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Abstract. Hypobromous acid (HOBr) is a key species 1 Introduction

linking inorganic bromine to the chlorine and odd hydro-

gen chemical families. We have measured the solubility ofHalogen species are known to catalytically destroy ozone
HOBr in 45-70wt% sulfuric acid solutions representative in many regions of the atmosphere. Bromine is the dom-
of upper tropospheric and lower stratospheric aerosol cominant halogen responsible for the near-total loss of ozone
position. Over the temperature range 201-252 K, HOBr isat ground level in high-latitude springtime events (Martinez
quite soluble in sulfuric acid, with an effective Henry's law et al., 1999), and it participates in approximately 50% of
coefficient, H*=10"~10’ molL~tatm™1. H* is inversely  the stratospheric ozone depletion observed over the polar re-
dependent on temperature, withH=-45.0:5.4kJmotl  gions in the springtime (Chipperfield and Pyle, 1998; WMO,
and AS=-1014+24 Jmot 1 K~1 for 55-70wt% HSOs so-  2003). In addition to direct catalytic losses, bromine com-
lutions. Our study includes temperatures which overlappounds can indirectly enhance ozone loss through coupling
both previous measurements of HOBr solubility. For uptaketo other radical families.

into 55-70wt% HSQ, the solubility is described by log | the Arctic boundary layer, hypobromous acid (HOBr)
H*=(2349£280)/T—(5.27+1.24). At temperatures colder s pelieved to play a significant role in Br activation dur-
than~213K, the solubility of HOBr in 45wt% WSOy is  ing rapid ozone depletion events (Fan and Jacob, 1992;
at least a factor of five larger than in 70 wt%$0y, with  Finlayson-Pitts and Pitts, 2000). Observations of Foster et
log H*=(3665£270)I'—(10.63t1.23). The solubility of g (2001), who found higher levels of Bin the snowpack

HOBr is comparable to that of HBr, indicating that upper nterstitial air than in the air above the surface, strongly sup-
tropospheric and lower stratospheric aerosols should contaigort the occurrence of

equilibrium concentrations of HOBr which equal or exceed
those of HBr. Upon uptake of HOBr into aqueous sulfuric OB+ HBr —> Bry + Ho0 (R1)
acid in the presence of other brominated gases, particularly

for 70 wt% H,SOy solution, our measurements demonstrate
chemical reaction of HOBr followed by evolution of gaseous
products including BfO and Bp.

on snowpack surfaces in the Arctic. Reaction 1 has been
studied at room temperature; Beckwith et al. (1996) found
the forward reaction to be general acid catalyzed, involving
Brt transfer to Br as proton transfer occurs from the cata-
lyst to HOBr. Wintertime Arctic haze events, which are dom-
inated by acidic sulfate particles (Barrie and Barrie, 1990),
are clearly a suitable environment for such aqueous phase
conversion. In addition, autocatalytic reactions involving
Correspondence td:. T. Iraci HOBr are the most likely source of elevated BrO observed
(Laura.T.lIraci@nasa.gov) over the Dead Sea (Matveev et al., 2001).
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Higher in the atmosphere, Murphy and Thompson (2000)45 wt% H SOy, the vapor pressures exceeded 25 mTorr, but
observed that bromine was most commonly found in aerosolgven under those conditions, the mean free path was never
just above the tropopause, where particulate Br may repreless than the radius of the escape aperture; this requirement
sent a significant fraction of total inorganic Br. Strong evi- established the upper temperature limit for exposure of HOBr
dence indicates that HOBr is the major stratospheric bromingo the most dilute acid solution. When the valve between the
reservoir before sunrise at all latitudes (Lary et al., 1996;two chambers is opened, loss of the gas-phase species to the
Sinnhuber et al., 2002). Photolysis of HOBr yields OH rad- surface competes with escape through the aperture and is ob-
icals, providing an important coupling between the bromineserved as a decrease in the mass spectrometer signal. The net
and odd-hydrogen families. HOBr is generated in/on aerosoliptake coefficienty, is defined as the fraction of incident
particles via the hydrolysis of BrONQ indicating that the  molecules which is lost to the surface.
agueous-phase behavior of HOBr may be important, particu- The number of HOBr molecules lost to the surface is

larly at night. Furthermore, the coupling reaction measured by the change in flow through the escape aper-
ture upon exposing the surfac€p—F, where Fp and F
HOBr + HCI — BrCl + H20 (R2)  (moleculess?) refer to the gas flow rate out of the Knud-

. . L sen cell before and during exposure to the sample. The
may provide a pathway for chlorine activation on sulfate - . i
: mber of gas-surface collisions per second is derived from
aerosols at temperatures warmer than those required for PS@;S Kinetic theorv agnA./4. wherez is the average molec-
formation (Michelsen et al., 1999; Danilin and McConnell, g y s 9

; . . " ular velocity (cms?1), n is the density of gas molecules
1995; Lary_ et _aI., 1996), potentially leading to chlorine acti- moleculeszrf(i?’) andA; is the area ofythe rgeactive surface
vation ea”'ef in the season or over an _expa_nded geographfcn?)_ The gas density;, is determined by the flow into the
cal area. This pathwa)_/ could be gspqully important unde Knudsen cell and the rate of “collision” with the escape aper-
conditions where chlorine processing is incomplete, such 33 1o n=dF/iA. whereA, is the area of the aperture (&m
[RA hs h

at the polar vortex edge, or in warmer arctic winters. Per- .

. .Thus, in terms of the Knudsen cell parameters,
haps most importantly, as the stratosphere cools due to cli-
mate change processes, larger areas may have suﬁicient%y_ Ap Fp — F

cold temperatures for stratospheric chlorine activation via Ay F

coupling with bromine on sulfate aerosols. . ' . .
Clearly it is important to understand the multihase be_In its current configuration, the cell can be operated with one
y It1s imp u uftip of two aperture areas, 0.049 émr 0.018 cni, and the sulfu-

E'a\porwof I-erBrnLtJr:T(]jer atTcrfp:terlc? :Lyorglrevalntb(izlgnciiglcl)n;. ric acid has a surface area of 5.7<Because the MS signal
ere we prese easurements o SOIDILY N 1OW= i linear with flow, the signals are used directly in Eq. (1).

temperature aqueous sulfuric acidx$0x) solutions repre- The solubility of a species is measured by observing the

sentgtive O.f stratospheric sulfate aerosol_ particles. We aIS?lme dependence of the uptake coefficient. The solute enters
provide evidence for Brand BgO production when HOBr the sulfuric acid at a rate determined by liquid-phase diffu-

2nd I(-lebr n;:eract:_t n ](-:old,da;;jl_c Solutlotn.dﬁrrlﬁy be pro- sion away from the surface and by its solubility and reaction
uced by Reaction 1, an IS expected In the presence ;. syifuric acid. The net uptake coefficient, which represents

of a strong dehydrating agent such asSKly: the difference between sticking and evaporation, decreases

1)

HOBF + HOBr —> BrO + H,0. (R3) as the HOBr concentration increases in the sulfuric acid. The
equation describing the time-dependence of the uptake coef-
ficientis

2 Experimental procedure -1

1 ARTH* D
. . — = - — + Dk 2
The time-dependent uptake technique used for the measurg+(?) c wt

ments reported here has been described in detail elsewhere

(Finlayson-Pitts and Pitts, 2000; Klassen et al., 1999 Iraci etvhere R (Latmmol*K~1) is the gas constanf’ (K) is

al., 2002). The Knudsen cell consists of two Teflon-coatedthe temperature of the gas/* (Matm') is the Henry's
Pyrex chambers separated by a valve, with an aqueous sulfl@w solubility coefficient, k¥ is the rate constant de-
ric acid sample placed in the bottom chamber and cooled bycribing any pseudo-first-order reaction which may occur,
immersion in an alcohol bath. Gaseous HOBr and water ar&nd D (cn?s™) is the liquid-phase diffusion coefficient
introduced separately into the top chamber, which has a smalflFinlayson-Pitts and Pitts, 2000; Hanson and Ravishankara,
aperture leading to a differentially pumped mass spectromet1993; Worsnop et al., 1989 is an intercept term which in-

ric (MS) detection system (Balzers QMG 421 quadrupolecludes gas-phase diffusion and accommodation limitations,
mass spectrometer with electron ionization). The total presif any; in the usual notatio§=I"; *+-«~*. In the absence of
sure in the top chamber is kept below 25 mTorr, and the resreaction, the quantity?*+/D is determined from the recipro-
idence time in the top chamber is determined by the size otal of the slope of a plot of ¥/versus\/z. To determine*,

the escape aperture. During the five warmest experiments othe liquid-phase diffusion coefficient is calculated from the
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equationD=cx T /n, wherec (cm?cPs1K~1)isaconstant atthe experimental temperature, thus preventing evaporation
that depends on the solvent and on the diffusing spegies, and changes to the composition of the acid. Water pressures
(K) is the temperature of the liquid, amd(cP) is the viscos-  often matched the solution water vapor pressure to within
ity of the liquid. For HOBr in sulfuric acide is estimated as  10%, and most were better than 60%. Occasionally, difficul-
6.2x10-8cm? cP s 1K1 using the approach of Klassen et ties in setting flow rates led to differences of 100% or more.
al. (1998). The sulfuric acid viscosities are calculated fromA mismatch of 60% in water pressure may change the sur-
the equations in Williams and Long (1995). face composition by~2-3 wt% HSO;.

Hypobromous acid is thermally and photolytically unsta-  In the presence of so much water vapor, we cannot ignore
ble, thus it must be prepared shortly before use. Severathe possibility of reactions on wet wall surfaces. To test for
methods are reported in the literature, and we have used ehanges in HOBr flow due to the small additional wall sur-
method that allows some purification of the product mix- face area once the valve is open, we performed blank expo-
ture before its use. Silver nitrate (25q) is dissolved in wa-sures on the empty reactor at room temperature and colder.
ter (150 mL) and reacted with excesB5 mL). The HOBr ~ Sometimes we saw very small indications of uptake, much
produced is collected by vacuum distillation into 30wt% smaller than the uptake due to solubility. Sometimes we saw
H2SOy held at—40°C. After several attempts, we devised a transient passivation effect; upon initial exposure HOBr
a preparatory scheme that delivers an adequate supply of gasd BrO were lost to the walls, with possible indications of
phase HOBr from this acidic solution to our Knudsen cell ap- Br, production. After just a moment or two of exposure, this
paratus. In brief, a portion of the collected solution is trans-effect was no longer present. Each morning, before starting
ferred to a bubbler and acidified further to enhance the vapoa series of experiments, we flowed the reactant gas stream
pressure of HOBr over the solution. Then the sample is bubthrough the upper, larger portion of the reactor to passivate
bled with helium to remove much of the excesg Bollected  the wall surfaces. We did not passivate the lower chamber in
during the distillation. After the solution color has changed the presence of sulfuric acid samples, but no difference was
from orange to yellow (indicating the removal of the major- seen between measurements made early in the day and those
ity of the Br), the bubbler is placed in a dry ice/isopropanol made later on in the series, indicating that the quantity of
bath. Helium, nitrogen, and other gaseous impurities areHOBr lost to “fresh” walls beneath the valve was negligible.
pumped off, and the bubbler is allowed to thaw in ice wa- Temperatures were measured with several K-type thermo-
ter. Once melted, the vapor over this solution is introducedcouples attached to the outside of the glass cell. One was
to the Knudsen cell using only Teflon tubing and fittings. The located at the level of the meniscus, which gave the most
bubbler is kept in the dark in an ice-water bath during use andeliable results and was used almost exclusively. Tempera-
can be stored at0°C in the dark for nearly a week. tures were recorded to 0.1 K and were calibrated via compar-

The two major isotopes of HOBr were detected mass specison to the water vapor pressure measurements of Zhang et
trometrically at m/z=96 and 98. Also present in the gasal. (1993). To do so, a Baratron capacitance manometer was
stream were large amounts of water vapor (m/z=18) and sevzeroed with the cell evacuated, and then the vapor pressure
eral other brominated gases.,Em/z=160) was detected in over the known HSO4/H»0 solution was measured. The pa-
significant quantities and was greatly reduced by bubblingrameterization of Zhang et al. (1993) was used to predict the
with helium at the start of each day. Through the course of aemperature for the observed vapor pressure, and the thermo-
day, however, some Brdid regenerate in solution. BD couple readings were adjusted to match. This adjustment was
(176) and HBr (80) were also present and varied in rela-always<3K, and often<1 K. Once calibrated, the thermo-
tive amount from one batch of HOBr to the next. In gen- couple could be used to measure temperature when a combi-
eral, the signal from Brwas comparable to that of HOBr, nation of gases was present and the water pressure was not
Br,O was roughly 10% of the signal from HOBr, and HBr known accurately. The last step in determining the tempera-
was usually 2-5 times higher than HOBr. Due to the mix- ture of an uptake measurement was to account for drift during
ture of gases in the HOBr stream and the dominance ofan experiment. The coolant bath was stirred between exper-
water, only a rough estimate of the HOBr partial pressuresments, but due to coupling with the stir bar in the acid so-
can be made. Assuming an equal mass spectral responggtion, stirring had to be halted during exposure. Thus, the
from both HBr and HOBr, comparison of HOBr signals to temperature of the bath and the solution drifted. For most
those of pure HBr in test experiments suggests that mosexperiments, the drift was less than 1K, but for the coldest
of the experiments reported here were conducted betweeaxperiments, a drift of up to 2 K was observed. The tempera-
3x 1076 and 3<10~° Torr of HOBr. Furthermore, flow con- tures reported here are the average of the warmest and cold-
ditions were varied from experiment to experiment, with the est during the exposure, and uncertaintiesigdes K overall.
range of HOBr partial pressures spanning perhap$® ’ Between experiments, the sulfuric acid solution was stirred
to 6x 102 Torr over the full suite of experiments discussed for >10 min to regenerate a fresh acid surface.
below. Sulfuric acid solutions were prepared from concentrated

If necessary, additional water was introduced to maintainH,SO, (Mallinckrodt) and deionized (Millipore) water.
the vapor pressure of water over the sulfuric acid solutionTitrations with standard NaOH solutions identified the acid
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Fig. 2. Log of the effective Henry's law coefficient as a func-

b) tion of inverse temperature. Experimental results for HOBr solu-

bility in 45wt% H,SO, are averaged in 1K bins and plotted as
green circles. The solid green line is the best fit to these data, log
H*=3665/T-10.63. Other 1K average results shown are: crosses
(x) for 55wWt% HySQy, plus signs (+) for 61 wt%, and squares for
70wt%. All data for 55-70 wt% were then combined in 1K in-
tervals; the resulting linear fit is shown as the solid black line (log
H*=2349/T-5.27). The thin gray lines show the best fit plus and
minus one standard error of the regression, as explained in the text.
For comparison, the results of Waschewsky and Abbatt (1999) for
60-70wt% HBSO, are shown over their experimental temperature
range as the dashed blue line, while the warmer temperature results
of Hanson’s 58-70 wt% 50, solutions are given by the dotted

60

40 r

(uptake coef‘ficient)'1

3 9 15 21 red line at the left side of the figure. Thin brown lines at the top
(time / 3)1/2 and bottom show the solubility of HBr, as calculated from Sander
et al. (2003).

Fig. 1. (a)Mass spectrometer signal as a function of time showing

behavior of H1Br upon exposure to 45.3 wt%J30y solution at . .
219.0K. Exposure was begun at 0's and ended at 400 s. @airel solution was begun at t=0s and terminated at t=400s. Panel

verse of uptake coefficient as a function of (tiff@)and the linear 1P Shows the inverse of the calculated uptake coefficient,
fit which results in values off*=6.3x 1P Matm—1 and 8=10.3.  (Ed. 1) as a function of the square root of exposure time. The
Because Eq. (2) does not approximate the coupled differential equdinear result is indicative of solubility-driven uptake=0 in
tions well at very short times, data beforelé%sare excluded from  Eq. 2). For this example (45.3 wt%,80,, 219.0K), the
the fit. determined Henry’'s law coefficient was 6.30° M atm™2.

At significantly colder temperatures (201.5K, not shown),

_ a value of 2.%10’Matm~! was found. For several ex-
solutions used here as: 78&Q.5, 60.20.5, 55.2:0.6,  oriments, the values were confirmed by comparison to the
45.3:0.4, and 43.60.2wt% HSQy. Solubility measure-  |igper isotope, HA%Br; these measurements usually agreed
ments on the 45.3 and 43.6wt% solutions are reported Colyithin 1506, Results for individual experiments are reported
lectively below as *45 wt%". in Table S1, which can be found in the Supplemental Infor-
mation.

Over thirty experiments were performed on 45wt%
H,SOq and were grouped into 1K temperature bins. The
3.1 Uptake on aqueous 45 wt%$0, solutions average value off* in each bin is shown by the green cir-

cles in Fig. 2. Individual values within a bin were often in
As shown in Fig. 1, the uptake of HOBr on 45 wt% %4 excellent agreement, and most bins contained values which
solutions demonstrated the time-dependent behavior of simagreed within a factor of two. Those with the most measure-
ple solubility. Panel 1a shows the mass spectrometer signal ahents sometimes had a spread as large as a factor of four.
m/z=98 (HG®Br) as a function of time. Exposure to the acid Also shown in Fig. 2 as the blue solid line is the extrapolated

3 Results and discussion

Atmos. Chem. Phys., 5, 1577587, 2005 www.atmos-chem-phys.org/acp/5/1577/
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(hypothetical) solubility of HOBr in water. The 298 K lower
limit estimate of~1900 M atnT ! (Sander, 1999; Blatchley et (a)
al., 1992) was combined with the temperature dependence of <« 6 r
HOCI solubility (Huthwelker et al., 1995) as a best approxi- + WW'WWM
mation.

As expected, HOBr is more soluble in colder acid
solutions.  From the slope of the best fit line (log
H*=(3665£270)/T —(10.63t1.23), where the quoted uncer-
tainties are &, solid green line), the enthalpy of solution
is determined to be-70.2t5.2kJmotl, and the entropy
is —204£24Jmot1K~1, The latter indicates that dur-
ing condensation and dissolution, HOBr loses significantly L L L
more entropy than would be expected for simple conden- 0 400 800 1200
sation (~—85Jmot1K~1 from Trouton’s Rule) or solva-
tion followed by ionization ¢—115Jmot 1K1, Williams time /s
et al., 1995), suggesting considerable ordering of the solvent
around the solute. This is consistent with the large negative
enthalpy observed as well. 90

Other mass-to-charge ratios were also monitored during (b)
exposure, and behavior of the HBr (m/z=80); Bt60), and
BroO (176) impurities could be observed. All three trace
gases showed uptake into 45 wt%$0, solutions at all tem-
peratures studied (201.5-237.9 K).

MS Signal / 10

70 ¢ e

3.2 Uptake on aqueous 70 wt% 8O, solutions

uptake coeﬁ‘icient)'1
N\
R

Exposure of HOBr to 70 wt% 50, solutions at warm tem-
peratures produced uptake curves similar to those obtained ~
for 45wt% solutions (see Fig. 1). At colder temperatures,
results such as that shown in Fig. 3 were observed. Negative : : : : : : : :
deviation of the reciprocal of the uptake coefficient (circles in 3 9 15 21 27
panel b) from the expected linear behavior (dashed line) indi-
cates slower solution saturation, suggesting additional uptake
processes are contributing beyond simple solubility. This en-_ . . )
hanced uptake response was observed for most experimerftld- 3- (&) Mass spectrometer signal as a function of time

: ) o
at temperatures<224 K and suggests a reactive process isSnowing behavior of HE'Br upon exposure to 70.1wt%380,

o solution at 211.9K. Exposure was begun at 0s and ended at
also contributing to the uptake.

. ; . 826s. Panelb) Inverse of the uptake coefficient as a function
As discussed above, solution-phase reactions of HOBiyt (time)l/2. The dashed line shows the least-squares fit to data
with itself and with HBr are known. For experiments which collected between 6 and 83, which would result in values of
showed enhanced uptake, we searched for gaseous progr =2.7x10°Matm~! and =24.1. The observed deviation from
ucts. The mass spectrometer signals at m/z=169) (&nd linearity indicates reactive uptake processes in addition to solubility.
176 (BrO) during two types of experiments are shown in A three-parameter fit yield&/*=4.3x 10° Matm~1, k=1.8x10~2,
Fig. 4. Panel 4a shows the signals fonBmnd BpO dur-  andg=5.6, and is shown by the solid black curve.
ing the experiment shown in Fig. 3. Initially, both species
are present as impurities in the HOBr flow. Once exposureexperiments witil’ <228 K; Br, was released from solution
begins, By and BrO are generated in solution and releasedin all but two of these cold experiments. The partial pres-
to the gas phase, increasing the mass spectrometer signalres of HOBr employed in these experiments were lower
This observation of Br production is consistent with Han- than in many others which did not show product formation.
son’s (2003) report of Brproduction on 80 wt% LISOy; we The temperature dependence was clear, but any dependence
believe we are the first to report BD production from suf-  of Br,O or Br, production on HOBr pressure alone could not
ficiently cold, acidic solutions. When exposure stops nearbe discerned from the data collected.
800s, both gases return to their previous levels. This lib- For comparison, Fig. 4b shows the behavior of Bnd
eration of Bp and BpO was seen only with 70 wt% 450, Br,O during the exposure of HOBr (and impurities) to
solutions, and then most commonly in the colder temperaturet5 wt% HSOs shown in Fig. 1. For clarity, the BO sig-
regime 228 K). Production of BfO was seenin all 70wt% nal has been magnified by a factor of 2.5. When exposed

(time /s)"?
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6 an increase in reaction rate with increased acidity (due to an
increasing value of the rate constantand with decreased

(a)

Br, temperature (due to increased solubility).
i Due to the competing reactions of HOBr in the 70 wt%
ﬂhMWWM H,SOQs system, the Henry's law coefficient must be ex-

tracted from a three-parameteH{, k, and B) fit of
Br,O Eqg. (2) to the data, once again calculating diffusion con-
stants as described by Klassen et al. (1998). For the ex-

ample shown in Fig. 3 (70.1wt% 4%$0;, T=211.9K),
m H*=4.3x10°P Matm™1, k=1.8x10"2, and8=5.6. The solid
curve in Fig. 3b shows the resulting fit. Please see the Ap-
. . . . . pendix for a brief discussion of the non-linear fitting proce-

dure.

0 600 1200

time /s Values of H* extracted from a three-parameter fit agreed
very well with those from a linear fit for 45wt% solutions
and for 70 wt% solutions where the paramétaeras found
to be small. For significant values #f such as in the ex-
ample shown in Fig. 3, thé&/* value determined from the
W il upper trace: Br, three-parameter fit was a factor of 3—10 lower than the value
lower trace: Br,O x 2.5 determined from a linear fit through a somewhat arbitrary,
early portion of the data. Fitting the full equation (Eg. 2) was
less susceptible to bias, and thus was trusted as a method
less prone to error. The values reported throughout this
manuscript are those determined from three-parameter fits of
entire data sets; in many casgesp.

N

MS Signal / 107" A
N

MS Signal / 10 A

Experiments were performed over the range of 211.9—
251.6 K, resulting in nearly forty determinations &f* in
(b) 70wt% H,SO, as a function of temperature. These re-
: : : : sults were averaged in 1K bins and are shown as the solid
0 150 300 450 squares M) in Fig. 2. Once again, the solubility of HOBr
time /s is inversely dependent on temperature, but with a differ-
ent slope than that seen for 45wt%$0, solutions (log
Fig. 4. (a)Mass spectrometer signals as a function of time show- H*=(2419£381)/T—(5.55+1.67), not shown). These pa-
ing liberation of Bp (m/z=160) and BsO (176) upon exposure to rameters result in values df H=—46.3+7.3kJmot ! and
70.1wit% HSOy at 211.9K. Panglb) MS signals showing uptake A S=—106+32Jmot K. At temperatures colder than
of the same species during exposure to 45.3 wgd®)}; at 219.0 K. ~213K, the solubility of HOBr in 45 wt% KSQy is notice-
ably larger than in 70 wt% p50;.

to 45wi% HSQy, it is obvious that By and BpO are both The fitting parametek represents the additional loss of
taken up by the solution. Uptake of £ by sulfuric acid OBy due to reaction in 70wt% #50; solution. We do
solutions has also been reported by previous investigatorgot pelieve it corresponds to an elementary rate constant in
(Waschewsky and Abbatt, 1999; Hanson, 2003). If uptakegyr experiments. Its value increases with decreasing temper-
of Br20 leads to HOBr production in-situ, we may be under- g re (logk=(2192+449)/T—(12.4:2.0) in 1K bins), sug-
estimatingH/*. From the experiment shown in Figs. 1 and yesting that is driven by the solubility of the reaction part-
4h, we estimate this uncertainty to be on the order of 25%. ner(s), rather than by the rate constant of the elementary re-
Why is reaction only clearly observed for exposure of action. The comparable signals for the two product species,
HOBr to 70wt% BSO, solutions withT <228 K? An an-  as shown in Fig. 4a, suggest that Reactions 1 and 3 are
swer can be found by analogy in the case of HOBr+HCI, asproceeding at similar rates, assuming similar solubilities and
measured by Waschewsky and Abbatt (1999) as a functiomMS sensitivities for each. Because HOBri45 times more
of both temperature and wt%,80,. Those authors found soluble than HBr in 70wt% k504, our solutions should
that the second-order rate constant increased with acidity atave contained 3—8-fold more HOBr than HBr, suggesting
each temperature studied and that the temperature effect wakat the rate constant for HOBr+HBr may be roughly 3-8
least pronounced in 70 wt% solution. Thus, we are observingimes larger than that for HOBr+HOBr.

Atmos. Chem. Phys., 5, 1577587, 2005 www.atmos-chem-phys.org/acp/5/1577/
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3.3 Uptake on aqueous 55 and 61 wt%4S@ysolutions ence between his values and those of W&A to differences
in experimental method. The W&A technique requires an
Several solubility measurements were also made on 55 angdstimate of the liquid phase diffusion constant, as does the
61wt% H,SOy solutions. These data indicated uptake duecurrent measurement. Thus, our measurements and those of
to simple solubility in most cases, with a few observationsw&A could be argued to be low due to an inadequacy in cal-
suggestive of reaction but not definitive. The solubility val- culatingD. However, previous studies in our apparatus (Iraci
ues are shown as 1K averages in Fig. 2, where data fogt al., 2002; Williams et al., 1995) have shown identical re-
55 wt% HSOy are represented by crosseg(and those for  sults for two different techniques, one requiring an estimate
61wt% are marked by plus signs (+). As found by othersof p and one using an approach similar to that of Hanson
(Waschewsky and Abbatt, 1999; Hanson, 2003), we do no{2003), i.e., a method which measures the equilibrium vapor
observe a Significant aCldlty dependence for solutions in thi%)ressure over a solution and requires no presumption about
regime. In this respect, HOBr is quite different from HBr, the liquid-phase diffusion constant. Thus, we feel confident
which is approximately 4 orders of magnitude more solubleysing the time-dependent uptake technique presented here
in 45wt% HSO4 than in 70wt% (Sander et al., 2003). A and believe the estimated valuesfto be sufficiently ac-
non-zero (10°-10-3) k parameter was occasionally found curate. Unfortunately, the complementary method could not
in the 55 and 61 wt% experiments, but no pattern or clearhe employed in the present study, as a pure sample of HOBr
temperature trend was demonstrated. could not be obtained. To raise the preséfit values to
] meet those of Hanson (2003),D would need to be lowered
3.4 Combined results for uptake on 55-70 Wi%8 ), SO-  py 3 factor of 10, which implies oub values are incorrect
lutions by two orders of magnitude. Such an error seems highly un-
likely, as D values have been directly measured for HBr and

* . 0, i -
Al Valcljjis fotth .|n15|§ t7OWt/° tl—&SQ4 tSOIUtI'On Wsrteh 3\1 tsimilar species in the acidity range considered here (Klassen
eraged togetner in temperature intervals, an € leasy, al., 1998). One possible explanation for the high solubil-
squares fit is shown in Fig. 2 as the solid black line

(log H*=(2349+280)/T—(5.27+1.24)). From the slope of ity values reported by Hanson (2003) is uptake enhancement

2 . due to reaction with impurities in the HOBr source, such as
this line, an enthalpy of solvation 0f45.0+5.4 kJ mot! . . ’
was determined XS=—101424 Jmol*K-1). For com- those observed in the present work and discussed by Hanson

parison, uptake of HOCI into 60wt% 430, has (2003).
AH=—42.1kJmot! (and AS=—109JmotK~1; Huth-
welker et al., 1995), indicating that our observed temperature4
dependence for HOBr uptake into 55—70 wt%30, solu-
tions is quite similar. For uptake of HBr into 66 wt% 80,
Williams et al. (1995) foundA H=—42.3kJmot?! and es-
timated AS=—113Jmot*K~1. Furthermore, the present
value of AH=45.0kJ mot? is midway between the two re-

Stratospheric implications

Not only is the solubility of HOBr in aqueous sulfuric acid
solutions substantial, but we have observed reactions produc-
ing volatile brominated gases which suggest that uptake of
HOBr into acidic aerosol particles may not saturate. If the

ported va(;uEs c:rrently a;/gggble fs:Bg(lz\]BFSZFf kJ mot q reactions observed under laboratory conditions also occur in
measured by Hanson (2003), a mol® reported  yhe atmosphere, production of £, Br,, and by analogy

Sg&vp\\las_cl:_zewsky and Abbatt (1999|’ heireaftefr. refer;led to agBrcl, will continue as long as source gases are available. In
d). huls, ou; m?asgrenlesn; EJOSG1)_/1COH w;n; t: aVelthis section we calculate the solution-phase concentrations,
aged enthalpy of solvation5. mol~) used by Han-  ggimate the relative rates of each reaction channel (R 1-3),

SO('; Ii.n his parameterization, WhiCh, is ;hown ashthe dOtt‘E’dand assess the role of HOBr solution-phase chemistry in the
red line at warmer temperatures in Fig. 2 The entropy, -tiyation of chlorine in both the contemporary lower strato-
value determined here Ior I1|O.Br uptake mFo 95-70 wi% sphere (LS) and a future LS affected by climate change.
Hsz?“ (IAS_l;iglJTer_ﬁ_ I) IS Ietssl nez%a(l;tgle thgn for " our measurements allow calculation of [HOBr], where
[ne anfn(—J ,rer(O_l_ K| » racl te |a”1999 ) atnk apei- square brackets denote particle-phase concentration in moles
405ne7(()— 10/ rr|1fo . d 'Tlst_sen etal., ) uptake into per liter. Because [HOBI] increases linearly with HOBr

— D WL 7o SUTIUrC acid Solutions. . . mixing ratio, aerosols contain an order of magnitude more

Also shown in Fig. 2 (dashed blue line) is the result dissolved HOBr at night, when HOBr becomes the domi-
of W&A from measurements conducted at 213-238K; OU hant bromine species. See Table 1. Due to uncertainties

:cilnrwlglsngﬁow?Lzhsfrgﬁg;gxet:z??fy tr‘\"é elrlégr(;r:;oza}irrzgvzh?c:% in future stratospheric bromine levels (Montzka et al., 2003;
mileman, 2005), mixing ratios of HOBr and HBr are held
our data, Whef@=0-264=\/(N—2)_12(yexpt—yfit)z- Our  constant in this example. In a future scenario, as chlorine
study includes measurements which overlap the temperatur®ading and temperature decrease, water vapor increases, and
regimes of both previous studies, and our results are considsulfuric acid concentration drops, [HOBr] nearly doubles.
erably closer to those of W&A. Hanson attributes the differ- In contrast, [HCI] increases by an order of magnitude and
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Table 1. HOBr Heterogeneous Chemistry in Lower Stratospheric Aerosols.

Current Daytime  Current Nighttime ~ Future Daytime  Future Nighttime ~ References & Notes

Temperature (K) 210 210 205 205 100 mbar; 15-16 km
Water (g) (ppm) 4 4 5 5 est. from Rosenlof et al. (2001)
Aerosol composition (wWt% KSOy) 66 66 60 60 Steele and Hamill (1981)
HOBr (g) (ppt) 1 10 1 10

HBr (g) (ppt) 2 2 2 2 Johnson et al. (1995)
HCI (g) (ppb) 15 15 1 1

H* HOBr (mol L1 atm™1) 8.2x10° 8.2x10° 1.5%x108 1.5x108 this work

H* HBr (mol L~ atm1) 3.2x10° 3.2x10° 8.1x 10 8.1x10° Sander et al. (2003)

H* HCI (mol L~ atm™1) 1x10* 1x10* 1.3x10° 1.3x10° Wexler and Clegg (2002)
[HOBI] (molL~1) 8.1x10°8 8.1x10°7 1.5x10°7 1.5x10°6

[HBr] (mol L~ 6.2x10°8 6.2x10°8 1.6x10°6 1.6x10°6

[HCI] (molL™Y) 1.5x1076 1.5x10°6 1.3x107° 1.3x107°

k for HOBr+HOBr (L mol-1s~1) 2.3x10° 2.3x10° 1.5x103 15x10° =k(HBr)/8

k for HOBr+HBr (L mol~1s~1) 1.8x10° 1.8x10° 1.2x10¢ 1.2x10% =k(HCI)*3

k for HOBr+HCI (Lmol~1s™1) 6.1x10° 6.1x10° 4.0x10° 4.0x10 Hanson (2003)

Rate for HOBr+HOBr (mol L1s™1) 1.5x1079 1.5x10°7 3.5x10711 3.5x1079

Rate for HOBr+HBr (mol s~ 9.2x1079 9.2x1078 2.9x107° 2.9x1078

Rate for HOBr+HCI (mol 1571 7.3x10°8 7.3x1077 8.1x1079 8.1x1078

Total rate for HOBr+HX (mol-1s™1)  8.4x10°8 9.7x10°7 1.1x10°8 1.1x10°7

HOBr loss which leads to BrCl production ~ 87% 75% 73% 71%

4 H* value in third and fourth columns estimated from lowest relative humidity possible with AIM model (58 it%oyalue in first two
columns taken from AIM and reduced by7 x, as seen by Williams and Golden (1993) and Hanson and Ravishankara (1993) for increasing
HoSOy by 8 wit%.

[HBr] increases by a factor of25. The near independence ues ofk. We note that this may not be strictly true for the fast
of HOBr solubility on acidity results in smaller increases in reaction of HOBr with HBr, but it provides a rough compar-
[HOBIr] as particles become less acidic. In the future night-ison of the relative importance of different reaction partners.
time scenario, HBr and HOBr solution concentrations are  As shown in Table 1, reactions of HOBr with itself and

nearly equal. with HBr will be minor channels for current daytime condi-

In each of the four cases, we wish to evaluate how mucHions, when HOBr levels are low. Reaction of HOBr with
HOBr will react with each possible partner. To do so, HCl will account for~87% of the solution phase reactivity.
rate constants are needed. Oglyalues for HOBr + HCI At night, the loss of HOBr to self-reaction increases 100-
have been previous'y reported (Hanson’ 2003’ Waschewskipld, and the fraCtion of HOBr I‘eaCtion that |eadS to BrCI
and Abbatt, 1999), although Abbatt (1995) does give aProduction drops to 75%. However, the increased [HOBr]
lower limit for k(HOBr+HBr) at one set of experimental l€ads to an increase in the absolute rate of BrCl production.
conditions. The parameterization of Hanson (2003) for Thus, increasing [HOBI] increases the rate of chlorine acti-
k(HOBr+HCI) as a function of temperature and wt%30, vation despite the diversion of a larger fraction of HOBr to
was used to calculate rate constants for that reaction, anthe self-reaction pathway.
the rate constant for HOBr+HBr was presumed to be three At night, HOBr reaction with HCI could generate 40—
times larger, as estimated from measurements in aqueous0 molecules of BrCl per cper second, assuming an
solution (Beckwith et al., 1996; Wang et al., 1994) and in aerosol volume density ofx110-13cm?cm—3 and no dif-
70wt% HSOy at 228 K (Abbatt, 1995). Based on our ex- fusion limitations. If a significant portion was liberated to
perimental observations of approximately equal productionthe gas phase, by morning0.5 ppt BrCl could be present,
of BroO and Bp (discussed above), we presume in the calcu-leading to a small pulse of active chlorine at dawn. Cur-
lations to follow thatk(HOBr+HOBY) is one-eighth the size rent LS daytime conditions would lead to4—5 molecule
of k(HOBr+HBr). Since the ratg=[HOBr] [HX] (where BrCl produced per cper second, for an integrated daily
X=0Br, Br, or CI) for reactions which occur throughout a production of ~0.55ppt BrCl. To compare this activa-
particle, we can determine rates for the three channels basdtn process to the rate for Cl activation via HCI+OH in
on the calculated solution concentrations and estimated valthe gas phase, we calculate a daily estimate of 25 ppt
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of active chlorine for 12 h of sunlight with the rate taken Appendix: Non-linear data fitting procedure
from Sander et al. (2003)~2x10°moleculecn3s1 if
[OH]=1x10° molecule cnt3). Thus the heterogeneous ac- Each exposure of HOBr to a sulfuric acid solution produces
tivation route can be seen to be minor on a daily basis una time trace of mass spectrometer signals which are propor-
der background aerosol conditions, as discussed by otheféonal to gas partial pressures. These signals are converted to
(Hanson, 2003; Waschewsky and Abbatt, 1999). Nonethetime-varying uptake coefficient valueg, via Eg. (1). Each
less, if a precise understanding of active chlorine is requiredset ofy values contains information about the solubility of
at sunrise, this mechanism should be considered. And iHOBr and its irreversible reaction(s) in solution. In this
aerosol volumes were increased 50- to 100-fold due to vol-study, each data set was fit with the three-parameter nonlinear
canic injection, enhanced Cl activation via HOBr heteroge-equation (Eq. 2) which approximates the coupled differential
neous chemistry would need to be re-assessed. equations describing dissolution and reaction of a gas in a
For wetter, colder future conditions, the aerosol acidity is planar liquid (Danckwerts, 1970).
reduced, leading to strongly reduced rate constants. This de- Estimates for the parameter&{, g, k) were found using
creases all pathways for HOBr loss and reduces the rate gt minimization program written for MATLAB by a team of
BrCl production by a factor of roughly nine in the future sce- students at San Jose State University (SJSU). Using nonlin-
nario considered here. This strong sensitivity to aerosol comear, multivariate methods, the parameter values were found
position points to a possible enhanced role of this proces®y minimizing the sum of the squared errors (SSE) between
under conditions where sulfate aerosols are more concerthe equation and the data. Sirkeés typically small and is
trated than~65wt% H,SO4. Thus, chlorine activation via sometimes zero, it is reasonable to assér@and solve the
HOBr heterogeneous chemistry may occur under stronglyreduced (linear) equation to generate a starting estimate for
acidic (warm, dry) conditions, or under conditions of en- the other two parameters. The minimum SSE was found via
hanced stratospheric aerosol loading. It is unlikely that anya numerical search method similar to simulated annealing.
significant perturbation of HOBr will occur, as the formation ~ Because all three parameters must be non-negative, we
of HOBr via BrONG, hydrolysis is faster (Lary et al., 1996) cannot assume that these parameter estimates follow a Nor-
than loss via heterogeneous reaction. It must be stressethal distribution, and thus the standard methods for comput-
however, that these results are highly dependent on the préng confidence intervals cannot be used. Instead, bootstrap
sumed second order rate constants, and further measurgiethods were used to determine 95% confidence limits for
ments of those values would greatly improve the accuracythe unknown parameters.
and relevance of these illustrative calculations. Lastly, a protocol was developed to objectively identify
suspicious or biased data sets. Three tests were applied to
) the residuals (the difference between each data point and the
5 Conclusions value calculated from the best-fit parameters). The first iden-

. tifies points beyond three standard deviations away from the

The solubility of hypobromous acid has been measured N, . o .
) : . mean of the residuals. The second test highlights any series
cold H,SO4/H20 solutions representative of stratospheric f nine points on one side of the mean. Sugh zgseriesymay be

sulfate aerosols. For the conditions studied here (45-70 Wt°/O . : .
H,S0y, 201-252K), the effective Henry's law coefficient a signal of unsteadiness in the laboratory process. The last

oo -~ ' test seeks two out of three consecutive points beyond two
* -1 —1
H*, ranges from 16-10"mol L=*atn™, with little acidity standard deviations on the same side of the mean. Each of
dependence at temperatures warmer thah3 K. HOBr sol-

ubility in these solutions was similar to that expected in urethese events has0.5% probability of occurring in a Nor-
yint . pec P mally distributed data set, thus experiments which displayed
water, which may explain the absence of an acidity effect on

lubility. Our result n the temperatur between rmore events than expected (based on the number of points in
SOIUDITty. Urresulls span the temperature gap between pres ., set) were discarded. In the present case, five data sets
vious studies and show excellent agreement with the work

of Waschewsky and Abbatt (1999). The enthalpy of Solutionwere excluded from further analygls basgd on these results.

. S The parameter values determined with the SJSU MAT-
for HOBr dissolving in 55-70 wi% k50, was found to be LAB code were checked against values determined with a
—45.0+5.4 kI mot L. The relative independence of solubil- g

. e : : . separate program written using the statistical software pack-
ity on acidity implies that heterogeneous chemistry involving . : " . :

. ! . ; age S-PLUS and its function specifically designed for min-
HOBr will be more important (relative to processes involv-

ing HBr and other strong acids) under conditions which faVorimization of non-linear equations. The parameter estimates
9 - . 9 - . found using S-PLUS and those found by MATLAB differed
more acidic particles, as the solubility of HOBr will not de-

crease significantly by less than one percent. A number qf the parameter sets
' were also compared to values found with the Kaleidagraph
software package, and excellent agreement was also ob-
tained.
The MATLAB program used in this work was devel-
oped under the supervision of Prof. Steven Crunk as part
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search program in the SJSU Department of Mathematics. Phys. Chem., 97, 12309-12 319, 1993. -
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