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Abstract. Although reactive halogen species (X*:X X5, In chloride solutions the formation of ClI*(aq) BYDH oc-

X2 and HOX, where X=Br, Cl, or I) are important environ- curs through reactions that are analogous to those in bromide
mental oxidants, relatively little is known about their kinet- solutions (see Part 1):

ics in condensed phases such as seawater and sea-salt parti- . _

cles. Here we describe a new technique to determine reactivgI +*OH — *CIOH (94)
chlorine and bromine species in aqueous solutions by U_SingCIOH* L Clm - *Cl
allyl alcohol (CH,=CHCH,OH) as a chemical probe. This

probe is combined with competition kinetics in order to de- *CIOH~ + H* — CI® + H,0 (97)
termine steady state concentrations of X*(aq). In some cases

the technique also can be used to determine the rates of fol/hile CI*, *Cl;, and a number of other CI* species can form
mation and lifetimes of X* in agueous solution. In a com- 3CPD in chloride solutions, under our conditiotSl; is
panion paper we reported the results of our method developthe dominant source. In solutions containing both chloride
ment for aqueous solutions containing only bromide (Br ~ and bromide’Cl; is a less important source of 3CPD and
In this paper, we discuss method development for solutionghe mixed halogen specie8rCl~ becomes the dominant
containing chloride (Ct) alone, and for solutions containing source.*BrCl—, and the molecular mixed halogen BrCl, are
both bromide and chloride. also significant sources of 3BPD in mixed halide solutions.
These species are formed from a number of reactions, includ-
ing interactions such as

5 + OH™ (95)

1 Introduction *Cly +Br~ — *BrCI” + CI™ (173)

. ) o ] ) ClI~ + HOBr+ H* — BrCl 4 H,0 (155)
As discussed in detail in the companion paper to this work
(Matthew and Anastasio, 2006, hereafter referred to agNote that these reactions are from the supplementary ma-
“Part 1”), aqueous and gaseous reactive halogen speciegrial (Sects. S.1-S.12, Reactions 1-192, Egs. S1-S41, and
(X*=X*, *X5, XO*, X2 and HOX, where X=Br, Cl, or I)  Tables S1-S6) that was introduced in Part 1. To avoid dupli-
play important roles in the chemistry of marine regions. To cation, and because this paper refers to many of the equations
further our understanding of aqueous-phase halide chemistrfrom Part 1, we have also made the equation numbering con-
and its links to the release of reactive gas-phase halogensinuous between Part 1 (Egs. 1-10) and this paper (Egs. 11—
we have developed a chemical probe technique to detect ant).)
measure reactive halogen species in aqueous solutions. InIn Part 1 we described the overall chemical probe tech-
this technique we use allyl alcohol (AA) to trap the reactive nique, its use with competition kinetics, and its application
halogens (Cl*(aq) and Br*(aq)) and form stable, halogenatedo solutions containing bromide. In this paper we apply the
diols (3-chloropropanediol (3CPD) and 3-bromopropanedioltechnique to chloride solutions and to “mixed halide” solu-

(3BPD)) that are quantified. tions, i.e., those containing both bromide and chloride. As

in Part 1, our first step here is to perform a series of experi-
Correspondence taC. Anastasio ments under different conditions in order to build and test a
(canastasio@ucdavis.edu) kinetic model of reactive halogen chemistry. The second step
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is to use this kinetic model to evaluate the overall chemicalThe model written for the chloride system (CFull Model)
probe technique, and a series of three data treatments, undeonsists of the reactions from Table S1, the reaction©éf
a range of experimental conditions. and*COj; with allyl alcohol (Table S3), agqueous chloride
reactions (Table S4), and interactions of reactive chloride
) species (Cl*(aq)) with AA (Table S5). The chemistry occur-
2 Experimental ring in the mixed halide solutions is described in the “Mix
. . Full Model”. This model consists of the “BrFull Model”
The key ge'neral a.spects to the chemical prpbe technlque arﬁ'ables S1-S3),
d!scussegl n deta_|l In Part 1. In the following sections, WE actions of AA with Cl*(aqg) and with mixed halogen species
give a b_nef overview of the technique and a more deta_“_ledéBrCI* (ag)="BrCI~ and BrCl) (Table S5), and mixed halide
description of the models and procedures that are specific t .
; . . e . eactions (Table S6).
using the method in solutions containing either @ both Obtaining quantitative information (i.e., rates of formation
CI” and Br. (Rj,), steady-state concentrationg]l] and lifetimes ¢;))
for reactive halogen specigsrequires knowing the yields
of 3BPD and 3CPD formed from the reactions iofvith
The reagents (including Milli-Q water) used in this work are AA (Y*PP). These yields were calculated as described in
the same as described in Part 1 with the exception of NaCl. Io€ct: 2.2.3 of Part 1, and are based on the modeled rate con-
many of our experiments with chloride solutions the resultsStants for the reactions of speciewith AA (Tables S3 and
can be affected by trace levels of Br Because we could S5). Irj our chlorlde experiments, dlchlorlde_ radlca! anion
find no source of NaCl that was bromide-free, we developed’Clz) is responsible for most of 3CPD formation, while*Cl
a technique to remove the small amounts of bromide preserftontributes only very little (typically<4%). Based on the
in chloride solutions (Sect. S.7). Using this technique with modeled rate constants, yields of 3CPD from the reactions of

high purity NaCl (Sigma Aldrich; 99.999%) we reducedBr ~Clz and CF with AA are 0.095 and-0.2, respectively.
levels from~0.007% mol Br/mol CI (in untreated chloride) N mixed halide solutions 3CPD can also be formed from

to <0.0002% mol Br/mol Cl, a level that did not significantly the reaction of AA with*BrCI™ or BrCl, with yields of
affect our experimental results. 0.0031 and~5x 105, respectively (Table S5). In addition
During experiments agueous sample28mL) contain- {0 Br*, Brz, and HOBr_(I?art 1), 3BPD can also be formed
ing halide, allyl alcohol (AA), and 1.0 mM hydrogen perox- by both BrCl and*BrCl~ in mixed hahde solutions. Based
ide (as a photochemical source ¥H) were illuminated ~ON Modeled rate constants, the yield of 3BPD from the re-
(313nm light) in airtight, stirred, 5cm quartz cells main- :"‘Ct'on_‘?f BrCl with AA IS 0.50 (Table S5). The yield from
tained at 20C. Aliquots of sample were removed at specified “B'Cl™ iS pH dependent: 0.078 at p#$.5, 0 at ph-6.5, and
times and analyzed for 3XPD (i.e., 3-chloro-1,2-propanediolVarying linearly between these values. We could find no rate
(3CPD), and/or 3-bromo-1,2-propanediol (3BPD)) and AA constants for the reactions of Lbr BrCl with AA (Reac-
using techniques discussed in Part 1. When required, sampiPnS 147-149, Table S5) or other alkenes in water. Fitting
pH was adjusted using 1.0 MA30Oy or a mixture of 1.0 mM the kinetic model to the experimental data produced a total
: : . —1g1
sodium tetraborate and 0.30 M NaOH. For each experimenfl€ constant of BrCl with allyl alcohol of 1:0L.6°M~* s
the actinic flux was measured using 2-nitrobenzaldehyddReactions 147-149) and a 3BPD yield of 0.50. Based on
actinometry (Anastasio et al., 1994). Dark controls werethiS we estimate that the total rate constant for the reaction
¥ ' i i 11 i
treated the same as illuminated samples except that they wefd Cl2 with AAis 1.1x 10° M~"s™* (Reactions 138 and 139,
prepared in 1 cm quartz cells, placed in a dark cell chamber@ble S5), but this value is not well constrained by our re-
(20°C, stirred), and sampled at the final illumination time Sults. _ _
point. There was no loss of AA, and no formation of 3BPD or  While we were able to use published values to determine
3CPD, in illuminated samples that did not contaisQ, re- ~ OF constrain rate constants for the reaction of AA with a num-

gardless of whether bromide and/or chloride were present. IP€r Of reactive halogen species (especially for Br(aq); Ta-

2.1 Overview of experimental parameters

addition, illumination of solutions containing 1.0 M8, ble S3), in many cases no literature values were availfat?le. In
0.80 MM Br-, 3BPD and/or 3CPD lead to no loss of 3XPD these cases we estimated rate constants based on fitting our
over the time scales of our experiments. model to our experimental results (e.g., see footnotes in Ta-
bles S3, S5, and S6). Similarly, for many of the mixed halide
2.2 Kinetic models reactions (Table S6) there were no published rate constants

available and we therefore compiled our set of reactions and
Halide chemistry in the illuminated solutions was modeled rate constants by fitting model output to the measured rates
with Acuchem (Braun et al., 1988). In Part 1, we developedof 3BPD and 3CPD formation and AA loss. As described
a kinetic model (Br Full Model) that describes aqueous bro- in section 3.7, this dearth of independently determined reac-
mide chemistry. Here we extend this model to include chlo-tions and rate constants is a weakness of our model, although
ride and mixed halide (i.e., bromide and chloride) reactions.we have confidence in the overall model because of its ability

Atmos. Chem. Phys., 6, 2438451, 2006 www.atmos-chem-phys.net/6/2439/2006/
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. . F3XPD
to describe our measured results over a wide range of expely _ i (13)
imental conditions. y3XPDRAAL
2.3 Competition kinetics where Y3PP is the yield of 3XPD from the reaction of

. speciesi with AA (Sect. 2.2),R§,and [] are the rate of
There are two aspects that complicate our allyl alcohol Chem?ormation and concentration of speciesrespectively, and

ical probe technique compared to past techniques: i) the adstpD is the fraction of 3XPD formed from species
e H l
dition ]?fxtfe pr?be cor_npokLde (AA) cr:]auzezs a decrease in th?Sect. S.12). (Note that these equations are the more general
rate o (ag) formation because the scgvengéjs g analogs of Eqgs. S25-S27 derived in Part 1.) In the mixed
and ii) the compounds formed from the reaction of X*(aq) halide system we calculate3cPP based ortCl;, CI°, Cly
1 1 L 1

with allyl alcohol are not specific to an individual species HOCI. BrCl, and*BrCI-, while for Fi3BpD we include Bt

(i.e., 3BPD and 3CPD are each formed by several different

species). These complications require that the raw data beB'2 Br2, HOBr, BICl, and*BrCl™. Other species (e.g.,

corrected to compensate for these effects. In Part 1, the e's @nd Ck) are insignificant sources of 3BPD or 3CPD in
fects associated with i) and ii) were referred to as the “AA OUr €xperiments but could be important under other condi-

effect” and the F2BFP effect”, respectively. Here we refer tions. ‘
to the latter effect as theF3XPD effect”. where F3XPD g Equations (12) and (13) can be rearranged to solve Jor [
i ! i

the fraction of total 3BPD or 3CPD that is formed from the R}, and the lifetime of (z;):

reaction of specieswith AA. 3XPD
The dynamics of the reactive halogen species are detefi] = —~L (14)
mined from competition kinetics experiments where product b’ YigxpDkﬁA
formation rates (3BPD and 3CPD) are measured as a func- £3XPD
1

tion of allyl alcohol concentration. From these experiments ;

we calculate steady-state concentrations and other parame-f — 7 y3XPD (15)

ters for X*(aqg) using data from “inverse plots”, i.e., plots of ’

the inverse of the rate of 3XPD formation R*"P) ver- a [i]

sus 1/[AA]. Recall from Part 1 that there are two general ap-t = b KAA T ORL (16)
1

proaches to calculaté][ R.., andt; from the inverse plots. F

The first approach (data treatment A) is only applicable for o5 jn the bromide system in Part 1 (Sect. 2.3), assuming that
Br* in solutions containing only bromide (see Sect. 3.6.1he AA effect is small in the linear region of the inverse plot
of Part 1) and cannot be used here. This is because thigz, |ead to errors inT, R, andz; in the chloride and mixed

approach was derived as an analytical solution to a kinetigyajige systems, but we can generally correct for these biases
scheme involvingOH, Br~, and Bf. Similar analytical ex-  ysing the kinetic model.

pressions can be determined for other reactive halogens, but
they cannot be solved because they contain concentrations of
intermediate species that cannot currently be determined. 3 Results and discussion

In the second, more general, approach we assume that
AA has only a minor effect upohOH (and, therefore, upon 3.1 Overview of experimental approach
X*(aq) formation) in the linear portion of the inverse plot
(where [AA] is small and the “AA effect” is minimized). By Our first goal is to use our experimental results to construct a
making this assumption, the kinetic derivations are simp”-numerical model that describes the Chemistry occurring inil-
fied and can be applied to the other X*(aq) species. In thiduminated mixed halide solutions. We start by characterizing
case, Eq. (S13) can be rewritten for all X*(aq) species as: the rates of 3CPD formatiorR@f:tF;?) and aIIyI alcohol loss

. (R’L*A) in solutions containing only chloride (Sect. 3.2) to

1 _ n b (1)  Make a model of chloride chemistry (CFull Model). This

R¥EP [AA] model is then combined with the BrFull Model (Part 1),
and a series of mixed halide reactions, to make the “Mix

whereR¥F D is the total rate of formation of 3BPD or 3CPD  Full Model”, which describes the chemistry in mixed halide
anda’ andb’ are, respectively, the y-intercept and slope of thesolutions. This final model is tested and constrained using
linear portion of the inverse plot. Using a procedure analo-several different sets of experiments under various solution
gous to that described for Br*(aq) in Part 1, we can deriveconditions (Sect. 3.3) and is then used to evaluate the ki-
general expressions faf andb’: netic equations fori], R%., andt; using model-derived data
(Sect. 3.5). Finally, we test the ability of the probe technique
to experimentally determine reactive halogen kinetics in so-
lutions containing both Br and CI~ (Sect. 3.6).

3XPD
Fi

a = —i (12)

~ y3XPDpi
Yi RF

www.atmos-chem-phys.net/6/2439/2006/ Atmos. Chem. Phys., 6, 24332006
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Table 1. Parameters for the competition kinetics experiments.

Exp [AA] Range Tested Linear [AA] Ran§d..M) Agreement Between Model
and Experimerft(Average RPD)

#  pH (M) nb 3BPD P 3cPD ¥ 3BPD 3CPD AA
Chloride Experiment ([C1]=0.56 M, no Br)

1 5.4 2-75 8 - - 2-15 4 - 7.5 22
Mixed Halide Experiments ([C1]=0.56 M, [Br—]=0.80 mM)

2 3.0 2-150 11 2-25 7 20-150 6 10 15 19

3 5.5 10-3000 12 10-250 8 10-500 9 25 18 13

4 80 20-150 6 20-150 6 20-150 6 49 45 22

The concentration of pD, for all experiments was 0.98-1.0 mM. The photolysis rate constantf@Hj202) was 3.3<10~6s~1 for all
experiments.

@ Range of allyl alcohol concentration where the inverse plot based on the total rate of 3XPD formation is linear. Note that the linear range
can change when the inverse plots are based on individual species, as is done in treatment C.

b Number of experimental data points sampled within the specified range.

€ Agreement between the experimental data and model output, calculated as the average of the absolute values of the relative percen
difference (RPD) between the model and experimental valuds?Fi_ﬁfg?(and RQA) over the entire range of allyl alcohol concentrations.

Note that the listed values fa&3XPD 3XPD

AA
T tot andR;" also apply to 1RF, tot

3.2 Chloride experiments

3.2.1 Rates of formation of 3CPIRESED) and loss of AA
(R™) as a function of pH

All solutions contained 1.0 mM $0», 75uM AA, and sea-
water concentrations of chloride (0.56 M NaCl, from NacCl
that was treated to remove Br Sect. S.7). As shown in
Fig. 1a, the experimental values RS exhibit a strong de-
pendence on pH, rising quickly at ptb.5 as a result of the

acid-dependent formation of C[Reaction 97). Measured

values ofR™ (Fig. 1b) show a much weaker dependence on
pH, increasing only slightly with decreasing pH. Also shown

in Figs. la and 1b are results from the Glull Model, which

closely predicts botiR3S5P and R as a function of pH.

Based on model results the dichloride radical antiy) is
responsible for=99% of the 3CPD formed at all pH values
in these experiments, while other chlorinating species, (Cl
HOCI, and Ct) are insignificant.

3.2.2 Rates of formation of 3CPIRESEP) and loss of AA
(R™) as a function of [AA]

and 1R7A, respectively.

hol becomes the dominant sink ft©H, thereby decreasing
chloride oxidation and Cl*(aq) formation (Fig. 2a). It is in-
teresting to note that the decrease in 3CPD formation in the
chloride solution occurs at much lower [AA] than does the
decrease in 3BPD formation in the bromide systerhd M
versus~300uM). This is because Clis less efficient at
scavenging®OH than is Br at pH 5.5 and so less AA is
required to outcompete Cl Based on model resultsCI;,

is responsible for 95-100% of the 3CPD formed between 2
and 75uM AA, while CI* is responsible fox5%.

3.2.3 Measurements of gaseous reactive chlorine (CI*(g))

As was the case for the bromide system, we also conducted
an experiment to measure the production and release of
Cl*(g) (i.e., Clk and HOCI) from an air-purged, illuminated
solution (pH 3.9) containing 3.5M NaCl and 0.10 M NaplO
(as a photochemical source ®®H), but no allyl alcohol.
The experiment was conducted as described in Matthew et
al. (2003) except that nitrate was used instead ghias a
source of*OH and gases were collected in a bubbler con-
taining 10 mL of 0.50 M NaSQOs; and 34.0 mM NaCQs in-

Experiments were conducted as outlined in Sect. 3.2.1 eXstead of a carbonate-coated denuder. The low apparent rate
cept in this case the pH was held constant at 5.4 and [AA]of CI*(g) collection in the experiment (8.8 nmoth) is less

was varied from 2-7aM (Table 1). As shown in Figs. 2a than the equivalent average rate from a series of blanks
and b, the Ct Full Model does a good job of predicting (16+22 nmolh1). While the blank value is high, it appears
both RIGFP and R}, with average relative percent differ- that no significant amounts of Cl*(g) were produced in the
ences (RPD) between the model and experimental values ®fupbling experiment, which is consistent with our model re-
7.5 and 22% foR 35 P and R{A, respectively (Table 1). As  suits (<4x 10~ nmol CI*(g) h~ at any pH value between 3

expected R3FP decreases at higher [AA] where allyl alco- and 8).

Atmos. Chem. Phys., 6, 2438451, 2006 www.atmos-chem-phys.net/6/2439/2006/
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3.3 Mixed halide experiments

i
o
T

)

a
The experiments in the following sections were designed to : ( )
constrain our mixed halide model (i.e., the Mix Full Model).
This model consists of the validated Band CI~ Full Mod-
els along with a number of mixed halide reactions (154—192,
Table S6). One important effect of these reactions is to con- -
vert radical chloride specieSGIOH™, *Cl; and CP) into
*BrCl~ (e.g., Reactions 171-173). The existenceRiCl~
has only been quantified recently (Donati, 2002; Ershov,
2004) and our experimental evidence indicates that it is an o
important species in mixed halide systems in the presence of »
*OH (Matthew, 2002). ©

min

A Experiment
------ Model

w
o
T

D Formation (nM
N
o

o
e -
S -
3.3.1 Measurements af35o0, R¥CPandR asafunc- o | B
tionof[Br_] 0 PN S Y ST SN S R |--.A.__]"."rg--;-,..._E
3.0 4.0 5.0 6.0 7.0 8.0
pH

Experiments were conducted at pH 5.4 with solutions con-
taining 0.56 M NaCl (from purified NaCl; Sect. S.7), 1.0mM

H,0,, 75uM AA, and 0-80QuM NaBr. As shown in r
Fig. 3a, R3BPP rises quickly between 0 ang150M Br— 600 (b)

X ST,

but rises only gradually at higher bromide concentrations. In
400

.]_)

Contrast,Rf’,CtEtD decreases with increasing [Br Values for

R7A (Fig. 3b) decrease with increasing [Brbecause the
bromide scavenge®OH, resulting in decreased destruction
of AA by *OH. Model results forR35°° and R3GPP show
that the Mix Full Model generally does a good job of predict-
ing these two quantities, although it underpredicts 3CPD at
low bromide concentrations (Fig. 3a). In addition, the model
does a good job of predictingf‘A at [Br-]1=300uM, but
underestimates AA loss at lower [Bf(Fig. 3b). i
Based on model results, in these experimet®sCl~ 100 L
and Br are responsible for74% and~23% of the 3BPD I ~--~Model
formed, respectively, at all bromide concentratiort<Cl;, L
and *BrCl~ are primarily responsible for 3CPD formation
and their contributions vary significantly with [B}. For ex- 3.0 4.0 5.0 6.0 7.0 8.0
ample, at 1M Br—, *Cl; and*BrCI~ are responsible for pH
88% and 12%, respectively, of 3CPD, while at 80@ Br—
approximately 95% of 3CPD is frot&rCI—. Fig. 1. (a) Rate of 3-chloro-1,2-propanediol (3CPD) formation
(R3CPD) as a function of pH in illuminated (313 nm) aqueous chlo-
3.3.2 Measurements W%EEP, R3SFPandRM as afunc-  ride solutions ([CF=0.56 M) containing 1.0 mM KO, and 75.M
tion of pH AA. The triangles are experimental values Rf-L>, with error
bars representing 90% confidence intervals (CI). Cl were calculated
Experiments were conducted on solutions containingfrom the standard errors of the slopes from plots of 3CPD concen-
0.80 mM NaBr, 0.56 M NaCl (untreated), 1.0 mMEh, and tration versus illumination time at each pH. The dashed lines are

75uM AA. As shown in Fig. 4a, the model does a good model results from the Cl Full Model. (b) Rate of allyl alcohol
job of explaining theR3BPD measurements. The drop in loss (RQA) under conditions described in Fig. 1a. The diamonds

F,tot ; A . 0
R3BPD phetween pH 5.5 and 6.5 is due to the decrease in thé"e experimental values @, with error bars representing 90%
confidence intervals (Cl), calculated from the standard errors of the

300 |

200 |

Rate of AA Loss (nM min

< Experiment

O-l|||I||||I||||I||||I||||I

Ftot
yield of 3BPD from the reaction ¢BrCI~ with AA (YchFr— slopes from plots of AA concentration versus illumination time.
(Sect. 2.2). While the model somewhat overpredkiggtD The dot-dashed lines are model results from the Bl Model.
and R, model values are always within the measurement
error limits (Figs. 4b—c).

Under these experimental conditions 3BPD is formed pri-tributions changing as a function of pH. Unlike the case in
marily from *BrCIl—, Br®* and BrCl, with their relative con- bromide solutions, where Biis the dominant precursor for

www.atmos-chem-phys.net/6/2439/2006/ Atmos. Chem. Phys., 6, 24832006



2444 C. Anastasio and B. M. Matthew: Technique for measuring aqueous reactive halogens: Part 2

O Experiment: 3BPD
A Experiment: 3CPD

801 @ o2
R A Experiment L

6.0 L A Model 10 '
A 8 [

6 |

HEH

Rate of 3CPD Formation (nM min™)
5
Rate of 3XPD Formation (nM min

4| .
20 b A Model: 3BPD
o Model: 3CPD
2 1A
L A A A
00 : ' ' ' : ! ! ! : ! ! ' 0r--f.'"'."i"."'n"'.'". """"" 1 |A. """"" A_
0 20 . 40 60 80 0 200 400 600 800
Concentration of Allyl Alcohol (uM) Bromide Concentration (M)
500
L b
() ot s00 ¢ (b)
" 400 %,-"'/ "7; [ ¢ Experiment
S e s 400 _l ---—- Model
= % R = :'\
% 300 [ o < T
2 7 @ 300 F
k i I TN
200 [T} I SN
;— . 2 00 | R S
S - 5 T F e oo
2 @ C
§ 100 <& Experiment g 100 F
----Model r
0 I il N N N | N N N | N N N O 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 20 40 60 80 0 200 400 600 800
Concentration of Allyl Alcohol (uM) Bromide Concentration (uM)

Fig. 2. (a) Rate of 3-chloro-1,2-propanediol (3CPD) formation Fig. 3. (&) Rates of 3-bf0m0-1,2'P|’9pa“gl;(lj)i0| (333%%?3 and 3-
(R3CPD) ‘as a function of [AA] in illuminated (313nm) aque- chloro-1,2-propanediol (3CPD) formatior}°{ 2 and RE“FY, re-
ous chloride solutions ([CI]=0.56 M, pH=5.4) containing 1.0mM  Spectively) as a function of [B] in illuminated (313 nm) aque-
H,0,. Symbols, error bars, and lines are the same as described ifus chloride solutions ([C1]=0.56 M, pH=>5.4) containing 1.0 mM

Fig. 1a.(b) Rate of allyl alcohol lossg/**) as a function of [AA] ~ H202 and 75:M AA. The squares and triangles are the experimen-

in the illuminated solutions described in Fig. 2a. Symbols, errortal values OfR%'?’tPo? and R%(?t%?, respectively, while the solid and
bars, and lines are the same as in Fig. 1b. dashed lines are the Mix Full Model values ®>} 2 and R3FD,

respectively. Error bars are the same as described in Fig(h)a.
Rate of allyl alcohol Iossl(/z‘A) in the experiments described in
3BPD at pH 3.0 (see Part 1), in the mixed halide solutionsFig. 3a. The diamonds are the experimental valueg/t, while
BrCl is the most important source of 3BPD at low pH. For the dot-dashed lines are the Mix Full Model values. The error bars
example, at pH 3.0, BrCPBrCI—, and Bf account for 61, are the same asin Fig. 1b.
23 and 11%, respectively, of 3BPD. At pH 5.5, these con-
tributions change to approximately 8, 67, and 18%, respec-
tively, while at pH>6.5, Br* accounts for-95% of the 3BPD  For example, at pH 3 these species account~88 and
formed. The primary species responsible for 3CPD forma-~10% of 3CPD, respectively, while at pt5.5°BrCIl~ forms
tion is *BrCl~ although*Cl; is also significant at low pH. >94% of 3CPD. Note that all of these values are for solutions
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tion of [AA]

— Model

with 75uM allyl alcohol and that the contributions depend 25

on [AA]. — \ (a)
c

3.3.3 Measurements df;o 0, R?GFPand R as a func- ; o0 O Experiment
c

1on

Experiments were conducted as in Sect. 3.3.2, except that

the concentration of allyl alcohol was varied in solutions of 15
pH 3.0, 5.5, and 8.0 (Experiments 2—4 in Table 1). In addi-
tion to further testing the Mix Full Model, these experiments 10

represent the competition kinetics experiments for the mixed
halide system (Sect. 3.6). Experimental valuestigh > and

R3G5Pat pH 3.0 (Experiment 2, Table 1) are shownin Fig.5a 5 ¢
along with the corresponding model results. While measured @
rates of 3BPD formation are 30—600 times greater than rates §

of 3CPD formation at this pH, the model does a good job

f 3BPD Format

. 0
of matching both of these rates: average absolute RPD val- 3.0 4.0 50 6.0 70 8.0
ues between the model and experiment are 10% and 15% for ' ' ' ' ' '
R3BPD and R3SPD, respectively. The Mix Full Model also pH
does a reasonable job of matching experimental values of 0.60
R/ (Fig. 5b), with an average RPD between the model and ot (b)
experimental values of 19%. e .
. . £ A Experiment

As seen in Table 1, the Mix Full Model also does agood '€ 050 = Model
job of matching the experimental data at pH 5.5: the aver- = ode
age RPDs between modeled and measured valu : £

g3CPD AA ; dgﬁ@? g 040

Ry and R} are 25, 18, and 13%, respectively. Inthe O

. . T = \
pH 8.0 experiment, where the overall reactivity is lower, g -
the agreement is not as good, with average ratios of (model § 0-30 | |77 orpmfefnnnn
value)/(experiment value) of 1.7, 1.6, and 1.0 ®}550, '-D'- A‘“ .
R3GEP and R{A, respectively, and corresponding RPD val- & 020 | A A A‘A
ues of 49, 45, and 22%. ™

S i
3.3.4 Measurements of Br¥(g) & 0.10
14 i 1 1

In a separate set of experiments to test our understand- 000 Lt

ing of mixed halide chemistry, we measured the formation
and release of reactive gaseous bromide species (Brx(g))
in the absence of allyl alcohol, as done in previously re- pH
ported (Matthew et al., 2003). In these experiments we illu-
minated (313 nm) air-purged solutions containing 0.80 mM Fi%Bﬁ- (@) Rate of 3-bromo-1,2-propane-diol (3BPD) formation
Br—, 0.56 M CI-, and 1.0 mM HO, and trapped the volatile (R, tor) @s @ function of pH in illuminated (313nm) aqueous
Br*(g) on downstream denuders that were then analyzed bynixed halide solutions ([C1]=0.56 M, [Br~]=0.80 mM) contain-
ion chromatography. By adding reactions for the evaporationd"9 1-0mM Oz and 75:M AA. The symbols, lines, and error
of Br, and other volatile species, the Mix Full Model (with kl)azrs are the same as described in Fig. @) Rate of 3-chloro-
[AA]=0 uM) accurately describes the release of Br+(aq) -2 Propanediol (3CPD) formatiok§-p) in the experiments de-
from these solutions as a function of pH. These experimentécr.lbeqI in Fig. 4a. The symbols, lines, aﬂ,‘i' error bars are the same
i X ; ) sin Fig. 3a(c) Rate of allyl alcohol lossk;*"™) in the experiments

provide further evidence that this model correctly describeSyescriped in Fig. 4a. The symbols, lines, and error bars are the same
mixed halide chemistry in our experimental solutions. Fur- a5 described in Fig. 3b.
thermore, because these results were generated with exper-
imental and analytical methods different from our chemical
probe methods, they represent an independent check on the
model.

Taken together, our Br¥*(g) and 3XPD results demonstratewhich gives us confidence that the model can be used to eval-
that the Mix Full Model adequately describes mixed halide uate the kinetic equations and performance of the chemical
chemistry over a wide range of experimental conditions,probe technique in mixed halide systems.

3.0 4.0 5.0 6.0 7.0 8.0
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Table 2. Results from the kinetic analyses of the model and experimental data from the competition kinetics experiments.

Fraction of 3XPD Model Value with Data Treatment (MVD’T) Experimental Value with Data Treatment (EVIST)
from Listed
Expected Valus X* Species, Rate of formatiorR’F Concentration,i] Rate of formationRiF Concentration, ]
Speciesi)  Ri, Ms™Y)  [](M) DTP FXPP(IRSDf  Value (Ms { %} value (M) { MyoT } value (Ms1) %DJ} value (M) { Evor
Experiment #1 ([Ct']=0.56 M, pH=5.4, no Br)
cr 2.7x1079  32x10°16 B 0.03(0.37) 2.%10°11 (0.0  1.4x10°15 4.3 (1.6+£0.02)x10°11 (0.0}  (1.8+£0.03)x10715 (5.6}
*cly 44x107° 11x10711 B 0.97(0.01) 1.%10°° (043  85x10712  (0.80 (1.3+0.02)x 107 {029 (1.1£0.02)x10~11 (1.1
[¢ 1 4.6¢107° (1.1 8.8x10712  (0.84 (2.9+0.03)x 10~ (0.65  (1.240.02)x10~11 (1.2
Experiment #2 ([Ct']=0.56 M, [Br~]=0.80 mM, pH=3.0)
Br* 6.4x109 1.6x10°15 B 0.02(0.57) 7.410°11 (0.0 7.4x10715 (4.6} (6.4£0.61)x10°11 (0.0  (1.3£0.22)x10°14 8.2
[¢ 1 1.6x1079 (025  1.4x10715  (0.8g (4.3+2.2)x10710 (0.07  (1.7+0.06)x10~15 (1.1
*BrCI~ 22x1079  15x10712 B 0.07(0.57) 3.%10°10 017 6.6x10712 (4.5 (3.2£0.31)x10710  {0.15  (1.2£0.20)x1011 8.2
(3BPDY C 1 7.6¢107° (3.5 1.3x10712  (0.87 (2.141.4)x10°9 (0.9  (1.5£0.04)x10°12 (1.3
*BrCI~ 22x107%  15x10712 B 0.80(0.05) 2.%107° (1.2 1.8x10-12 (1.2 (6.44+5.0)x10~9 2.9 (1.5+0.11)x10"12  {0.99
(3CcPDf [¢ 1 5.4¢1079 (2.4 1.4x10712  (0.9q (8.9+11)x10~° 4.0 (1.4+0.14)x10"12  (0.93
*Cly 3.4x1079 20x10°15 B 0.09(0.16) 9.810712 {0.003  2.8x10°15 (1.4 (2.3+1.8)x10711  {0.007  (2.3+0.18)x10°1° (1.2
[¢ 1 7.0¢10°11 (0.0  1.9x1071% {095  (2.5£0.01)x10°!  {0.003  (2.040.14)x10°15 (1.0
Bro 46x10710 58410711 B 0.15(0.06) 8.%10°11 (018  4.9x10°11  (0.84 (7.2£0.69)x10°11 (0.1 (8.8+1.5)x10711 (1.5
[¢ 1 8.4x10~ 11 (018  55x10711 (095 = (1.040.05x10°10 (0.2  (4.6+£0.59x10°11  {0.79
BrCl 9.6x10711  30x10712 B 0.76(0.06) 4.610710 (4.8 26x10712  (0.85  (4.0£0.38)x10710 (4.1 (4.6+0.76)x 10712 (1.5
(3BPDY ¢ 1 4.6¢10°10 4.8 29x10712 (0.9  (5.6£0.24)x10°10 (5.8 (2.4+0.30x10712  {0.80
Cly 8.8x10713 19x10714 B 0.09(0.58) 1610711 1y 1.3x10°15  (0.07% (2.4+2.2)x 10711 27 (1.140.08)x1015  {0.06
[¢ 1 4.5¢10712 (5.1) 1.9x10"14 (1.0 (3.8+1.4)x10712 4.3 (1.740.62)x10"14  {0.89
Experiment #3 ([CI']=0.56 M, [Br~]=0.80 mM, pH=5.5)
Bre 6.3x107% 16x10°15 B 0.22(0.08) 6.x10710 (0.10  1.8x10°15 (1.1 (3.4+£0.50x10°19  {0.05  (3.7+0.26)x1015 2.3
[¢ 1 1.1x107° (018  1.6x1071% {097  (5.240.91)x10710 (0.0  (3.1£0.17)x10715 (1.9
*BrCI~ 6.2x1079 15x10712 B 0.66(0.08) 3.x1079 (050  1.7x10°12 1y (1.7+0.25)x 1079 {0.28  (3.4+£0.23)x10°12 2.3
(3BPDY [ 1 5.6¢109 (090  1.5x10712  {0.97 (2.6+0.47)x107° (0.4 (2.8£0.17)x10712 (1.9
*BrCI~ 6.2x107% 15x10712 B 0.95(<0.01) 4.2107° (068  1.5x10712  {0.98 (2.6+1.6)x1079 (0.4 (1.3£0.08)x10712  (0.85
(3CPDf [¢ 1 5.6¢10°° (090  1.5x1012  (0.99 (3.442.4)x1079 (054  (1.3£0.12)x10°12  (0.86
cly 44x10711  92x10°16 B 0.04(0.02) 5.&10°12 (013  8.9x10°16 (0.9 (3.6+2.2)x 10712 {0.08  (7.8+£0.50)x10"16  (0.84
[¢ 1 8.0¢<1012 (018  89x10°16 (0.9 (4.5+3.4)x10712 (0.10  (7.8£0.69)x10°16  (0.85
Br, 26x10711  36x10°13 B 0.02(0.58) 8.%10712 (034  15x10713 (0423  (4.9+0.71)x10°12 (019  (3.1+0.21)x10°13  {(0.86
¢ 1 4.7%10712 (0.18  3.8x10°13 (1.1 (4.4+0.67)x10712 {017  (1.1:+0.80)x1012 (3.0
BrCl 12x10712  19x10 B 0.09(0.59) 4810711 {40} 79x10715 (0423  (2.740.39)x10°11 (22} (1.6+0.11)x10°14  (0.8q
(3BPDY C 1 2.5¢10711 (21 2.0x10714 (1.1 (2.4+£0.36)x 1011 20} (5.8+4.3)x10714 (3.3
Experiment #4 ([Cf']=0.56 M, [Br—]=0.80 mM, pH=8.0)
Bre 45x107° 1.2x1015 B 0.998(<0.01) 7.5¢10°10 017 1.1x10°1% (099  (5.3+0.62x10°10  {0.13  (6.6+£0.11)x10°16 (057
[¢ 1 1.0x1079 (023  1.1x10°1% (099  (7.2+0.86)x10°10 (0.1  (6.6+0.11)x10°16  {0.57
*BrCI~ 6.3x107? 1.1x10712 B 0.95(<0.01) 3.9%<107° (063  1.0x10712  {0.99 (1.5+0.28)x 10~ (023 (1.0£0.22)x10712  {0.98
(3CcPDf [¢ 1 5.3¢<10°° (0.8  1.0x10°12  (0.98 (2.0+0.39)x 107 {0.33  (1.0£0.22)x10°12  {0.97
*cly 20x10711  6.4x10°16 B 0.04(<0.01) 5.3¢10°12 (0.2  6.2x10716 (097  (2.040.38)x10°12 (0.1 (6.14+1.3)x 10716 {0.96
[¢ 1 7.4¢10712 037  6.1x10°16 (096  (2.8+0.55x10°12  {0.14 (6.0+1.3)x10716 {0.94

Lifetimes (r;) were not included in the table but can be calculatedaﬁi]/R%. Values of (MVDT/Exp) forr; are calculated by dividing

the (MVDT/Exp) value for {] by the (MVDT/Exp) value forR’I'p. The values for (EVDT/Exp) fot; are calculated in an analogous manner.

@ Expected values are model-derived best estimates of the actual valugsaiiod RiF in the experimental solutions in the absence of AA
(Sect. 3.4).

b Data treatments (D.T.) are discussed in Sect. 3.5. Data treatment B makes a rough correctiof 10F theffect, while data treatment C
makes corrections for both the AA aatf*PP effects.

€ values in parentheses are the relative standard deviations of the a\l@éBB values calculated for the linear AA ranges (Table 1).
Treatments B and C rely on the inverse plot defined by the linear AA range.

d calculated by taking the model-derived “data” through the data treatment steps (Sect. 3.5).

€ Calculated by taking the experimental results through the data treatment steps (Sect. 3.6). E#rbistanelard error calculated based on

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

f Kinetic information for*BrCI~ can be determined using the inverse plot generated with either the 3BPD or 3CPD data. The analyte listed
in parentheses is the one used for a given set of kinetic information.

9 Kinetic information for BrCl is determined using inverse plots generated from 3BPD data since BrCl is not a significant source of 3CPD.

3.4 Competition kinetics: overview and expected values kinetic equations (and associated data treatments) for deter-
mining [i], R%., andt;, and how we use experimental data to

As described in Part 1, we use the competition kinetics experiest the overall probe method.

iments to calculate the steady-state concentratidh fate

of formation (R%.), and lifetime ¢;) for each reactive halo- In order to evaluate the validity of our kinetic Egs. (14—16)

gen species. Here we apply these techniques for four ex- with model “data”, we need to first determine the “expected”

periments conducted with the chloride and mixed halide sysvalues of [], R.., andr; for each reactive halogen species in

tems. Below we discuss how we use model “data” to test ourour competition kinetics experiments (Table 1). We obtain
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expected values foiJ directly from the Mix Full Model us-
ing the same conditions (e.g., pH, [Br [CI~]) as the corre-
sponding experiment except that [AA] is set to zero.

As in Part 1, expected values cRI"F in the chloride and
mixed halide experiments are based on kinetic equations de-
rived from the reactions responsible for the formation of
(S.8 and S.9). For example, the rates of formation@if;
and CP in the chloride and mixed halide systems are calcu-
lated using

41)

Rp? = kGO [CI][*CIOH™ |50 [*CIOH™ JH*](S36)

Rate of 3BPD Formation (nM min

RS = kS, [*OH][CIT1¥ S, (S37)

In the case of BrCt the formation rate is calculated using
RECT = kSl [*BrOH1[CI™ +k&o,,- [*CIOH™1[Br~1(S38)
Instead of directly calculating rates of formation o BBro, —
Cly, and BrCl in the mixed halide system, we use their over- ng
all rates of destruction with the major sinks B, HO3, €
and Q). This approach works since these species are all at E
steady state (thus, for a given species, the formation and de- ¢
struction rates are equivalent) and is simpler since the forma- 3
tion rates are difficult to determine (Matthew, 2002). How- :i(
ever, because of the complexity of the mixed halide sys-
tem and the fact that a number of the mixed halide species @
undergo rapid interconversions, the expected values for the §
rates of formation should be considered estimates. Finally,
the expected value for the lifetime of each reactive halogen
species is calculated from

[i]

Ti

Fig. 5.

N o ) chloro-1,2-propanediol (3CPD) formatior >
3.5 Competition kinetics: model experiments and data, f,nction of [AA] in illuminated (313 nm) aqu

treatments

results for [], R%., andt; in bromide solutions. Treatment A
is not used here because it is only applicable fd¥ iBrso-

25 [@ 1 25
20 | %] i 120
15 1 1.5
(a)
O Experiment: 3BPD —— Model: 3BPD

10 A Experiment: 3CPD  ------ Model: 3CPD 10
s % {05

B ]
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 —--- Model e

s

& Experiment o
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(a) Rates of 3-bromo-1,2-propane-diol (3BPD) and 3-
PD g g3CP
tot F, tot) &
eous halide solutions
([CI7]=0.56 M , [Br~]=0.80 mM, and pH 3.0) containing 1.0 mM

o ) H»0,. The symbols and error bars are the same as in Fig(l§a.
In Part 1 we evaluated our kinetic equations and three dat®ates of allyl alcohol lossR/*) in the experiments described in

treatments (A, B, and C) for their ability to provide accurate Fig. 5a. The symbols and error bars are the same as in Fig. 3b.

lutions containing only bromide (Part 1). Data treatments 83_5_1 Evaluation of data treatment B using data generated
from model experiments

and C are first evaluated here by applying the treatments to
“data” generated from model simulations (i.e., model “ex-

periments”) performed under the same conditions as the ac-
tual competition kinetics experiments (Table 1). We evaluat

eAs discussed in Part 1 (Sect. 3.6.2), data treatment B in-

these data treatments by comparing the results obtained frof?!Ves fitting a line to the linear portion of the inverse plot

the model “data” after data treatment (i.e., MVDT values; a"d using the resulting slope and y-intercept (beanda’)

Table 2) with the expected values described above. Becaud8 Eds- 14-16 to calculate][ R, a”dgf(iF-)DThiS treatment
*BrCI- can form both 3BPD and 3CPD (Table S5), MvDT includes a rough adjustment for thé”*"= effect” by in-

values of [], R%., andt; for *BrCI~ can be obtained from cluding F2*PP in these equations, but no correction for the

both the 3BPD and 3CPD inverse plots. Note that speciesAA effect”. Values forFfXPD are obtained from the model
runs (see Sect. 2.3) and are averages over the linear ranges
(Table 2).

that are insignificant sources of 3XPD (e.g.s @ the mixed
halide solutions) are not evaluated.

www.atmos-chem-phys.net/6/2439/2006/
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3.5.2 Evaluation of data treatment C using data generated
from model experiments

N
(¢

While treatment C also involves fitting a line to the linear
portion of the inverse plot (like treatment B), it is different in
RV that it includes considerable effort to correct for both the AA
and F?XPD effects. As shown in Table 2, treatment C gives
very good results fotCl; in the chloride experiment, with
MVDT values for ], R, andz; that are within 16%, 10%,

N
o
T

[EnY
&)
T

Inverse Rate of 3CPD Formation (109 Vi s)

10 F A and 24%, respectively, of the expected values. Treatment C
could not be used for Clbecause the linear portion of the
inverse plot ofR3°PP (the rate of 3CPD formation due to

5 | _ CI*) had a negative slope, due to the fact thatintributed
A Experiment very little to 3CPD formation.
""" Model For all species in the mixed halide system, treatment C
o L v v v v v v v e produces MVDT values ofi] that are always within 30%
0.00 0.10 0.20 0.30 0.40 0.50 (and often within 10%) of the expected values, regardless

of the size of F3*PP. Although treatment C provides good
results for [] for all species, it does a poor job of deter-

. ) L . mining R’. andt;. The exception i$BrCI~ at pH 5.5 and
Fig. 6. Inverse plot for the chloride competition kinetics experiment 8.0. wh r MVDT val ithin 15% of dval
described in Table 1 (Experiment 1) and Fig. 2a {[{#10.56 M, pH U, where values are within b of expected values

5.4). The triangles are the inverse of the experimentally determined Table 2). Overall, MVDT results fori], R}, andz; from

rates of 3CPD formation and the dotted line shows the correspondtreatment C are almost always better than those from data

ing results from the C1 Full Model. Error bars represent 90% con- treatment B, but in general only the steady-state concentra-

fidence intervals around the experimental data. tions are reliably close to the expected values. As described
above, given the complexity of the mixed halide system, it is
possible that the large differences between the expected and
modeled (MVDT) results foRjr (andt;) obtained with treat-
ment C might be because of errors in the expected values.

Inverse of Allyl Alcohol Concentration (10° M™)

In the chloride solution (experiment #1; Table LI,
dominates the formation of 3CPD. The value fo€[,] ob- 3.6 Competition kinetics: experimental data

tained from treatment B is within 20% of the expected value, ) ) ) )
hil | f ch d ithi tactor of 2.5 In this section we use the experimental data generated in the
while vaiues forit,~ andrciz— are Within a 1actor of 2.0 ¢ompetition kinetics experiments (i.6k3XFP as a function

of their expected values (Table 2). Treatment B does a POOKy [AA]; Sects. 3.2.2 and 3.3.3) to evaluate the overall chemi-

job for the CP kinetics, but this is not surprising since*Glc- cal probe technique. We do this by comparing the experimen-
C°“”ts.f°ra‘§§,£¥,sma" (and highly variable) portion of 3CPD tally derived results fori], R, andz; (i.e., EVDT results;
formation ; =0.03, RSD=37%; Table 2). Table 2) with the model-derived expected values (Sect. 3.4).
) ) The conditions for the four experiments are listed in Table 1.
Using treatment B on output from models run using the g gescribed in Part 1, it should be kept in mind that the
conditions in the mixed halide solutions yields valuesidf [ 1,ogel experiments establish an upper limit of method per-
that are within 20% of the expected values for species thafomance that cannot be exceeded by experimental results.
are significant sources of 3XPD (i.f,">0.15; EXper-  The few cases where EVDT values are closer to the expected

iments 2-4, Table 2). Whe#*"" values are less than values than MVDT values are probably due to experimental
0.15, differences ini] are generally larger, although there grror.

are several exceptions (e.8Cl; ). Under conditions where

F¥PP>0.95, MVDT (model output with data treatment) re- 3.6.1 Kinetic results from the chloride experiment (Exper-
sults for [f] are within 5% of the expected values. In contrast iment 1)

to these steady-state concentration results, model derived for-

mation rates and lifetimes with Treatment B generally do notThe inverse plot for the chloride competition kinetics ex-
agree with the calculated expected values. One exception iperiment (Sect. 3.2.2) is shown in Fig. 6, along with the
*BrCl—, which is generally within a factor of two of expected corresponding results from the CIFull Model. Based
values. In part this overall poor agreement might be due toon the model results}Cl, represents nearly all (97%) of
the difficulty of calculating expected values fBf, in mixed 3CPD formation over the linear range of the inverse plot
halide solutions (Sect. 3.4). (Table 2). Data treatment C produces the best results from
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the experimental values, in agreement with the model results.
With this treatment experimentally derived valuesidf R;
andt; for *Cl; are within 20%, 35%, and 46%, respectively,
of the expected values (Table 2). When treatment B is used,
the experimental value forCl;] is within 10% of the ex-
pected value, buRj'F andr; are off by a factor of 3—-4 (Ta-
ble 2). Because Claccounts for an average of only 3% of the
3CPD formed, treatment B with the experimental data yields
ClI* kinetic values that are very poor (as with the MVDT re-
sults), while treatment C could not be used.

@

40 |

3.0 |

20 |

3.6.2 Kinetic results for the mixed halide experiments (Ex- L .
periments 2—4) 10 O Experiment

r — Model
OO -n IR SN TR [N TN SN TN SN AN TN S TR S (NN TR SN SN SN SN SN TR O S |

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

Competition kinetics experiments in mixed halide solutions
were conducted at pH 3.0, 5.5 and 8.0 (Table 2). As summa-
rized in Table 1, in all three cases there is good agreement Inverse of Allyl Alcohol Concentration (10° M%)
between the model and experimental results, with average

0.00 0.10 0.20 0.30 0.40 0.50

RPD values for 3XPP of 10-50%. As an example of the @

good agreement, inverse plots for 3BPD and 3CPD at pH s 2° [ (b)

3.0, along with the corresponding model results, are shownﬁD [

in Figs. 7aand b. 2 50l 4};
In agreement with results from the model data, the allyl % L

alcohol chemical probe technique with treatment B can pro- E [ a4

vide good results fori] and works best whef?*FPis large. g 157

Treatment C is generally better, producing fair to excellent g i

experimental measurements of the steady-state concentra-g r )

tions of X*(aq) even in a number of cases whe?&*"P is é 10 r

small (Table 2). With one exceptiofRBrCl~ from 3BPD in o [ 4};

Experiment 3), experimental values 88fCl~] and [*Cl; ] 3 05 L[ 4;

obtained with treatment C are within 20% of the expected © i A‘L'A A Experiment

values, while values for [Bt are within a factor of two. The @ A5 Model

accuracy of the EVDT results for [Bfand [BrCl] depend Gé 0.0 L

on the fraction of 3BPD formed from each of these species.
For instance, at pH 3.0 (Experiment 2), BrCl and Bire
significant sources of 3BPDFFEPP=0.76 and 0.15, respec-
tively) and experimental values of] [(with treatment C) are
within approximately 20% of the expected values for these
tv_vp species. However, at %FB'PSD'S ”e'”;eBLEIC' nos Bre sig- iment 2 in Table 1 and Fig. 5a). The open squares are the inverse
nificant ,Sources of 3BPDF(3[CI andFBrz =0.09 and 0.02, of the experimental rate of 3BPD formation, and the solid line is
respectively) and the experimental values of [BrCl] an[Br e inverse of the rate of 3BPD formation from the Mix Full Model.
(with treatment C) are higher than the expected values byrror bars represent 90% confidence intervghy. Inverse plot of
factors of 3.1 and 3.0, respectively. Note that although datascpPpD from the experiments described in Fig. 7a. The triangles are
treatment B appears better than treatment C for EVDT val-the inverse of the experimental rates of 3CPD formation, while the
ues for [BrCl] and [Bg] at pH 5.5, the model results (MVDT) dotted line is the corresponding result from the Mix Full Model.
indicate that data treatment C should provide better concenError bars represent 90% confidence intervals.

trations (Table 2).

As seen above for the model results, the experimental tech-
nique generally does a poor job of measurkig (andz;) in 3.6.3 Summary of competition kinetic experiments and
mixed halide solutions. The exception®BrCl~ at pH 5.5 overall technique
and 8.0, where experimentally derived formation rates ob-
tained with data treatment C are within 15% of the expectedThe results of these experiments indicate that the allyl
values (Table 2). alcohol chemical probe technique, in conjunction with

0.00 0.05 0.10 0.15 0.20 0.25

Inverse of Allyl Alcohol Concentration (10° M™)

Fig. 7. (a)Inverse plot of 3BPD for the mixed halide competition
kinetics experiment at pH 3.0 (0.56 M C| 0.80 mM Br~; Exper-
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competition kinetics and data treatment C, can accuratelyspecies E?XPD). There are possible biases associated with
measure steady-state concentrations of a number of reactivgsing these model-derived valuesit*P, but as discussed
halogen species in mixed halide solutions. These values arg Part 1, we feel these biases are generally small. In addi-
nearly all within a factor of 2 of expected values and are of-tjon, there are some important conditions (e.g., at the high
ten within 20%. The simpler treatment B also generally pro-pH of seawater or fresh sea-salt particles; see Experiment 4
duces good results for][that are within a factor of 2.5 of in Table 2) where 3XPD is formed by essentially only one
expected values for those reactive halogens responsible for gpecies and thus the lack of specificity in the technique is
significant fraction of the 3XPD measured. In contrast, bothunimportant.
treatments produce experimentally determined rates of for- A second limitation of the technique is that a data treat-
mation and lifetimes of reactive halogens in mixed halide so-ment must be chosen to analyze the experimental results.
lutions that are generally quite different from the expected|n the well-defined laboratory solutions studied here we can
values. This is in contrast to results from solutions contain-choose data treatments based on their performance in the
ing only bromide (Part 1) or chloride (Sect. 3.6.1), where themodel experiments (Sect. 3.5). Similar steps could be per-
technique can generally measuif Ry, andz; to withina  formed for studies of environmental samples, but this would
factor of 2 for Bf, Brz, HOBr, and*Cl; . assume that results from the laboratory solutions are gen-
erally applicable to environmental samples. A third limi-
3.7 Applications and limitations of the probe technique  tation of the technique in mixed halide solutions is that it
can currently only be used to quantitatively measure steady-
As discussed in Part 1, this technique was developed so thakate concentrations of X*(aq), with the exceptiort BfCI~
we could eventually investigate halide oxidationyH in  jn non-acidic solutions wher&’. and; can also be deter-
environmental samples, a process that is important in seawanined. Finally, one additional limitation is that our kinetic
ter (Zafiriou et al., 1987; Zhou and Mopper, 1990), sea-saltyodeling relies, in part, on rate constants that were estimated
particles (Matthew et al., 2003), and perhaps in the snowpaclgase on fitting the model to our experimental results. While
(Chu and Anastasio, 2005). As with the bromide system, acyye ysed independently measured reactions and rate constant
curately modeling the chemistry in the chloride and mixed\yhere possible, there are currently very few published re-
halide systems requires measurh@H kinetics in the sam-  orts about mixed halide radical reactions, or the reactions
ple so thatkRP", [*OH], andzon can be accurately repre- of reactive halogens with unsaturated organic compounds, in
sented in the model. If other oxidants are employed (€.9.qqueous solution. As new data become available they should
*NOgz or O) the kinetic equations and model would need t0 jmprove both the predictive power of the kinetic model as

be modified and tested. well as the accuracy of the chemical probe technique.
While the work described here was done on laboratory so-

lutions, our technique is sensitive enough that it should also
work on environmental samples, although we have not ye4 Conclusions
performed these experiments. Concentration®3H in the
mixed halide solutions (in the absence of AA) in the competi- We have developed a chemical probe technique that can
tion kinetics experiments here ranged from (4«20~ 16 M. guantify reactive halide species in solutions containing bro-
Based on the sensitive detection limits for 3BPD and 3CPDmide and/or chloride. This technique is based on the reac-
(approximately 1 and 7 nM, respectively; Matthew and Anas-tion of aqueous-phase reactive halogens (X*(aq)) with allyl
tasio, 2000), the technique should work readily in illumi- alcohol to form 3-bromo-1, 2-propanediol and 3-chloro-1, 2-
nated sea-salt aerosols whé&@H concentrations are typi- propanediol (collectively referred to as 3XPD). Using com-
cally 10-16-10-15M (Newberg, 2003). After some modifi- petition kinetics, the measured rates of 3XPD formation are
cation to improve sensitivity (e.g., by taking larger sample used to determine the steady-state concentrations of X*(aq)
aliquots), the technique should also be useful in illuminatedas well as their rates of formation and lifetimes under some
seawater samples where hydroxyl radical concentrations areonditions. The technique was in part validated with mod-
typically 10718 to 1071’M (Zhou and Mopper, 1990). In els that were constrained by several sets of experiments that
addition to quantifying concentrations of reactive halogensmeasured 3XPD formation and £8g) release under a wide
in environmental samples, the technigue also offers the oprange of experimental conditions.
portunity to quantitatively examine the rates and mechanisms In bromide or chloride solutions the technique can be used
of halogenation of organic compounds under environmentato measure steady- state concentrations, rates of formation,
conditions. and lifetimes of several reactive halide species, including
The major limitation of the method stems from the fact Br®, Brp, HOBr, and®*Cl; . In mixed bromide/chloride solu-
that it is somewhat nonspecific, i.e., 3BPD and 3CPD aretions, the technique can measure steady-state concentrations
each formed by several different reactive halogen speciesof these same species as well as BrCl aBdCI~. Experi-
Because of this, we need to use results from a numericainentally determined results are generally within a factor of
model to calculate the fraction of 3XPD formed from each 2—3 (and often much closer) of values derived from model
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runs. While this technique has a few limitations, it is a new Ershov, B. G.: Kinetics, mechanism and intermediates of some
and sensitive tool that can be used to investigate aqueous radiation-induced reactions in aqueous solutions, Russian Chem.
halide chemistry, halide oxidation mechanisms and halide Rev., 73, 101-113, 2004.

mental samples. idized halogen species in aqueous solution, Ph.D. Dissertation,

University of California — Davis, 2002.
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