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Unique interface reactions at the surface of sea-salt particles have been suggested as an important source of
photolyzable gas-phase halogen species in the troposphere. Many factors influence the relative importance of
interface chemistry compared to aqueous-phase chemistry. The Model of Aerosol, Gas, and Interfacial
Chemistry (MAGIC 2.0) is used to study the influence of interface reactions on gas-phase molecular halogen
production from pure NaCl and NaBr aerosols. The main focus is to identify the relative importance of bulk
compared to interface chemistry and to determine when interface chemistry dominates. Results show that the
interface process involving Clur and OHg is the main source of g} For the analogous oxidation of
bromide by OH, gaseous Bis formed mainly in the bulk aqueous phase and transferred across the interface.
However, the reaction of Bsur With Ozg) at the interface is the primary source obirunder dark conditions.

The effect of aerosol size is also studied. Potential atmospheric implications and effects of interface processes
on aerosol pH are discussed.

1. Introduction The halide ions are ideal for examining this issue since they
There is increasing evidence for reactions at—miater are not only of intrinsic chemical interest but also are important
interfaces in a number of important systems, including in the in the atmosphere as major components of sea-salt patficles
atmosphere. For example, Hu and co-workeegported that the and par‘ucles generated from dry alkallnellakes suph as the Dead
uptake of C} on droplets containing Br was faster than Seain IsraéF*3?and the Gre_:at Salt L_ake in the United Sta_%les.
expected from mass accommodation followed by dissolution _Ther(_a are a variety of chemical reactiéh$® that convert halide
and reaction in the bulk liquid. They postulated a reaction of 10ns into gas-phase halogen compounds that generate halogen
Cl, with the bromide ion at the interface that contributed to an &toms upon photolysis. Because of their high reactivity, halogen
increased overall uptake of chlorine from the gas phase.aoms have the potential to impact ozone levels in the
Knipping and co-workefs proposed an interface reaction tropospheré®“¢ Thus, chlorine atoms react with organic

between OH and surface Clo explain gas-phase Oproduc- ~ compound&™+° even more rapidly that does OH, setting off
tion. In addition, Hunt et al.used an interface reaction between the \g\gell-known volatile organic compound (VOENO, chem-
0; and interfacial Br to explain the generation of Bin the istry26 that leads to ozone formation in the lower troposptiére.

dark. Such reactions are plausible, given theoretical evidenceBromine atoms, however, react very slowly with many organ-

for ions at interface; 4 predicted enhancements of some gases iCS:*° S0 that their reaction with Qtends to dominate, leading
at the aiwater interfacé®16 and the results of a number of {0 0zone destruction. Chain reactions of bromine involving
experimentd17-25 in which interface reactions had to be interactions between the gas phase and halide ions in the

invoked to explain the data. snowpack such as reactions-4 amplify this effect and are
The surface propensity of ions is related to polarizability, with P€lieved to be responsible for the fgllmd loss of ozone at ground

the interaction between a polarizable ion and the dipole moment!evel in the Arctic at polar sunrisg"

of water at the interface competing more favorably with

hydration in the bulk as the polarizability of the ion increases. Br, + fw — 2Br @)
However, increasing polarizability, for example, of the halide

ions, is also associated with decreasing oxidation potentials. As Br+0O;—~BrO+0, )
a result, the trend down the group VIl ions to greater enhance-

ment at the airwater interface, and hence increased likelihood BrO + HO,— HOBr + O, 3)
of unique interface reactions, is accompanied by more rapid

. . . . . . _ H+

oxidation in the bulk as well. It is not therefore immediately HOBr + Br (snowpack— Br, + H,O (4)

obvious how the relative contributions of bulk versus interface

chemistry will change with the nature of the ion and under what  gecayse of the contributions of halogen chemistry in deter-
conditions reaction in the bulk or at the interface will dominate. mining ozone and other trace species in the troposphere,
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TABLE 1: List of Species Included in the ModeFR

group gas-phase species agueous-phase species

o O(D), OCP), 05,03, OH, HO2, H,0,, H,O OCP), 0, Oz, OH/O~, HO2/O;™, H,0o/HO,™, HOs, Os™, HY/ OH~

Br Br, Br,, BrO,HOBTr, HBr Br, Br,, Br,~, HBr/Br—, HOBr/BrO~, Br,Q4, Brs~, BrO, BrO,,
HBrO./BrO,~, BrOs~, HOBIr

Cl Cl, Cl,, CIO, OCIO,CIOO LI,0, Cl,0,, HOCI, HCI Cl, Cl,, Cl,~, HCI/CI~, HOCI/CIO™, CI,O, HOCIH/HOCI

CO, CO, H,CO4/HCO;7/CO;72, HCOy/CO5~

other N Na*

a Species in bold are transferred between the gas and the aqueous phase.

model includes an unique approach that couples diffusion, mate of the exothermicity since it does not take into account
interface reaction, and mass accommodation coefficients with the enthalphy of solvation. All of the interface processes are

an explicit treatment of gas- and agueous-phase chemistry. Thepredicted to be exothermic, with values-657, —132, and—71

goal is to understand the factors that determine the relative k3/mol for reactions 5, 6, and 7, respectively.

importance of bulk compared to interface chemistry in the most  The species included in MAGIC 2.0 are listed in Table 1. A
simple chloride and bromide systems represented by deliquescedotal of 24 gas-phase species and 44 aqueous-phase species are
aerosols of NaCl or NaBr. While salt particles in the atmosphere included in the model. MAGIC 2.0 includes a detailed math-
are comprised of mixtures of chloride, bromide, and other ematical description of the physical and chemical processes

anions, leading to interhalogen chemistry in the real atmosphere,gccurring in the system. The concentration of chemical species
using the single-component particles as a model allows a changes according to
guantitative examination of the factors governing bulk versus

interface chemistry. Such understanding is a prerequisite to 0Cyq @K
probing more complex systems. 5t — Ryt oRy = 0knCy + 5o7Caq 0
2. Methodology 3Cyq Kot

In this work formation of molecular halogens from the o Raa T R - kin G + HRTCaq (11

interaction of gaseous {®r OH with NaCl or NaBr aerosol

particles is analyzed. In the past decade a number of modelsCy and Cyq represent the concentration in the gas and aqueous
have been developed to study the chemistry of sea-saltPhase, respectively, andienotes the timeRy, Rag andRiy are
aerosol$:340.446267 MAGIC 2.0, the model used in this study, the chemical reaction rates in the gas phase, agueous phase,
was developed initially to simulate the evolution of chemical and interface, respectiveli: is the mass transfer coefficient.
species in the gas and aqueous phases for reactions of NaCH represents the effective Henry's law constaRt,is the

and NaBr particles in an aerosol chamber. This model includes universal gas constant, afidienotes absolute temperature (298
a comprehensive treatment of gas-phase, aqueous-phase, arl§). The volumetric aqueous aerosol liquid water mixing ratio
interfacial chemistry. A complete description of the chamber (m? of water per r of air) is represented by.

design, the experiments, and the model is found else- 2.1. Interface ProcessesMass accommodation, or non-
where2.3.63,68,69 reactive uptake, and interface chemistry are inherently coupled

Processes occurring at the ligeidapor interface are stillnot ~ processes. Interface reactions and uptake are modeled using a
well understood, particularly with respect to their importance method similar to the treatment of Hu ef‘@nd Hansoff where

compared to bulk aqueous-phase processes. The main goal othe conventional resistor modéf4 has been modified to take

this work is to analyze in detail the influence of interface into account competition between surface reactions and mass
reactions for NaBr and NaCl aerosols exposed toirDthe accommodation. However, in the present case, the bulk-phase
absence and presence of light and, in particular, to probe whenchemistry is treated explicitly rather than as a term in the resistor

interface reactions are important and when they are not. Themodel. ) _ o _
following three interface processes are considered Treatment of interface processes, including interface reactions
and mass accommodation, is described below. Consider an ion

Cr(sum + OHg— [++] _’%Cb(g) + OH (ouny (5) X~ reacting at the surface with gas species A
_ 1 _
_ 1 - X st Ag [ 1= 35X TA (8)
Br (surf) + OH(g) —[]— _BrZ(g) + OH (surh) (6) (surf) (9) 272(9) (surf)

2

1 The interface rate, based on Schwartz’s mass transfer Model,

Br eu + Oz [] —’Esz(g)"‘ O3 (surf) @) takes into account limitations due to gas-phase diffusion and
reactant collisions at the surface. The interface reaction rate,

where Ct sur and Brur are halide ions available for reaction ~ €xpressed in terms of the aqueous-phase product formed, is
upon gas-phase oxidant collision with the aerosol surface. Thedefined by
detailed reaction mechanisms leading t@ Gf Br, are not ) =
known but clearly must involve several steps. In the absence R, = T Ar [A] (1)
of data regarding the individual steps, we represent the processes " \3D,  3vy 9
as overall reactions as shown in reactions/5
To assess the viability of these processes, the enthalpy ofwhere
each reactionAH; ,, has been estimated using known gas- and
aqueous-phase enthalpies of formafidi; AH;. For reaction 7 = V' Bx[X 1ag (V)
7 an upper limit for theAH;, was calculated using the
available gas-phasaH? for O;;70 this will be an underesti- is the overall surface reaction probabilityis the aerosol radius,
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and Dy is the gas-phase diffusion coefficient. The mean TABLE 2: Model Parameters Used in the Simulations
molecular speed of the colliding gas is representedvby’ parameter NaCl NaBr
denotes the probability that’Xand A react when these species

collide, with allowed values from 0 and 1. The expression aerosol median diameter (nm) 224 234
o . ’ p aerosol geometric standard deviation 1.7 1.9

Bx[X]aq is the fraction of the droplet surface covered by the  aerosol concentration (crf) 1.9% 10P 2.5x% 10°

X~ halide ion estimated from molecular dynamics simulatténs  relative humidity (%) 82 69

with a specifigBx parameter (with units of inverse concentration)  [Nax]o (M) 4.3 5.8

for each sodium halide. This fraction is always significantly [830 (Ppm) 3'56 é-36

less than 1 so that does not exceed unity. [COlo (PPM) ' '
A P B (MY 0.02 0.07

Molecular dynamics simulatioA® also suggest that OH and 3 2

O3 molecules approaching the surface of concentrated salt

solutions experience multiple collisions with the surface halide determine thermodynamic quantities, such as activity coef-
species, a phenomenon that has been observed experimentalificients and ionic strength, are given in terms of solution
in other system&’ On the basis of these results, a paramgter ~ molality. Conversion of molarity to molality for the most
which represents the average number of contacts between gasconcentrated species is now included in MAGIC using known
phase reactants and surface halide ions, is now included in thedensities for NaCl and NaBr solutiofs:®

overall reaction probability. The specific values chosenfor
and¢ are presented in the following section.

Recent paper& 8> have disputed the validity of using the Three interface processes are treated in the following sec-
resistance model under some conditions, such as in flow-tubetions: (1) Cl s interacting with Ok, (2) Br(sur interacting
experiments. The standard resistance model is valid for systemswith OHg), and (3) Br sum interacting with Q). A detailed
with static, spherical boundary conditions and zero net flow, description of the agueous- and gas-phase reactions included is
the conditions adopted in this study. In the present work it is found elsewher&53.89
assumed that there is no gas-phase resistance due to gas flow Snhapshots of typical aqueous salt solution interfaces have been
and that the particles are noninteracting, which hold for the published elsewheté!*14and show that halide ions are readily
aerosol chamber experiments used as the basis for thesévailable for reaction at the interface. Molecular dynamics
simulations. resultds predict that Ct occupies 12% of the surface area for

To account for depletion of £and OH at the interface due a6 M NaCl solution. Additionally, it is assumed that Brovers
to reaction, the mass accommodation coefficientis scaled 42% of the surface ared a 6 M NaBr solution® These results
accordingly. A molecule hitting the surface follows one of three are used to definBc = 0.02 andBs, = 0.07, which are then
paths: (1) bouncing off and returning to the gas phase, (2) assumed to apply to the slightly smaller concentrations of Cl
reacting at the interface, or (3) being transferred to the drop, asand Br- used in the model runs.
indicated by the negative values of the mass transfer rate. Gas- Molecular dynamics simulatioA$® show that when gases
phase species reacting at the surface should be removed fronsuch as @ and OH strike the surface of an aqueous halide
the total flux crossing the interface. This process is modeled in solution, they have a finite residence time that increases the
the mass transport coefficieti, by the following expression  effective number of contacts with the halide ion compared to

an elastic collision. On the basis of these molecular dynamics

3. Results and Discussion

2 ar 7! calculations, we estimate that the average number of contacts
Kt = 5"'% V) between gas-phase reactants and surface halide ions is ap-
g proximately 2-3. To ensure that the overall surface reaction
where probability,y, has an upper limit of 1 for both NaCl and NaBr,
the average number of contacts per collisighié taken to be
o =afl—y) (V1) 3 for CI~ and 2 for Br.
At a typical chamber relative humidity of 82%, the initial
for Oz and OH. For species not reacting at the surfaceis NaCl concentration in the aerosol is 4.3%/For NaBr aerosols
equal to the standard mass accommodation coefficoerdand at 69% relative humidity, the initial NaBr concentration is 5.8

eq V reduces to the Schwartz mass transfer model. If a gasM.3 Initial O3 and CQ concentrations as well as particle size
molecule hits the drop, then preference is given to interface were chosen to be representative of prior chamber experi-
reactions using this approach. As discussed by Sdridey,V ment$%3 These parameters are shown in Table 2. Chamber
assumes that mass transport changes from the continuum to theonditions are adopted in the simulations because this controlled
kinetic regime at the interface. However, the maximum error environment facilitates analysis and identification of the main
using this approach, even for a mass accommodation coefficientchemical and physical processes occurring in and on the surface
of 1, is less than 15%, and for computational efficiency eq V of sea-salt aerosols. This also allows for clear differentiation
has been applied in these studies. between surface and bulk halogen production from NaCl and
2.2. Agueous-Phase DiffusiorLimitation of aqueous-phase  NaBr aerosols.
reaction rates due to diffusion has been added using the 3.1. Modeling Cl sy + OH (). Assuming 224 nm diameter
equations developed by Schwartz and Freieéithe time for particles and an aerosol concentration of %910 cm3,
halide ions to diffuse from the bulk of these small particles into simulations for five interface reaction probabilities are presented.
the interface region is short compared to the characteristic timesThe interface reaction used for this case is shown in reaction 5.
for the interface reactions treated here, so that there is noFigures la and 1b show the concentrations efa@d G in the
significant depletion of the ions at the surface during the gas phase as a function gf Note that fory’ = 1, 26% of the
reaction. molecules that strike the surface of the aerosol result in reaction
2.3. Concentration Conversion.The molality (n) of highly because the coverage of the surface by chloride is not complete.
concentrated NaCl and NaBr solutions is larger than the molarity Although differences in the ozone decay rate are smatlipes
(M) because the density is greaterrtHag cnt3. Equations to influence the level of molecular chlorine in the gas phase
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Figure 1. Predicted gas-phaseGind Q as a function ofy’ for the Figure 2. Predicted interface reaction rate and @ass transfer from
NaCl+ OH casem y' = 0.0;® y' = 0.03;a y' = 0.16;0 y' = 0.3; the drop as a function of for the NaCl+ OH case. A negative mass
O 9" = 1.0. See text for the definition of'. transfer rate corresponds to net flux toward the aqueous pllgse=

0.0;@®y' =0.03;a y = 0.16;0 ' = 0.3;0 y' = 1.0. See text for
considerably. For the largegt, Clyg) peak concentrations are  the definition ofy".
more than 1®times larger than those predicted with no reaction 120
at the surface.
Takami and et al! suggest that the mass accommodation
coefficient for OH is>0.01 and could approach unity. On the 11.0
basis of these experiments, the mass accommodation coefficient 105 |

11.5

I
for OH used in the model ist = 0.1. Molecular dynamics =
simulationd5°2 suggest an upper limit for the mass accom- 10.0
modation coefficient of OH ist = 0.83. Additional simulations 95 F
have been performed to test the sensitivity of model results to 9.0
the OH mass accommodation coefficient. Variation of this "0 5 10 15 20 25 30
parameter betweem = 0.01 ando. = 0.83 leads to differences time (min)
of less than 10% in results for gif values. Figure 3. Predicted pH as a function ¢f for the NaCl+ OH case.

Cl> mass transfer from the gas to the aqueous phase and Clm y' = 0.0;® ' = 0.03;a ' = 0.16;0 y' = 0.3;0 ' = 1.0. See
production at the interface are shown in Figures 2a and 2b, text for the definition ofy’.
respectively. For nonzero valuesdf the interface reaction is
the dominant pathway for production of gas-phase molecular atmospheric conditions, the surface reaction will occur in parallel
chlorine. Gas-phase £produced by the interface reaction is with acidification of the particles, slowing down the rate of
transferred to the drop. Foy' = 0, there is a small (not acidification compared to the case where there is no interface
observable in Figure 2b) positive net flux ofGbrmed in the chemistry.
aqueous phase across the interface to the gas phase. However, Several studi€49116suggest that H is enhanced at the
the magnitude is small compared to the flux to the drop for interface. However, H concentrations at the interface cannot
nonzero values of'. be responsible for production of £y in this system. The
The interface reaction increases the pH to values higher thanparticles begin as neutral and become more basic over time, so
11 due to the production of OH When no interface reaction  that the droplets never have a bulk ldoncentration of more
is considered, the pH rises rapidly and then remains constant athan 107 M. For the particle size considered here, this
around 9.5, as shown in Figure 3. The pH increases, evencorresponds to less than I'lihside the volume of each droplet
without the presence of an interface reaction, because the HOCI at neutral pH. Any protons present at the interface are rapidly
complex formed from OHt+ CI~ in the drop reacts with Clto titrated out by the OH produced via the interface reaction and
form OH™ and C}~. Under the conditions modeled here, which cannot play a central role in the interface mechansim.
are representative of aerosol chamber experiments, the OH In short, the model results confirm the importance of interface
concentrations are high relative to the atmosphere, and thisprocesses for NaCl aerosol interacting with OH. The production
enhances the production of HOGh the particles. of Clyg at the interface is the dominant pathway when aerosols
Atmospheric particles have a lower pH than the pure NaCl are not sufficiently acidic for the acid-catalyzed bulk chemistry
aerosols considered here due to the uptake of acids and changdse proceed at a significant rate.
in pH due to chemistry in the aerosol droplets, such as the 3.2. Modeling Br-sur + OH(g). Parameters for simulations
oxidation of S(IV) to S(VI). Higher H concentrations would  of the interaction of pure NaBr particles and OH formed ky O
result in faster Gl production in the aqueous phase via the photolysis are shown in Table 2. The interface reaction for this
general-acid-assisted reverse hydrolysis of HOTI~.%3 Under case, reaction 6, is considered at five differghvalues. The
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Figure 4. Predicted gas-phase Band Q as a function ofy’ for the Figure 5. Predicted interface reaction rate and Brass transfer from
NaBr + OH casel y' = 0.0;® y' = 0.003;a v' = 0.01;0 y' = the drop as a function of' for the NaBr+ OH case. A positive mass
0.03;0 y' = 1.0. See text for the definition of . transfer rate corresponds to net flux toward the gas pisé= 0.0;

® v =0.003;a y' = 0.01;,0 y' = 0.03;0 y' = 1.0. See text for the
aqueous-phase chemistry of Budiffers from CI because  definition of y'.
bromide is more readily oxidized than chloride and its oxidation
occurs at a significant rate under less acidic conditions.
Figure 4a shows the influence of on gas-phase Br

ous-phase pathway for Bproduction in the aeros§9%-101

concentrations. With no interface reaction, the concentration of Br +OH—OH +Br (1)
molecular bromine in the gas phase is negligible during the first Br 4 Br — Br.” (12)
4 min of simulation. Predicted levels rise to a maximum of more 2
than 65 ppb after 8 min, followed by slow Bdecay. _ _

When an interface reaction is included, the peak in the gas- Br, + HO,— Br, + HO, (13)
phase By is higher, reaching a maximum above 120 ppbyfor
= 1. In addition, the peak in the gas-phase Beccurs earlier, Br, + Br, — Br,+ 2Br- (14)
reaching ppb levels in the first minute for the maximum interface
reaction probability. Aqueous-phase reactions-21 increase the alkalinity of the

In contrast to the chlorine case, the bromine interface drops. The particles become basic over time even when there
chemistry significantly impacts gas-phase ozone concentrations.is No interface chemistry. The aerosol pH eventually approaches
Fory' = 1, half of the gas-phases@s depleted after 2 min, as  the same level, above 11, for afl values (Figure 6). The
shown in Figure 4b. The mechanism for ozone decay is similar Presence of hydroperoxy radicals and peroxide keeps the pH
to ozone depletion episodes in the Arctic (for example, reactions near 10.5, because they are both weak at#id*

1—4), where increased Bis correlated with ozone l0s$8.

Figure 5a illustrates that gas-phase produced at the surface HO,<> 0, +H" (15)
is only significant during the first several minutes and only for
large values of' (>0.03). As shown by the positive values of (K, 208= 2.05x 10°° M)
the mass transfer rates in Figure 5b; Brtransferred from the
drop to the gas phase for all values. This is a key difference H,0,<> HO, + H (16)
from the chlorine case, where the net flux of was from the gas
phase into the particles. For NaBr aerosols, the interface reaction (Ka 205= 2.50 % 10712 M)

competes with the aqueous-phase formation eff@owed by
mass transfer to the gas phase only in the initial stages of the \ynen Qs depleted, H@and HO, concentrations decline

reaction. ) o and the particles quickly become more basic. In addition to
The are two main paths for Bformation in the aqueous  4qyeous-phase chemistry, the interface reaction produces OH
phase. First, the water-assisted reaction of 8nd Q forms in the drop, contributing to increased aerosol alkalinity. The
HOBr and OH' .39 HOB then reacts with Brin solution necessary time to achieve the maximum pH depends on the
to form molecular bromine. interface reaction probability. In contrast to the chlorine case,
_ _ the interface reaction does not determine the pH at longer
Br + O;+H,0—HOBr+ O, + OH 9) reaction times.
Results shown in Figures4% are based on a mass accom-
HOBr+ Br — OH + Br, (10) modation coefficient for OH ofx = 0.1. Molecular dynamics

suggest this value could be as large as 6°83as discussed in
OH formed from photochemistry provides an additional aque- the previous section. To test the influence of a higher mass
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. . . definition of y'.
accommodation coefficient on model results, calculations were 14

also carried out forx = 0.83. Under these conditions, OH is

taken up into the bulk even more rapidly, further enhancing depletion is negligible when no interface reaction is included.

the importance of the bulk agueous-phase chemistry. In this casefFor ' = 0.03, gaseous Biis formed quickly and then taken

the results fory’ < 0.03 approach the data shown fgr= 1. up into the drop where it is hydrolyzed. When i© completely
For NaBr interacting with OH, aqueous-phase chemistry depleted, no additional Bis formed at the interface. To match

followed by mass transport is the main source of gas-phase Br Bryg) observed by Hunt et at.an interface reaction probability

In brief, the interface reaction affects the system but is not the of approximately 106 was used. This value accurately repro-

main pathway for gas-phase Byroduction. duces experimental results using MAGIC 2.0. A wider range
3.3. Modeling Br un + Osg). Unlike chloridel05:106 of y' values has been analyzed in this study to understand the

bromide is oxidized at a significant rate by @ the darkl07-110 relationship between agueous-phase and interfacial chemistry.

Recent aerosol chamber studies show thah@ only reacts In these simulations we used a value for the mass accom-

with Br~ ions in the bulk but also at the interfag&his section modation for Q of a = 0.002, the recommended lower lirfit

analyzes the interface reaction between gas-phgae®surface based on the work of Utter et &' Molecular dynamics

Br- to form gas-phase Brin the dark, reaction 7. The simulation8?suggest an upper limit of 0.047 for the ozone mass

parameters used in this case are summarized in Table 2. accommodation coefficient. Additional modeling runs with
Due to the gradient in the interface reaction rate during the = 0.047 for ozone showed no observable difference compared

first seconds, computing' values above 0.03 results in a stiff  to oo = 0.002.

differential equation system. However, valueg/bbelow 0.03 For intermediate’ values, B forms more slowly. However,
are a good representation of realistic interface reaction prob-the concentration is higher at long times because lesssBr
abilities? taken up into the drop and lost due to hydrolysis. There are

Gas-phase Brlevels increase when the interface reaction is two reasons why this occurs. First, with higher interface reaction
included in the model. For the highegt values, a Bf peak rates, gas-phase Bis produced by the interface reaction very
occurs during the few first seconds (Figure 7a), and the interface quickly and transferred to the drop (Figures 8a and 8b). Second,
reaction rapidly depletes gas-phase ozone, Figure 7b. Ozonehigh interface reaction rates result in an initial peak in pH. As
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90 ‘ = " : conditions, the agueous-phase chemistry to formdoks not
gg I \k224nm 1 proceed at a significant rate, independent of particle size.
g %0y 4. Conclusions
& 50 0.6um
= 40y / /»-“”'* e This study has quantified the relative importance of interface
(S zg oL t','_fn—'m_'f and bulk-phase chemistry in the reactions of OH anduh
10 / r,,rr" deliquesced NaCl and NaBr_partch(_as and provides insight into
0 ! ‘ ‘ ) the factors that govern their relative importance. The most
0 5 10 15 20 25 30 obvious factor is the size of the particles for a fixed liquid water
time (min) content. The smaller the particles, the greater the surface-to-
Figure 10. Predicted G for several different particle sizes with ~ Volume ratio, and the relatively more important is interface
constant liquid water conterll diameter= 1 um; @ diameter= 0.6 chemistry. The gas-phase diffusion limitation is also negligible
um; A diameter= 224 nm. for smaller particles (although this affects both interface and

bulk-phase chemistry equally). This was the case in earlier
a consequence, the rate of;Biydrolysis in the drop increases chamber studies of sea-salt chemistry where particles with
diameters 0f~100-200 nm were use#|358
Br, + OH — HOBr+ Br 17 The most important factor is shown to be whether there is
rapid bulk-phase chemistry that can compete with the interface
As shown in reactions 9 and 10, HOBr is an essential reaction. In the case of the Choxidation by OH, the bulk-
intermediate needed to form Brom aqueous-phase chemistry. Phase chemistry is acid-catalyzed. In the absence of an acid,

However, at high pH values, HOBK§ 206= 1.58 x 109 M)112 this is sufficiently slow that the interface reaction dominates
primarily exists as OBrand does not contribute to the formation by several orders of magnitude. It is important that the interface
of Br; in the aqueous phase. reaction does not require an acid; indeed the reaction actually

At intermediate interface reaction rates, ozone is available generates hydroxide io$? However, the bulk agueous-phase
for interface processes for a longer period of time, therBass ~ Oxidation of Br- by OH is sufficiently fast starting at neutral
transfer is slower, and there is no spike in pH. As a result, the PH that the interface reaction only contributes for large reaction
concentration of Brat long reaction times is higher than in ~ Probabilities and at short reaction times before the chain
cases with high or low interface reaction probabilities. chemistry such as that in reactions4 takes over. Finally, the

The pH of the particles is influenced by the interface reaction, Production of gas-phase Bthrough the oxidation of Brby
as shown in Figure 9. For = 0, the pH increases slowlytoa O3 has significant contributions from both the interface reaction

maximum of 10.2. For the other cases, the pH reaches 11.5and from bulk aqueous-phase reactions.

rapidly due to @~ production at the interface. Surfacg Qs Modeling aqueous-phase chemistry and mass transfer pro-
transferred to the bulk and decays te &hd O, which reacts cesses for system with high ionic strength remains challenging.
with water to form OH, increasing aerosol pH. Future work to understand how reaction rates scale with ionic

In summary, as in the OHF Cl~ s reaction, interface  strength is needed. In addition, mass transfer between the gas
chemistry is predicted to be the main source of gas-phase Br and aqueous phase could be modeled more accurately if
3.4. Particle SizeThe influence of particle size on halogen Setchenov coefficients were available for a wide variety of gas-

production is clearly a key parameter in understanding the phase species at a variety of ionic strengths.

relative importance of aqueous-phase versus interface chemistry. Itis challenging to extend the results from kinetics box model
Small particles have a relatively large surface-to-volume ratio studies to real atmospheric aerosols. However, understanding
when compared with larger aerosols. Therefore, interface the sensitivity of pure NaCl and NaBr aerosols to interface
chemistry should be most important for the smallest aerosols. reaction probability under chamber conditions is the first step
Modeling aerosols of different sizes is important to understand in analyzing how interface reactions contribute to molecular

the trends as particle size increases. halogens in the troposphere. Processes occurring both in and

Figure 10 shows the predicted concentration of;Iwith on atmospheric sea-salt aerosols are extremely complex and a
y' = 1 for the CI + OH interface reaction, for three different complete understanding of how interface reactions impact the
aerosol diameters (224 nm, Og&m, and 1um). Model overall chemistry of these particles is still needed.

conditions, other than particle size and concentration, are those However, the present results suggest that interface chemistry
in Table 2. The liquid water content (LWC), or total aqueous is more likely to be important for chloride ion reactions than
volume per rd of air, has been held constant by varying the for bromide, given the rapid bulk-phase chemistry of Br
particle concentration. This has been done to ensure similarrecycling between the gas and aqueous/solid phases represented
contributions from aqueous-phase chemistry for all particle sizes. by reactions such as-#4 and the molar ratio of CIBr~ in sea
Since the surface-to-volume ratio varies with the inverse of the salt of ~650:1. The exception is likely to be the reaction af O
particle radius, the total surface area also scales withat with Br—, which has been hypothesiz&d'“to initiate the chain
constant volume. As expected, as the aerosol diameter increasesgactions that lead to ozone loss in the Arctic at polar sunrise.
the total amount of Glproduced from the interface reaction Given the important contribution of the reaction of ozone at
decreases. In addition, the gas-phase diffusion limitation the interface with bromide ions suggested by these model
becomes more important as the size increases and reduces thgtudies, by experimental studies of NaBr aerosols at room
reaction rate by about 35% fondm particles. The contribution ~ temperaturé, and by recent data showing enhancement of
from aqueous-phase chemistry is negligible for all particle sizes, bromide ions at the airwater interfacél®the interface reaction
confirming that the interface reaction remains an important may be a key to this unusual chemistry. It also suggests that
pathway for halogen production even for larger aerosols. key atmospheric reactions of bromide ions with other trace gases
Without the interface reactiofy;, = 0, the concentration of gas- such as HOBr should be explored for a contribution from
phase Gl remains almost zero for all diameters. Under these interface chemistry. In addition, studies that treat the chemistry,
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physical processes, and molecular dynamics of particles whose (36) Finlayson-Pitts, B. J.; Hemminger, J. £.Phys. Chem. 2000

composition reflects the complexity of sea salt are clearly
warranted.
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