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Abstract. Heterogeneous reactions are important to atmo-
spheric chemistry and are therefore an area of intense re-
search. In multiphase systems such as aerosols and clouds,
chemical reactions are usually strongly coupled to a complex
sequence of mass transport processes and results are often
not easy to interpret.

Here we present a systematic classification scheme for gas
uptake by aerosol or cloud particles which distinguishes two
major regimes: a reaction-diffusion regime and a mass trans-
fer regime. Each of these regimes includes four distinct limit-
ing cases, characterised by a dominant reaction location (sur-
face or bulk) and a single rate-limiting process: chemical re-
action, bulk diffusion, gas-phase diffusion or mass accom-
modation.

The conceptual framework enables efficient comparison
of different studies and reaction systems, going beyond the
scope of previous classification schemes by explicitly resolv-
ing interfacial transport processes and surface reactions lim-
ited by mass transfer from the gas phase. The use of kinetic
multi-layer models instead of resistor model approaches in-
creases the flexibility and enables a broader treatment of the
subject, including cases which do not fit into the strict lim-
iting cases typical of most resistor model formulations. The
relative importance of different kinetic parameters such as
diffusion, reaction rate and accommodation coefficients in

this system is evaluated by a quantitative global sensitiv-
ity analysis. We outline the characteristic features of each
limiting case and discuss the potential relevance of different
regimes and limiting cases for various reaction systems. In
particular, the classification scheme is applied to three differ-
ent datasets for the benchmark system of oleic acid reacting
with ozone in order to demonstrate utility and highlight po-
tential issues. In light of these results, future directions of
research needed to elucidate the multiphase chemical kinet-
ics in this and other reaction systems are discussed.

1 Introduction

Tropospheric aerosols are composed of organic and inor-
ganic substances originating from direct emission of parti-
cles and from condensation of gas-phase species (Kanakidou
et al., 2005; Pöschl, 2005; Hallquist et al., 2009; Ziemann
and Atkinson, 2012). Aerosols are climate forcers (Streets
et al., 2004; Yu et al., 2006; IPCC, 2007; Stevens et al., 2009;
Carslaw et al., 2010; Mahowald et. al., 2011) and are impli-
cated in human health effects (Bates, 1993; Jakab et al., 1995;
McConnell et al., 2002; Nel, 2005; Heal et al., 2012; Shi-
raiwa et al., 2012d) as well as other undesirable phenomena
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6664 T. Berkemeier et al.: Kinetic regimes in atmospheric aerosols

such as reduced visibility in urban and rural areas. At this
time, the physical and chemical properties of aerosols are
still poorly understood and despite extensive experimental
and modelling efforts, many of the processes central to het-
erogeneous chemical processing of aerosols remain unclear
(Kolb et al., 2010).

Most previous studies of the gas uptake into aerosol parti-
cles have used “resistor” models which account for physical
and chemical processes for a single or at most a few physical
domains within the aerosol particle by analogy to electrical
circuits (an overview of resistor models in the canonical sys-
tem of oleic acid–ozone heterogeneous reaction is given in
Zahardis and Petrucci, 2007). Such models allow analytical
expressions to be derived for uptake of trace gases or loss of
condensed phase material in simplified, limiting cases. These
analytical expressions can be used to calculate the underlying
kinetic parameters such as reaction rate coefficients or the ac-
commodation coefficient (which are applicable to a reaction
system under any conditions) or the trace gas uptake coeffi-
cient γ (which is specific to the experimental conditions at
which it was measured). Using this sort of framework has
been fruitful in the past for a wide range of gas/particle pro-
cesses, and was particularly successful in assessing key het-
erogeneous interactions of relevance to stratospheric ozone
depletion (Hanson et al., 1994). Analysis based on limiting
cases has found widespread acceptance and also forms the
basis for the recent evaluations by the IUPAC Subcommit-
tee for Gas Kinetic Data Evaluation (Crowley et al., 2010).
Because a wide variety of processes are important to mul-
tiphase chemistry, it is less well understood than pure gas-
phase chemistry (e.g.Abbatt et al., 2012) and new methods
are needed to facilitate analysis and discussion.

Recently developed depth-resolved models for single par-
ticles or thin films that focus on chemistry, such as KM-SUB
(Shiraiwa et al., 2010), and water diffusion, such as the ETH
Diffusion Model (Zobrist et al., 2011), allow a more com-
plete consideration of the time- and depth-resolved chemical
and physical behaviour of aerosol particles, leading to a bet-
ter understanding of these reaction systems.Shiraiwa et al.
(2011a) have shown that resistor models are not sufficient
for systems in which the bulk material is radially inhomoge-
neous in concentration owing to, e.g. diffusion limitations.

Due to the complexity of numerical models such as these,
it is often unclear which process is most important to model
outputs. Sensitivity analysis provides a simple means of iden-
tifying the model parameters which most strongly influence
the results (and thus are related to the rate-limiting process).
Although many previous studies have employed a local ap-
proach, advanced computational tools exist to systematically
calculate sensitivity coefficients and take into account higher
order parameter effects (the “global methods” inSaltelli
et al., 2008). As reviewed inCariboni et al.(2007), global
sensitivity methods have been applied to fields such as eco-
logical modelling, and in atmospheric science advanced sen-
sitivity methods have been applied to models of single gas-

phase chemical reactions (e.g.Dunker, 1984) and regional
ozone formation (Martien and Harley, 2006). However, to the
authors’ knowledge this type of sensitivity analysis has not
been applied previously to a depth-resolved or resistor-style
model of the physicochemical behaviour of single aerosol
particles.

Kinetic regimes and limiting cases allow classification of
system behaviour for analysis and comparison of model out-
puts with experimental results. In this work, we propose
an enhanced set of limiting cases which can be used for
conceptual discussion and analysis along with a systematic,
numerically-based method for assigning a limiting case to
a reaction system. This classification is compared with the
outcome of a global sensitivity analysis to ensure that the sys-
tem behaviour is consistent with the assignment. The classi-
fication system proposed here is broadly applicable and stan-
dardized, so that it is portable across many systems. This tax-
onomy will be useful as a common ground for discussion of
heterogeneous chemical processes and as a tool for analysis.

2 Conceptual framework

2.1 Representation of aerosol reaction systems and
definitions

Following the terminology ofPöschl et al.(2007) (the “PRA
framework”), we will discuss the reaction of a trace gas
species X and a condensed-phase substrate Y. These com-
pounds are assumed to react in a single step, second-order re-
action in either (i) a single bulk layer or (ii) between a quasi-
static surface layer of Y and a sorption layer of X. The do-
mains of the gas and condensed phase discussed here are
illustrated schematically in Fig.1 along with the principle
mass transport and reaction processes.

In this paper we reserve the termlimiting casefor a system
which is governed by a single, clearly defined rate-limiting
process. Examples of limiting cases are systems which are
limited solely by slow chemical reaction, or by slow dif-
fusion of reactants X and Y. We reserve the termkinetic
regimefor a system which is governed by a few (often only
one or two) clearly defined rate-limiting processes. For ex-
ample, systems which exhibit reaction and/or bulk diffusion
limitation fall into a single kinetic regime. Referencing the
concepts of reacto-diffusive length and flux (Schwartz and
Freiberg, 1981; Hanson et al., 1994; Pöschl et al., 2007), we
term this important example the reaction-diffusion regime.

2.2 Derivation of limiting cases and kinetic regimes

The cases of limiting behaviour presented here arise from
three properties that are fundamental to every aerosol reac-
tive system in which a gas X reacts with condensed phase Y:

Atmos. Chem. Phys., 13, 6663–6686, 2013 www.atmos-chem-phys.net/13/6663/2013/
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Fig. 1.Processes and compartments discussed in this paper (adapted
from Shiraiwa et al., 2010), assuming a system which is either pla-
nar or spherically symmetric. Key processes are highlighted. Dif-
fusion of gaseous trace gas X is assumed to influence the near sur-
face gas-phase concentration [X]gs within one mean free pathλx
of the particle surface (rp). Following Pöschl et al.(2007), surface
accommodation denotes the mass flux of X from the near-surface
gas phase to the particle surface, whereas bulk accommodation also
includes the subsequent transport into the near-surface bulk. Sur-
face reaction occurs within or between the sorption layer and the
quasi-static surface layer consisting of bulk material Y. Reaction
and diffusion can take place inn individually resolved bulk layers.
All symbols are defined in TableA1.

i. the reaction location, as assessed by the Surface to Total
Loss rate Ratio (STLR)

ii. the supply of reactive gas, as assessed by the Saturation
Ratio (SR)

iii. the heterogeneity of the system with respect to depth
above and below the surface, as assessed by the Mixing
Parameter (MP).

Each of the three quantities (STLR, SR, MP) is formulated
as a dimensionless parameter ranging from 0 to 1 to allow
comparison against a common set of criteria which are not
linked to any specific chemical reaction.

Every unique combination of extreme behaviour in the
three classification properties leads to a limiting case. This
can be visualized in three dimensions as a cube in which
each dimension corresponds to one of the classification prop-
erties, as shown in Fig.2. Since all possible cases of kinetic
behaviour form the interior of the cube and the faces describe
extreme behaviour in one of the classification properties, the
eight limiting cases can be depicted as a small volume at each
of the vertices, touching three faces each. The eight cases ob-
tained in this way are limited by a single process each and are
clearly distinct since they differ in at least one fundamental
classification property.
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Fig. 2. Kinetic cube: the eight limiting cases can be depicted as the
vertices of a cube in which every direction refers to a classification
criterion (STLR, SR, MP). They are classified into four types of
limiting behaviour: limitation by chemical reaction, bulk diffusion,
mass accommodation (including surface and bulk accommodation)
and gas diffusion.

To facilitate discussion, we introduce a compact symbolic
representation for each limiting case which is used in Fig.2
and throughout this manuscript. The reaction location is in-
dicated by a central “S” or “B” for surface and bulk, respec-
tively, and a subscript indicates the process which limits re-
active uptake. The possible subscripts are: “rx” to indicate
chemical reaction; “bd” to indicate bulk diffusion; “α” to
indicate accommodation; “gd” to indicate gas-phase diffu-
sion. This framework thus distinguishes four different types
of limitation, which are colour-coded in Fig.2.

A particular strength of numerical modelling (either depth-
resolved models or numerically solved resistor models) is the
ability to work in the “gray area” between well-defined lim-
iting cases. The framework proposed here is compliant with
systems in which one or two classification parameters do not
exhibit extreme behaviour: these fall into the kinetic regimes
defined above. In order to illustrate the concept of a kinetic
regime, a few of the many possible regimes are shown in
Fig. 3. A straightforward way to generate a regime is to con-
nect the volume which represents two limiting cases to form
a volume, which also contains the additional space between
the limiting cases and towards the centre of the cube. The re-
sulting regime includes the behaviour of both limiting cases
and all systems with classification parameters located in the
additional volume. A kinetic regime is thus much broader in
its definition than a limiting case. This is depicted in Fig.3b,
where surface and bulk reaction limiting cases with the same
limiting process (boxes of the same colour) are connected.
We name the four resulting regimes for the process which
limits the reactive loss of Y: the reaction, bulk diffusion, gas
diffusion and accommodation regimes.

Another possibility is shown in Fig.3b, where the
reaction and bulk diffusion regimes are linked to form
a reaction-diffusion regime. This reaction-diffusion regime
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reaction regime is limited by reaction rate coefficients etc.). (b) shows a combination of the regimes in
(a) in which the reaction and bulk diffusion regimes together form the reaction-diffusion regime and the
accommodation and gas diffusion regimes together form the mass transfer regime.

56

Fig. 3. Visualization of regimes as volumes of the kinetic cube in Fig.2. (a) shows regimes resulting from the connection of each surface
and bulk case. Regime names indicate the limiting process (the reaction regime is limited by reaction rate coefficients etc.).(b) shows
a combination of the regimes in(a) in which the reaction and bulk diffusion regimes together form the reaction-diffusion regime and the
accommodation and gas diffusion regimes together form the mass transfer regime.

thus includes systems which are limited by reaction, bulk
diffusion, or both processes in situations where they are
tightly coupled (reacto-diffusive limitation). We note that the
term “reacto-diffusive” traditionally referred to bulk reac-
tion systems with a strong gradient in X and no gradient
in Y (see e.g.Danckwerts, 1951; Schwartz, 1986; Hanson
et al., 1994; Davidovits et al., 1995; Ravishankara, 1997;
Kolb et al., 1998; Ravishankara and Longfellow, 1999; Davi-
dovits et al., 2006; Pöschl et al., 2007; Kolb et al., 2010).
Throughout this paper we will refer to this case as the “tradi-
tional reacto-diffusive case”. However, our definition of the
reaction-diffusion regime also includes cases with gradients
in the bulk material Y in both bulk and surface reaction sys-
tems. In these systems, a reacto-diffusive steady state forms
when both the diffusion of reactants towards the reaction site
and the actual chemical reaction are limiting trace gas uptake.
The complementary regime is a combination of the accom-
modation and gas diffusion regimes, which we will refer to
as the “mass transfer”-limited regime as both are related to
the transfer of X from the gas to the particle phase.

To facilitate discussion of regimes, we introduce addi-
tional symbols which are similar to that of the limiting cases
defined above. Again, “S” and “B” are used to indicate re-
action location, and superscripts are used to avoid confusion
in identifying the rate-limiting processes. Additional possi-
ble superscripts are “rd” to indicate reaction-diffusion limita-
tion and “mt” to indicate mass transfer limitation. In case the
surface contribution parameter STLR does not show extreme
behaviour, a regime can still be specified if the other clas-
sification parameters are consistent. For example, if STLR
is ∼ 0.5 but saturation ratio SR is high, we can assign the
behaviour as SBrd, where the central symbol is “SB” to indi-
cate that both surface and bulk reactions contribute. The tra-
ditional reacto-diffusive case as defined above (bulk reaction,
gradient only in X) will be denoted as Brd

trad to distinguish
it from the broad manifold of possible behaviours encom-

passed in our reaction-diffusion regime, SBrd. In addition to
the regimes already presented here, a variety of other regimes
are possible; a few of them are documented in AppendixB.

2.3 Classification scheme and criteria

Here we present a sequential method to apply the three pa-
rameters defined above to unambiguously determine the lim-
iting case of a reacting aerosol particle. These classification
parameters will be described in detail in Sects.2.3.1–2.3.3.
An overview of the process is given in Fig.4 and the resulting
limiting cases and kinetic regimes are summarised in Table1.

In the following sections, each of the three classification
parameters is framed as a question to provide insight into the
processes which most strongly influence the gas uptake. It is
important to note that multiple functional forms of SR and
MP exist; one of each is chosen for use depending on the
result of the previous classification parameters. For example,
the mixing parameter for a reaction which occurs primarily at
the surface should not reflect a depthwise gradient in bulk X.

A conceptual discussion of the physical and chemical be-
haviour of each limiting case is possible without appealing to
any specific numerical model, but the process of calculating
parameter values to assign a limiting case for some experi-
mental data requires the output of a depth-resolved model.
The criteria are constructed assuming that model outputs are
discretized into spherical or planar layers for droplets and
films, respectively, as such discretized treatment is common
in current-generation models (see Fig.1).

2.3.1 Criterion 1: surface to total loss rate ratio (STLR)

This term answers the question:What is the dominant reac-
tion location, surface or bulk?The surface to total loss rate
ratio (STLR) is used to determine which locality, if any, dom-
inates the chemical loss of Y. The loss rates at the surface,Ls

Atmos. Chem. Phys., 13, 6663–6686, 2013 www.atmos-chem-phys.net/13/6663/2013/
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Fig. 4. Classification scheme for distinction of limiting cases. The decision process proceeds in three steps according to Sect.2. Surface
dominated cases (left half) and bulk dominated cases (right half) are distinguished in the first step by comparing the surface to the total loss
rate (STLR). Reaction-diffusion systems (top half) and mass transfer-limited systems (bottom half) are distinguished in the second step by
evaluating the saturation ratio (SR). In the last step mixing of the components is considered. Note that even though the scheme appears to
be symmetric for surface and bulk reaction systems, the classification parameters differ between the left and the right side of the diagram in
the second and third decision step. The reaction-diffusion and mass transfer regimes are indicated by large shaded boxes and the respective
regime symbols are given in their outward corners.

Table 1.The principle regimes and limiting cases, defined in terms of two and three classification parameters, respectively. The classification
properties are the surface to total loss rate ratio (STLR), the saturation ratio(s) (SR) and the mixing parameter(s) (MP). When more than one
expression for a classification property is possible (SR/MP), the expression is listed along with a rough criterion.

STLR SR Regime MP Limiting Case Description

≈ 1 SSR≈ 1 Srd SMPY ≈ 1 Srx Surface reaction limited by chemical reaction
SMPY ≈ 0 Sbd Surface reaction limited by bulk diffusion of

condensed reactant Y

≈ 1 SSR≈ 0 Smt Cg,X ≈ 1 Sα Surface reaction limited by surface accommodation of X
Cg,X ≈ 0 Sgd Surface reaction limited by gas-phase diffusion of X

≈ 0 BSR≈ 1 Brd
BMPXY ≈ 1 Brx Bulk reaction limited by chemical reaction

BMPXY ≈ 0 Bbd
Bulk reaction limited by bulk diffusion of volatile reactant
X and condensed reactant Y

≈ 0 BSR≈ 0 Bmt Cg,X ≈ 1 Bα Bulk reaction limited by bulk accommodation of X
Cg,X ≈ 0 Bgd Bulk reaction limited by gas-phase diffusion of X

www.atmos-chem-phys.net/13/6663/2013/ Atmos. Chem. Phys., 13, 6663–6686, 2013
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and in thek-th bulk layer,Lbk, can be calculated as follows:

Ls = kSLR[X]s[Y]ss (1)

Lbk = kBR[X]bk[Y]bk (2)

HerekSLR andkBR are the second-order reaction rate coeffi-
cients in the bulk and in the surface layer, respectively, [X]
and [Y] are the concentrations of the reactants and the sub-
scripts s, ss, and bk indicate the sorption layer, the quasi-
static surface layer, and thek-th bulk layer, respectively (see
also Fig.1 above). For a total ofn bulk layers, the STLR can
then be calculated as:

STLR≡
Ls

Ls+
∑n

k=1Lk.
(3)

In Fig. 4, the STLR decision distinguishes the surface (left
half) from the bulk reaction cases (right half). The numerical
interpretation of STLR is

1. As STLR approaches zero, the reaction occurs primarily
in the bulk.

2. As STLR approaches unity, the reaction occurs primar-
ily at the surface.

2.3.2 Criterion 2: saturation ratio (SR)

This term answers the question:Is the supply of external gas
limiting the reaction rate?This criterion classifies particles
by the abundance of X at the surface or in the first bulk layer,
and is thus used as a proxy for the balance between supply
of X (from the gas phase) and loss of X (by desorption, sur-
face reaction, bulk reaction, and diffusion into the bulk) in
those locations. In Fig.4, this decision step distinguishes the
reaction-diffusion regime with high SR (top, SBrd regime)
from the mass transfer regime with low SR (bottom, SBmt

regime). In both the surface and the bulk case detailed below,
the actual concentration of X in the locale where reaction
occurs is compared to the saturation value of X which would
be achieved in the absence of reacto-diffusive loss, leading to
a direct determination of which regime a system expresses,
reaction-diffusion limitation or mass transfer limitation.

SR in surface-reaction dominated cases

In cases where surface reaction dominates (STLR≈ 1), the
SR is calculated as the Surface Saturation Ratio (SSR). With
this parameter, the surface concentration of X is compared to
the surface saturation concentration[X]s,sat. In the absence
of reaction or diffusion into the bulk, the saturation concen-
tration of X at the surface is determined by the rates of ad-
sorption and desorptionka andkd:

[X]s,sat=
ka

kd
· [X]g = Kads,X· [X]g (4)

Here [X]g is the near-surface gas-phase concentration of X
andKads,X is a Langmuir-type adsorption equilibrium con-
stant (see Fig.1). The SSR is defined as the ratio of X to its
saturation concentration at adsorption equilibrium:

SSR=
θs,X

θs,sat,X
=

[X]s

[X]s,sat
(5)

where θs,X is surface coverage as defined inPöschl et al.
(2007) and θs,sat,X (not to be confused withθs,max= 1) is
the saturation coverage achievable at the equilibrium surface
concentration defined in Eq. (4).

SR in bulk-reaction dominated cases

In cases where bulk reaction dominates (STLR≈ 0), the SR
is calculated as the Bulk Saturation Ratio (BSR). In this pa-
rameter, the concentration of X in the first subsurface bulk
layer ([X]b1) is compared to the saturation concentration
([X] b,sat) achievable under equilibrium conditions in the ab-
sence of reacto-diffusive loss:

BSR=
[X] b1

[X] b,sat
(6)

Here we suggest that [X]b,satshould be defined in terms of the
Henry’s law equilibrium constant and the gas-phase concen-
tration [X]g. The numerical interpretation common to both
representations of the saturation ratio SR is:

1. As SR approaches zero, the system is starved of X and
is mass transfer-limited (SBmt regime).

2. As SR approaches unity, the system is adequately sup-
plied with X and experiences reaction-diffusion limita-
tion (SBrd regime).

2.3.3 Criterion 3: mixing parameters (MP)

This term answers the question:What is limiting the reac-
tion rate: mixing or chemistry?Much of the additional in-
formation in depth-resolved models is included in the pa-
rameter set which represents the spatial heterogeneity in the
system. In the case of a surface reaction, a slow diffusion
of Y to the surface may hinder the reaction, while in the
bulk, reaction speed may be limited by the diffusion of X
and possibly the diffusion of Y. In mass transfer-limited sys-
tems, only mixing in the gas phase has to be considered.
Thus, three different mixing parameters (MP) are used to
assess mixing in reacting particles: (i) The surface mixing
parameter of Y, SMPY , for reaction-diffusion-limited sur-
face reaction systems (Srd); (ii) the bulk mixing parameter
of X and Y, BMPXY , for reaction-diffusion-limited bulk re-
action systems (Brd) and (iii) the gas-phase diffusion correc-
tion factor, Cg,X, for mass transfer-limited systems (SBmt). In
Fig. 4, this classification step divides the reaction-diffusion
and mass transfer-limited regimes each into well-mixed cases
(top half) and cases which are limited by bulk or gas-phase
gradients (bottom half).

Atmos. Chem. Phys., 13, 6663–6686, 2013 www.atmos-chem-phys.net/13/6663/2013/



T. Berkemeier et al.: Kinetic regimes in atmospheric aerosols 6669

MP in surface reaction-diffusion-limited systems

In surface reaction-diffusion limited systems (Srd regime,
STLR≈ 1, SSR≈ 1), the reaction rate may be limited by
the availability of Y at the surface. Assuming that Y is non-
volatile, a deficit in Y at the surface is caused by reaction
with X and incomplete mixing with the particle bulk. Thus,
we define SMPY as the ratio of the actual surface concen-
tration [Y]ss to the maximum possible surface concentration
[Y] ss,max:

SMPY =
[Y]ss

[Y]ss,max
. (7)

Here we propose [Y]ss,max= [Y]bn ·δY , namely that the max-
imum possible surface concentration of Y should be linked
to the bulk concentration at the centre of the particle (layern)
and a geometric factorδY to relate the molecular volume con-
centration (cm−3) to a molecular area concentration (cm−2).
Referencing the surface concentration against the innermost
bulk layer gives maximum sensitivity to depthwise gradients
in Y. It is important to note that the maximum surface con-
centration [Y]ss,maxmay change as the reaction proceeds due
to decreased abundance of Y in layern. The numerical inter-
pretation of SMPY is:

1. As SMPY approaches zero, a strong gradient in Y exists
from the centre of the bulk to the surface of the particle,
and the system falls within the bulk diffusion-limited
surface reaction case Sbd.

2. As SMPY approaches unity, Y is well-mixed through-
out the particle and the system falls within the reaction-
limited surface reaction case Srx.

MP in bulk reaction-diffusion-limited systems

In bulk reaction-diffusion-limited systems (Brd regime,
STLR≈ 0, BSR≈ 1), a gradient in X and/or Y may limit
the reaction rate, so that expressions for both the mixing of
X and Y in the bulk are needed. For both species, the reacto-
diffusive length will be compared to the particle size to assess
the degree of mixing. In general, the reacto-diffusive length
is the depth-wise distance over which the concentration of
a material decreases to 1/e of its original value. The reacto-
diffusive length will increase as the diffusivity of the material
increases and will decrease as the reaction rate coefficient be-
comes higher. For compounds X and Y which react with one
another, the reacto-diffusive length can be expressed as:

lrd,X =

√
Db,X

kBR · [Y] eff
(8)

lrd,Y =

√
Db,Y

kBR · [X] eff
(9)

where [X]eff and [Y]eff are the effective concentrations of X
and Y in the region where the reaction occurs andDb,X and

Db,Y are the diffusion constants of each material in the bulk
matrix. This formulation is needed in the case of a strong
depth-wise gradient in the reaction partner, in which case the
simple average concentration might be misleading. Specifi-
cally, we propose that the effective concentration should be
calculated as the volume- and loss rate-weighted concentra-
tion:

[X]eff =

∑n
k=1LkVk[X] bk∑n

k=1LkVk

(10)

[Y]eff =

∑n
k=1LkVk[Y] bk∑n

k=1LkVk

(11)

where Vk is the volume of thek-th layer. This definition
of the effective concentration of the reaction partner in the
zone where the reaction occurs allows the use of the reacto-
diffusive length of each species to gauge the degree of mixing
of X and Y within the particle.

We define the BMPX and BMPY , the bulk mixing param-
eters for X and Y, respectively, to be:

BMPX =
lrd,X

lrd,X +
rp
e

(12)

BMPY =
lrd,Y

lrd,Y +
rp
e

(13)

so that both BMPs approach unity as their reacto-diffusive
length becomes much larger than the particle radiusrp and
approach zero as their reacto-diffusive length becomes much
smaller than the particle radius. In BMPX and BMPY , we
have chosen to scale the particle radius by 1/e to be consis-
tent with the e-folding characteristic of the reacto-diffusive
length.

Finally, as the presence of a gradient in only one com-
pound is insufficient to drive a system into the Bbd limiting
case, we define BMPXY as the average of BMPX and BMPY :

BMPXY =
BMPX + BMPY

2
(14)

The numerical interpretation of BMPXY is:

1. As BMPXY approaches zero, strong gradients in both X
and Y limit loss rate and the system falls within the bulk
diffusion-limited bulk reaction case Bbd.

2. As BMPXY approaches unity, X and Y are well-mixed
throughout the particle and the system falls within the
reaction-limited bulk reaction case Brx.

A strong gradient solely in bulk X is insufficient to cause
bulk diffusion limitation and thus to bring about a Bbd lim-
iting case classification. For details and justification see Ap-
pendixC.

MP in mass transfer-limited systems

For either bulk or surface reactions (any value of STLR),
there are two scenarios which lead to mass transfer limitation
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(SSR and/or BSR≈ 0): either trace gas reactant X is depleted
in the near-surface gas phase (see Fig.1) or the accommoda-
tion process is inefficient. This distinction is important as in
the second case a physical or chemical change in the system
might result in increased accommodation efficiency, leading
to significant changes in reaction system behaviour. A sim-
ple and physically meaningful metric to distinguish these two
cases is the gas-phase diffusion correction factor for uptake
by aerosols (Pöschl et al., 2007), Cg,X, which we take as the
gas-phase mixing parameter.

Cg,X =
[X]gs

[X]g
=

1

1+ γX
0.75+0.28 KnX
KnX(1+KnX)

(15)

As can be seen,Cg,X can be calculated in two ways, either di-
rectly via model output of[X]gs and[X]g, which are the trace
gas concentrations near the surface and far from the parti-
cle, respectively; or via model output ofγX andKnX , which
are the net uptake coefficient of X and the Knudsen number
of the diffusive system. The Knudsen number (seePöschl
et al., 2007) is the ratio of the mean free path of the trace gas
moleculeλX to the particle radius, whereλX depends on the
gas-phase diffusivityDg,X and the mean thermal velocity of
the gasωX (λX ≈ 70 nm at atmospheric pressure for ozone)
so that

KnX =
λX

rp
=

3 Dg,X

rp ωX
. (16)

The numerical interpretation ofCg,X is:

1. As Cg,X approaches zero, the system shows a strong
spatial gradient in [X]g and the system is limited by dif-
fusion of gas phase X to the particle surface, character-
istic for Sgd or Bgd limiting cases in the SBgd regime.

2. As Cg,X approaches unity, no spatial concentration gra-
dient exists in [X]g and the system is therefore limited
by accommodation. It is thus assigned to either a Sα

or Bα limiting case (both of which fall within the SBα

regime).

3 Examples of atmospheric relevance

The limiting cases described above are meant to provide
a conceptual framework for chemical kinetics in atmospheric
particles and allow physical and chemical intuition to be ap-
plied in a complex system. A few examples of well-known
systems which fall into well-defined limiting cases are the
following:

3.1 Well-mixed bulk reaction systems [Brx ]

Many of the slow aqueous phase reactions fall into this lim-
iting case, which arises when both trace gas X and bulk con-
stituent Y are plentiful and ubiquitous throughout the par-
ticle. This is the case for the reaction of O3 with SO2 un-
der acidic conditions (where formation of HSO−

3 or SO2−

3 is

not likely, cf. Seinfeld and Pandis, 2006), the self-reaction
of HO2 in absence of transition metal ions (cf.Abbatt et al.,
2012, and references therein, especiallyGeorge et al., 2011),
or reactions involving NO2 (Ammann et al., 2005). Such re-
actions are typically not a major sink of the trace gas involved
from the gas phase, but are important in terms of aerosol ag-
ing if they are the principle transformation of the condensed
phase compound.

3.2 Well-mixed surface reaction systems [Srx ]

Many relevant reactions on solid surfaces, such as ice, min-
eral dust, or soot fall into this limiting case (e.g. surface ox-
idation of polycyclic aromatic hydrocarbons by ozone,Shi-
raiwa et al., 2009). Moreover, gas uptake by liquid aqueous
substrates can also be limited by chemical reaction at the sur-
face. For example, the reaction of Cl2 with Br− has a strong
surface component, especially at low Cl2 gas-phase concen-
trations (Hu et al., 1995). Similarly, Knipping et al.(2000)
as well asKnipping and Dabdub(2002) suggested a surface
reaction between the OH radical and Cl− under atmospheric
conditions via formation of a surface complex (Laskin et al.,
2003; Shaka’ et al., 2007).

3.3 Mass transfer-limited systems [Sα, Bα; Sgd, Bgd]

Surface accommodation limitation necessarily occurs during
the equilibration of fresh surface upon exposure to X, e.g.
HCl on H2SO4 (Morris et al., 2000; Behr et al., 2001, 2009),
but also for all other surface precursor mediated processes
mentioned above. If transfer into aqueous droplets is fast,
bulk accommodation is rate limiting until solubility equi-
librium begins to limit uptake. For soluble gases, this may
be the dominant case for uptake into the aqueous phase in
clouds. Each of the accommodation limited cases mentioned
above may become gas-phase diffusion-limited as the parti-
cle becomes sufficiently large (andKn becomes small). This
may be important in laboratory experiments with supermi-
cron droplets and for cloud droplet or aerosol growth.

3.4 Bulk diffusion-limited systems [Sbd, Bbd]

In the past, reactions in atmospheric aerosols were assumed
to occur in well-mixed droplets with no limitation due to
diffusion in the condensed phase. However, recent evidence
shows that aqueous particles may transition into highly vis-
cous semi-solid or glassy states (Zobrist et al., 2008; Virtanen
et al., 2010; Koop et al., 2011), which lead to strong diffu-
sional limitations on reaction rate. Diffusion of one or both
reactants in the bulk may become rate limiting. Examples
include the nitration of amorphous protein (Shiraiwa et al.,
2011a, 2012c), the reaction of NO3 with levoglucosan (Shi-
raiwa et al., 2012b), and (non-reactive) uptake of water to dis-
solve a glassy aerosol (Mikhailov et al., 2009; Zobrist et al.,
2011; Koop et al., 2011; Tong et al., 2011).
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3.5 Changes in kinetic behaviour as a function of time
and ambient conditions

Each of the examples given above references a single limiting
case, and in many cases the limiting case or regime assign-
ment may remain constant throughout the majority of a reac-
tion. However, the limiting case or kinetic regime will almost
certainly change in the first moments of reaction or as reac-
tion products accumulate. For example, in a bulk reaction
dominated system, the uptake of soluble trace gases into liq-
uid particles could be initially accommodation-limited (Bα)
and thereafter pass into the bulk diffusion-limited Bbd case
for viscous droplets or into the well-mixed Brx case for slow
bulk phase reactions. This demonstrates that a system may
evolve from one limiting case to another in time. Although
time-invariant kinetic parameters are used in the case study
of oleic acid–ozone in Sect.6, the classification system de-
scribed here is compliant with temporally varying parameters
such as changing bulk diffusivitiesDb,X andDb,Y as a reac-
tion proceeds (e.g. as inPfrang et al., 2011). This might occur
when reaction products alter the viscosity of the bulk matrix.
The classification framework is also independent of model
choice; a model that explicitly treats product formation along
with evaporation of volatile products could be used with the
framework as proposed above.

In addition to noting that the kinetic behaviour will change
as the reaction proceeds, we caution against the logical error
of assuming that the kinetic regime or limiting case observed
in one experiment will be the same under ambient conditions
or in another experiment under different conditions. For this
reason, we recommend that the limiting case for an aerosol
system under ambient conditions should be calculated as part
of a standard analysis, especially if experimental conditions
are significantly different than ambient. For example, the re-
action of ozone with bromide (a potentially important reac-
tion for the liberation of halogens out of aqueous sea-salt) is
dominated by a surface reaction (Srx) at atmospherically rel-
evant ozone concentrations, while it is dominated by a bulk
reaction (Brx) at very high ozone concentration (Oldridge and
Abbatt, 2011).

4 Numerical modelling of limiting cases

Up to this point, the limiting cases and regimes have been de-
scribed in terms of trends in the parameters, but the actual as-
signment of a reaction system to a limiting case requires a set
of numerical criteria and a model to generate the time- and
depth-resolved data. In this section we describe our choice of
depth-resolved model and propose a set of numerical criteria
for differentiation of aerosol behaviour along with a global
analysis method to confirm that the numerical criteria result
in distinct limiting cases.

Table 2.Kinetic input parameters in the KM-SUB representation of
aerosol chemistry.

Parameter Description Units

kBR 2nd order bulk reaction rate cm3s−1

coefficient
kSLR 2nd order surface reaction cm2s−1

rate coefficient
Db,X Bulk diffusion coefficient of cm2s−1

X in Y
Db,Y Self-diffusion coefficient cm2s−1

of Y
Hcp,X Henry’s law solubility coefficient molcm−3atm−1

of X in Y
τd,X Desorption lifetime of X s
αs,0,X Surface accommodation coefficient –

of X on bare Y
Dg,X Gas-phase diffusion coefficient of X cm2s−1

4.1 KM-SUB model description and method

In the following analyses, we have chosen to employ the
KM-SUB model of Shiraiwa et al.(2010), but this set of
limiting cases and classification criteria could be used with
any model which produces time- and depth-resolved outputs.
KM-SUB is a kinetic model that treats mass transport and
chemical reaction at the surface and in the bulk of aerosol
particles. It follows the nomenclature of the PRA framework
and consists of model compartments as outlined in Sect.2.1
and shown in Fig.1. KM-SUB solves a set of ordinary differ-
ential equations for the flux-based mass balance to and from
each layer, resolving the following processes: gas-phase dif-
fusion, adsorption and desorption onto the particle surface,
surface-bulk exchange, bulk diffusion of trace gas and bulk
material as well as surface and bulk reactions. The origi-
nal gas-phase diffusion correction term in KM-SUB was re-
placed by an explicit near-surface gas-phase layer (follow-
ing the treatment of gas flux through a virtual surface, found
in Eq. 12 ofPöschl et al., 2007). Effectively, the kinetic be-
haviour of a physical system is described in this modified
version of KM-SUB by the eight parameters given in Table2
(not including experimental observables such as particle ra-
dius rp, gas phase concentration [X]g, etc.). The number of
layers calculated by the model was adjusted until model re-
sults converged to ensure adequate depthwise resolution.

The KM-SUB model was used to calculate idealised lim-
iting case profiles which are not tied to any specific chemi-
cal system (see Sect.5.1) and also to simulate the reaction
of oleic acid–ozone for the experimental conditions ofZie-
mann(2005), Lee and Chan(2007) andHearn et al.(2005)
in Sect.6. Because the limiting case is likely to change one
or more times upon the onset of reaction (see Sect.3.5), it is
necessary to determine the limiting case at a specific point
in time or at a specific point in the reaction. Our results
show that limiting behaviour tends to be stable over long
parts of the simulations after the initial rapid changes. As
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the KM-SUB model does not explicitly treat the products of
this reaction, limiting cases were assigned at the point where
50 % of the initial reactant Y was consumed using the numer-
ical criteria of Sect.4.2. However, in these experiments the
limiting case assignments are the same if the assignment is
made at either 10 % or 50 % reaction course (see Table6 be-
low), so comparison with previous studies which used initial
rate methods is possible.

4.2 Numerical criteria and partially defined behaviour

Even though a system may exhibit steady state reactivity
over a long period of time, the situation cannot be neces-
sarily assigned to one of the limiting cases. An ideal system
would have binary behaviours (e.g. only surface or bulk reac-
tions, but not both), but in real systems some mixed charac-
ter is expected. The ability to assign a limiting case (or lack
thereof) is thus a consequence of the physical system under
study and the conditions of each experiment. The exact po-
sitions of such boundaries for limiting cases and regimes are
rather subjective and may change depending on the appli-
cation. Here, we employ a 9: 1 criterion for limiting cases,
such that at least 90 % of the behaviour is represented by
the kinetic regime definition at each classification step. The
boundaries for regimes are more relaxed at 3: 1 criteria, so
that more space can be classified. Although knowledge of
the system’s kinetic regime is less valuable than the confir-
mation of (single-process) limiting behaviour, such a clas-
sification might still be useful. Prominent examples of sys-
tems which could be classified by a regime, but not a lim-
iting case are heterogeneous kinetics in the bulk reaction-
diffusion kinetic regime (Brd), such as the reaction of HCl
with HOCl in sulfuric acid solutions (Hanson and Lovejoy,
1996; Donaldson et al., 1997, and references therein), the hy-
drolysis of ClONO2 (Deiber et al., 2004), or the reaction of
O3 with iodide (Rouvìere et al., 2010). In these examples,
kinetic regimes can help by providing a less stringent classi-
fication than a limiting case. However, unless the numerical
criteria are set at 1: 1 with no unspecified region, there will
be some combinations of classification parameters for which
no assignment is possible.

4.3 Global sensitivity analysis

The best indication that an assignment to a limiting case is
justified and that the choice of numerical criteria is suffi-
ciently strict is given by a sensitivity analysis which confirms
that the system is controlled by a single process and responds
appropriately to changes in the associated input parameters
(e.g. Sα cases should depend only on the surface accommo-
dation coefficientαs,0 and not on the surface reaction rate
coefficientkSLR etc.). In general, sensitivity towards an input
parameterλi can be expressed through its sensitivity coeffi-

cientS(λi), which may be defined as

S(λi) =

(
1Ymodel

1λi

)
. (17)

However, the values ofSi cannot be compared directly be-
cause they depend on the magnitudes of the input parameters
(λi) which are being varied and the observed model output
Ymodel. Thus we employ a normalised sensitivity coefficient
(following Saltelli et al., 2008) which allows the influence of
input parameters to be directly compared:

Sn(λi) =

1
Ymodel

∂Ymodel

1
λi

∂λi

=
∂ ln(Ymodel)

∂ ln(λi)
(18)

For the computation of sensitivity coefficients we employ
a variation on the Elementary Effects (EE) Method as pro-
posed byMorris (1991). The EE method is a simple global
screening method that uses a one-at-a-time sampling ap-
proach (other approaches are also possible, for a summary
see e.g.Saltelli et al., 2008). The method follows a ran-
domly generated trajectory through input parameter space,
and records the changes in model outputYmodel due to
changes in each input parameterλi . Only one parameter is
varied at each step, and all previous changes are kept, which
leads to generation of a full set of local sensitivity coeffi-
cients. To account for biases due to the random trajectory
generation, a large number of trajectories are generated and
a representative sample is chosen so that the entire input pa-
rameter space is adequately represented. The global sensitiv-
ity coefficient is thus finally obtained by taking the arithmetic
meanµi of all computed local values. The associated stan-
dard deviationσi is a measure for interactions between and
nonlinearity of the input parametersλi .

In this study, we use the total loss rate,Ltot = Ls+
∑

k Lk,
as model output characteristic for the reaction system. The
result of this analysis is a set of normalised sensitivity co-
efficients, which indicate the strength of the model response
to changes in each input parameter. Crucially, this sensitivity
analysis is only possible in the context of a specific chemical
system, physical size (distribution) of aerosol particles, and
for a given set of kinetic constants. For this study we perform
sensitivity analyses in the context of the oleic acid–ozone
system (see Sect.6.5below), but recommend the analysis to
be performed for each new system to ensure that appropriate
numerical limits are chosen. Even within the same chemical
system with the same kinetic constants, the calculated sen-
sitivities will change in response to differing experimental
conditions such as gas-phase oxidant concentration or parti-
cle size.

The interpretation of the normalised sensitivity coeffi-
cients can be achieved by connecting the input parameterλi

to the original model outputYmodel by the power law rela-
tionship:

Ymodel∝ λ
Sn(λi )
i . (19)
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In words, this indicates that the model output responds to
changes in input parameterλi in proportion to theSn(λi)-
th power of the change. For example, aSn(λi) of −1 would
indicate inverse dependence on input parameterλi etc.

5 Identification of limiting cases and scaling from
laboratory to ambient conditions

The limiting cases and regimes described above are essen-
tially statements of which underlying processes are most in-
fluential to a reaction for a given set of conditions. As such,
they have the potential to aid experimental planning by sug-
gesting which parameters should be adjusted to maximise
experimental effectiveness. If the underlying kinetic param-
eters such as reaction rate coefficients and diffusivities are
extracted from experimental data, these parameters would
provide direct insight into the physicochemical processes at
work in the system and are portable to different conditions.

However, the kinetic parameters of a system can be ob-
tained only from comprehensive studies, often requiring fits
to data from multiple experiments. Without these parame-
ters it is not possible to perform calculations with a depth-
resolved model to make an immediate assignment of limit-
ing case or regime behaviour. Fortunately, the limiting cases
display some characteristic behaviours which can provide in-
sight into the reaction system from experimental observables
(e.g. reactive uptake coefficient as a function of time) and
from responses to controlled variables (e.g. change in reac-
tive uptake coefficientγX as a function of particle radiusrp or
gas-phase oxidant concentration [X]g). In this section we will
present the characteristic behaviours of the limiting cases and
summarise how each limiting case behaves with respect to
time, rp, and [X]g, which will allow an experimentalist to
narrow the list of possible limiting cases by visual inspection
of experimental data and possibly plan future experiments
based on those conclusions.

In particular, the sensitivity coefficients given in Sect.5.2
provide an indication of how experimental results will
change as a function of time or other experimentally con-
trollable factors likerp or oxidant concentration. In the dis-
cussion that follows we will give special attention to the in-
terchangeability of time and oxidant concentration, which is
a necessary condition for usage of the net exposure metric
(concentration of oxidant× time) for application to atmo-
spheric concentrations and time scales.Renbaum and Smith
(2011) recently showed that under constant precursor con-
centrations, the exposure metric was valid for the reaction
of OH and Cl radicals with squalane, brassidic acid, and 2-
octyldodecanoic acid. However, other studies have found that
the exposure metric breaks down when scaling from labora-
tory to ambient conditions, as summarised byRenbaum and
Smith(2011).

5.1 Characteristic decay shapes

An overview of the eight distinct limiting cases and several
regimes is given in Table3 along with their characteristic
limiting process(es). Each limiting case has a single rate-
limiting process by definition and exhibits a characteristic be-
haviour as a function of time. A set of idealised KM-SUB pa-
rameter sets has been obtained by modifying the typical base
case for the reaction oleic acid and ozone, see AppendixD
for details.

The computed behaviours for these archetypal limiting
cases are shown in Fig.5 as a function of time for the total
number of molecule Y remaining (NY) and for the effective
uptake coefficient (γeff,X = γX · Cg,X). These two quantities
are the observables in experimental studies which in general
either measure bulk Y (NY) or gas-phase X (γeff,X). Typi-
cal data forNY are shown on a linear time axis with linear
(Fig. 5a) and logarithmic (Fig. 5b) y-axes. Data forγeff,X are
shown on a logarithmic y-axis with a linear (Fig. 5c.) and
logarithmic (Fig. 5d) time axis. AllNY data are normalised
against the initial valueNY,0 and all time data are scaled to
t99 (the time at which 99 % of the bulk material has reacted).

A set of limiting cases showing linear decay behaviour of
NY in time (Sα, Bα, Sgd, Bgd; see panel a) arises when trans-
port over a certain interface creates a bottle-neck that lim-
its the reaction (effectively, a 0-th order-type reaction). In
panels c and d, these behaviours are characterised by time-
invariant values ofγeff,X. As opposed to panels a and b,
not all lines with similar shape are overlapping since reac-
tion speeds slightly differ between the chosen input parame-
ter sets and no normalisation forγeff,X has been carried out.
However, the qualitative lineshape is consistent, independent
of the actual reaction speed.

In panel b, the Brx and Srx cases appear linear and can
therefore be classified as mono-exponential decays, pointing
towards a first-order type process. A similar shape is found
for the Sbd case after an initial fast decay that might be due to
quick depletion of near-surface bulk layers. Hence, the sys-
tem is not a true Sbd limiting case in the first moments of
the reaction as the gradient in Y has yet to develop. The ini-
tial decay ofγeff,X for the Sbd case is well-resolved in panel
d, showing a linear decrease in log-log space with slope1

2.
This is characteristic for cases that are not in reacto-diffusive
steady state, an inherent property of bulk diffusion-limited
cases.

The same initial decay ofγeff,X can thus be found for the
Bbd limiting case (bulk reaction limited by bulk diffusion).
This case furthermore shows a nonlinear, higher-order expo-
nential decay inNY as characteristic feature (panels a and b).
The reaction slows down significantly once the diffusional
gradients in X and Y are developed. As the rate of formation
of the gradients and the location where the gradients form
is not prescribed, this limiting case is expected to encom-
pass a range of behaviours and will not have a single defining
characteristic.
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Table 3. List of kinetic regimes and limiting cases and their respective controlling processes. Limiting cases are characterised by being
controlled by one process, while systems in the regimes shown here are controlled by at most two processes. The parameters which influence
the processes are given in a separate column and are defined in Table2.

Limiting Processes Parameters Regime/Limiting Case Limiting Process Parameter(s)

Reaction and diffusion (surface) kSLR, Db,Y, Kads Srd
{

Srx
Sbd

Chemical reaction at surface kSLR, Ka
ads

Bulk diffusion of Y Db,Y

Mass transfer of X to surface αs,0,X, Dg,X Smt
{

Sα

Sgd

Surface accommodation of X αs,0,X
Gas-phase diffusion of X Dg,X

Reaction and diffusion (bulk) kBR, Db,X, Db,Y, HX Brd


Brx
Brd

trad
Bbd

Chemical reaction in bulk kBR, HX
Equal parts reaction and diffusion kBR, Db,X, HX
Bulk diffusion of X and Y Db,X, HX , Db,Y

Mass transfer of X to bulk αs,0,X, Dg,X, Db,X, HX Bmt
{

Bα

Bgd

Bulk accommodation of X αs,0,X, Db,X, HX
b

Gas-phase diffusion of X Dg,X

a Kads is not a direct input parameter of the model, but inherently depends onτd,X andαs,0,X as shown in Eq. (4).
b These parameters altogether determine the bulk accommodation coefficientαb,X.
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Fig. 5. Normalised representation of the decay shapes of the total amount of Y (NY , panelsa and b) and the effective reactive uptake
coefficient (γeff,X, panelsc andd) for all limiting cases on linear and logarithmic time scales (see Sect.5.1for a more complete description).
In addition to the eight regular limiting cases, we also display the traditional reacto-diffusive case, Brd

trad. Note that Brdtrad is not a limiting
case, but a distinct scenario in the reaction-diffusion regime.
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Table 4. Scalability of limiting cases with respect torp and [X]g
expressed by the normalised sensitivity coefficient of each archety-
pal case (see Eq.19). Square brackets indicate the range of possible
values.

Limiting Case Sn(rp) Sn([X]g)

Srx −1 [0, 1]
Sbd −2 0
Sα −1 1
Sgd −2 1
Brx 0 1
Bbd −2 [∼ 0, 1]
Bα [−2, −1] 1
Bgd −2 1
Brd

trad,
∗

−1 1

∗ Note that Brdtrad is not a limiting case, but a distinct
scenario in the reaction-diffusion regime.

In addition to the eight limiting cases, the traditional
reacto-diffusive bulk reaction case Brd

trad can be recognised
by showing a quadratic decay ofNY as a function of time in
linear space. In panel d, it resembles the Srx and Brx cases,
but can be distinguished from those two in the linear repre-
sentation, panel c.

5.2 Scalability of each limiting case

The typical response of each limiting case to changes in
oxidant concentration [X]g and particle radiusrp was in-
vestigated using the global sensitivity method described in
Sect.4.3 and the results are given in Table4. The standard
kinetic method of performing “experiments” (here, simula-
tions) at differing [X]g andrp to determine the response (lin-
ear, inverse, etc.) yielded identical results. The results of the
sensitivity analysis performed on the limiting cases displayed
above indicate that the exposure metric is acceptable to use
(i.e. linear response to [X]g, Sn([X]g) = 1) as long as a trans-
port process is not saturated.

In the example of Srx behaviour above, all surface sites
were occupied (surface coveragesθs,sat= θs,max= 1 andθs ≈

θs,sat) and thus changes in [X]g had no effect on the reaction
rate. In this situation, it is typical that the measured uptake
coefficientγX is inversely proportional to [X]g. However, Srx
behaviour can also be observed whenθs,sat< θs,maxif the ad-
sorption equilibrium constantKads dictates that only partial
surface coverage can be achieved at equilibrium with gas-
phase X (hereθs ≈ θs,sat, butθs,sat< θs,max). Here, increasing
[X] g will increase the surface coverage, leading to a faster
overall rate of reaction. In this non-saturated Srx case, the gas
uptake is thus also sensitive toKads, which in turn depends
on both accommodation coefficientαs,0 and desorption life-
time τd.

The lack of sensitivity to [X]g in the bulk diffusion-limited
cases (Sbd and Bbd, see Table 4) arises due to the rate-

limitation that the diffusion of Y poses. This process is ob-
viously not accelerated by an increase in trace gas concen-
tration. Thus, Sbd behaviour, which is entirely limited by dif-
fusion of Y, shows no dependence on [X]g. Bbd cases still
respond to an increase in [X]g since the combined diffusion
of X and Y is rate-limiting here. Thus, the sensitivity to [X]g
will always be smaller than unity but higher than zero in
a Bbd case.

Thus, in addition to the explanations already offered for
failures of scalability (e.g. secondary chemistry, absorption
of other gases etc., seeRenbaum and Smith, 2011), we found
that systems in which the transport from bulk material to the
reaction site is rate limiting (i.e. Sbd and Bbd behaviour) or
surface saturation effects play a role (certain Srx cases with
θs = θs,sat≈ θs,max) will not act in accordance with the expo-
sure metric.

The sensitivity analysis also provided information on the
expected response of each limiting case to changes in parti-
cle size. The data displayed in Table4 for Sn(rp) show the
influence of particle size on reactive half-life. Using Eq.19
to interpret the sensitivity coefficients, these results show that
the reactive half-life of systems which are limited by surface-
related processes have an inverse dependence on particle size
(Sn(rp) = −1), systems which are limited by diffusion have
an inverse-square dependence on particle size (Sn(rp) = −2),
and that the Brx limiting case does not depend on particle
size at all (Sn(rp) = 0). We note that in bulk accommodation-
limited bulk reaction cases, Bα, the value ofSn(rp) is typi-
cally−1 if limitation arises due to inefficient accommodation
of X on the surface, but may decrease to−2 when transport
across the surface-bulk interface is the rate-limiting step. For
a more detailed description of these two different Bα scenar-
ios, see AppendixC.

Taken together, these characteristic behaviours and sensi-
tivities can provide some insight into an experiment based
only on the raw data. After making a preliminary assignment
based on the decay shape of one dataset, the sensitivities in
Sect.5.2can be used together with additional experiments to
confirm this assignment.

6 Case study: the oleic acid–ozone reaction system

The oleic acid–ozone reaction system is an extremely well
studied system which has often been used as a benchmark
for heterogeneous chemistry systems (see, e.g. the review of
Zahardis and Petrucci, 2007), so it is reasonable that we ap-
ply the proposed classification scheme to this reaction sys-
tem. We emphasise that this case study is meant to demon-
strate the applicability of the classification system and is not
intended to infer new mechanistic information on the oleic
acid system.

We will begin with a brief overview of the current state
of the art in modelling this system and then apply the clas-
sification scheme described above to previously published
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datasets. A comparison of these results with one another and
with current work is difficult as each study uses a different
nomenclature for the limiting cases which they consider. In
the following discussion, the common symbol set proposed
above will be used to facilitate comparisons between previ-
ous studies and this work. We stress that our fits to the exper-
imental data are not equally likely to represent reality and we
do not attempt to judge between them.

6.1 Background

In the past, limiting cases similar to those discussed here have
been derived by bothSmith et al.(2002) andWorsnop et al.
(2002) for this reaction system, including resistor model-
based analytical expressions for comparison to experimen-
tal results. In the era before depth-resolved computation of
aerosol reaction was common,Smith et al.(2003) solved the
partial differential equations of diffusion and reaction for this
system to provide results resolved in time and depth, but as-
sumed the surface was saturated with respect to trace gas,
a crucial assumption which disallows mass transfer-limited
behaviour and constrains all results to the reaction-diffusion
regime.

The relationships between the limiting cases proposed
here and those already published bySmith et al.(2002) (in-
cluding revisions made inHearn et al., 2005) as well as in
Worsnop et al.(2002) are depicted in Table5. The most strik-
ing differences between these cases and previous schemes
is the under-representation of the mass transfer regime: al-
thoughWorsnop et al.offer a mass transfer-limited case, this
only applies to a bulk reaction and is not necessarily a case
limited by a single process. It thus represents a range of
cases, all of which fall within our definition of the Bmt regime
(bulk reactions limited by mass transfer). Furthermore, we
consider Case 2 ofWorsnop et al.(2002), Case 1b ofSmith
et al.(2002) and Case 2 ofHearn et al.(2005) to be represen-
tations of the traditional reacto-diffusive case Brd

trad within the
reaction-diffusion regime, as all have a formulation which
shows dependence on both the diffusion of X and the reaction
rate coefficient and thus depend on more than one process
to determine reactive uptake. To achieve true bulk diffusion-
limited behaviour for such a system (Bbd limiting case), the
reacto-diffusive length of both X and Y must be exceedingly
short.

6.2 Ziemann (2005) dataset

A well-supported kinetic parameter set for the oleic acid–
ozone reaction system is provided byPfrang et al.(2010),
which used the accommodation coefficientαs,0,X as a fit-
ting parameter to match model output to the experimental
results ofZiemann(2005). In that study, the decreasing oleic
acid content of 200 nm radius particles reacting with ozone
at a molecular number density of∼ 6.95× 1013 cm−3 in an
environmental chamber was measured via Thermal Desorp-

Table 5. Comparison of limiting cases proposed in this study to
cases of the oleic acid–ozone system in previous studies. A “–” sym-
bol indicates no relationship. The numberings refer to the nomen-
clature in the original publications.

This study Worsnop et al. Smith et al. Hearn et al.
(2002) (2002) (2005)

Srx Case 4 Case 2 Case 3
Sbd Case 5 – Case 4
Sα – – –
Sgd – – –
Brx Case 3 Case 1a Case 1
Brd

trad
a Case 2 Case 1b Case 2

Bbd – – –
Bα

Bgd

}
Case 1b

– –
– –

a Note that Brdtrad is not a limiting case, but a distinct scenario in the
reaction-diffusion regime.
b Case 1 ofWorsnop et al.(2002) includes a range of cases inside the Bmt

regime.

tion Particle Beam Mass Spectrometry. The parameter set of
Pfrang et al.is displayed in column 2 of Table6 and will
be referred to as base case 1 (bc1). The bc1 parameter set
does not include a gas-phase diffusivity of ozone in air. Un-
less otherwise noted, we usedDg,X = 0.14 cm2s−1 (Mass-
man, 1998). We begin our analysis by replicating the bc1 fit
from Pfrang et al.(2010), resulting in very good agreement
with the experimental data as shown in Fig.6a. While this
fit does not fall into a limiting case (see Sect.4.2), it shows
low values for both saturation ratios SSR and BSR as well
as a gas phase mixing parameterCg,X ∼ 1, altogether indica-
tive of the SBα regime (see Fig.3b). The classification pa-
rameters are given along with the input parameter values in
Table6 for two different points in reaction course.

Although the bc1 parameter set provides an excellent fit
to the experimental results ofZiemann(2005), other studies
have provided additional information which suggest that the
oleic acid diffusion coefficientDb,Y is significantly higher
than the original value of 1× 10−10 cm2s−1 (Shiraiwa et al.,
2012a; Hearn et al., 2005) and that the desorption lifetime
of ozone (τd,X) is in the order of nanoseconds for poly-
cyclic aromatic hydrocarbons (PAH, cf.Maranzana et al.,
2005; Shiraiwa et al., 2011b) as well as for graphene (Lee
et al., 2009). In a modified fit, bc1∗ (Table 6, column 3),
we adopt the value proposed byShiraiwa et al.(2012a),
1.9× 10−7 cm2s−1 and setτd,X = 1× 10−8 s. The change in
Db,Y has only a small impact on the overall reaction speed,
as diffusion of oleic acid is not involved in the limiting pro-
cess (accommodation of ozone to the surface). The reduced
surface desorption lifetime decreases the role of surface reac-
tions so that the modified bc1∗ can be assigned Bα behaviour.
The fit is also displayed in Fig.6a.
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Fig. 6. Comparison of experimental and modelled data of various limiting cases, using time invariant kinetic parameters. In(a) the two
parameter sets bc1 and bc1∗ lead to the same correlation with the experimental data and show the appropriate linear decay. In(b), data from
Lee and Chan(2007) show another mostly linear decay of bulk material. This can be realised with two KM-SUB parameter sets similar
to bc1∗ showing Bα and Brd behaviour, respectively. In(c), data fromHearn et al.(2005) show a nonlinear decay that thus can not be
described by accommodation-limited cases. The Brd and Srx fits shown are in excellent agreement with the experimental data.(d) reveals in
a logarithmic representation that the quality of Fit III is lower after∼ 2 s and 85 % of the reaction. The last two points of this dataset (black
triangles) were excluded from the fit as their value is not significantly different from zero.

6.3 Lee and Chan(2007) dataset

Lee and Chan(2007) used raman spectroscopy to measure
the decay of oleic acid in particles exposed to∼ 6.36×

1012 cm−3 ozone in an electrodynamic balance. We apply
a multi-parameter fit to this dataset to find fits in reason-
able proximity to the bc1∗ parameter set (Fits I–II, Table6).
Note that some values, including especiallyαs,0,X, are poorly
constrained by experiment and were given large tolerances
during the fitting process. Figure 2 inLee and Chan(2007)
shows the decay of oleic acid in two particles, the smaller
of which was chosen for modelling in this study. The exact
particle size was not reported in the original publication and
particle size has thus been used as a fit parameter. We have

varied the particle diameter between 40–70 µm along with
the non-bracketed parameters in Fits I (Bα case) and II (Brd

regime) given in Table6. Both fits are in good agreement the
experimental data, as shown in Fig.6b.

The two fits shown here were calculated assuming a parti-
cle diameter of 40 µm for the smaller particle, which is within
the size range estimated byLee and Chan(2007). Due to the
large particle size in this dataset, the layer spacing scheme
in KM-SUB had to be altered to achieve numerical conver-
gence of the modelling result. From a total of 200 computed
layers, 40 were chosen to form a narrowly resolved surface
region. Each of these layers was attributed a depth of about
10 ozone monolayers (4 nm). The residual space was then
equally distributed in depth among the 160 remaining layers.
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Table 6. Kinetic parameter sets for KM-SUB that represent possible fits to experimental data provided byZiemann(2005), Lee and Chan
(2007) andHearn et al.(2005). bc1, bc1∗ and Fit I are obtained by adjustingαs,0,X while Fits II to IV are multi-parameter fits, obtained by
least-squares fitting of modelled to experimental data. Even though Fits II and III do not exhibit limiting case behaviour, they can still be
assigned as a bulk reaction limited by reaction and diffusion (reacto-diffusion limitation). Values that were fixed during the fitting procedures
are marked with square brackets.

Parameters
bc1a bc1∗ Fit I Fit II Fit III Fit IV

Ziemann Ziemann Lee and Chan Lee and Chan Hearn Hearn

kBR

(
cm3

mols

)
[1.70× 10−15

] [1.70× 10−15
] [1.70× 10−15

] 2.52× 10−16 3.47× 10−17 1.72× 10−17

kSLR

(
cm2

mols

)
[6.00× 10−12

] [6.00× 10−12
] [6.00× 10−12

] [6.00× 10−12
] [6.00× 10−12

] 2.90× 10−12

Db,X

(
cm2

s

)
[1.00× 10−5

] [1.00× 10−5
] [1.00× 10−5

] [1.00× 10−5
] [1.00× 10−5

] [1.00× 10−5
]

Db,Y

(
cm2

s

)
[1.00× 10−10

] [1.90× 10−7
] [1.90× 10−7

] [1.90× 10−7
] [1.90× 10−7

] [1.90× 10−7
]

Hcp,X

(
mol

cm3 atm

)
[4.80× 10−4

] [4.80× 10−4
] [4.80× 10−4

] 6.51× 10−5 8.81× 10−4 4.91× 10−5

τd,X (s) [1.00× 10−2
] [1.00× 10−8

] [1.00× 10−8
] [1.00× 10−8

] [1.00× 10−8
] 1.10× 10−4b

αs,0,X (–) 4.20×10−4 4.61×10−4 3.04× 10−4 4.18× 10−2 2.81× 10−2 3.08× 10−2

Dg,X

(
cm2

s

)
[1.4× 10−1

] [1.4× 10−1
] [1.4× 10−1

] [1.4× 10−1
] [1.4× 10−1

] [1.4× 10−1
]

10 % reaction course

STLR 0.310 4.63×10−7 3.52×10−7 1.37×10−3 2.06×10−4 0.966
SR 0.082 0.079 0.031 0.905 0.951 0.996
MP 0.999 0.999 0.965 0.483 0.744 0.999

50 % reaction course

STLR 0.259 3.61×10−7 2.61×10−7 9.00×10−4 3.14×10−4 0.964
SR 0.056 0.108 0.044 0.928 0.969 0.998
MP 0.999 0.999 0.966 0.482 0.7455 0.999
Regime/Limiting case SBα Bα

c Bα Brd Brd Srx

a As provided by (Pfrang et al., 2010).
b This value implies formation of an intermediate at the particle surface.
c SR at 50 % reaction course is slightly outside the numerical criterion for this assignment.

The consequences of using an insufficient number of layers,
leading to non-resolved (step) gradients are briefly addressed
in AppendixC.

Both Fit I and Fit II are consistent with the observed decay
and could only be distinguished from one another in fit qual-
ity in the final stages of the reaction, for which no data are
available. However, Fit I directly matches the Bα assignment
that was made for the dataset ofZiemann(2005), while Fit
II would only match a nonlinear decay. Indeed, most previ-
ous observations of this system, which are summarised in the
comprehensive review ofZahardis and Petrucci(2007), were
generally nonlinear in time. This is an example of the logi-
cal error which arises when limiting case behaviour observed
under one condition (small particles, high oxidant concen-
tration) is assumed to apply elsewhere (very large particles,
much lower oxidant concentration). We therefore continue
with a more in-depth analysis of a dataset measured with
smaller particles at high oxidant concentration that shows

a pronounced nonlinearity and includes data to the very end
of the reaction.

6.4 Hearn et al. (2005) dataset

A second multi-parameter fit was applied to the aerosol
Chemical Ionization Mass Spectrometric measurements in
Hearn et al.(2005) (650 nm diameter oleic acid particles re-
acting with 2.76×1015 cm−3 ozone in an aerosol flow tube).
As shown in Fig.6c, the resulting fits exhibit behaviour in-
dicative of the Brd regime (bulk reaction limited by chemi-
cal reaction and/or bulk diffusion) and the Srx limiting case
(surface reaction limited by chemical reaction), respectively.
Although both Fit III and Fit IV resemble the experimen-
tal data reasonably when viewed on a linear scale, the loga-
rithmic representation of Fig.6d shows that Fit III deviates
marginally from the data after 2.0 s. This was already dis-
cussed byHearn et al.for the traditional reacto-diffusive case
Brd

trad, which is a subset of the Brd regime. The Brdtrad case has
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Fig. 7. Sensitivity profiles of parameter sets for a KM-SUB simulation of oleic acid–ozone. The parameter values used to generate these fits
are shown in Table6. Datasets are:(a) and(b), Ziemann(2005); (c) and(d), Lee and Chan(2007); (e) and(f), Hearn et al.(2005). These
sensitivity tests corroborate the limiting case and regime assignments made in this study, and indicate that the 9: 1 criterion is sufficient to
separate limiting case behaviours. The sensitivity coefficients were determined via Morris’ Elementary Effects method for global sensitivity
analysis (Morris, 1991) as recommended bySaltelli et al.(2008).

a quadratic-like functional form inNY(t) that is not able to
fit the experimentally observed mono-exponential decay. In
contrast to the “ideal” Brdtrad case, Fit III does not show a true
quadratic decay shape and lies significantly closer to the ex-
perimental data compared to the fit shown in Fig. 2 ofHearn
et al. (2005). This improved fit arises because Fit III does
not exactly match the Brdtrad scenario and its kinetic behaviour
changes towards Brx as the reaction proceeds.

A rather different picture of the internal structure of the
aerosol particle is provided with Fit IV, showing an excellent
fit to the experimental data in reasonable proximity to the
original bc1 parameter set ofPfrang et al.(2010). This fully-
saturated surface reaction is consistent with the conclusion
of Hearn et al.(2005), who suggested that the reaction oc-
curs exclusively on the particle surface as a result of a quasi-
smectic structure of the uppermost oleic acid layer that is im-
penetrable by ozone due to slow diffusion and fast reaction.

We note that the surface reaction behaviour in Fit IV is
only achieved using aτd,X which significantly exceeds the
values inferred from molecular dynamics simulations as dis-
cussed in Sect.6.2 above. Such a value would be accept-
able only if a long-lived intermediate was formed at the
particle surface (as discussed inShiraiwa et al.(2011b) for
PAH+ O3).

Both Fit III and Fit IV are in reasonable agreement with
the single experimental decay in Fig.6. However, further ex-

perimental results ofHearn et al.with differently sized par-
ticles indicate that the initial reaction rate scales inversely
with the particle radius (Sn(rp) = −1), which is typical for
systems that are limited by a surface-related process such as
Srx, Bα or Brd

trad (see Table4). A more detailed discussion of
the size-dependent data can be found in AppendixE.

6.5 Sensitivity profiles of displayed limiting cases

As discussed in Sect.4.3, we recommend sensitivity analysis
to confirm that the numerical criteria chosen result in distinct
and well-behaved limiting cases. Figure7 shows the sensitiv-
ity profiles of the six parameter sets found for the oleic acid–
ozone system. In each case, the assignment is supported by
the sensitivity analysis. Sensitivity coefficients are given at
10 % reaction course as this not only avoids the initial, highly
transient behaviour which is expected as the surface and first
bulk layers come into equilibrium with the gas phase, but
also minimises the error associated with neglecting reaction
products in the depth-resolved model.

The interpretation of the fits toZiemann(2005) data, pan-
els a and b of Fig.7 is relatively straightforward. As expected
from Table3, these fits are only sensitive to the accommoda-
tion coefficientαs,0,X. Indeed, in panel a, onlyαs,0,X is indi-
cated as a direct control on the result of the calculation, in
accordance with the accommodation regime (SBα). In panel
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b, the sensitivity toαs,0,X remains high while some minor de-
pendence on parameters related to bulk reaction (Hcp,X, kBR,
Db,X) is observed, both in agreement with the assignment as
Bα limiting case (bulk reactions limited by accommodation).

Panels c and d show sensitivity analyses of fits to theLee
and Chan(2007) data and reveal very typical behaviour for
the Bα case and the Brd regime, respectively. While Fit I in
panel c is completely governed by theαs,0,X parameter, Fit
II in panel d shows the traditional reacto-diffusive behaviour
with a balanced sensitivity towards the reaction and diffu-
sion process. In both cases, the large particle radius leads to
a slight influence of gas-phase diffusion as indicated by sen-
sitivity to Dg,X.

The interpretation of the fits toHearn et al.(2005) data,
panels e and f of Fig.7 also confirms our assignments. In
panel e, the parameters indicate a mixture of bulk reaction
and bulk diffusion limiting cases (Brd regime). Unlike Fit II
in panel d, this case does not coincide with the traditional
Brd

trad case, as it shows a slight predominance towards reac-
tion limitation and thus Brx behaviour. This example demon-
strates the breadth of possible behaviours for cases that do
not fall into a distinct limiting case but rather exhibit regime
behaviour. In panel f, the surface reaction rate coefficient
kSLR as well as the parameters determining the surface cov-
erage (τd,X andαs,0) are influential. Thus, Srx behaviour was
correctly assigned.

In general, sensitivity coefficients were not observed to
vary significantly over time once a quasi-stationary state of
transport and reaction was reached. In the event that be-
haviour is not consistent throughout the reaction, a change
in regime or limiting case behaviour can be detected by
a change in classification parameters and the sensitivity co-
efficients follow accordingly. For example, classification pa-
rameters for Fit III (Table 6) show an increase in mixing
parameter BMPXY over time, indicating a smooth transition
from Brd regime towards Brx limiting case behaviour. This
is accompanied by a decrease in sensitivity towards the bulk
diffusion coefficientDb,X from Sn(Db,X) = 0.22 at 10 % re-
action course to 0.16 at 50 % reaction course and 0.04 at 90 %
reaction course.

In interpreting these sensitivity analyses, a low sensitiv-
ity does not necessarily mean that a process related to that
parameter is unimportant, only that modest changes in that
parameter do not have a strong influence on the model result.
This could be the case if a parameter is obviated (e.g. the
Henry’s law constant in a system which reacts exclusively
at the surface, in which case it could take on any value) or
if a process is saturated (e.g. the reaction rate coefficient in
an accommodation-limited case, for which modest changes
in kBR would not matter as the reaction would remain “fast”
compared to the accommodation process). Overall, the sim-
ple 9: 1 numerical criteria proposed in Sect.4.2 were suf-
ficient for this system, but should be revisited for each new
chemical system to ensure that limiting cases and regimes

are well-behaved (that is, influenced by only one or two pro-
cesses, respectively).

6.6 Conclusions from the case study

In summary, analysis of three literature datasets of the oleic
acid–ozone reaction system led to six different sets of kinetic
parameters for the applied kinetic model KM-SUB. The pro-
posed classification scheme was applied to these fits, leading
to assignments of limiting cases or regimes. However, under-
lying kinetic parameters could not be determined uniquely
and no final limiting case assignment could be made. This
is, however not the result of a deficiency in the classifica-
tion scheme. Rather, it highlights the inherent complexity
of experimental kinetics and the fitting process necessary to
infer kinetic parameters from experimental data. Parameters
which are not among the limiting parameters of the reaction
system (cf. Table 3 and Fig. 7) do not directly influence the
reaction rate and are thus poorly constrained by experiments.
Single measurements in one kinetic regime can usually only
determine one (or a few) parameter(s), and put constraints on
others.

Consequently, none of the example parameter sets given
here was able to fit all three experimental datasets. A pa-
rameter set which fully represents the underlying kinetic pa-
rameters in the oleic acid–ozone system will thus require
further experimental and theoretical studies in which mul-
tiple datasets are simultaneously fitted (a global fit). These
datasets should ideally be obtained under vastly differing
conditions (reaction time, particle size and oxidant concen-
tration), thereby changing the kinetic regime and providing
constraints on a wider variety of kinetic parameters.

7 Summary and conclusions

The development of depth-resolved models for aerosol
chemistry has prompted the more sophisticated, systematic
classification of the kinetic behaviour of aerosol particles
proposed here. The set of limiting cases and associated sym-
bols proposed above should allow a more complete and more
intuitive discussion of aerosol particle behaviour, especially
in systems which exhibit stiff coupling of physical and/or
chemical processes. In particular, the more complete treat-
ment of mass transfer limitation presented in this study not
only allows for analysis of such systems, but may also assist
in interpreting and reconciling previous studies.

Limiting case or kinetic regime assignments facilitate the
interpretation of experimental data since, in principle, only
the rate limiting process(es) have to be considered when cal-
culating or analysing reactive uptake. During an experimen-
tal study, results can be compared to the characteristic be-
haviours described in Sect.5 which may provide insight into
the kinetic behaviour of aerosol particles. If the experimen-
tal results match a profile of a limiting case, the predicted
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sensitivity of the assigned case to experimental conditions
may be useful in guiding follow-up experiments.

As outlined above, a single chemical reaction system can
exhibit different kinetic behaviours depending on reaction
conditions such as concentration levels and particle sizes.
The classification scheme proposed here provides a means of
characterising a specific reaction system under specific con-
ditions, but the underlying parameters which drive the phys-
ical and chemical behaviour remain the most valuable infor-
mation which models can extract from experimental data.
This is particularly important for the extrapolation of labo-
ratory results to atmospherically relevant conditions, a task
which demands a well-constrained parameter set to provide
reliable results. Therefore, we emphasise the need for ex-
periments at different time scales, particle sizes and reac-
tant concentrations, to provide enough constraints for ac-
curate determination of fundamental kinetic parameters. In
light of the breakdown of the exposure metric (oxidant con-
centration× time) for some aerosol behaviours, we recom-
mend that studies which use the exposure metric should also
provide independent concentration and time data for future
reanalysis.

Multi-parameter fitting of three different datasets for the
benchmark system of oleic acid reacting with ozone has
shown that the available data can be represented by different
sets of kinetic parameters that do not correspond to a single
kinetic behaviour (regime or limiting case). Using only one
dataset at a time for the fitting of several kinetic parameters
resulted in an under-determined system.

We conclude that for a well-constrained kinetic parame-
ter set, several datasets should be taken into account simul-
taneously to provide a sufficiently broad set of constraints
for the fitting result. These sets must include a wide range
of experimental conditions, since non-limiting parameters
are only poorly constrained by experimental data. Multi-
parameter fitting to multiple datasets for extraction of ki-
netic parameters would therefore be of general importance
for modelling of multiphase chemistry, but requires a signif-
icantly higher technical effort. The prospects and challenges
of multi-dimensional fitting to elucidate the kinetic parame-
ters of aerosol reaction systems will thus be addressed in de-
tail in a follow-up study, building on the classification frame-
work provided here.

Appendix B

Additional regimes

In addition to the reaction-diffusion and mass transfer
regimes used throughout this work, there are many other
combinations of limiting cases to form regimes which are
possible. Sorting by mixing parameter MP leads to the dis-
tinction in Fig. S1a, the diffusion regime and the reaction-
accommodation regime. This separation is less common than

that shown in Fig.3a for analysis of chemical reactivity. The
typical example of a system in the reaction-accommodation
regime arises when a particle is well-mixed and neither sat-
urated nor starved on trace gas X, indicated by SSR and/or
BSR≈ 0.5. Here, reaction and accommodation occur on sim-
ilar time scales and are thus closely coupled. Another possi-
bility is shown in Fig. S1b, in which the separation is made
between chemical rate limitation (“reaction regime”) and all
other possibilities (“mass transport regime”). We view the
mass transport regime (not to be confused with the mass
transfer regime SBmt) in Fig. S1b as too broad to be useful, as
systems lying in this regime may encompass every limitation
on chemical reaction rate except the actual rate coefficient.

Appendix C

Strong bulk concentration gradients not equivalent
to diffusion limitation

As already described in Sect.2.2, the reaction-diffusion
regime encompasses all cases limited by chemical reaction
and/or bulk diffusion and the traditional reacto-diffusive case
within this regime, Brdtrad, occurs when STLR≈ 0, BSR≈ 1,
BMPX ≈ 0 and BMPY ≈ 1. In this situation, the surface and
first subsurface bulk layer are saturated with X and the short
reacto-diffusive length of X limits the reaction volume and
thus reactive uptake. Because reaction and diffusion of X are
inherently coupled in the Brdtrad case, this case does not exhibit
Bbd behaviour even though it shows a strong gradient in X.
This would violate the definition of single-process limitation
for limiting cases given in Sect.2.1.

In addition to the Brdtrad case, another behaviour can also
be observed when BMPX ≈ 0, BMPY ≈ 1, SSR≈ 1, but
BSR≈ 0. Here, the surface is saturated with X but the trans-
fer from surface to bulk is inefficient compared to reaction
in the bulk. Since BSR≈ 0 in this situation, this case is cor-
rectly assigned as a Bα case, and has a behaviour which is
consistent with the archetypal Bα case described in Sect. 5.1.
We will distinguish this surface to bulk transfer-limited case
from the gas to surface transfer-limited case by referring to
each as Bα,s→b and Bα,g→s, respectively.

Typically, the values of SSR and BSR are expected to be
similar (for an overview of the relationship between SSR and
BSR for different limiting cases and regimes, see Table S3).
As suggested by the name “surface to bulk transfer-limited”,
a discrepancy between SSR and BSR arises in the Bα,s→b
case. This situation depends crucially on the layer spacing in
the model. Such a discrepancy between SSR and BSR could
arise when the reacto-diffusive length is so short that it falls
below layer spacing, which is often constrained to be one
molecular length (e.g. a monolayer of Y) or larger. In such
a situation, the assumption of internally well-mixed model
layers is violated and the quasi-static surface layer acts as
a diffusional bottleneck that has to be surpassed before bulk
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Table A1. List of symbols and abbreviations.

Symbol Meaning SI Unit

αb,X bulk accommodation coefficient of X
αs,X surface accommodation coefficient of X
αs,0,X surface accommodation coefficient of X on an adsorbate-free surface
γX uptake coefficient of X (normalised by gas kinetic flux of surface collisions)
γeff,X effective uptake coefficient of X (normalised by average gas kinetic flux)
δY effective molecular length of Y m
θs,X surface coverage by X (sorption layer)
θs,max,X maximum surface coverage by X (sorption layer)
θs,sat,X saturation surface coverage by X (sorption layer)
λi kinetic input parameteri
λX mean free path of X in the gas phase m
τd,X desorption lifetime of X s
ωX mean thermal velocity of X ms−1

bc1 base case 1 input parameter set
bc1∗ modified base case 1 input parameter set
BMPX mixing parameter for bulk diffusion of X (bulk reaction)
BMPY mixing parameter for bulk diffusion of Y (bulk reaction)
BMPXY joint mixing parameter for bulk diffusion of X and Y (bulk reaction)
BSR bulk saturation ratio
Cg,X gas-phase diffusion correction factor for X and mixing parameter for gas phase X
Db,X particle bulk diffusion coefficient of X m2s−1

Dg,X gas-phase diffusion coefficient of X m2s−1

Hcp,X Henry’s law coefficient of X molm−3Pa−1

ka first-order adsorption rate coefficient of X ms−1

kd first-order desorption rate coefficient of X s−1

kBR second-order rate coefficient for bulk reactions m3s−1

kSLR second-order rate coefficient for surface layer reactions m2s−1

Kads,X adsorption equilibrium constant of X m3

Ksol,cc,X dimensionless solubility or gas-particle partitioning coefficient of X
KnX Knudsen number for X
lrd,X reacto-diffusive length of X in Y m
Lk loss rate upon bulk reaction in layerk s−1

Ls loss rate upon surface reaction s−1

Ltot total loss rate (of surface and bulk reaction) s−1

SR saturation ratio
n number of bulk layers in discretized representation of the particle
NY number of molecules of Y left in the aerosol particle
rp particle radius m
S(λi) model sensitivity towardsλi

Sn(λi) normalised model sensitivity towardsλi

SMPY mixing parameter for bulk mixing of Y (surface reaction)
SR saturation ratio
SSR surface saturation satio
STLR surface to total loss rate ratio
t time s
T temperature K
Vk volume of layerk m3

X trace gas species
[X]eff effective bulk concentration of X experienced by reacting Y m−3

[X]g gas-phase number concentration of X m−3

[X]gs near-surface gas-phase number concentration of X m−3

[X]s surface number concentration of X (sorption layer) m−2

[X]ss subsurface number concentration of X (quasi-static surface layer) m−2

[X]s,max maximum surface number concentration of X (sorption layer) m−2

[X]s,sat saturation surface number concentration of X (sorption layer) m−2

[X]b particle bulk number concentration of X m−3

[X]bk number concentration of X ink-th bulk layer m−3

[X]b,sat saturation particle bulk number concentration of X m−3

Y bulk material species
Ymodel model output
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reaction can occur. This effectively decouples the reaction
and diffusion process. However, the treatment of competing
reaction and diffusion at the molecular level might not be
well-represented by the kinetic model applied here and thus
lies beyond the scope of this paper.

A more intuitive example for a Bα,s→b case is a particle
that is coated by an inert and only slowly penetrable shell
such as a monolayer of saturated fatty acids (Rouvìere and
Ammann, 2010).

Appendix D

Idealised limiting cases

The complete list of input parameters and experimental con-
ditions for the idealised limiting cases employed in Sect.5
is given in Tables S2 and S3. As in all other calculations in
this work, it was assumed that all kinetic (e.g.kBR, Db,X,
Db,Y) and environmental (e.g. [X]g, rp, T ) parameters remain
constant as the reaction proceeds. Single-process limitation
was ensured by disabling competing processes (λi = 0) and
increasing the speed of non-limiting processes (λi = 1). To
achieve similar uptake coefficients, the kinetic parameters
were tuned so that an aerosol particle with 100 nm radius was
processed in∼ 100 s. The parameter sets themselves are thus
not based on physically correct scenarios, but represent sys-
tems which exhibit pure, single-process limiting behaviour.

Appendix E

Particle size-dependent data

Hearn et al.(2005) use initial loss rates measured at differ-
ent particle sizes to further narrow down the kinetic limiting
behaviour of the oleic acid–ozone reaction system. A model
system’s response to changes in particle size can be inferred
by means of sensitivity analysis, which was conducted for
Fits III and IV of Fig. 6c, d. Fit IV was found to match the
experimentally observed inverse response of reaction rate to
particle size (Sn(rp) = −0.99), whereas Fit III shows rather
an inverse root dependence (Sn(rp) = −0.51). Thus, and in
agreement with the original study ofHearn et al.(2005), we
conclude that Srx is the only single limiting case that fits the
experimental observations of both decay shape and scaling of
initial reaction rate with particle size. However, a behaviour
which mixes the characteristics of more than one limiting
case might also fit the data well, even though the limiting
cases which it most closely resembles would fail individu-
ally. The Fit III parameter set presented here follows this
logic by mixing the behaviours of Brdtrad and Brx to adequately
represent both the near-exponential decay ofNY as a function
of time (Brx) and the scaling of the initial decay rate with par-
ticle radius (Brdtrad). Although the agreement of Fit III with the
experimentalNY(t) andSn(rp) is not as good as that of Fit

IV, both are in reasonable proximity to experimentally mea-
sured values. This opens up another possibility for modelling
of the oleic acid–ozone system that has yet to be proven by
a well-fitting kinetic parameter set.

Supplementary material related to this article is
available online at:http://www.atmos-chem-phys.net/13/
6663/2013/acp-13-6663-2013-supplement.pdf.
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transformation of diffusivity in semi-solid multi-component or-
ganic aerosol particles, Atmos. Chem. Phys., 11, 7343–7354,
doi:10.5194/acp-11-7343-2011, 2011.
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model of aerosol surface chemistry and gas-particle interactions
(K2-SURF): Degradation of polycyclic aromatic hydrocarbons
exposed to O3, NO2, H2O, OH and NO3, Atmos. Chem. Phys.,
9, 9571–9586, doi:10.5194/acp-9-9571-2009, 2009.
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