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Abstract 14 

The reactive uptake of HOBr onto halogen-rich aerosols promotes conversion of Br-
(aq) into gaseous 15 

reactive bromine (incl. BrO) with impacts on tropospheric oxidants and mercury deposition. 16 

However, experimental data quantifying HOBr reactive uptake on tropospheric aerosols is limited, 17 

and reported values vary in magnitude. This study introduces a new evaluation of HOBr reactive 18 

uptake coefficients in the context of the general acid assisted mechanism. We emphasise that the 19 

termolecular kinetic approach assumed in numerical model studies of tropospheric reactive bromine 20 

chemistry to date is strictly only valid for a specific pH range and, according to the general acid 21 

assisted mechanism for HOBr, the reaction kinetics becomes bimolecular and independent of pH at 22 

high acidity. 23 

This study reconciles for the first time the different reactive uptake coefficients reported from 24 

laboratory experiments. The re-evaluation confirms HOBr reactive uptake is rapid on moderately 25 

acidified sea-salt aerosol (and slow on alkaline aerosol), but predicts very low reactive uptake 26 

coefficients on highly-acidified submicron particles. This is due to acid-saturated kinetics combined 27 

with low halide concentrations induced by both acid-displacement reactions and the dilution effects 28 

of H2SO4(aq). A mechanism is thereby proposed for reported Br-enhancement (relative to Na) in 29 

H2SO4-rich submicron particles in the marine environment. Further, the fact that HOBr reactive 30 

uptake on H2SO4-acidified supra-micron particles is driven by HOBr+Br- (rather than HOBr+Cl-) 31 

indicates self-limitation via decreasing γHOBr once aerosol Br- is converted into reactive bromine. 32 

First predictions of HOBr reactive uptake on sulphate particles in halogen-rich volcanic plumes are 33 

also presented.  High (accommodation limited) HOBr+Br- uptake coefficient in concentrated (> 1 34 

μmol/mol SO2) plume environments supports potential for rapid BrO formation in plumes 35 

throughout the troposphere. However, reduced HOBr reactive uptake may reduce the rate of BrO 36 

cycling in dilute plumes in the lower troposphere.  37 

In summary, our  re-evaluation of HOBr kinetics provides a new framework for interpretation of 38 

experimental data and suggests the reactive uptake of HOBr on H2SO4-acidifed particles is 39 

substantially over-estimated in current numerical models of BrO chemistry in the troposphere. 40 

41 
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1. Introduction 42 

The reactive uptake of HOBr onto halogen-containing aerosols to release Br2 enables propagation of 43 

the chain reaction leading to autocatalytic BrO formation, the so-called ‘bromine explosion’, (Vogt et 44 

al., 1996), first proposed following the discovery of ozone depletion events in the polar boundary 45 

layer (Barrie et al. 1988). Rapid and substantial (10’s ppbv) ozone depletion occurs  upon the 46 

formation of just 10’s pptv BrO due to cycling between Br and BrO, with further Br-mediated impacts 47 

on environmental mercury in the conversion of Hg0 to more reactive and easily deposited form HgII 48 

(Schroeder et al., 1998). Tropospheric BrO chemistry has since been recognised outside the polar 49 

regions, with BrO identified above salt pans (Hebestreit et al., 1999), in the marine boundary layer 50 

(Read et al. 2008), and is suggested to have a significant impact on the chemistry of the free 51 

troposphere (e.g. von Glasow et al., 2004). In particular, recent evidence of rapid BrO formation in 52 

acidic volcanic plumes (10’s pptv to ppbv on a timescale of minutes) has highlighted volcanic halogen 53 

emissions as a source of reactive bromine entering the troposphere (Bobrowski et al., 2003).  54 

 55 
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Key to reactive halogen formation is the cycle R1-R8 which results in autocatalytic formation of BrO. 65 

Accommodation of HOBr(g) to aerosol (R1), followed by reaction with Br-
(aq) or Cl-(aq) and H+

(aq) results 66 

in a di-halogen product (R2,R3). The reaction of HOBr with Cl-
(aq) (R3) is typically considered the 67 

dominant reaction pathway (albeit an assumption that may not  apply in highly acidified aerosol as 68 
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we show in this study) given sea-salt aerosol contains [Br(aq)
-] << [Cl-(aq)] by a factor of 700 (or greater 69 

once reactive bromine formation has commenced), and the termolecular rate constants for R2 and 70 

R3 are of comparable magnitudes (Liu and Margarem, 2001, Beckwith et al., 1996). However, Br2 is 71 

commonly the observed product, as confirmed by laboratory experiments by Fickert et al. (1999). 72 

The product conversion from BrCl to Br2 is explained by aqueous-phase equilibria (R4) that 73 

interconvert BrCl into Br2 (via Br2Cl-) before gaseous release (R5). According to equilibrium constants 74 

reported by Wang et al. (1994), conversion of BrCl to Br2 is favoured at room temperature in aerosol 75 

provided Br-
(aq):Cl-(aq) > ~10-4, as for example in sea-salt aerosol where Br-

(aq):Cl-(aq) ≈ 1.5·10-3. The 76 

dihalogen species then partition into the gas-phase, R5. The exsolution of dihalogens from the 77 

aerosol to the gas-phase also limits the occurrence of reverse reactions that might reform HOBr. 78 

Once in the gas-phase, Br2 is photolysed to produce 2 Br radicals, R6, which may react with ozone to 79 

form BrO, R7. HOBr is reformed via the reaction of BrO with HO2, (R8), whereupon it may react again 80 

with halogen-containing aerosol to further propagate the cycle, each time doubling the 81 

concentration of reactive bromine.  82 

 
83 

Numerical models have been developed to better understand the formation of BrO and evaluate 84 

impacts on atmospheric oxidants throughout the troposphere and on mercury cycling in the 85 

environment. Models capture the salient features of BrO formation and impacts (e.g. on ozone 86 

depletion and Hg deposition events) in the different tropospheric environments (for reviews by 87 

Simpson et al. 2007 and Saiz-Lopez A. and von Glasow R., 2012). Nevertheless, a number of 88 

uncertainties remain. For example, models tend to overestimate Brx cycling in the marine 89 

environment (Sander et al., 2003; Smoydzin and von Glasow, 2007; Keene et al., 2009). Models 90 

predict a depletion in the inorganic bromine content of all acidified marine aerosols, as consequence 91 

of HOBr reactive uptake to form Br2 and its release into the gas-phase. However, an aerosol bromine 92 

deficit is only observed in the slightly acidified supramicron fraction, whislt aerosol bromine is found 93 

to be enhanced (relative to that expected based on Br:Na ratios in sea-salt, using sodium as a sea-94 

salt tracer) in the highly acidified sub-micronmeter fraction. This phenomenon has not been 95 

explained to date (Sander et al., 2003). Numerical models have also attempted to simulate reactive 96 

halogen chemistry in volcanic plume environments. Models initialised with a high-temperature 97 

source region, are able to reproduce the rapid formation of BrO in the near-source plume 98 

(Bobrowski et al. , 2007a, Roberts et al., 2009, Von Glasow 2010), as well as ozone depletion (Kelly et 99 

al., 2013), but a source of model uncertainty is the representation of heterogeneous halogen 100 
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chemistry on volcanic aerosol, which may differ from that reported from experiments on sea-salt 101 

aerosol.  102 

All these studies rely on laboratory experiments to quantify rate constants of the reactions, with a 103 

key process in the formation of reactive bromine being the reaction of HOBr(aq) with halide ion X-
(aq)  104 

(Cl-(aq) or Br-
(aq)) and H+

(aq), R2,R3, which can be written generically as R9.  105 

R9 )(2)(
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III
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  106 

Experimental studies (e.g. Fickert et al., 1999) show the reaction of HOBr(aq) is promoted when 107 

alkaline sea-salt aerosols becomes acidified, either by natural (e.g. methane sulphonic acid) or 108 

anthropogenic (e.g. sulphuric acid) sources of acidity. However, laboratory experiments have 109 

reported uptake coefficients on acidified sea-salt aerosol, >0.2 (Abbatt and Wachewsky, 1998) and 110 

10-2 (Pratte and Rossi, 2006), a discrepancy that has not been explained to date. In addition, no 111 

experiments have been performed to quantify uptake of HOBr on volcanic aerosol under 112 

tropospheric conditions. 113 

Numerical model studies of reactive bromine chemistry currently implement R9 using three-body 114 

reaction kinetics, i.e. assumed the reaction rate is directly proportional to H+
(aq) concentration (e.g. 115 

von Glasow, 2002), or using uptake coefficients calculated on this assumption (IUPAC evaluations, 116 

e.g. Ammann et al., 2013). We highlight, however, that earlier literature on the general acid-assisted 117 

mechanism for this and similar reactions (e.g. Eigen and Kustin, 1962, Nagy et al., 1988) identify that 118 

the pH dependence of the reaction rate is more complex, with acid-saturation of the kinetics at high 119 

acidity.  120 

This study re-evaluates HOBr reactive uptake in the context of the general acid assisted mechanism 121 

for the first time. The plan of the paper is as follows. In Section 2 the method for calculating the 122 

reactive uptake coefficient is recalled with the approach based on the general acid assisted 123 

mechanism explained. The data used to evaluate the new uptake coefficient calculations are 124 

presented. In Section 3 pH-dependent second-order rate constants (kII) are derived for both 125 

HOBr+Br- and HOBr+Cl- in the context of the general assisted mechanism, using reported literature 126 

data for the underlying rate constants, and a thermodynamic model to predict aerosol composition 127 

under experimental conditions. Using the new parameterisation for kII, reactive uptake coefficients 128 

for HOBr + Br- and HOBr + Cl- are calculated and compared to reported laboratory data for HCl-129 

acidified sea-salt aerosol (Wachewsky and Abbatt, 1998) and H2SO4-acidified sea-salt aerosol (Pratte 130 

and Rossi, 2006). We provide new quantification of HOBr+Br- and HOBr+Cl- uptake coefficients on 131 

H2SO4-acidified sea-salt aerosol in the marine environment, and sulphuric acid aerosol in volcanic 132 
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plumes dispersing into the troposphere. In section 4, reactive uptake coefficients are calculated for 133 

HOBr on H2SO4-acidified sea-salt aerosol in the marine environment, and on sulphuric acid aerosol in 134 

volcanic plumes entering the troposphere, and implications discussed for BrO chemistry in these 135 

environments. 136 

 137 

2. Method and experimental data  138 

2.1 Quantifying the reactive uptake coefficient, γHOBr 139 

The reactive uptake of HOBr(g) can be quantified by E1 (with further modification required for large 140 

particles due to the limitation of gas-phase diffusion) in terms of the reactive uptake coefficient,  141 

γHOBr, where vHOBr, is the mean molecular velocity of HOBr(g), cm s-1, and Area, is the surface area 142 

density of the aqueous phase, cm2/cm3.  143 

γHOBr is a fractional number that quantifies the likelihood of reaction given a collision of HOBr(g) with 144 

a particle, and can be calculated following the resistor-model framework (E2) that describes the 145 

accommodation to the aerosol, and the reaction and diffusion in or across the aerosol particle.  γHOBr 146 

is a function of several parameters, including accommodation coefficient, αHOBr, the solubility of 147 

HOBr, H*, the aqueous-phase diffusion rate, Dl, the gas constant R, Temperature, T, the mean 148 

molecular velocity, vHOBr, and the first-order rate constant for the reaction of HOBr(aq), kI. The 149 

parameter l is a function of Dl and kI, l = (Dl/kI)0.5.  150 
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To date, numerical models have adopted two approaches to simulate the reactive uptake of HOBr. 156 

Detailed process models (e.g. MISTRA; von Glasow et al. (2002), MECCA; Sander et al. (2011)) tend 157 

to model HOBr gas-aerosol partitioning to and from the aerosol directly, with the reaction of HOBr 158 
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inside the aerosol simulated using E3 and termolecular kinetics (E4). On the other hand, global 159 

models (e.g. in studies by von Glasow et al., (2004), Yang et al., (2005), Breider et al., (2010), Parella 160 

et al. (2012)) tend to simulate HOBr reactive uptake as one step, E1, quantified by the uptake 161 

coefficient, γHOBr. The IUPAC evaluation recommends uptake coefficient to be calculated using E2 162 

and the termolecular approach to HOBr kinetics, E4. In global models, a fixed uptake coefficient, 163 

γHOBr, is typically used for computational reasons. 164 

However, as we highlight in this study, the termolecular kinetics approach (E4) is only valid within a 165 

limited pH range. Here we instead use E2 and the reaction kinetics of HOBr(aq) in terms of a second-166 

order rate constant, E5, where kII is a variable function of pH according to the general acid assisted 167 

reaction mechanism for HOX+Y- (+H+) constrained by available laboratory data. Details on the 168 

mechanism and derivation of kII are given in Section 1 of Supplementary maertial and Section 3.1). 169 

Despite being well-documented (Eigen and Kustin, 1962; Kumar and Margarem, 1987; Nagy et al. 170 

1988; Gerritsen and Margarem, 1990, Wang and Margarem, 1994) this mechanism has not been 171 

implemented in any numerical model studies of reactive halogen chemistry to date.  172 

To calculate reactive uptake coefficients (E2), we also need to  determine the aerosol composition, 173 

specifically halide concentration, [X-
(aq)]  and the acidity. Indeed,  [X-

(aq)]  is needed for E5  and 174 

subsequently E2 , and the acidity is also needed to determine kII in the context of the general 175 

assisted mechanism (see the expression in Section 3.1) and subsequently E5 and E2. This was 176 

achieved using the E-AIM (Extended- Aerosol Inorganic model) and Henry’s constants (for more 177 

details see Section 3 of Supplementary Material). Given high ionic strength of the solutions studied, 178 

concentrations were converted to activities using activity coefficients provided by E-AIM.  179 

Finally, we assume in E2 an accommodation coefficient of 0.6 (Wachsmuth et al., 2002), with 180 

solubility and diffusion coefficients for HOBr in water and sulphuric acid derived from Frenzel et al. 181 

(1998), Iraci et al. (2005), and Klassen et al (1998). A radius of 0.1 or 1 um was assumed, reflecting 182 

the presence of both sub- and supra-micron particles in volcanic and marine environments. Further 183 

details are provided in Section 2 of Supplementary Materials.   184 

We compare our new approach to reported estimates of HOBr reactive uptake coefficients from 185 

laboratory experiments as outlined below. 186 

 187 

2.2 Reported experimental studies on the reactive uptake of HOBr onto liquid aerosol 188 

A number of laboratory experiments (Table 1) have quantified the reactive uptake of HOBr onto 189 

acidified sea-salt aerosol under tropospheric conditions (as well as on solid particles, not considered 190 
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here). The accommodation coefficient for HOBr onto super-saturated NaBr(aq) aerosol was 191 

determined by Wachsumth et al. (2002) to be αHOBr = 0.6 ± 0.2 at 298 K. 192 

Experiments using acidified sea-salt particles made by nebulizing a 5 M NaCl and 0.5 M HCl solution 193 

under conditions representative of the troposphere found the reactive uptake coefficient for the 194 

reaction (HOBr+Cl-) to be very high (γHOBr > 0.2) on deliquesced aerosol (RH > 75%, T = 298 K), 195 

(Abbatt and Waschewsky, 1998). Conversely, experiments by Pratte and Rossi (2006) on H2SO4-196 

acidified sea-salt aerosol with H2SO4:NaCl molar ratio =  1.45:1 at 296 K measured a substantially 197 

lower HOBr uptake coefficient, γHOBr ~ 10-2, with a dependence on relative humidity (γHOBr ~10-3 198 

below 70% RH). This large (101-102) discrepancy has not been resolved to date. Uptake of HOBr on 199 

pure sulfate aerosol at 296 K is found to be low (γHOBr ~10-3), Pratte and Rossi (2006). 200 

Aqueous-phase rate constants for the reaction of HOBr+X-+H+ have also been reported: for HOBr+Br-201 

(aq), Eigen and Kustin (1952) and Beckwith et al. (1996) report termolecular rate constants of kter = 202 

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 203 

Margarem (2001) report a three-body rate constant of 2.3·1010 M-2 s-2 in buffered aerosol at pH = 6.4 204 

and 298K. Pratte and Rossi (2006) derived first-order rate constants for the reaction of HOBr(aq) from 205 

their uptake experiments, finding kI ~ 103 s-1. 206 

The IUPAC subcommittee for gas kinetic data evaluation currently recommends an uptake 207 

coefficient parameterisation utilising accommodation coefficient αHOBr= 0.6 (Wachsmuth et al., 208 

2002), and first-order rate constant kI = kter·[H
+

(aq)]·[X
-
(aq)], with kter = 2.3·1010 M-2 s-1 (Liu and 209 

Margarem, 2001) for HOBr+Cl- and kter = 1.6∙1010 M-2 s-1 (Beckwith et al., 1996) for HOBr+Br-. 210 

Assuming a Cl-(aq) concentration of 5.3 M typical of sea-water and low uptake coefficients in alkaline 211 

sea-salt aerosol (IUPAC evaluation, see website, e.g. Ammann et al., 2013), this parameterisation 212 

yields a high uptake coefficient, γHOBr ~0.6, on acidified sea-salt aerosol, and is in agreement with 213 

γHOBr ≥ 0.2 reported by Abbatt and Waschewsky (1998) while overestimating the uptake coefficient 214 

as reported by Pratte and Rossi (2006) by a factor of ~20.  215 

Here we present new uptake calculations based on the general acid assisted mechanism rather than 216 

termolecular kinetics in an attempt to consolidate these contrasting reported uptake coefficients 217 

within a single framework for the first time, and explain differences between model predictions and 218 

field observations of reactive bromine in the marine environment, as well as making first predictions 219 

of HOBr reactive uptake coefficients in volcanic plumes.  220 

 221 

222 
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3 Results 223 

3.1 The second-order rate constant for aqueous-phase reaction of HOBr with halide ions 224 

In the general acid-assisted mechanism - whereby the rate of reaction of HOBr(aq) (needed in E2) 225 

follows a second-order kinetics – an equilibrium is established between HOBrX-
(aq) and HOBr 226 

according to the rate constants of R10 and R11, k1 and k-1 (Eigen and Kustin, 1962). The formation of 227 

products, R12, involves a transition-state, [H2OBrX(aq)]
TS that is stabilised by proton-donation to the 228 

oxygen, with overall rate constant kH. Moreover, formation of products can also occur at low acid 229 

concentrations via a slower pathway, R13, followed by fast reaction R14, with overall rate constant 230 

k0. 231 
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1
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According to R10-R14, the rate of reaction of HOBr(aq) can be quantified in terms of a 2nd order rate 237 

constant (following E3 and E5) where kII is a function of pH, as described by equation E6, whose 238 

derivation is provided in Supplementary Material.  239 
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In the limits of high and low acidity (E7 and E8), kII is independent of aerosol acidity. For a mid-range 241 

acidity (kH∙[H+
(aq)] << k-1+k0), k

II becomes linearly dependent on  [H+
(aq)] i.e. is acid-dependent (E9). In 242 

this mid-acidity regime (only), the acid-dependence is equal to the three-body or termoleuclar rate 243 

constant, k1∙kH/(k-1+k0) = kter. 244 
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 247 

Equations E6-E9 describe kII in terms of four underlying rate constants (k1, k-1, k0, kH) and the aerosol 248 

acidity. However, quantifying these underlying rate constants using published data is somewhat 249 

challenging given the limited experimental data.  This is now attempted below. 250 

 251 

3.2 Estimating the underlying rate constants (k1, k-1, k0, kH) for HOBr+Br- and HOBr+Cl- 252 

A number of aqueous-phase rate constants for the reaction of HOBr+X-+H+ have been reported: For 253 

HOBr+Br-
(aq), Eigen and Kustin (1952) and Beckwith et al. (1996) report termolecular rate constants 254 

of kter = 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 255 

experiments quantified the rate of reaction in the termolecular regime only, although Eigen and 256 

Kustin (1962) used a consideration of relative stability constants (e.g. for equilibrium molarity of 257 

ternary compounds X3
- or X2OH- relative to X-, X2 or XOH)  across the halogen series: HOCl+Cl, 258 

HOBr+Br and HOI+I to attempt to estimate underlying rate constants.  259 

Using the reported experimental data, kII parameterisations (in terms of the underlying rate 260 

constants (k1, k-1, k0 and kH) and acidity according to E6 derived above) are estimated as follows. 261 

 262 

3.2.1 HOBr+Br- 263 

For HOBr+Br-, Eigen and Kustin (1962), proposed order of magnitude estimates of k1 = 5∙109 M-1 s-1,  264 

k-1 = 5∙109 s-1, kH = 2·1010 M-1 s-1, and k0  = 104 s-1.  However, in Figure 4 of Beckwith et al. (1996), there 265 

are indications of acid-saturation in their kII rate constant data for HOBr+Br-, seen as curvature in the 266 

plots of observed kII versus acidity. This is also seen in their Figure 5 where kII
observed ≥ 2.3∙108 M-1 s-1. 267 

We therefore suggest acid-saturation of the reaction between HOBr and Br- may limit kII to ~ 5·108 268 

M-1 s-1. We also adjust k-1 to k-1 ~ 5·108 s-1 on the basis of the reported stability constant k1/k-1 ~ 1 M-1 269 

(Eigen and Kustin, 1962). While, any evidence for acid-saturation lays within the reported error bars 270 

for the data points this adjustment does not affect our general conclusions about γHOBr+Br in this 271 

study.  272 

 273 

3.2.1 HOBr+Cl- 274 
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For HOBr+Cl-(aq), Liu and Margarem (2001) report a three-body rate constant of 2.3·1010 M-2 s-2 in 275 

buffered aerosol at pH = 6.4 and 298K. Pratte and Rossi (2006) also derived estimates for first-order 276 

rate constants for reaction of HOBr(aq) from their uptake coefficient experiments. We re-evaluate 277 

these data below to improve quantification of the reaction kinetics of HOBr+Cl-. 278 

For HOBr+Cl- , the underlying rate constants (k1, k-1, kH, k0) are estimated as follows. The rate 279 

constant k1 is derived from the estimation of kII at acid saturation (E7). For this, we estimated kII at 280 

pH -1 to 0 from experiments of Pratte and Rossi  (2006), Table 2. These new estimates of kII are 281 

derived from first order kI rate constants for the reaction of HOBr(aq), reported by Pratte and Rossi 282 

(2006), where [Cl-(aq)] is calculated by the E-AIM model from experimental conditions, E-AIM predicts 283 

chloride concentrations are reduced under the experimental conditions as consequence of acid-284 

displacement of HCl(g) (see further discussion in Supplementary Material). We find kII ~104 M-1 s-1 285 

over pH -1 to 0, see Table 2 for details. We note that in their reporting of kI rate constants from their 286 

uptake experiments, Pratte and Rossi, (2006) assumed an accommodation coefficient of either αHOBr 287 

= 0.2 or αHOBr = 0.02. Given that experiments on NaBr(aq) aerosol have identified an accommodation 288 

coefficient for HOBr on NaBr(aq) particles of 0.6 (Wachsmuth et al. 2002), the kII data derived 289 

assuming αHOBr=0.2 are likely more representative. Nevertheless, either case yields estimate for kII ~ 290 

104 M s-1 over pH = 0 to-1. A second estimate for kII is made from the reported three-body rate 291 

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 292 

6.4.  293 

Thus, collectively these two datasets at pH = 6.4 and 0 to -1 suggest that kII is acid saturated at ~104 294 

M s-1 at pH ≤ 6. Based on this value for kII at acid saturation (where kII = k1) we set k1 = 1.2∙104 M s-1, 295 

as an average estimate, which is less than k1 for HOBr+Br-, and which is consistent with the greater 296 

nucleophile strength of Br- compared to Cl-.  We fix kH = 2·1010 M-1 s-1 , equal to that estimated by 297 

Eigen and Kustin (1961) for HOBr+Br-, noting this reaction likely close to the diffusion limit. Our value 298 

of kII for HOBr+Cl- at low acidity (=(k1·k0)/(k0+k-1)) is a similar order of magnitude to the kII estimate 299 

for HOCl+Cl- (≤ 0.16 M-1 s-1, see Gerritsen and Margarem, 1989) or perhaps slightly higher (because 300 

the less electronegative Br of HOBr may be more susceptible to nucleophilic attach than HOCl), but 301 

is substantially less than the kII estimate for HOBr+Br- (104 M-1 s-1, Eigen and Kustin, 1962) at low 302 

acidity, and consistent with Cl- being a weaker nucleophile than Br-. Overall, a value for the low 303 

acidity kII rate constant; (k0·k1)/(k1+k-1) = 101 M-1 s-1 seems reasonable. 304 

A similar analysis based on the three-body rate constant of 2.3·1010 M-2 s-1 (Liu and Magarem, 2002). 305 

yileds k0  = 2∙101 s-1 and k-1 = 1.1·104 s-1. These estimates for the underlying rate constants for 306 
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HOBr+Cl- are rather uncertain, nevertheless the most important result is the occurrence of acid-307 

saturation of kII for HOBr+Cl-, which the experimental data limits kII to ~104 M s-1 at pH ≤ 6. 308 

 309 

3.3 A new parameterisation for the kII for HOBr+Br- and HOBr+Cl- 310 

The underlying rate constants (k1, k-1, kH, k0) for reaction of HOBr+Br- and HOBr+Cl- estimated above 311 

are summarized in Table 3. Our parameterisation for kII based on these data, with kII defined by 312 

equation E6 is shown in Figure 1 as a function of aerosol acidity, alongside the experimental values 313 

for kII derived from the reported experimental data from Eigen and Kustin (1962), Beckwith et al. 314 

(1996), Liu and Margarem (2001) and Pratte and Rossi (2006) (see Table 2). As expected, the kII 315 

parameterisations for HOBr+Br- and HOBr+Cl- exhibit three distinct regimes: kII is independent of 316 

acidity at high pH.  kII is dependent on acidity for a medium pH range, where the rate constant kII  = 317 

kter∙[H+
(aq)], and in this regime the rate constant is termolecular. At high acidity, kII becomes acid-318 

independent (kII  = k1), yielding an acid-saturated kII that is lower for HOBr+Cl- than HOBr+Br- given 319 

the weaker nucleophile strength. 320 

Also shown in Figure 1 is the termolecular approach to HOBr kinetics assumed to date, which 321 

predicts acid-dependent kII over all parameter space. Clearly, the termolecular assumption for HOBr 322 

kinetics is only valid in the termolecular regime, between pH 1-6 for HOBr+Br-, and > pH 6 for 323 

HOBr+Cl-. At high acidity, the termolecular approach overestimates the rate constant compared to 324 

the kII parameterisation by several orders of magnitude. The disagreement is greatest for HOBr+Cl-, 325 

where the termolecular approach overestimates the kII rate constant by a factor of 103  at pH  = 3 326 

and 106 at pH = 0). Of interest is the effect of our revised parameterisation on the HOBr reactive 327 

uptake coefficient. Below we compare the reactive uptake coefficients of HOBr calculated our 328 

revised kII parameterisation to experimental uptake coefficients reported under laboratory 329 

conditions. In section 5 we present calculations of the HOBr reactive uptake coefficient for marine 330 

and volcanic plume conditions and discuss implications for reactive halogen chemistry in these 331 

environments.  332 

 333 

3.4 Comparison of our model with experimental uptake coefficient data 334 

As discussed in the introduction, discrepancies exist in the reported reactive uptake coefficients for 335 

HOBr on acidified sea-salt aerosol. Abbatt and Waschewsky (1998) observed a strong pH 336 

dependence of the uptake onto sodium chloride aerosol, being 1.5 · 10-3 for neutral, unbuffered 337 

sodium chloride aerosol, rising to > 0.2 for aerosols acidified to pH 0.3 by the addition of HCl, i.e. 338 
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close to the accommodation coefficient (α = 0.6 ±0.2, Wachsmuth et al., 2002). The role of H+ 339 

species in the reactive uptake process was further demonstrated by the high uptake coefficient of > 340 

0.2 on aerosols buffered to pH 7 by a NaH2PO4 / Na2HPO4 buffer. In contrast, Pratte and Rossi (2006) 341 

measured reactive uptake coefficients on H2SO4-acidified sea-salt aerosol to be ~10-2 at H2SO4:NaCl = 342 

1.45:1, with an RH-dependence (finding γHOBr ~ 10-3 at RH < 70%). 343 

We have calculated the reactive uptake coefficients for HOBr for the conditions of these two 344 

laboratory experiments using our new parameterisation for kII and the E-AIM model to determine 345 

aerosol composition. 346 

Below we show that the origin for this wide discrepancy between measured HOBr uptake onto 347 

acidified bromide aerosol and chloride aerosol lies partly in the difference in reactivity of HOBr 348 

towards Br- and Cl-, but also in differences in aerosol composition in the two studies: HCl-acidified 349 

sea-salt aerosol retains high Cl-(aq) concentrations, whereas H2SO4-acidified sea-salt aerosol 350 

undergoes HCl-displacement, lowering Cl-(aq) concentrations. This acid-displacement of HCl leads to a 351 

lowering of the reactive uptake coefficient for HOBr on H2SO4-acidified aerosol.  352 

 353 

3.4.1 High uptake coefficient on HCl-acidified sea-salt aerosol 354 

On HCl-acidified NaCl(aq) aerosol, Abbatt and Wachewsky (1998) measured the uptake coefficient of 355 

HOBr to be > 0.2. We calculate the uptake coefficient for HOBr+Cl- under these experimental 356 

conditions for which a chloride concentration of 6.6 M is predicted according to E-AIM (see details in 357 

Section 3.1.1 of Supplementary Material and Table 4). For particles of 1 μm radius at 298 K, both our 358 

new parameterisation for kII and the termolecular approach to HOBr+Cl- kinetics yield high uptake 359 

coefficient, γHOBr+Cl~0.6, thus are consistent with the experimental findings, see Table 4. 360 

 361 

3.4.2 Low uptake coefficient on H2SO4-acidified sea-salt aerosol with RH dependence 362 

On H2SO4-acidified sea-salt aerosol, Pratte and Rossi (2006) measured the uptake coefficient of HOBr 363 

to be ~10-2 at H2SO4:NaCl = 1.45:1, with an RH-dependence (finding γHOBr ~ 10-3 at RH < 70%). Using 364 

our parameterisation, we calculate the uptake coefficient for HOBr+Cl- under these experimental 365 

conditions, at 298 K, and with variable RH (see details in Section 3.1.2 of Supplementary Material 366 

and Table 4). We assume a solubility of HOBr in sulphuric acid of 363 M atm-1 at 296 K (following 367 

Pratte and Rossi, 2006 based on Iraci et al. 2005), and calculate a HOBr diffusion coefficient in 368 

sulphuric 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) 369 
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respectively. E-AIM predicts the aerosol Cl-(aq) concentrations to be 0.004 M L-1 and 0.08 M L-1 at 50 370 

and 80 % RH respectively, see Table 4.  371 

The new parameterisation for kII yields uptake coefficients for HOBr+Cl- of 4.4·10-3 at 50% RH and 372 

7.6·10-2 at 80% RH, in broad agreement to the low uptake coefficients reported by Pratte and Rossi 373 

(2006); 1.0 ±10-2 at RH ≥ 76%. Such agreement is to some extent not surprising, given the usage of kI 374 

reported at RH = 77-90% from the same Pratte and Rossi (2006) experiments to derive an estimate 375 

for kII at acid saturation (see Section 3 and Figure 1). Nevertheless, the uptake calculations confirm 376 

and provide a first explanation for the RH dependence of the uptake coefficient as reported by 377 

Pratte and Rossi (2006). The model indicates that the underlying cause of this trend is greater [Cl-
(aq)] 378 

at higher RH, given higher solubility of HCl at the lower wt%H2SO4 at high RH. This is further shown 379 

by Figure 2 that compares the modelled and observed RH dependence of the uptake coefficient of 380 

HOBr across all reported data from 40 – 90 % RH, demonstrating broad agreement in the trend 381 

(noting discrepancies may result from impurities within the sea-salt solution or uncertainties within 382 

the parameterisations used in the uptake model). These findings are in contrast to the termolecular 383 

approach to kI that yields an uptake coefficient of 0.6 at both RH values, substantially overestimating 384 

γHOBr by at least a factor of 20 (see Table 4). This is because the termolecular approach assumes acid-385 

dependent kII across all pH, leading to an extremely high rate constant for the reaction of HOBr+Cl- 386 

at pH –1 to 0, and a very fast rate of reaction of HOBr with Cl-: even though Cl- concentrations are 387 

depleted by acid-displacement, the assumed increased rate constant at low pH overcompensates for 388 

this effect.  389 

In conclusion, our new kII parameterisation for the kinetics of HOBr+X- yields uptake coefficients in 390 

agreement with reported laboratory data, and -for the first time- reconciles differences between 391 

reported uptake on HCl-acidified and H2SO4-acidified sea-salt aerosols, within a single framework.  392 

 393 

4 Implications for BrO chemistry in the marine and volcanic environments 394 

4.1 Declining uptake coefficients on progressively H2SO4-acidified sea-salt aerosol 395 

Using the revised HOBr reaction kinetics (Figure 1), the HOBr+Br- and HOBr+Cl- reactive uptake 396 

coefficients are now re-evaluated for a model sea-salt aerosol that undergoes progressive H2SO4-397 

acidification (Figure 3) and compared to calculations using the termolecular approach. We 398 

investigate how the reductions in halide ion concentrations caused by the H2SO4(aq) addition (through 399 

both acid-displacement reactions that deplete [Cl-
(aq)], and dilution of [Br-

(aq)] by H2SO4(aq) volume) 400 

impact γHOBr at low pH. 401 
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A particle radius of 1 or 0.1 μm is assumed in the uptake calculation. Temperature is set to 298 K and 402 

RH = 80% (above deliquescence). For aerosol that is alkaline or only weakly acidic (pH 12 to pH 4), 403 

uptake coefficients were calculated assuming a fixed sea-salt composition with [Cl-(aq)] = 5.3 Mol L-1 404 

and [Br-
(aq)] = 0.008 Mol L-1, with pH varied between 4 and 12 (E-AIM was not used given very low 405 

degree of H2SO4-acidification). For more strongly acidified sea-salt, across H2SO4:Na ratios from 0.05 406 

to 400 (pH 4 to -0.87 for the model aerosol conditions), E-AIM was used to determine the extent of 407 

acid-displacement of HCl from acidified NaCl(aq) aerosol, with aerosol Br(aq)
- determined using an 408 

effective Henry’s law solubility for HBr (see predicted composition in Supp. Material Section 3.2).   409 

Figure 4 shows the calculated reactive uptake for HOBr+Br- and HOBr+Cl- increase with increasing 410 

acidity over pH 4-12 for the uptake coefficient for 0.1 and 1 μm radius particles, similar to that 411 

previously reported using the termolecular approach. The alkaline to acid transition in γHOBr reflects 412 

the increase in the underlying HOBr(aq) kI rate constant with acidity due to the onset of the acid 413 

assisted mechanism, Figure 1 as well as the decrease of HOBr partitioning to BrO-. γHOBr+Cl reaches 414 

values close to the accommodation limit by pH ≤ 8 (for 1 μm radius particles) or pH ≤ 7 (for 0.1 μm 415 

radius particles) while γHOBr+Br reaches values close to the accommodation limit by pH ≤ 5 (for 1 μm 416 

radius particles) or pH ≤ 4 (for 0.1 μm radius particles). 417 

In the high acidity regime, the acid-saturation of kII can cause γHOBr to plateau at a level slightly lower 418 

than αHOBr (e.g.  in γHOBr+Cl at pH ~4), in contrast to the termolecular approach. Overall, for slightly-419 

acidified sea-salt aerosol, reactive uptake of HOBr is driven primarily by γHOBr+Cl. γHOBr+Br reaches 420 

similar values to γHOBr+Cl at pH ~3-4 for the specific model aerosol conditions of this study. 421 

However, as the degree acidification by H2SO4 increases, the uptake coefficient for HOBr+Cl- begins 422 

to decline at pH < 4. This is due to acid-displacement reactions that convert Cl-
(aq) into HCl(g), thereby 423 

lowering [Cl-(aq)]. This leads to γHOBr+Cl- < γHOBr+Br- , i.e. HOBr reactive uptake becomes driven by 424 

HOBr+Br- below a pH of ~2 for the specific aerosol conditions of this study.  As H2SO4:Na ratio 425 

increases further and pH decreases further, the uptake coefficient for HOBr+Br-
(aq) also begins to 426 

decline. This is principally due to the dilution of Br-
(aq) by the additional volume of H2SO4(aq) that 427 

becomes important particularly at very high H2SO4:Na (see E-AIM calculations in Supplementary  428 

Materials). 429 

Notably, the declines in uptake coefficients are greatest for smaller particles, for which there is a 430 

greater probability that HOBr(aq) may diffuse across the particle and be released to the gas phase, 431 

without any aqueous-phase reaction occurring.  432 
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The uptake coefficients are also further reduced if parameterisations for the solubility of HOBr in 433 

H2SO4(aq) is assumed in the uptake equation rather than that for water. The exact point of transition 434 

between these two parameterisations is not well constrained, but it is clear that the H2SO4(aq) 435 

parameterisations become more applicable than water with greater acidification, and must certainly 436 

be more relevant at high H2SO4:Na. The lower solubility of HOBr in H2SO4(aq) acts to decrease the 437 

uptake coefficient, and is found to have a stronger impact on γHOBr than the slower rate of diffusion 438 

of HOBr(aq) in H2SO4. 439 

In summary, following a rise over the alkaline-acid transition, our revised HOBr kinetics yields HOBr 440 

reactive uptake coefficients that subsequently decline on progressively H2SO4-acidified sea-salt 441 

aerosol. For the aerosol concentration assumed, the uptake coefficient on the 0.1 μm radius 442 

particles declines to γHOBr+Br < 0.03 at a H2SO4:Na ratio of 400:1, indicating that the reactive uptake of 443 

HOBr on highly acidified sub-micrometer particles is extremely low, Figure 3. These decreases in 444 

uptake coefficient with increasing aerosol acidity are not captured by calculations that assume 445 

termolecular kinetics.  As stated in the previous section, this is because the termolecular approach 446 

assumes the HOBr rate constant is acid-dependent across all pH, and does not consider acid-447 

saturation of the rate constant.  448 

 449 

4.2 Implications for BrO chemistry in the marine boundary layer 450 

Figure 4 shows clearly that higher acidity does not necessarily lead to faster production of reactive 451 

bromine. It is well-known that acidity is required for reactive bromine formation to occur: H+
(aq) is 452 

consumed in the reaction, therefore a source of acidity is required to sustain prolonged BrO 453 

formation chemistry. Further, under alkaline conditions HOBr dissociates into less reactive OBr-. 454 

However, the γHOBr dependency on acidity shown here suggests that additional aerosol acidification 455 

by H2SO4(aq) can act as a limitation to the formation of reactive bromine via HOBr uptake, particularly 456 

for small particle sizes.  457 

This leads to the following implications for BrO chemistry in the marine environment, where both 458 

supra-micron and sub-micron particles are reported, the former typically being moderately acidified 459 

perhaps with some Cl-depletion, and the latter being dominated by H2SO4 with only a trace quantity 460 

of sea-salt (e.g. Keene et al., 2002): 461 

Firstly, the reactive uptake of HOBr is driven by reaction with Br- as  γHOBr+Cl is reduced on H2SO4-462 

acidified (Cl--depleted) sea-salt aerosol. This leads to a negative feedback in the uptake coefficient 463 

for HOBr with BrO chemistry evolution over time, as the conversion of Br-
(aq) to Br2(g) acts to decrease 464 
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aerosol [Br-
(aq)], reducing subsequent values of γHOBr+Br. This negative feedback for γHOBr+Br will play a 465 

much more significant role for overall HOBr reactive uptake according our revised HOBr kinetics than 466 

has been assumed by model studies to date based on the termolecular approach (for which γHOBr+Cl ≥ 467 

γHOBr+Cl). 468 

Secondly, very low reactive uptake coefficients for both HOBr+Br- and HOBr+Cl- are predicted for 469 

sub-micron particles at high H2SO4:Na ratios (e.g. γHOBr < 0.03, see Figure 4). Such low  γHOBr is 470 

proposed as a first explanation for the absence of observable Br-
(aq) depletion in sub-micron H2SO4

-471 

dominated particles in the marine environment, in contrast to supra-micron particles where Br-
(aq) 472 

depletion is observed and interpreted as evidence of HOBr reactive uptake to form reactive bromine 473 

(Sander et al., 2003). Indeed, observations find the submicron H2SO4-dominated aerosol to be 474 

enriched in Br-
(aq) relative to expected concentrations based on the particle Na+ content (Sander et 475 

al., 2003). A plausible explanation is that the release of Br2(g) from the supra-micron particles leads to 476 

the continual formation of gas-phase reactive bromine species of which a proportion will ultimately 477 

be deposited back to (both types of) marine aerosols as a source of Br-
(aq). The net effect is for Br-

(aq) 478 

concentrations to become enhanced (relative to Na) in the sub-micron aerosol where γHOBr is low 479 

simultaneous to becoming depleted in the supra-micron aerosol where γHOBr is high. For the former, 480 

an upper limit must exist to the extent Br-enrichment can occur whilst maintaining the relatively low 481 

γHOBr+Br-. Importantly, this argumentation is only possible using our new uptake calculations based on 482 

kI calculated using revised HOBr kinetics in terms of kII, as the termolecular approach predicts high 483 

HOBr reactive uptake for both particle types. We encourage our new rate constants calculations for 484 

HOBr reactive uptake to be incorporated into numerical models to test and quantify potential 485 

submicron aerosol Br- enrichment via this proposed mechanism. 486 

We further suggest both of the abovementioned factors may also contribute underlying reasons for 487 

the reported over-prediction by numerical models of BrO cycling in the marine environment (Sander 488 

et al., 2003; Smoydzin and von Glasow, 2007; Keene et al., 2009). Inclusion of the new HOBr kinetics 489 

into such models will allow this hypothesis to be tested and quantified. 490 

 491 

4.3 Reactive uptake of HOBr on volcanic aerosol 492 

HOBr reactive uptake coefficients are now calculated for the first time onto aerosol in a halogen-rich 493 

volcano plume, using the kII parameterisations for HOBr+Br- and HOBr+Cl-. Using the volcanic aerosol 494 

composition predicted by E-AIM (based on Etna emission scenario, see section 3.3 of Supplementary 495 

Material), uptake coefficients for HOBr+Br- and HOBr+Cl- are calculated across tropospheric 496 
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temperature and relative humidity, for two plume dilutions (30 and 0.3 μmol/m3, which are 497 

equivalent to ~1 ppmv, and 0.01 ppmv SO2 at 4 km altitude in US standard atmosphere), and 498 

assuming a particle radius of 1 μm, Figure 4. There exists no experimental information regarding the 499 

temperature dependence of kII for HOBr+X. Here it is assumed the variation kII with temperature 500 

over 230-300 K is small compared to the temperature dependence of the HOBr and HX solubilities 501 

(which vary by several orders of magnitude over the parameter space). 502 

High HOBr uptake coefficients are predicted at low tropospheric temperatures: γHOBr+Br- ≈ γHOBr+Cl- ≈ 503 

0.6. The uptake coefficient decreases markedly with increasing temperature for γHOBr+Cl- and also 504 

decreases for γHOBr+Br- in the most dilute plume scenario. The inverse temperature trend in γHOBr is 505 

caused by a lower solubility of HX in sulphuric acid particles at higher tropospheric temperatures 506 

(particularly for HCl), augmented by a similar temperature trend in the solubility of HOBr(aq). The 507 

variation with plume dilution is explained by the fact that lower gas-to-aerosol partitioning yields 508 

lower [X-
(aq)] in the dilute plume scenarios thus a lower kI = kII·[X-

(aq)] in the uptake equation, hence a 509 

reduced γHOBr. Figure 4 also illustrates a weak dependence of the uptake coefficients on relative 510 

humidity. This is due to increasing solubility of the halides with RH or lower wt%H2SO4 (potential RH-511 

dependence of HOBr solubility is not considered in the parameterisations, see Supplementary 512 

Material). As for the marine aerosol study, reductions in γHOBr are more pronounced for particles of 513 

smaller radii (data not shown), as the probability for diffusion across the particle without reaction is 514 

higher.  According to Figure 4, γHOBr+Br- is equal to or exceeds γHOBr+Cl- under all temperature and 515 

humidity scenarios for the composition of the Etna emission. This is driven by higher kI in the uptake 516 

calculation (where kI = kII∙[X-] with kII a function of pH), due to the greater saturation value kII for 517 

HOBr+Br- at high acidity, and the higher solubility of HBr compared to HCl. Again it is important to 518 

note that this uptake re-evaluation using revised HOBr kinetics differs from that calculated using the 519 

termolecular approach (also shown in Figure 4) which yields high and typically accommodation 520 

limited HOBr uptake coefficients throughout the parameter space. Indeed, this is due to the fact that 521 

with the termolecular approach (kI = kter∙[H
+

(aq)]∙[X
-
(aq)]) the increased value of kter at high acidity more 522 

than compensates for the acidity-driven decreases in X-, thus yielding high kI and high γHOBr.   523 

 524 

Figure 4 shows that in concentrated plumes near to the volcanic source, the aqueous-phase halide 525 

concentrations are sufficiently high that γHOBr+Br- is accommodation-limited. Rapid formation of BrO is 526 

expected to occur. This is consistent with observations of volcanic BrO at numerous volcanoes 527 

globally (e.g. Bobrowski et al., 2007b, Boichu et al., 2011, and references therein), including 528 

emissions from both low and high altitude volcanoes, explosive eruptions and from passive 529 



19 

 

degassing. However, it is anticipated that the reactive uptake coefficient for HOBr+Br- will be 530 

reduced as BrO chemistry progresses causing Br-
(aq) concentrations to decline (due to conversion of 531 

HBr into reactive bromine). This will likely slow the BrO cycling in the more evolved plume. Plumes 532 

will also become more dilute over time due to dispersion. Figure 4 predicts this will lead to a 533 

reduction in the HOBr reactive uptake coefficient particularly in plumes confined to the lower 534 

troposphere, which may contribute to a slower rate of BrO cycling. For plumes in the mid-upper 535 

troposphere, γHOBr is predicted to remain high. 536 

To date, numerical model studies of the impacts of volcanic halogens reactive halogen chemistry in 537 

the troposphere have either used a fixed uptake coefficient (Roberts et al., 2009; 2014, Kelly et al., 538 

2013) or the termolecular approach to HOBr kinetics (Bobrowski et al., 2009; von Glasow, 2010). 539 

Figure 4 illustrates both of these approaches will lead to modelling inaccuracies, particularly in the 540 

downwind plume. Incorporation of more realistic HOBr kinetics in these models, using the 541 

parameterisations proposed here, is recommended in order to accurately simulate the reactive 542 

bromine chemistry and plume impacts. 543 

 544 

5 Conclusions 545 

This study introduces a new evaluation of HOBr reactive uptake coefficients on aerosol of different 546 

compositions, in the context of the general acid assisted mechanism. We emphasise that the 547 

termolecular kinetic approach assumed in numerical model studies of tropospheric reactive bromine 548 

chemistry to date is strictly only valid for a specific pH range.  Rather, according to the general acid 549 

assisted mechanism, the reaction kinetics for HOBr becomes independent of pH at high acidity. By 550 

re-evaluation of reported rate constant data from uptake experiments on acidified sea-salt aerosol, 551 

and consideration of relative reaction rates according to nucleophile strength, we identify the 552 

kinetics of HOBr+Cl- may saturate below pH 6 to yield a second-order rate constant of kII ~104 M s-1. 553 

The kinetics of HOBr+Br- saturates at kII ~ 108-109 M s-1 at pH < ~1 based on experimental data and 554 

kinetics estimates of Eigen and Kustin (1962) and Beckwith et al. (1996). 555 

This study reconciles for the first time the different reported uptake reactive coefficient from 556 

laboratory experiments. The new kII parameterisation yields uptake coefficients that are consistent 557 

with reported uptake experiments: γHOBr = 0.6 on super-saturated NaBr aerosol (Wachsmuth et 558 

al.2002); γHOBr > 0.2 on HCl-acidfied sea-salt aerosol (Abbatt and Wachsewsky 1998), γHOBr = 10-2 on 559 

H2SO4-acidifed sea-salt aerosol, with an RH dependence (Pratte and Rossi, 2006). The variation in 560 

uptake coefficient across the alkaline-aerosol transition is similar to that previously predicted using 561 
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the termolecular approach but uptake calculations using our revised kinetics of HOBr show much 562 

lower uptake coefficients for HOBr in highly acidified sea-salt aerosol, particularly for small particle 563 

radii. This is due to acid-displacement of HCl(g) at high acidity slowing the rate of reaction of HOBr+Cl-564 

, thus lowering γHOBr+Cl, with dilution of [Br-
(aq)] at very high H2SO4:sea-salt ratios slowing the rate of 565 

reaction of HOBr+Br-, thus lowering γHOBr+Br. This finding contrasts to the existing termolecular 566 

approach to uptake calculations in which the higher rate constant overcompensates for the decrease 567 

in halide concentration with increasing acidity. Thus, the termolecular approach, as currently used in 568 

numerical models of tropospheric BrO chemistry, may cause HOBr reactive uptake to be 569 

substantially over estimated in aerosol at high acidity. 570 

Implications for BrO chemistry in the marine boundary layer have been discussed. Firstly, the HOBr 571 

uptake coefficient is predicted to be high on slightly acidified supra-micron particles but extremely 572 

low on highly-acidified sub-micron particles. A first explanation for the observed Br-enrichment in 573 

the sub-micron particles simultaneous to Br-depletion in supra-micron particles is thereby proposed, 574 

as reactive bromine release from the supra-micron fraction may deposit and accumulate in the 575 

submicron fraction, that does not undergo significant Br- depletion. Secondly, because the HOBr+Br- 576 

uptake coefficient is a function of Br-
(aq) concentrations, a negative feedback can occur as the marine 577 

BrO chemistry evolves, and supramicron particle Br-
(aq) concentrations are lowered by the release of 578 

reactive bromine. According to our revised HOBr kinetics (yielding γHOBr+Br- > γHOBr+Cl-), this negative 579 

feedback for γHOBr+Br- exerts a stronger overall influence on the rate of HOBr reactive uptake than 580 

previous studies have assumed. 581 

Calculations on volcanic aerosol show that uptake is high and accommodation limited in the 582 

concentrated near-source plume, enabling BrO formation to rapidly occur. Uptake coefficients are 583 

reduced in more dilute plumes, particularly for HOBr+Cl-, at high temperatures (typical lower 584 

tropospheric altitudes), for small particle radii. The findings suggest that HOBr uptake on sulphate 585 

aerosol directly emitted from volcanoes can readily promote BrO cycling in plumes throughout the 586 

troposphere but that the rate of BrO cycling may be reduced by low uptake coefficients in the 587 

dispersed downwind plume, particularly at lower tropospheric altitudes. Inclusion of our revised 588 

HOBr reaction kinetics in numerical models of volcanic plume chemistry (or uptake coefficients 589 

derived therefrom) is required to accurately predict the impacts of volcanic halogens on the 590 

troposphere. 591 
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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 Solution Temperature 
K 

kter 

M-2 s-1 
kI 
s-1 

kII 
M-1 s-1 

γHOBr αHOBr Ref. 

HOBr + Cl-
(aq)        

HCl-acidifed NaCl aerosol with 
HCl:NaCl = 0.1:1  
 

298 
 
 

- - - > 0.2 
 
 

- a 

H2SO4-acidified sea-salt aerosol 
with H2SO4:NaCl = 1.45:1 

296 - 103 - 10-3-10-2 - b 

BrCl(aq) solution, pH  = 6.4 298 2.3·1010 - - - - c 

HOBr+Br-
(aq)        

HOBr uptake onto supersaturated 
NaBr(aq), Br-

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

296 ±2 - - - - 0.6 d 

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 

 
aAbbatt and Waschewsky (1998) 
bPratte and Rossi (2006) 
cLiu and Margarem (2002) 
dWachsmuth et al. (2002) 
eEigen and Kustin (1962) 
fBeckwith et al. (1996) 
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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 using kII = kter·[H
+

(aq)]. For HOBr+Cl- kII is derived from a reported termolecular rate constant using kII = 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 Methods. 

Experiment T 
K 

RH 
% 

wt% H2SO4 pH Cl
-
(aq) Activity  

M 
kter 

M
-2

 s
-1 

k
I
 

s
-1

 
k

II
 

M
-1

 s
-1

 
Ref. 

HOBr+Br
-
          

Br2(aq)  293 - - 2.7-3.6 - 1.6·10
10

 - 4.·10
6 

- 3.2·10
7 

a 

Br2(aq)  298 - - 1.9-2.4 - 1.6 (±0.2)·10
10

 - 6.1·10
7
 - 1.9·10

8
 b 

HOBr+Cl
-
          

BrCl(aq) 298 - - 6.4 2.0 2.3·10
10

 - 8.8·10
3
 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 1.6·10
4
 3.3·10

4
 d 

(1.45:1) 296 79 30.00 -0.75 0.069  1050 2510 1.5·10
4
 3.6·10

4
  

 296 80 29.1 -0.71 0.076  1140 3010 1.5·10
4
 3.9·10

4
  

 296 85 24.2 -0.48 0.127  800 1485 6.3·10
3
 1.2·10

4
  

 296 90 17.7 -0.21 0.209  995 2355 4.8·10
3
 1.1·10

4
  

H2SO4:NaCl 
(1.45:1)NSS 

296 77 31.7 -0.84 0.056  1960 44000 3.5·10
4
 7.8·10

5
 d 

H2SO4:NaCl 296 77 31.7 -0.84 0.056  545 795 9.6·10
3
 1.4·10

4
 d 

(1.45:1) RSS 296 79 30.00 -0.75 0.069  720 1225 1.0·10
4
 1.8·10

4
  

 296 80 29.1 -0.71 0.076  1090 2600 1.4·10
4
 3.4·10

4
  

 296 85 24.2 -0.48 0.127  815 1580 6.4·10
3
 1.2·10

4
  

 296 90 17.7 -0.21 0.209  710 1210 3.4·10
3
 5.8·10

3
  

 

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 at T = 298 K. 

d
First-order rate constant, k

I
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 recrystalised sea-salt (rss). 

Pratte and Rossi (2006) assumed two different accommodation coefficients (α= 0.2, α= 0.02) in the derivation of k
I
rxn values from their uptake experiments, the former being closest to α= 0.6 

reported on NaBr(aq) aerosol by Wachsmuth et al. (2002). 
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Table 3. Underlying rate constant data (k1, k-1, k0, kH) used in kII parameterisations of Figure 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)
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Table 4 Predicted uptake coefficients compared to reported uptake on experimental aerosol  
* Br- concentration prior to aerosol dehumidifying (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 
(Wachsmuth et al., 2002) 
supersaturated NaBr(aq) 

HCl-acidified NaCl aerosol 
(Abbatt and Waschewsky, 1998) 

HCl/NaCl = 0.1:1 

H2SO4-acidified sea-salt aerosol 
(Pratte and Rossi, 2006) 

H2SO4/NaCl = 1.45:1 

γHOBr: observed 0.6 ±0.2 > 0.2 
 

(0.1-0.3)·10-2 
at RH 40 to 70 % 

(1.0±0.2)·10-2 

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/m3) - 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 
(where kI = kter·[X

-
(aq)]· [H

+
(aq)]) 

0.1 <γHOBr ≤ 0.6 0.6 0.6 
 

0.6 

γHOBr: new approach 
(where kI = kII·[X-

(aq)]) 
0.1 < γHOBr ≤ 0.6 0.6 2·10-4 

 
7·10-3 
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Figure 1 1 

Second order rate constants for the reaction of HOBr with Br- and Cl- as a function of pH. 2 
Experimental estimates for kII for HOBr+Br- derived from data from Eigen and Kustin (1962) and 3 
Beckwith et al. (1996), (blue squares and circles respectively) are shown alongside model estimate 4 
(blue line) according to the acid-assisted mechanism. The red line denotes the kII rate constant 5 
assuming termolecular kinetics across all pH. Experimental estimates for kII for HOBr+Cl- derived 6 
from data from Liu and Margarem (2001) at pH = 6.4 (black triangle) and Pratte and Rossi (2006) at 7 
pH -1 to 0 (black and grey disks for data at RH = 77-80%, open circles for RH = 85-90%), are shown 8 
alongside model estimate (black line) according to the  general acid-assisted mechanism. The green 9 
line denotes the kII rate constant assuming termolecular kinetics across all pH.  10 

 11 

 12 

13 
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 Figure 2 14 

Dependence of reactive uptake coefficient for HOBr on relative humidity (RH) in the experiments of 15 

Pratte and Rossi (2006) on H2SO4-acidified sea-salt aerosol (H2SO4:NaCl = 1.45:1) at 296 K, on 16 

acidified sea-salt (circles), recrystallized sea-salt (squares) and natural sea-salt (triangles), under two 17 

experimental set-ups: (i) the observed rate of HOBr(g) decay for a measured aerosol size distribution, 18 

with effective radius ranging over 165-183 nm (filled shapes), and (ii) a survey type mode with HOBr 19 

depletion monitored as a function of RH (unfilled shapes, with reported error estimated at 30-50%) 20 

over a constant reaction time. Also shown is the modelled uptake coefficient for HOBr (black line), 21 

and the Cl-(aq) molarity (dotted line) as used within the uptake calculation. 22 

 23 

             24 

25 
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Figure 3 26 

Variation in the HOBr uptake coefficient with pH, for reaction of HOBr with (upper) Cl- and (lower) 27 

Br- on H2SO4-acidified sea-salt aerosol. Grey and orange lines denote uptake onto 1 and 0.1 μm 28 

radius particles, respectively. Black and red lines denote uptake onto 1 and 0.1 μm radius particles 29 

calculated using H* and Dl parameterisations for sulfuric acid (rather than water), shown only for 30 

H2SO4:Na ratios greater than 0.5. Relative humidity is set to 80% and Na concentration 1.3∙10-7 31 

moles/m3 (equivalent to a PM10 of 10 μg/m3 in the marine environment, Seinfeld and Pandis, 2006). 32 

For comparison, uptake coefficients calculated assuming termolecular kinetics are also shown 33 

(dashed lines).   34 

 35 

 36 

 37 
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Figure 4 38 

HOBr+Cl- and HOBr+Br- reactive uptake coefficients onto volcanic sulphate aerosol particles of 1 μm radius, calculated using our revised HOBr kinetics. 39 

Calculations are performed for a typical Arc or subduction zone volcanic plume composition containing a (SO2):HCl:H2SO4:HBr molar ratio mixture of 40 

1:0.5:0.01:0.00075. The plume strength is 30, or 0.3 μmol/m3, equivalent to approximately 1 or 0.01 ppmv SO2 at 4 km altitude (US standard atmosphere). 41 

Conversely, uptake coefficients calculated using the termolecular approach yield high accommodation-limited values across all parameter space (light grey). 42 

 43 


