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The heterogeneous reactions of HOBr with solid crystalline NaCl [HOBHfaCl(s)— BrCl(g) + NaOH-

(s)] and KBr [HOBr(g)+ KBr(s) — Bry(g) + KOH(s)] substrates at ambient temperature have been investigated
using a Teflon coated Knudsen cell reactor. Powder, grain, and spray-deposited salt substrates were used for
the measurement of the HOBr reactivity. The observed uptake probability depends on the total external
surface area of the salt substrates. For NaCl substratesan8rBrCl are observed as products; for KBr
substrates, Bris observed as the sole product. In both cases, a dependence of the initial uptake probability
yo on HOBFr flow rate has been observed. The initial uptake is large at low flow rate and 10 times smaller
at high flow rate. Values ofo < (6.5+ 2.5) x 1072 for NaCl andy, < 0.184 0.04 for KBr are obtained

under our experimental conditions of limiting low flow rates akin to atmospheric conditions. The production
of Br; is observed even for HOBr interacting on solid NagN&®non-halogen containing substrate. The yield
measurements imply that a HOBr self-reaction occurs on salt surfaces according to 2HBBrH H,O +

%,0,. The decrease in Byield with increasing HOBr flow rate from 100 to 50% indicates that a competition
between the heterogeneous reaction of HOBr with NaCl or KBr and the self-reaction of HOBr takes place on
the solid salt surface under laboratory experimental conditions. The decrepswitli time indicates that
approximately 5-10% of the Br atoms on a KBr surface interact with HOBT.

Introduction In addition to the ozone destruction mechanism written in eqs
1-5, another mechanism involving the heterogeneous reaction

Bromine containing compounds are thought to play an : S ;
9 P g piay in or on liquid aerosols is also proposed:

important role in the ozone destruction in various regions of
the atmosphere. Barrie et ‘afirst reported a relationship BrONO. -+ H.O — HOBr + HNO 6)
between springtime ozone depletion in the lower Arctic 2" 27 het. 3

troposphere which shows a strong negative correlation between .
the concentration of ozone and bromine compounds. This Because of the recent attention to HOBr, several measure-

phenomenon has been reconfirmed in subsequent fieldMents of HOBr properties have been reported: for example,
measuremen;® and heterogeneous reactions on sea salt ideal gas thermodynamic propert@sUV/visible absorption
particles have been invoked as potential sources of photoactiveSPectré&’ near-threshold photodissociation dynanfitand an
bromine compounds which cause ozone destruction. Fromab initio study of the electronic absorption spectréim.

kinetic studies of heterogeneous reactions on salt particles, a Regarding the heterogeneous reaction of HOBr, Abbatt and
few key reactions have been proposed in order to rationalize Oppliger et al. have reported the HOBr reaction with*jcé

the Br sources and the cycling of bromine spe&igs. and supercooled sulfuric acid soluti&h Kirchner et al. reported
Recent studies of atmospheric bromine chemistry suggest thathe HOBr reaction on an ice surface doped with sea®3alt.
HOBF is one of the important bromine compourd@s® The However, experimental studies of the HOBr heterogeneous

rapid photolysis of HOBr in daytime releases bromine atoms réaction on solid salt surfaces have not been reported. Salt

and hydroxyl radicals, which causes ozone destruction accordingPrticles exist in the marine boundary layer, in the stratosphere
to the reactions in eqs—5. after volcanic eruptiod} and in plumes from burning oil

wells 35737 Although salt particles most often occur as solution

Br+ O,— BrO + O, 1) droplets in the marine boundary layer, some of these particles
may be transported to a dry atmosphere where they are found
HO, + BrO— HOBr + O, 2) as solid crystalline salt particl€g. In this study, the reactivity
of HOBr with solid alkali metal halides is reported which affords
HOBr+ hv — OH + Br 3) insights into the importance of heterogeneous reactions of HOBr

with salt. In addition, emphasis is placed on mechanistic aspects

OH+ 0;—~HO, + 0, (4) of the heterogeneous reaction in order to be able to extrapolate
net: 20,— 30, (5) the kinetics to environmental conditions with confidence.
Experimental Section
* To whom correspondence should be addressed. The experiments have been performed using a Knudsen cell

A”.T EXpﬁ”mgrl‘tg' I"Vgrktcf”‘”ibe.?t ou}\gts EPFL under the auspices of the yaactor shown in Figure 1, which consists of a Knudsen reactor
lance 1or obal ustainaniii . . .
* University of Tokyo. Y (AGS) coupled to a differentially pumped quadrupole mass spectrom-

8 Swiss Federal Institute of Technology (EPFL). eter (Balzers model QMG 421). A detailed description of this

S1089-5639(98)00849-4 CCC: $15.00 © 1998 American Chemical Society
Published on Web 06/02/1998



4820 J. Phys. Chem. A, Vol. 102, No. 25, 1998 Mochida et al.

Solenoid HOBr Reservoir strates, were prepared for these experiments. Powder substrates
Valve were obtained by grinding the salt in a ball mill. Average
diameters of the powder particles were approximately between
10 and 10Qum.

Spray-deposited salt substrates were prepared as follows: a
saturated salt solution in methanol was sprayed using a capillary-
leed Water source atomizer onto 50 mm diameter glass optical flats heated

to a temperature of 420 K. The solvent immediately evaporated,
and the salt formed a coherent film across the surface of the
Escape Orifice — | Tt Capillary Inlet glass flat as measured by a profilometer. It is known from SEM
measurements that the total exposed surface is nearly equivalent
to the area of the coated flHt. Typically, several milligrams
of salt were deposited onto the glass flats, resulting in an average
thickness of several micrometers.

Two types of experiments have been performed: steady-state
and pulsed valve experiments. In steady-state experiments, the
uptake probability is determined by measuring the steady-state
MS signal with the sample isolated and exposed, respectively.
These signals are then used to calculate the pseudo-first-order

) . ) . loss rate constant of the gdsni, according to the relation:
Figure 1. Schematic drawing of the experimental apparatus. The upper
S

part represents the gas handling system. The Knudsen cell is mounted

on a differentially pumped vacuum chamber; the upper chamber is kKini = = — 1|k 7
pumped by a cryopump (CP) and the lower chamber by a turbo- R S s¢

molecular pump (TMP). The gas species are detected by a quadrupole

mass spectrometer (QMA). where § and § refer to the MS signals before and during
TABLE 1: Knudsen Cell Parameters reaction and<e§c is the rate constant fqr thq effusive loss from
the reactor which depends on the orifice size. Because the use

Isolation Plunger

Sample Chamber.

Computer

Mech.
Pump Chopper

reactor parameter value of large orifices leads to a discrepancy between the measured
volume 1830 cri kescand the ones calculated using gas kinetic theory, measured
estd surface area (total) 1300tm values ofkesc for HOBr are used throughout. The values of
Z‘;gi%emaggf‘ézz‘gge) éf&?? P kescpresented in Table 1 agree well with those obtained for other
sample collision frefy o = 2.00(TIM)¥2 51 gases such as H_e,ZOand N. The uptake probability is
escape rate constant € 14 mmy 1.8 x (T/IM)¥2s1 calculated according to
2 Calculated using the relatidff = Vkes{M], where F' is the flow y =Ko (8)

of moleculesy the reactor volume, and [M] the number density,,

the sample surface ar¢avValue determined directly by experiment. wherew is the calculated collision frequency of the average

reactor is presented elsewhé?é® The pressure inside the  molecule with the geometrical surface of 19.6%criivhen using
reactor is kept at molecular flow conditions. The inner wall of powder substrates, it is necessary to take into account the total
the reactor has been coated with Teflon (Dupont, FEP 120 exposed surface area and morphology. Keyser et al. have
suspension) in order to minimize adsorption and catalytic proposed a mod&® originally developed by Wheeler and
reaction of gas species. In our measurements, the effects ofother$647in which the overall rate of uptake can be separated
the wall reaction inside the Knudsen reactor was negligible into diffusional and reactive components. Correction factors
compared to the reactivity of the salt surface. The introduction are calculated, and the observed uptake probabiligy which
of the gaseous species onto the salt surface is controlled by usés the value measured when the powder substrates are regarded
of an isolation plunger. The gaseous species effuse from theas perfectly flat geometric and thus structureless surfaces, can
reactor to the mass spectrometer in a molecular beam which isbe converted to the true uptake probabijityon a per collision
chopped at 70 Hz and detected by an electron impact quadrupolébasis. Our recent experiments indicate that there are two types
mass spectrometer (MS). The modulated electron multiplier of reactions concerning the gas uptake on salt systems.
signal is lock-in amplified by a digital lock-in amplifier We have observed that reactions ofQ¥ on salt* showed
(Stanford Research SRS830 DSP). good agreement with the predictions of this pore diffusion
The HOBr flow inside the reactor was varied betweef10 model, whereas HNgdoes not show diffusion into the internal
and 135> molecules s, corresponding to a concentration range voids of the sample represented as straight cylindrical pores in
between 1®and 10! molecules/cri The residence time of  the model of Keyser et al. This was explained by the fact that
HOBEr in the reactor was set by the size of the escape orifice “sticky” molecules such as HN§&xo not diffuse across the top
which formed the exit of the Knudsen cell reactor sitting atop layer and therefore do not interact with the underlying internal
the differentially pumped chamber housing the mass spectrom-surface ared Thus, they interact only with the apparent
eter. We could choose from 1, 4, 8, and 14 mm diameter orifice geometrical surface of the sample. Figure 2 shows the
sizes for the present experiments. For most of the HOBr dependence of the measured uptake rate of HOBr as a function
experiments reported herein the 14 mm orifice is used. of the sample mass determined in steady-state experiments on
Characteristic parameters of our Knudsen cell reactor are NaCl powder of controlled particle size. These monodisperse
presented in Table 1. grain samples have been prepared by grinding salt in a ball mill
We used commercial NaCl (Fluka puriss. p.a.) and KBr and sieving in order to isolate a specific size fraction. As a
(Fluka puriss. p.a. ACS) for this study. Two types of salt result salt grains with characteristic dimensions in the range
samples, namely, powder substrates and spray-deposited sub350-500 um are obtained. The pore diffusion model is
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Figure 2. Mass dependence of the HOBYr initial uptake coefficient on tme (s)

the mass of NaCl monodisperse grain (dimension in the range of 350
500um). Each value of/q,s has been obtained at a HOBr flow of 5.8
x 10" molecules/s. The solid curve represents the theoretical value -
according to the model presented by Keyser et al. The “true” value of
the uptake probabilityyy, is 2.8 x 1072,

(b)
/ control pulse m/e 96

reactive pulse m/e 96
subsequently applied using the known true dengitythe
volumetrically measured apparent bulk densgy) ©f the salt
grains at hand, and the “tortuosity factarfixed at a value of

2.0 as input parameters. The parameteis an empirical
correction for the fact that the random grain packing leads to
irregular pores as opposed to regular ones assumed in the model. /
The true uptake coefficienty is subsequently treated as the oS
only variable fit parameter to the sample mass dependence of 0.0 05 1.0 15
Yobs SUCh as displayed in Figure 2. It also is apparent that the Time (s)

Obser\-led upt{alke probabilifeps s increasing with Samplg mass,. Figure 3. (a) Steady-state experiment for a typical HOBr reactive
reflecting the increase of the total sample surface area |nteract|nglJlotake on NaCl powder. The HOBr flow rate ofd 104 molecules/s

with the gaseous reactant with increasing sample mass. Theg" 00 4 onve 96, B, at mle 160, BrCl atme 116, and BiO at

increase ofyops saturates at large sample mass because thepye 176 in the 14 mm orifice reactor. (b) Pulsed-valve experiment of
number of layers exceeds the depth of diffusion of gas into the HOBr on NaCl powder substrate. Tige 96 signal of the “control

internal voids. For HOBr interacting with KBr powder the pulse” is obtained with the isolation plunger lowered and the 14 mm
dependence af.ps 0N Sample mass has been observed as well. orifice reactor; the “reactive pulse”, with the plunger lifted. The product
Thus, for the study of HOBr uptake on solid NaCl and KBr Signals are recorded ave 116 andm/e 160.

salt, the true uptake probability, has been obtained by fitting

it to the observed values ¢fpsas a function of sample mass. coil trap. The main contaminants of HOBr wereBnd BO,

_ Atypical pulsed valve experiment is carried out by introduc-  hich were controlled at less than 5% of the amount of HOBr
ing the gaseous reactant through a solenoid valve in millisecond by adjusting the temperature of the trap.

pulses. It correspc_)nc_zls toa real-tim(_a kinetic_s exp_eriment. Fir_st, The calibration of the MS signals to partial pressure in the
the reactant gas is introduced while the isolation plunger IS Knudsen cell was performed in the following way. For gases
lowered; thus, the sample chamber closed. The MS signal of it significant contamination such as,Bthe sample was
the gaseous reactant shows an exponential decay which corTesjjieq jnto a known storage volume which is connected to the
sponds tdksc (cf. Figure 3b). Subsequently a second pulse iS iy dsen reactor by a capillary. The flow of the gas into the
flred with the isolation plunger Illfted; thus, the sample chamber Knudsen cell gives rise to a decrease of the pressure in the
is exposed to HOBr. The MS signal shows a faster decay which storage volume and is accompanied by the appearance of a MS
corresponds o the sum kisc+ kuni. Atlast, the MS detection  gjana of the gas effusing from the Knudsen reactor. The flow
is switched to the expected products. These MS signals usuallyyate js calculated from the rate of pressure change. Thus, the
have a peak occurring at some time delay compared to the timegqnyersion factor between the intensity of the MS signals and
dependent MS signal of the reactant. The pulsed valve yq fio\ rate can be obtained. However, the absolute calibration
experiments reveal the mecha_nlsm of the reaction, the extentyt ihe M signal intensity of HOBr has been obtained by using
to which the products interact with the salt surface, and the mass, |q|ative method which was put later on an absolute basis. It
balance of the reaction. was performed by using the following reactions on ice surfaces:
HOBr was synthesized by slowly drippingBnto an aqueous 31
AgNO; solution. The so produced HOBr in solution was

m/e 116 signal
m/e 160 signal

MS-Signal (a. u.)

the Knudsen reactor by controlling the temperature of the Teflon

distilled under reduced pressure and collected in a 30 wt % HOBr + HCI — BrCl + H,0O 9)
H,SQO, solution kept at-50 °C and stored at dry ice temperature
in order to prevent decomposition of the dissolved HOBr. For HOBr + HBr — Br, + H,O (10)

the uptake experiments, the$0, solution containing HOBr
was warmed to 0C and the HOBr gas evaporating from the These heterogeneous reactions are quite rapid at excess HCI
solution trapped in a Teflon coil at70 °C and introduced into and HBr, and yields of 100% for Brand BrCl are obtained.
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Two consecutive calibrations using the above two reactions maximum value several tens of seconds after the sample
show good agreement with a discrepancy between them ofchamber is opened. Figure 3b shows an example of a pulsed-
approximately 5%. The yield measurements of HOBr also valve experiment. The “control pulse” awe 96 with the
support the accuracy of these calibrations (discussed below).isolation plunger lowered shows an exponential decay whose
HOBr stored in the trap by the method described above rate corresponds t#.s, Whereas “reactive pulse” with the
contains some amount of &) because of the rapid establish- plunger lifted shows a faster decay owing to the uptake of HOBr

ment of the following equilibrium: on NacCl substrates. In contrast to the results of steady-state
experiments, pulsed-valve experiments show that MS signals
Br,0 + H,O < 2HOBr 11) of both B, and BrCl have peaks approximately 100 ms after

HOBr injection. Thus, the gradual appearance of BrCl in
steady-state experiments must be due to a change in the
branching ratio of Brto BrCl brought about by changing surface
conditions. A change of the concentration of HOBr adsorbed
on the surface with time may affect this ratio because the self-
reaction of HOBr results in Bras discussed below. The
expected heterogeneous reaction is

To reduce the amount of BD contained in the HOBr source,
the cold trap holding the HOBr must contain some ice. This
in turn causes contamination of the HOBr with@®vapor.

To apply obtained uptake probabilities to atmospheric condi-
tions, the rate of loss of HOBr is not only controlled by.
The flow J. (molecules s1) of HOBr to aerosol particles may
be rate-controlling because it is limited by gas-phase diffusion

and is expressed in eq 12, whéigis the radius of the particle, HOBI(g) + NaCl(s)— BrCl(g) + NaOH(s)  (14)

g = 4”RPD(C°° — B (12) which releases BrCl from the NaCl surface. As,Bs an
unexpected product, it may originate from the bimolecular self-
reaction of HOBr discussed in more detail below. Another
possibility for formation of Bs is reaction 15, which is a

D is the molecular diffusivityc.. andcs are the concentrations
of reactant at infinity and at the aerosol surface, gnid a
conversion factor which is given by eq 18.In eq 13,Knp is

1+ Knp 12 HOBr(g) + BrCl(g) — HOCI(g) + Br,(g) (15)

1+ 2Knp(1 + Knp)/at secondary reaction to reaction 14. However, we did not observe
HOCI atm/e 52 which, if formed, should be observable by virtue
of the fact that HOCI did not react on NaCl samples under our
experimental conditions. Therefore, we rule out reaction 15 as
a molecular bromine generator.

B

the Knudsen number and is the mass accommodation
coefficient. This value fop is quite sensitive to the uptake
probability when the diameter of the aerosol is small. It is

reported that sea salt particles range from 0.02 tq:80in A typical HOBr reactive uptake experiment on a KBr

i 9 i i . .
diametert® For large aerosol particles of 10m or so in substrate in a steady-state and pulsed-valve experiment are
d!amgter, the rate of HOBr uptake will be I|_m_|ted by gas-phase presented in Figure 4a,b. Bnas been observed as the unique
diffusion and the value of the uptake coefficient will influence product in our experiments. The expected reaction is

the rate of uptake only to a minor extent. The other extreme is

represented by aerosol diameters less thanuénlor so for HOBI(g) + KBr(s) — Br,(g) + KOH(s) (16)
which Knp is large. In this case effective molecular flow

conditions prevail such that gas-phase diffusion becomes gjm;jar tg the HOBr reaction with NaCl, a variable amount of

unimportant and the rate of uptake is entirely controlled by the g, sy come from the self-reaction of HOBr on the salt surface
magnitude ofyy. We would like to stress that the Knudsen 4e50nding on the flow rate of HOBr. It has to be noted that

cell technique is well-suited to the measurement of large uptake 4,4 condensed-phase products NaOH(s) and KOH(s) in eqs 14
coefficients because of the absence of a carrier gas which may, 4 16, respectively, have not been directly observed in the

impose significant limitations on the_ measurement of the uptake present experiments. They are specified in order to balance
rate because of slow gas-phase diffusion relative to the rate of,o stoichiometry of the reaction.

uptake. Uptake Probabilities. For the HOBr reactions with NaCl
and KBr, the dependence of the HOBr uptake probability on
the HOBr flow rate is shown in Figure 5. Each plot represents
Figure 3 shows a typical HOBTr reactive uptake experiment the initial uptake probability on a “virgin” salt sample which is
on a NaCl substrate in a steady-state experiment (a) and in aexposed to HOBFr for the first time.
pulsed-valve experiment (b). In the steady-state experiment For NaCl, spray-deposited substrates could not be used for
shown in Figure 3a, it can be seen that the HOBr partial pressuremeasuring the uptake probability of HOBr because it is not
monitored atm/e 96 which is proportional to the flow of HOBr  sufficiently large to measure the difference of the MS signals
out of the reactor (see footnadgto Table 1 for the conversion)  before and during reaction if the 14 mm orifice is used. Usually
readily drops after the plunger is lifted. The HOBr flow the most convenient way to measure a small uptake probability
monitored atm/e 96 will eventually reach the initial level of  is to use a small orifice size. In this case, however, the increase
the flow present before the interaction with the sample. This in the pressure inside the Knudsen reactor caused by using a
behavior corresponds to gradual saturation of the HOBr uptake small orifice size exceeded the range for the validity of the
until complete saturation (not shown) and suggests that the molecular flow regime. As described above, the results obtained
nature of the surface changes owing to deactivation. Ac- on powder substrates or salt grains are converted using the pore
companied by HOBr uptake on NaCl, the products Bn@le( diffusion model presented in the Experimental Section. For KBr
116) and Bs (m/e 160) have been observed. Upon lifting the substrates, both spray-deposited substrates and powder substrates
plunger, Bpimmediately appears, apparently resulting from the are used in order to determine the uptake probability. The
fast initial uptake rate of HOBr. On the other hand, the results obtained by using powder substrates are also corrected
appearanceof BrCl is delayed and the BrClI signal reaches itsfor pore diffusion. These two independent data sets derived

Results and Discussion
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Time (s) are obtained by calculating the correction factor for powder substrates

Figure 4. (a) Steady-state experiment for a typical HOBr reactive according to the pore diffusion model of Keyser et al. Results on spray-

uptake on KBr powder. The HOBr flow rate of» 10'3 molecules/s deposited substrates are presented as diamonds.

is monitored atm/e 96, Br, at m/e 160, BrCl atm/e 116, and ByO at .

m/e 176 in the 14 mm orifice reactor. (b) Pulsed-valve experiment of TABLE 2: Steady-State Experiments on NaCt®

HOBr on KBr powder substrate using the 14 mm orifice reactor. The  type  flow, molecules/s mass, §un, S* Vobs Vi

m/e 96 signal of the “control pulse” is obtained with the isolation

. u : P ; der 2.1x 1013 >10 356 5.1x 102 6.5x 1073
plunger lowered; the “reactive pulse”, with the plunger lifted. The POW
product signal is recorded ate 160 (B). powder 3.4x 103 >10 279 4.0x 102 45x 103

powder 3.7x 1013 >10 290 4.2x10? 45x 103

. powder 4.0x 103 >10 278 4.0< 102 4.4x 103
on one hand from the results on spray-deposited and on thepowder 5.1x 1013 >10 232 3.4x 102 3.1x 10°3
other hand on powder substrates show good agreement and thupowder ~ 5.7x 10" >10 3.13 45x1072 51x 1073
give us confidence in our method of finding the true uptake Powder — 5.9x 10 >10 2.79 4.0< 102 43x10°

i e ; powder 1.2x 10 >10 1.82 26x 102 1.9x 108
probability. Values of uptake probabilities are shown in Tables powder 16x 10 ~10 197 28¢102 23x 103

2 and 3. - _ _ powder  1.8<104 >10 120 1.7x 102 9.7x 10°
In both cases, the uptake probabilities are relatively high at powder 2.4x 104 >10 173 25x102 19x 1073

low flow rate, that is, at low HOBr partial pressure in the powder 3.0x 10% >10 135 2.0x102 1.3x10°3

Knudsen reactor, and low at high flow rates as shown in Figure Egmg: gzi 18111 iig i-gg %gﬁ igz ??i ig‘;
5a,b. Thus, the HOBrsalt interaction does not obey a first- powder  65x 104  >10 122 18« 102 9.9x 104
order kinetic law for adsorption which has been observed for grajn 5.8x 1013 1.11 0.70 1.1x 102 2.8x 1073
other salt reactions.14.16 grain 5.8x 1013 201 132 1.9%102 2.8x 103
The uptake probability of HOBr on KBr substrates at low grain g-gx 18112 ‘31-‘313;3 i-;g gg igi g-gx igz

; i ; : grain .8x . . . .8 x
flow rate is surprisingly high. Beichert et al. argued for a grain 5 8y 101 701 201 29102 28« 10°3

relation between the accommodation coefficientand the _ _ _
uptake probability with respect to strongly adsorbed water in ~ *More than 10 g of NaCl is used for all experiments using powder

the case of the reaction of HN@vith solid NaCli8 substrates in order to measyrgs at the asymptote of the conversion
function displayed in Figure 2. Grain substrates have characteristic

K dimensions in the range 3500xm. ® From the scatter of the uptake
o @ o ; O o
HNO., == HNO.(ads.—> products probabilities displayed in Figure 5 we deduce a random (statistical)
3 Kevap 5(ads.)—p error of y of a factor of 2 for HOBr flow rates=1 x 10* molecules

s 1 and assert that any systematic error is smaller than the stated random
This relation is simply expressed as= o[Kuxn/(Kxn + Kevap)], error. This uncertainty matches the signal-to-noise ratio of the individual

wherek, is the rate of heterogeneous reaction &ggis the determinations of down to the smallest signal inten_sitigs. The given
te of reevaporation of adsorbed HMNOThus, for the random error leads to a value pfextrapolated to vanishing flow rate

ra . P X . ' of HOBr of <(6.5 4+ 2.5) x 1072 for NaCl substrates.

interaction of a gas-phase species at the interface between two

different phases, the accommodation coefficientepresents of HOBr on salt so that it becomes difficult to prove the above
the upper limit of the uptake probability. However, there relation. Sander and CrutZ8rpresented a model calculation
does not exist an a priori value of the accommodation coefficient for the marine boundary layer in which they take into account
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TABLE 3: Steady-State Experiments on KBr@b 0.06

type flow, molecules/s mass, 8uni, ST Yobs Vi 2z 005
powder 3.9x 1013 >10 21.3 0.309 8.4 1072 g 0.04 —
powder  4.4x 10' >10 19.2 0.278 7.% 107 -
powder  4.4x 103 >10 152 0.220 5.k 1072 A 0,03
powder 5.7x 108 >10 30.0 0.434 1.3% 102 4 o o <&
powder 6.9x 1013 >10 109 0.158 3.k 1072 50024 ¢ 00
powder  7.8x 103 >10 11.0 0.159 3.k 102 3 4 o
powder  1.9x 101 >10 13.2 0.191 4.% 102 g 0017 o¢ o
powder  4.9x 10% >10 9.53 0.134 2.5 1072 0.00
spray 1.4x 108 121 0.18 0.18 I I I I ] I
spray 1.7x 1013 8.56 0.12 0.12 0 2 4 6 8 10
spray 2.6x 1083 16.0 0.23 0.23 HOBr Flow (10 14molecules/s)
spray 2.9x 18112 9.00 0.13 0.13 Figure 6. Initial uptake probability of the HOBr reaction on NaNO
22;:; Zgi 1 3 1235 8%5 8%5 spray-deposited substrates as a function of the HOBr flow rate. The
spray 4.4% 108 362 5.2x 102 52x 102 14 mm orifice was used.
spray 4.6x 10 3.43 5.0x 102 5.0x 1072 . . .
spray 6.6x 103 198 2.9x 102 2.9x 10-2 reactions under study. The quantity of this strongly adsorbed
spray 7.0x 1013 6.82 9.9x 102 9.9x 1072 H,O amounts to between 10 and 20 molecular monolayers for
spray 9.3x 108 3.15 4.6x102% 46x 10?2 spray-deposited NaCl substrates at our experimental conditions
spray 1.3x 10+ 2.79 4.0x102 40x 1072 and has been called the quasi-liquid layer (QLL) by Beichert
spra 1.8x 10* 3.00 4.3x 102 4.3x 10?2 ; ; ; ; ;
Spray > 0x 101 515 31x 102 3.1 102 and Finlayson-Pitt® In summary, the experiments involving
sgra)); 3.2 104 204 3.0x 102 3.0x 10-2 H,0O vapor have shown that (1) there is®vapor which is
spray 3.3x 104 1.69 2.4x 102 2.4x 102 strongly adsorbed on thin film salt substrates despite having
spray 3.9x 10% 254 3.7x 102 3.7x 1072 dried the samples under vacuum of the order of®IDorr for
spray 4.3x 101: 2.65 3.8x 102 3.8x 1(f§ up to several days and (2) the quantities are on the order of
Spray ?gx 1&4 421'22 g.gx 1&2 g.gx 1&2 tens of monolayers for spray-deposited NaCl samples. There-
sBrag 9:1§ 1014 4.46 6:4>X< 10-2 6:4§ 10-2 fore, we expect that the chemical reactions taking place on those

_ _ _ solid crystalline samples under laboratory conditions are not
“More than 10 g of KBr is used for all experiments using powder o different from those occurring on humid salt aerosols.
substrates in order to measyrgs at the asymptote of the conversion HOBr Self-Reaction. It is unexpected that Bris released

function displayed in Figure 2.From the scatter of the uptake . . . SO
probabilities displayed in Figure 5 we deduce a random (statistical) from the HOBr reaction with NaCl. A possible explanation is

error ofy of a factor of 2 for HOBr flow rates=1 x 10* molecules that BrCl is converted into Brheterogeneously according to
sland assert that any systematic error is smaller than the stated randonthe following reaction.

error. This uncertainty matches the signal-to-noise ratio of the individual

determinations of down to the smallest signal intensities. The given 2BrCl— Br, + Cl, (17)
random error leads to a value pfextrapolated to vanishing flow rate

of HOBr of <0.18 4 0.04 for KBr substrates.
However, we have not observed,@h cases where we have

the effect of deliquescent sea salt aerosol particles. They usedbserved Br so that reaction 17 may not take place under our
an estimated accommodation coefficiantof 0.056 for the conditions.
interaction of HOBr on a liquid salt solution regardless of Another explanation would be that a small amount of Br
composition or ion content. However, in the present case the containing impurity in NaCl such as NaBr reacts with HOBr
observedy is significantly larger than the cited, at least for and produces Brcompetitively. To clarify the origin of Bx
solid bromide (see Table 3) which puts serious doubt as to thewe tested the reactivity of HOBr on NaNOwhich is a non-
validity of their choice fora, even when considering the halogen containing salt. In steady-state experimentsafi§rears
difference between the condensed phase and the solid surfacgust after opening the sample chamber by lifting the plunger,
In all likelihood oo must be equal to or larger than the upper similar to the reaction of HOBr with NaCl and KBr. Since the
limit of yy (=0.18+ 0.04) in order for it to qualify as a mass  Br impurity in NaNG; is negligible, all bromine atoms of Br
accommodation coefficient. released must originate from bromine atoms in HOBr. This
The two types of salt samples, namely, the powder substratesresult indicates that a HOBr self-reaction occurs on salt surfaces
and the spray-deposited substrates, were placed into the Knudseand releases Br Figure 6 shows the initial uptake probabilities
reactor and evacuated until the partial pressure of water droppedof HOBr reacting on NaN@spray-deposited substrates as a
to the background level of approximately frorr. Sometimes function of the HOBFr flow rate. This rate of HOBr self-reaction
we intentionally measured the HOBr uptake on salt substrateson NaNQ is large enough to explain the rate of,Bormation
containing an increased amount ob( vapor at a partial on NaCl surfaces exclusively by this mechanism. By inference
pressure between 1®and 104 Torr by (1) minimizing the we assume that for the HOBI/KBr heterogeneous reaction part
pumping time and (2) introducing a flow of;@ vapor into the of the B, also comes from the HOBr self-reaction.
Knudsen cell reactor. In both cases, no systematic change of The ratio of Bg molecules released to HOBr molecules taken
the uptake probability of HOBr on salt was ever observed. up measured as a function of flow rate is shown in Figure 7.
Similarly to the analoguous aqueous phase reactions the presencé&his plot obtains the yield of the heterogeneous decomposition
of adsorbed water on salt enables the present type of reaction®f HOBr on solid NaNQ. The yields are obtained after 20
via ionic displacement processes. The negative experimentaland 35 s exposure, respectively. The obtained values are
results involving added #D vapor means that there already are approximately 50% and found to be independent of the HOBr
sufficient quantities of strongly adsorbeg® on the present  flow rate. Thus, one Bmolecule desorbed corresponds to two
salt samples. Even though,® does not appear in the HOBr molecules adsorbed over the whole range of the HOBr
stoichiometric balance, it is an essential reagent enabling theflow. The 50% yield supports the hypothesis of the HOBr self-
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Figure 7. Br; yields of the reaction of HOBr with NaNQOspray-
deposited substrates. The 14 mm orifice was used. Diamonds: Yield
after 20 s exposure. Squares: Yield after 35 s exposure.
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Figure 8. Br; yields of the reaction of HOBr with KBr spray-deposited
substrates. The 14 mm orifice was used. Diamonds: Yield after 20 s
exposure. Squares: Yield after 35 s exposure.

reaction according to the net reaction

2HOBr— Br, + '/,0, + H,0 (18)

The self-reaction of HOBr has been suggested before in the
uptake of HOBr on ic&-33and on sulfuric acid?®° In all of
these reports it is suggested that the self-reaction of HOBr
produces BJO according to equilibrium 11. However, in our
experiments of HOBr reacting on salt surfaces we neve
observed an increase in B monitored atme 176 (BLO,

r

see Figures 3a and 4a). We therefore conclude that either thereactions is i

self-reaction of HOBr on salt does not lead to®rat all or it
decomposes in a fast reaction according to reaction 18 or quickly

reacts with the salt substrate. The facts that HOBr decomposes

on NaNQ without formation of BgO, that the Bs yield is 50%,
and that the rate of decomposition is similar to the one observe
for HOBr reaction on solid alkali metal salt substrates are seen
as strong evidence for reaction 18 on solid alkali metal salts.
Thus, HOBr adsorbed either on alkali metal halide salts or on
neutral or acidic ice surfaces behaves differently.

The yield measurements are also performed for the reaction
of HOBr with KBr substrates. Figure 8 shows the yield of Br
per HOBr taken up for the reaction of HOBr with KBr spray-
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Figure 9. Uptake probabilitiesy of HOBr reacting on KBr spray-
deposited substrates at several flow rates as a function of time. These
results show the large sensitivity gf to the HOBr flow rate.

the same time. As seen in Figure 4, pulsed-valve experiments
using the 14 mm orifice shows that the,Brignal peaks at a
time on the order of 100 ms. A delay on the order of 100 ms

is short enough to compare the disappearance of HOBr and the
appearance of Bibecause the lifetime of HOBr due to uptake

is between several seconds and several tens of seconds. Thus,
we conclude that the residence time of Boes not affect the

Br; yields under our experimental conditions.

Figure 8 shows that the yield of Bis 100% at low flow
rate and 50% at high flow rate. This means that the HOBr
reaction with KBr is dominant at low flow rate, whereas at high
flow rate the HOBr self-reaction is dominant. This would
relegate the HOBr self-reaction into the realm of a laboratory
curiosity compared to atmospheric conditions with the extremely
low vapor pressures of HOBr (on the order off Xolecules
cm~3) which thus strongly favors reactions 14 and 16 as opposed
to reaction 18. lItis clear that there is a characteristic difference
between the flow rate dependence of the initial uptake prob-
ability on NaCl and KBr shown in Figure 5 and that on NalNO
in Figure 6. In contrast to the results on NaCl and KBr
substrates, there seems to be no dependeng@wofthe HOBr
flow rate in our measured range for the self-reaction of HOBr
on NaNQ. It is quite likely that the competition of both
n part responsible for the flow rate dependence of
the initial uptake probability on NaCl and KBr, as shown in
Figure 5.

Yield measurements of the HOBr reaction with NaCl using

gspray-deposited substrates over a wide range of HOBr flows

were not possible because the production of BrCl andi8r

not measurable. A few experiments have nevertheless been
performed using the 8 mm orifice for a HOBr flow rate in the
range (2-5) x 10" molecules/s at which flows uptake prob-
abilities are large enough to observe both BrCl angl Brhis
measurement reveals a branching ratio of BrCl te Bf
approximately 2:1. Taking into account that the self-reaction

deposited substrates. Spray-deposited substrates instead of tH@f HOBr resulting in Bg is less important at low flow rates
powder substrates had to be used for this yield measurementn the case of the HOBr reaction with KBr, the heterogene-

because we observed a slight nonreactive adsorption,afrBr
the salt surface and subsequent diffusion of Bito the
interstitial void of the salt sample, thus lowering the observed
yield of Br.

The residence time of Bron the salt surfaces or in the
Knudsen cell reactor affects the measurement efyigids in

ous reaction of HOBr with NaCl to result in BrCl may be
important under atmospheric conditions of low partial pressures
of HOBr.

Surface Saturation. Figure 9 shows the uptake probability
of HOBr on KBr spray-deposited samples as a function of time
at several flow rates. As discussed above, we concluded that

case the residence time is longer than the time scale for theat low flow rate the heterogeneous reaction of HOBr with KBr
decay of HOBr due to uptake because we compare the rate ofis dominant, whereas the self-reaction becomes increasingly
disappearance of HOBr and the rate of appearance p&Br  important at increasing flow rate. The rapid saturation of the
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initial uptake at low concentrations of HOBr gives an indication that the mechanism of the heterogeneous interaction of HOBr
of how many Br atoms on the surface are capable of reacting with solid KBr may change at high concentrations of HOBr
with adsorbed HOBr molecules. The total geometric area of because no sign of the expected fast saturation lo&s been
the surface is 1.96& 10 nnm? (19.6 cn¥; see Table 1), and the  observed.

difference to the real surface area has been reported to be within Consistent with this changeover of the mechanism for the
a factor of 214 The interatomic distance of KBr is 0.33 nm, heterogeneous reaction of HOBr on salt are the results on the
which means that one Br atom occupies a surface area of 0.22Br2 yields displayed in Figure 8 which point to the increasing
nm? on a crystalline KBr surface. Thus, the number of Br atoms role of surface-induced self-reaction at flow rakgsin excess

on the total geometric sample surface is estimated to beOf 1 x 10" molecules/s. Furthermore, the buildup of the
approximately (+2) x 106 At the low flow rate of HOBr of involatile bases_ NaOH and KQH resulting_from the interaction
Fin = 1.3 x 10'3 molecules/s (see Figure 9), a large part of the Of HOBr on solid salts according to reactions 14 and 16 may
injected HOB interacts with salt, thus leading to a surface Well be responsible for the fast saturation of the HOBr uptake
reaction rate of approximately1 1033 molecules/s. Asisseen réaction. This fast saturation displayed both in Figures 5 and

in Figure 9, the time during which the uptake probability drops 9 1S compounded by the fact that only $0% of the external
to half of its initial value is about 50 s fdf, = 1.3 x 103 surface is reactive. In addition, the buildup of involatile bases

molecules/s. We assume that the uptake probability is propor- may also be responsible for t_he slow decreasg uiith time_
tional to the remaining number of bromine atoms which can which has; been observed at higher flow rates of HOB, typically
react with HOBr. After 50 s 5< 1014 molecules have reacted 22 % 10t molecules/s (Figure 9).

which would indicate that twice that number, namelyx 10 Atmospheric Importance. Although there are no observa-

Br atoms, were capable of undergoing a heterogeneous reactiorﬁ'ons of HOBr in the atmosphere, its concentration is predicted

with HOBr. This leads to the conclusion that approximately o reach values petween one to several tens of pptv in the
. : ; troposphere and in the stratosphere. Our study revealed that
5—10% of all bromine atoms on the surface are involved in the

reaction HOBr has a potential to react with dry and wet sea salt aerosol

) ] ) in the troposphere and with salt aerosol after volcanic eruptions

Atoms at surface defects such as ridges and kinks may bej the stratosphere according to reactions 14 and 16. The
more reactive than on an ideal flat surface. Therefore, one

hypothesis is that the heterogeneous reaction takes place at HOBr + NaCl(s)— BrCl + NaOH(s) (14)
defect sites. However, we also have to take into account the
presence of strongly bound water on the salt surface as briefly HOBTr + KBr(s) — Br, + KOH(s) (16)

discussed above. We measured the amount of surface bound

water in an experiment where the salt surface was placed forresulting BrCl and By undergo photolysis to produce active
several days under vacuum at pressures less th&Toor until halogen atoms which cause ozone destruction and oxidation
the MS signal of HO disappeared. Subsequently the surface of hydrocarbons. Sander and CrutZecalculated photolysis
was heated to approximately 500 K in the high-temperature rates of Bs and BrCl of 2.0x 1072 and 5.9x 103 stin
sample support to result in an integratedCHMS signal the troposphere. Since the photolysis of HOBr results in
corresponding to 1620 formal monolayers desorbing from the OH and Br at a rate o} = 3.5 x 10~* s™* in the troposphere,
surface. Thus, in our pressure rangel(—3 Torr), at least 10 these heterogeneous reactions on salts effectively convert
molecular layers of BD may remain adsorbed at the interface. OH radicals into halogen atoms. The importance of these
Surface studies of adsorbed® resulted in an ordered two-  reactions lies in the fact that two halogen atoms are released
dimensional array of bD molecules on a perfectly flat into the gas phase per HQBr_consumed and thus increases_ the
surface’=53 Therefore, at most only one monolayer of1 halqgen atom concentration in the atmosphere by converting
covers the surface and the remainder probably accumulates orn (inactive) halide into an active halogen atom by consuming

defect sites. Itis probable that the ionic reaction of HOBr with & OH free radical. _
Br- or CI- occurs in the bulk liquid preferentially accumulated _ 'N€ crucial question is whether the heterogeneous reaction
on surface defects. This scenario is consistent with the 14 Or 16 is competitive with the photolysis frequency of HOBr

conclusions regarding heterogeneous reactions on salt whichd'Ven TbOV? flor ths_ trogfos_phlﬁ. We 1assume 3 typical salt
require some amount of adsorbed water in order to proceed,aeroso parucie radius ot = ;:m ( _”m) and a magc,s
even at as low a pressure as was used in this study. Thisnumber densiti of 10 particles cm® leading to 1.26x 107

—3 2 —3 irst-
requirement has been documented recently by Beichert andcmz cm (1.26/”“ cm ). The first ogd(irlmass tr.ansfer rate
Finlayson-Pitt2® and Fenter et df constantky, is calculated as 1.26 1073 s~! according to the

. approximation kny = 4arDN with D being the diffusion
One may argue that the decrease of the uptake at high flow cqefficient in 1 atm of air at ambient temperatui € 0.1
rates as seen in Figure 9 is due to the effect of fast surface s1). The first-order interfacial rate constags; for HOBr
saturation processes. Ata HOBr flow ratefgf = 2.4 x 103 interacting with NaCl and KBr are 5.2 105 and 1.44x 1073
molecules/s, the half-lifery; to reach steady-state uptake is 51 respectively, when we use the uptake coefficients at limiting
approximately 15 s. When we consider a HOBr flow rate higher |ow flow rates and ambient temperature obtained in this work,
by a factor of 10 Kin = 2.9 x 10 molecules/s; cf. Figure 9)  namely, y = 6.5 x 103 and 0.18 for NaCl and KBr,
and assume that the rate of occupation of active sites isrespectively. For the heterogeneous reaction of HOBr on NaCl
proportional to the HOBr partial pressure, the lifetime for the the interfacial rate process is rate limiting, whereas for the faster
decrease of is estimated to be approximately 2*sHowever, reaction on KBr botlky,; andkne;are about equal. The combined
we do not observe any fast saturation process for the highestrate constank is computed from the law of combination of
HOBr flow rate displayed in Figure 9 and believe that a decay kinetic resistances and amounts to 6,710~ and 5.0x 1075
within 2 s should still be observable because the residence timefor KBr and NaCl, respectively. It is apparent that the
of HOBr in the Knudsen reactor and the time constant of the heterogeneous reaction of HOBr on KBr is competitive with
used amplifier are both much smaller. We therefore believe photolysis in the troposphere, whereas for NaCl the branching
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ratio between photolysis and heterogeneous reaction is about
eAtmos. Chem1996 23, 301.

seven to one at the chosen aersol loading typical of the remot
marine boundary layer.

We have semiquantitatively assessed the importance of these
heterogeneous reactions in the stratosphere using the volcanic

eruption of El Chichon as an example. Following an ap-
proximation described by Michelangeli et &l the rate of loss
of HOBr in the presence of volcanic NaCl aerosoljigc =
6.7 x 1075 s71 using the observed uptake probability jof=
6.5 x 1078 for reaction 14 at a limiting low flow rate of HOBr.
Although this rate is roughly 10 times lower than HOBr
photolysis in the stratosphetgit is fast enough to significantly
affect the total chlorine density in competition with photolysis.
At night heterogeneous chemistry of HOBr is thought to be the
dominant loss process.

Another implication of potential importance under atmo-
spheric conditions is the fact that HOBr may decompose
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(16) Caloz, F.; Fenter, F. F.; Rossi, M. Jl. Phys. Chem1996 100,
7494.

(17) Peters, S. J.; Ewing, G. B. Phys. Chem1996 100, 14093.

(18) Beichert, P.; Finlayson-Pitts, B.Jl.Phys. Cheml996 100, 15218.

heterogeneously. As seen in Figure 6, we observed the uptake (19) Laux, J. M.; Fister, T. F.; Finlayson-Pitts, B. J.; Hemminger, J. C.

of HOBr on NaNQ at a flow rate of 1x 10' molecules s,
which corresponds to approximatelyxl 10° molecules/cri
Although the HOBr density in the atmosphere may be roughly
10 times lower than the above value, the constant uptake
probability displayed in Figure 6 implies that decomposition
of HOBr may take place on surfaces such as mineral dust. This
decomposition would reduce the radical density as two OH free
radicals would effectively be consumed.

Conclusions

We have measured the HOBr uptake kinetics on solid NaCl
and KBr for the first time. Both BrCl and Brare the observed
products for the reaction of HOBr with NaCl, whereas ®as
the sole product of the reaction of HOBr on KBr. The uptake
probability of HOBr on NaCl and KBr depends on the HOBr
concentration in the gas phase, and uptake probabijites
(6.5+ 2.5) x 1073 for NaCl andy, < 0.184- 0.04 for KBr are

obtained at ambient temperature under our experimental condi-

tions. The production of Brfrom HOBr was observed even

on NaCl and non-halogen containing ionic substrates such asg

NaNQGs. This behavior is interpreted in terms of a HOBr self-
reaction which produces Baccording to the reaction 2HOBr

— Br + 1,0, + H,O. For KBr substrates, there is competition
between the HOBr reaction with KBr and the HOBr self-reaction

which is favored at the upper partial pressure range used in our

experiments. The lifetime of the surface saturation process
indicates that HOBTr reacts with alkali metal halides on a limited
number of reactive sites on the salt surface of the order of
5—-10%.
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