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Kinetic Study of the Reactions of BrO Radicals with HO, and DO,

Introduction

The reaction between Hnd BrO radicals can follow two
possible channels:
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The kinetics of the reactions of BrO radicals with Hé&nd DQ radicals, HQ + BrO — products (1) and

DO, + BrO — products (3), have been studied by the mass spectrometric discharge flow method at temperatures
between 230 and 360 K and at a total pressure of 1 Torr of helium. The rate constant of reaction 1 as determined
by monitoring either the H@or the BrO decay (in excess of BrO or HQespectively) is given by the
Arrhenius expressiok; = (9.4 + 2.3) x 1012 exp[(345+ 60)/T] cm® molecule* s72, with k; = (3.1+ 0.8)

x 1071 cm® molecule® st at T = 298 K, where the uncertainties represent 95% confidence limits and
include estimated systematic errors. The rate constant of reaction 3, measured under pseudo-first-order
conditions in an excess of BrO, ks = (3.9 &+ 1.2) x 102 exp[(410< 80)/T] cm® molecule® s, with ks

= (1.6£ 0.4) x 10 cm® molecule® s™* at T = 298 K, where the uncertainties represent 95% confidence
limits and include estimated systematic errors. The value ofas measured for the first time, whereas the
value ofk; was compared with those from previous studies. From the observation that no ozone formed
among the products of the HG&- BrO reaction, an upper limit was derived for the channeL,HOBrO —

HBr + O3 (1b) of reaction 1:k;pk; < 0.004 atT = 298 K. The implication of this result for stratospheric
bromine partitioning is briefly discussed.

higher values ok, (3.3 & 0.5) x 107! and (3.4+ 1.0) x
1011 cm?® molecule’? s71, were measured by Poulet et?al.
employing discharge flow reactor and mass spectrometry
techniques and by Bridier et alwith a flash photolysis/UVW-

HO, + BrO— HOBr + O, (1a) visible absorption method, respectively. Reaction 1 was revisited
by Orleans group in ref 6, where the temperature dependence
— HBr+ O, (1b) of the rate constant & = 233-344 K was reported for the

first time: ki = (4.8 + 0.3) x 10712 exp[(580+ 100)T] cm?

The major reaction pathway (1a) has been recognized as ongnglecyle? s Results from two more recent temperature
of the key stratospheric bromine processes, as it is a rate-limiting dependence studi&&also carried out in a discharge flow reactor

step in the following catalytic cycle of ozone destructigh:

combined with a mass spectrometer (chemical ionizatom

Br+O.—BrO+ 0 electron impad), confirmed the negative temperature depen-
3 2 dence ofk;, observed in ref 6, with the activation factdER
BrO + HO, —~ HOBr + O, (1a) = (520 £ 80) and (5404 210) K8 Although the activation

energies agree well, significantly lower valueskafat room

HOBr + fw — Br + OH temperature were reported in these studigs= (1.4 + 0.3) x

OH + 0,— HO, + O, 1071 by Elrod et al’ andk; = (1.7 &+ 0.6) X 1(Tl% (with an
excess of H@) and (2.14 0.6) x 10711 (with BrO in excess)

by Li et al® Finally, the most recent study of Cronkhite et%l.,

20,— 30, where the rate constant of reaction 1 was measured using laser

flash photolysis/UV absorption (for BrO detection)/IR tunable

The second reaction channel (1b) is of potential importance for giode laser absorption (for HQletection), led td, = (2.0 &

the stratospheric chemistry of bromine. The existence of this 0.6) x 10~ crm® molecule s at T = 296 K, thus supporting

pathway might significantly influence the overall partitioning 3 smaller rate coefficient for reaction 1. The existing discrepancy

of bromine in the stratosphere and, thus, might also affect (of around a factor of 2) in the available room-temperature data

bromine-catalyzed ozone loss (e.g., ref 3). for k; is one of the motivations for the present reinvestigation
Reaction 1 has been studied in a number of laboratéfi€s.  f reaction 1, which was studied at = 230—-360 K using

The first measurements, by Cox and Sheppasihg modulated gfferent sources of radicals over a wide range of experimental
photolysis and molecular modulation/UVisible absorptionas  ¢gnditions.

the detection method, led to the valke= 0.5"53 x 10711
cm® molecule? s7t at 303 K and atmospheric pressure. Much

The data on the branching ratio for the minor HBr-forming
channel of reaction 1 have been reported in only two stifdigs.
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Figure 1. Diagram of the apparatus used (see text).

300 K. In the unique direct experimental determination of this method. The main reactor, shown in Figure 1 along with the

branching ratio, an upper limit of 0.015 was derivedTat movable injector for the reactants, consisted of a Pyrex tube
233—300 K from the absence of detection of i@ the products (45 cm length and 2.4 cm i.d.) with a jacket for the thermostated
of reaction 18 However, recent model calculaticrisave shown liquid circulation (water or ethanol). The walls of the reactor,

that a branching ratio even as low as 0.01 for the HBO3 as well as those of the injector, were coated with halocarbon

forming channel of reaction 1 could lead to a reasonable wax to minimize the heterogeneous loss of active species. All
agreement between observed and calculated stratospheric HBexperiments were conducted at 1 Torr total pressure, with helium
profiles. In the present study, an attempt has been made to verifybeing used as the carrier gas.
experimentally the possible existence of a 1% yield of HBrand  The following two reactions were used to produce BrO
O3 for reaction 1. radicals:

Our present study of the Br@ HO,(DO,) reactions is an
integral step in our current investigation of the OH(OBBrO O+ Br,—~BrO+Br (4)
reaction, as it will allow us to quantify the influence of 41 3 1 117
secondary chemistry on these reactions. This will better enable ky=1.8x 10 ~ exp(40M) cm” molecule ~ s
us to accurately measure the HBr yield from the reaction Br+ 0,— Bro+ 0, (5)

OH+ BrO— HO, + Br (2a)
—HBr+ 0O, (2b)

ks = 1.7 x 10" exp(—800/T) cm® molecule ' s+ 8

O atoms were generated from the microwave dischargeof O
Similarly to reaction 1b, the potential occurrence of channel He mixtures. Br atoms were produced either from the microwave
2b is of importance for stratospheric bromine partitionifg, discharge of B#He mixtures or from reaction 4 between O
although the branching ratio for this channel is expected to be atoms and Bx BrO radicals were detected at their parent peaks
very low (a maximum of a few percent). The determination of atm/e = 95 andm/e = 97 as BrO.
the total rate constant for reaction 2 also represents a significant The fast reaction of fluorine atoms with,&, was used as
experimental challenge, as it is difficult to avoid the influence the source of H@radicals, with F atoms being produced from
of multiple possible secondary and side processes involving the microwave discharge offHe mixtures.
reactants and products of reaction 2 as well as the species used

to produce OH and BrO radicaldThus, all of these processes F+ H,0,—~HO, + HF (6)
should be well characterized. The reaction of BrO with the major 11 3 4 19
product of reaction 2, H@radicals, is one of these processes. ke =15.0x 10 *“cm”molecule " s ~ (T = 300 K)

The detection of small yields of HBr from the OH BrO
reaction is also an experimental problem, as relatively high It was verified by mass spectrometry that more than 90% of
residual concentrations of HBr are known to be present in the ki, was dissociated in the microwave discharge. To reduce
bromine_containing chemical Systems used in the |aboratory_ F-atom reactions with the glaSS surface inside the microwave
In this respect, the reaction OB BrO, the isotopic analogue  cavity, a ceramic (AlOs) tube was inserted in this part of the
of reaction 2, seems to be more appropriate for the determinationinjector. Similarly, the reaction of F atoms withO, was used
of the DBr yield (which is expected to be similar to the HBr t0 produce DQ radicals.

ield from OH+ BrO reaction). However, in this case, accurate
iinetic data on the relevant r)eactions of OD and,Dé&xicals, F+ D,0,—~ DO, + DF @)
including reaction 3, (which are very scarce) are needed. In

previous papers from this laboratory, the kinetic data for the Hz0, and DO, were always used in excess over F atoms.
reactions OH(OD)+ OH(OD)13 OH(OD) + Br,4 OH(OD) This source of HDO,) radicals is known to produce active

+ HBr(DBr),15 and Br + HO,(DO,)! have been reported. species other than HDO,). First, OH(OD) radicals can be

Together with the study of reaction 1, the present work reports forgned '(;‘ thg realctipn of F atoms with28(D-0) (from the
the measurements of the rate constant for reaction 3 over the 1202 and DO solutions).

temperature range 23@60 K E+H.O— OH+ HF (8)
2

BrO + DO, — products 3 _ 1
2P @) ks = 1.4 x 10 ™ exp[(0+ 200)/Tcm’ molecule* s '8
Experimental Section F+ D,0— OD + DF 9)

Experiments were carried out in a discharge flow reactor using
a modulated molecular beam mass spectrometry as the detectioecond, another active species that can enter the reactor is O
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atoms, coming from either the discharge gfof the secondary
reaction F+ OH — O + HF. However, the concentrations of
the above-mentioned trace species can easily be measured using 300 |—
an addition of Bs into the reactor by the following method.
Br,, being inert toward HE{DO,) radicals, removes all other
trace active species coming from the source ohL{D,), i.e.,
OH(OD), O, and F [if not completely consumed in reaction with

H,02(D,0,)] via the fast reactions 4, 10, 11, and 12. 200 =

OH + Br,— Br + HOBr (10)

[BrQO] (relative units)

kyo= 1.8 x 10 Mexp(235T) cm’ molecule ' s+
100 — O Brp
OD + Br, — Br + DOBr (11) ®

ki, = 1.9 x 10 Mexp(2201) cm® molecule *s

F -+ Br,— FBr+ Br (12) 0 e

[Bry] or [NO5] (1012 molecute cm™3)

kyp, = 2.2 x 107 cm® moleculé™ s (T = 300 K)°
Figure 2. Example of calibration curve for BrO: dependencies of the
The concentrations of these trace species can easily be measuregPncentration of BrO consumed in reaction 13 on the concentration of

using the mass spectrometric detection of HOBr(DOB), BrO, NO, formed an_d of the concentration of BrO formed in reaction 5 on
. the concentration of Brconsumed (see text).
and FBr, which are products.

The HO; and DQ radicals were detected at their parent peaks |, 5qgition, all bromine-containing species involved in reactions

atm/e = 33 (HO;") andm/e = 34 (DO;"). These signals were 5 4ng 14 were detected, and the small concentrations of Br atoms
always correcteq for' the cqntrlbutlon ofzﬁg and DO, due to (not transformed to BrO) could be measured and taken into
their fragmentation in the ion source, which was operating at 4c.qunt through the relatioA?Br,] = [BrO] + [Br], where
25-30 eV. These corrections could easily be made by simul- A[g] is the fraction of Bs dissociated in the discharge. An
taneous detection of the signals frop® atm/e =33 and 34 g, ample of the BrO calibration curve obtained using these two
(m/e = 34 and 36 for RO). Additional signals amm/e 2133 approaches is shown in Figure 2. The absolute concentrations
and 34 were observed because of oxygen isotope i6fG'0 of BrO determined by these different methods were always in
(me = 33) and O'0'"" (me = 34) when high Q (Oy) good agreement (within a few percent).

concentrations were introduced into the reactor. This contribu- = 1he apsolute concentrations of W®ere measured using the

tion was also easily measured by detecting the signatéeat- chemical conversion of HEXo the stable species NGhrough
33 and 34 in the absence 0§GL/HO,(D,0,/DOy) in the reactor. reaction 15.

The determination of the absolute concentrations of the labile
species is one of the major sources of yncertalnlty in measure- HO, + NO— OH + NO, (15)
ments of the rate constants for radieshdical reactions. In the
present study, two methods were used for the determination of k= 3.5 x 10™** exp(2501) cm® molecule * s *
the absolute concentrations of BrO radicals. The first consisted

of the usually used procedure of BrO titration with NO with  Reaction 15 leads to the production of OH radicals, which can

the subsequent detection of N@rmed ([BrO]= [NO2]). regenerate HOthrough reaction 16.
kis= 8.8 x 10 **exp(2607) cm’ molecule " s * ™ ki = 2.9 x 10 exp(—160/T) cm’ molecule * s **®

In this case, BrO was formed in reaction 4 in order to avoid the
regeneration of BrO through reaction 5 if @as present in the
reactor. Another method for the calibration of BrO signals
employed reaction 5 between Br atoms and ozone. Br atoms
formed in the microwave discharge of Bwere consumed by
high concentrations of £([O3] ~ 10 molecule cm?). The
concentration of BrO was then determined from the fraction of
Br, dissociated in the microwave discharge. During these
calibration experiments, the influence of the recombination
reaction of BrO radicals (14) (leading to a steady state for [Br])
was negligible because of the high ozone concentrations used

To prevent this possible HOregeneration, the calibration
experiments were carried out in the presence of Bihich
rapidly scavenged OH through reaction 10, forming HOBr. An
‘example of the HQ calibration curve is shown in Figure 3.
Assuming stoichiometric conversions of K@ NO, (OH) and

of OH to HOBr, one can derive the relation [HG= [NO;] =
[HOBI], which also means that the H@oncentration can be
measured through the detection of HOBr. This possibility was
investigated, and the concentrations of Hfeétermined through
[NO,] and [HOBr] measurements were found to be in agreement
to within 10%. The absolute concentrations of HOBr were

BrO+BrO—Br+Br+0 (14a) measured using the reaction of OH radicals with excess Br
2 (reaction 10). OH radicals were formed through the fast reaction
—Br,+0, (14b) of H atoms with excess NO
ky, = 1.5 x 10 * exp(230M) cm® molecule * s **® H + NO, —~ OH + NO (17)

kyadkis = 1.6 x exp(—190m)*® ki, =4 x 10 " exp(—340) cm® molecule* s * 1
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600 TABLE 1: Reaction HO;, + BrO — HOBr + O, (1):
Experimental Conditions and Results
excess
i Nexg T (K) [HO,J® [BrO® kiC reactant
9 360 0.51.1 0.6-14.3 2.4+ 0.2 BrO
= 400 9 320 0360 0203 27+02 HO
= 14 298 0.5-7.0 0.2-0.4 3.2+ 0.2 HG
z 15 297 0.6-1.3 0.8-135 3.0+£0.1 BrO
% | 10 275 0.3-6.9 0.2-0.3 3.2+0.1 HOG
° 8 263 0.51.0 0.6-10.2 3.6+0.2 BrO
N 7 250 1.3-8.9 0.3-0.4 3.7t 0.3 HOG
% 7 243 0.51.1 0.79.1 3.8+£0.2 BrO
= 200 8 240 0.442 0204 39+02 HO
8 230 0.6-4.3 0.2-0.4 4.2+ 0.2 HO
L aNumber of kinetic runs? Concentrations are in units of %0
molecule cm3. ¢ Rate constants are in units of 20 cm?® molecule®
s1; the error represents2c.
o
0 2 4 6 8 HO, as the reference reaction.

[NO,] (1012 molecule cm™3)

Figure 3. Example of calibration curve for HO dependence of the HO, +Br—HBr + O, (19)
concentration of H@consumed in reaction 15 on the concentration of _ 1
NO» formed (see tfxt). kio = 4.9 x 10 " exp(—310/T) cm® molecule * s+ *°

Thus, HOBr concentrations were determined from the consumed BrO Kinetics in Excess HOIn this series of experiments,
concentration of B [OH] = [HOBr] = A[Br2]. The possible the BrO decay kinetics were monitored in the presence of an

influence of secondary chemistry on this procedure for the XCESS concentration of HOHO; radicals were formed through

absolute calibration of the HOBr (and OH) signals was discussed '€action 6, with F atoms being introduced into the reactor
in detail in previous papefdl4 A similar procedure was through inlet 3 (see Figure 1) and®; molecules through the

employed for the measurement of the absolute concentrationsSidearm of the reactor (inlet 4). BrO radicals were formed in
of DO, radicals. The KO, calibration method, consisting of the central tube of the movable injector by reaction of oxygen
the titration of BO./H,O by an excess of F atoms, was also atoms (inlet 1) with excess Bfinlet 2)_. The initial concentra-
described in a previous pap¥rThe absolute concentrations of ~ t0Ns of the reactants, H@nd BrO radicals, are shown in Table
ozone were derived using the reaction betwegar@ NO with 1. Concentrations of the excess precursor speciesyrisf HO,,

detection and calibration of the N@rmed A[O3] = A[NO,]). were in the ranges (57) x 10* and (1-6) x 10" molecule
cm3, respectively. The presence of relatively high concentra-
NO + O.— NO. + O (18) tions of B, in the reactor allowed for a rapid scavenging of all
3 272 active trace species from the source of H@ee previous
kig= 2 x 10712 exp(—14001) cn moleculets 118 section), thus preventing their possible reactions with BrO. This

was important, especially for the suppression of the fast reaction

Th trati f oth tabl ies in th " 2 of OH radicals with BrO, which could contribute to the
€ concentrations of other stable Species In Ine reactor Were,, o.,o4 gro decays, since a high rate constant at room
calculated from their flow rates, which were obtained from

ts of th drop | librated vol flask temperature was determined by Bogan et al. in the one study
measurements of the pressure drop in calibrated volume flasksy¢ i reaction:k, = (7.5+ 4.2) x 10-1 ci? molecule 51,12

o . X . ; 0
containing mixtures of the species with helium. One can note that the value kf determined in preliminary

The purities of the gases used were as follows: He, eyxperiments from this laboratory is lower by a factor of 2. The
>99.9995% (Alphagaz), was passed through liquid nitrogen fiow velocity in the reactor was in the range 1468010 cm
traps; H, >99.998% (Alphagaz); Br >99.99% (Aldrich); s L The concentrations of both BrO and H@dicals were
5% in helium (Alphagaz); N@ >99% (Alphagaz); and NO,  measured simultaneously as a function of the reaction time. The
>99% (Alphagaz), purified by trap-to-trap distillation to remove  consumption of the excess reactant, H@as also observed
NO; traces. A 70% B, solution was purified to around 90%  (yp to 30% in a few kinetic runs). This H@onsumption was
by flowing helium through the bubbler with3,. Ozone was  qye to reaction 1, to the wall loss of H@adicals, to reaction
produced by an ozonizer (Trailigaz) and was collected and stored g (with Br atoms from the BrO source), and to H@ispro-
in a trap containing silica gel a = 195 K. The trap was  portionation (reaction 20).
pumped before use to reduce thgdOncentration. The resulting
oxygen concentration was always lower than 20% of the ozone HO, + HO,— H,0,+ 0, (20)

concentration introduced into the reactor.
kyo = 2.3 x 10 " exp(600T) cm® molecule* s '8
Results . . . .
This HO, consumption was taken into account using the mean

Rate Constant for the BrO + HO, Reaction. Three series HO, concentration along the BrO decay. It was verified that
of experiments were performed to measure the rate constanthe results obtained in this way f& were consistent (within
for the reaction BrO+ HO,. The rate constant of reaction 1  5%) with those derived from the fitting of the BrO decay kinetics
was determined (i) from the monitoring of the KH@nsumption using the experimentally measured H@ofiles. Examples of
kinetics in an excess of BrO, (ii) from the monitoring of kinetic runs of the exponential decay of [BrO] measured with
the BrO decays in an excess of bi@adicals, and (iii) from various excess concentrations of p€adicals are shown in
relative rate measurements using the reaction of Br atoms with Figure 4. The pseudo-first-order rate constakis= —d(In-
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BrO radicals. The initial concentrations of H@&nd BrO radicals
are shown in Table 1. Rather high initial concentrations obHO
were used in order to reduce the relative contribution from
00" jons (from Q/Os, see previous section) to the HO
signal atm/e = 33. The concentrations of the precursor species
in the reactor were as follows: p@;] = (0.7—1.3) x 103,

[O3] = (1.5-2.0) x 10, and [Bk] ~ 10 molecule cms.
Linear flow velocities were in the range of 1540790 cm st

The consumption of the excess reactant, BrO radicals (up to
20% of its initial concentration), was observed. This BrO
consumption, due to reaction 1, to the BrO wall loss, and to
the BrO disproportionation reaction 14, was taken into account
using the mean concentration of the radicals over the whole

100

Igro (relative units)

[HOp] (1012 molecule cm'3)

L O o

A 06
o 12 reaction time. The pseudo-first-order rate constdats; —d(In-
+ 22 [HO2))/dt, obtained from the H®consumption kinetics were
¢ o L also corrected for the axial and radial diffusion of HQ@he

o 5 10 15 20 diffusion coefficient of HQ in He was calculated from that of

t (ms) O, in He?2 and varied from 0.52 atm chs ! at T = 243K to

Figure 4. Reaction HQ + BrO — HOBr + O, (1): examples of 1.03 atm crist atT = 360 K. The corrections on the values
experimental BrO decay kinetics monitored in excess HIO = 230 of k" were less than 10%. The possible impact of the secondary
K. and side reactions on the observed kinetics o E@sumption
must be discussed. First, the Br atoms present in the reactor
could react with H@ through reaction 19. Br concentrations
L are at steady state, which is defined mainly by Br production
through reaction 14a and consumption through reaction 5 with
200 — ozone. Considering that, under the experimental conditions used,
(i) [Br] is a few times lower than [BrO] and (iiki/kig = 12—
33, the contribution of reaction 19 to the H@ecay can be
150 - disregarded. Another species potentially influencing the ob-
served kinetics of His OH, which could be produced in the
source of HQ via reaction 8 of F atoms with #0. OH radicals,

250

ky' (s

100 - if present in the reactor, could lead either to the formation of
HO; in reaction 2 or to the additional consumption of HO
r O T30k through reaction 21.
50 + T=275K
O T-230K OH+ HO,—H,0+ 0O, (22)

ky, = 4.8 x 10 ™ exp(250T) cm® molecule* s '8

o] 1 2 3 4 5 6 7
[HO,} (1012 molecule cm3) To reduce the role of the OH-initiated chemistry in the present

experiments, Br (~10 molecule cm?) was added into the
reactor, resulting in efficient OH scavenging through reaction
10. The validity of this procedure was checked at 298K in
the following way. The measurements laf were carried out
[BrO))/dt, were corrected for the axial and radial diffusion of under different experimental conditions: with low fB¢~10'2
BrO.2! The diffusion coefficient of BrO in He was calculated molecule cm®) and relatively high initial concentration of OH
from that of Kr in H&3 and varied from 0.42 chst atT = radicals ([OH]= 0.25 x [HO4]) and with high [Bs] (~10
230 K to 0.73 atm crhs 1 at T = 320 K. These corrections on  molecule cni®) and low initial concentration of OH<0.03 x
the measured values kf were less than 5%. Examples of the [HO2]g). The initial concentration of OH radicals could be
pseudo-first-order plots measured from the BrO decay kinetics measured by scavenging OH radicals with an excessofvEn
at different temperatures are shown in Figure 5. The O-intercepts,subsequent detection of HOBr (as explained in the previous
in the range of 2+ 5 s™! under the temperature conditions of section). The pseudo-first-order plots obtained from the, HO
the study, are in good agreement with the BrO loss rates decay kinetics under these experimental conditions are shown
measured in the absence of 5@ + 2 s 1. The results foik; in Figure 6. One can note that the OH-initiated chemistry leads
from this series of experiments are reported in Table 1. to an underestimation df, under the experimental conditions
HO, Kinetics in Excess BrQn this series of experiments, used. The difference between the valuekpfesulting from
reaction 1 was studied under pseudo-first-order conditions usingthe two fits presented in Figure 6 is around 25%. Further, a
an excess of BrO over HQradicals. HQ radicals, formed in numerical simulation of the HOkinetics observed in the
the reaction of F atoms (inlet 1) with excessQ (inlet 2), presence of OH in the reactor has been performed. The rate
were introduced into the reactor through the central tube of the constant of reaction 1 was found from the best fit to the,HO
movable injector. BrO radicals were produced from the reaction decay kinetics using the experimental profiles of [BrO] and a
of Br atoms (from the discharge of Bor a Br/O, mixture, mechanism including reaction 1; HOwall loss; and the
inlet 3) with ozone, which was introduced into the reactor reactions of OH with Br (10), BrO (2), and HQ (21). The
through its sidearm (inlet 4). The reaction of oxygen atoms (inlet corrected values df;' obtained in this way are also shown in
3) with an Q/Br, mixture (inlet 4) was also used to produce Figure 6. They are in excellent agreement with the results

Figure 5. Reaction HQ + BrO — HOBr + O, (1): examples of
pseudo-first-order plots obtained from BrO decay kinetics in excess
HO; at different temperatures.
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Figure 6. Reaction HQ + BrO — HOBr + O, (1): pseudo-first-
order plot obtained from HQdecay kinetics in excess BrO at= 298
K. O = measured in the presence of (= corrected for OH-initiated
chemistry,® = measured in absence of OH (see text).

obtained in the OH-free system. All of the results obtained for
ki at different temperatures in this series of experiments are
reported in Table 1. These results are also shown in Figure 7
together with those obtained from the monitoring of BrO decays
in an excess of Heradicals. One can note the good agreement
between the values df obtained under the different experi-
mental conditions.

The uncertainties ifk; shown in Figure 7 represent a 25%
conservative uncertainty, which is a combination of statistical
and estimated systematic errors. The estimated systemati
uncertainties include:5% for flow meter calibrations;:1%
for temperature3% for pressure, antt15% for the procedure
of measuring the absolute concentrations of the radicals.
Combining these uncertainties in quadrature and adding 2
(~10%) statistical uncertainty (see Table 1), yield25%
overall uncertainty in the values kf. The straight line in Figure
7, resulting from the least-squares analysis of all of these data
provides the Arrhenius expression

k= (9.4+ 2.3)x 10 ¥ x

exp[(345+ 60)/T] cm® molecule*s™*  T=230-360 K
where the quoted uncertainties represent 95% confidence limits
and include estimated systematic errors.

Relatve Measurements of Kn the relative study of reaction
1 using reaction 19 as the reference, the titration of the initial
concentration of H@radicals, [HQ]o, by a mixture of excess
BrO and Br was carried out, and the yield of HOBr as a function
of the [Br]/[BrO] ratio was measured. The concentration of
HOBr formed was defined by the fraction of [HJ reacting
with BrO.

k,[BrO]
k [BrO] + kB

[HOBI] = [HO,l,

Considering the derived expression

[HOJy . kio [Br]
[HOBr] =k, [BrO]

Bedjanian et al.

HO, + BrO: excess of HOy
HO, + BrO: excess of BrO

kq, kg (10'11 cm3 motecute™! s‘1)

HO4 + BrO: refative method
DOy +BrO

|
4.0

eO+0

|
35
1000/T (K1)
Figure 7. Reactions H@+ BrO— HOBr + O, (1) and DQ + BrO—
DOBr+0; (3): temperature dependence of the rate constants.

0.5

4.5

the ratio kig/k;, and hencek;, can be obtained by plotting
([HO2])o/[HOBIT — 1) as a function of the [Br]/[BrO] ratio.

In these experiments, H@adicals were produced in reaction
6 between F atoms and,8. in the central tube of the injector.
Br and BrO were formed simultaneously by passingBn,
mixtures (excess By through the microwave discharge (inlet
3). The [Br]/[BrO] ratio could be changed either by varying O
in the discharge or by adding ozone in the reactor (inlet 4).

It can be noted that the above method did not require absolute
calibrations of the mass spectrometric signals obld@d HOBr,
as the initial concentration of HCcould be related to HOBr

Csignal when [HQ]o was completely converted to HOBr by

reaction with excess BrO in the Br-free system (for high
concentrations of ozone, P~ 5 x 10 molecule cm3). Thus,

only HOBr signals were recorded, first in the Br-free system,
corresponding to [Hg)o, and second in the Br and BrO
containing system, corresponding to the fraction of f4@hat
reacted with BrO. The concentration of OH from the source of
HO, was verified to be too low ([OH]< 0.03[HOo) to
influence the results of these experiments through HOBr and
HO, formation in reactions 10 and 2, respectively. The initial
concentration of H@radicals was around 30molecule crm?.

The Br and BrO concentration ranges are shown in Table 2.
The reported values are the mean concentrations used in the
calculations, as the changes in [Br] and [BrO] (within 20%)
were observed on the time scale of the Hi@ation experiments
(~1072 s). In fact, the BrO consumption in the fast (at high
BrO concentrations) disproportionation reaction of BrO radicals
(14) was compensated by the BrO regeneration in the Br reaction
with ozone, leading to steady states for [Br] and [BrO].
Increasing the reaction time did not lead to changes in the HOBr
signal, demonstrating that HQvas completely consumed in
the reactions with Br and BrO under the experimental conditions
used. All of the data obtained at the three temperatures of the
relative measurement study are presented in Figure 8. According
to the expression given above, the slopes of the linear depend-
encies in Figure 8 give thiay/k; ratio at each temperature. The
results thus obtained are presented in Table 2, which also reports
the calculated values &. The values ok;g needed for these
calculations were derived from the Arrhenius expres&ign=

4.9 x 10712 exp(—310/M) cm® molecule® s71,16 with addition

of a conservative 15% uncertainty. The valuekpfesulting
from these relative measurements are also shown in Figure 7.
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TABLE 2: Reaction HO, + BrO — HOBr + O, (1): Relative Measurements of the Rate Constant

T(K) [Br]&/10 [BrO]¥10%3 [Br]/[BrO] Keo/ky kio/10712 kib/10-11
340 0311 0.3-25 2.2-35.9 0.073+ 0.010 1.974+0.30 2.70£0.77
295 0.6-1.4 0.3-3.1 2.0-46.7 0.058+ 0.007 1.71+0.26 2.95+ 0.80
253 0.715 0.4-3.1 2.1-31.6 0.046+ 0.006 1.44+0.22 3.13+0.88

aConcentrations are in units of molecule Tin° Rate constants are in units of émolecule® s
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Figure 8. Reaction HQ + BrO — HOBr + O, (1): relative

measurements of the rate constant (see text).

They are in good agreement with the results of the direct
measurements & obtained in this study (however, these data
were not used in the above determination of the Arrhenius
expression fok;).

Reaction BrO + HO,; — Products: Mechanistic Study.
To determine the branching ratio for the HBr ang fOrming
channel of reaction 1 additional experiments were performed,
consisting of a chemical titration of the relatively high concen-
tration of BrO by an excess of HOwith subsequent detection
of ozone possibly formed in channel 1b. Experiments were
carried out at room temperature € 298K). HG, radicals were
produced in the central tube of the movable injector by reaction
of F atoms with HO,. BrO radicals were formed in reaction 4
between oxygen atoms (inlet 3) and excessrBolecules (inlet
4). The concentrations of Band HO- in the reactor were X
10" and 4x 10" molecule cm?, respectively. HOBr, the main

The experimental determination of such an extremely low upper
limit for the branching ratidyk; could be achieved mainly
through the use of high initial concentrations of both reactants.
The simultaneous formation of HBCand BrO at such high
concentrations was not possible at low temperatures. Conse-
quently, these experiments were limited to room temperature.
Rate Constant for the BrO + DO, Reaction. The rate
constant of reaction 3 was measured similarly to that of the
BrO + HO, reaction. The kinetics of D9consumption were
monitored in an excess of BrO radicals. b€xdicals were
formed in the reaction of F atoms with excesRin the central
tube of the movable injector. BrO radicals were produced in
the reactor through the reaction of O atoms (from discharge of
OJ/He, inlet 3) with Bp/Os mixture (inlet 4). The initial
concentrations of D@radicals were in the range (6-8.2) x
10%molecule cm?s. These relatively high initial concentrations
of DO, were used in order to reduce the relative contribution
from Of0O! %" jon to the DQ signal at m/e = 34. The
concentrations of the precursor species in the reactor were as
follows: [D,0;] = (6—8) x 10'3 [O3] = (1.5-2.0) x 10%,
and [Br] ~ 10" molecule cm3. The pseudo-first-order rate
constants, ky’' —d(In[DO])/dt, obtained from the D©
consumption kinetics were corrected for the axial and radial
diffusion of DO,. The diffusion coefficient of D@in He was
calculated from that of @in He?? and varied from 0.48 atm
cnmPstatT =230 K to 1.02 atm crhs t at T = 360 K The
maximal correction to the measured valuekgpfwas around
10%. Similarly to the study of reaction 1, the possible influence
of the secondary chemistry initiated by OD radicals (from the
DO, source) was minimized through the presence of high][Br
in the reactor, leading to OD scavenging via reaction 11. It can
be also noted that the rate constant for the ®DO, reaction
is about 3 times lower than that of the GHHO; reaction.

OD + DO,— D,0 + O, (22)

ky, = 3.7 x 10 " cm® molecule's ™ atT = 298K

product of reaction 1, was also detected, and the branching ratio

for the & formation channel could be found A§O3]/ A[HOBI]
(assuming thak;, ~ kj). With initial concentrations of 8.5
10" and 5x 10" molecule cm?, respectively, for H@ and
BrO, the formation of 4.15< 10 molecule cn® of HOBr for

4.1 x 10* molecule cm® of consumed BrO was observed at
a reaction time of~10~%s. The formation of ozone at measurable
concentrations was not observedg[@as estimated to be less
than 1.1 x 109 molecule cn® under these experimental
conditions. This led to the determination of the upper limit for
the branching ratio of the £forming channel:kiyk; < 2.7 x
1073, Br atoms, formed in the BrO source via reactions 4 and
14, were observed in the reactor at concentrations of ¢&. 10
molecule cm3. A correction orkyy/k; for possible Q consump-
tion in the reaction with Br atoms was made, leading to the
final value ofkyyk; < 3.2 x 1073, Finally, the upper limit for

the branching ratio of channel 1b recommended from this study

IS

kyk, <4 x 10°° atT =298 K

(unpublished data from this laboratory).
Br atoms, originating from the BrO source, were present in
the reactor and could react with R@rough reaction 23.

DO, + Br— DBr + O, (23)

kys = 1.9 x 10 ** exp(~540/T) cm’® molecule * s ' *°

However, the contribution of this reaction to PG@nsumption
could be disregarded considering that, under the experimental
conditions of the study, (i) the Br concentration was always
lower than that of BrO by a factor-25 and (ii) ks/koz = 60—

230 in the temperature range used. Examples of the pseudo-
first-order plots obtained from the D@ecay kinetics are shown

in Figure 9. All of the results obtained fdg at the different

temperatures of the study are reported in Table 3. The
temperature dependence of the rate constant of reaction 3 is

also shown in Figure 7. The error bars shownKgrepresent
conservative 25% uncertainty, which includes statistical and
estimated systematic errors. These data provide the Arrhenius
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Figure 10. Reaction HQ + BrO — HOBr + O, (1): summary of the

pseudo-first-order plots obtained from P@ecay kinetics in excess  results from the temperature dependence studies.

BrO at different temperatures.

shown in Figure 10. Although a negative temperature depen-
dence of the rate constant is observed, similarly to the previous

studies’~8 the activation energy determined in the present work

TABLE 3: Reaction DO, + BrO — DOBr + O, (3):
Experimental Conditions and Results

Nlexp* T (K) [BrO]® ks is slightly lower than those previously reporteB/R = 345 K
8 360 1.6-19.0 1.3+ 0.1 compared with 526580 K8 The present determination of
8 328 1.2-19.8 13+0.1 k, is in good agreement with previous data from this laboréafory,
g g?g 577:%22 igi 8-% especially at room and higher temperatures (see Figure 10). The
8 253 15-16.4 20k 0.2 difference between the results of the two studies at low
) 240 1.2-15.6 22402 temperatures can be explained by the heterogeneity complica-
6 230 1.495 2.440.3 tions observed and discussed in ref 6. Heterogeneity problems

were especially pronounced at the lowest temperature of the
previous study (233 K), leading to an abnormally high value
measured fok;, but such problems could also occur to a lesser
extent forT > 233 K. Under the experimental conditions of
the present study, heterogeneity complications were not ob-
served. The room-temperature valugpbbtained in the present
work is in good agreement with those measured by Bridier et
al> and Larichev et d.and is significantly higher than those
from the most recent studies (see Table 4). Although the same
equipment was used, the present investigation differs from the
previous one from this groupFirst, reaction 6 between F and
H,0, was used in the present work to produce JH@dicals
instead of the Cl+ CH3OH (+ O) reaction, which was
employed in ref 6 and which is known to be strongly affected
The results obtained for the rate constant of the; HBrO by wall processes. Second, another configuration of the movable
reaction can be compared with those from previous studies. A injector was used for the production of the radicals and their
summary of all of the data available fkyis presented in Table  introduction into the reactor. In the present study, the two
4. The results of the temperature dependence studies are alsmicrowave discharge cavities used for the production of the

aNumber of kinetic runs? Concentrations are in units of %0
molecule cm?3. ¢ Rate constants are in units of 20 cm® molecule
s7%; the error represents2o.

expression

ks=(3.94 1.2) x 10 *? x

exp[(410+ 80)/T] cm® molecule*s*  T=230-360 K

where the quoted uncertainties represent 95% confidence limits
and include estimated systematic errors.

Discussion

TABLE 4: Reaction BrO + HO, — HOBr + O, (1): Summary of the Measurements of the Rate Constant
ki (10~ cm?® moleculet s

pressure
reference technig@e (Torr) T (K) ke = f(T) k1(298K)
Cox and Sheppatfd MP/UV 760 303 05703
Poulet et af DF/MS 1 298 3.3:0.5
Bridier et al® FP/UV 760 298 3.4:1.0
Larichev et aP DF/MS 1 233-344 (0.48+ 0.03) exp(58Qt 100M) 3.3+ 05
Elrod et al’ DF/MS 100 216-298 (0.25+ 0.08) exp(52Qt 80/T) 14+0.3
Lietal® DF/MS 1 233-348 (0.31+ 0.03) exp(54Qt 210/T) 1.73+ 0.6
2.05+ 0.64
Cronkhite et aP. LFP/UVITDLAS 12,25 296 2.:0.6
this work DF/MS 1 236-360 (0.94+ 0.23) exp(345t 60/T) 3.2+ 0.8
3.0+ 0.8

a MP/UV = modulated photolysis/UV absorption; DF/MSdischarge flow/mass spectrometry; FP/E\lash photolysis/UV absorption; LFP/
UV/TDLAS = laser flash photolysis/UV absorption/tunable diode laser absorptid®, in excess® BrO in excess.
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active species were located on the movable injector. This as the low values fokiykis measured in the present study and
allowed the injection of both radicals, H@nd BrO, through in ref 10 can probably be considered as an indication of the
the movable inlet, leading to the elimination of problems existence of a significant barrier for HBr elimination from the
associated with the loss of radicals on the outer surface of theHOOOBTr intermediate complex. Another potential source of
injector, which occurs when radicals are introduced through the the stratospheric HBr is the minor channel 2b of the reaction
reactor sidearm. In the present wokg,was measured either between OH and BrO radicals, which is presently under
from the monitoring of H@ decays in excess BrO or from the investigation.

monitoring of the BrO consumption kinetics in excessHthe ) ) o
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