
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Fig. 9. Temporal evolution of bulk concentration profiles for model
base case 3 fofa) ozone andb) oleic acid (KM-SUB withn =

100). The y-axis indicates the radial distance from the particle cen-
ter (r) normalized by the particle radius, ranging frawrp = 0.95

to the near-surface bulk{rp, =1). The colored lines are isopleths

of bulk concentration with labeled in units of ¢ (blue=low,
red=high). The black solid line represents the reacto-diffusive
length for ozone normalized by the particle radius-(tkg,x/rp).

The black dotted line represents the 50% isoline for the concentra-
tion difference between the particle core and the near-surface bulk,
coefficient and oleic acid surface concentration are main-and the black dashed line shows 63% isolintﬁ‘

tained by surface bulk exchange and decrease slowly as

ozone increases and oleic acid decreases also in the near-

surface bulk. In contrast to BC1, the bulk accommodationremain restricted to the near surface bulk{ >0.99). This
coefficienta, X(=2x107°) is much smaller thansx and s also reflected in Fig. 10, showing that the valuekgand

yx, reflecting the slow uptake of ozone into the particle bulk, Lt‘,:ére essentially zero except fr=1 (near-surface bulk
which is limited by the kinetics of surface-bulk exchange and|ayer).

bulk diffusion. Compared to KM-SUB, the simulated decay of oleic acid
Due to fast reaction and slow diffusion, both ozone andand ozone uptake are faster in K2-SUB. At the end of the
oleic acid exhibit steep concentration gradients near the sumodel run (40s), the total amount of oleic aciy() is
face, whereas the inner particle bulk remains nearly undower by [I0P6 while the surface concentration of oleic acid
changed (Fig. 9). During the simulation period ozone pen-([Y]ss) and the ozone uptake coefficiegk] are higher by a
etrates only into the near-surface bulk, and thus the chemifactor of [5This is because K2-SUB assumes that oleic
cal consumption of oleic acid is also restricted to the near-acid is radially well-mixed and does not resolve its con-
surface bulk £/rp > 0.99). Accordingly, the reacto-diffusive centration profile. In fact, the diffusion coefficient of oleic
length is very small (01 nm; black solid line in Fig. 9a), acid Dp,y) does not appear in the equation for the reacto-
and the 50% isoline (black dotted) for the ozone concentradiffusive flux (Eq. C1), which represents the effects of all
tion difference between particle core and near-surface bullbulk processes in the traditional resistor model approach. In
as well as the 63%= 1—1/e) isoline ofLHbIack dashed) case of kinetic limitation by bulk diffusion, however, the

Fig. 8. Temporal evolution of model base case 3 with KM-SUB
(n=100). (a) Experimental data (black symbols; Ziemann, 2005)
and model results for the total number of oleic acid molecigs, (
black line) and for the uptake coefficient of ozogg (red line), sur-
face accommodation coefficiertgx, blue dotted line), and bulk
accommodation coefficientif x, blue dashed line).(b) Surface
concentrations of oleic acid (black line) and ozone (red line).
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typical polluted air with 100 ppb & t1/2 was shortened to
[8min for rp = 0.2 um and C40Imin forrp =1.0um. The
calculations were also made in BC2, which gave almost the
same results forp = 0.2 um and gavel 20p6 smaller value
for rp, = 1.0 um compared to BC1.

The ozonolysis of oleic acid leads to an increase of oxygen
reaction rates are influenced by the mass transport of botgontent and hygroscopicity (Asad et al., 2004), and it can

Fig. 10. (a)Loss rate L) and(b) absolute loss ratd_@ of oleic
acid in the bulk calculated by KM-SUB for bulk layers 1 (near-
surface bulk), 2, 3, 4, and 5 in BC3. Total absolute loss r‘a@'(
are also shown.

volatile and non-volatile reactants in the particle bulk. convert CCN-inactive particles into CCN (King et al., 2009).
Our model results suggest that the transformation of oleic
3.4 Chemical half-life of oleic acid and atmospheric acid particles will occur on a timescale &fl h depending
implications on atmospheric @concentration and particle size. This is in

good agreement with the characteristic time of 1.3 h reported

In the preceding sections we showed how the KM-SUB by King et al. (2009).
model can be used to interpret and analyze experimental data In spite of the short lifetimes found in laboratory exper-
from laboratory studies, which are often carried out with highiments, however, oleic acid is detected also in aged atmo-
Oz concentration to observe measurable effects on short exspheric aerosol particles (Rogge et al., 1991; Morris et al.,
perimental time scales. Here we demonstrate how the resul8002). Possible explanations include reduced concentrations
can be extrapolated to dilute atmospheric conditions. of O3 (and other photo-oxidants) in the particle bulk due to

We estimated the chemical half-lifé1f2) of pure oleic  the following effects: (a) chemical reaction with other re-
acid particles, when exposed to ozone at average ambierctive species, self-reaction or catalytic decomposition; (b)
mixing ratios €150 ppb). The radii of oleic acid particles competitive co-adsorption and surface reaction of multiple
(rp) were setto be 0.2 and 1.0 um. The chemical half-life wasspecies such as water vapor and nitrogen oxides (Shiraiwa
defined as the time when number of oleic acid molecules wa®t al., 2009; Springmann et al., 2009); (c) slow mass trans-
degraded to half of its initial value. The solid lines of Fig. 11 port because of low diffusion coefficients in solid or semi-
show the results of such calculations with BC1. At typical solid phases (crystalline, glassy, rubbery, gel-like or ultra-
atmospheric @ mixing ratios of 30 ppbti/2 was [251 min viscous: Mikhailov et al., 2009). The formation of semi-
for rp =0.2 um and CI3D min forrp =1.0um. The chemi-  solid amorphous phases is generally favored by low temper-
cal half-life depended strongly on particle radius (i.e. num-ature and low relative humidity (Zobrist et al., 2008), and
ber of oleic acid molecules contained in the particle). In theit can occur in the core of atmospheric particles as well as
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in coatings formed by condensation of secondary particulatenulti-layer model (KM-SUB) was in good agreement with a
matter. For example, oligomerisation reactions may lead tadouble-layer model (K2-SUB) using traditional resistor for-
high molecular mass, low hygroscopicity and low diffusivity mulations for bulk processes. In case of kinetic limitation by
of secondary organic coatings, effectively shutting off fur- bulk diffusion, however, the K2-SUB model overestimated
ther ozonolysis and oxidation of oleic acid and other organicthe rates of gas uptake and oleic acid degradation, because
compounds in the bulk of coated particles. it does not resolve and account for the concentration profile

The potential importance of the phase state of aerosol paref oleic acid. Comparison with a partial differential equation
ticles (solid, semi-solids, or liquid) for the ozonolysis of (PDE) model confirmed the ability of KM-SUB to resolve
oleic acid was already pointed out by Knopf et al. (2005) diffusion and concentration profiles in the particle bulk.

and Zahardis and Petrucci (2007). To explore and quantify \we demonstrated and discussed how the KM-SUB model
the effects and of kinetic limitation by bulk diffusion, we ¢can pe used to interpret and analyze experimental data from
performed sensitivity studies with low diffusion coefficients |aporatory studies, and how the results can be extrapolated to
that are characteristic for mass transport in highly viscous Oltmospheric conditions. For liquid oleic acid particles, the
semi-solid matrices (Bird et al., 2007; Swallen et al., 2007; chemical half-life of oleic acid molecules with regard to ox-
Mikhailov et al., 2009). idation by ozone was estimated to of the order of one hour.
The dotted lines in Fig. 11 show the effect of reducing the |n (semi-)solid particles with low bulk diffusivity, however,
diffusion coefficients of @and oleic acid by three orders of the chemical half-life can increase dramatically (up to mul-
magnitude Ppx =107 8cn?s™, Dy =1073cm?s™).  fiple hours and days). The results of sensitivity studies with
Itincreased/> by up to [10D%, depending on ozone con- djfferent bulk diffusion coefficients confirmed that the phase
centration and partiCIe diameter. The dashed lines ShOWgtate of atmospheric partic|es is h|gh|y relevant for chemi-
the effect of reducing the diffusion coefficients to the sameca| transformation and aging (Knopf et al., 2005; McNeill et
level as in the base case 3 presented and discussed aboye, 2007, 2008; Zahardis and Petrucci, 2007; Griffiths et al.,
(Db x =10"*cn?s™, Dpy =10"'°cm?s™). Inthis case  2009: Mikhailov et al., 2009).
the chemical IifeFimes Increase by up to afacto and Depending on the complexity of the investigated system,
become nearly independent of ozone concentratib:-h unlimited numbers of volatile and non-volatile species and

z:c())rn;ipr; ?niggn t?anndsmort ?; fﬁgj}e:stlrgnumﬁol—-rlﬁ égfu;;fsectchemical reactions can be added flexibly. Thus, the KM-
on the chemical a Fi)n of atmos hericgaerosols and tha UB approach may serve as a basis for the development of

: . _aging OSph S a detailed master mechanism of aerosol chemistry and for
(semi-)solid matrices with low diffusion coefficients can ef-

. . . . the derivation of simplified but realistic parameterizations for
fectively shield reactive organic compounds from degrada- . )
large-scale atmospheric and climate models.

tion by atmospheric photo-oxidants.

4 Conclusions
Appendix A

We presented a novel kinetic multi-layer model (KM-SUB)

that explicitly resolves all steps of mass transport and chemList of Symbols

ical reaction at the surface and in the bulk of aerosol parti-

cles. It includes adsorption and desorption, surface reactions

and surface-bulk exchange as well as bulk diffusion and reac- Symbol Meaning Unit
tion.Unlike earlier models of aerosol chemistry (e.g., resistor Ob,x; bulk accommodation coefficient
model), the KM-SUB model approach does not require any of X
simplifying assumptions about steady-state and mixing con- Os,x; surface accommodation
ditions. The temporal evolution of concentration profiles of coefficient of X
volatile and non-volatile species in the particle bulk can be 0s,0,x; surface accommodation
modeled along with surface concentrations and uptake coef- coefficient of X on an adsorbate-
ficients. free surface

The effects of bulk diffusion on the rate of gas uptake and 0Oso0,x;,y;  surface accommodation
particle transformation were explored for a popular refer- coefficient of X on an adsorbate-
ence system, the ozonolysis of oleic acid particles, assuming free surface composed ofjY
different diameters and different sets of kinetic parameters 9 thickness of bulk layers cm
(surface accommodation coefficients, diffusion coefficients, 9x;, dy; effective molecular diameter of cm

etc.).
Under conditions where the reaction system was kineti- Ax;
cally limited by interfacial transport or chemical reaction, the

Xj andYj
mean free path of Xinthegas  cm
phase

www.atmos-chem-phys.net/10/3673/2010/
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Symbol Meaning Unit
Bs sorption layer surface
coverage
Bss quasi-static layer surface
coverage
Os,X; effective molecular cross cn?
section of X in the sorption
layer
YX; uptake coefficient of X
(normalized by gas kinetic
flux of surface collisions)
YgsrXi reaction probability for el-
ementary gas-surface reac-
tions
Td,X; desorption lifetime of X S
Td,Xi,Yj desorption lifetime of Xon s
a surface composed ofjY
Lo b weighting factor (mole,
mass, or volume fraction of
Yp in the bulk)
WXx; mean thermal velocity of cms?
Xi in the gas phase
A(K) outer surface area of bulk cm?
layerk
Ass surface area of particle
(quasi-static layer)
CsLRv,sX;: Stoichiometric coefficients
CSLRv,ssY; of species Xand Yj in sur-
face layer reaction SLR
CBRV,X; s stoichiometric
CBRV,Y; coefficients of species;X
and Yj in bulk reaction
BRv
Chb,rd,X; reacto-diffusive geometry
correction factor for X
Cg.x; gas phase diffusion
correction factor for X
Db.X; bulk diffusion coefficient of cm?s™1
Db,Yj Xj andj
JadsX; flux of adsorption and des- cm™2s™1
Jdesx; orption of X;
Jooll, X; flux of surface collisions of cm2s71
Xi
Jb.rd,X; reacto-diffusive flux of X cm2s71
Jb,s X flux of bulk-to- cm 271
Jb,ssYj surface transport of
Xi (sorption layer) and
Y;j (quasi-static layer)
Jsb.Xi» flux of surface-to- cm1s71
Jssb,yj bulktransport of

Xij (sorption layer) and
Y (quasi-static layer)

Symbol

Meaning Unit

Atmos. Chem. Phys., 10, 3673691, 2010

Jbk,bk—1,x;, flux of transport from bulk cm™2s™!

Jbk,bk—1,Y;
Kb,b,Xi »

Kb,b,Y;
kb,S,Xi

KBRr,Xi,Yj
kb,ssYi

kd,Xi

kS,b,Xi

kssb,Yj

KsLR xp,Yq

Ksol,cc,xi
|rd,Xi

Lb,Xi»
Lb,Yj
Lok, X »
Lbk,Y;
LS,Xi|
Lsst
L@i,
Lb,Yj

L,
e

bk, Yj

layerk to bulk layerk-1 for X;

and Y;j

rate coefficient (velocity) of cms™?
bulk transport of X and Yj

rate coefficient (velocity) of
bulk-to-surface transport of
Xi

second-order rate coefficientscm®s™1
for bulk reactions of X with

Yj

rate coefficient (velocity) of cms™?
bulk-to-surface transport of

Yj

first-order desorption rate st
coefficient of %

first-order rate coefficient for s™1
surface-to-bulk transport of

Xj

first-order rate coefficients for s~
surface-bulk transport of }Y
second-order rate coefficientscn? st
for surface layer reactions of
Xp with Yq

gas-particle partitioning coef-
ficient of X;

reacto-diffusive length of

Xj andj

loss rate of X and Yj by
reaction in the particle bulk
loss rate of X and Yj by
reaction in bulk layek

loss rate of X and Yj by sur- cm2s71
face layer reaction

absolute loss rate of Xand s7!

Yj by reaction in the particle

bulk

absolute loss rate of Xand st

Yj by reaction in bulk layek

absolute loss rate of Xand s1
Y by surface layer reaction
number of bulk layers

total number of Y molecules

cms?

1

cm3s71
cm3s71

cm3s1

production rate of Xand ¥j cm 3s7!
by reaction in the particle bulk
production rate of Xand Y; cm3s7!
by reaction in bulk layek

production rate of Xand ¥j cm 2s7t
by surface layer reaction

particle bulk radius cm
particle radius cm
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KM-SUB, the PDE model depends on the assumption of a
Symbol Meaning Unit fixed ozone concentration in the near surface bulk. Smith
et al. (2003) had assumed solubility saturation according to

[Xilg gas phase number concentratiosm™> Henry’s law. In case of fast reaction, however, chemical loss
of Xi 3 leads to a substantial decrease and lower value of the actual
[Xilgs Near-surface gas phase numbeem ozone concentration. For comparability, the concentration of
concentration of X _ S ozone in the near-surface bulk of the PDE model was set to a
[Xils ;Urzggfpggnmgeyre‘r:)o”Centrat'on ofcm value of 5.0<10'3 cm3, which is similar to the value calcu-
i . _ lated by KM-SUB.
[Yilss surface number concentration ofcm 2 Figure A1 shows the concentration profiles of ozone (top)
Yj (quasi-static layer) s and oleic acid (bottom) obtained by simulations with KM-
[Xilok, [Yjlox Bulk number concentration of cm SUB (left) and with the PDE model (right). The diffusion
Xi andYj in the bulk layerk of Oz into the bulk was very slow due to the large parti-
Vb volume of particle bulk cle diameter, so that there was a large concentration gra-
V (k) volume of bulk layeik cm™3 dient of G;. The concentration of ©at the core remains

small (<10° cm~3) over the reaction time considered. Oleic
acid showed also a concentration gradient, which was due
to the G concentration gradient and a slow diffusion coeffi-
cient of oleic acid Ppy =1071%cn?s™). If a largerDy,y

of 10" cm?s ™1 was used in the simulation, the concentra-
tion of oleic acid was homogeneous throughout the bulk,
which was consistent with the results reported by Smith et

Appendix B

Partial differential equation model (PDE)

Smith et al. (2003) demonstrated that the diffusion and re
action in the bulk can be described by the following partial

differential equations: al. (2003). ) e
1 1 The KM-SUB and PDE methods yield very similar results,
a[X Dpx 0 o[X but the concentration gradients for both @nd oleic acid
[X]lo _ Dpx 20Xl _, XTIy B1 _ _ :
at _ r2 ar " or BRX.Y [XIo[Y]o (BL)  were slightly steeper in the PDE model. A possible reason
1 1 for the difference may be that the PDE model requires the
[Ylo _Dpy 0 59[Y] K XTIy 582 assumption of a fixed ozone concentration in the near sur-
at  r2 ar | or BR.X,Y [XIb[Y]b (B2)  face bulk and zero flux values at the surface and at center of

the particles as specified above (boundary conditions). An-

where X=Q3 and Y=oleic acid. The first term describes dif- other possible reason for deviations is the estimation of bulk
fusion based on the Fick's law and the second term describegansport velocitieskp ). If we assumekp , = Dp/8 instead
chemical reaction in the bulk. Note that this partial differen- of Egs. (35) and (36), the KM-SUB results become nearly
tial equation (PDE) method can only simulate the processesdentical to the PDE results. Note that varying the number of
in the bulk and not coupled with surface processes. In solviayers in the KM-SUB model made practically no difference.
ing these PDE equations, several assumptions are required
as boundary conditions (Smith et al., 2003): (1) The con-
centration of the near-surface bulk is fixed over time, (2) oppendix C
the flux of X at the core is zerad[X]p/0r|r=0 = 0), (3)
the flux of Y at both near-surface bulk and core is zerogjnetic double-layer model (K2-SUB)
(0[X]p/0r|r=r, = 9[X]p/0r|r=0 = 0). PDE model simula-
tions were performed by numerically solving the partial dif- A kinetic double-layer of surface and bulk chemistry (K2-
ferential equations with Matlab software (PDEPE solver).  syB) was developed by Pfrang et al. (2009). K2-SUB uses

We investigate large particles with a radius of 1.0 um asgne layer for bulk, therefore concentration profiles in the bulk
investigated by Smith et al. (2003), and we compare thejs not obtained. The diffusion and reaction in the bulk is
KM-SUB results (= 200) to the results of the PDE model. considered by the reacto-diffusive fludy(q) (Danckwerts,
The gas phase ozone concentration was &€= [X]lgs=  1951; Hanson, 1997;@chl et al., 2007). The loss rate of
7.0 10 cm™ (corresponding to 2.8 ppm at 1013 hPa and gleic acid in the bulk can be described as follows (Pfrang et
298K). The initial surface and bulk concentrations of 0zoneg|. 2009), which is based on the resistor model formulation
(X) were set to[X]s0 = [X]ok,0 =0, and the initial sur- (Hanson, 1997):
face and bulk concentrations of oleic acid (Y) were set

to [Y]sso =9.7% 103 cm™2 and[Y]sso = 1.2 x 1071 cm 3, Ly =] Ass

respectively. The kinetic parameters used are based on basé"Y ~ b'rd'xv_b

case 1 summarized in Table 1 with the second-order sur- C Ass

face reaction rate coefficienkdirx y) of zero. Unlike = Cp,rd,x kBR‘XvY[Y]bDb-X[X]bSV_b (C1)

www.atmos-chem-phys.net/10/3673/2010/ Atmos. Chem. Phys., 10, 36982010
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Fig. A1l. Temporal evolution of bulk concentration profiles for ozon€dyKM-SUB and(b) PDE method and for oleic acid §g) KM-SUB
and(d) PDE method. The y-axis indicates the radial distance from the particle cehteorfnalized by the particle radius, ranging from
the particle corer{/ rp =0) to the near-surface bulkArp = 1). The colored lines are isopleths of bulk concentration with labeled in units of

cm 23 (blue = low, red = high).

whereAgsandVy, is the surface area and volume of bulk par- d[Y]ss/dt = Jp,ssy —Jssb,y — Lssv (C5)
ticle. Cp,rq,x is the reacto-diffusive geometry correction fac-
tor (conversion from planar to spherical geometrypgghl  dIXIb/dt = (Jsb,x —JIb,sx —Ib,rd x)Ass/ Vb (C6)

et al., 2007).Cp,rq,x is a function of particle radiugf) and _ _ _
the reacto-diffusive lengthy x, which can be regarded as the ALY Jo/dt = (Jssb.y = Jbssy ~Jb,rd x)Ase/ Vo (C7)
distance from the surface up to which the chemical reaction
proceeds effectively (Finlayson-Pitts and Pitts, 20085dhl  Appendix D
etal., 2007):

L1 KM-SUB rate equations for the ozone — oleic acid

r |
Corax =coth —P— — ra.x (C2)  model system
Ird,x p

The general rate equations outlined in the main text of

lrax = Dpx/(ksr,x,y[YIb) €3 this manuscript can be applied to any system with multiple

K2-SUB presented by Pfrang et al. (2009) assumed th¢hemical components and reactions. The equations actually

steady-state condition of £n surface and bulk. K2-sup needed to model the simple two-component system of ozone

was modified by removing these assumptions by including(®X) and oleic acid (Y) investigated in this study are more

the gas-surface interaction fluxes (adsorptidgudx), des- ~compact as specified below:

orption Jqesx) and surface layer reactioh{ x andLssx))

in the differential equations (¥O3, Y=oleic acid). The dif- _ -1

ferential equations below can be solved using Matlab solver.d[x]sldt = 0s0,x (1=65)[X]gst0x /4 =Tq x [X]s
—ksLr x,Y [X]s[YIss—Ks,b,x [X]s + Kn,s,x [X]b1 (D1)

d[X]s/dt = Jadsx — Jdesx — Ls,x —Jsb,x +Jb,s,x (C4)
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d[Y]s/dt =Kp,ssy[Y]o1—Kssb,Y[Y]ss

—kstrx, Y [XIs[Y]ss (D2)

d[X]Jp/dt = (Ks,b,x [X]s— kb,s x [XTon) A(D)/V (1)
—(kp,b,x [X]o1—Kb,b,x[X]62)A(2)/V (1)

—ker,x,y [X]b1[Y]b1 (D3)

d[Y]bl/dt = (kssb,Y [Y]ss_ I(b,ssY [Y]bl)A(l)/V (1)
—(kp,b,Y [Y]o1—kb,b,y[Y]02)A(2)/V (1)

—kgr,x,y [X]p1[Y]b1 (D4)

d[X]pk/dt = (Kp,b,x [XIbk—1 = Kb,b,x [XIok)A(K)/V (K)
—(Ko,b,x [X]ok —Kb,b,x [X]ok+1)A(k + 1)/ V (k)

—kerx, Y [XJok[YIk  (k=2,...,n—1) (D5)

d[Y]ok/dt = (Ko,b,y [YJok—1—Kb,b,v [Y1ok)AK)/V (k)
—(Ko,b,Y [Y]ok — Kb,b, v [Y]ok+1)A(k + 1)/ V (k)

—kerx,Y[XIok[YIok  (k=2,..,n—1) (D6)

d[X]Jon/dt = (Kb,b,x [XJbon—1— Kb,b,x [XTon)A(N)/V (n)

—ksr,x,v [XJon[Y]on (D7)

d[Ylbn/dt = (Ko,b,v [YIon—1—Kb,b,y [YJon)A(N)/V ()

—ker,x,Y [X]Jon[Y]on (D8)
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