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a b s t r a c t

Three different mass-transfer expressions are employed within the Model of Aerosol, Gas, and Interfacial
Chemistry (MAGIC) to study gas-phase molecular chlorine and bromine production from NaCl and NaBr
aerosols, respectively. Simulations of chamber experiments are performed in which NaCl aerosols react
with gas-phase ozone in the presence of UV light, in order to identify the importance of the Knudsen
number and mass-transfer expression in systems with varying contributions from gas-phase, aqueous-
phase, and interfacial chemistry. In the case of NaBr aerosols, simulations are performed of both dark and
photolytic conditions. A range of Knudsen numbers spanning the continuum, transition and free-
molecular regimes is studied. Particle size is varied over three orders of magnitude, and particle
concentration is changed to keep either (a) total aerosol volume or (b) total aerosol surface area constant.
When total aerosol volume is constant, the total amount of surface area available for interfacial reaction
increases linearly with Knudsen number. Consequently peak gas-phase Cl2 and Br2 concentrations
increase by two orders of magnitude from the continuum regime to the free-molecular regime. When
total aerosol surface area is constant, total aerosol volume is inversely proportional to Knudsen number,
with lesser volume being available at higher Knudsen numbers. Consequently Cl� depletion in the kinetic
regime leads to most gas-phase Cl2 being produced in the transition regime. Gas-phase Br2 concentration
trends are determined by aqueous-phase reaction mechanisms, leading to a monotonic decrease in
production with Knudsen number. At all Knudsen numbers, more gas-phase bromine is produced in the
photolytic case than in the dark case, the difference being significant in the transition regime. Results of
this study suggest that halogen production is insensitive to the mass-transfer expression used in the
simulations.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Detailed models of atmospheric systems include non-equilib-
rium kinetics, with interactions between gaseous and aqueous-
phases. Although such detailed models are intractable when used
in large three-dimensional simulations, valuable insight is gleaned
into important processes of atmospheric relevance. For example,
Knipping et al. (2000) obtained evidence for interfacial reactions
occurring on the surface of aerosol particles using theMAGICmodel
(Model of Aerosol, Gaseous, and Interfacial Chemistry). Knipping
et al. (2000) and subsequent studies (Hunt et al., 2004; Thomas
et al., 2006, 2007) have shown that far greater amounts of gaseous
Cl2 and Br2 are released into the gas-phase due to interfacial
reactions than is possible from reactions in the gas-phase or
: þ1 949 824 8585.

All rights reserved.
aqueous-phase when considering deliquesced NaCl and NaBr
particles respectively. Chlorine chemistry is important in ozone
production via photochemical reactions involving VOCs and NOx in
coastal regions since VOCs, NOx, and sea-salt particles are all
present in significant concentrations here (Knipping and Dabdub,
2003). Over the open ocean, in the remote marine boundary layer,
and in polar regions, halogen chemistry plays an important role in
ozone destruction (Foster et al., 2001; Piot and von Glasow, 2008;
Read et al., 2008). In all these regions, sea-salt aerosol is present in
the marine boundary layer at relative humidities well over the
deliquescence point. The interfacial reactions examined in the
above studies are the following:

OHðgÞ D ClLsurface / 0:5Cl2ðgÞ D OHL
ðaqÞ (1)

OHðgÞ D BrLsurface / 0:5Br2ðgÞ D OHL
ðaqÞ (2)

O3ðgÞ D BrLsurface / 0:5Br2ðgÞ D OL
3ðaqÞ: (3)
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The hydroxyl radical in the first two reactions is generated by
the photolysis of ozone (Finlayson-Pitts and Pitts, 2000),

O3ðgÞ D hn / Oð1DÞðgÞ D O2ðgÞ (4)

Oð1DÞðgÞ D H2OðgÞ / 2OHðgÞ: (5)

Reactions (4) and (5) occur only during photolytic conditions, i.
e., when ozone is exposed to a UV light source. Reactionwith ozone
on the surface of NaBr particles presents an alternate route for Br2(g)
to be released from aerosols and may be a significant source of
bromine in the dark when OH(g) is not available. The interface
reactions, as represented above, constitute the net outcome of
a process that most likely involves one or more intermediates.

Any multi-phase kinetics model in general, and MAGIC in
particular, consists of numerous gaseous and aqueous reaction rate
constants representing chemistry in the respective phases, Henry's
law constants and mass accommodation coefficients used in
determining mass-transfer rates between the phases, and param-
eters to calculate interfacial reaction rates. In situations that are
of atmospheric relevance, it is likely that the gaseous and aqueous-
phases are not in equilibrium. As a result, non-equilibrium
expressions are used to define the rate of mass transfer between
the phases. Inmany atmosphericmodels, such as those described in
Jacob (2000) and von Glasow et al. (2002), the mass-transfer
expression due to Schwartz (1986) is used due to its simplicity, both
conceptually and computationally. There have been limited studies
that use other mass-transfer expressions, for example Pandis and
Seinfeld (1989), but none of them compare results using different
mass-transfer expressions. The studies that compare mass-transfer
expressions often are limited in scope. For instance, Sander (1999)
compared values of the mass-transfer coefficient, kmt, obtained
using two different expressions, but did not include them in an
atmospherically relevant model.

The present work is aimed at implementing different mass-
transfer expressions in a detailed chemical kinetics model of
atmospheric relevance. For this purpose, three expressions for the
mass-transfer coefficient, developed by Fuchs (1964), Fuchs and
Sutugin (1971), and Schwartz (1986), are implemented in MAGIC
and are used to study the production of gas-phase molecular
chlorine and bromine from deliquesced NaCl and NaBr particles
respectively. Since exact rate expressions for the interfacial reac-
tions (1)e(3) are not known, the interfacial reaction rates are
calculated based on rates of mass-transfer to the interface. This
approach also is adopted by Jacob (2000) and Thomas et al. (2006,
2007). Since interfacial reaction rates depend on the mass-transfer
rate using this approach, the importance of using a detailed,
physically sound model to represent inter-phase mass transfer is
enhanced greatly.

This paper is organized as follows. In the next section, a descrip-
tion of the problem is provided by introducing and explaining the
three mass-transfer expressions. The various situations considered
to compare the three mass expressions are discussed in Section 3.
Results are presented and discussed in Section 4. Finally, conclusions
and atmospheric implications are provided in Section 5.
2. Problem description

In general, a non-equilibrium, multi-phase kinetics model
should account for the following physical and chemical processes:
(i) gas-phase diffusion and chemical reactions; (ii) aqueous-phase
diffusion and chemical reactions; (iii) interfacial mass transport;
and (iv) interfacial reactions, if any. MAGIC includes detailed sub-
models for each of the above processes. The model was developed
to simulate time evolution of chemical species in the gas- and
aqueous-phases for reactions of NaCl and NaBr particles in the
presence of ozone in an enclosed chamber. The chamber design,
experiments, and MAGIC are described in detail elsewhere (Oum
et al., 1998; DeHaan et al., 1999; Knipping et al., 2000; Knipping and
Dabdub, 2002; Hunt et al., 2004). The model includes a total of 24
gas-phase and 44 aqueous-phase species, whose concentrations are
governed by the following equations (Thomas et al., 2006, 2007):

vCg
vt

¼ Rg � uRint � ukmt

�
Cg � Caq

HRT

�
(6)

vCaq
vt

¼ RaqHRint þ kmt

�
Cg � Caq

HRT

�
; (7)

where Cg (molecules cm�3) and Caq (mol L�1) represent species
concentration in the gas- and aqueous-phases respectively, t
denotes time, Rg, Raq, and Rint (concentration s�1) denote chemical
reaction rates in the gas-phase, aqueous-phase and at the interface
respectively, kmt (s�1) is the mass-transfer coefficient, H (M atm�1)
is the effective Henry's law constant, R is the universal gas constant,
T is the absolute temperature (298 K), andu is a dimensionless ratio
representing the volumetric aqueous aerosol liquid water mixing
ratio. Species concentrations, as a function of time, are obtained by
solving the coupled system of differential equations simultaneously
for each of the gas-phase and aqueous-phase species involved.
2.1. Mass transport between the phases

In MAGIC, 15 species are transported between the gas- and
aqueous-phases across the aerosol surface. For these species,
interfacial mass transport is described by the use of a mass-transfer
coefficient, kmt. The mass-transfer coefficient is a first-order rate
coefficient that combines first-order rates of gas-phase diffusion to
the aerosol surface and kinetic, or ‘free-molecular’, transport across
the aerosol surface.

Gas-phase diffusion far away from aerosol particles is governed
by continuum transport. Closer to the particles, however,
a continuum assumption is no longer universally valid and size of
the particles relative to the mean free path of the gas-phase mole-
culesmust be considered.When the particle radius (r) is of the same
order as the mean free path (l) of the gas-phase molecules, the
transition regime is in effect. In this regime, species concentration
distributions are governed rigorously by the Boltzmann equation
for which a general solution does not exist. To avoid solving the
Boltzmann equation directly, an approach based on flux-matching
is used. Non-continuum effects are assumed to be limited to a small
spherical region of thickness D around the particle. This thickness
(D) is of the order of the mean free path and the kinetic theory of
gases is assumed to apply in this region. Three mass-transfer
expressions based on different flux-matching schemes, which use
the same definition of themean free path, l ¼ 3Dg=v, are employed
in this study.

Schwartz (1986) derived an expression for the mass transport
coefficient by assuming that at the droplet surface, transport
suddenly switches from the continuum regime to the kinetic
regime, implementing a flux-matching at the droplet surface
(D ¼ 0). In this scenario, the mass-transfer coefficient is,

kSchmt ¼
�

r2

3Dg
þ 4r
3va

��1

; (8)

where Dg (cm2 s�1) is the gas-phase diffusivity, v (cm s�1) is the
mean molecular speed, and a (dimensionless) is the mass accom-
modation coefficient.
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Fuchs and Sutugin (1971) used a different approach, fitting
Sahni's (1966) solution to the Boltzmann equation, to obtain
a different expression for the mass-transfer coefficient,

kFSmt ¼ lv�
1þ

�
lSa þ 4

1� a

3a

�l
r

�
r2
; (9)

where lSa is a dimensionless number adopted from Sahni (1966),

lSaz
4=3þ 0:71r=l

1þ r=l
: (10)

Following Fuchs (1964), who originally suggested the flux-
matching approach, yet another expression is obtained for the
mass-transfer coefficient.

kFuchsmt ¼
 

r2

3Dg

�
1þ KnD

l

�þ 4r
3va

!�1

: (11)

Here Kn ¼ l/r is the Knudsen number, a non-dimensional ratio.
Note that the Schwartz expression, Equation (8), can be obtained
from the Fuchs expression, Equation (11), by making the substitu-
tion D ¼ 0. Interestingly, Fuchs (1964) originally suggested D ¼ 0.

The mass-transfer expression due to Fuchs and Sutugin (1971),
Equation (9), can also be written in a form analogous to Equations
(8) and (11) as follows:

kFSmt ¼
�

r2

3Dg

�
1� 0:62

1þ r=l

�
þ 4r
3va

��1

: (12)

Pandis and Seinfeld (1989) presented kmt
FS in an alternate way, as

a product of the continuum mass-transfer coefficient and a correc-
tion factor as kFSmt ¼ 3Dg

r2 h. Seinfeld and Pandis (1998), in their
review of the flux-matching problem, presented similar correction
factors for other flux-matching approaches.

Equation (8) is used in many atmospheric models, e.g. Jacob
(2000) and von Glasow et al. (2002). Pandis and Seinfeld (1989)
used the Fuchs and Sutugin expression, Equation (9). Sander (1999)
concluded that kmt

FS is always larger than kmt
Sch, the relative difference

being no more than 15% and significant only around Kn ¼ 1 which
constitutes the transition regime. MAGIC however, solves a system
of non-linear, coupled differential equations and a small change in
some parameters could lead to a large change in the output. The
effect of using different mass-transfer expressions on the output
can be known only by implementing them in the model and
comparing the results obtained.
2.2. Interface reaction rates

Mass accommodation and interface chemistry are inherently
coupled processes. A few of the 15 species that are transported
across the interface also are involved in surface reactions (1)e(3).
Since exact rate expressions for these complex interface processes
are unknown, atmospheric modelers calculate interfacial reaction
rates based on the amount of molecules transferring between the
gas- and aqueous-phases and the propensity for surface reaction
with ions present at the interface. MAGIC uses amodified version of
the resistor model discussed in Hu et al. (1995) to account for
competition between surface reactions and mass accommodation.
Interface reactions are given preference over mass accommodation
and the two processes are allowed to occur in parallel. The inter-
facial reaction rate, being closely related to the rate of mass
transport between the phases, depends on the mass-transfer
coefficient used. Expressed in terms of aqueous-phase product
formed, the interfacial reaction rate using the Schwartz mass-
transfer coefficient Equation (8) is,

Rint ¼
�

r2

3Dg
þ 4r
3vg

��1h
AðgÞ

i
; (13)

where

g ¼ fg0bX
h
X�
surf

i
: (14)

is the overall surface reaction probability, bX[Xsurf
� ] is the fraction of

droplet surface covered by ions that have reached the interface, f is
the average number of contacts between A(g) and Xsurf

� , and g0

denotes the probability that X� and A(g) will react when these
species come in contact. Here X� and A(g) represent any of the
surface ion and gas-phase molecule pairs that react at the interface
reactions (1)e(3). The quantity g0, being a probability, can theo-
retically vary from 0 to 1. Values for g0 are chosen following
sensitivity studies of NaCl and NaBr aerosols presented by Nissen-
son et al. (2008, 2009).

The interfacial reaction rate (Equation 13) is computed as
a product of gas-phase concentration and a coefficient obtained
from the relevant mass-transfer coefficient, Equation (8) in this
case, by replacing mass accommodation coefficient a with surface
reaction probability g. Interface reaction rates using the other two
mass-transfer expressions, Equations (9) and (11), are obtained in
an identical fashion.

To account for interfacial reaction being preferred over non-
reactive uptake, mass accommodation coefficients for O3 and OH,
which undergo both processes simultaneously, are modified as
follows:

a0 ¼ að1� gÞ: (15)

In addition to the interfacial processes listed above, gaseous
bromine also may undergo irreversible uptake by chamber walls.
The first-order rate constant for this process is determined from
experiments described in Hunt et al. (2004).

In summary, three mass-transfer expressions have been
described and the corresponding interfacial reaction rates derived.
The mass-transfer coefficients depend on known particle proper-
ties such as particle radius r, and gas-phase properties such as
diffusivity Dg, mass accommodation coefficient a, and mean
molecular speed v which vary with species. The Fuchs mass-
transfer expression, Equation (11), depends on an additional
quantity D, the distance from the particle surface at which flux-
matching is performed. This quantity is a parameter that needs to
be determined.
3. Methodology

The three mass-transfer expressions described in the previous
section are implemented in MAGIC. Simulations are performed of
chamber experiments inwhich deliquesced NaCl and NaBr particles
react with ozone in the presence of UV light. These experiments are
described in detail elsewhere (Oum et al., 1998; Knipping et al.,
2000; Hunt et al., 2004). The Fuchs mass-transfer expression,
Equation (11), has a parameter D whose value must be selected. In
preliminary studies, gas-phase chlorine and bromine concentration
profiles are compared for different values of the parameterD. These
concentration profiles show the same qualitative behavior for all
the values of D studied. Supplementary Figs. 1 and 2 show gas-
phase chlorine and bromine concentration profiles for 4 different
values of D. These simulations are performed at a transition range
Knudsen number, Kn ¼ 0.6. Peak gas-phase chlorine concentration



Table 2
Particle sizes and concentrations of NaCl aerosol for the Knudsen numbers inves-
tigated. Particle concentration is changed to keep total aerosol surface area in the
system constant.

Knudsen
number

Average particle median
diameter (m)

Particle concentration
(number m�3)

Comments

0.01 1.30 � 10�05 5.62 � 10þ07 Continuum
regime0.05 2.60 � 10�06 1.41 � 10þ09

0.10 1.30 � 10�06 5.62 � 10þ09

0.25 5.21 � 10�07 3.51 � 10þ10

0.50 2.60 � 10�07 1.41 � 10þ11 Transition
regime0.58 2.24 � 10�07 2.02 � 10þ11

0.75 1.74 � 10�07 3.16 � 10þ11

1.00 1.30 � 10�07 5.62 � 10þ11

2.00 6.51 � 10�08 2.25 � 10þ12 Kinetic
regime5.00 2.60 � 10�08 1.41 � 10þ13

10.00 1.30 � 10�08 5.62 � 10þ13
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changes by about 14% between D¼ 0 and D¼ 4. Gas-phase bromine
concentration profiles, on the other hand, are insensitive to the
value of D. Additional simulations performed at free-molecular and
continuum regime Knudsen numbers (not presented here) show
both gas-phase chlorine and bromine concentration profiles to be
insensitive to the value of D.

Flux-matching theory requires D to be of the order of the mean
free path l (Seinfeld and Pandis, 1998). With D ¼ 0, the Schwartz
expression, Equation (8), is recovered. Hence the value D ¼ l is
chosen in all further simulations using the Fuchs mass-transfer
expression. Peak gas-phase chlorine concentrations differ by about
6% between D ¼ 0 and D ¼ 1.

A range of Knudsen numbers 0.01 � Kn � 10 spanning the
continuum, free-molecular and transition regimes of gas-phase
transport is studied. Varying the Knudsen number over three
orders of magnitude results in particle diameters varying approx-
imately between 0.01 mm and 10 mm. Most atmospheric particles
fall within this range of sizes. Total aerosol volume and total aerosol
surface area in the system also vary over this range of particle
diameters, affecting the relative importance of bulk processes like
aqueous-phase chemistry and surface processes such as interfacial
chemistry and mass transfer. To establish a basis for comparison,
two types of analyses are performed in which the particle
concentration is varied to keep (a) total aerosol volume and (b) total
aerosol surface area constant. By varying total aerosol surface area,
contributions from aqueous-phase chemistry to halogen produc-
tion are constant. By varying total aerosol volume, the total aerosol
surface area available for mass transfer and interface chemistry is
constant. Tables 1 and 2 summarize particle sizes and concentra-
tions for the range of Knudsen numbers examined, at constant total
aerosol volume and constant total aerosol surface area respectively.

Peak Cl2(g) in the case of NaCl particles and peak Br2(g) in the case
of NaBr particles are compared using the three different expres-
sions introduced in Section 2.1. Simulations are performed of NaCl
particles in the presence of O3(g) under photolytic conditions, i.e.,
when irradiated by UV light. For NaBr particles, simulations are
performed of both dark and photolytic conditions. In the dark,
interfacial reaction (2) is absent and hence all the surface area is
available for interfacial reaction (3) between Br�surface and O3(g).
Under photolytic conditions, both interfacial reactions compete for
O3(g). This behavior is examined over a range of Knudsen numbers.
4. Results and discussion

4.1. Comparison of time evolution of [Cl2(g)]

Time evolution of gas-phase Cl2 is studied at Knudsen numbers
and particle concentrations reported in Tables 1 and 2. Fig. 1 shows
Table 1
Particle sizes and concentrations of NaCl aerosol for the Knudsen numbers inves-
tigated. Particle concentration is changed to keep liquid water content (total amount
of aerosol) in the system constant.

Knudsen
number

Average particle median
diameter (m)

Particle concentration
(number m�3)

Comments

0.01 1.30 � 10�05 9.67 � 10þ05 Continuum
regime0.05 2.60 � 10�06 1.21 � 10þ08

0.10 1.30 � 10�06 9.67 � 10þ08

0.25 5.21 � 10�07 1.51 � 10þ10

0.50 2.60 � 10�07 1.21 � 10þ11 Transition
regime0.58 2.24 � 10�07 1.86 � 10þ11

0.75 1.74 � 10�07 4.08 � 10þ11

1.00 1.30 � 10�07 9.67 � 10þ11

2.00 6.51 � 10�08 7.74 � 10þ12 Kinetic
regime5.00 2.60 � 10�08 1.21 � 10þ14

10.00 1.30 � 10�08 9.67 � 10þ14
Cl2(g) concentration profiles computed using the three mass-
transfer expressions, at the lowest, intermediate, and highest values
of the Knudsen number, which represent the continuum, transition,
and kinetic regimes respectively. There is a sharp rise in [Cl2(g)]
observed in all simulations when photolysis is initiated at 600 s.

4.1.1. Constant total aerosol volume
When total aerosol volume is held constant, total aerosol surface

area increases linearly with Kn, increasing the interface reaction
rate at higher Knudsen numbers. This results in [Cl2(g)] increasing
by two orders of magnitude from a peak value of about 0.2 ppbv at
Kn ¼ 0.01 (Fig. 1a) to a peak value of about 70 ppbv at Kn ¼ 0.60
(Fig. 1c). The further increase to a peak of 130 ppbv at Kn ¼ 10.00,
however, is not as dramatic.

The difference in peak [Cl2(g)] obtained in the three regimes is
a direct consequence of the variation in surface area with Knudsen
number. In both the transition and kinetic regime plots (Fig. 1c and
e) this is seen as a sharp rise in [Cl2(g)] leading to the peak value and
a subsequent less-steep fall as the available O3 is consumed by
photolysis and Cl2(g) is lost to the walls and taken up by aerosols. At
lower Knudsen numbers the interface reaction has lower available
surface area on which to occur. Cl2(g) concentration rises slowly at
the lowest Knudsen number (Fig. 1a) because the interfacial reac-
tion occurs at a much slower rate than at the higher Knudsen
numbers. Hydroxyl radicals react rapidly with other gas-phase
species and are not able to produce Cl2(g) via interfacial reaction (1)
in large quantities. This demonstrates the dominance of the inter-
facial reaction mechanism in producing gas-phase Cl2 at all Knud-
sen numbers.

To determine whether peak [Cl2(g)] is limited by the O3 available
for photolysis to OH(g), the high Knudsen number simulation is
repeated keeping [O3(g)] constant at three different values. Peak [Cl2
(g)] increases with increasing [O3(g)] (Fig. 2) due to greater OH(g)
becoming available from photolysis. There is, however, a subse-
quent fall in Cl2(g) concentration due to wall loss, and mass transfer
of Cl2(g) into the droplet. Interface reaction (1) results in the drop-
lets becoming alkaline, increasing the rate of Cl2(g) destruction via
the aqueous-phase reaction,

Cl2ðaqÞ D OHL
ðaqÞ / HOClðaqÞ D ClLðaqÞ: (16)

Equilibrium between production of Cl2(g) via interface reaction
(1) and destruction via wall loss, mass transfer into the droplet and
aqueous-phase reaction (16) prevents Cl2(g) concentrations from
reaching runaway levels despite the significantly higher amounts of
available OH(g). In fact, in simulations with [O3(g)] kept constant at
relatively high levels of 10 and 100 ppmv (not shown here), similar
qualitative behavior is observed.
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4.1.2. Constant total aerosol surface area
With total aerosol surface area held constant, the total aerosol

volume is inversely proportional to Knudsen number and therefore
decreases at higher Knudsen numbers. Consequently, at the kinetic
regime Knudsen number, Kn¼ 10 (Fig. 1f), there is less Cl� available
to produce Cl2(g). In contrast, at the continuum regime Knudsen
number, Kn ¼ 0.01 (Fig. 1b) there is less Cl2(g) produced despite the
greater amount of available Cl�. Maximum production of Cl2(g)
occurs at the transition range Knudsen number, Kn ¼ 0.6 (Fig. 1d).

To explain this counterintuitive behavior, recall that the
expression for interfacial reaction rate, Equation (13), written for
interfacial reaction (1) between OH(g) and Clsurface� is,

Rint ¼
�

r2

3Dg
þ 4r
3�vg

��1h
OHðgÞ

i
; (17)

where the overall surface reaction probability for interface reaction
(1), g, is defined as,
g ¼ fg0bX Cl�surface : (18)

h i

Here bX[Cl�surface] is the fraction of droplet surface covered by
chloride ions that have reached the interface.

The term in parentheses in Equation (17) can be considered an
interfacial reaction rate constant. At low Knudsen numbers (large r)
continuum regime mass transfer (first term in parentheses)
dominates the interfacial reaction rate. This term increases as r
increases, i.e., as Kn decreases. Hence the interfacial reaction rate
decreases at low Knudsen numbers, leading to a decrease in peak
Cl2(g) concentration. On the other hand, at high Knudsen numbers
(small r) free-molecular mass transfer (second term in parentheses)
dominates the interfacial reaction rate. This term, however,
depends on the availability of Cl� at the surface. At high Kn, Cl� is
significantly depleted owing to low total aerosol volume (Supple-
mentary Fig. 3). Therefore, peak Cl2(g) concentration decreases at
high Knudsen numbers.
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In comparing predictions using the three mass-transfer
expressions, there is only a slight difference that is observed at the
intermediate Knudsen number value, which lies in the transition
regime. Overall, peak Cl2(g) concentrations predicted using the
different mass-transfer expressions differ by amaximum of 3%. This
demonstrates that the model is relatively insensitive to the mass-
transfer expression for Cl2(g) production.

4.2. Comparison of time evolution of [Br2(g)]

The time evolution of [Br2(g)] is studied for the same Knudsen
numbers as in the NaCl particle scenario with only the particle
concentrations different to correspond to experiments conducted
by Hunt et al. (2004). Figs. 3 and 4 compare simulations using the
three mass-transfer expressions at the lowest, intermediate, and
highest values of Knudsen number, under dark and photolytic
conditions respectively. These Knudsen numbers represent the
continuum, transition, and kinetic regimes.

For NaBr aerosols, there are two different pathways for forma-
tion of gas-phase Br2(g) via interfacial reaction. Interface reaction
(2) is active only under photolytic conditions while interfacial
reaction (3) is active under both dark and photolytic conditions.
Additional pathways of Br2(g) are available under photolytic
conditions due to increased concentrations of photolytic products,
complicating the system greatly. Simulations with dark conditions
lack these competing pathways and hence are easier to understand
compared to simulations with photolytic conditions.

4.2.1. Dark conditions
When the system is in the dark, Br2(g) is produced primarily

through interfacial reaction (3) (Hunt et al., 2004; Thomas et al.,
2006, 2007; Nissenson et al., 2009). Additional bromine is
produced in the aqueous-phase as a result of O3(g) dissolving into
the aerosols and undergoing the following reactions:

O3ðaqÞ þ Br�ðaqÞ/BrO�
ðaqÞ þ O2ðaqÞ (19)

BrO�
ðaqÞ þHþ

ðaqÞ#HOBrðaqÞ (20)

HOBrðaqÞ þ Br�ðaqÞ þ H2O/Br2ðaqÞ þ OH�
ðaqÞ þH2O: (21)

Aqueous-phase bromine produced by reaction (21) transfers to
the gas-phase.
Fig. 3a, c, and e shows almost two orders of magnitude increase
in peak [Br2(g)] as the Knudsen number is increased from Kn ¼ 0.01
to Kn ¼ 10. Total aerosol volume is kept constant across these
simulations, resulting in an increasing amount of surface area
becoming available for interfacial reaction (3). For Kn ¼ 0.01 and
Kn ¼ 0.55, the interfacial reaction is slow enough that peak [Br2(g)]
is not reached for the duration of the simulation and gas-phase Br2
(g) concentrations continue to increase monotonically. At the
highest Knudsen number however, there is a peak and a subse-
quent fall-off that suggests a trend toward complete consumption
of available O3 by interfacial reaction (3).

With total aerosol surface area held constant, total aerosol
volume decreases at higher Knudsen numbers. Peak [Br2(g)],
however, decreases only by a factor of 2, as the Knudsen number is
increased from Kn ¼ 0.01 to Kn ¼ 0.55 and further to Kn ¼ 10
(Fig. 3b, d, and f). This is due to the relative importance of interfacial
reaction (3) compared to aqueous-phase reaction mechanisms in
producing Br2(g).

4.2.2. Photolytic conditions
Under photolytic conditions, many new chemical pathways are

available due to the presence of hydroxyl radicals produced by
photolysis of ozone via reactions (4) and (5). Hydroxyl radicals
affect the concentration of bromine directly through interfacial
reaction (2) and by reacting with Br2(g), producing HOBr(g) and
Br(g). In addition, hydroxyl radicals may also react with other gas-
phase species and indirectly affect Br2(g) concentrations. A
modeling study by Thomas et al. (2006); Thomas et al. (2007)
demonstrates that Br2(g) is produced rapidly when NaBr aerosols in
the transition regime are irradiated in the presence of ozone.
Including interfacial reaction (2) produces only moderate increases
in the concentration of Br2(g). Numerous studies have shown that
rapid production of Br2(g) can result from a complex mechanism
involving gas-phase chemistry, aqueous-phase chemistry, and
mass transfer (Fan and Jacob, 1992; Tang and McConnell, 1996;
Fickert et al., 1999; Foster et al., 2001; Adams et al., 2002; Huff and
Abbatt, 2002; Nissenson et al., 2009),

Br2ðgÞ D hn / 2BrðgÞ (22)

BrðgÞ D O3ðgÞ / BrOðgÞ D O2ðgÞ (23)

2BrOðgÞ / 2BrðgÞ D O2ðgÞ (24)

2BrOðgÞ / Br2ðgÞ D O2ðgÞ (25)

BrOðgÞ D HO2ðgÞ / HOBrðgÞ D O2ðgÞ (26)

HOBrðgÞ / HOBrðaqÞ (27)

HOBrðaqÞ D BrLðaqÞ D H2O / Br2ðaqÞ D OHL
ðaqÞ D H2O: ð21Þ

Aqueous-phase Br2 produced in reaction (21) transfers out of
the droplet. Note that one bromine atom in the form of HOBr(aq)
enters the droplet but two bromine atoms in the form of Br2(g) leave
the droplet. This allows for rapid release of bromine from the
droplets, causing a so-called “bromine explosion” in the gas-phase.

A rapid depletion of ozone resulting from photolysis and cata-
lytic destruction by Br(g) and BrO(g) through reactions (22)e(26)
occurs simultaneously with this explosion of bromine upon illu-
mination with UV light (Fig. 5). Loss of significant amounts of
ozone in the system halts further bromine production since the
most important mechanisms of Br2(g) production are dependent
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upon ozone levels. The bromine explosion described in reactions
(21)e(27) is dependent upon the rate of mass transfer of HOBr
(into the aqueous-phase) and of Br2 (out of the aqueous-phase)
and, therefore, is dependent upon the total aerosol surface area
available.

Fig. 4a, c and e shows Br2(g) production at three Knudsen
numbers corresponding to the continuum, transition and kinetic
regimes respectively. Total aerosol volume is held constant across
these simulations. There is very little Br2(g) produced in the
continuum regime (Kn ¼ 0.01) due to the limited surface area
available. Most of the Br2(g) is produced in the dark and is lost to the
walls and to the droplets. OH(g) produced by photolysis is
consumed rapidly before it can produce Br2(g) via interfacial reac-
tion (2). At transition and kinetic range Knudsen numbers
(Kn ¼ 0.55, 10) a much greater amount of Br2(g) is produced by the
bromine explosion mechanism, reactions (21)e(27). The impor-
tance of interfacial reaction (3) in producing Br2(g) during the 600 s
dark period increases with increasing surface area at higher
Knudsen numbers. Additionally, this results in less O3(g) being
available for photolysis to OH(g).

With total aerosol surface area held constant, Br2(g) production
decreases with increasing Knudsen number due to a decrease in
total aerosol volume. Fig. 4b, d and f shows Br2(g) production at three
Knudsen numbers corresponding to the continuum, transition and
kinetic regimes respectively. Br� depletion at high Knudsen
numbers, due to the lowvolume in the system, leads to a decrease in
the rate of aqueous-phase reaction (21). This reduces Br2(g)
production via the bromine explosion pathway. Supplementary
Fig. 4 shows a trend towards complete consumption of Br� at higher
Knudsen numbers. In the kinetic regime (Kn ¼ 10), Fig. 4f, Br2(g) is
produced only during a short time span due to Br� depletion.

When comparing predictions obtained using the three different
mass-transfer expressions, Br2(g) is less sensitive than Cl2(g) to the
mass-transfer expression employed. As seen in Figs. 3 and 4, the
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predictions are almost identical at all the Knudsen numbers
considered here. Differences in peak Br2(g) concentrations are just
a fraction of a percent over the entire range.

4.3. Knudsen number dependence of peak [Cl2(g)] and [Br2(g)]

Peak values of gas-phase Cl2 and Br2 concentrations are
obtained from transient simulations over the range of Knudsen
numbers and particle concentrations presented in Tables 1 and 2.
Fig. 6 shows [Cl2(g)]max as a function of Kn, predicted using the
three mass-transfer expressions. With total aerosol volume held
constant, the peak tends towards an asymptotic maximum at high
Kn (Fig. 6a). The maximum [Cl2(g)] that can be produced is limited
by the amount of ozone initially available for photolysis to OH(g).
With increasing surface area becoming available for interfacial
reaction (1) at higher Knudsen numbers, the peak value is reached
much faster than at lower Knudsen numbers, with more OH(g)
being consumed at the interface. With total aerosol surface area
held constant, [Cl2(g)]max peaks in the transition regime and
decreases both in the continuum and kinetic regimes (Fig. 6b). This
is due to a decrease in Cl� available at the interface with increasing
Kn. Interfacial reaction (1) being the dominant source of gas-phase
Cl2, the relative contributions of the kinetic and continuum regime
mass-transfer rates to the total interface reaction rate (Equation 17)
are important to understanding the trend in [Cl2(g)]max with
Knudsen number. Supplementary Fig. 5 compares the magnitudes
of the two terms in Equation (17) over the range of Knudsen
numbers examined. The terms are computed at a simulation time
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In contrast to Cl2(g) production where the interface reaction is
dominant, aqueous-phase reaction mechanisms also play an
important role in the production of Br2(g) from NaBr aerosols both
in the dark and under photolytic conditions (Nissenson et al., 2009).
Fig. 7 shows [Br2(g)]max as a function of Knudsen number using the
three mass-transfer expressions under dark conditions. In this case,
interfacial reaction (3) is the only surface area dependent reaction
mechanism. Therefore, with total aerosol volume held constant,
[Br2(g)]max increases with Knudsen number due to greater surface
area becoming available for interfacial reaction (Fig. 7a). With the
total aerosol surface area held constant, it is expected that the bulk
reaction mechanisms will determine the trends in peak Br2(g) with
Knudsen number. The decrease in peak concentrations with
Knudsen number (Fig. 7b) is a direct consequence of the decrease in
total aerosol volume. At higher Knudsen numbers, less Br� is
available in the droplets (Supplementary Fig. 3) to produce Br2(g)
via aqueous-phase reaction (21). Although interfacial reaction (3) is
the dominant source of gas-phase Br2 under dark conditions,
a monotonic decrease in [Br2(g)]max with Kn is observed, in contrast
to gas-phase [Cl2(g)]max which peaks in the transition regime.
Supplementary Fig. 6 compares magnitudes of the kinetic and
continuum regime mass-transfer rates over the entire range of
Knudsen number. These terms are computed at the end of the
simulation when [Br2(g)] is maximal. In contrast to the Cl2(g) case,
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there is no diffusion limitation here and the kinetic term dominates
at all Knudsen numbers.

Fig. 8 shows [Br2(g)]max as a function of Knudsen number for
NaBr aerosols under photolytic conditions. With total aerosol
volume held constant, the changing surface area affects competi-
tion for ozone in the production of bromine between bromine
explosion in reactions (21)e(27), interfacial reactions (2) and (3),
and aqueous-phase production via reactions (19)e(21). This leads
to an inflection point in the transition regime (Fig. 8a). As Knudsen
number increases in the continuum regime, peak bromine
concentration increases as more surface area becomes available for
mass transport of HOBr and Br2, hastening the onset of the bromine
explosion. In the kinetic regime, the increased surface area results
in interfacial reaction (3) gaining importance in bromine produc-
tion. Peak bromine increases with Knudsen number in this regime
because the interfacial reaction occurs rapidly before the onset of
ozone photolysis and catalytic destruction of ozone by reactions
(22)e(25) at 600 s. As Kn increases further, peak Br2(g) concentra-
tion approaches an asymptotic limit (on a linear scale, the bromine
concentration curve appears logarithmic). With total aerosol
surface area held constant, aqueous-phase production via reactions
(19)e(21) dominates at low Knudsen numbers where total aerosol
volume available is greatest. Fig. 8b shows a monotonic decrease in
[Br2(g)]max with Knudsen number due to decreasing aerosol volume.
5. Conclusions

Three different mass-transfer expressions have been imple-
mented in MAGIC. Simulations have been performed of gas-phase
Cl2 and Br2 production from NaCl and NaBr aerosols respectively.
Simulations have been performed of NaCl aerosols reacting with
ozone in the presence of UV light. In the case of NaBr aerosols, both
dark and photolytic conditions have been investigated. A range of
Knudsen numbers spanning the continuum, transition and free-
molecular regimes has been considered. While all situations are
relatively insensitive to the mass-transfer expression used, useful
insights are gained into the production of gas-phase species from
aerosol particles via different bulk and interfacial reaction mecha-
nisms. The relative importance of these mechanisms is investigated
over a range of atmospherically relevant Knudsen numbers by
keeping (a) total aerosol volume and (b) total aerosol surface area
constant.

With total aerosol volume held constant, total aerosol surface
area increases linearly with Knudsen number while overall
contribution from aqueous-phase chemistry remains constant.
Peak gas-phase Cl2 increases by two orders of magnitude when
going from the continuum regime to the kinetic regime. This
increase is due to greater surface area becoming available at higher
Knudsen numbers leading to a heightened dominance of the
interfacial reaction between gas-phase OH and surface chloride
ions. However, the peak value at high Knudsen numbers is limited
by the initial amount of gas-phase O3 available to be photolyzed to
OH. At low Knudsen numbers, production of Cl2(g) is greatly
reduced due to reduced surface area, suppressing the interfacial
reaction. Contribution from bulk aqueous-phase chemistry remains
insignificant at all Knudsen numbers.

Under dark conditions, Br2(g) concentration varies by two orders
of magnitude over the range of Knudsen numbers considered. The
increase in concentration with Knudsen number is due to the
increased surface area available for interfacial reaction between
ozone and surface bromide ions. The limit of [Br2(g)]max dependent
on initial O3 available for interfacial reaction is not reached for the
range of Knudsen numbers studied here. Under photolytic condi-
tions, bromide ions react at the surface with both ozone and gas-
phase OH. In addition to competition between the two interfacial
reactions, gas-phase chemistry, aqueous-phase chemistry, and
mass transport processes also contribute to the production of Br2(g).
There is significantly more Br2(g) produced in the transition regime
under photolytic conditions, compared to that produced under
dark conditions, due to the bromine explosion pathway. At higher
Knudsen numbers, i.e., in the free-molecular regime, this difference
is reduced, although more bromine is still produced under photo-
lytic conditions.

With total aerosol surface area held constant, total aerosol
volume is inversely proportional to Kn. At high Knudsen numbers,
depletion in Cl� available for interfacial reaction leads to a decrease
in Cl2(g) production. Maximum gas-phase Cl2 is produced in the
transition regime under these conditions due to a diffusion limi-
tation in the continuum regime. In the case of Br2(g) production
from NaBr aerosols, aqueous-phase reaction mechanisms deter-
mine the trends with Knudsen number. Gas-phase Br2 decreases
monotonically under both dark and photolytic conditions due to
lesser aerosol volume being available at higher Knudsen numbers.
More Br2(g) is produced under photolytic conditions than under
dark conditions at all Knudsen numbers.
Acknowledgements

This workwas supported by grant CHE-0431312 from the United
States National Science Foundation.



P. Pokkunuri et al. / Atmospheric Environment 44 (2010) 153e163 163
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