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Abstract. The reactive uptake of HOBr onto halogen-rich
aerosols promotes conversion of Br−

(aq) into gaseous reactive
bromine (incl. BrO) with impacts on tropospheric oxidants
and mercury deposition. However, experimental data quanti-
fying HOBr reactive uptake on tropospheric aerosols is lim-
ited, and reported values vary in magnitude. This study intro-
duces a new evaluation of HOBr reactive uptake coefficients
in the context of the general acid-assisted mechanism. We
emphasise that the termolecular kinetic approach assumed
in numerical model studies of tropospheric reactive bromine
chemistry to date is strictly only valid for a specific pH range
and, according to the general acid-assisted mechanism for
HOBr, the reaction kinetics becomes bimolecular and inde-
pendent of pH at high acidity.

This study reconciles for the first time the different re-
active uptake coefficients reported from laboratory experi-
ments. The re-evaluation confirms HOBr reactive uptake is
rapid on moderately acidified sea-salt aerosol (and slow on
alkaline aerosol), but predicts very low reactive uptake co-
efficients on highly acidified submicron particles. This is
due to acid-saturated kinetics combined with low halide con-
centrations induced by both acid-displacement reactions and
the dilution effects of H2SO4(aq). A mechanism is thereby
proposed for reported Br enhancement (relative to Na) in
H2SO4-rich submicron particles in the marine environment.
Further, the fact that HOBr reactive uptake on H2SO4-
acidified supra-micron particles is driven by HOBr+Br−

(rather than HOBr+Cl−) indicates self-limitation via de-
creasingγHOBr once aerosol Br− is converted into reactive
bromine.

First predictions of HOBr reactive uptake on sulfate par-
ticles in halogen-rich volcanic plumes are also presented.
High (accommodation limited) HOBr+Br− uptake coeffi-
cient in concentrated (> 1 µmol mol−1 SO2) plume environ-
ments supports potential for rapid BrO formation in plumes
throughout the troposphere. However, reduced HOBr reac-
tive uptake may reduce the rate of BrO cycling in dilute
plumes in the lower troposphere.

In summary, our re-evaluation of HOBr kinetics provides
a new framework for the interpretation of experimental data
and suggests that the reactive uptake of HOBr on H2SO4-
acidified particles is substantially overestimated in current
numerical models of BrO chemistry in the troposphere.

1 Introduction

The reactive uptake of HOBr onto halogen-containing
aerosols to release Br2 enables propagation of the chain re-
action leading to autocatalytic BrO formation, the so-called
“bromine explosion” (Vogt et al., 1996), first proposed fol-
lowing the discovery of ozone depletion events in the po-
lar boundary layer (Barrie et al., 1988). Rapid and substan-
tial (tens of ppbv) ozone depletion occurs upon the forma-
tion of just tens of pptv BrO due to cycling between Br
and BrO, with further Br-mediated impacts on environmental
mercury in the conversion of Hg0 to more reactive and easily
deposited form HgII (Schroeder et al., 1998). Tropospheric
BrO chemistry has since been recognised outside the polar
regions, with BrO identified above salt pans (Hebestreit et
al., 1999), in the marine boundary layer (Read et al., 2008),
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and is suggested to have a significant impact on the chem-
istry of the free troposphere (e.g. von Glasow et al., 2004). In
particular, recent evidence of rapid BrO formation in acidic
volcanic plumes (tens of pptv to ppbv on a timescale of min-
utes) has highlighted volcanic halogen emissions as a source
of reactive bromine entering the troposphere (Bobrowski et
al., 2003):

HOBr(g) → HOBr(aq) (R1)

HOBr(aq) + Br−(aq) + H+

(aq) → Br2(aq) + H2O(l) (R2)

HOBr(aq) + Cl−(aq) + H+

(aq) → BrCl(aq) + H2O(l) (R3)

BrCl(aq) + Br−(aq) ↔ Br2Cl−(aq) (R4)

↔ Br2(aq) + Cl−(aq)Br2(aq) → Br2(g) (R5)

Br2(g)
hν
−→ 2Br(g) (R6)

2Br(g) + 2O3(g) → 2BrO(g) + 2O2(g) (R7)

2BrO(g) + 2HO2(g) → 2HOBr(g) + 2O2(g). (R8)

Key to reactive halogen formation is the cycle of Reac-
tions (R1)–(R8) which results in autocatalytic formation of
BrO. Accommodation of HOBr(g) to aerosol Reaction (R1),
followed by reaction with Br−(aq) or Cl−(aq) and H+

(aq) results
in a dihalogen product (Reactions R2, R3). The reaction of
HOBr with Cl−(aq) (Reaction R3) is typically considered the
dominant reaction pathway (albeit an assumption that may
not apply in highly acidified aerosol as we show in this study)
given that sea-salt aerosol contains [Br−

(aq)] � [Cl−(aq)] by a
factor of 700 (or greater once reactive bromine formation
has commenced), and the termolecular rate constants for Re-
actions (R2) and (R3) are of comparable magnitudes (Liu
and Margarem, 2001; Beckwith et al., 1996). However, Br2 is
commonly the observed product, as confirmed by laboratory
experiments by Fickert et al. (1999). The product conversion
from BrCl to Br2 is explained by aqueous-phase equilibria
(Reaction R4) that interconvert BrCl into Br2 (via Br2Cl−)

before gaseous release (Reaction R5). According to equilib-
rium constants reported by Wang et al. (1994), conversion
of BrCl to Br2 is favoured at room temperature in aerosol
provided Br−(aq):Cl−(aq) >∼ 10−4, as for example in sea-salt

aerosol where Br−(aq) : Cl−(aq) ≈ 1.5×10−3. The dihalogen
species then partition into the gas phase, Reaction (R5). The
exsolution of dihalogens from the aerosol to the gas phase
also limits the occurrence of reverse reactions that might
reform HOBr. Once in the gas phase, Br2 is photolysed to
produce 2 Br radicals, Reaction (R6), which may react with
ozone to form BrO, Reaction (R7). HOBr is reformed via
the reaction of BrO with HO2, Reaction (R8), whereupon it
may react again with halogen-containing aerosol to further
propagate the cycle, each time doubling the concentration of
reactive bromine.

Numerical models have been developed to better under-
stand the formation of BrO and evaluate impacts on atmo-

spheric oxidants throughout the troposphere and on mercury
cycling in the environment. Models capture the salient fea-
tures of BrO formation and impacts (e.g. on ozone depletion
and Hg deposition events) in the different tropospheric en-
vironments (see reviews by Simpson et al., 2007 and Saiz-
Lopez and von Glasow, 2012). Nevertheless, a number of
uncertainties remain. For example, models tend to overes-
timate Brx cycling in the marine environment (Sander et al.,
2003; Smoydzin and von Glasow, 2007; Keene et al., 2009).
Models predict a depletion in the inorganic bromine con-
tent of all acidified marine aerosols, as a consequence of
HOBr reactive uptake to form Br2 and its release into the gas
phase. However, an aerosol bromine deficit is only observed
in the slightly acidified supra-micron fraction, whilst aerosol
bromine is found to be enhanced (relative to that expected
based on Br : Na ratios in sea salt, using sodium as a sea-
salt tracer) in the highly acidified sub-micrometre fraction.
This phenomenon has not been explained to date (Sander et
al., 2003). Numerical models have also attempted to simu-
late reactive halogen chemistry in volcanic plume environ-
ments. Models initialised with a high-temperature source re-
gion are able to reproduce the rapid formation of BrO in the
near-source plume (Bobrowski et al., 2007; Roberts et al.,
2009; von Glasow, 2010), as well as ozone depletion (Kelly
et al., 2013), but a source of model uncertainty is the rep-
resentation of heterogeneous halogen chemistry on volcanic
aerosol, which may differ from that reported from experi-
ments on sea-salt aerosol.

All these studies rely on laboratory experiments to quan-
tify rate constants of the reactions, with a key process in the
formation of reactive bromine being the reaction of HOBr(aq)
with halide ion X−

(aq) (Cl−(aq) or Br−(aq)) and H+

(aq), Reac-
tions (R2, R3), which can be written generically as

HOBr(aq) + H+

(aq) + X−

(aq)
kter,k

II ,kI

−−−−−→ BrX(aq) + H2O(aq) (R9)

Experimental studies (e.g. Fickert et al., 1999) show that
the reaction of HOBr(aq) is promoted when alkaline sea-salt
aerosol becomes acidified, either by natural (e.g. methane
sulfonic acid) or anthropogenic (e.g. sulfuric acid) sources of
acidity. However, laboratory experiments have reported up-
take coefficients on acidified sea-salt aerosol, > 0.2 (Abbatt
and Wachewsky, 1998) and 10−2 (Pratte and Rossi, 2006), a
discrepancy that has not been explained to date. In addition,
no experiments have been performed to quantify the uptake
of HOBr on volcanic aerosol under tropospheric conditions.

Numerical model studies of reactive bromine chemistry
currently implement Reaction (R9) using three-body reac-
tion kinetics, i.e. it is assumed that the reaction rate is di-
rectly proportional to H+(aq) concentration (e.g. von Glasow,
2002), or using uptake coefficients calculated on this assump-
tion (see Ammann et al., 2013 and the IUPAC Task group
evaluation website, 1999–present). We highlight, however,
that earlier literature on the general acid-assisted mechanism
for this and similar reactions (e.g. Eigen and Kustin, 1962;
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Nagy et al., 1988) identify that the pH dependence of the re-
action rate is more complex, with acid saturation of the ki-
netics at high acidity.

This study re-evaluates HOBr reactive uptake in the con-
text of the general acid-assisted mechanism for the first
time. The plan of the paper is as follows. In Section 2 the
method for calculating the reactive uptake coefficient is re-
called and the approach based on the general acid-assisted
mechanism is explained. The data used to evaluate the new
uptake coefficient calculations are presented. In Sect. 3 pH-
dependent second-order rate constants (kII ) are derived for
both HOBr+Br− and HOBr+Cl− in the context of the gen-
eral assisted mechanism, using reported literature data for
the underlying rate constants, and a thermodynamic model
to predict aerosol composition under experimental condi-
tions. Using the new parameterisation forkII , reactive uptake
coefficients for HOBr+Br− and HOBr+Cl− are calculated
and compared to reported laboratory data for HCl-acidified
sea-salt aerosol (Abbatt and Wachewsky, 1998) and H2SO4-
acidified sea-salt aerosol (Pratte and Rossi, 2006). We pro-
vide new quantification of HOBr+Br− and HOBr+Cl− up-
take coefficients on H2SO4-acidified sea-salt aerosol in the
marine environment, and sulfuric acid aerosol in volcanic
plumes dispersing into the troposphere. In Sect. 4, reac-
tive uptake coefficients are calculated for HOBr on H2SO4-
acidified sea-salt aerosol in the marine environment, and on
sulfuric acid aerosol in volcanic plumes entering the tro-
posphere, and implications discussed for BrO chemistry in
these environments.

2 Method and experimental data

2.1 Quantifying the reactive uptake coefficient,γHOBr

The reactive uptake of HOBr(g) can be quantified by Eq. (1)
(with further modification required for large particles due to
the limitation of gas-phase diffusion) in terms of the reactive
uptake coefficient,γHOBr, wherevHOBr is the mean molecular
velocity of HOBr(g), cm s−1, and Area is the surface area
density of the aqueous phase, cm2 cm−3.

γHOBr is a fractional number that quantifies the likelihood
of reaction given a collision of HOBr(g) with a particle, and
can be calculated following the resistor-model framework
(Eq. 2) that describes the accommodation to the aerosol, and
the reaction and diffusion in or across the aerosol particle.
γHOBr is a function of several parameters, including accom-
modation coefficient,αHOBr, the solubility of HOBr, H∗, the
aqueous-phase diffusion rate,Dl , the gas constantR, Tem-
perature,T , the mean molecular velocity,vHOBr, and the
first-order rate constant for the reaction of HOBr(aq), kI . The

parameterl is a function ofDl andkI , l = (Dl/kI)0.5:

−
d[HOBr(g)]

dt
= γHOBr ·

vHOBr

4
· [HOBr(g)] · Area (1)

1

γHOBr
=

1

αHOBr
(2)

+
vHOBr

4 · H∗

HOBr · R · T ·
√

Dl,HOBr · kI
·

1

coth
[

r
l

]
−

l
r

−
d[HOBr(aq)]

dt
= kI

· [HOBr(aq)] (3)

kI
= kter · [X

−

(aq)] · [H+

(aq)] (4)

kI
= kII

· [X−

(aq)]. (5)

To date, numerical models have adopted two approaches
to simulate the reactive uptake of HOBr. Detailed process
models (e.g. MISTRA; von Glasow et al., 2002; MECCA;
Sander et al., 2011) tend to model HOBr gas–aerosol par-
titioning to and from the aerosol directly, with the reaction
of HOBr inside the aerosol simulated using Eq. (3) and ter-
molecular kinetics (Eq. 4). On the other hand, global mod-
els (e.g. in studies by von Glasow et al., 2004; Yang et al.,
2005; Breider et al., 2010; Parella et al., 2012) tend to sim-
ulate HOBr reactive uptake as one step, Eq. (1), quantified
by the uptake coefficient,γHOBr. The IUPAC evaluation rec-
ommends uptake coefficient to be calculated using Eq. (2)
and the termolecular approach to HOBr kinetics, Eq. (4). In
global models, a fixed uptake coefficient,γHOBr, is typically
used for computational reasons.

However, as we highlight in this study, the termolecular
kinetics approach (Eq. 4) is only valid within a limited pH
range. Here we instead use Eq. (2) and the reaction kinetics
of HOBr(aq) in terms of a second-order rate constant, Eq. (5),
wherekII is a variable function of pH according to the general
acid-assisted reaction mechanism for HOY+X−(+H+) con-
strained by available laboratory data. Details on the mecha-
nism and derivation ofkII are given in Sect. S1 of the Supple-
ment and Sect. 3.1). Despite being well documented (Eigen
and Kustin, 1962; Kumar and Margarem, 1987; Nagy et al.,
1988; Gerritsen and Margarem, 1990; Wang and Margarem,
1994), this mechanism has not been implemented in any nu-
merical model studies of reactive halogen chemistry to date.

To calculate reactive uptake coefficients (Eq. 2), we also
need to determine the aerosol composition, specifically
halide concentration, [X−(aq)] and the acidity. Indeed, [X−(aq)]
is needed for Eq. (5) and subsequently Eq. (2), and the acid-
ity is also needed to determinekII in the context of the gen-
eral assisted mechanism (see the expression in Sect. 3.1)
and subsequently Eqs. (5) and (2). This was achieved us-
ing the E-AIM (extended aerosol inorganic model, Carslaw
et al., 1995; Clegg et al., 1998; Wexler and Clegg, 2002)
and Henry’s constants, (Sander, 1999, for more details see
Sect. S3 of the Supplement). Given the high ionic strength of
the solutions studied, concentrations were converted to activ-
ities using activity coefficients provided by E-AIM.
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Finally, we assume in Eq. (2) an accommodation coeffi-
cient of 0.6 (Wachsmuth et al., 2002), with solubility and
diffusion coefficients for HOBr in water and sulfuric acid
derived from Frenzel et al. (1998), Iraci et al. (2005) and
Klassen et al. (1998). A radius of 0.1 or 1µm was assumed,
reflecting the presence of both sub- and supra-micron parti-
cles in volcanic and marine environments. Further details are
provided in Sect. S2 of the Supplement.

We compare our new approach to reported estimates of
HOBr reactive uptake coefficients from laboratory experi-
ments as outlined below.

2.2 Reported experimental studies on the reactive
uptake of HOBr onto liquid aerosol

A number of laboratory experiments (Table 1) have quan-
tified the reactive uptake of HOBr onto acidified sea-salt
aerosol under tropospheric conditions (as well as on solid
particles, not considered here). The accommodation coeffi-
cient for HOBr onto supersaturated NaBr(aq) aerosol was de-
termined by Wachsumth et al. (2002) to beαHOBr = 0.6± 0.2
at 298 K.

Experiments using acidified sea-salt particles made by
nebulising a 5 M NaCl and 0.5 M HCl solution under con-
ditions representative of the troposphere found the reac-
tive uptake coefficient for the reaction (HOBr+Cl−) to be
very high (γHOBr > 0.2) on deliquesced aerosol (RH > 75 %,
T = 298 K), (Abbatt and Waschewsky, 1998). Conversely,
experiments by Pratte and Rossi (2006) on H2SO4-acidified
sea-salt aerosol with H2SO4 : NaCl molar ratio= 1.45 : 1 at
296 K measured a substantially lower HOBr uptake coef-
ficient, γHOBr ∼ 10−2, with a dependence on relative hu-
midity (γHOBr ∼ 10−3 below 70 % RH). This large (101–
102) discrepancy has not been resolved to date. Uptake of
HOBr on pure sulfate aerosol at 296 K is found to be low
(γHOBr ∼ 10−3), Pratte and Rossi (2006).

Aqueous-phase rate constants for the reaction of
HOBr+X−

+H+ have also been reported: for HOBr+Br−(aq),
Eigen and Kustin (1962) and Beckwith et al. (1996) report
termolecular rate constants ofkter = 1.6×1010 M−2 s−2 over
a pH range of 2.7–3.6 and 1.9–2.4 at 298 K, respectively.
For HOBr+Cl-(aq), Liu and Margarem (2001) report a three-
body rate constant of 2.3× 1010 M−2 s−2 in buffered aerosol
at pH= 6.4 and 298 K. Pratte and Rossi (2006) derived first-
order rate constants for the reaction of HOBr(aq) from their
uptake experiments, findingkI

∼ 103 s−1.
The IUPAC subcommittee for gas kinetic data evaluation

currently recommends an uptake coefficient parameter-
isation utilising accommodation coefficientαHOBr = 0.6
(Wachsmuth et al., 2002), and first-order rate constant
kI

= kter· [H+

(aq)] · [X−

(aq)], with kter = 2.3× 1010 M−2 s−1

(Liu and Margarem, 2001) for HOBr+Cl− and
kter = 1.6×1010 M−2 s−1 (Beckwith et al., 1996) for
HOBr+Br−. Assuming a Cl−(aq) concentration of 5.3 M
typical of seawater and low uptake coefficients in alkaline

sea-salt aerosol (Ammann et al., 2013 and the IUPAC eval-
uation website, 1999–present), this parameterisation yields
a high uptake coefficient,γHOBr ∼ 0.6, on acidified sea-salt
aerosol, and is in agreement withγHOBr ≥ 0.2 reported by
Abbatt and Waschewsky (1998) while overestimating the
uptake coefficient as reported by Pratte and Rossi (2006) by
a factor of∼ 20.

Here we present new uptake calculations based on the gen-
eral acid-assisted mechanism rather than termolecular kinet-
ics in an attempt to consolidate these contrasting reported up-
take coefficients within a single framework for the first time,
and explain differences between model predictions and field
observations of reactive bromine in the marine environment,
as well as making first predictions of HOBr reactive uptake
coefficients in volcanic plumes.

3 Results

3.1 The second-order rate constant for aqueous-phase
reaction of HOBr with halide ions

In the general acid-assisted mechanism – whereby the
rate of reaction of HOBr(aq) (needed in Eq. 2) follows a
second-order kinetics – an equilibrium is established be-
tween HOBrX−

(aq) and HOBr according to the rate constants
of Reactions (R10) and (R11),k1 andk−1 (Eigen and Kustin,
1962). The formation of products, Reaction (R12), involves
a transition state [H2OBrX(aq)]TS that is stabilised by proton
donation to the oxygen, with overall rate constantkH. More-
over, formation of products can also occur at low acid con-
centrations via a slower pathway, Reaction (R13), followed
by fast Reaction (R14), with overall rate constantk0:

HOBr(aq) + X−

(aq)
k1
−→ HOBrX−

(aq) (R10)

HOBrX−

(aq)
k−1
−−→ HOBr(aq) + X−

(aq) (R11)

HOBrX−

(aq) + H+

(aq)

kH,[H2OBrX(aq)]
TS

−−−−−−−−−−−→ H2O(aq) + BrX(aq) (R12)

HOBrX−

(aq)
k0
−→ OH−

(aq) + BrX(aq) (R13)

OH−

(aq) + H+

(aq)
f ast
−−→ H2O(aq). (R14)

According to Reactions (R10–R14), the rate of reaction of
HOBr(aq) can be quantified in terms of a second-order rate
constant (following Eqs. 3 and 5) wherekII is a function of
pH, as described by Eq. (6), whose derivation is provided in
the Supplement:

kII
=

k1 ·

(
k0 + kH · [H+

(aq)]

)
k−1 + k0 + kH · [H+

(aq)]
. (6)

In the limits of high and low acidity (Eqs. 7 and 8),kII

is independent of aerosol acidity. For a mid-range acidity
(kH· [H+

(aq)] � k−1 + k0), kII becomes linearly dependent on
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Table 1.Summary of experimental data reported on HOBr uptake coefficient and HOBr(aq) reaction kinetics under tropospheric conditions.

Aerosol or Temperature K kterM−2 s−1 kI s−1 kII M−1 s−1 γHOBr αHOBr Ref.
solution

HOBr+Cl−
(aq)

HCl-acidified NaCl aerosol 298 – – – > 0.2 – a

with HCl : NaCl= 0.1 : 1
H2SO4-acidified sea-salt aerosol 296 – 103 – 10−3–10−2 – b

with H2SO4 : NaCl= 1.45 : 1
BrCl(aq) solution, pH= 6.4 298 2.3×1010 – – – – c

HOBr+Br−
(aq)

HOBr uptake onto supersaturated NaBr(aq), 296± 2 – – – – 0.6 d

Br−
(aq) > 0.2 M, at very low [HOBr(g)]

Br2(aq) solution, pH= 2.7–3.8 298 1.6× 1010 – – – – e

Br2(aq) solution, pH= 1.9–2.4 298 1.6(±0.2)×1010 – – – – f

a Abbatt and Waschewsky (1998);bPratte and Rossi (2006);c; Liu and Margarem (2001);dWachsmuth et al. (2002);e Eigen and Kustin (1962);fBeckwith et al. (1996).

[H+

(aq)] i.e. is acid dependent (Eq. 9). In this mid-acidity
regime (only), the acid dependence is equal to the three-body
or termolecular rate constant,k1 · kH/(k−1 + k0) = kter:

kII
= k1 (7)

while at high acidity(the limit as H+

(aq) tends to infinity)

kII
=

k1 · k0

k−1 + k0
(8)

and at very low acidity(the limit as H+

(aq) tends to zero)

kII
=

k1 · k0

k−1 + k0
+

k1 · kH · [H+

(aq)]

k−1 + k0
. (9)

Equations (6)–(9) describekII in terms of four underly-
ing rate constants (k1, k−1, k0, kH) and the aerosol acidity.
However, quantifying these underlying rate constants using
published data is somewhat challenging given the limited ex-
perimental data. This is now attempted below.

3.2 Estimating the underlying rate constants (k1, k−1,
k0, kH) for HOBr +Br− and HOBr+Cl−

A number of aqueous-phase rate constants for the reaction
of HOBr+X−

+H+ have been reported: for HOBr+Br−(aq),
Eigen and Kustin (1962) and Beckwith et al. (1996) report
termolecular rate constants ofkter = 1.6×1010 M−2 s−2 over
a pH range of 2.7–3.6 and 1.9–2.4 at 298 K, respectively.
These experiments quantified the rate of reaction in the ter-
molecular regime only, although Eigen and Kustin (1962)
used a consideration of relative stability constants (e.g. for
equilibrium molarity of ternary compounds X−

3 or X2OH−

relative to X−, X2 or XOH) across the halogen series:
HOCl+Cl, HOBr+Br and HOI+I to attempt to estimate un-
derlying rate constants.

Using the reported experimental data,kII parameterisa-
tions (in terms of the underlying rate constants (k1, k−1, k0
andkH) and acidity according to Eq. (6) derived above) are
estimated as follows.

3.2.1 HOBr+Br−

For HOBr+Br−, Eigen and Kustin (1962), proposed
order of magnitude estimates ofk1 = 5×109 M−1 s−1,
k−1 = 5×109 s−1, kH = 2× 1010 M−1 s−1 andk0 = 104 s−1.
However, in Fig. 4 of Beckwith et al. (1996), there are in-
dications of acid saturation in theirkII rate constant data
for HOBr+Br−, seen as curvature in the plots of ob-
served kII vs. acidity. This is also seen in their Fig. 5
where kII

observed≥ 2.3× 108 M−1 s−1. We therefore suggest
that acid saturation of the reaction between HOBr and Br−

may limit kII to ∼ 5×108 M−1 s−1. We also adjustk−1 to
k−1 ∼ 5×108 s−1 on the basis of the reported stability con-
stantk1/k−1 ∼ 1 M−1 (Eigen and Kustin, 1962). Since any
evidence for acid saturation lies within the reported error bars
for the data points this adjustment does not affect our general
conclusions aboutγHOBr+Br in this study.

3.2.2 HOBr+Cl−

For HOBr+Cl−(aq), Liu and Margarem (2001) report a three-

body rate constant of 2.3×1010 M−2 s−2 in buffered aerosol
at pH= 6.4 and 298 K. Pratte and Rossi (2006) also de-
rived estimates for first-order rate constants for reaction of
HOBr(aq) from their uptake coefficient experiments. We re-
evaluate these data below to improve quantification of the
reaction kinetics of HOBr+Cl−.

For HOBr+Cl−, the underlying rate constants (k1, k−1,
kH, k0) are estimated as follows. The rate constantk1 is de-
rived from the estimation ofkII at acid saturation (Eq. 7).
For this, we estimatedkII at pH −1 to 0 from experiments
of Pratte and Rossi (2006), Table 2. These new estimates of
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kII are derived from first-orderkI rate constants for the reac-
tion of HOBr(aq), reported by Pratte and Rossi (2006), where
[Cl−(aq)] is calculated by the E-AIM model from experimental
conditions – E-AIM predicts that chloride concentrations are
reduced under the experimental conditions as a consequence
of the acid displacement of HCl(g) (see further discussion
in the Supplement). We find thatkII

∼ 104 M−1 s−1 over pH
−1 to 0, see Table 2 for details. We note that in their report-
ing of kI rate constants from their uptake experiments, Pratte
and Rossi (2006) assumed an accommodation coefficient of
eitherαHOBr = 0.2 orαHOBr = 0.02. Given that experiments
on NaBr(aq) aerosol have identified an accommodation co-
efficient for HOBr on NaBr(aq) particles of 0.6 (Wachsmuth
et al., 2002), thekII data derived assumingαHOBr = 0.2 are
likely more representative. Nevertheless, either case yields
an estimate forkII

∼ 104 M s−1 over pH= 0 to −1. A sec-
ond estimate forkII is made from the reported three-body
rate constant of 2.3×1010 M−2 s−2 at pH= 6.4, by setting
kII

= kter· [H+

(aq)]. This yields kII
= 9×103 M−1 s−1 at pH

6.4.
Thus, collectively these two data sets at pH= 6.4 and 0 to

−1 suggest thatkII is acid saturated at∼ 104 M s−1 at pH
≤ 6. Based on this value forkII at acid saturation (where
kII

= k1) we setk1 = 1.2×104 M s−1 as an average estimate,
which is less thank1 for HOBr+Br−, and which is consis-
tent with the greater nucleophile strength of Br− compared
to Cl−. We fixkH = 2×1010 M−1 s−1, equal to that estimated
by Eigen and Kustin (1962)) for HOBr+Br−, noting that this
reaction is likely close to the diffusion limit. Our value of
kII for HOBr+Cl− at low acidity (=(k1·k0)/(k0 + k−1)) is a
similar order of magnitude to thekII estimate for HOCl+Cl−

(≤ 0.16 M−1 s−1, see Gerritsen and Margarem, 1989) or per-
haps slightly higher (because the less electronegative Br of
HOBr may be more susceptible to nucleophilic attach than
HOCl), but is substantially less than thekII estimate for
HOBr+Br− (104 M−1 s−1, Eigen and Kustin, 1962) at low
acidity, and consistent with Cl− being a weaker nucleophile
than Br−. Overall, as a value for the low aciditykII rate con-
stant, (k0 · k1)/(k1 + k−1) = 101 M−1 s−1 seems reasonable.

A similar analysis based on the three-body rate con-
stant of 2.3×1010 M−2 s−1 (Liu and Magarem, 2001). yields
k0 = 2×101 s−1 and k−1 = 1.1× 104 s−1. These estimates
for the underlying rate constants for HOBr+Cl− are rather
uncertain; nevertheless the most important result is the oc-
currence of acid saturation ofkII for HOBr+Cl−, which the
experimental data limits to∼ 104 M s−1 at pH≤ 6.

3.3 A new parameterisation for thekII for HOBr +Br−

and HOBr+Cl−

The underlying rate constants (k1, k−1, kH, k0) for reaction
of HOBr+Br− and HOBr+Cl− estimated above are sum-
marised in Table 3. Our parameterisation forkII based on
these data, withkII defined by Eq. (6) is shown in Fig. 1
as a function of aerosol acidity, alongside the experimental
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Figure 1.Second-order rate constants for the reaction of HOBr with
Br− and Cl− as a function of pH. Experimental estimates forkII

for HOBr+Br− derived from data from Eigen and Kustin (1962)
and Beckwith et al. (1996) (blue squares and circles respectively)
are shown alongside model estimate (blue line) according to the
acid-assisted mechanism. The red line denotes thekII rate con-
stant assuming termolecular kinetics across all pH. Experimen-
tal estimates forkII for HOBr+Cl− derived from data from Liu
and Margarem (2001) at pH= 6.4 (black triangle) and Pratte and
Rossi (2006) at pH−1 to 0 (black and grey discs for data at
RH= 77–80 %, open circles for RH= 85–90 %), are shown along-
side model estimate (black line) according to the general acid-
assisted mechanism. The green line denotes thekII rate constant
assuming termolecular kinetics across all pH.

values forkII derived from the reported experimental data
from Eigen and Kustin (1962), Beckwith et al. (1996), Liu
and Margarem (2001) and Pratte and Rossi (2006) (see Ta-
ble 2). As expected, thekII parameterisations for HOBr+Br−

and HOBr+Cl− exhibit three distinct regimes:kII is inde-
pendent of acidity at high pH.kII is dependent on acid-
ity for a medium pH range, where the rate constantkII

=

kter· [H+

(aq)], and in this regime the rate constant is termolecu-

lar. At high acidity,kII becomes acid independent (kII
= k1),

yielding an acid-saturatedkII that is lower for HOBr+Cl−

than HOBr+Br− given the weaker nucleophile strength.
Also shown in Fig. 1 is the termolecular approach to HOBr

kinetics assumed to date, which predicts acid-dependentkII

over all parameter space. Clearly, the termolecular assump-
tion for HOBr kinetics is only valid in the termolecular
regime, between pH 1–6 for HOBr+Br−, and > pH 6 for
HOBr+Cl−. At high acidity, the termolecular approach over-
estimates the rate constant compared to thekII parameteri-
sation by several orders of magnitude. The disagreement is
greatest for HOBr+Cl−, where the termolecular approach
overestimates thekII rate constant by a factor of 103 at
pH= 3 and 106 at pH= 0). Of interest is the effect of our
revised parameterisation on the HOBr reactive uptake coef-
ficient. Below we compare the reactive uptake coefficients
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Table 2. Extraction of second-order rate constant values,kII from reported experimental data. For HOBr+Br, kII is derived from reported
termolecular rate constants usingkII

= kter · [H+

(aq)]. For HOBr+Cl−kII is derived from a reported termolecular rate constant usingkII
=

kter· [H+

(aq)] and from reported first-order rate constant data,kI using kII
= kI/ [Cl−

(aq)]. Molarity and activity of Cl−
(aq) and H+

(aq) were
calculated using the E-AIM model at 298.15 K. See Sect. 2.

Experiment T RH wt% pH Cl−
(aq) kter kI s−1 kII M−1 s−1 Ref.

K % H2SO4 activity M M−2 s−1

HOBr+Br−

Br2(aq) 293 – – 2.7–3.6 – 1.6× 1010 – 4.× 106–3.2× 107 a
Br2(aq) 298 – – 1.9–2.4 – 1.6(±0.2)× 1010 – 6.1× 107–1.9× 108 b
HOBr+Cl−

BrCl(aq) 298 – – 6.4 2.0 2.3× 1010 – 8.8× 103 c
(α = 0.2∗) (α = 0.02∗) (α = 0.2∗) (α = 0.02∗)

H2SO4 : NaCl 296 77 31.7 −0.84 0.056 922 1855 1.6× 104 3.3× 104 d
(1.45 : 1) 296 79 30.00 −0.75 0.069 1050 2510 1.5× 104 3.6× 104

296 80 29.1 −0.71 0.076 1140 3010 1.5× 104 3.9× 104

296 85 24.2 −0.48 0.127 800 1485 6.3× 103 1.2× 104

296 90 17.7 −0.21 0.209 995 2355 4.8× 103 1.1× 104

H2SO4 : NaCl (1.45 : 1)NSS 296 77 31.7 −0.84 0.056 1960 44000 3.5× 104 7.8× 105 d
H2SO4 : NaCl 296 77 31.7 −0.84 0.056 545 795 9.6× 103 1.4× 104 d
(1.45 : 1) RSS 296 79 30.00 −0.75 0.069 720 1225 1.0× 104 1.8× 104

296 80 29.1 −0.71 0.076 1090 2600 1.4× 104 3.4× 104

296 85 24.2 −0.48 0.127 815 1580 6.4× 103 1.2× 104

296 90 17.7 −0.21 0.209 710 1210 3.4× 103 5.8× 103

a Termolecular rate constant reported by Eigen and Kustin (1962).b Termolecular rate constant reported by Beckwith et al. (1996).c Termolecular rate constant reported by Liu and Magarem (2001) for buffered
aerosol containing Cl−

(aq) at pH= 6.4 atT = 298 K.d First-order rate constant,kI
rxn data reported by Pratte and Rossi (2005) for aerosol mixture at H2SO4 : NaCl= 1.45, for laboratory sea salt, natural sea salt

(nss) or recrystallised sea salt (rss). Pratte and Rossi (2006) assumed two different accommodation coefficients (α = 0.2,α = 0.02) in the derivation ofkI
rxn values from their uptake experiments, the former being

closest toα = 0.6 reported on NaBr(aq) aerosol by Wachsmuth et al. (2002).

Table 3.Underlying rate constant data (k1, k−1, k0, kH) used inkII

parameterisations of Fig. 1.

HOBr+Br HOBr+Cl

k1, M−1 s−1 5× 108 b,a 1.2× 104 c

k−1, s−1 5× 108 b,a 1.1× 104 c

k0, s−1 104 a 2× 101 c

kH, M−1 s−1 2× 1010 a 2× 1010 c

a Estimated in this study,b derived from Eigen and
Kustin (1962),c derived from Kumar and
Margerum (1987).

of HOBr calculated with our revisedkII parameterisation to
experimental uptake coefficients reported under laboratory
conditions. In Sect. 5 we present calculations of the HOBr
reactive uptake coefficient for marine and volcanic plume
conditions and discuss the implications for reactive halogen
chemistry in these environments.

3.4 Comparison of our model with experimental uptake
coefficient data

As discussed in the Introduction, discrepancies exist in the
reported reactive uptake coefficients for HOBr on acidified
sea-salt aerosol. Abbatt and Waschewsky (1998) observed
a strong pH dependence of the uptake onto sodium chlo-
ride aerosol, being 1.5×10−3 for neutral, unbuffered sodium
chloride aerosol, rising to > 0.2 for aerosols acidified to

pH 0.3 by the addition of HCl, i.e. close to the accommoda-
tion coefficient (α = 0.6± 0.2, Wachsmuth et al., 2002). The
role of H+ species in the reactive uptake process was fur-
ther demonstrated by the high uptake coefficient of > 0.2 on
aerosols buffered to pH 7 by a NaH2PO4/Na2HPO4 buffer.
In contrast, Pratte and Rossi (2006) measured reactive up-
take coefficients on H2SO4-acidified sea-salt aerosol to be
∼ 10−2 at H2SO4 : NaCl= 1.45 : 1, with an RH dependence
(findingγHOBr ∼ 10−3 at RH < 70 %).

We have calculated the reactive uptake coefficients for
HOBr for the conditions of these two laboratory experiments
using our new parameterisation forkII and the E-AIM model
to determine aerosol composition.

Below we show that the origin for this wide discrep-
ancy between measured HOBr uptake onto acidified bro-
mide aerosol and chloride aerosol lies partly in the differ-
ence in reactivity of HOBr towards Br− and Cl−, but also
in differences in aerosol composition in the two studies:
HCl-acidified sea-salt aerosol retains high Cl−

(aq) concentra-
tions, whereas H2SO4-acidified sea-salt aerosol undergoes
HCl displacement, lowering Cl−

(aq) concentrations. This acid
displacement of HCl leads to a lowering of the reactive up-
take coefficient for HOBr on H2SO4-acidified aerosol.

3.4.1 High uptake coefficient on HCl-acidified sea-salt
aerosol

On HCl-acidified NaCl(aq) aerosol, Abbatt and
Wachewsky (1998) measured the uptake coefficient of
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HOBr to be > 0.2. We calculate the uptake coefficient for
HOBr+Cl− under these experimental conditions for which
a chloride concentration of 6.6 M is predicted according
to E-AIM (see details in Sect. S3.1.1 of Supplement
and Table 4). For particles of 1 µm radius at 298 K, both
our new parameterisation forkII and the termolecular
approach to HOBr+Cl− kinetics yield a high uptake co-
efficient, γHOBr+Cl ∼ 0.6, and thus are consistent with the
experimental findings, see Table 4.

3.4.2 Low uptake coefficient on H2SO4-acidified
sea-salt aerosol with RH dependence

On H2SO4-acidified sea-salt aerosol, Pratte and Rossi (2006)
measured the uptake coefficient of HOBr to be∼ 10−2 at
H2SO4 : NaCl = 1.45 : 1, with an RH dependence (finding
γHOBr ∼ 10−3 at RH < 70 %). Using our parameterisation, we
calculate the uptake coefficient for HOBr+Cl− under these
experimental conditions, at 298 K, and with variable RH (see
details in Sect. S3.1.2 of the Supplement and Table 4). We as-
sume a solubility of HOBr in sulfuric acid of 363 M atm−1 at
296 K (following Pratte and Rossi, 2006 based on Iraci et al.,
2005), and calculate a HOBr diffusion coefficient in sulfu-
ric acid of 5.5×10−6 cm2 s−1 and 1.0×10−5 cm2 s−1 at 50
and 80 % RH (48 and 29 wt%H2SO4) respectively. E-AIM
predicts the aerosol Cl-(aq) concentrations to be 0.004 M L−1

and 0.08 M L−1 at 50 and 80 % RH respectively, see Table 4.
The new parameterisation forkII yields uptake coefficients

for HOBr+Cl− of 4.4×10−3 at 50 % RH and 7.6×10−2

at 80 % RH, in broad agreement to the low uptake coeffi-
cients reported by Pratte and Rossi (2006); 1.0± 10−2 at
RH≥ 76 %. Such agreement is to some extent not surpris-
ing, given the usage ofkI reported at RH= 77–90 % from
the same Pratte and Rossi (2006) experiments to derive an
estimate forkII at acid saturation (see Sect. 3 and Fig. 1).
Nevertheless, the uptake calculations confirm and provide a
first explanation for the RH dependence of the uptake co-
efficient as reported by Pratte and Rossi (2006). The model
indicates that the underlying cause of this trend is greater
[Cl−(aq)] at higher RH, given higher solubility of HCl at the
lower wt%H2SO4 at high RH. This is further shown by Fig. 2
which compares the modelled and observed RH dependence
of the uptake coefficient of HOBr across all reported data
from 40 to 90 % RH, demonstrating broad agreement in the
trend (noting that discrepancies may result from impurities
within the sea-salt solution or uncertainties within the pa-
rameterisations used in the uptake model). These findings are
in contrast to the termolecular approach tokI that yields an
uptake coefficient of 0.6 at both RH values – substantially
overestimatingγHOBr by at least a factor of 20 (see Table 4).
This is because the termolecular approach assumes acid-
dependentkII across all pH, leading to an extremely high rate
constant for the reaction of HOBr+Cl− at pH−1 to 0, and
a very fast rate of reaction of HOBr with Cl−. Even though
Cl− concentrations are depleted by acid displacement, the
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Figure 2. Dependence of reactive uptake coefficient for HOBr
on relative humidity (RH) in the experiments of Pratte and
Rossi (2006) on H2SO4-acidified sea-salt aerosol (H2SO4 : NaCl
= 1.45 : 1) at 296 K, on acidified sea salt (circles), recrystallised
sea salt (squares) and natural sea salt (triangles), under two exper-
imental setups: (i) the observed rate of HOBr(g) decay for a mea-
sured aerosol size distribution, with effective radius ranging over
165–183 nm (filled shapes), and (ii) a survey type mode with HOBr
depletion monitored as a function of RH (unfilled shapes, with re-
ported error estimated at 30–50 %) over a constant reaction time.
Also shown is the modelled uptake coefficient for HOBr (black
line), and the Cl−

(aq) molarity (dotted line) as used within the up-
take calculation.

assumed increased rate constant at low pH overcompensates
for this effect.

In conclusion, our newkII parameterisation for the kinetics
of HOBr+X− yields uptake coefficients in agreement with
reported laboratory data, and – for the first time – recon-
ciles differences between reported uptake on HCl-acidified
and H2SO4-acidified sea-salt aerosols, within a single frame-
work.

4 Implications for BrO chemistry in the marine and
volcanic environments

4.1 Declining uptake coefficients on progressively
H2SO4-acidified sea-salt aerosol

Using the revised HOBr reaction kinetics (Fig. 1), the
HOBr+Br− and HOBr+Cl− reactive uptake coefficients are
now re-evaluated for a model sea-salt aerosol that under-
goes progressive H2SO4 acidification (Fig. 3) and compared
to calculations using the termolecular approach. We investi-
gate how the reductions in halide ion concentrations caused
by the H2SO4(aq) addition (through both acid-displacement
reactions that deplete [Cl−

(aq)], and dilution of [Br−(aq)] by
H2SO4(aq) volume) impactγHOBr at low pH.

A particle radius of 1 or 0.1 µm is assumed in the up-
take calculation. Temperature is set to 298 K and RH= 80 %
(above deliquescence). For aerosol that is alkaline or
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Table 4.Predicted uptake coefficients compared to reported uptake on experimental aerosol. * Br− concentration prior to aerosol dehumidi-
fying – reported reduction in volume during dehumidifying indicates actual concentration may be a factor of∼ 3 higher; ** reported modal
radius, although particles >0.2 µm exist within the size spectrum.

Experimental aerosol: NaBr aerosol HCl-acidified NaCl aerosol H2SO4-acidified sea-salt aerosol
Wachsmuth et al. (2002) Abbatt and Waschewsky (1998) Pratte and Rossi (2006)
supersaturated NaBr(aq) HCl / NaCl= 0.1 : 1 H2SO4 / NaCl= 1.45 : 1

γHOBr: observed 0.6± 0.2 > 0.2 (0.1–0.3)× 10−2 (1.0± 0.2)× 10−2

at RH 40 to 70 % at RH≥ 76 %

Uptake model parameters:
Temperature 298.15 298.15 298.15 298.15
α (accommodation coefficient) 0.6 0.6 0.6 0.6
Na concentration (µmol m−3) – 0.2 0.8 0.8
RH, % 80 76 50 80
[Br−

(aq)], M > 0.2∗ – – –

[Cl−
(aq)], M (E-AIM) – 6.6 4.4× 10−3 7.6× 10−2

[H+

(aq)], M (E-AIM) ∼ 2× 10−6 2.3 83 5

pH ∼ 6 −0.3 −1.9 −0.7
kII , M−1 s−1 3× 104 104 104 104

kter, M−2 s−1 1.6× 1010 2.3× 1010 2.3× 1010 2.3× 1010

Particle radius, µm > 0.03∗∗ 1. ∼ 0.17 ∼ 0.17
wt%H2SO4 – – 48 29
HOBr solubility, M atm−1 6.1× 103 6.1× 103 364 364
HOBr diffusion constant, cm2 s−1 1.42× 10−5 1.42× 10−5 5.5× 10−6 1.0× 10−5

γHOBr: old approach 0.1 <γHOBr ≤ 0.6 0.6 0.6 0.6
(wherekI

= kter· [X−

(aq)] · [H+

(aq)])

γHOBr: new approach 0.1 <γHOBr ≤ 0.6 0.6 2× 10−4 7× 10−3

(wherekI
= kII

· [X−

(aq)])

only weakly acidic (pH 12 to pH 4), uptake coefficients
were calculated assuming a fixed sea-salt composition with
[Cl−(aq)] = 5.3 Mol L−1 and [Br−(aq)] = 0.008 Mol L−1, with
pH varied between 4 and 12 (E-AIM was not used, given the
very low degree of H2SO4 acidification). For more strongly
acidified sea salt, across H2SO4 : Na ratios from 0.05 to 400
(pH 4 to −0.87 for the model aerosol conditions), E-AIM
was used to determine the extent of acid displacement of
HCl from acidified NaCl(aq) aerosol, with aerosol Br−

(aq) de-
termined using an effective Henry’s law solubility for HBr
(see predicted composition in Supplement Sect. S3.2).

Figure 4 shows that the calculated reactive uptake for
HOBr+Br− and HOBr+Cl− increases with increasing acid-
ity over pH 4–12 for the uptake coefficient for 0.1 and 1 µm
radius particles, similar to that previously reported using
the termolecular approach. The alkaline to acid transition in
γHOBr reflects the increase in the underlying HOBr(aq) kI rate
constant with acidity due to the onset of the acid-assisted
mechanism, Fig. 1, as well as the decrease of HOBr parti-
tioning to BrO−. TheγHOBr+Cl reaches values close to the
accommodation limit by pH≤ 8 (for 1 µm radius particles) or
pH≤ 7 (for 0.1 µm radius particles) whileγHOBr+Br reaches
values close to the accommodation limit by pH≤ 5 (for 1 µm
radius particles) or pH≤ 4 (for 0.1 µm radius particles).

In the high-acidity regime, the acid saturation ofkII can
causeγHOBr to plateau at a level slightly lower thanαHOBr
(e.g. inγHOBr+Cl at pH∼ 4), in contrast to the termolecular
approach. Overall, for slightly acidified sea-salt aerosol, re-
active uptake of HOBr is driven primarily byγHOBr+Cl. The
γHOBr+Br reaches similar values toγHOBr+Cl at pH∼ 3–4 for
the specific model aerosol conditions of this study.

However, as the degree of acidification by H2SO4 in-
creases, the uptake coefficient for HOBr+Cl− begins to de-
cline at pH < 4. This is due to acid-displacement reactions
that convert Cl−(aq) into HCl(g), thereby lowering [Cl−(aq)].
This leads toγHOBr+Cl− <γHOBr+Br−, i.e. HOBr reactive up-
take becomes driven by HOBr+Br− below a pH of∼ 2 for
the specific aerosol conditions of this study. As H2SO4 : Na
ratio increases further and pH decreases further, the uptake
coefficient for HOBr+Br−(aq) also begins to decline. This is

principally due to the dilution of Br−(aq) by the additional
volume of H2SO4(aq) that becomes important particularly at
very high H2SO4 : Na (see E-AIM calculations in the Sup-
plement).

Notably, the declines in uptake coefficients are greatest for
smaller particles, for which there is a greater probability that
HOBr(aq) may diffuse across the particle and be released to
the gas phase, without any aqueous-phase reaction occurring.
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Figure 3. Variation in the HOBr uptake coefficient with pH, for reaction of HOBr with (upper) Cl− and (lower) Br− on H2SO4-acidified
sea-salt aerosol. Grey and orange lines denote uptake onto 1 and 0.1 µm radius particles, respectively. Black and red lines denote uptake onto
1 and 0.1 µm radius particles calculated using H∗ andDl parameterisations for sulfuric acid (rather than water), shown only for H2SO4 : Na
ratios greater than 0.5. Relative humidity is set to 80 % and Na concentration 1.3×10−7 moles m−3 (equivalent to a PM10 of 10 µg m−3 in
the marine environment, Seinfeld and Pandis, 1998). For comparison, uptake coefficients calculated assuming termolecular kinetics are also
shown (dashed lines).

The uptake coefficients are also further reduced if param-
eterisations for the solubility of HOBr in H2SO4(aq) is as-
sumed in the uptake equation rather than that for water. The
exact point of transition between these two parameterisations
is not well constrained, but it is clear that the H2SO4(aq)
parameterisations become more applicable than water with
greater acidification, and must certainly be more relevant at
high H2SO4 : Na. The lower solubility of HOBr in H2SO4(aq)
acts to decrease the uptake coefficient, and is found to have a
stronger impact onγHOBr than the slower rate of diffusion of
HOBr(aq) in H2SO4.

In summary, following a rise over the alkaline–acid tran-
sition, our revised HOBr kinetics yields HOBr reactive up-
take coefficients that subsequently decline on progressively
H2SO4-acidified sea-salt aerosol. For the aerosol concentra-
tion assumed, the uptake coefficient on the 0.1 µm radius
particles declines toγHOBr+Br < 0.03 at a H2SO4 : Na ratio
of 400 : 1, indicating that the reactive uptake of HOBr on
highly acidified sub-micrometre particles is extremely low,

Fig. 3. These decreases in uptake coefficient with increasing
aerosol acidity are not captured by calculations that assume
termolecular kinetics. As stated in the previous section, this
is because the termolecular approach assumes that the HOBr
rate constant is acid dependent across all pH, and does not
consider acid saturation of the rate constant.

4.2 Implications for BrO chemistry in the marine
boundary layer

Figure 4 shows clearly that higher acidity does not neces-
sarily lead to faster production of reactive bromine. It is well
known that acidity is required for reactive bromine formation
to occur: H+

(aq) is consumed in the reaction, therefore a source
of acidity is required to sustain prolonged BrO formation
chemistry. Further, under alkaline conditions HOBr dissoci-
ates into less reactive OBr−. However, theγHOBr dependency
on acidity shown here suggests that additional aerosol acidi-
fication by H2SO4(aq) can act as a limitation to the formation
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Figure 4. HOBr+Cl− and HOBr+Br− reactive uptake coefficients onto volcanic sulfate aerosol particles of 1 µm radius, calculated us-
ing our revised HOBr kinetics. Calculations are performed for a typical Arc or subduction zone volcanic plume composition containing a
(SO2) : HCl : H2SO4 : HBr molar ratio mixture of 1 : 0.5 : 0.01 : 0.00075. The plume strength is 30, or 0.3 µmol m−3, equivalent to approx-
imately 1 or 0.01 ppmv SO2 at 4 km altitude (US standard atmosphere). Conversely, uptake coefficients calculated using the termolecular
approach yield high accommodation-limited values across all parameter space (light grey).

of reactive bromine via HOBr uptake, particularly for small
particle sizes.

This leads to the following implications for BrO chem-
istry in the marine environment, where both supra-micron
and sub-micron particles are reported, the former typically
being moderately acidified perhaps with some Cl depletion,
and the latter being dominated by H2SO4 with only a trace
quantity of sea salt (e.g. Keene et al., 2002):

Firstly, the reactive uptake of HOBr is driven by reaction
with Br− asγHOBr+Cl is reduced on H2SO4-acidified (Cl−-
depleted) sea-salt aerosol. This leads to a negative feedback
in the uptake coefficient for HOBr with BrO chemistry evo-
lution over time, as the conversion of Br−

(aq) to Br2(g) acts

to decrease aerosol [Br−

(aq)], reducing subsequent values of
γHOBr+Br. This negative feedback forγHOBr+Br will play a
much more significant role for overall HOBr reactive uptake
according to our revised HOBr kinetics than has been as-
sumed by model studies to date based on the termolecular
approach (for whichγHOBr+Cl ≥ γHOBr+Cl).

Secondly, very low reactive uptake coefficients for both
HOBr+Br− and HOBr+Cl− are predicted for sub-micron
particles at high H2SO4 : Na ratios (e.g.γHOBr < 0.03, see
Fig. 4). Such lowγHOBr is proposed as a first explanation
for the absence of observable Br−

(aq) depletion in sub-micron

H2SO−

4 -dominated particles in the marine environment, in

contrast to supra-micron particles where Br−

(aq) depletion is
observed and interpreted as evidence of HOBr reactive up-
take to form reactive bromine (Sander et al., 2003). Indeed,
observations find the submicron H2SO4-dominated aerosol
to be enriched in Br−(aq) relative to expected concentrations

based on the particle Na+ content (Sander et al., 2003). A
plausible explanation is that the release of Br2(g) from the
supra-micron particles leads to the continual formation of
gas-phase reactive bromine species of which a proportion
will ultimately be deposited back to (both types of) marine
aerosols as a source of Br−

(aq). The net effect is for Br−(aq) con-
centrations to become enhanced (relative to Na) in the sub-
micron aerosol whereγHOBr is low simultaneous to becom-
ing depleted in the supra-micron aerosol whereγHOBr is high.
For the former, an upper limit must exist to the extent Br
enrichment can occur whilst maintaining the relatively low
γHOBr+Br−. Importantly, this argumentation is only possible
using our new uptake calculations based onkI calculated us-
ing revised HOBr kinetics in terms ofkII , as the termolecular
approach predicts high HOBr reactive uptake for both parti-
cle types. We encourage our new rate constant calculations
for HOBr reactive uptake to be incorporated into numerical
models to test and quantify potential submicron aerosol Br−

enrichment via this proposed mechanism.
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We further suggest that both of the abovementioned fac-
tors may also contribute underlying reasons for the reported
over-prediction by numerical models of BrO cycling in the
marine environment (Sander et al., 2003; Smoydzin and von
Glasow, 2007; Keene et al., 2009). Inclusion of the new
HOBr kinetics into such models will allow this hypothesis
to be tested and quantified.

4.3 Reactive uptake of HOBr on volcanic aerosol

HOBr reactive uptake coefficients are now calculated for the
first time onto aerosol in a halogen-rich volcano plume, using
the kII parameterisations for HOBr+Br− and HOBr+Cl−.
Using the volcanic aerosol composition predicted by E-
AIM (based on Etna emission scenario, see Sect. S3.3
of the Supplement), uptake coefficients for HOBr+Br−

and HOBr+Cl− are calculated across tropospheric temper-
ature and relative humidity, for two plume dilutions (30
and 0.3 µmol m−3, which are equivalent to∼ 1 ppmv, and
0.01 ppmv SO2 at 4 km altitude in US standard atmosphere),
and assuming a particle radius of 1 µm, Fig. 4. There exists
no experimental information regarding the temperature de-
pendence ofkII for HOBr+X. Here it is assumed that the
variationkII with temperature over 230–300 K is small com-
pared to the temperature dependence of the HOBr and HX
solubilities (which vary by several orders of magnitude over
the parameter space).

High HOBr uptake coefficients are predicted at low tro-
pospheric temperatures:γHOBr+Br− ≈ γHOBr+Cl− ≈ 0.6. The
uptake coefficient decreases markedly with increasing tem-
perature forγHOBr+Cl− and also decreases forγHOBr+Br−
in the most dilute plume scenario. The inverse temperature
trend inγHOBr is caused by a lower solubility of HX in sulfu-
ric acid particles at higher tropospheric temperatures (partic-
ularly for HCl), augmented by a similar temperature trend in
the solubility of HOBr(aq). The variation with plume dilution
is explained by the fact that lower gas-to-aerosol partition-
ing yields lower [X−

(aq)] in the dilute plume scenarios, thus

a lower kI
= kII

· [X−

(aq)] in the uptake equation, and hence
a reducedγHOBr. Figure 4 also illustrates a weak depen-
dence of the uptake coefficients on relative humidity. This is
due to increasing solubility of the halides with RH or lower
wt%H2SO4 (potential RH dependence of HOBr solubility
is not considered in the parameterisations, see the Supple-
ment). As for the marine aerosol study, reductions inγHOBr
are more pronounced for particles of smaller radii (data not
shown), as the probability for diffusion across the particle
without reaction is higher. According to Fig. 4,γHOBr+Br−
is equal to or exceedsγHOBr+Cl− under all temperature and
humidity scenarios for the composition of the Etna emis-
sion. This is driven by higherkI in the uptake calculation
(wherekI

= kII
· [X−] with kII a function of pH), due to the

greater saturation valuekII for HOBr+Br− at high acidity,
and the higher solubility of HBr compared to HCl. Again
it is important to note that this uptake re-evaluation us-

ing revised HOBr kinetics differs from that calculated us-
ing the termolecular approach (also shown in Fig. 4) which
yields high and typically accommodation-limited HOBr up-
take coefficients throughout the parameter space. Indeed,
this is due to the fact that with the termolecular approach
(kI

= kter· [H+

(aq)] · [X−

(aq)]) the increased value ofkter at high
acidity more than compensates for the acidity-driven de-
creases in X, thus yielding highkI and highγHOBr.

Figure 4 shows that in concentrated plumes near to the
volcanic source, the aqueous-phase halide concentrations are
sufficiently high thatγHOBr+Br− is accommodation limited.
Rapid formation of BrO is expected to occur. This is con-
sistent with observations of volcanic BrO at numerous vol-
canoes globally (e.g. Bobrowski and Platt, 2007; Boichu et
al., 2011, and references therein), including emissions from
both low- and high-altitude volcanoes, explosive eruptions
and from passive degassing. However, it is anticipated that
the reactive uptake coefficient for HOBr+Br− will be re-
duced as BrO chemistry progresses causing Br−

(aq) concen-
trations to decline (due to conversion of HBr into reactive
bromine). This will likely slow the BrO cycling in the more
evolved plume. Plumes will also become more dilute over
time due to dispersion. Figure 4 predicts that this will lead
to a reduction in the HOBr reactive uptake coefficient, par-
ticularly in plumes confined to the lower troposphere, which
may contribute to a slower rate of BrO cycling. For plumes
in the mid–upper troposphere,γHOBr is predicted to remain
high.

To date, numerical model studies of the impacts of vol-
canic halogens reactive halogen chemistry in the troposphere
have either used a fixed uptake coefficient (Roberts et al.,
2009; 2014, Kelly et al., 2013) or the termolecular approach
to HOBr kinetics (Bobrowski et al., 2007; von Glasow,
2010). Figure 4 illustrates that both of these approaches will
lead to modelling inaccuracies, particularly in the downwind
plume. Incorporation of more realistic HOBr kinetics in these
models, using the parameterisations proposed here, is recom-
mended in order to accurately simulate the reactive bromine
chemistry and plume impacts.

5 Conclusions

This study introduces a new evaluation of HOBr reactive
uptake coefficients on aerosol of different compositions, in
the context of the general acid-assisted mechanism. We em-
phasise that the termolecular kinetic approach assumed in
numerical model studies of tropospheric reactive bromine
chemistry to date is strictly only valid for a specific pH range.
Rather, according to the general acid-assisted mechanism,
the reaction kinetics for HOBr becomes independent of pH at
high acidity. By re-evaluation of reported rate constant data
from uptake experiments on acidified sea-salt aerosol, and
consideration of relative reaction rates according to nucle-
ophile strength, we identify that the kinetics of HOBr+Cl−
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may saturate below pH 6 to yield a second-order rate constant
of kII

∼ 104 M s−1. The kinetics of HOBr+Br− saturates at
kII

∼ 108-109 M s−1 at pH <∼ 1 based on the experimental
data and kinetics estimates of Eigen and Kustin (1962) and
Beckwith et al. (1996).

This study reconciles for the first time the different re-
ported uptake reactive coefficients from laboratory experi-
ments. The newkII parameterisation yields uptake coeffi-
cients that are consistent with reported uptake experiments:
γHOBr = 0.6 on supersaturated NaBr aerosol (Wachsmuth et
al., 2002);γHOBr > 0.2 on HCl-acidified sea-salt aerosol (Ab-
batt and Wachsewsky, 1998) andγHOBr = 10−2 on H2SO4-
acidified sea-salt aerosol, with an RH dependence (Pratte
and Rossi, 2006). The variation in uptake coefficient across
the alkaline–aerosol transitions is similar to that previously
predicted using the termolecular approach but uptake cal-
culations using our revised kinetics of HOBr show much
lower uptake coefficients for HOBr in highly acidified sea-
salt aerosol, particularly for small particle radii. This is due to
acid displacement of HCl(g) at high acidity slowing the rate
of reaction of HOBr+Cl−, thus loweringγHOBr+Cl, with di-
lution of [Br−(aq)] at very high H2SO4 : sea salt ratios slowing

the rate of reaction of HOBr+Br−, thus loweringγHOBr+Br.
This finding contrasts with the existing termolecular ap-
proach to uptake calculations in which the higher rate con-
stant overcompensates for the decrease in halide concentra-
tion with increasing acidity. Thus, the termolecular approach,
as currently used in numerical models of tropospheric BrO
chemistry, may cause HOBr reactive uptake to be substan-
tially overestimated in aerosol at high acidity.

Implications for BrO chemistry in the marine boundary
layer have been discussed. Firstly, the HOBr uptake coef-
ficient is predicted to be high on slightly acidified supra-
micron particles but extremely low on highly acidified sub-
micron particles. A first explanation for the observed Br
enrichment in the sub-micron particles simultaneous to Br
depletion in supra-micron particles is thereby proposed,
as reactive bromine release from the supra-micron frac-
tion may deposit and accumulate in the submicron frac-
tion, that does not undergo significant Br− depletion. Sec-
ondly, because the HOBr+Br− uptake coefficient is a func-
tion of Br−(aq) concentrations, a negative feedback can oc-
cur as the marine BrO chemistry evolves, and supra-micron
particle Br−(aq) concentrations are lowered by the release of
reactive bromine. According to our revised HOBr kinetics
(yielding γHOBr+Br− >γHOBr+Cl−), this negative feedback
for γHOBr+Br− exerts a stronger overall influence on the rate
of HOBr reactive uptake than previous studies have assumed.

Calculations on volcanic aerosol show that uptake is high
and accommodation limited in the concentrated near-source
plume, enabling BrO formation to rapidly occur. Uptake co-
efficients are reduced in more dilute plumes, particularly for
HOBr+Cl−, at high temperatures (typical lower tropospheric
altitudes), for small particle radii. The findings suggest that

HOBr uptake on sulfate aerosol directly emitted from volca-
noes can readily promote BrO cycling in plumes throughout
the troposphere but that the rate of BrO cycling may be re-
duced by low uptake coefficients in the dispersed downwind
plume, particularly at lower tropospheric altitudes. Inclusion
of our revised HOBr reaction kinetics in numerical models
of volcanic plume chemistry (or uptake coefficients derived
therefrom) is required in order to accurately predict the im-
pacts of volcanic halogens on the troposphere.

The Supplement related to this article is available online
at doi:10.5194/acp-14-11185-2014-supplement.
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