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Abstract. Heterogeneous reactions are important to atmo-this system is evaluated by a quantitative global sensitiv-
spheric chemistry and are therefore an area of intense reaty analysis. We outline the characteristic features of each
search. In multiphase systems such as aerosols and cloudsniting case and discuss the potential relevance of different
chemical reactions are usually strongly coupled to a complexegimes and limiting cases for various reaction systems. In
sequence of mass transport processes and results are oftparticular, the classification scheme is applied to three differ-
not easy to interpret. ent datasets for the benchmark system of oleic acid reacting
Here we present a systematic classification scheme for gawith ozone in order to demonstrate utility and highlight po-
uptake by aerosol or cloud particles which distinguishes twotential issues. In light of these results, future directions of
major regimes: a reaction-diffusion regime and a mass transresearch needed to elucidate the multiphase chemical kinet-
fer regime. Each of these regimes includes four distinct limit- ics in this and other reaction systems are discussed.
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. 1 Introduction
The conceptual framework enables efficient comparison
of different studies and reaction systems, going beyond th&ropospheric aerosols are composed of organic and inor-
scope of previous classification schemes by explicitly resolv-ganic substances originating from direct emission of parti-
ing interfacial transport processes and surface reactions limeles and from condensation of gas-phase spekiasakidou
ited by mass transfer from the gas phase. The use of kinetiet al, 2005 Posch| 2005 Hallquist et al, 2009 Ziemann
multi-layer models instead of resistor model approaches inand Atkinson 2019. Aerosols are climate forcerSireets
creases the flexibility and enables a broader treatment of thet al, 2004 Yu et al, 2006 IPCC, 2007 Stevens et 312009
subject, including cases which do not fit into the strict lim- Carslaw et al.201Q Mahowald et. al.2011) and are impli-
iting cases typical of most resistor model formulations. Thecated in human health effecBdtes 1993 Jakab et a].1995
relative importance of different kinetic parameters such asMcConnell et al. 2002 Nel, 2005 Heal et al, 2012 Shi-
diffusion, reaction rate and accommodation coefficients inraiwa et al, 20129 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 thisphase chemical reactions (el@unker, 1984 and regional
time, the physical and chemical properties of aerosols ar@zone formationlartien and Harley2006. However, to the
still poorly understood and despite extensive experimentakhuthors’ knowledge this type of sensitivity analysis has not
and modelling efforts, many of the processes central to hetbeen applied previously to a depth-resolved or resistor-style
erogeneous chemical processing of aerosols remain uncleanodel of the physicochemical behaviour of single aerosol
(Kolb et al, 2010. particles.

Most previous studies of the gas uptake into aerosol parti- Kinetic regimes and limiting cases allow classification of
cles have used “resistor” models which account for physicalsystem behaviour for analysis and comparison of model out-
and chemical processes for a single or at most a few physicgbuts with experimental results. In this work, we propose
domains within the aerosol particle by analogy to electricalan enhanced set of limiting cases which can be used for
circuits (an overview of resistor models in the canonical sys-conceptual discussion and analysis along with a systematic,
tem of oleic acid—ozone heterogeneous reaction is given imumerically-based method for assigning a limiting case to
Zahardis and Petrugc2007. Such models allow analytical a reaction system. This classification is compared with the
expressions to be derived for uptake of trace gases or loss afutcome of a global sensitivity analysis to ensure that the sys-
condensed phase material in simplified, limiting cases. Theséem behaviour is consistent with the assignment. The classi-
analytical expressions can be used to calculate the underlyinfication system proposed here is broadly applicable and stan-
kinetic parameters such as reaction rate coefficients or the adardized, so that it is portable across many systems. This tax-
commodation coefficient (which are applicable to a reactiononomy will be useful as a common ground for discussion of
system under any conditions) or the trace gas uptake coeffiheterogeneous chemical processes and as a tool for analysis.
cienty (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 par_ucularly successful in assessing key he}fl Representation of aerosol reaction systems and
erogeneous interactions of relevance to stratospheric ozone definitions
depletion Hanson et a).1994). Analysis based on limiting
cases has found widesprea_d acceptance and also forms_ t?%llowing the terminology oPbschl et al(2007) (the “PRA
basis for the recent evaluations by the IUPAC Subcommit-qamework”), we will discuss the reaction of a trace gas
tee for Gas Kinetic Data Evaluatio@(owley et al, 2010.  gpacies X and a condensed-phase substrate Y. These com-

Because a wide variety of processes are important to muly g nds are assumed to react in a single step, second-order re-
tiphase chemistry, it is less well understood than pure gasziion in either (i) a single bulk layer or (ii) between a quasi-

phase chemistry (e.@\bbatt et al, 2012 and new methods  g4tic surface layer of Y and a sorption layer of X. The do-
are needed to facilitate analysis and discussion. mains of the gas and condensed phase discussed here are

_ Recently developed depth-resolved models for single parysirated schematically in Figl along with the principle
ticles or thin films that focus on chemistry, such as KM-SUB ;1< transport and reaction processes.

(Shiraiwa et al.2010, and water diffusion, such as the ETH |, this paper we reserve the tetimiting casefor a system

Diffusion Model obrist et al, 2011), allow a more com- \ hich is governed by a single, clearly defined rate-limiting

plete consideration of the time- and depth-resolved chemical,qcess, Examples of limiting cases are systems which are
and physical behaviour of aerosol particles, leading to a betyjniteq solely by slow chemical reaction, or by slow dif-

ter understanding of these reaction syste8tsraiwa et al.  fsion of reactants X and Y. We reserve the tekinetic
(20113 havg shoyvn that resistor mod_els are ngt SUffiCientregimefor a system which is governed by a few (often only
for systems in which the bulk material is radially inhomoge- ;0 or two) clearly defined rate-limiting processes. For ex-

neous in concentration owing to, e.g. diffusion limitations. e systems which exhibit reaction and/or bulk diffusion
Due to the complexity of numerical models such as thesejimitation fall into a single kinetic regime. Referencing the

it is often unclear which process is most important to modelConcepts of reacto-diffusive length and fl&chwartz and
outputs. Sensitivity analysis provides a simple means of ide”Freiberg 1981 Hanson et a).1994 Poschl et al, 2007, we
tifying the model parameters which most strongly influence (g, this important example the reaction-diffusion regime.
the results (and thus are related to the rate-limiting process).

Although many previous studies have employed a local ap2.2 Derivation of limiting cases and kinetic regimes
proach, advanced computational tools exist to systematically

calculate sensitivity coefficients and take into account higherrhe cases of limiting behaviour presented here arise from
order parameter effects (the “global methods” Saltelli three properties that are fundamental to every aerosol reac-
et al, 2008. As reviewed inCariboni et al.(2007), global tive system in which a gas X reacts with condensed phase V:
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-

2 Conceptual framework
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vertices of a cube in which every direction refers to a classification

Fig. 1. Processes and compartments discussed in this paper (adapt§iterion (STLR, SR, MP). They are classified into four types of
from Shiraiwa et al.2010), assuming a system which is either pla- limiting behaviour: limitation by chemical reaction, bulk diffusion,
nar or spherically symmetric. Key processes are highlighted. Dif-Mass accommodation (including surface and bulk accommodation)

fusion of gaseous trace gas X is assumed to influence the near su@"d gas diffusion.

face gas-phase concentration §Xjithin one mean free pathy

of the particle surfacerg). Following Poschl et al (2007, surface

accommodation denqtes the mass flux of X from the near-s_urface To facilitate discussion, we introduce a compact symbolic
gas phase to the particle surface, whereas bulk accommodation al?%presentation for each limiting case which is used in Eig.

includes the SUbseque.m transport into the near-.surface bulk. SUBnd throughout this manuscript. The reaction location is in-
face reaction occurs within or between the sorption layer and the

quasi-static surface layer consisting of bulk material Y. Reactiondlc"’lted by a central “S” or "B” for surface and bulk, respec-

and diffusion can take place inindividually resolved bulk layers. tive_ly, and a subscript in(_jicates the _process which Ii_mit_s re-
All symbols are defined in Tablel. active uptake. The possible subscripts are: “rx” to indicate

chemical reaction; “bd” to indicate bulk diffusionp” to
indicate accommodation; “gd” to indicate gas-phase diffu-
i. the reaction location, as assessed by the Surface to Tot&ion. This framework thus distinguishes four different types
Loss rate Ratio (STLR) of limitation, which are colour-coded in Fig.
A particular strength of numerical modelling (either depth-
ii. the supply of reactive gas, as assessed by the Saturatigrsolved models or numerically solved resistor models) is the
Ratio (SR) ability to work in the “gray area” between well-defined lim-
iting cases. The framework proposed here is compliant with
iii. the heterogeneity of the system with respect to depthsystems in which one or two classification parameters do not
above and below the surface, as assessed by the Mixingxhibit extreme behaviour: these fall into the kinetic regimes
Parameter (MP). defined above. In order to illustrate the concept of a kinetic
regime, a few of the many possible regimes are shown in
Each of the three quantities (STLR, SR, MP) is formulatedFig. 3. A straightforward way to generate a regime is to con-
as a dimensionless parameter ranging from 0 to 1 to allownect the volume which represents two limiting cases to form
comparison against a common set of criteria which are not volume, which also contains the additional space between
linked to any specific chemical reaction. the limiting cases and towards the centre of the cube. The re-
Every unique combination of extreme behaviour in the sulting regime includes the behaviour of both limiting cases
three classification properties leads to a limiting case. Thisand all systems with classification parameters located in the
can be visualized in three dimensions as a cube in whictadditional volume. A kinetic regime is thus much broader in
each dimension corresponds to one of the classification propits definition than a limiting case. This is depicted in F3b,
erties, as shown in Fi@. Since all possible cases of kinetic where surface and bulk reaction limiting cases with the same
behaviour form the interior of the cube and the faces describdimiting process (boxes of the same colour) are connected.
extreme behaviour in one of the classification properties, theMe name the four resulting regimes for the process which
eight limiting cases can be depicted as a small volume at eaclimits the reactive loss of Y: the reaction, bulk diffusion, gas
of the vertices, touching three faces each. The eight cases olgliffusion and accommodation regimes.
tained in this way are limited by a single process each and are Another possibility is shown in Fig3b, where the
clearly distinct since they differ in at least one fundamentalreaction and bulk diffusion regimes are linked to form
classification property. a reaction-diffusion regime. This reaction-diffusion regime

www.atmos-chem-phys.net/13/6663/2013/ Atmos. Chem. Phys., 13, 6@&&E8§ 2013
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Fig. 3. Visualization of regimes as volumes of the kinetic cube in Biga) 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 coefficigfs sktovys

a combination of the regimes (@) 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, bulkpassed in our reaction-diffusion regime,"$Bn addition to
diffusion, or both processes in situations where they arethe regimes already presented here, a variety of other regimes
tightly coupled (reacto-diffusive limitation). We note that the are possible; a few of them are documented in AppeBdix
term “reacto-diffusive” traditionally referred to bulk reac-
tion systems with a strong gradient in X and no gradient2.3 Classification scheme and criteria
in Y (see e.g.Danckwerts 1951, Schwartz 1986 Hanson
et al, 1994 Davidovits et al, 1995 Ravishankaral997 Here we present a sequential method to apply the three pa-
Kolb et al, 1998 Ravishankara and Longfello@999 Davi-  rameters defined above to unambiguously determine the lim-
dovits et al, 2006 Poschl et al. 2007 Kolb et al, 2010. iting case of a reacting aerosol particle. These classification
Throughout this paper we will refer to this case as the “tradi-parameters will be described in detail in Se@8.1-2.3.3
tional reacto-diffusive case”. However, our definition of the An overview of the process is given in Figjand the resulting
reaction-diffusion regime also includes cases with gradientsimiting cases and kinetic regimes are summarised in Thble
in the bulk material Y in both bulk and surface reaction sys- |n the following sections, each of the three classification
tems. In these systems, a reacto-diffusive steady state formsarameters is framed as a question to provide insight into the
when both the diffusion of reactants towards the reaction SitEpr()cesses which most strongly influence the gas uptake. It is
and the actual chemical reaction are limiting trace gas uptakéimportant to note that multiple functional forms of SR and
The complementary regime is a combination of the accom4MPp exist; one of each is chosen for use depending on the
modation and gas diffusion regimes, which we will refer to result of the previous classification parameters. For example,
as the “mass transfer”-limited regime as both are related tahe mixing parameter for a reaction which occurs primarily at
the transfer of X from the gas to the particle phase. the surface should not reflect a depthwise gradient in bulk X.
To facilitate discussion of regimes, we introduce addi- A conceptual discussion of the physical and chemical be-
tional symbols which are similar to that of the limiting cases haviour of each limiting case is possible without appealing to
defined above. Again, “S” and “B” are used to indicate re- any specific numerical model, but the process of calculating
action location, and superscripts are used to avoid confusioparameter values to assign a limiting case for some experi-
in identifying the rate-limiting processes. Additional possi- mental data requires the output of a depth-resolved model.
ble superscripts are “rd” to indicate reaction-diffusion limita- The criteria are constructed assuming that model outputs are
tion and “mt” to indicate mass transfer limitation. In case the discretized into spherical or planar layers for droplets and
surface contribution parameter STLR does not show extreméims, respectively, as such discretized treatment is common
behaviour, a regime can still be specified if the other clas-in current-generation models (see Fiy.
sification parameters are consistent. For example, if STLR
is ~0.5 but saturation ratio SR is high, we can assign the 3.1 Criterion 1: surface to total loss rate ratio (STLR)
behaviour as SB, where the central symbol is “SB” to indi-
cate that both surface and bulk reactions contribute. The tratpjs term answers the questiohat is the dominant reac-
ditional reacto-diffusive case as defined above (bulk reactionjon |ocation, surface or bulkThe surface to total loss rate

gradient only in X) will be denoted asyh to distinguish  ratio (STLR) is used to determine which locality, if any, dom-
it from the broad manifold of possible behaviours encom-jnates the chemical loss of Y. The loss rates at the surfage,

Atmos. Chem. Phys., 13, 6663686 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. 8 Btsate

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 t
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 respecti
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 SSRv1  gd SMPy ~ 1 Sx Surface reaction limited by chemical reaction

- SMPy ~ 0 Sod Surface reaction limited by bulk diffusion of

condensed reactant Y

~1 SSReO  gnt Cgx~1 S Surface reaction limited by surface accommodation of X
Cgx~0 Syd Surface reaction limited by gas-phase diffusion of X
BMPxy ~1 Brx Bulk reaction limited by chemical reaction

~0 BSR~1 B BMPww ~0 B Bulk reaction limited by bulk diffusion of volatile reactant

Xy = bd X and condensed reactant Y
~0 BSR~0 BM Cgx~1 By Bulk reaction limited by bulk accommodation of X
- - Cgx~0 Byd Bulk reaction limited by gas-phase diffusion of X

www.atmos-chem-phys.net/13/6663/2013/
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and in thek-th bulk layer,Lyy, can be calculated as follows: Here[X]q is the near-surface gas-phase concentration of X
and Kads x is a Langmuir-type adsorption equilibrium con-

Ls=ksLRIXIs[Y]ss (1) stant (see Figl). The SSR is defined as the ratio of X to its
Lk = krIX1ok[Y Jok (2)  saturation concentration at adsorption equilibrium:

Bs x [X]
Hereks, r andkgr are the second-order reaction rate coeffi- SSR= —— = > (5)

. i . : 6 X
cients in the bulk and in the surface layer, respectively, [X] ssatx  [Xlssat

and [Y] are the concentrations of the reactants and the sub¥herefsx is surface coverage as definedfaschl et al.
scripts s, ss, andkbindicate the sorption layer, the quasi- (2007 and s satx (not to be confused witlds max= 1) is
static surface layer, and tteth bulk layer, respectively (see the saturation coverage achievable at the equilibrium surface
also Fig.1 above). For a total of bulk layers, the STLR can  concentration defined in Ecd)

then be calculated as: . . .
SR in bulk-reaction dominated cases

Ls
STLR= Ls-l-Z—"Lk ®3) In cases where bulk reaction dominates (STERB), the SR
k=1 is calculated as the Bulk Saturation Ratio (BSR). In this pa-

In Fig. 4, the STLR decision distinguishes the surface (left rameter, the concentration of X in the first subsurface bulk
half) from the bulk reaction cases (right half). The numerical layer ([X]o1) is compared to the saturation concentration

interpretation of STLR is ([X] b.sap achievable under equilibrium conditions in the ab-
sence of reacto-diffusive loss:
1. As STLR approaches zero, the reaction occurs primarily XIp1
in the bulk. = (6)
[X] b,sat
2. As STLR approaches unity, the reaction occurs primar-Here we suggest that [¥ sarshould be defined in terms of the
ily at the surface. Henry’s law equilibrium constant and the gas-phase concen-
tration [X]g. The numerical interpretation common to both
2.3.2  Criterion 2: saturation ratio (SR) representations of the saturation ratio SR is:

This term answers the questida:the supply of external gas 1+ AS SR approaches zero, the system is starved of X and
limiting the reaction rate?This criterion classifies particles is mass transfer-limited (SB regime).

by the abundance of X at the surface or in the first bulk layer, 2 As SR approaches unity, the system is adequately sup-

and is thus used as a proxy for the balance between supply  plied with X and experiences reaction-diffusion limita-
of X (from the gas phase) and loss of X (by desorption, sur- tion (SB regime).

face reaction, bulk reaction, and diffusion into the bulk) in

those locations. In Figl, this decision step distinguishes the 2.3.3 Criterion 3: mixing parameters (MP)

reaction-diffusion regime with high SR (top, SBregime)

from the mass transfer regime with low SR (bottom,@B This term answers the questithat is Ilmltlng the reac-
regime). In both the surface and the bulk case detailed belowtion rate: mixing or chemistryMuch of the additional in-

the actual concentration of X in the locale where reactionformation in depth-resolved models is included in the pa-
occurs is compared to the saturation value of X which wouldrameter set which represents the spatial heterogeneity in the
be achieved in the absence of reacto-diffusive loss, leading t§ystem. In the case of a surface reaction, a slow diffusion
a direct determination of which regime a system expresses9f Y to the surface may hinder the reaction, while in the

reaction-diffusion limitation or mass transfer limitation. bulk, reaction speed may be limited by the diffusion of X
and possibly the diffusion of Y. In mass transfer-limited sys-
SR in surface-reaction dominated cases tems, only mixing in the gas phase has to be considered.

Thus, three different mixing parameters (MP) are used to
In cases where surface reaction dominates (S#R, the  assess mixing in reacting particles: (i) The surface mixing
SR is calculated as the Surface Saturation Ratio (SSR). Witlparameter of Y, SMP, for reaction-diffusion-limited sur-
this parameter, the surface concentration of X is compared téace reaction systems '8 (i) the bulk mixing parameter
the surface saturation concentratiofis sa: In the absence of X and Y, BMPxy, for reaction-diffusion-limited bulk re-
of reaction or diffusion into the bulk, the saturation concen- action systems () and (iii) the gas-phase diffusion correc-
tration of X at the surface is determined by the rates of ad-tion factor, G x, for mass transfer-limited systems (8% In

sorption and desorptioky andkg: Fig. 4, this classification step divides the reaction-diffusion
' and mass transfer-limited regimes each into well-mixed cases

[X]s sat= ta [X]g = Kads x- [X]g () (top _half) and cases which are limited by bulk or gas-phase
kg gradients (bottom half).

Atmos. Chem. Phys., 13, 6663686 2013 www.atmos-chem-phys.net/13/6663/2013/
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MP in surface reaction-diffusion-limited systems Dy y are the diffusion constants of each material in the bulk

matrix. This formulation is needed in the case of a strong
In surface reaction-diffusion limited systems'{Segime,  depth-wise gradient in the reaction partner, in which case the
STLR~ 1, SSRr' 1), the reaction rate may be limited by simple average concentration might be misleading. Specifi-
the availability of Y at the surface. Assuming that Y is non- cally, we propose that the effective concentration should be

volatile, a deficit in Y at the surface is caused by reactioncalculated as the volume- and loss rate-weighted concentra-
with X and incomplete mixing with the particle bulk. Thus, tjon:

we define SMR as the ratio of the actual surface concen-
ke LiViX] b

tration [Y]ss to the maximum possible surface concentration [X]gf = = =———— (10)
[Y]ss,max ZnX:k:l LiVi
—1 LiValY] bk
[Y] Yef = Sk=l2h T b 11
SMPy = ——> 7)  LYlef SN (11)
[Y]ss,max

where V; 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

Here we propose [¥} max= [YIox -8y, namely that the max-
imum possible surface concentration of Y should be linked
to the bulk concentration at the centre of the particle (layer
and a geometric factdk to relate the molecular volume con- e .
centration (crm®) to a molecular area concentration (cfi of X and Y within the particle. .
Referencing the surface concentration against the innermost We define the BMR anq BMF, th? bulk mixing param-
bulk layer gives maximum sensitivity to depthwise gradientseters for X and Y, respectively, to be:

in Y. It is important to note that the maximum surface con- Ird,x
X . BMPy = —~— (12)
centration [Y}s maxmay change as the reaction proceeds due Lax+ 2
to decreased abundance of Y in laye he numerical inter- l 4y ¢
pretation of SMR is: BMPy = ——— (13)
la,y + -

1. As SMR, approaches zero, a strong gradient in Y exists ) ) -
from the centre of the bulk to the surface of the particle, SO that both BMPs approach unity as their reacto-diffusive

and the system falls within the bulk diffusion-limited !€ngth becomes much larger than the particle radiuand
surface reaction cases approach zero as their reacto-diffusive length becomes much

smaller than the particle radius. In BMRand BMR,, we
2. As SMR, approaches unity, Y is well-mixed through- have chosen to scale the particle radius py tb be consis-
out the particle and the system falls within the reaction- tent with the e-folding characteristic of the reacto-diffusive
limited surface reaction caseS length.
Finally, as the presence of a gradient in only one com-
pound is insufficient to drive a system into thggBimiting
case, we define BMR as the average of BMfPand BMR,:

MP in bulk reaction-diffusion-limited systems

In bulk reaction-diffusion-limited systems {® regime,
STLR~ 0, BSR~ 1), a gradient in X and/or Y may limit BMPx + BMPy

the reaction rate, so that expressions for both the mixing o MPxy = 2

X_ and_ Y in the bu_lk are needed. For both specie§, the reactorhe numerical interpretation of BMR is:
diffusive length will be compared to the particle size to assess

the degree of mixing. In general, the reacto-diffusive length 1. As BMPxy approaches zero, strong gradients in both X
is the depth-wise distance over which the concentration of ~ andY limitloss rate and the system falls within the bulk
a material decreases tgélof its original value. The reacto- diffusion-limited bulk reaction casedg.

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:

(14)

2. As BMPxy approaches unity, X and Y are well-mixed
throughout the particle and the system falls within the
reaction-limited bulk reaction casg,8

A strong gradient solely in bulk X is insufficient to cause
Ity = Dyp x 8 bulk diffusion limitation and thus to bring about g®8lim-
rd.X = ker - [Y] eff 8) iting case classification. For details and justification see Ap-

pendixC.

[ Dpy
lra,y = m (©) MP in mass transfer-limited systems

where [Xk# and [Ylesr are the effective concentrations of X For either bulk or surface reactions (any value of STLR),
and Y in the region where the reaction occurs @ngk and there are two scenarios which lead to mass transfer limitation

www.atmos-chem-phys.net/13/6663/2013/ Atmos. Chem. Phys., 13, 6@&&E8§ 2013
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(SSR and/or BSR- 0): either trace gas reactant X is depleted not likely, cf. Seinfeld and Pandi006, the self-reaction

in the near-surface gas phase (see Ei@r the accommoda- of HO in absence of transition metal ions (&bbatt et al,

tion process is inefficient. This distinction is important as in 2012 and references therein, especi@lgorge et aJ.2011),

the second case a physical or chemical change in the systeor reactions involving N@ (Ammann et al.2005. Such re-
might result in increased accommodation efficiency, leadingactions are typically not a major sink of the trace gas involved
to significant changes in reaction system behaviour. A sim-from the gas phase, but are important in terms of aerosol ag-
ple and physically meaningful metric to distinguish these twoing if they are the principle transformation of the condensed
cases is the gas-phase diffusion correction factor for uptak@hase compound.

by aerosolsRoschl et al, 2007, Cg x, which we take as the

gas-phase mixing parameter. 3.2 Well-mixed surface reaction systems [Q]
[Xlgs 1 . . . .
gxX = X] = 0751028 Kig (15) Many relevant reactions on solid surfaces, such as ice, min-
g 14w Knx (T+Knx) eral dust, or soot fall into this limiting case (e.g. surface ox-

As can be seertq x can be calculated in two ways, either di- idation of polycyclic aromatic hydrocarbons by ozoSy-
rectly via model output ofX ]gs and[X g, which are the trace ~ raiwa et al, 2009. Moreover, gas uptake by liquid aqueous
gas concentrations near the surface and far from the partisubstrates can also be limited by chemical reaction at the sur-
cle, respectively; or via model output p§ andKny, which face. For example, the reaction of,G®ith Br~ has a strong

are the net uptake coefficient of X and the Knudsen numbegurface component, especially at low, @as-phase concen-

of the diffusive system. The Knudsen number (§schl  trations Hu et al, 1995. Similarly, Knipping et al.(2000

et al, 2007 is the ratio of the mean free path of the trace gasas Well aXnipping and Dabdulf2002 suggested a surface
moleculel.x to the particle radius, whetex depends on the ~réaction between the OH radical and GInder atmospheric
gas-phase diffusivityDg x and the mean thermal velocity of conditions via formation of a surface compléxagkin et al,

the gaswx (Ax ~ 70 nm at atmospheric pressure for ozone) 2003 Shaka’ et al.2007.

so that o

’x 3 Dgx 3.3 Mass transfer-limited systems [$, By, Sgd, Bgd]
Kny = =2 = =22, (16)

"p Tp WX Surface accommodation limitation necessarily occurs during
The numerical interpretation @fg x is: the equilibration of fresh surface upon exposure to X, e.g.

Clon H,SO4 (Morris et al, 200Q Behr et al, 2001, 2009,
ut 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
2. As Cy x approaches unity, no spatial concentration gra-be the dominant case for uptake into the aqueous phase in
dient exists in [X} and the system is therefore limited clouds. Each of the accommodation limited cases mentioned
by accommodation. It is thus assigned to either,a S above may become gas-phase diffusion-limited as the parti-
or B, limiting case (both of which fall within the SB  cle becomes sufficiently large (akth becomes small). This
regime). may be important in laboratory experiments with supermi-
cron droplets and for cloud droplet or aerosol growth.

1. As Cgx approaches zero, the system shows a stron
spatial gradient in [X]J and the system is limited by dif-
fusion of gas phase X to the particle surface, character
istic for Syq or Bgq limiting cases in the S# regime.

3 Examples of atmospheric relevance 3.4 Bulk diffusion-limited systems [$a, Bod]

The limiting cases described above are meant to providtnT th ‘ i i at heri | d
a conceptual framework for chemical kinetics in atmospheric,” '€ Past, F€aclions in almospheric aerosols Were assume

particles and allow physical and chemical intuition to be ap-g).ﬁoc,Cur n \;]vell—m|(>j<ed d:jOplﬁts W'|t_|h no limitation dut_adto
plied in a complex system. A few examples of well-known 4"uston In the condensed phase. However, recent evidence

systems which fall into well-defined limiting cases are the shows th"’_‘t aqueous particles may transition into highly vis-
following: cous semi-solid or glassy stateZmb_rlst etal, 2008 \ﬁrtan_en
et al, 201Q Koop et al, 2017), which lead to strong diffu-
3.1 Well-mixed bulk reaction systems [B] sional limitations on reaction rate. Diffusion of one or both
reactants in the bulk may become rate limiting. Examples
Many of the slow aqueous phase reactions fall into this lim-include the nitration of amorphous protei@hiraiwa et al.
iting case, which arises when both trace gas X and bulk con20113 20129, the reaction of N@ with levoglucosan $hi-
stituent Y are plentiful and ubiquitous throughout the par- raiwa et al, 20128, and (non-reactive) uptake of water to dis-
ticle. This is the case for the reaction of @ith SO, un- solve a glassy aerosdi{khailov et al, 2009 Zobrist et al,
der acidic conditions (where formation of H§@r SC%‘ is 2011, Koop et al, 2011, Tong et al, 2011).
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3.5 Changes in kinetic behaviour as a function of time Table 2.Kinetic input parameters in the KM-SUB representation of

and ambient conditions aerosol chemistry.

Each of the examples given above references a single limiting  Parameter  Description Units
case, and in many cases the limiting case or regime assign- ;.. 2nd order bulk reaction rate g1
ment may remain constant throughout the majority of a reac- coefficient
tion. However, the limiting case or kinetic regime will almost ~ ksLr 2nd Ofdif( surface reaction ésr !
certainly change in the first moments of reaction or as reac- ;":?kij‘?;u';fn”tcoemdem o Rt
tion products accumulate. For example, in a bulk reaction 4 Xin Y
dominated system, the uptake of soluble trace gases into lig- b,y Self-diffusion coefficient cris1
uid particles could be initially accommodation-limited(B of ¥ - N -
and thereafter pass into the bulk diffusion-limiteggRase Hep,x gfeQ'i}r’]sY'a"" solubility coefficient  molcm™atm
for viscous drople_:ts or intp the well-mixed,Bcase for slow Tax Desorption lifetime of X s
bulk phase reactions. This demonstrates that a system may asgx Surface accommodation coefficient -
evolve from one limiting case to another in time. Although ofXonbareY -

Dgx Gas-phase diffusion coefficient of X Gl

time-invariant kinetic parameters are used in the case study
of oleic acid—ozone in Sech, the classification system de-
scribed here is compliant with temporally varying parameters
such as changing bulk diffusivitieB, x andDpy as areac- 4.1 KM-SUB model description and method
tion proceeds (e.g. as Pfrang et al.2011). This might occur
when reaction products alter the ViSCOSity of the bulk matrix. In the f0||owing ana|y5es, we have chosen to emp|oy the
The classification framework is also independent of modelKM-SUB model of Shiraiwa et al.(2010, but this set of
choice; a model that explicitly treats product formation along |imiting cases and classification criteria could be used with
with evaporation of volatile products could be used with the any model which produces time- and depth-resolved outputs.
framework as proposed above. KM-SUB is a kinetic model that treats mass transport and
In addition to noting that the kinetic behaviour will change chemical reaction at the surface and in the bulk of aerosol
as the reaction proceeds, we caution against the logical errgsarticles. It follows the nomenclature of the PRA framework
of assuming that the kinetic regime or limiting case observedand consists of model compartments as outlined in Qett.
in one experiment will be the same under ambient conditionsand shown in Figl. KM-SUB solves a set of ordinary differ-
or in another experiment under different conditions. For thisential equations for the flux-based mass balance to and from
reason, we recommend that the |Im|t|ng case for an aerOS(éach |ayer, reso|ving the f0||owing processes: gas-phase dif-
system under ambient conditions should be calculated as pafiision, adsorption and desorption onto the particle surface,
of a standard analysis, especially if experimental conditionssurface-bulk exchange, bulk diffusion of trace gas and bulk
are significantly different than ambient. For example, the re-material as well as surface and bulk reactions. The origi-
action of ozone with bromide (a potentially important reac- nal gas-phase diffusion correction term in KM-SUB was re-
tion for the liberation of halogens out of aqueous sea-salt) isplaced by an explicit near-surface gas-phase layer (follow-
dominated by a surface reaction,(Sat atmospherically rel-  ing the treatment of gas flux through a virtual surface, found
evant ozone concentrations, while it is dominated by a bulkin Eq. 12 ofPschl et al, 2007). Effectively, the kinetic be-
reaction (Bx) at very high ozone concentratio@lfridge and  haviour of a physical system is described in this modified
Abbatt 2011). version of KM-SUB by the eight parameters given in Table
(not including experimental observables such as particle ra-
dius rp, gas phase concentration [XJetc.). The number of
layers calculated by the model was adjusted until model re-

Up to this point, the limiting cases and regimes have been deSUltS converged to ensure adequate depthwise resolution.
scribed in terms of trends in the parameters, but the actual as- e KM-SUB model was used to calculate idealised lim-
signment of a reaction system to a limiting case requires a sefind case profiles which are not tied to any specific chemi-
of numerical criteria and a model to generate the time- and*@! System (see Sed.1) and also to simulate the reaction
depth-resolved data. In this section we describe our choice off Cl€iC acid—ozone for the experimental conditionsZe-
depth-resolved model and propose a set of numerical criteri@@MN(2009, Lee and Charf2007) andHearn et al(2009

for differentiation of aerosol behaviour along with a global N Sect.6. Because the limiting case is likely to change one

analysis method to confirm that the numerical criteria resultO" MOre times upon the onset of reaction (see SeBL. itis
in distinct limiting cases. 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

4 Numerical modelling of limiting cases
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the KM-SUB model does not explicitly treat the products of cientS(x;), which may be defined as
this reaction, limiting cases were assigned at the point where AY,

50 % of the initial reactant Y was consumed using the numer-S(x;) = (ﬂ'),
ical criteria of Sect4.2 However, in these experiments the A
limiting case assignments are the same if the assignment igiowever, the values af; cannot be compared directly be-
made at either 10 % or 50 % reaction course (see Tabk>  cause they depend on the magnitudes of the input parameters
low), so comparison with previous studies which used initial ;) which are being varied and the observed model output
rate methods is possible. Ymodet Thus we employ a normalised sensitivity coefficient
(following Saltelli et al, 2008 which allows the influence of
input parameters to be directly compared:

(17)

4.2 Numerical criteria and partially defined behaviour

N ) = ﬁdelaymodelz 9 In(Ymode)
Even though a system may exhibit steady state react|V|ty9 ! L aln(x;)
over a long period of time, the situation cannot be neces- M
sarily assigned to one of the limiting cases. An ideal systemFor the computation of sensitivity coefficients we employ
would have binary behaviours (e.g. only surface or bulk reac-a variation on the Elementary Effects (EE) Method as pro-
tions, but not both), but in real systems some mixed characposed byMorris (1991). The EE method is a simple global
ter is expected. The ability to assign a limiting case (or lackscreening method that uses a one-at-a-time sampling ap-
thereof) is thus a consequence of the physical system undgaroach (other approaches are also possible, for a summary
study and the conditions of each experiment. The exact posee e.g.Saltelli et al, 200§. The method follows a ran-
sitions of such boundaries for limiting cases and regimes arglomly generated trajectory through input parameter space,
rather subjective and may change depending on the appliand records the changes in model outpifodel due to
cation. Here, we employ a:a criterion for limiting cases, changes in each input paramelgr Only one parameter is
such that at least 90% of the behaviour is represented byaried at each step, and all previous changes are kept, which
the kinetic regime definition at each classification step. Theleads to generation of a full set of local sensitivity coeffi-
boundaries for regimes are more relaxed af Zriteria, so  cients. To account for biases due to the random trajectory
that more space can be classified. Although knowledge ofjeneration, a large number of trajectories are generated and
the system’s kinetic regime is less valuable than the confir-a representative sample is chosen so that the entire input pa-
mation of (single-process) limiting behaviour, such a clas-rameter space is adequately represented. The global sensitiv-
sification might still be useful. Prominent examples of sys- ity coefficient is thus finally obtained by taking the arithmetic
tems which could be classified by a regime, but not a lim-meang; of all computed local values. The associated stan-
iting case are heterogeneous kinetics in the bulk reactiondard deviatiors; is a measure for interactions between and
diffusion kinetic regime (&), such as the reaction of HCl nonlinearity of the input parametexs.
with HOCI in sulfuric acid solutionsHanson and Lovejqy In this study, we use the total loss raiget = Ls+ > ; L,
1996 Donaldson et a]1997, and references therein), the hy- as model output characteristic for the reaction system. The
drolysis of CIONQ (Deiber et al.2004), or the reaction of  result of this analysis is a set of normalised sensitivity co-
O3 with iodide Rouviere et al. 2010. In these examples, efficients, which indicate the strength of the model response
kinetic regimes can help by providing a less stringent classito changes in each input parameter. Crucially, this sensitivity
fication than a limiting case. However, unless the numericalanalysis is only possible in the context of a specific chemical
criteria are set at 11 with no unspecified region, there will system, physical size (distribution) of aerosol particles, and
be some combinations of classification parameters for whicHor a given set of kinetic constants. For this study we perform
no assignment is possible. sensitivity analyses in the context of the oleic acid—ozone
system (see Sed.5 below), 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-
The best indication that an assignment to a limiting case issitivities will change in response to differing experimental
justified and that the choice of numerical criteria is suffi- conditions such as gas-phase oxidant concentration or parti-
ciently strict is given by a sensitivity analysis which confirms cle size.
that the system is controlled by a single process and responds The interpretation of the normalised sensitivity coeffi-
appropriately to changes in the associated input parametei@ents can be achieved by connecting the input parameter
(e.g. S cases should depend only on the surface accommato the original model outpuFmodel by the power law rela-
dation coefficientus g and not on the surface reaction rate tionship:
coefficientks g etc.). In general, sensitivity towards an input s
parameten,; can be expressed through its sensitivity coeffi- ¥Ymodel ¢ 4;

(18)

4.3 Global sensitivity analysis

), (19)
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In words, this indicates that the model output responds tdb.1 Characteristic decay shapes

changes in input paramet&y in proportion to theS" (1;)-

th power of the change. For example§’a(i;) of —1 would  An overview of the eight distinct limiting cases and several
indicate inverse dependence on input paramtetc. regimes is given in Tabl8 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 Appebdix
The limiting cases and regimes described above are esSel- " Jotails

tially statements of which underlying processes are most in- : N
. . . " The computed behaviours for these archetypal limiting
fluential to a reaction for a given set of conditions. As such, A . .
cases are shown in Fi§.as a function of time for the total

they_have the potential to aid experlmental planning by SU9% imber of molecule Y remainingVy) and for the effective
gesting which parameters should be adjusted to maximise

experimental effectiveness. If the underlying kinetic param-l"pt‘f’lke coefficientyfefr,x = yx - Cg,x). These wo quantities
are the observables in experimental studies which in general

eters such as reaction rate coefficients and diffusivities are . g
. ither measure bulk YNy) or gas-phase Xy x). Typi-
extracted from experimental data, these parameters woul : ) A
) . L . . . al data forNy are shown on a linear time axis with linear
provide direct insight into the physicochemical processes a

work in the system and are portable to different conditions. Fig. 5a) and Ioganthm_m (F'g'. 5b)_y—axgs. Data _i@ﬁ,x are
L shown on a logarithmic y-axis with a linear (Fig. 5c.) and
However, the kinetic parameters of a system can be ob;

tained only from comprehensive studies, often requiring ﬁtsk)ganmmIC (Fig. 5d) time axis. Alvy data are normalised

. ) X against the initial valugvy and all time data are scaled to
to data from multiple experiments. Without these parame- . . ‘ :
L . . . t9g (the time at which 99 % of the bulk material has reacted).
ters it is not possible to perform calculations with a depth-

resolved model to make an immediate assignment of limit- A set of limiting cases showing linear decay behaviour of

ing case or regime behaviour. Fortunately, the limiting CaseSNgrtlnogcr:rea(%e,r?gihsigr?t’e??;c;::ecerg;[gil :)bag':fi:-snve\:?lf r,:;;?r;ﬁn
display some characteristic behaviours which can provide inP : : .

T : : its the reaction (effectively, a O-th order-type reaction). In
sight into the reaction system from experimental observables . . .
(e.g. reactive uptake coefficient as a function of time) andpanels ¢ and d, these behaviours are characterised by time-

e . . invariant values ofyeff x. As opposed to panels a and b,
from responses to controlled variables (e.g. change in reac- '

. - : X ; not all lines with similar shape are overlapping since reac-
tive uptake coefficiengx as a function of particle radiug or . : . >
. : : . . tion speeds slightly differ between the chosen input parame-
gas-phase oxidant concentration §X]in this section we will

- : T ter sets and no normalisation feg x has been carried out.
present the characteristic behaviours of the limiting cases an I ¢ . :
. L : owever, the qualitative lineshape is consistent, independent
summarise how each limiting case behaves with respect to :
. . . : . of the actual reaction speed.
time, rp, and [X]g, which will allow an experimentalist to

X ; I . . . In panel b, the B and $x cases appear linear and can
narrow the list of possible limiting cases by visual inspection i : .
. ; : therefore be classified as mono-exponential decays, pointing
of experimental data and possibly plan future experiment

based on those conclusions Sowards a first-order type process. A similar shape is found
In particular, the sensitivitil coefficients given in SegR for_the Sbd case after an initial fast decay that might be due to
provide an indication of how experimental results will quick depletion of near-surface bulk layers. Hence, the sys-

. . . tem is not a true & limiting case in the first moments of
change as a function of time or other experimentally con- . S -
) : . . the reaction as the gradient in Y has yet to develop. The ini-
trollable factors likerp or oxidant concentration. In the dis-

cussion that follows we will give special attention to the in- tial decay ofyerr for the S, case is well-resolved in panel

terchangeability of time and oxidant concentration, which isd’ _sh_owmg a "”‘?ar_ decrease in log-log space with sl_%ype_
- .This is characteristic for cases that are not in reacto-diffusive
a necessary condition for usage of the net exposure metric

(concentration of oxidank time) for application to atmo- Steady state, an inherent property of bulk diffusion-limited
. : : . cases.
spheric concentrations and time scalRenbaum and Smith

_ The same initial decay ofesr, x can thus be found for the
(2013 recently showed that under constant precursor con Bpg limiting case (bulk reaction limited by bulk diffusion).

centrations, the exposure metric was valid for the reaction.l_hiS case furthermore shows a nonlinear, higher-order expo-

of OH and Cl radicals with squalane, brassidic acid, and 2'nential decay inVy as characteristic feature (panels a and b).

octyldodecanoic aqd. However, other stud|e§ have found thaﬁ'he reaction slows down significantly once the diffusional
the exposure metric breaks down when scaling from labora-

tory to ambient conditions, as summarisedRanbaum and gradients in X and Y are developed. As the rate of formation
Sn?ith(ZOlJ) ' 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.

5 Identification of limiting cases and scaling from
laboratory to ambient conditions
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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 influenc
the processes are given in a separate column and are defined ir2Table

Limiting Processes Parameters Regime/Limiting Case  Limiting Process Parameter(s)
. e Chemical reaction at surface k K2
R n and diffusion (surf Dpy, K rd Srx e SLR: Rads
eaction and diffusion (surface) ks| R, Dp Y, Kads S { Sod Bulk diffusion of Y Doy
t Su Surface accommodation of X as.0,X
Mass transfer of X to surface a5 x, Dg,x sm { Syd Gas-phase diffusion of X Dy
Brx Chemical reaction in bulk kR, Hx
Reaction and diffusion (bulk)  kgR, Dp x, Dp,y, Hx grd B{rdad Equal parts reaction and diffusion kgr, Dy x, Hx
Bhg Bulk diffusion of X and Y Dy x, Hx, Dpy
B Bulk accommodation of X o Dp x, HxP
mt o $,0,% Db, X, X
Mass transfer of X to bulk as,0,% Dgx, Db x, Hx B { By Gas-phase diffusion of X Dy

@ Kadsis not a direct input parameter of the model, but inherently dependg grandes g x as shown in Eq.4).
b These parameters altogether determine the bulk accommodation coedfigient

(a) charact. shapes of Ny vs. ¢ (b) charact. shapes of logo(Ny) vs. t
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Fig. 5. Normalised representation of the decay shapes of the total amount &f Ypanelsa andb) and the effective reactive uptake

coefficient eff x, panelsc andd) for all limiting cases on linear and logarithmic time scales (see Sekfor a more complete description).
In addition to the eight regular limiting cases, we also display the traditional reacto-diffusive é%gel\late that I$f’ad 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 tg and [X]g limitation that the diffusion of Y poses. This process is ob-
expressed by the normalised sensitivity coefficient of each archetyviously not accelerated by an increase in trace gas concen-
pal case (see EQ9). Square brackets indicate the range of possible tration. Thus, § behaviour, which is entirely limited by dif-
values. fusion of Y, shows no dependence on §XBpg cases still
respond to an increase in [Kkince the combined diffusion

of X and Y is rate-limiting here. Thus, the sensitivity to [X]

Limiting Case  S"(rp)  S™([X]9)

Srx -1 [0, 1] will always be smaller than unity but higher than zero in
Sod -2 0 a Byq case.
Se -1 1 Thus, in addition to the explanations already offered for
Sgd —2 L failures of scalability (e.g. secondary chemistry, absorption
Brx 0 1 of other gases etc., s&nbaum and Smit2011), we found
de [_2_2_1] [~ (1)’ 1 that systems in which the transport from bulk material to the
B"‘d _’2 1 reaction site is rate limiting (i.e.pg and B,q behaviour) or
B?d * 1 1 surface saturation effects play a role (certajp &ses with
trad 0s = 05 sat™ 0s may) Will not act in accordance with the expo-
* Note that Ead is not a limiting case, but a distinct sure metric.
scenario in the reaction-diffusion regime. The sensitivity analysis also provided information on the

expected response of each limiting case to changes in parti-
cle size. The data displayed in Talldor " (rp) show the
In addition to the eight limiting cases, the traditional influence of particle size on reactive half-life. Using H§.
reacto-diffusive bulk reaction cas€3 can be recognised to interpret the sensitivity coefficients, these results show that
by showing a quadratic decay ok as a function of time in  the reactive half-life of systems which are limited by surface-
linear space. In panel d, it resembles the &d By cases, related processes have an inverse dependence on particle size
but can be distinguished from those two in the linear repre-(s” (r,) = —1), systems which are limited by diffusion have

sentation, panel c. an inverse-square dependence on particle sfzg{) = —2),
and that the B limiting case does not depend on particle
5.2 Scalability of each limiting case size atall " (rp) = 0). We note that in bulk accommodation-

limited bulk reaction cases, B the value ofS" (rp) is typi-

The typical response of each limiting case to changes ircally —1 if limitation arises due to inefficient accommodation
oxidant concentration [X] and particle radiusp was in-  of X on the surface, but may decrease-t® when transport
vestigated using the global sensitivity method described inacross the surface-bulk interface is the rate-limiting step. For
Sect.4.3 and the results are given in Table The standard a more detailed description of these two differegtd8enar-
kinetic method of performing “experiments” (here, simula- ios, see Appendik.
tions) at differing [X} andrp, to determine the response (lin-  Taken together, these characteristic behaviours and sensi-
ear, inverse, etc.) yielded identical results. The results of thdivities can provide some insight into an experiment based
sensitivity analysis performed on the limiting cases displayedonly on the raw data. After making a preliminary assignment
above indicate that the exposure metric is acceptable to uskased on the decay shape of one dataset, the sensitivities in
(i.e. linear response to [¥] " ([X]g) = 1) aslong as atrans- Sect.5.2can be used together with additional experiments to
port process is not saturated. confirm this assignment.

In the example of § behaviour above, all surface sites
were occupied (surface coveragggar= 6s max= 1 andds ~
6s,sa) and thus changes in [¥had no effect on the reaction 6 Case study: the oleic acid—ozone reaction system
rate. In this situation, it is typical that the measured uptake
coefficientyy is inversely proportional to X} However, $ The oleic acid—ozone reaction system is an extremely well
behaviour can also be observed wifgBat< s maxif the ad- studied system which has often been used as a benchmark
sorption equilibrium constarnk 545 dictates that only partial ~ for heterogeneous chemistry systems (see, e.g. the review of
surface coverage can be achieved at equilibrium with gasZahardis and Petrugc2007), so it is reasonable that we ap-
phase X (herés ~ 05 sa; butfs sat< 0s may- Here, increasing  ply the proposed classification scheme to this reaction sys-
[X]g will increase the surface coverage, leading to a fastetem. We emphasise that this case study is meant to demon-
overall rate of reaction. In this non-saturated &se, the gas  strate the applicability of the classification system and is not
uptake is thus also sensitive Kugs Which in turn depends intended to infer new mechanistic information on the oleic
on both accommodation coefficies o and desorption life-  acid system.
time 4. We will begin with a brief overview of the current state

The lack of sensitivity to [X] in the bulk diffusion-limited  of the art in modelling this system and then apply the clas-
cases (& and By, see Table 4) arises due to the rate- sification scheme described above to previously published
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datasets. A comparison of these results with one another anthble 5. Comparison of limiting cases proposed in this study to
with current work is difficult as each study uses a different cases of the oleic acid—ozone system in previous studies. A "~” sym-
nomenclature for the ||m|t|ng cases which they consider. |nb0| indicates no relationship. The numberings refer to the nomen-
the following discussion, the common symbol set proposed-lature in the original publications.

above will be used to facilitate comparisons between previ-
ous studies and this work. We stress that our fits to the exper-  Thisstudy ~ Worsnop etal. ~ Smithetal. Hearnetal.

imental data are not equally likely to represent reality and we (2002) (2002) (2005)
do not attempt to judge between them. Srx Case 4 Case 2 Case 3
Shd Case 5 - Case 4
6.1 Background Su - - -
Syd - - -
In the past, limiting cases similar to those discussed here have  Brx Case 3 Case 1la Case 1
been derived by botBmith et al.(2002 andWorsnop et al. Biradt Case 2 Case 1b Case 2
(2009 for this reaction system, including resistor model- Bhod - - -
based analytical expressions for comparison to experimen- B } Case ¥ B h
tal results. In the era before depth-resolved computation of Byd ~ -
aerosol reaction was commaddmith et al.(2003 solved the a Note that E%Ead is not a limiting case, but a distinct scenario in the

partial differential equations of diffusion and reaction for this ~ [eaction-difiusionregime. -
t t id | ived in ti dd h b C_aseloWorsnop et al(2002 includes a range of cases inside tHE'B

system to provide results resolved in time and depth, but as- regime.

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-diffusiontion Particle Beam Mass Spectrometry. The parameter set of

regime. Pfrang et alis displayed in column 2 of Tablé and will
The relationships between the limiting cases proposede referred to as base case 1 (bcl). The bcl parameter set
here and those already published®mith et al.(2002) (in- does not include a gas-phase diffusivity of ozone in air. Un-

cluding revisions made irHearn et al.2005 as well as in  less otherwise noted, we usé x = 0.14cn?s™! (Mass-
Worsnop et al(2002 are depicted in Tablg The most strik-  man 1998. We begin our analysis by replicating the bc1 fit
ing differences between these cases and previous schem&om Pfrang et al(2010, resulting in very good agreement
is the under-representation of the mass transfer regime: awith the experimental data as shown in Fég. While this
thoughWorsnop et aloffer a mass transfer-limited case, this fit does not fall into a limiting case (see Se4t?), it shows
only applies to a bulk reaction and is not necessarily a caséow values for both saturation ratios SSR and BSR as well
limited by a single process. It thus represents a range ofis a gas phase mixing paramefgrx ~ 1, altogether indica-
cases, all of which fall within our definition of thé'Bregime  tive of the SB regime (see Fig3b). The classification pa-
(bulk reactions limited by mass transfer). Furthermore, werameters are given along with the input parameter values in
consider Case 2 dlNorsnop et al(2002, Case 1b oBmith  Table6 for two different points in reaction course.

et al.(2002 and Case 2 dflearn et al(2005 to be represen- Although the bcl parameter set provides an excellent fit
tations of the traditional reacto-diffusive cas{éagwithin the  to the experimental results diemann(2005, other studies
reaction-diffusion regime, as all have a formulation which have provided additional information which suggest that the
shows dependence on both the diffusion of X and the reactiomleic acid diffusion coefficienDy vy is significantly higher
rate coefficient and thus depend on more than one procedfan the original value of ¥ 10~1%cn?s™! (Shiraiwa et al.

to determine reactive uptake. To achieve true bulk diffusion-2012a Hearn et al. 2005 and that the desorption lifetime
limited behaviour for such a systemg@limiting case), the ~ of ozone ¢q,x) is in the order of nanoseconds for poly-
reacto-diffusive length of both X and Y must be exceedingly cyclic aromatic hydrocarbons (PAH, cfMaranzana et al.

short. 2005 Shiraiwa et al.2011h as well as for graphend._¢e
et al, 2009. In a modified fit, bct (Table 6, column 3),
6.2 Ziemann (2005 dataset we adopt the value proposed [8hiraiwa et al.(20123,

1.9x 10 "cnPs ! and setrg x = 1 x 10~8s. The change in
A well-supported kinetic parameter set for the oleic acid—Dp,y has only a small impact on the overall reaction speed,
ozone reaction system is provided Bjrang et al.(2010, as diffusion of oleic acid is not involved in the limiting pro-
which used the accommodation coefficiento x as a fit-  cess (accommodation of ozone to the surface). The reduced
ting parameter to match model output to the experimentalsurface desorption lifetime decreases the role of surface reac-
results ofZiemann(2005. In that study, the decreasing oleic tions so that the modified bttan be assigned,Behaviour.
acid content of 200 nm radius particles reacting with ozoneThe fit is also displayed in Figa.
at a molecular number density 6f6.95x 1013cm3 in an
environmental chamber was measured via Thermal Desorp-
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(a) fits to data in Ziemann (2005) (b) fits to data in Lee and Chan (2007)
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Fig. 6. Comparison of experimental and modelled data of various limiting cases, using time invariant kinetic paramé@rheltiwo
parameter sets bcl and Bdgad to the same correlation with the experimental data and show the appropriate linear déggaglalta from

Lee and Charf2007 show another mostly linear decay of bulk material. This can be realised with two KM-SUB parameter sets similar
to bcI* showing B, and B9 behaviour, respectively. I(c), data fromHearn et al(2005 show a nonlinear decay that thus can not be
described by accommodation-limited cases. THeaBid Sx fits shown are in excellent agreement with the experimental (Htaeveals in

a logarithmic representation that the quality of Fit Ill is lower afte2 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 varied the particle diameter between 40-70 um along with
the non-bracketed parameters in Fits }, (@se) and Il (&

Lee and Char{2007 used raman spectroscopy to measure'®gime) given in Tablé. Both fits are in good agreement the

the decay of oleic acid in particles exposed~6.36x  €xperimental data, as shown in Féj. _ _
10*2cm-2 ozone in an electrodynamic balance. We apply The two fits shown here were calculated assuming a parti-

a multi-parameter fit to this dataset to find fits in reason-Cle di.ameter of 40_pm for the smaller particle, which is within
able proximity to the bcparameter set (Fits I-Il, Tabg).  the size range estimated bge and Chaif2007. Due to the
Note that some values, including especially x, are poorly !arge particle size in this dataset, thg layer spacing scheme
constrained by experiment and were given large tolerance¥) KM-SUB had to be altered to achieve numerical conver-
during the fitting process. Figure 2 iree and Charf2007) gence of the modelling result. From a total of 200 computed
shows the decay of oleic acid in two particles, the smallerl@y€rs, 40 were chosen to form a narrowly resolved surface
of which was chosen for modelling in this study. The exact "€gion. Each of these layers was attributed a depth of about
particle size was not reported in the original publication and10 0zone monolayers (4nm). The residual space was then

particle size has thus been used as a fit parameter. We haf&ually distributed in depth among the 160 remaining layers.

www.atmos-chem-phys.net/13/6663/2013/ Atmos. Chem. Phys., 13, 6@&&EB8§ 2013



6678 T. Berkemeier et al.: Kinetic regimes in atmospheric aerosols

Table 6. Kinetic parameter sets for KM-SUB that represent possible fits to experimental data providéezhignn(2005, Lee and Chan

(2007 andHearn et al(2005. bc1, bct and Fit | are obtained by adjusting o x while Fits Il to IV are multi-parameter fits, obtained by
least-squares fitting of modelled to experimental data. Even though Fits Il and 11l 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 bc1? bcl* Fit | Fit Il Fit 111 Fit IV
Ziemann Ziemann Lee and Chan Lee and Chan Hearn Hearn
ker (;Tmfs) [1L70x 10°15] [170x 10715 [170x10°15] 252x10°16 347x1017 172x10°Y7
ksLR (;Tmfs) [6.00x 10712] [6.00x 1071?] [6.00x 10712] [6.00x 1071?] [6.00x 10712] 2.90x 10712
Dp x (@) [1.00x 107°]  [100x107°] [1.00x107®] [100x107°] [1.00x107®] [1.00x 107°]
Dpy (@) [1.00x 10710]  [1.90x1077] [190x1077]  [L90x1077] [190x1077] [1.90x 1077]
Hep x (%) [4.80x 1074 [480x1074] [4.80x107%  651x10°° 881x104  491x10°5
4% (S) [LOOx 102] [LOOx 1078] [L00x1078] [L0O0Ox1078] [L00x1078] 1.10x 104°
as,0x () 4.20<10°4 4.61x10~4 3.04x 1074 4.18x 1072 281x1072  3.08x10°2
Dy x (<) [L4x107Y  [L4x107Y  [14x107Y]  [14x107Y]  [L4x10°Y  [14x107Y
10 % reaction course
STLR 0.310 4.6%10°7 3.52x10°7 1.37x10°3 2.06x10~4 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 3.6%x10°7 2.61x10°7 9.00x10~4 3.14x10°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 sB B C By grd grd Srx

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

The consequences of using an insufficient number of layersa pronounced nonlinearity and includes data to the very end
leading to non-resolved (step) gradients are briefly addressedf the reaction.
in AppendixC.

Both Fit I and Fit Il are consistent with the observed decay6.4 Hearn et al. (2005 dataset
and could only be distinguished from one another in fit qual-
ity i_n the final stages _of the reaction, for which no data arep second multi-parameter fit was applied to the aerosol
available. However, Fit | directly matches thg Bssignment  chemical lonization Mass Spectrometric measurements in
that was made for the datasetZiemann(2003, while Fit  earn et al(2005 (650 nm diameter oleic acid particles re-
Il would only match a nonlinear decay. Indeed, most preVi'acting with 276 x 10*5 cm~3 ozone in an aerosol flow tube).
ous observations of this system, which are summarised in th@s shown in Fig.6c, the resulting fits exhibit behaviour in-
comprehensive review @ahardis and Petruc(2007), were gicative of the B regime (bulk reaction limited by chemi-
generally nonlinear in time. This is an example of the logi- ¢ reaction and/or bulk diffusion) and the,$imiting case
cal error which arises when limiting case behaviour observedgyrface reaction limited by chemical reaction), respectively.
under one condition (small particles, high oxidant concen-ajthough both Fit 11l and Fit IV resemble the experimen-
tration) is assumed to apply elsewhere (very large particlesiy| gata reasonably when viewed on a linear scale, the loga-
much lower oxidant concentration). We therefore continueythmic representation of Figsd shows that Fit Il deviates
with a more in-depth analysis of a dataset measured withyarginally from the data after 2.0s. This was already dis-
smaller particles at high oxidant concentration that showsgssed byfearn et alfor the traditional reacto-diffusive case

Bid ,, which is a subset of the'Bregime. The K., case has
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(a) bc1 (SBY regime) to Ziemann (b) bc1* (Bq case) to Ziemann (c) Fitl (Bq case) to Lee and Chan
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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 Tabl®é. Datasets arga) and(b), Ziemann(2005; (c) and(d), Lee and Char§2007); (e) and(f), Hearn et al(2005. These
sensitivity tests corroborate the limiting case and regime assignments made in this study, and indicate tHattier®n 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 laltelli et al.(2008.

a quadratic-like functional form itVy (¢) that is not able to  perimental results oflearn et alwith differently sized par-
fit the experimentally observed mono-exponential decay. Inticles indicate that the initial reaction rate scales inversely
contrast to the “ideal” ﬁjad case, Fit lll does not show a true with the particle radiusy"*(rp) = —1), which is typical for
quadratic decay shape and lies significantly closer to the exsystems that are limited by a surface-related process such as
perimental data compared to the fit shown in Fig. Helrn S, B, or B{ﬁ‘ad (see Tablet). A more detailed discussion of
et al. (2009. This improved fit arises because Fit lll does the size-dependent data can be found in Appe&dix
not exactly match the {gd scenario and its kinetic behaviour
changes towardsBas the reaction proceeds.

A rather different picture of the internal structure of the

e_lerosol particle_ is provided vv_ith Fit IV, showing an gxcellent As discussed in Sect.3, we recommend sensitivity analysis
fit to the experimental data in reasonable proximity 0 theq confirm that the numerical criteria chosen result in distinct
original bcl parameter set Bfrang et al(2010. This fully- 54 well-behaved limiting cases. Figutehows the sensitiv-
saturated surface reaction is consistent with the conclu5|ori1y profiles of the six parameter sets found for the oleic acid—
of Hearn et al(2009, who suggested that the reaction oc- 4;0ne system. In each case, the assignment is supported by
curs exclusively on the particle surface as a result of a quasig,e sensitivity analysis. Sensitivity coefficients are given at
smectic structure of the uppermost oleic acid layer that s im-1 o4, reaction course as this not only avoids the initial, highly
penetrable by ozone due to slow diffusion and fast reaction. yansjent behaviour which is expected as the surface and first
We note that the surface reaction behaviour in Fit IV is layers come into equilibrium with the gas phase, but

only achieved using aq,x which significantly exceeds the 456 minimises the error associated with neglecting reaction
values mferred from molecular dynamics simulations as d'S'products in the depth-resolved model.
cussed in Sect5.2 above. Such a value would be accept- - Tpe jnterpretation of the fits tBiemann(2005 data, pan-
able only if a long-lived intermediate was formed at the g|s 4 and b of Fig is relatively straightforward. As expected
particle surface (as discussedShiraiwa et al(2011h for  om Taple3, these fits are only sensitive to the accommoda-
PAH‘*‘O?’_)- ] _ . tion coefficientus o x. Indeed, in panel a, onlys o x is indi-
Both Fit lll and Fit IV are in reasonable agreement With ¢4teq as a direct control on the result of the calculation, in
the single experimental decay in F&.However, further ex-  5-ordance with the accommodation regime{(Sn panel

6.5 Sensitivity profiles of displayed limiting cases
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b, the sensitivity taers o x remains high while some minor de- are well-behaved (that is, influenced by only one or two pro-
pendence on parameters related to bulk reacttfyp , kgr, cesses, respectively).
Dy x) is observed, both in agreement with the assignment as
B, limiting case (bulk reactions limited by accommodation). 6.6 Conclusions from the case study
Panels c and d show sensitivity analyses of fits tol e
and Chan(2007) data and reveal very typical behaviour for In summary, analysis of three literature datasets of the oleic
the B, case and the '8 regime, respectively. While Fit | in acid—ozone reaction system led to six different sets of kinetic
panel ¢ is completely governed by the x parameter, Fit ~ parameters for the applied kinetic model KM-SUB. The pro-
Il in panel d shows the traditional reacto-diffusive behaviour posed classification scheme was applied to these fits, leading
with a balanced sensitivity towards the reaction and diffu- to assignments of limiting cases or regimes. However, under-
sion process. In both cases, the large particle radius leads fying kinetic parameters could not be determined uniquely
a slight influence of gas-phase diffusion as indicated by senand no final limiting case assignment could be made. This
sitivity to Dg x. is, however not the result of a deficiency in the classifica-
The interpretation of the fits telearn et al(2009 data,  tion scheme. Rather, it highlights the inherent complexity
panels e and f of Fig7 also confirms our assignments. In of experimental kinetics and the fitting process necessary to
panel e, the parameters indicate a mixture of bulk reactiorinfer kinetic parameters from experimental data. Parameters
and bulk diffusion limiting cases (Bregime). Unlike Fit Il which are not among the limiting parameters of the reaction
in panel d, this case does not coincide with the traditionalsystem (cf. Table 3 and Fig. 7) do not directly influence the
B{f'ad case, as it shows a slight predominance towards reaceaction rate and are thus poorly constrained by experiments.
tion limitation and thus B behaviour. This example demon- Single measurements in one kinetic regime can usually only
strates the breadth of possible behaviours for cases that ddetermine one (or a few) parameter(s), and put constraints on
not fall into a distinct limiting case but rather exhibit regime others.
behaviour. In panel f, the surface reaction rate coefficient Consequently, none of the example parameter sets given
ksLr as well as the parameters determining the surface covhere was able to fit all three experimental datasets. A pa-
erage fq x andas o) are influential. Thus, & behaviour was ~ rameter set which fully represents the underlying kinetic pa-
correctly assigned. rameters in the oleic acid—ozone system will thus require
In general, sensitivity coefficients were not observed tofurther experimental and theoretical studies in which mul-
vary significantly over time once a quasi-stationary state oftiple datasets are simultaneously fitted (a global fit). These
transport and reaction was reached. In the event that bedatasets should ideally be obtained under vastly differing
haviour is not consistent throughout the reaction, a chang&onditions (reaction time, particle size and oxidant concen-
in regime or limiting case behaviour can be detected bytration), thereby changing the kinetic regime and providing
a change in classification parameters and the sensitivity coconstraints on a wider variety of kinetic parameters.
efficients follow accordingly. For example, classification pa-
rameters for Fit lll (Table 6) show an increase in mixing
parameter BMRy over time, indicating a smooth transition 7 Summary and conclusions
from B regime towards R limiting case behaviour. This
is accompanied by a decrease in sensitivity towards the bulkhe development of depth-resolved models for aerosol
diffusion coefficientDp x from S"(Dp x) = 0.22 at 10% re-  chemistry has prompted the more sophisticated, systematic
action course to 0.16 at 50 % reaction course and 0.04 at 90 %lassification of the kinetic behaviour of aerosol particles
reaction course. proposed here. The set of limiting cases and associated sym-
In interpreting these sensitivity analyses, a low sensitiv-bols proposed above should allow a more complete and more
ity does not necessarily mean that a process related to thémtuitive discussion of aerosol particle behaviour, especially
parameter is unimportant, only that modest changes in thain systems which exhibit stiff coupling of physical and/or
parameter do not have a strong influence on the model resulthemical processes. In particular, the more complete treat-
This could be the case if a parameter is obviated (e.g. thenent of mass transfer limitation presented in this study not
Henry's law constant in a system which reacts exclusivelyonly allows for analysis of such systems, but may also assist
at the surface, in which case it could take on any value) orin interpreting and reconciling previous studies.
if a process is saturated (e.g. the reaction rate coefficient in Limiting case or kinetic regime assignments facilitate the
an accommodation-limited case, for which modest changednterpretation of experimental data since, in principle, only
in kgr would not matter as the reaction would remain “fast” the rate limiting process(es) have to be considered when cal-
compared to the accommodation process). Overall, the simeulating or analysing reactive uptake. During an experimen-
ple 9: 1 numerical criteria proposed in Sedt2 were suf-  tal study, results can be compared to the characteristic be-
ficient for this system, but should be revisited for each newhaviours described in Se&which may provide insight into
chemical system to ensure that limiting cases and regimethe 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 conditionghat shown in Fig3a for analysis of chemical reactivity. The
may be useful in guiding follow-up experiments. typical example of a system in the reaction-accommodation
As outlined above, a single chemical reaction system carregime arises when a particle is well-mixed and neither sat-
exhibit different kinetic behaviours depending on reactionurated nor starved on trace gas X, indicated by SSR and/or
conditions such as concentration levels and particle sizesBBSR~ 0.5. Here, reaction and accommodation occur on sim-
The classification scheme proposed here provides a means dér time scales and are thus closely coupled. Another possi-
characterising a specific reaction system under specific conbility is shown in Fig. S1b, in which the separation is made
ditions, but the underlying parameters which drive the phys-between chemical rate limitation (“reaction regime”) and all
ical and chemical behaviour remain the most valuable infor-other possibilities (“mass transport regime”). We view the
mation which models can extract from experimental data.mass transport regime (not to be confused with the mass
This is particularly important for the extrapolation of labo- transfer regime SB!) in Fig. S1b as too broad to be useful, as
ratory results to atmospherically relevant conditions, a tasksystems lying in this regime may encompass every limitation
which demands a well-constrained parameter set to providen chemical reaction rate except the actual rate coefficient.
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 acAppendix C
curate determination of fundamental kinetic parameters. In
light of the breakdown of the exposure metric (oxidant con- Strong bulk concentration gradients not equivalent
centrationx time) for some aerosol behaviours, we recom- to diffusion limitation
mend that studies which use the exposure metric should also
provide independent concentration and time data for futureAs already described in Sec?.2, the reaction-diffusion
reanalysis. regime encompasses all cases limited by chemical reaction
Multi-parameter fitting of three different datasets for the and/or bulk diffusion and the traditional reacto-diffusive case
benchmark system of oleic acid reacting with ozone haswithin this regime, %’ad, occurs when STLR:0, BSR~ 1,
shown that the available data can be represented by differe@MPx ~ 0 and BMR, ~ 1. In this situation, the surface and
sets of kinetic parameters that do not correspond to a singlérst subsurface bulk layer are saturated with X and the short
kinetic behaviour (regime or limiting case). Using only one reacto-diffusive length of X limits the reaction volume and
dataset at a time for the fitting of several kinetic parameterghus reactive uptake. Because reaction and diffusion of X are
resulted in an under-determined system. inherently coupledin the{gd case, this case does not exhibit
We conclude that for a well-constrained kinetic parame-Bpq behaviour even though it shows a strong gradient in X.
ter set, several datasets should be taken into account simuFhis would violate the definition of single-process limitation
taneously to provide a sufficiently broad set of constraintsfor limiting cases given in Sec2.1
for the fitting result. These sets must include a wide range In addition to the lﬁ’ad case, another behaviour can also
of experimental conditions, since non-limiting parametersbe observed when BMP~0, BMPy ~1, SSR~ 1, but
are only poorly constrained by experimental data. Multi- BSR~ 0. Here, the surface is saturated with X but the trans-
parameter fitting to multiple datasets for extraction of ki- fer from surface to bulk is inefficient compared to reaction
netic parameters would therefore be of general importancén the bulk. Since BSR: 0 in this situation, this case is cor-
for modelling of multiphase chemistry, but requires a signif- rectly assigned as a,Bcase, and has a behaviour which is
icantly higher technical effort. The prospects and challengesonsistent with the archetypal,Rase described in Sect. 5.1.
of multi-dimensional fitting to elucidate the kinetic parame- We will distinguish this surface to bulk transfer-limited case
ters of aerosol reaction systems will thus be addressed in ddrom the gas to surface transfer-limited case by referring to
tail in a follow-up study, building on the classification frame- each as Bs_.p and B, g_. s, respectively.
work provided here. 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).

Appendix B As suggested by the name “surface to bulk transfer-limited”,
a discrepancy between SSR and BSR arises in the.B
Additional regimes case. This situation depends crucially on the layer spacing in

the model. Such a discrepancy between SSR and BSR could
In addition to the reaction-diffusion and mass transferarise when the reacto-diffusive length is so short that it falls
regimes used throughout this work, there are many othebelow layer spacing, which is often constrained to be one
combinations of limiting cases to form regimes which are molecular length (e.g. a monolayer of Y) or larger. In such
possible. Sorting by mixing parameter MP leads to the dis-a situation, the assumption of internally well-mixed model
tinction in Fig. Sla, the diffusion regime and the reaction- layers is violated and the quasi-static surface layer acts as
accommodation regime. This separation is less common thaa diffusional bottleneck that has to be surpassed before bulk
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Table Al. List of symbols and abbreviations.

Symbol Meaning Sl Unit
ap x bulk accommodation coefficient of X

as X surface accommodation coefficient of X

as,0,X surface accommodation coefficient of X on an adsorbate-free surface

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

Yeff, X effective uptake coefficient of X (normalised by average gas kinetic flux)

Sy effective molecular length of Y m
0s,x surface coverage by X (sorption layer)

fs,max,x ~ mMaximum surface coverage by X (sorption layer)
0s,sat,X saturation surface coverage by X (sorption layer)

Ai kinetic input parameter

AX mean free path of X in the gas phase m
Td,x desorption lifetime of X s
wx mean thermal velocity of X nrst
bcl base case 1 input parameter set

bcl* 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

Dp x particle bulk diffusion coefficient of X s 1
Dgx gas-phase diffusion coefficient of X g1
Hep x Henry’s law coefficient of X molm3pal
ka first-order adsorption rate coefficient of X ms
kg first-order desorption rate coefficient of X -k
kBRr second-order rate coefficient for bulk reactions Samt
ksLrR second-order rate coefficient for surface layer reactions 2sth
Kads,x adsorption equilibrium constant of X I
Ksolcc,x dimensionless solubility or gas-particle partitioning coefficient of X

Kny Knudsen number for X

Ird,x reacto-diffusive length of X in'Y m

Ly loss rate upon bulk reaction in layker s1

Ls loss rate upon surface reaction 15
Liot total loss rate (of surface and bulk reaction) -1g
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

™ particle radius m
S(Ai) model sensitivity towards;

S () normalised model sensitivity towards

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

Vi volume of layerk m3

X trace gas species

[Xleff effective bulk concentration of X experienced by reacting Y —3n
[X1g gas-phase number concentration of X ~3n
[X1gs near-surface gas-phase number concentration of X —=3m
[X]s surface number concentration of X (sorption layer) ~m
[Xlss subsurface number concentration of X (quasi-static surface layer) 2 m
[Xls,max Mmaximum surface number concentration of X (sorption layer) —2m
[X]s,sat saturation surface number concentration of X (sorption layer) 2m
[X]p particle bulk number concentration of X ™
[XTpk number concentration of X ik-th bulk layer nr3
[Xlbsat  saturation particle bulk number concentration of X ~n
Y bulk material species

Ymodel model output
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reaction can occur. This effectively decouples the reactionV, both are in reasonable proximity to experimentally mea-
and diffusion process. However, the treatment of competingsured values. This opens up another possibility for modelling
reaction and diffusion at the molecular level might not be of the oleic acid—ozone system that has yet to be proven by
well-represented by the kinetic model applied here and thus well-fitting kinetic parameter set.
lies beyond the scope of this paper.

A more intuitive example for a Bs.p case is a particle _ ) o
that is coated by an inert and only slowly penetrable shellSUPPlementary material related to this article is

such as a monolayer of saturated fatty acieviere and available online at: http://www.atmos-chem-phys.net/13/
Ammann 2010. 6663/2013/acp-13-6663-2013-supplement.pdf
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