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Abstract. Reactive halogen species (X*2X*X;, X2 and been suggested that the photo-oxidation of halides can lead to
HOX, where X=Br, CI, or I) in seawater, sea-salt particles, the abiotic formation of halogenated organic compounds in
and snowpacks play important roles in the chemistry of theseawater (Gratzel and Halmann, 1990; Moore and Zafiriou,
marine boundary layer. Despite this, relatively little is known 1994) and in polar snowpacks (Swanson et al., 2002).

about the steady-state concentrations or kinetics of reactive » _ . _

halogens in these environmental samples. In part this is be- In addition, halide reactions in sea-salt particles are closely
cause there are few instruments or techniques that can bihked to gas-phase chemistry through heterogeneous pro-
used to characterize aqueous reactive halogens. To bett€fSSes. For example, sea-salt particles and surface snowpack
understand this chemistry, we have developed a chemicai'® important sources of gaseous reactive halogen species
probe technique that can detect and quantify aqueous resuch as By and BrCl to the MBL (McConnell et al., 1992;
active bromine and chlorine species (Brt(ag) and Cl*(aq)). Sander and Crutzen, 1996; Vogt et al., 1996; Michalowski
This technique is based on the reactions of short-lived X*(aq)et &, 2000; Foster et al., 2001; von Glasow et al., 2002a).
species with allyl alcohol (CE=CHCH,OH) to form stable A growing body of evidence indicates that these reactive
3-halo-1,2-propanediols that are analyzed by gas chromatogJ@Seous halogens S|gn|f|cantly influence the global budgets
raphy. Using this technique in conjunction with competition ©f tropospheric species such as ozone, hydrocarbons and
kinetics allows determination of the steady state concentramercury. For example, in Arctic regions springtime ozone
tions of the aqueous reactive halogens and, in some case4€pletion and hydrocarbon loss have been linked toztsid

the rates of formation and lifetimes of X* in aqueous solu- CI*, respectively (Barrie et al., 1988; Jobson et al., 1994;

tions. We report here the results of the method developmenBottenheim et al., 2002). The recently described early-

sub-tropical marine boundary layers has also been attributed
to halogen chemistry (Nagao et al., 1999; Galbally et al.,
2000; von Glasow et al., 2002a). Satellite and ground-based
measurements of BifO(produced from the reaction of Br

Gaseous and agueous reactive halogen species (X*, Whervtg'th O3) have revealed that the bromine-catalyzed destruc-

X=Br, Cl, or I) play important roles in the chemistry of ma- tion of ozone is widespread in the troposphere, occurring in

. ) . . the Arctic and Antarctic (Richter et al., 1998), as well as near
rine regions. In solution, such as deliquesced sea-salt parti-_. .

: saline lakes such as the Dead Sea (Hebestreit et al., 1999) and
cles and surface seawater, aqueous reactive halogen spem&s

A=Y *X— . reat Salt Lake (Stutz et al., 2002). In addition to these ef-
(X*(ag)=x", *X5 , Xz and HOX) are important for a number fects, a recent model of halogen chemistry in the mid-latitude

e e P s owoMBL (G0 1) as dcted that ety ufide (OUS)ox
yay P yp idation increases by-60% when reactions with BrOare

acids (HOBr_and HOCI) are significant oxidants for S_(IV) n considered (von Glasow et al., 2002b). The deposition of
sea-salt particles and MBL clouds (Vogt et al., 1996; Keene : . )
mercury in Arctic and Antarctic ecosystems has also been

and Savoie, 1999; von Glasow et al., 2002b). It has alsq. ) )

inked to reactions of gas-phase elemental mercury with gas-
Correspondence taC. Anastasio phase X and XC (Ebinghaus et al., 2002; Lindberg et al.,
(canastasio@ucdavis.edu) 2002).

1 Introduction
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2424 B. M. Matthew and C. Anastasio: Technique for measuring agueous reactive halogens: Part 1

Because reactions in the agueous phase appear to playusing the results to build and test a kinetic model of*tOéi-
large role in the overall chemistry of gaseous reactive halo-nitiated oxidation of bromide in the presence of our probe.
gen species, it is important to understand the reactions thdh these experiments we varied several different parameters
form X*(ag). While many past studies of individual halogen (pH, [Br~], and [AA]) while measuring three endpoints: i)
radical reactions in aqueous solution have used flash photokthe steady-state concentration of hydroxyl radicaOgf]),
ysis and pulse radiolysis, these techniques require equipmeii) the rate of allyl alcohol IossRﬁA), and iii) the rate of
that is rather specialized and expensive. An alternative ap3BPD formation R32PP). We then used the kinetic model
proach is use of a chemical probe in conjunction with com-developed from these experiments to evaluate the overall
petition kinetics, a technique that has been used in the past tehemical probe technique, and a series of three data treat-
measure hydroxyl radicatQH) in seawater, cloud water, fog ments, under a range of experimental conditions.
water, and on ice (Zhou and Mopper, 1990; Zepp et al., 1992;

Faust and Allen, 1993; Arakaki and Faust, 1998; Anastasi®2.2 Experimental conditions and techniques
and McGregor, 2001; Chu and Anastasio, 2005). The goal
of this work was to create an analogous technique to mea2.2.1 General experimental parameters
sure aqueous reactive halogen species using allyl alcohol (2-
propene-1-ol), which reacts with X*(aq) to form brominated NaBr (99.99%) and bS50, (Optima) were from Aldrich and
or chlorinated diols. As part of this we have developed a ki- Fisher, respectively; all other reagents were A.C.S. reagent
netic model, based on known halide radical chemistry andgrade or better. Type | reagent grade watet8.2 MQ-cm)
our experimental results, in order to test the ability of our was obtained from a Millipore Milli-Q Plus system. Illumi-
technique to determine X*(aq). The first part of this work, nation solutions contained 1.0 m\bB» (Fisher) as a photo-
described here, is focused on the development of the techehemical source dfOH (and HG via the®*OH+H,O; reac-
nique for aqueous solutions containing only bromide. In ation); H,O» stock concentrations were verified daily by UV
companion paper (“Part 2”; Anastasio and Matthew, 2006)absorbancesf4o=38.1 M~t cm~1; Miller and Kester, 1988).
we discuss the method development and validation in soluSample pH values were adjusted using 1.0 p&B)y (for pH
tions containing either chloride or both bromide and chloride. <5.5) or a solution of 1.0 mM sodium tetraborate and 0.30 M
NaOH (pH>5.5). Based on control experiments where only
sodium hydroxide was used to adjust the pH, the presence of
2 Experimental borate had no effect on chemistry in our solutions.
Samples £23 mL) were air-saturated and were illumi-
2.1 Selection of chemical probe and overview of techniquenated with 313 nm light from a 1000 W Hg/Xe monochro-
matic system (Arakaki et al., 1995) in closed 5cm quartz
In this method X*(aq) species (where X=Br or Cl) react with cells (FUV quartz, Spectrocell) that were stirred continu-
allyl alcohol to form halogenated diols that are then quan-ously and maintained at 2G. Over the course of illumina-
tified. We chose allyl alcohol (AA) as the probe because:tion (typically 1 h), aliquots of sample were removed at spec-
i) it has a relatively high water solubility; ii) the double ified times (every~10—15min) and analyzed f6OH, AA,
bond serves as the site of reaction for X*(aq), leading toor 3BPD; a total 0f<15% of the initial volume of sample was
the formation of stable halogenated products that are comremoved during any experiment. In order to calculate pho-
mercially available; i) a number of rate constants for reac-tolysis rates the actinic flux was measured during each ex-
tions of X*(aq) with AA have been reported; and v) AA does periment using 2-nitrobenzaldehyde actinometry (Anastasio
not absorb wavelengths of light present in the tropospheret al., 1994). Illluminated controls showed that there was no
(i.e., above 290 nm). Chemistry in our experiments is ini- oss of AA and no formation of 3BPD in samples that did not
tiated by photolysis of hydrogen peroxidej®b), forming  contain HO,, regardless of whether bromide was present.
*OH that oxidizes Br to form Br*(aq), which in turn adds  Separate experiments on solutions containing 1.0 mXa4
to AA to form 3-bromo-1,2-propanediol (3BPD) (Fig. 1a). 0.80mM Br-, and 3BPD showed that there was no loss of
Figure 1b illustrates the major reactions that form the reac-3BPD during illumination. Dark controls were prepared by
tive bromide species (Br*(aq)) in our experiments. While placing~4 mL of sample in a 1 cm airtight quartz cell, plac-
Bre, Brz, and HOBr are the dominant sources of 3BPD undering it in a dark cell chamber (2C, stirred), and taking a
our conditions, their relative contributions depend upon theirsample at the final illumination time point. Rates of 3BPD
steady-state concentrations, which depend upon experimeriormation in the dark controls were generally negligible and
tal parameters such as pH, [Br and [AA]. Finally, while  were subtracted from the corresponding illuminated rates.
our technique can determine reactive bromide and chloride
species, it is not currently suitable for iodine because iodi-2.2.2 Measurements 80H, allyl alcohol, and 3BPD
nated diols are extremely unstable in aqueous solution.

We developed this reactive halogen technique by first per-The rate of formation, lifetime, and steady-state concen-

forming a series of increasingly complex experiments andtration of *OH were measured using the formation of

Atmos. Chem. Phys., 6, 2423437, 2006 www.atmos-chem-phys.net/6/2423/2006/
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m-hydroxybenzoic acid (m-HBA) from the reaction ¥dH —  » Pproducts

with a benzoic acid (BA) chemical probe (Zhou and Mop- NS

per, 1990). m-HBA was measured on an isocratic high- Allyl Alcohol

pressure liquid chromatographic (HPLC) system consisting light _~_OH

of a Shimadzu LC10-AT pump and SPD-10AV UV/Vis de-  H:0: > ‘OH > Products

tector with a Keystone Scientific C-18 Beta Basic reverse-

phase column (2593 mm, 5um bead) and guard column Br- 3BPD
(Anastasio and McGregor, 2001). Allyl alcohol loss was Ally! Alcohol \————» B " OH
measured on the same HPLC system using an eluent of "* O "ooH
5% acetonitrile/95% KO at a flow rate of 0.60 mL mint NS l Br

and a detection wavelength of 200 nm. Concentrations of ——  Other Products

AA were determined based on calibration standards madé®) ~ Products

in Milli-Q water run during the day of an experiment; the
addition of Br~ had no significant effect on AA quantifica-

tion. Calibration curves were very linear (witk? values H

i i iniecti B HO,' H:0
typically >0.99) and values for replicate injections gener- .o, g~ = ‘BroH- Br ‘Br, 192, g, 25 Hopr
ally agreed within 5%. We did not determine a detection (b) Br-

limit for the AA technique, but we could readily measure

concentrations near/2M in our laboratory solutions. 3-

bromo-1,2-propanediol (3BPD) was extracted and analyzedig- 1. (a) Simplified scheme showing the formation of reactive
by GC-ECD as detailed previously (Matthew and Anasta-Promine species (Br*) and the_lr reaction with allyl alcohol (AA)
sio, 2000) with minor changes as described in the supple!® form. 3-bromo-1,2-propanediol (3BPD). Note that AA also*con-
mentary materialt{ttp://www.atmos-chem-phys.net/6/2423/ sumes®*OH, thereby decreasing the rates of formation of Br*(aq)

) . and 3BPD (i.e., the “AA effect”). NS=natural scavengers, i.e.,
2006/acp-6-2423-2006-supplement;pdéct. S.1; note that all other sinks (including HO,) for *OH and Br+(aq). (b) An

section, equation or table numbers with the prefix “S” are a"overview of the major reactions that form reactive bromine species

supplementary material). (Br*) in our solutions. Note that the reactions are not balanced;
The rate of 3BPD formation in a given experiment was see the supplementary materiattp://www.atmos-chem-phys.net/

determined as the slope of a linear regression in a plot 06/2423/2006/acp-6-2423-2006-supplement.fdbles S1-S3) for

[3BPD] versus illumination time. (The same procedure is a complete list of the balanced reactions.

used for determining formation rates for the chlorinated diol

in Part 2.) The rate of loss of allyl alcohol in a given ex-

periment (i.e., at a given initial AA concentration) was deter- B (@0 + AA — other products (R2)

mined by first taking a linear regression of In(JAARA] o)

versus illumination time, where [AAlis the concentration

at timer and [AA]p is the initial concentration in the exper-

iment. The slope of this plot is the negative of the pseudo

first-order rate constant for AA loss. We multiplied this rate

constant by [AA} to determine the initial rate of AA loss for

each solution.

While the total rate constant (i.&gr1+kRr2) for reaction of a
given Br*(aq) species with AA was fixed based on literature
data, we chose the relative sizeskgfi and kg2 to fit the
experimental data. In this way we determinggfP, the
yield of 3BPD from the reaction of Br*(aq) speciéswith
AA:

k
3BPD __ R1
2.2.3 Kinetic models Yi " kr1+ kr2 @)

The program Acuchem (Braun et al., 1988) was used toRate constants for each Br*(aq) species with AA, and the
model agueous halide radical chemistry in the illuminatedcorresponding yields of 3BPD, are listed in Table S3 of
solutions. The complete kinetic model used here (“Bull ~ the supplementary materiaht{p://www.atmos-chem-phys.
Model”) is composed of 87 reactions that describe the pho-N€t/6/2423/2006/acp-6-2423-2006-supplemen}.pdf

tolysis of H,O, to form hydroxyl radical and the subsequent
*OH-initiated reactions with bromide and allyl alcohol as

outlined in Figs. 1a and b. All of the reactions in the model Performing competition kinetics experiments with a chem-

are d_escnbed n Table_s S1-S3. For a given model run the p'Tl:aI probe allows quantitative determination of the steady-
was fixed at the expenmgntally measured value. .One key Pastate concentrationi(]), rate of formation R;), and lifetime
rameter that we used to fit the model to the experimental dat?r_) of a reactive species Although experiments are con-
was the set of reactions of reactive bromine species (Br*(aq)}jlljcted in the presence of varying concentrations of the probe
with AA to form 3BPD and other products: compound, the values for][ R’I; andt; obtained from the
Br*(ag + AA — 3BPD (R1) method are for conditions where the probe is not present (i.e.,

2.3 Overview of competition kinetics

www.atmos-chem-phys.net/6/2423/2006/ Atmos. Chem. Phys., 6, 2433-2006
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formation rates of Br*(aq) and 3BPD both decrease substan-

100 tially.
This “AA effect” has two major impacts on the “inverse
80 i plot” from the AA competition kinetics experiment (i.e.,
I 1/R3BPD vs. 1/[AA]). As illustrated in Fig. 2, the first ef-
fect is that at high AA concentrations, the probe becomes
60 - the dominant sink foPOH and the rate of 3BPD formation

Full Model slows dramatically, resulting in a quick increase i®37°P
i \ \ (i.e., the plot is non-linear at high [AA]). The second effect
40 is more subtle, but also important. Even though the inverse
1 Model with plot may not be linear over the entire range of 1/[AA], the

No OH + AA data are linear at low values of [AA] (i.e., high values of

1/[AA]) where AA is a minor sink forrOH. However, even

L within this linear range, the presence of AA decreases the

0 c rate of Br*(aq) formation, changing the slope and y-intercept
of the inverse plot from what they would be®i®OH did not

0.00 0.02 0.04 0.06 0.08 0.10 react with AA (Fig. 2). For the pH and [Bf values used

Inverse of Allyl Alcohol Concentration (10° M™) for our experiments, the effect on the slope is very small but
the effect on the y-intercept can, under certain conditions, be
large enough to considerably bias the experimental results.

Fig. 2. Inverse plots for 1355 from data generated from two  However, as discussed below, in many cases corrections can

different models under the same conditions (0.80 m\t BtO— be made for these biases.

1000uM AA, pH 5.3). The solid line was generated from the “Br While in theory the relationship between the rate of 3BPD

Full Mo.del" and i.IIustrates thg nonlinear behaviour as§ociated withfqrmation from all Br*(aq) species and the concentration of

increasing [AA] (i.e., decreasing 1/[AA]). The dashed line was gen- 5qgeq AA can be derived mathematically from the series of

eraited from the “N&*OH+AA M.Odeln’ which is |dent|cal_to the elementary reactions that describe the experimental system,

Br~ Full Model except that AA is not allowed to react witkioH. . . . e . .

The difference in the two lines illustrates the impact of the “AA in practice this can be gxtremely difficult. As described in the

effect”. supplementary materiahttp://www.atmos-chem-phys.net/

6/2423/2006/acp-6-2423-2006-supplement.p8éct. S.2),
we can derive this equation for Bin the case where this
radical is the dominant source of 3BPD:

20

Inverse of 3BPD Formation Rate (10° s M)

[probe]=0). For example5OH kinetics in solution can be

measured by determining the rate of m-HBA formation from 1 b

the reaction of*OH with added benzoic acid (BA) (Zhou 385 =+ [aa] + c[AA] (S13)
and Mopper, 1990; Anastasio and McGregor, 2001). Plot- £t

ting the inverse of the rate of m-HBA formation as a function

of the inverse of the BA concentration (i.e., making an “in- (AR KNS+ kB2 k'S5 FSBPP
verse plot”) produces a straight line; the slope and y-intercept’ = RBI y3BPD (AA 1 /NS (S14)
of this line are then used to calculat©H], RS, andzon. F7Br 7Br T OH
A key feature of this technique is that the addition of BA 3BPD
does not affect the rate 80OH formation and, therefore, the , _ Fgr (S15)
inverse plot is linear over the entire [BA] range. YSBPD (LA [Br]
In contrast, in the technique described here the formation
rate of the reactive bromine species (Br*(aq)) is affected by kAR FSBPD KAy F3BPD (S16)
" c= - =
the addition of the probe compound, allyl alcohol (AA). As R(BHysspD kSh [Br] th k/ga YBarBPDREgr

shown in Fig. 1a, in the absence of allyl alcoH@H re- Br

acts with either natural scavengers (NS) or with Bo form 3BPD : .

Bri(aq). AA added to the solution reacts with Br+(aq) to where R;7 ¢ is the total rate of 3BPD formation from all
form 3BPD, but it is also a sink fafOH, which lowers the  speciesFSEPP is the fraction of 3BPD that is formed from
steady-stat8OH concentration and therefore lowers the rate the reaction of BY with AA (Sect. S.4),Y3EPP is the yield
of Br*(aq) formation. As long as Br is the dominant sink  of 3BPD from the reaction of Brwith AA (Eqg. 1), andk},
for *OH, the decrease in the rate of Br*(aq) formation dueis the rate constant for the reaction of speeiewith n. The
to AA addition is relatively small, and the rate of formation variablesz, b, andc are determined by fitting the experimen-
of 3BPD (R3FP) rises with increasing AA concentrations. tal data R3°FR as a function of [AA]) to Eq. (S13) using a

However, once AA becomes the dominant sink*f@H, the nonlinear least-squares technique (Sigmaplot, version 4.0).

Atmos. Chem. Phys., 6, 2423437, 2006 www.atmos-chem-phys.net/6/2423/2006/
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By rearranging thé andc terms it is possible to solve for
[Br*], RE", andrg,:

B38PD
[Br*] = 3r— (S17)
b 13D B
kAA F3BPD
RPr = —SH _Br___ (S18)
AT 1
c k'S [Br*]
TBr = T AA LAA ~ B (S19)
b kopi kgr RE'

These Bt kinetic terms are determined by using the non-

linear least squares fitted values o, andc in conjunction
with F3BPD, y3BPD andi? .

These equations are applicable for any Br*(aq) speties
(e.g., BF, Brp, and HOBr) and are analogous to those de-
rived for the®*OH system with BA as the probe (Zhou and
Mopper, 1990; Anastasio and McGregor, 2001).

Using the linear Eqg. (S25) instead of the more complex
Eqg. (S13) implicitly assumes that AA has only a minor effect
upon®OH (and, therefore on Br*(aq) and 3BPD formation)
in the linear portion of the inverse plot. The advantage of this
assumption is that it allows Eq. (S25) to be broadly applied
to all reactive Br*(aq) specieqSect. S.3). The disadvantage
is that, while it generally has a minor effect on the determi-
nation of [], it can introduce large (though often correctable)
errors in the determination @, andt;.

Because this kinetic derivation takes into account the ef-3 Results and discussion

fect of AA on [*OH] and the formation of By, Eqg. (S13)
accounts for the “AA effect”. Although similar expressions
can be derived for Brand HOBr, these expressions con-

tain several terms that are currently unknown and that are
hard to estimate (e.g., the formation rate and concentratio

of HO3;

using equations analogous to Eq. (S13) to determine the Br

and HOBFr kinetics is currently not feasible.

However, the kinetics of Brand HOBr can be measured
by working in the linear range of the Rf2}'2 versus 1/[AA]
plot where AA concentrations are low (Fig. 2). In this linear

3.1 Experiments with only hydrogen peroxide and allyl al-
cohol

A\s a first step in examining the probe chemistry, we il-
Sect. S.2). Because of these unknown parameterg,ur‘nin""ted PH 5.5 solutions containing 1.0 MM:®; with

and without AA to test whether we could correctly model
*OH steady-state concentrations. In a 1.0 mMO so-
lution, the experimentally measureddH] (+1 SE) was
(2.140.1)x10"13M, in good agreement with the model
value of 2.8<10-13M (the relative percent difference (RPD)

. . i 0, -
range, we assume that the low AA concentrations have “ttlebetween these values is 29%). Whery.a8 of allyl alco

effect on POH] and on the rates of Br*(aq) and 3BPD forma-
tion (i.e., the AA effect is minimized). In this case Eq. (S13)
can be simplified to (Sect. S.3):

1 b
5 = d (S25)
RF,tot [AA]

wherea andb’ are the y-intercept and slope of the linear
portion of the inverse plot, respectively:

F3BPD
o' = L aEPORT (S26)
Y3%0R;,
. FiBBPD
(s27)

- Y[3BPDk£’-\A [i]

Thea andb’ terms can be rearranged to solve fd W;,
andz; as follows:

3BPD

[([]= —2— (S28)

b Yi3BPD k;AA

' F3BPD

R, = ——ro S29
L Yl_BBPD ( )
@ L1 (S30)

T, = —F3x =— —

b kﬁA Ri

F

www.atmos-chem-phys.net/6/2423/2006/

hol was added to a 1.0 mM J@, solution, the measured
value for POH] (+£1 SE) dropped to (1:80.1)x10-14M,
in good agreement with the modeled value of110~14M
(RPD=27%).

In the second set of experiments, we measured the rate of
loss of AA (R™) in pH 5.5 solutions containing 1.0 mM
H,0O, and 15-100@M allyl alcohol. As seen in Fig. 3,
RﬁA increases rapidly between 15 and 180 AA but is
relatively constant at higher concentrations where AA is the
dominant sink forr OH. Modeled rates of loss are within the
experimental errors of the measured values out to.300
AA, but are overpredicted at higher [AA]. An additional ex-
periment performed at pH 3.0 (78V AA) gave nearly iden-
tical results to the pH 5.5 experiment and was in good agree-
ment with the model (RPD=3%, Fig. 3).

There are two mechanisms for AA loss in our model: di-
rect reaction between AA and oxidants (e.YQH, Reac-
tion 70, Table S3) and polymerization reactions involving
AA radicals (formed from the reaction 6OH or Br* with
AA) and another molecule of AA (e.g., Reactions 71-73,
Table S3). Comparing the calculated rate*@fH forma-
tion in these experiments (0.43 min—1) with the mea-
sured rate of AA loss in the plateau of Fig. 3 (009
min—1), indicates that approximately 40% of AA loss is due
to polymerization reactions in this region. Although poly-
merization during free-radical additions is well established
(March, 1992), we were unable to find rate constants for the

Atmos. Chem. Phys., 6, 24332006
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Fig. 3. Rate of allyl alcohol IossRﬁA) as a function of [AA] in — L
illuminated (313 nm) aqueous solutions (pH 5.5) containing only ‘¢ L {>
AA and 1.0 mM H0,. The open diamonds are experimental values £ 200
with error bars representing 90% confidence intervals (Cl), based on %
the standard error of the slope from a plot of AA loss at each [AA]. e L
The line is the model result using the BFull Model with [Br—]=0. a 150 ¢
The filled diamond at 7aM AA is the measured rate of AA loss at <_t
pH 3.0. f 100 [
(@] -
&
o © Experi
4 50 [ xperiment
polymerization of agueous AA. The good agreement in the i — Model
modeled and measured values for AA loss at lower AA con- i
centrations indicate that our modeled rate constants for poly- 0 )
merization are reasonable at most of the AA concentrations 20 30 40 50 60 70 80 90
we employed, but not at the higher concentrations. As shown pH
later, this overestimate of allyl alcohol loss at high [AA] does
not affect the model predictions of 3BPD formation or the
calculated Br*(aq) kinetics. Fig. 4. (a) Rate of 3-bromo-1,2-propanediol (3BPD) formation
(R3BPD) as a function of pH in illuminated (313nm) agqueous
) _ bromide solutions ([Br]=0.80 mM) containing 1.0 mM biO, and
3.2 *OH measurements in the presence of bromide 75uM AA. The squares are experimental valuesriErD. Error

bars for 3BPD represent the 90% confidence interval for each point,
. . o ) . calculated from the standard error of the slope from plots of 3BPD
To begin to test and constrain the kinetic model in bromideyersys time at each pH. The line is the result from the Bl

solutions we first measured th®H steady-state concentra- Model”. (b) Rate of AA loss as a function of pH in the illuminated
tion in illuminated solutions (1.0 mM $0D,, pH 5.5) con-  aqueous bromide solutions described in Fig. 4a. The symbols, line,
taining seawater levels of bromide (0.80 mM; Zafiriou et al., and error bars are the same as in Fig. 3.

1987) with and without allyl alcohol. In the absence of AA,

the measured and modeled values’@fifi] were nearly iden-

tical (7.1£0.2)x 10715 and 7.0<10715M, respectively). In 3.3 Formation of 3BPDE3EPD) and loss of AA R1*) as
the presence of AA, the RPD between the measured and  a function of pH ’

modeled values ofODH] was<5% for experiments with 15,

40 and 75uM AA and was 47% in a solution with 150M To build and test our model as a function of pH, we con-
AA. Thus the model does a good to excellent job of repre-ducted experiments on solutions containing 0.80 mM NaBr,
senting®* OH chemistry in the presence of bromide. 1.0mM H,O,, and 75uM AA over the pH range of 2.3 to
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8.6. As shown in Figs. 4a and b, the model correctly de-
scribes bothrR3PED and R over a wide range of pH. Of
particular interest is the large increase in the rate of 3BPD
formation at low pH (Fig. 4a), which is caused by the re-
action of HG with *Br; to form Br, (Fig. 1b), which then
reacts with AA to form 3BPD (Matthew et al., 2003).

In our experiments 3BPD is formed by BrBr,, and
HOBE, and the relative importance of each species as a source
of 3BPD changes as a function of pH and other experimental
conditions (Sect. S.4). Under the conditions of Fig. 4 Br
the most important species at low pH valuesj while Br®
is most important at higher pH values. The dibromide radical
anion ¢Br;) and tribromide ion (Bf) have concentrations
that are in the same general range as &1d Bp, but their
reactions with AA are too slow for them to contribute signifi-
cantly to 3BPD formation (Reactions 80 and 86 in Table S3). ¢
In addltlon,'BrOH_ (Flg 1b) mlght also react with AA to 0 200 400 600 800 1000
form 3BPD, but this reaction appears to be unimportant un-
der all of our experimental conditions and is therefore not
included in the kinetic model. 1000

Additional evidence that the model correctly describes
aqueous bromide radical chemistry comes from a separates~
set of experiments conducted in the absence of AA that mea- .
sured the release of gaseous bromine (Br#(g), i.ep @r
HOBr) from air-purged, illuminated solutions (0.10 M Br
1.0mM HOo, no AA) (Matthew et al., 2003). As described
in this previous paper, the release of Br*(g) occurs only dur-
ing illumination, is strongly dependent on pH, and is very
similar to the pH dependence of 3BPD (Fig. 4a). By setting
[AA]=0, and adding reactions for the volatilization of Br*(g),
the model is able to reproduce these experimental results.

_1)

; @

o
o
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o

w
o

N
o
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o
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Rate of 3BPD Formation (nM min

o
o

Concentration of Allyl Alcohol (uM)
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800

min

600 | 5 {>
400

Rate of AA loss (nM

200 © Experiment

3.4 Formation of 3BPDE3PY) and loss of AA R{*) as — Model
a function of [AA]

O 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

In the final set of five experiments, we measurs#;? and 0 200 400 600 800 1000

R7A as a function of [AA] to test the model under condi- Concentration of Allyl Alcohol (uM)

tions of pH and [Br] that are representative of seawater and

sea-salt particles (Table 1). As described in Sect. 3.7, these

are also the competition kinetics experiments that we usedig. 5. (a) Experimental and model values of the total rate of 3-
as the final test of the probe technique. In the first experromo-1,2-propanediol (38PD) formatioR §50P) for competition
iment we used pH 5.3 solutions containing 0.80 mM NaBr, kinetics Experiment 1 (pH 5.3, 0.80mM Br 1.0mM HO,, 10—
0.91 mM HO, and 10-100QM AA. As shown in Fig. 5a, 1000uM AA, 313 nm illumination). Symbols, line, and error bars

R3BEDincreases with [AA] up to~300.M (due to increased f‘hre thf Safm‘lal "’l‘s :” ':gl' |4éb) Eﬁpe”me?ta' ?nd medlfllvﬁluehS ?f
scavenging of Bri(aq) by AA) but declines at higher AA con- 1€ rate of allyl alcohol lossi;™) as a function of allyl alcohol -
concentration for competition kinetics experiment 1 presented in

centrations (b?cause of AA reactlng WROH). The moF():iDeI Fig. 5a and Table 1. The symbols, line, and error bars are the same
does a go_od job of exp_lalnlng observed vaIuesR@f‘tot as described in Fig. 3.

as a function of [AA], with an average RPD between the
model and experimental data of 11% (Table 1). Although
Br® has the lowest steady-state concentration of the impor-

tant Br¥(aqg) species, it is the dominant source of 3BPD in most of *OH. The model matches allyl alcohol loss rates at
this experiment because of its rapid rate of reaction with AAthe lower AA concentrations<(300xM) but overestimates
(Table S3). As shown in Fig. 5b, measured rates of allyl RﬁA at higher concentrations, as in the solutions containing
alcohol loss increase with [AA] up to 3QM and are es- only AA and HO> (Fig. 3). As stated previously, this over-

sentially constant at higher [AA] where the probe scavengesstimate of AA loss at high [AA] is likely because of our
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Table 1. Parameters for competition kinetic experiments.

Exp # [BrT] Y [AA] range tested  Linear AA rande Agreement between model
xp mMm P and experimefit(Average RPD)
aM b uMm o nb RIBPD RAA
1 0.80 5.3 10-1000 9 10-150 6 11 43
2 0.80 3.0 10-8000 11 10-110 5 41 41
3 0.40 5.4 10-3000 10 10-150 6 26 25
4 0.80 8.4 10-5000 8 10-75 5 38 40
5 8.0 5.3  75-500 3 75-500 3 8 14

The concentration of $D, for all experiments was 0.91-1.0 mM. The photolysis rate constantf@H 202 was (3.8—4.0x 10651

for Experiments 1-3, 2:610-8s~1 for Experiment 4, and 30106 s~1 for Experiment 5.

@ Range of allyl alcohol concentrations over which the inverse plmﬁ@P vs. 1/[AA]) is linear. Note that the linear range can change

when the inverse plots are based on 3BPD formation rates from individual species, as is done in treatment C.

b Number of points sampled within the specified range.

¢ Agreement between the experimental data and model output, calculated as the average of the absolute values of the RPD (relative percer
difference) between the model and experimental valu D (andRAA) over the entire range of allyl alcohol concentrations. Note that

the listed RPD value fo R%%EP is the same as that forBﬁBtot (and similarly forRM and 1R\).

simplified parameterization of radical-initiated AA polymer- petition kinetics experiments in order to examine the overall
ization, but this issue does not affect our halogen kineticsutility of the probe technique for measurin'g,[R"F andr;.
results. In order to examine whether our derived equationsfpr [
The other four experiments in this series were conducted?> andz; give valid results, we first determined the “ex
by varying [AA] in a set of identical solutions where each set pected” values of these quantities for a given set of conditions
had different values for pH and/or [B} (Table 1). As listed  (€.9., [Br] and pH) using output from the model run under
in the column of F3BPP values in Table 2 (see data treat- these conditions. Expected values for steady-state concen-
ment B), the relative contributions of BrBr,, and HOBrto  trations of Bf, Brz, and HOBr were obtained directly from
3BPD formation vary significantly throughout this set of ex- model runs performed under the same conditions as the cor-
periments. Despite this, the model does a good to fair jobresponding experiment except that AA concentrations were
of describing the rates of 3BPD formation and AA loss in Set to zero. (As described in Sect. 2.3, values derived from
these additional experiments, with the best agreement at pithe competition kinetics analyses are for the case where no
~5. As shown in Table 1, the average RPD values betweerdllyl alcohol is present.)
the measured and modeled values in Experiments 2-5 ranged For each set of model conditions we also calculated the
from 8-41% forR327Y and 14-41% foR}A. expected values for the rates of formation of Br*(aq). For
Bre, its primary source{100%) is the reaction dfOH with

3.5 Competition kinetics: overview and expected values Br~ (Reaction 29, Table S2), and thus the expected rate of
formation (RE’J) in the absence of AA is:

Our kinetic model (the “Br Full Model”) was built and Br— e

constrained using the sets of experiments described abovée F = kon ["OHIIBr1Yg )
The good agreeg;ggt between the modeled and measured val+
ues of POH], R and R in these experiments gives

us coandeng:e tﬁaﬂhe model reasonably gescribescnge . ~ andYgy, is the yield of Bf formed from the reaction of
mediated oxidation of bromide and subsequent reactions Ofogu\;vltaip?err|n$esr?tcs,t.oSriIQSi)r-]atSelgCp?rinr;ce)\lr(ialgc/ull‘?c:rrt:r(t)rglnri aﬁti:st:on
Br*(aq) with allyl alcohol. In the next two sections (3.6 and __

3.7) we use this model to test the ability of the allyl alco- of *Bry with hydroperoxyl radical (ng)) (Reaction 45, Ta-

hol chemical probe technique to measure reactive halogeR!€ S2), the rate of Brformation (R7") is calculated from:
species. This test consists of two major steps. In the first Br, HO

(Sect. 3.6), we examine the validity of the kinetic equations R~ = kg 2[HO 1°Br; 1 ()

we derived for {], R’ andz; (e.g., Egs. S17-S19 and S28-

S30; Sect. 2.3) using “data” generated from simulated modeln the case of HOBr, we use the fact that it is at steady-state
experiments. In the second testing step (Sect. 3.7), we appl{as are the other Br*(aq)) and thR§OBf is equal to the rate
the same data treatments to actual data from laboratory consf HOBr destruction R DOBT), which can be more accurately

herekng_ls the rate constant for the reaction®@H with
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Table 2. Results of the kinetic analyses of the model and experimental data from the bromide competition kinetics experiments.

Expected valuds Fraction gf 3BPD Model values with data treatment (MVET) Experimental values with data treatment (EVBT)
Species D.TP from listed
Br* species, Rate of formatiorR’, Concentration, i Rate of formation R} Concentration, i
R Ms™h  [i1(M) FBFD(LRSD  ValieMsh) [MOT] vaue() [MOT]  vawems?d  [EOT) Value (M) o
Experiment #1 ( [Br] = 0.80 mM, pH=5.3)
Bre 7.0x1079  1.9x10°15 A 0.85(0.1) 6.6¢107° 095  2.1x10°15 (1.1 (3.0+0.5)x 1079 {043  (L.7+0.1)x10715  {0.90
B 0.80(:0.06) 6.9<10°10 {0.10  2.0x10°15 (1.0} (1.240.7)x1079 {0.18 (1.6+£0.1)x10715  {0.85
c 1.0 6.5¢10~° 094  1.9x10715  {0.99 (1.5+1.6)x10°8 (2.1 (1.6+£0.1)x10715  {0.83
Br, 51x10711  46x10°13 B 0.13¢:0.03) 2.0¢10711 {033  33x1013 (073  (35+2.2)x10°11 (068  (2.8£0.1)x10°13  {0.60
c 1.0 3.%10°11 {063  4.6x10713  {0.99 (4.3:1.3)x10°11  {0.83 (3.8£0.2)x10713  {0.82
HOBr  1.6x10°11 31x1013 B 0.08¢:0.03) 121011 072  2.0x10°13 {063  (2.1+1.3)x10°1! (1.3 (1.6+£0.1)x10713 {053
[@ 1.0 1310711 078§  3.1x10°13 (1.0} (1.5£0.4)x10°11 (0.9  (2.6£0.2)x10°13  {0.84
Experiment #2 ( [Br]=0.80 mM, pH=3.0)
Br* 75x1079  1.9x10715 A 0.56(+0.39) 4.6¢1079 (0.6  3.5x10°14 {19 (1.940.1)x 1079 {0.26 (2.2+10)x 10713 (118
B 0.12¢:0.07) 3.3%10°10 {0.04  7.2x1071% (3.8 (4.8£0.6)x10710  {0.07  (9.6£2.5)x10°1® 5.1
[@ 1.0 8.1x10°° (1.1 1.7x10°15  {0.92 (1.9+3.0)x10°8 (2.6} (2.5£0.1)x10°15 (1.4
Br, 54x10710 62x10°11 B 0.88(£0.07) 4.4¢10710 {080  5.6x10°1 {089  (6.4+1.5)x1010 (1.2} (7.4+1.9)x10711 (1.2}
c 1.0 4.9¢10710 (089  6.0x10°1 (096  (7.4+08)x10710 (1.4 (8.0+2.8)x10~ 11 (1.3
Experiment #3 ( [Br]=0.40 mM, pH=5.4)
Bre 7.4x107%  1.9x10°15 A 0.93(+0.06) 7.210°° {0.98 1.7x10°15 (0.9 (2.3:0.2)x1079 {033  (L7£0.1)x10715  {0.88
B 0.90¢-0.03) 4510710 {0.06 1.7x10°15  {0.89 (3.0£0.7)x10°19  {0.04 (1.6£0.1)x10715  (0.85
c 1.0 7.1x10°° 0.9  1.9x10°15  {0.99 (4.6+1.2)x107° (062 (2.9+0.2)x10°15 (1.5
Br, 25x10711  19x10018 B 0.06(:0.02) 5.5¢10712 022  1.2x10°13 (0.6  (3.740.9)x10712 (015  (1.2£0.1)x10°13  {0.63
¢ 1.0 1.6¢10°11 064  1.8x10713 {099  (8.2:0.6)x10712 {033  (2.2£0.3)x10°13 (1.2}
HOBr  9.3x10°12 16x1013 B 0.05(:0.02) 4110712 {0.45  9.0x10° (056  (2.8£0.6)x10°12  {0.30  (8.7+0.5)x10°4  {0.54
[ 1.0 6.4¢10712 (069  1.7x10°13 (1.0 (3.6£0.2)x1012 {039  (2.040.2)x10713 (1.3
Experiment #4 ( [Br]=0.80 mM, pH=8.4)
Bre 58x107% 1.3x10715 A 0.99(+0.01) 5.%10°° 097  1.3x10°1%  {0.94 (3.1+0.1)x 1079 {052  (2.2£0.1)x10715 (1.7
B 0.99¢:0.01) 6.5 10710 {0.12 1.3x10°15  {0.94 (3.0+0.3)x10719  {0.05 (2.2+0.1)x10°15 (1.7
c 1 5.5¢10~° 0.94  1.4x10°15 (1.0} (2.4+0.3)x 1079 (0.4,  (2.5£0.1)x10°15 (1.8
Experiment #5 ( [BF ]=8.0 mM, pH=5.3)
Bre 55x1079 1.4x10715 B 0.39¢:0.07) 9.4¢10-10 013 2.6x10°15 (1.8 (7.741.7)x10710  (0.14 (3.74£0.2)x10715 (2.6}
¢ 1.0 5.3<107° 0.9 1.4x10°1%  {0.98 (3.5+0.5)x 1079 {0.64  (1.6£0.1)x10715 (1.1
Bry 32x10°10 50x10712 B 0.55¢0.06) 2.4¢10710 {0.74 3.8x10712  (0.76 (1.940.4)x10710  0.61 (5.4+0.3)x 1012 (1.1
@ 1.0 2.0¢<10-10 {063  6.0x10712 (1.2 (1.74£0.2)x10°10  {0.53 (1.6£0.1)x10-11 (3.2
HOBr  3.2x10°11 58x1013 B 0.06(:0.01) 2.6¢10711 080  4.1x1013 (070  (2.1+05)x10°11  {0.66  (5.9£0.3)x10°13 (1.0
[ 1 1910711 {060  8.4x10713 (1.4 (1.6+0.2)x10711 (0.5 (1.2+0.1)x10712 2.1

Lifetimes (r;) are not included in the table but can be calculated,-aﬁ[i]/R%. Similarly, values of MVDT/Exp forr; are calculated

by dividing the value of MVDT/Exp for{] by the MVDT/Exp value forR’;. Values for EVDT/Exp forr; are calculated in an analogous
manner.

@ Expected values are model-derived best estimates of the actual valugsafiod R} in the experimental solutions in the absence of AA

(Sect. 3.5).

b Data treatments (D.T.) are discussed in Sects. 3.6 and 3.7. Data treatment A, which works onty émeBrall data in the inverse plot

and accounts for the AA effect. Data treatments B and C use data in the linear range of the inverse plot with either a rough correction for the

F3BPD effect (treatment B) or corrections for both the AA aRd®PP effects (treatment C).

¢ Average {1 relative standard deviation) Wff’BPD calculated over either the linear [AA] range (Table 1) for treatments B and C, or the
entire [AA] range for treatment A. Values for data treatment C are listed as 1.0 since in this case a separate inverse plot is made for each
individual Br* species.

d calculated by taking the model-derived results through the data treatment steps (Sect. 3.6).

€ Calculated by taking the experimental results through the data treatment steps (Sect. 3.7). E#rbistanelard error calculated based on

the standard errors of the slope and y-intercept from the inverse plots.

calculated. Since $0, accounts for-99% of HOBrlossin 3.6 Competition kinetics: model experiments and data
our experiments treatments

RHOBr — gHOBr _ kﬁé%zr[Hzoz][HOBr] (4)  As described above, the goal in this first step of technique
testing is to examine the accuracy of the derived equations
Values of POH], [HOZ], [*Br;], [H202], and [HOBI] in (and their accompanying assumptions) for determinifg [
Egs. (2—4) are taken directly from the model. Expected val-R’., andt;. To do this we use “data” generated from models
ues for ] and R} under our range of experimental condi- run using the conditions of the competition kinetic experi-
tions are shown in Table 2. Expected valuesdormre not  ments (e.g., pH, Br and [AA]; Table 1). The output from
included in Table 2, but can be calculated d&K:. these “model experimentskGPE? as a function of [AA]) is
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then used to generate inverse plots and calculate valugs of [ obtained for Bs and HOBr using treatment B are nearly all
R;, andr; using one of three different data treatments (A, B, within a factor of 3 of the expected values. However, for
and C). The resulting values (referred to as “model values obreasons that are unclear, valuesRgf for Br® are underesti-
tained with data treatments” or MVDT) are then compared tomated by factors of 6 to 25 times using treatment B (Table 2).
the expected values obtained from the model (Sect. 3.5).  Errors int; vary significantly and reflect the combination of
errors associated witR%. and f].
3.6.1 Data treatment A
3.6.3 Datatreatment C
In the first data treatment we fit a curve to the entire set of
inverse plot data (B3BPPvs. 1/[AA]) using Eq. (S13) inor-  Like treatment B, treatment C is based on applying Eq. (S25)

F, tot . . . . )
der to obtain values for a, b, and c. Values df ', and to the linear portion of the inverse plot. However, in treat-

7 are then calculated using Eqgs. (S17-S19). Although thig"€nt C more effort is taken to correct the data for the
technique can only be used for®BiSect. 2.3), its advantage two possible biases associated with the competition kinet-

is that Eq. (S13) takes into account the effects that AA hag’cs derivations. The first bias is the"‘AA effect”, where the
on [*OH] and, therefore, o' andRi_Bf’ltD Data treatment  Presence of AA reduces the formation rates of Br*(aq) and
H H s 0 .

A was evaluated for Experiments 1-4 by using the Bull tg)hiljlli?lélrlsotr)'tli?)i i'?'?ﬁ:r;vk;ergzusﬁtt?ee kmgtlc Se;;)agggjrgzr
Model with the experimental conditions listed in Table 1. It P P 9. £

could not be applied to Experiment 5 because the inverse Iotthat the presence of low AA concentrations does not signifi-
oo pplied to Exp ) Pi%tantly affectRi. or R3PPD (Sect. 2.3). The second bias, the
is linear over the entire AA range, precluding us from deter-

F. tot

.. . « n3BPD ” : - .
mining an accurate value far As with subsequent treat- £ effect’, arises from the fact that three species(®,
ments, the validity of treatment A was evaluated by examin-Br2. and HOBr) are ggsgonsmle for different fractions of the
ing the ratio of the model value to the expected value; these3BPD formed (i.e.f;™>"=, Sect. S.4) and these contributions
ratios (MVDT/Exp) are shown in Table 2. can vary with [AA]. _ _ _

Based on these results, data treatment A gives MVDT val- To correct for these possible biases in the model “data” us-
ues for [Bf] and RE' that a,re within 10% of expected values ing data treatment C, we first run a model that is identical to
when BF is the dolrvninant source of 3BPD at all AA concen- the Br~ Full Model except thatOH is not allowed to react
trations (e.g., in Experiments 1, 3, and 4, where the averag/ith AA. This “No *OH+AA Model" is run under the de-

value for F28PP in a given experiment is-0.85). It is im- sired experimental conditions (e.géﬁg'gble 1) and at each AA
portant to note thaf:38PP used in these calculations is the COMcentration used in the modef=ic? is recorded and the
average value over the entire 1/[AA] range, calculated basedalue of ;°°"Cis determined (Eq. S31). From these data we
on data obtained from the BrFull Model. The small devia- ~ calculateR35PP, the rate of 3BPD formation from an indi-
tions between the MVDT and expected values are apparentlyidual reactive bromine speciégi=Br*, Br,, and HOBr) at

a result of the error associated with this averaging. In casegach [AA]:

where F32PPis not large throughout the range of [AA], data R3BPD _ R3BPD , [3BPD )

treatment A does not perform well. For example, in Exper-_l_h £ tot ! hese d _ ots
iment 2 (pH 3.0,FSBPP (-1 RSD)=0.56:0.39) the MVDT e next step is to use these data to generate inverse plots for

value for RB' is within a factor of 2 of the expected value, each species (i.e., R} ° as a function of 1/[AA]). The re-
but [Br*] is overestimated by 19 times (Table 2) ang is  Sulting inverse plots have been corrected for both#fg™>

too large by~30 times (not shown). and AA effects. The slope and y-intercept from the inverse
plots are then used in Egs. (S28) and (S29) to evaluate data
3.6.2 Data treatment B treatment C. In contrast to treatments A and#SEPP for

treatment C is set to 1 for each species because each in-
The second data treatment involves fitting a line to the lin-verse plot represents 3BPD formation from only one Br*(aq)
ear portion of the inverse plot using Eq. (S25) with a value species. This correction fd?fBPDin treatment C is more ac-
of F3BPP from the Br- Full Model, whereF*8PD here is  curate than that used in treatments A and B since it accounts
the fraction of 3BPD from averaged throughout the linear for the fact that7>2PP can vary with [AA].
range of the inverse plot. The slope and y-intercept from As seen in Table 2, MVDT values obtained through treat-
the linear regression to the inverse plot data?@%t’ ver- ment C agree very well with the expected values fdpaphd
sus 1/[AA]) are then used in Egs. (S28-S30) to calculdte [ R.. The [] values obtained for all three species from this
Ry, andt;. As seen in Table 2, with one exception {Br treatment are typically within 10%, and always within 40%,
in Experiment 2), this simple analysis generates MVDT val- of the expected values while valueskif are within 10-40%
ues of [] for all species that are within a factor of 2 of the of the expected values. Furthermore, those species with the
expected values. This is true even for species that are onljargest discrepancies MF account for only a small fraction,
minor sources of 3BPD (e.g., HOBr in Experiments 1, 3, andtypically <10%, of the 3BPD formed (e.g., Biin experi-
5 where F36EP<0.08). In addition, MVDT values oR%..  ment 3 whereF327P=0.06). Values for; are also generally
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quite good: typically within 15% of the expected value and verse plots for each species. TRE®FP inverse plots from

always within a factor of 2.4. the Br- Full Model have been corrected for tH?EPP ef-
fect, while those from the N6OH+AA Model have been
3.6.4 Summary of data treatments with model-derivedcqrrected for both the3BPP and AA effects. Thus differ-
“data” ences in the corresponlding slopes (and y-intercepts) between
) the two sets of model data should be due to the AA effect.
Overall, data treatment A, which can only be used to deter, the next step of treatment C we use these differences to

mine Br* kinetics (Sect. 2.3), works very well for determin- c5jcyjate correction factors for the slogé)(and y-intercept
ing values of [Bf], REI, andzg, under conditions where Br (@) for eachi (C? andC?, respectively):
i [ )

is the dominant source of 3BPD at all [AA] values used in the
experiment (Table 1). With one exception (Bin experi- ob b ;(No OH+ AA Model)

ment 3), treatment B provides good values (within a factor 7 p/;(Br-Full Model) ®)
of ~2 of expected values) of[and R}, for Br, and HOBr )

under our experimental conditions. This treatment also pro-~«' _ @'i(N0 OH+ AA Model) %
vides excellent results for [Bf when Br* is the dominant ! a’; (Br—Full Model)

source of 3BPD, but always significantly underpredi . .
ys Si9 y P % whereb; anda; are the slope and y-intercept, respectively,

(Table 2) and does not consistently give reliable results;for ¢ the i on to the i lot h d
for any Br¥(ag). The more complicated treatment C consis- rom the inear regression to the Inverse pio or:eac“ SPecies
generated from the specified model data (“Bwull” or “No

tently provides the best results for all species under all con= i . .
ditions: i) values of {] are within 10% of expected values OH+A_A)' Equations (S28-S30) can now be rewritten as
except in two cases (within 20-40% for Band HOBr in follows:

Experiment 5), ii) rates of formationr(;) are within 10% ] = 1 ®)

of expected values for By and within 11-40% for Brand b, Yi3BPD KAA Clb’

HOBr, and iii) lifetimes ;) are within 15% of expected val-

ues for BP and within a factor of 1.1-2.4 for Brand HOBTr. R — 1 9)
F = 4/ y3BPD ca’
1 1 1

3.7 Competition kinetics: experimental data and determi-
nation of [], R%., andz; rca’ )
b ’ S A (10)
b; kM C: R

Ti
3.7.1 Overview and procedures

The values of f], R%., andz; obtained with these equations

Based on the model-derived results above, the kinetic €4Ua, . ve been corrected for both tﬁéBpD and AA effects.

tions we derived to determing][ R, andt; are generally
valid, although in some cases corrections are needed t0 ag 7 o  Kinetic results from experiments 1-5
count for the AA andF?BPP effects. In this section we

perform the second testing step: evaluating the probe techfhe R%Bf(’)? data from Fig. 5a were used to generate the in-
nique using experimental data. To do this we analyze the datggge pqlot for Experiment 1 (0.80 mM By pH 5.3) shown in
from the laboratory experiments using the three different datarig. 6a. In the linear portion of this plot ([AAX150.M or
treatments in order to determine the kinetics of Br*(aqg) un- 1/[aA] >6.7x103M~1), Br~ is the dominant sink fotOH,
der different experimental conditions. The values obtainedrepresenting 95-55% of the total sink. In the non-linear por-
from this treatment of the experimental data are referred tqjon ([AA] >3001M or 1/[AA] <3.3x103M~1), allyl alco-
as EVDT values (experimental values with data treatment)o| is the dominant sink fotOH (accounting for 62-85% of
We then compare these EVDT values with the model-derivec o |oss), and the inverse plot curves up due to the scav-
expected values (Sect. 3.5) to determine the reliability of thegnging of*OH by AA (i.e., the AA effect). As mentioned
probe technique. ) in Sect. 2.3, the steady-state concentrations 6f Br, and

For data treatments A and B, values of, [Ry:, andz; ~ HOBr change as a function of [AA] (as well as pH and {ir
from the experimental data are calculated as described fognd, therefore, so do their relative contributions as sources of
the model data (SeCtS. 3.6.1and 362), but for data treatmemBPD_ An examp|e of this is shown in F|g 6b for experiment
C the steps are slightly different in order to correct for both 1: yalues ofFlSBPD change slowly with increasing 1/[AA] but
the F25PP and AA effects. In the first step we separately run gre relatively constant in the linear portion of the inverse plot.
the Br~ Full Model and the NOOH+AA Model (Sect. 3.6.3) Results from all five of the kinetics experiments are listed
with the desired experimental conditions (Table 1). For bothin Table 2. Before examining these results, it is important
models,Rf’,‘?f:)Et’ is recorded and"*BFP is calculated for each o note that the previously discussed MVDT values y [
[AA]. We then calculateR32C (Eq. 5) for each speci@sat R’ andr; represent the upper limits of data treatment per-
every [AA] for both models and use the data to generate in-formance; i.e., the experimentally derived values (EVDT)
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Based on the model experiments (Sect. 3.6), treatments A
and C should provide the best results for calculatingBr
and REJ from the experimental data. As shown in Table 2,
this is nearly always the case. Experimentally derived val-
ues of [Br] are within a factor of 2 of expected values for
these data treatments (except in Experiment 2 wirgfé®
is quite variable), while EVDT values foRfff are within a
factor of 4. Treatment B usually provides good results for
[Bre] (except at low pH wher&3EPP is variable) but under-
estimatesk’. by a factor of 6-25, consistent with what was
observed for the model values. ForBind HOBr, treatment
C generally provides EVDT values foi][and R} that are
better than those from treatment B, consistent with the model

20 O Experiment evaluations. Overall, when using the best data treatment as
I — Model determined by the model evaluation, EVDT valuesidffe
o S S S nearly always within a factor of 2 of the expected values and
0.00 002 004 006 008 010 R values are almost all within a factor of 3. (Note that these

Inverse of Allyl Alcohol Concentration (106 M'l)

Inverse of Allyl Alcohol Concentration (106 M'l)

discrepancies ierF are sometimes within the errors of the
experimental measurements.) While these numbers repre-

0 1.00 :
@ ) sent the overall technique performance, results are generally
o (b) S . . ;
9 better for individual experiments where one Br*(aq) species
£ 080 | Fraction from Br accounts 'for the pulk of 3BPD formation at all AA values
@ b T (e.g., Bf in experiment 1). Conversely, the method gener-
< ally performs less well for species wheFg2"P is small or
Q . g
® 060 - changes significantly over the [AA] range.
§
“; Overall, results from the experimental data demonstrate
o 040 _ that under the variety of conditions tested, the AA chemical
9 . Fra‘i_tl'g’é probe technique is capable of measurifigaghd R’ (as well
G . rom ' ast;) with fair to excellent accuracy, depending on the ki-
0.20 + Fraction from Br, ‘ . .

5 | netic parameter, species, and data treatment selected. As was
'§ s - the case for the model experiments, the most accurate exper-
L oo £ L imental values typically are obtained fat {vhile values for

' Ri. andt; are | rate. Results from the experimental

000 002 004 006 008 010 % andr; are less accurate. Results from the experimenta

data often do not compare as well with the expected values
as do values from the model experiments, but this is expected
due to experimental errors and the fact that the experimental
data are not perfectly predicted by the model.

Fig. 6. (a) Inverse plot for the competition kinetics experiment 1
described in Table 1 and Fig. 5a ([B=0.80 mM, pH 5.3). The
squares are the inverse of the experimentally determined rates of In general, the experimental results reflect those of the
3BPD formation and the line shows the corresponding results frommodel experiments, namely that treatment C gives the best
the Br~ Full Model. Error bars represent 90% confidence intervals overall results. However, it is important to note that treatment
around the experimental datgb) The fractions of 3BPD formed A, which requires no model-based corrections, also provides
from the reaction of specigswith AA (F2BPD) as a function of good results for [BY, R', and, zg, under conditions where
L/IAA] for competition kinetics experiment 1 in Fig. 6a. Br* is the dominant species responsible for 3BPD forma-
tion across the entire experimental [AA] range. Based on
our modeling results, Brwill dominate 3BPD formation at
for these three parameters should be no closer to the exiigher pH values, e.g., those typical of seawater (0.80 mM
pected values than the MVDT values. Cases where EVDTBr—, pH 8.1; Zafiriou et al., 1987). As shown in experi-
values are closer to the expected values are most likely a rement 4 (Table 2), the probe technique with treatment A could
sult of random experimental errors. Furthermore, for a givenbe used for studies of Bkinetics in bromide solutions with
Br*(aq) species under a given set of conditions, the best dataeawater conditions of [Bil and pH without any input from
treatment(s) for the experimental data should be the same ahe numerical model and still yield values of PBand Rﬁ’
that determined from the MVDT values. that are good to within a factor of two.
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3.8 Application of probe technique to environmental sam-ble for the majority of 3BPD, we expect that model values of
ples F3BPP will have little bias.
A second limitation with this technique is the selection of a

This technique was developed primarily to investigate halidedata treatment (A, B, or C) for sample analysis. In this study,
oxidation by*OH, a process that is important in seawater Where the conditions were tightly controlled, it was possible
(Zafiriou et al., 1987; Zhou and Mopper, 1990), sea-salt part0 calculate model-derived expected values for the experi-
ticles (Matthew et al., 2003), and possibly in snow (Chu andMental systems and use these values to determine what data
Anastasio, 2005). Because the kinetic model was writtenfreatment would give the most accurate results. For actual
based on theOH-initiated oxidation of bromide, and be- Samples this selection process is not possible and we must
cause this model is an integral part of the techni\@k rely on the observations from this study to select the best
kinetics in the sample must be measured (e.g., with thedata treatment. In doing this, we make the assumption that
benzoate technique; Zhou and Mopper, 1990) so 3%1 the relative merits of the data treatments found in this study
[*OH], andron can be accurately represented in the model.are applicable to environmental samples. While this should
The reactive halogen probe technique described here coule true in samples with conditions similar to the laboratory
be extended to examine halide oxidation by other mechasolutions studied here, this assumption needs to be experi-
nisms (e.g*NO3z or O3), but the kinetic equations and model Mentally tested.

would need to be modified in order to make the technique

quant!tatlve. _ . 4 Conclusions
While the experiments described here were all performed

on laboratory solutions, our analytical technique is sensitivewe have developed a chemical probe technique for the
enough that the method should also work on environmentatietection and quantification of reactive bromide species
samples. We have not yet applied the method to environ{Br*(aq)=Br*, Br,, HOBr, etc.) based on the reaction
mental samples, but we explore the issue of method sensitivef Br(aq) with allyl alcohol (AA) to form 3-bromo,1,2-
ity in the context of these types of samples in more detail inpropanediol (3BPD). The model used to validate the probe
Part 2. Furthermore, this technique can be used to elucidatechnique was constrained by several different sets of exper-
mechanisms of halide oxidation in laboratory solutions byimental data where pH, [Bi], and [AA] were varied. With
comparing experimental results with model predictions. Forthis technique, the steady state concentratioijs ¢ates of
example, we have used the technique in bromide solutions téormation (R%;) and lifetimes ¢;) of Br*(ag) can be mea-
determine that HQoxidizes dibromide radical aniofgr;)  sured in agueous bromide solutions.
to Bro rather than reducing it to Bras is generally assumed  Three data treatments (A, B, and C) capable of calculating
(Matthew et al., 2003). Finally, this allyl alcohol technique [i], Ri., andt; were evaluated with model experiments and
(or analogous techniques using different probe compoundsphen applied to the experimental data. Data treatment C was
could also be used to examine the abiotic halogenation ofhown to consistently produce the best results fr g%,
organics in environmental samples under various conditionsand ; for the Br*(aq) species considered here. With treat-
ment C, experimental values af pnd R; for all species are
3.9 Technique limitations typically within a factor of 2.5 of the expected values (values
of [i] are often much better than this), whitevalues for all

While the chemical probe technique described here generall?peCIes are generally within a factor of 3 of e_xpe_cted values.
does a good to excellent job under the specified experiment I thre_e data treatments rely on the use of kinetic models to
conditions, it does have some limitations. The biggest limita- etermine the fraction of 3BPD farmed from ‘BrBr;, and

. SBP . . . .
tion stems from the fact that the method is relatively nonspe-HoBr (e, F ) for a given set of conditions. This is a

cific, i.e., the 3BPD product is formed by at least BBr; disadvantage of the technique because of the possibility of
and HOBr. Accounting for the relative amounts of 3BPD err_arfm thehm_odel. id h ith l th
formed from each Br*(aq) species requires calculating values IS tec nique provides researchers wit a hew too_ that
of F3BPD (Sect. S.4), which requires obtaining values idf [ allows further investigation of aqueous halide chemistry,
from a model that represents the experimental system. Thugallde oxidation mechanisms and reactive halogen dynam-

in environmental samples (e.g., seawater or sea-salt particle#‘zS In aqueous solution. It can .also be used to examine t'he
where the halide chemistry might not be completely known, rmation of halogenated organics and release of photoactive

3BPD ; ; ; as-phase species in environmental samples (such as sunlit
model values of; could be incorrect, which would bias 925P P ) ples ( .

. ; ... surface seawater and sea-salt particles) under environmen-
experimental values of], R%,, andt;. However, this bias is

: : . : . _tally relevant conditions.
likely to be small since the reactions controlling the relative y

amoun'_[s of Br*(gq) are very rapid and well characterized asacknowledgementsThis work was supported by a NASA Earth
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