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A detailed study of the interaction of HOBr and HCI in cold sulfuric acid solutions has been performed using

a coated-wall flow tube coupled to an electron-impact mass spectrometer. The liquid-phase bimolecular rate
constants, measured over a temperature range from 213 to 238 K and in solutions from 59.7 to 70.1 wt %
composition, show a strong positive dependence on both acid composition and temperature. The solubility of
HOBr has also been measured in these solutions by analyzing its time-dependent uptake. Henry’s Law constants

(H) determined from the measured values off¥Bnd the liquid-phase diffusion coefficient (D) are independent

of acid composition over the above range of solution compositions. The values of H demonstrate a clear

Clausius-Clapeyron temperature dependence, with a heat of solutior®f 1 kcal/mol. When the

atmospheric importance of these data is assessed, two conclusions are reached. In the stratosphere, under
aerosol conditions observed soon after the Mt. Pinatubo volcanic eruption, the rates of HCI activation via the
HOBI/HCI heterogeneous reaction are comparable with the rate of activation via gas-phase reaction with OH

at relatively warm temperatures (20820 K), where other HCl-activating heterogeneous reactions occur
slowly. In the high Arctic boundary layer, it is possible that significant HCI activation could occur when
elevated levels of photochemically active bromine are present.

Introduction in the cold stratosphere. In the troposphere, high relative

. . . . . humidities can create sulfate aerosols which are considerably
Although the total atmospheric loading of inorganic bromine . . .
g b g g more dilute than their counterparts in the stratosphere, thus

is relatively low, not exceeding a few tens of parts per trilllon, . - .
there has been considerable interest in recent years in theenhancmg the SO'.Ub'“ty qf species such as HCI, HBr, HOCI,
nd HOBr, and increasing the rates of condensed phase

heterogeneous interactions which brominated species underg reactions. This set of conditions is frequently encountered, for
in the atmosphere. This interest has arisen because a number ) q y ’

of reactions involving bromine species proceed at very high examp'e’ n .the springtime Arctic _bounc_iary layer Wh?fe the
rates, in some cases many orders of magnitude larger than th§elat|ve humidity is close to saturation with respect to ice ar!d
corresponding reactions involving chlorine. From the perspective emperatures can _reaph many tens of de_gregs belqw freez.lng.
of the stratosphere, the two reactions which have been identified. Evidence for activation of halogen species in the high Arctic

. : is now well established. Bromine is activated in the springtime
iﬁ t;ill?gtgfan;?s;rlr;portance are (R1) and (R2), when they Occurboundary layef:® Similarly, high levels of active chlorine have

been both measured directly, and inferred from enhanced loss

BrONO, + H,0 — HOBr + HNO, (R1) rates of hydrocarborfsAlthough there is considerable uncer-
tainty concerning the original sources of both the active bromine
HOBr + HCI— BrCl + H,0 (R2) and chlorine, itis now believed that recycling of active halogens

via HOX/HY reactions, where X and Y are halogens, contributes
The first is thought to proceed very efficiently, with a reaction to their high levels. For example, for the activation of HBr,
probability appoaching unity. The process is of considerable Fan and Jacob modeled that the reaction of HOBr with HBr on
importance as both a H@ource, via the photolysis of the HOBr  sulfate aerosols:
product, and a N@sink? On the other hand, (R2) has the
potential to be of significance in directly activating H& At HOBr + HBr — Br, + H,0 (R3)
the low temperatures encountered at high latitudes in winter
and springtime, stratospheric sulfate aerosols become dilute andtould readily maintain high levels of active bromine, assuming
the solubility of both HOBr and HCI is high, leading to an a realistic estimate for the kinetics of the reactidRecently,
efficient condensed phase reaction. Two preliminary studies, we have suggested that the reaction
one from our laboratory and one from that of Hanson and
Ravishankara, have indicated that the reaction proceeds suf- HOCI + HBr — BrCl + H,0 (R4)
ficiently rapidly that it needs to be considered when assessing
the rates of HCI activation at low temperatures in the strato- may also be important at activating HBr, given that high levels
sphere?? of photochemically active chlorine may also be predénteed,
From the perspective of the troposphere, there is growing based on the first laboratory kinetics studies performed in
evidence that hydrogen halides such as HCI| and HBr can besulfuric acid, estimates of the rates of HBr activation via these
activated in much the same manner by which they are activatedtwo reactions suggest that both could proceed sufficiently rapidly
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to maintain high levels of active bromine during the Arctic The time-dependent measurements were taken by first
spring? For the activation of HCI, the two most likely recycling  establishing a flow of HOBr through a movable injector which
processes are expected to occur via interactions with HOBr (R2)was pushed into the flow tube fully past the end of the sulfuric
and HOCI (R5): acid film. Average HOBr partial pressure in the flow tube was
~5 x 1071%atm. When a steady mass spectrometer signal was
HOCI + HCI— Cl, + H,0 (R5) achieved, the injector was quickly pulled back a few centimeters,
exposing the film to the HOBr. This action results in an
An additional motivation to the study of the HOX/HY immediate initial drop in the HOBFr signal as the HOBFr is taken

reactions comes from models of the interactions of HOBr with UP PY the sulfuric acid solution, followed by a recovery of the

sea salt aerosols in both polluted and pristine environments atsignal as saturation starts to occur. At some time Iatgr, the
injector is pushed back in to its original position, producing a

mid-latitudes. It has been suggested that the interaction of HOBr h ’ X
rge in the HOBr signal as the dissolved HOBr desorbs.

with marine aerosols may lead to an autocatalytic release of " ) ) . .
bromine from the aeros8f1° The full impact of this chemistry, The time-dependent data were analyzed as in earlier stutlies.
At each point in timet, a net uptake coefficient is calculated

which includes sizable ozone destruction and S(IV) oxidation, ¢ he initial inal and the sianal at i
is dependent upon both the rate of HOBr uptake by sea saltfrom ;[j_ellnma HOBr S|gnad_an u eslgfr;a at Eme'l;]o corlre?t .
aerosols and the extent of the recycling of halogens through 'oF radial concentration gradients in the flow tube, the calculation

heterogeneous processes occurring with marine sulfate aerosoldncludes the gas-phase diffusion correction described in Bféwn.
Motivated by the atmospheric importance of HCI activation The time-dependent uptake of a gas into an infinitely thick liquid

processes, we have performed a detailed experimental study ofVich initially contains no dissolved géiss described by (E1):

the kinetics of (R2) in cold sulfuric acid solutions. As mentioned i 12
above, two previous studies have measured similar, fast kinetics y(t) = 4RTHDIc(at) (ED)
for the reactior?:® However, the sets of conditions under which

these experiments were conducted were quite limited: in our
work, the reaction was studied in 70 wt % acid at 228 K, and
in the work of Hanson and Ravishankara, the reaction was
studied in 60% acid at 210 K. In the present study, we perform
measurements over a much wider range of both temperature
(from 213 to 238 K) and acid compositions (from 59.7 to 70.1

wt %), with the goal being to formulate a parametrization of

the rate of the reaction which can be used under a range o
atmospheric conditions. We have also performed a study of the
time-resolved uptake of HOBr by sulfuric acid solutions, in order

that its solubility in these solutions can be determined. We have
performed these kinetics experiments in a manner which we
believe to be more appropriate than that performed in the two
earlier studies, and the general conclusions are that this reactio
proceeds substantially faster under atmospheric conditions thanl
was previously thought. 1

wherey(t) is the time-dependent uptake coefficieRtjs the
ideal gas constanfl is the temperatureg is the mean gas
velocity, andH andD are the Henry’s law coefficient and liquid-
phase diffusion coefficient, respectively, for HOBr in sulfuric
cid. The set of time-dependent uptake coefficients calculated
rom the data are plotted verstis’2 to yield a straight line in
accord with (E1), assuming that the mass accommodation
fcoefficient for HOBF is close to unity, as has been shown to be
the case for HOCH

For the reactive uptake experiments, a small amount of HCI
was entrained in He to flow through the movable injector, while
HOBr was introduced into the upstream end of the reaction flow
tube, at partial pressures sufficient to ensure HOBr would be
ﬁNe” in excess over HCI in solutiorP™O8r ranged from 9x
010to 1 x 1077 atm, with typicalPH® at 2 x 1010to 9 x
0~10atm, and [HOBI)/[HCI] varied from 30 to & 1 in the
liquid phase. The first-order loss of HCI, or growth of BrCl,
was monitored as a function of distance as the injector was
pulled back through the flow tube. In the absence of radial

We used a low-temperature flow tube coupled to a mass concentration gradients in the flow tube, the probability for
spectrometer to measure (1) the time-dependent, reversiblereactive loss of HCI to the wallyHC, is directly proportional
dissolution of HOBr into cold sulfuric acid solutions, and (2) to the first-order rate constant. At high wall-loss rates, diffusion
the steady-state loss due to liquid-phase reaction of HCI with through the buffer gas to the wall restricts the overall loss rates,
HOBr dissolved in a sulfuric acid solution. For both sets of and a diffusion correction is applied to the observed data. The
experiments, the active surfaces were prepared by coating thediffusion coefficient used in this calculation was 0.10%/P
clean inner walls of a 2.34-cm-i.d. Pyrex tube with sulfuric acid cm?/s for HCI, with P in Torr andT in Kelvin. Typical flow
solution, as described previousty.The coated reaction tube tube pressure was 1 Torr He. The HOBr partial pressure was
was then carefully inserted into the cooled region of a horizontal monitored at the start and finish of each kinetics experiment to
flow tube; the flow tube was sealed and the sulfuric acid film correct for any drift in the HOBr source.
was allowed to reach thermal equilibrium with the flow tube. The steady-state reaction probability for HCI being lost from
At the low temperatures used, the sulfuric acid solutions were the gas phase through a pseudo first-order reaction in the liquid
viscous enough to coat the walls over the course of eachis described bi?
measurement. The sulfuric acid films remained liquid under all

Experimental Section

conditions of the experiment. To ensure unchanging acid 1" = 1o + c/aRTH /(DMK Y2 (E2)
composition over the duration of each measurement, water vapor
was added to the flow tube by bubbling a small flow of He M~ ARTH(DHCKY /e (E3)

through a water trap. Water partial pressures were adjusted to

match within 10% the water vapor pressure of the sulfuric acid wherek' is the first-order liquid-phase rate constant ands

film at the temperature of the experiméh#n electron-impact the mass accommodation coefficient. The approximation in (E3)
mass spectrometer was used to monitor the composition of theis valid fory"¢ < 0.2, if o & 1. For pseudo first-order kinetics,
gas phase in the flow tube, with detection limits (S#N1, k' = K'[HOBr];, wherek' is the second-order liquid-phase rate
integration times of 1 s) of 3 10710 atm for HCI, and 5x constant and [HOBy]s the liquid-phase concentration of HOBr.
10711 atm for both BrCl and HOBr. With [HOBr], = HHOBr pHOBr (E2) and (E3) may be rewritten
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as

1/’}/HCI — 1/a + C/4RT|_r|C|(DHC|k||HHOBF PHOBI’)l/Z (E4)

yHCI ~ 4RT|_r|CI(DHC|kIIHHOBr PHOBr)1/2/C (E5)

respectively.

To generate a continuous supply of HOBr, a steady-state flow
of Br, was passed through a 1-cm-i.d., 60-cm-long glass tube
loosely packed with a mixture of yellow mercuric oxide and 2
mm glass bead®. The bromine was entrained in a 90 sccm
flow of He, a portion {12 sccm) of which was bubbled through
a water trap. The bromine reacts with the mercuric oxide to
form Br,O, which is converted to HOBr upon reaction with

Signal (arbitrary units)

SR

4 Lo vt b b e e b e

water: 0 100 200 300 400 500 600 700 800
2Br, + HgO— Br,O + HgBr, (R6) Time (s)
Figure 1. Representative uptake experiment on 65.696® at 213
Br,0O + H,0 <> 2HOBr (R7) K: HOBr mass spectrometer signal as a function of time.

Coupling the mass spectrometer to an absorption cell, asabsorption cell pressures below 150 Torr; at these pressures we

described below, allowed us to calibrate the mass spectrometeisaw no evidence for BO contamination.

signal for HOBFr to the partial pressure in the flow tube, and to

measure the conversion efficiency of the HOBr source. About Results

five percent of the Brentering the HgO tube is converted to - . . .

HOBr. The conversion efficiency varied with relative humidity Solubility of HQBr n Sulfur.|c Acid. HOBr uptake W%S

(RH): 10 to 20% was optimum under our conditions, which measured for acid 'concentranons from 59.7.to 70.1 wt %, at
temperatures ranging from 213 to 238 K. Figure 1 shows a

were typically 156-200 Torr and 295 K. At higher RH, the - :
bromine would be lost, perhaps to reaction with metal fittings zpégssemzt'meo;?tsagi;xﬁ:é'gzrghgg gi?gﬁ&j;él\?aﬁe and
In our system; at lower RH, the equilibrium in reaction (R7) the injector was pulled back 8.0 cm over the film. The HOBr

would shift to the left. The amount of residual B as signal dropped sharply and slowly recovered to a level close to
monitored by mass spectrometry, was reduced by maintaining; Ignal dropp Ply Wly recov Ve .
its initial value. The speed of this recovery varied with

the highest RH the experiment would allow, or else, by operating . -
at very low concentrations of HOBr. After a brief conditioning composition and_temperature. Vyhen, at 400 s, the Injector was
pushed back to its original position, there was a surge in the

period, the supply of HOBr was relatively constant in time. . - -
The absorption cell used to calibrate the partial pressure of ig?ﬂ"’i‘:i;”\fggeﬂom HOBr desorption, followed by a decay to

HOBr in the flow tube was connected just upstream of the flow )
In our earlier work on HOBr uptakes we observed a steady-

tube. We measured™P® in the cell by directing the 254 nm o1 PR ; _
line from a mercury lamp down the length of the cell and state loss of_ HOBr on sulfuric aC|d_f|Im_s which we attributed
through an interference filter, and collecting the transmitted light 10 Self-reaction because the loss kinetics were observed to be
with a photodiode: _seco_nd-orde?.To minimize the pOSS|b|I|t_y of the self-reaction

in this study we operated with low partial pressures of HOBr
(PHOBr well below 3 x 1072 atm). Under these conditions we
saw no evidence for a steady-state loss of HOBr in sulfuric acid.
Large uptakes did sometimes result in very slow recovery of
is the intensity in the absence of the absorbés,the absorption  the gas-phase HOBr, upon exposure to the sulfuric acid film,
cross section for HOBr at 254 n#f] is the length of the tube ~ but none of our uptake curves showed evidence of time-
(50 cm), andN, is Avogadro’s number. Since bromine has a independent uptake in the form of a positiyéntercept in a
nonnegligible absorption cross-section at 254 nm, we connectedy(t) versust 2 plot (see Figure 2, for example). Since HOBr
a bypass valve around the mercuric oxide tube to measure arpartial pressure influences the direction of the equilibrium in
I, that accounts for the bromine in the absorption cell. The low (R7) it thus seems likely that the second-order kinetics observed
conversion efficiency (5%) means that the changé,invhen in our previous work may well have arisen from HOBr reacting
the bromine is directed through the mercuric oxide tube instead with itself under the substantially higher HOBr partial pressures
of around it, contributes only about 10% uncertainty in the HOBr used.

P

~RTIn(I/1 )/oIN,, (E6)

wherel is the intensity of light transmitted by the absorbar,

partial pressures. Together with the uncertainty in the cross
section, we estimate uncertaintiesd20% in the HOBr partial
pressure measurements by this technique.

Br,O also has a substantial cross-section at 254*wie

With such low HOBr partial pressures, it is clear from Figure
1 that the mass spectrometer signal for these experiments was
quite noisy. As a result, the results of several measurements
were averaged to give each data point in Figure 3 and Table 1.

therefore monitored the system closely for evidence of its All the data are from uptakes measured on fresh sulfuric acid
presence. At total absorption cell pressures greater than 200 Torrsurfaces. In addition, we used only the early-time time data from
with high partial pressures of HOBr, we saw evidence faBr  each uptake measurement to determine the valu¢Ddf?, to
contamination in the form of a small mass spectrometer signal make the measurements less sensitive to changing HOBr
at the parent mass, which disappeared when the room lightsbaselines. Although we interpolated linearly between starting
were turned on, and as a nonlinear increase in the ratio of and final HOBr baselines to obtain a baseline appropriate for
absorbance to mass spectrometer signal. To minimize thisthe time-dependent uptake coefficient calculations, the uncer-
contribution, we made all absorbance measurements at totaltainties are minimized by using only the first one to two minutes
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Figure 2. Time-dependent uptake coefficiept!°B(t), plotted versus Figure 4. A comparison of HCI decay (circles) and BrCl growth
1/tY2 for the data in Figure 1. (squares) on 70.1 wt % 430, at 228 K. Open symbols represent
observed mass spectrometer signals (left axis) and closed symbols
T represent the effective decays, after backgrounds have been subtracted
(right axis).
&« . | to take into account the linearity of thevs (1t)¥2 plots and
& // the uncertainties in measuring the uptake coefficients.
§ 100 . 59.7% —— ] As shown in the Figure, the values BIDY2 are within a
E § ] factor of 2 of our previous measurements and that of Hanson
= 2 65.6% {% ] and Ravishankar&3 Although the disagreement lies just within
g r /,/// ] the estimated uncertainties, the older data appear to be system-
T r o« © 1 atically lower than the results from this work. The discrepancy
- 70.1% ] between our two sets of data may result from the substantially
o | higher partial pressures used in the earlier study. In particular,
10 Lo R R we observed that there was an inverse dependence of the
4 42 4.4 46 48 5 measured values dfiDY2 on PHOBr for pressures above

1000/T (1/K) 10-° atm, and no dependence for the data at much lower partial
pressures that are reported in Figure 3. This dependence at high
partial pressures could possibly arise via the formation of small,
undetectable amounts of & formed in the HOBr self-reaction

Figure 3. Temperature dependence l8D'? at 59.7 (squares), 65.6
(triangles), and 70.1 (circles) wt %. Each point is the average of several
measurements over different days. Open circles: data from Abbatt.

Open square: data from Hanson and Ravisharkara. occurring before the injector flow reached the sulfuric acid film.
The BrO would then react on the film to reform HOBr, and
TABLE 1: HD2for HOBr in Sulfuric Acid Solutions lower the apparent uptake. In experiments where we kne® Br
H,SOu (%) T(K) HDY2(Matmicms?)  H(Matm?) was present in the source, we indeed saw formation of HOBr
59.7 208 176 1% 10° when the source flow was exposed to the acid film.
59.7 213 123 6.3 10° Also, it should be noted that uptakes measured on films which
59.7 218 120 4% 10 had previously been exposed to HOBr were at times smaller,
59.7 228 86 2.2 10 by up to a factor of 2, than those measured on fresh surfaces.
gg:g %22 1;% %_‘i 12 We do not know the reason for this erratic behavior, which was
65.8 218 73 4.9 10P not observed in earlier studiésand we have only reported
65.8 228 51 1.% 1P measurements ofiD2 performed on previously unexposed
70.1 213 54 6.5 10° surfaces as a result.
70.1 218 42 3510 Reaction of HOBr with HCI in Sulfuric Acid Solutions.
70.1 228 34 1.6< 10° . . )
701 238 24 7 % 10t We first tried to measure the first-order loss of HOBr due to

reaction with excess HCI in sulfuric acid, but because the
of data. To justify this approach we performed a systematic solubility of HOBr is so much greater than that of HCI at these
comparison between the early time data (defined as up to 20 ssulfuric acid concentrations, we were unable to put enough HCI
after the injector was pulled back) and the late time data (from in the gas phase to achieve pseudo first-order loss rates with
20 s to the point where the injector was pushed back in). HOBr as the limiting reagent. The obvious solution to this
Agreement between the valueshiD’2 derived from the early ~ problem was to measure the first-order loss of HCl instead, with
and late data was always within the precision uncertainties of HOBr in excess. Figure 4 shows a comparison of first-order
the reported results{30%). Nevertheless, when the experiments HCl decay and BrCl growth curves for one experiment
with the largest uptakes were analyzed, there was a smallconducted in that mode. Reaction probabilities calculated from
discrepancy between the two with the early data giving slopes these curves agree within 10%, well within the variability of
up to 25% smaller. As a result the following systematic the individual measurements. Due to the HCI background in
uncertainties are assigned D2 +15% for values below  our detector, it was generally more convenient in these experi-
50 M/atm(cn#/s)2, £30% for values close to 100 M/atm(&n  ments to monitor the growth of BrCl.
s)2, and+40% for values around 150 M/atm(éfs)2. These Figure 5 plots measureg® versusPHOB for sulfuric acid
uncertainties are somewhat difficult to estimate, but they attempt compositions 59.7, 65.6, and 70.1 wt % at temperatures ranging
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Figure 5. A log—log plot of y"¢ versusP"0®" for sulfuric acid L —
compositions 59.7, 65.6, and 70.1 wt % at 213 K (squares), 228 K 58 60 62 64 66 68 70 72
(triangles), and 238 K (circles). wi% H_SO,

. . Figure 6. Composition dependence of the second-order reaction rate
from 213 to 238 K. A log-log plot gives slopes ranging from  ¢oefficient for the reaction HOB# HCI — BrCl + H,0, at 213 K
0.47 to 0.57 for HSO, compositions 65.6 and 70.1 wt %. At (squares), 228 K (triangles), and 238 K (circles).
these compositiong;"® is sufficiently small that the data are o )
well-described by (E5). The slopes for the data at 59.7 wt % JABLE 2. Liquid-Phase Rate Constants for HOBr/HC in
L Sulfuric Acid Solutions

are significantly smaller~0.3), as expected for large values - - = -

HCl ; intHSOs T H D HHOBr K
pf 7 and Fhese data are better described by (E4). Each point (2%) K) Mam?) (cmesy  (MatmY M-1s 18
in Figure 5 is the average of several measurements taken on 713 274 10° 291 10 6.89x 1 (L6L0.9)x 1F

H H 1 HH . . X . X . . X

the same sulfuric acid film under constant conditions. The error 27 550 &'o0 105 17095 107 1.72% 106 (244 1.3)x 10°
bars are an indication of the variability of the individual  g56 213 1.94¢ 10° 2.16x 10® 6.89x 10° (8.7+ 4.8)x 10P

measurements and the errors arising from the gas-phase diffusion 65.6 228 5.28< 1? 1.10x 1077 1.72x 105 (5.5 2.2) x 107
correction. 65.6 238 2.3% 102 2.41x 1077 7.48x 10* (1.05+0.70)x 10®

, 701 213 2.6Ix 1% 8.75x 107° 6.89x 10° (8.3+4.9)x 107
In general, a number of growth profiles were measured on 797 228 8.05¢ 10t 5.93x 108 1.72x 10° (3.44 0.6)x 108

the same film at roughly the same HOBFr flow rate. Profiles at  70.1 238 3.91x 10! 1.46x 107 7.48x 10* (2.7+0.7)x 1C®
early times were discarded if the HOBr signal had not stabilized,
indicating that the film was not fully saturated with HOBr.

Similarly, we did not use runs from the end of a run if they gy 1o Br,O. Perhaps this is because the kinetics of that
were substantially different from early runs. In this case we were process are slower than the heterogeneous conversion®f Br
concerned that the composition of the sulfuric acid film may 5 HoBr.

have changed somewhat. We should also note that the HCl 14 oytract the second-order rate constadit, for (R2), we
partial pressure had a tendency to slowly drift upward during it the uptake coefficient data to (E4), with the value of the

the course of a run, probably due to a slow conditioning of the 1,555 accommodation coefficient set to uRttFigure 6 shows
lines connecting the HCl reservoir to the flow tube. This increase i plotted versus sulfuric acid composition. Values for the

was not fast enough to affect an individual decay. However, at parametersHHC! (ref 17), DHC! (ref 18), andHHOB" used to

low values of [HOBI{[HCI];, the system could be pushed out cg|culate the rate constants are listed in Table 2. Error estimates

of the pseudo first-order regime, resulting in artificially low given in the Figure and Table aredlprecisions, determined

values ofyH“. These values were discarded and the measure-py the uncertainties in the uptake coefficients (20 to 35%) and

ments were retaken at a redudetf. the scatter about the lines-of-best-fit. The overall uncertainties
The low conversion efficiency of our HOBr source means in the rate constants are difficult to estimate accurately, but they

that a substantial amount of Bwas also introduced into the are considerably larger (approximateh200/75%), arising

reaction tube. To ensure that a reaction involving Bas not from the precision error and from the uncertainties in the values

also producing BrCl and so affecting the BrCl growth curves, of HHC(£50%), HHOB' (+50%), DHC! (£20%), and PHOBr

we directed the Brand water vapor through a bypass valve (£20%).

aroundthe HgO tube, thereby introducing Band water, but

no HOBr into the upstream end of the reaction tube. Exposing Discussion

HCI to the sulfuric acid films under these conditions produced HOBr Solubility in Sulfuric Acid Solutions. Henry's law

no BrCl. coefficients were determined from the measured valuétDsf2
Note that the potential complications caused by®in the using liquid-phase diffusion constants calculated using ref 18
reversible uptake experiments do not arise in the kinetics (see Table 1). Figure 7 plotsi as a function of inverse
experiments, since the HOBr flow is introduced upstream of temperature. Although there is a clear ClausiGsapeyron-like
the sulfuric acid film. Any residual BO from the HOBr source,  temperature dependendd,shows essentially no dependence
which might be converted to HOBr upon entering the reaction on composition. Uptake measurements of HOCI by Donaldson
tube, would contribute to the overadt©8" monitored with the et al. show a similar trend in solubility in sulfuric acid solutions
mass spectrometer. Also, although one might expect substantialt acid concentrations greater than 68%4Jnder a physical
amounts of BfO present in the flow tube based simply on the model of solubility, HOBr solubility is predicted to decrease
partial pressure of HOBr and thermodynamic considerafibns, with increasing acid concentati@®Thus, it is possible that the
we saw no evidence for the reverse reaction, conversion of enhancement of the solubility of HOBr at high acid concentra-

aUncertainties are &+ precisions.
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Figure 7. Temperature dependence of the Henry's law constant for
HOBr in 59.7 (squares), 65.6 (triangles), and 70.1 (circles) wt $ H
SQOu.
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effective acidity of a 70 wt % solution compared to a 60%
solution, a concept treated in detail by Donaldson éf al.

An alternative mechanism valid at low acid concentrations,
involves initial attack by Ct on HOBr2!

HOBr + CI” <> HOBICI” (R11)

HOBICI™ + H* — BrCl + H,0 (R12)
For very low acid concentrations, (R12) would be rate-
limiting and the overall rate expression would be
rate= ky,K;,[HOBr][H ][CI ] (E10)
also implying a direct dependence on acid concentration.
However, for high acid concentrations, and a diffusion-limited
ki2, ki1 may be equal to or even much less thagiH*]. In this
caseK!' would approach the limiting valu&!' ~ k;3, and there
would be no acid dependence. At this point we are not able to
discriminate between the two mechanisms outlined above, nor

tion is due to an increasing degree of protonation, which closely determine whether the reaction instead proceeds as a single,
matches the decrease in solubility due to physical processesconcerted process.

HOBr+ H" — H,OBr" (R8)
A simple functional form fits the data nicely:

HHOB = (4.6 + 10) x 10 * exp((4.50+ 0.48) x 103/T)(E7)

whereT is in Kelvin, H is in units of M/atm and the uncertainties

It is also of interest to consider the factors which are
controlling the absolute magnitude of the rate constants and their
temperature dependence. First, the rate constants measured with
the 70.1% acid solutions are similar to, but somewhat larger
than, those calculated for a diffusion-controlled reaction, as-
suming neutral reagent3In particular, assuming an effective
collision diameter of 107 cm, the measured rate constants are
factors of 7, 4, and 1.5 larger than the calculated diffusion-

are at the 15 level. The temperature dependence gives a heat controlled rate constants for 213, 228, and 238 K, respectively.

of dissolution of HOBr in sulfuric acid solutions of9 + 1
kcal/mol.
Reaction of HOBr with HCI in Sulfuric Acid Solutions.

Given that this collision diameter is an estimate and may well
be considerably larger if significant solvation of the reactant
ions is occurring?® that diffusion-controlled rate constants

Figure 6 shows the strong dependence of the second-ordefetween ions can be several times larger than those between

reaction rate coefficient on acid concentration. At 213 and 228 neutral specie& and the relatively large experimental uncer-
K, k! increases by over 2 orders of magnitude as the sulfuric tainties, we feel reasonably confident that the rate constants

acid concentration increases from 59.7 to 70.1 wt %, whereasmeasured in the 70.1 wt % solutions are under diffusion-control
the 238 K data show a somewhat weaker dependence. Donaldand that an experimental error has not been made. It is also
son and co-workers noted a similar, though weaker, compositionWorth pointing out that the discrepancy could arise from

dependence in their studies of the related reaction, HOCI
HCI — Cl, + H,0, and proposed that it stems from an ionic
reaction mechanisif. As they discuss, the most likely ionic
mechanism involves protonation of HOBr followed by reaction
with CI~:

HOBr+ H" < H,OBr" (R9)

H,OBr" 4+ CI~ — BrCl + H,0 (R10)
Assuming a rapid equilibrium in (R9), as might be expected
to occur in strongly acidic solutions, then the rate of the overall
reaction can be expressed as
Rate= k,K[HOBr][H ][CI ] (E8)
whereKg is the equilibrium constant for (R9). The second-order
rate constant for the overall reaction

K' =k, K[H] (E9)

uncertainties in the values &1, for 70 wt % solutions.

For a diffusion-controlled reaction, one would expect the
apparent activation energy in the 70.1 wt % rate constants,
arising from the temperature dependence of the diffusion
coefficients, to be on the order of 11 kcal/mol. This is similar
to the activation energy which is exhibited between the 213
and 228 K rate constants: 9.2 kcal/mol. However, one would
expect the 238 K rate constant to be somewhat larger than that
at 228 K, and the reason that it is not may arise simply from
overall experimental uncertainties, which are roughB00/~
75% for each point. If the 238 K rate constant is indeed a factor
of 2 to 3 too low, then this would also explain the differing
dependence on acidity between the 238 K data and the 228 and
213 K data.

The activation energy exhibited by the 65.6 wt % solution
data, 10.2 kcal/mol, is also similar to that which one would
calculate for a diffusion-controlled reaction, 9.8 kcal/mol, even
though the reaction is very clearly not under diffusion control.
For the protonation mechanism the overall rate constant
governing this reaction is given by (E9). Thus, one scenario
which would lead to a diffusion-controlled temperature depen-

is qualitatively consistent with our observed dependence on aciddence is if (R10) is a diffusion-limited reaction (as expected,
concentration. The large changes in the measured rate constant®r a process involving an anion and cation) and if there is only

with only relatively small changes in the weight percent

a minor temperature dependence arising from the equilibrium

composition of the solutions may be related to the much higher constant.
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Finally, it is important to point out that our previously from the values of HB2 measured in this work. When these
published liquid-phase rate contant for this reaction is likely to solubilities are taken into consideration for temperatures and
be in error In the early experiments, HOBr decays were acid compositions encountered in the lower stratosphere, it is
analyzed in the presence of HCI, and it was assumed that sincecalculated that the ratio of the concentration of HOBr to that of
HCI was in excess in the gas phase it would also be in excessHCI dissolved in sulfuric acid aerosols is larger than unity for
in the solution. From the solubilities of HOBr and HCI, it can all temperatures greater than 204 K at 20 km altitude, assuming
now be readily shown that that was not true under the partial pressures of 5.9 1013 atm for HOBF (i.e., 10 pptv, a
experimental operating conditions. A manifestation of these typical night-time value), 5.9% 1071! atm (i.e., 1 ppbv) for
conditions was the relatively poor quality of the plot of /&5 HCI, and 3.0x 1077 atm for HO (i.e., 3.0 x 10~* mbar).
vs (PHCN12 in ref 3 (Figure 11). There is good agreement Clearly this ratio will be smaller if less HOBr is present, as
between our present data and the rate constant of Hanson anduring the day, when it is efficiently photolyzed. Thus, for
Ravishankara in 60% solution at 210%K. relatively warm conditions, the reaction is most accurately

Atmospheric Implications. As mentioned in the Introduction,  modeled with HOBr in excess throughout the aerosols and with
(R2) proceeding on sulfuric acid aerosols is an activation HCI as the limiting reagent. For temperatures less than 204 K,
mechanism for HCI in the atmosphere, one which may where the ratio of dissolved HOBr to HCl is less than one, the
potentially compete with gas-phase loss via reaction with OH reverse is true and HOBr will the limiting reagent. Note that
and with other heterogeneous processes. The extremely highthe exact crossover temperature where one reactant moves from
solubility of HOBr in acid solutions and the magnitude of the existing in excess to being the limiting reagent is dependent
liquid-phase rate constant enhance the overall rate of this processipon the assumed value for the water vapor mixing ratio and,
despite the low atmospheric abundance of gas-phase HOBr. of course, the partial pressures of HCI and HOBr.

To make a quantitative assessment of the rate of HClI The remaining parameters to be expressed in (E13) are the
activation we use fundamental physical parameters measurediquid-phase diffusion coefficient for HCI, which is calculated
both in this work and elsewhere. Specifically, we calculate from ref 18, and the second-order, liquid-phase rate constant,
lifetimes for heterogeneous HCI loss in both the lower strato- which is taken from our measurements. Specifically, to arrive
sphere and tropospheric boundary layer using at an expression fdk' as a function of both temperature and

acid composition, we have determined both the dependence of

rate of HCl loss= [HOBI],,y"°®cA4  (E11) K' on composition at a fixed temperature and its dependence

on temperature at a fixed acid composition for the 213 and 228

when HCl is in excess in the liquid phase, and K data sets, i.e., those which are closest in temperature to

el stratospheric conditions. By so doing, we arrive at the following

when HOBF is in excess. For these equations, [H@R@nd I _
[HCl]am are the concentations of HOBr and HCI under K'=exp(0.54Z ~ 6.44x 107T +10.3)  (E15)

atmospheric conditions, afdis the total aerosol surface area. \ynereC is the acid composition in wt %T is in Kelvin, and
The uptake coefficients used in these equations are thoseyl s in M—1 s-1. The rate constants calculated with this

appropriate for atmospheric conditions. That is, following the expression agree with the experimentally derived values to
approach described in detail in ref 24, they have been calculatedyithin +40%, i.e., well within the experimental uncertainties,
from (E3), which has been corrected to take into account the for 11 acid compositions at 213 and 228 K.
fact that the reaction is not occurring in a thick film but rather  \jth the above parametrizations we can calculate the reactive
in a particle of radius: uptake coefficients for (R2) under a set of typical atmospheric
conditions. First, for relatively warm conditions where HCI is
y = 4RTHDK)“cotha/l — I/a] (E13) the limiting reagent, HCI upta)k/e coefficients are shown in Table
3. Note the calculations have been performed with both-0.2
10~* cm radius aerosols, typical of background aerosol condi-
| = (DIK)*? (E14) tions, and with “volcanic” aerosols of 0.5 104 cm radius.
Gas-phase mixing ratios are 10 pptv HOBr and 5.0 ppmv water
To assess the rate of HCI activation over a wide range of vapor, and the altitude is 20 km. For temperatures less than
atmospheric conditions requires that each of the fundamental204 K, HOBr is the limiting reagent and appropriate uptake
physical parameters in (E13) and (E14) be parametrized in termscoefficients are also listed in the table, assuming 1 ppbv HCI.
of typical atmospheric ambient conditions. Specifically, for both  For these uptake coefficients, HCI activation rates are given
the stratospheric and tropospheric calculations presented belowin Table 4 for three scenarios. First, the loss rate of HCI via the
we determine the sulfuric acid aerosol compositions from an HOBr/HCI heterogeneous reaction on sulfate aerosols is tabu-
assumed water vapor partial pressure at a specific tempefature. lated, using (E11) and (E12), under both volcanically quiescent
The various physical terms, such as the solubilities, diffusivities, conditions A = 1.0 x 1078 cn?/cm?®) and for aerosol conditions
and rate constants, are then parametrized in terms of theprevalent soon after the Mt. Pinatubo volcanic eruptidn=
temperature and acid composition. 2.0 x 1077 cn?/cm?). Also, the activation rate via the gas-phase
Stratospheric Conditions.Just as it is important to determine  process (R13)
which reactant is in excess in the sulfuric acid solutions in our
experiments, it is also necessary to do so for sulfate aerosols in OH+ HClI—CIl+ H,0O (R13)
the atmosphere. The solubility of HCI in sulfuric acid is
described as a function of both temperature and aerosolis shown, assuming [OH] 1.0 x 10° molecules/criand the
composition by the model of Carslaw et al., which has been JPL rate constari
tuned to match a range of experimental measureméms. Acknowledging that the comparison of HCI activation rates
described in the Discussion, the solubility of HOBr is derived for (R2) and (R13) is most accurately performed using a

wherel is the reacto-diffusive depth
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TABLE 3: Uptake Coefficients Due to the HOBr/HCI Reaction under Lower Stratospheric Conditions (see text)

H,SO, |{HOBY HHC! Ki reagent a=0.2x 10 (cm) a=0.5x 10 (cm)

T (K) (%) (M/atm) (M/atm) M-1sh ratic® HOBr pHcl yHOBr pHcl
218 72.7 4.2« 1¢° 5.0x 10 5.7 x 10° 8.4 x 10t 7.1x 10°° 1.0x 10
214 70.2 6.2x 10° 2.3x 17?7 8.5x 107 2.7 x 10t 9.0x 10°° 1.7x 10
210 67.5 9.3« 10° 1.2x 10 1.1x 10 7.8 9.3x 10°° 2.1x 10
206 64.2 1.4x 10° 7.7x 10° 1.0x 1¢° 1.8 8.5x 10°° 2.1x10*
202 60.3 2.2 10° 6.7 x 10¢ 6.6 x 10¢ 3.3x10? 1.1x 1072 2.9x 1072
198 55.3 3.4x 10° 9.1x 10° 2.3x 10¢° 3.8x 1072 8.9x 103 2.2x 102

@ Reagent ratic= ratio of HOBr to HCI dissolved in sulfuric acid aerosol, assuming partial pressures given in text.

TABLE 4: HCI Activation Rates by HOBr/HCI Reaction
and by Gas-Phase Reaction with OH under Lower
Stratospheric Conditions (see text)

importance of this chemistry to the marine boundary layer rather
than to perform a definitive calculation. To be specific, the HCI-
lifetime calculation is subject to uncertainties arising from the
variable nature of the relative humidity, temperature and aerosol

Rates of HCI Activation (molecules crhis™)

T(K)  background aerosdl  volcanic aerosél  gas phase compositio.n in the boundary layer, estimates of the gas-phase
>18 13 37% 10 10x 10° concentrations of HOBr and HCI, and the fact that the HOBr
214 16 6.0x 10 1.0x 10° solubility and the liquid-phase rate constants have been mea-
210 16 7.6x 1% 1.0x 108 sured in acid solutions closer in composition to those prevalent
206 16 7.6x 107 1.0x 10° in the stratosphere than in the troposphere.

202 13 6.5x 1C? 9.8 x 1C? To be consistent with a previous publication where we
198 10 5.0x 107 9.7 x 1(?

evaluated the rate of the HOCI/HBr heterogeneous reaction
assuming 40 wt % sulfuric acid aerosols at 233 We will do

the same in this work. This acid composition is similar to that
which would be in equilibrium with the average relative
photochemical model which incorporates the diurnal dependencenhumidity of 83% measured by Stabler et al. for conditions during
of the concentrations of HOBr and OH, the pOtentia' significance a recent Polar Sunrise Experiméﬁﬁor these Conditions’ itis

of the rate of heterogeneous HCI activation under volcanic straightforward to determine the solubility of HCI in the aerosols,
aerosol conditions is nevertheless clearly illustrated in Table 4. using the model of Carslaw et &l For HHOB'", we continue to

It is now well-known that other heterogeneous reactions, such gssume that there is no dependence upon the acid composition,
as as we have shown to be valid for solutions from 60 to 70 wt
%. If there is indeed an acid dependence for less acidic solutions

a: a=0.2 x 10*cm, A=1 x 10 8 cm¥cm® b: a=0.5x 10“4cm,
A=2 x 1077 cmf/lcm® c¢: [OH] = 1.0 x 10° molecules/crh

CIONQ, + HCI — Cl, + HNO, (R14) and the system behaves in a manner similar to HOCI dissolved
in sulfuric acid?° then the true Henry’s Law constant will be
HOCI + HCl — Cl, + H,0 (R15) larger than the value we have assumed here and the HCI

processing rates will be correspondingly faster. For these

are efficient activators of HCI at temperatures below about 205 assumptions, HCI will be in excess over HOBr in solution,
K, where the solubility of HCI becomes higlhHowever these assuming 0.5 ppbv HCI and 10 pptv HOBr in the boundary
reactions are not very efficient at higher temperatures, where layer6
the sulfate aerosols become more concentrated and the solubili- Large uncertainties clearly arise when trying to estimate the
ties of HCI are significantly reduced. By contrast, the ability of value of the liquid-phase rate constant at 233 K for 40 wt %
(R2) to activate HCl is significant relative to gas-phase processessolutions using the experimental data from Figure 6. In
at significantly higher temperatures, temperatures which are particular, for the two temperatures closest to tropospheric
frequently encountered at mid-latitudes in the lower stratosphere.conditions, the 238 K data are very much less dependent upon

Two points should be made concerning these conclusions.acid composition than the 228 K data. Thus, the approach we
First, the reason for the relatively weak temperature dependencetake here is to calculate the HOBr uptake coefficient for a range
of the HCI uptake coefficient via (R2) (see Table 3) is due to of rate constants which are at least consistent with our data set.
offsetting factors: as the temperature rises, the solubilities of In particular, we have performed the calculations using two
HCI and HOBr decrease but the second-order rate constantvalues, ranging from M ~1s™1, a value more consistent with
increases. It is also important to note that the estimates of thethe 238 K data, to FOM~1 s71, consistent with the 228 K data.
efficiency of (R2) as an HCl-activating process are particularly When we do so, the HOBr uptake coefficients which are
sensitive to the rate constant measured in 70 wt % solutions atcalculated, assuming 0.15umaerosol radiug! are given in Table
213 K. As mentioned above, that rate constant is larger than5. The corresponding HCI activation rates via (R2) and via gas-
that one calculates for a diffusion-controlled reaction involving phase reaction with £anolecules/criof OH are also given in
neutral species. If the rate constant turns out to be erroneouslyTable 5, assuming an aerosol surface area of 6807 cn?/
high, perhaps due to uncertainties in the valu¢idf' used in cm?® 427 and HOBr mixing ratios of 10 ppt¥.
the data analysis or for some other reason, then the implications The point to be made from the results in Table 5 is that there
of this work will have to be adjusted accordingly. is the distinct possibility that high levels of active bromine will

Tropospheric Conditions. Using our experimental data we activate HCI within the Arctic boundary layer. As in the

can make an estimate of the rate of HCI activation via (R2)
which may occur under the conditions prevalent in the high
Arctic boundary layer during springtime. Although these

stratosphere, a small but significant fraction of gas-phase HCI
and HOBr will be partitioned to the aerosol when the temper-
atures are low and the aerosol particles become dilute. Hetero-

calculations are subject to considerable uncertainties, it shouldgeneous HCI activation rates can then compete with, or
be noted that the goal here is to determine the potential overwhelm, gas-phase processes. The degree to which this
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TABLE 5: HCI Activation Rates by HOBr/HCI Reaction (4) Barrie, L. A.; den Hartog, G.; Bottenheim, J. W.; Landsberger, S.
and by Gas-Phase Reaction under Arctic Boundary Layer J. Atmos. Chenml989 9, 101.
Conditions (see text) (5) Impey, G. A.; Shepson, P. B.; Hastie, D. R.; Barrie, L. A.; Anlauf,
— K. G.J. Geophys. Re4997 102 16,005; Jobson, B. T.; Niki, H.; Yokouchi,
rate of HC| activation Y.; Bottenheim, J.; Hopper, F.; Leaitch, R. Geophys. Resl994 99,
K'(M~ts™h) g HOBr (molecules cm® s 1)2 25,355.
4 (6) Fan, S.-M.; Jacob, D. Nature 1992 359 522.
10 2.8 107 2.9 10 (7) Abbatt, J. P. D.; Nowak, J..B. Phys. Cheml997, 101 (2), 131.
105as_ hase reactionz\)étﬁ éﬂ(Rm) 2.3§£g (8) Mozurkewich, M.J. Geophys. Re4995 100, 14,199.
gasp (9) Vogt, R.; Crutzen, P. J.; Sander, Rature 1996 383 327.
2a=15x 10%5cm, A =6 x 107 cn¥/cnm?, [OH] = 1 x 1(F (10) Sander, R.; Crutzen, P.J.Geophys. Red996 101, 9121.
molecules/crh (11) zhang, R.; Wooldridge, P. J.; Abbatt, J. P. D.; Molina, MJJ.

Phys. Chem1993 97 (7), 351.

suggestion is accurate is very much dependent upon the value (i? S“’V;ZCV’ 'T- '—F;J-\Ees- E‘_a“_-dBé”- Stt_a”dM(léSLWg_lﬁf‘Nl- Vork
of the liquid-phase rate constant, which is poorly constrained 19§o.) aniwerts, . Visas-Liquid Reactionsiictraw-ill: Tew york,
by thg prgsent work. This underscores t.he neeql .to further pursue  (14) Hanson, D. R.; Lovejoy, E. R. Phys. ChemL996 100 (6), 397.
the kinetics of (R2) under tropospheric conditions. It can be  (15) Barnes, R. J.; Lock, M.; Coleman, J.; Sinha,JAPhys. Chem.
noted that in an earlier publication, we made similar conclusions 19?&)108 |45Z- 3. 3. Burkholder, 3. B. Phys. Chermi995 99, 1143

H H rlanao, J. J.; burknolaer, J. B. yS. em A .
with r.eS?eCt to the importance of t.he HOCI/.HBr heterogeneous (17) Carslaw, K. S.; Clegg, S. L.; Brimblecombe, R.Phys. Chem.
reaction’ In particular, on the basis of preliminary laboratory 1995 99 11 557.
studies it was shown that the HOCI/HBr reaction could be  (18) Klassen, J. K.; Hu, Z.; Williams, L. R). Geophys. Re4998 103,
important as an HBr activating process, in addition to the 16,197. _
previously suggested HOBI/HBr reactibrGiven that both Ch(elrg)lgDQo;allg]S,O?’l?' J.; Ravishankara, A. R.; Hanson, DJRPhys.
photochemically active bromine and chlorine have been ob- ™ o0) uthwelker, T.; Peter, Th.: Luo, B. P.; Clegg, S. L.; Carslaw, K.
served in the springtime Arctic makes the extent to which these s.; Brimblecombe, PJ Atmos. Cheml1995 81, 21.

two halogen families are chemically coupled of considerable  (21) Eigen, M.; Kustin, KJ. Chem. Sacl962 84 (1), 355.
interestt (22) Steinfeld, J. I.; Francisco, J. S.; Hase, W.Ghemical Kinetics
’ and DynamicsPrentice-Hall: Englewood Cliffs, NJ, 1989.
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