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The absolute rate constants for the reactions of H atoms and OH radicals wrth HBr were measured by the dtscharge 
flow technique with EPR detectton. The rate constants at room temperature are kr = (6.3 -c 0.5) x IO-r2 cm3 mo!ecule-’ 
S ml for H + HBr -f Ha + Br and ka = (9.2 f 0.7) X lo-‘* cm3 molecule-’ s-l for OH + HBr - Hz0 + Br. There is a dts- 
crepancy between measurements carried out by the EPR-drscharge flow and flash photolysis-resonance fluorescence 
techniques. 

1. Introduction 

Hydrogen bromide is known to be an efficient m- 
hibitor of flame propagation (e g. refs. [l-3] ). It is 
generally agreed that Inhibition results from reac- 
tions of HBr with chain propagating or branching 
radicals such as H and OH which lead to less reacttve 
species_ Moreover HBr can play a role in the mecha- 
nisms of ozone depletion by bromine compounds in 
the atmosphere, which have been reviewed recently 
[4,5] _ The ClO, radicals (Cl, CIO) and BrO_, radicals 
(Br, BrO) can destroy ozone via catalytic cycles and 
HBr represents a temporary sink of Br atoms, which 
probably react with HO? and perhaps also with 
HzCO [6,7] . The efficiency of this sink depends on 
the rate of regeneration of Br atoms by the main 
process: OH + HBr + HZ0 + Br. Then the reactions 
of H and OH with HBr are key reactions in flame in- 
hibition and in atmospheric processes and conse- 
quently, their rate constants have to be known with 
good precision_ The survey of the values of the litera- 
ture shows a discrepancy of about a factor of two at 
room temperature between the discharge flow-EPR 
technique and flash photolysis measurements. 

The reactions of H and OH with HBr have been 
studied directly by Takacs and Glass [8] and Endo 
and Glass [9] using the discharge flow technique 

with EPR detection. The rate constants of these re- 
actions have been recently redetermined respective- 
ly by Husain and Slater [lo] for reaction of H with 
HBr and by Ravishankara et al. [l 11 for reaction of 
OH with HBr. The technique used in both cases was 
the flash photolysis-resonance fluorescence_ Then 
it was mterestmg to re-Investigate these reactrons In 
the present work, the discharge flow method was 
used but the parameters which appear to limit the 
EPR-flow reaction technique in the measurement 
of high rate constants were considered with special 
care. Especially for reaction OH + HBr, the sensitivr- 
ty of the EPR analysis and the time resolution were 
higher than those used in ref. [8] _ 

2. Experimental 

The apparatus (fig. 1) has been described recent- 
ly 112,131. A Varian El 12 EPR spectrometer equip- 
ped with an E235 large-access cylindrical cavity (24.5 
mm i.d ) was used for the gas-phase detection of at- 
oms and diatomic radicals. The cavity was crossed 
by an all teflon reactor pumped by a 180 m3/h rotary 
pump giving a mean flow velocity of 50 m/s at a 
pressure of e-5 Torr in the reaction zone. As has 
been noticed in previous works, such a flow speed 
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Fc 1. Dragram of the apparatus. 

was necessary to spread the reactron zone over a dis- 
tance long enough to reduce convolution effects of 
the species concentration signal by the absorption 
function of the cavity _ The majority of the absorp- 
tion was achreved in a 3 cm length and for the rate 
constants measured. the reaction zone usually extend- 
ed IS-30 cm for a 90% consumption of the reactant 
H or OH. The pressure drop due to viscosrty was an- 
other important hmitation due to the high flow ve- 
locity of gases. The Poiseurlle law apphed to helium 
gave a pressure drop of 5 X 10m3 Torr/cm. The pres- 
sure was measured at different points along the re- 
action zone by means of a pressure transducer (MKS 
baratron) and the average value taken. The reactants 
were introduced into the reactor by means of sliding 
injectors_ The inner tube used for the mtroduction 
of HBr was terminated by a multiholed sphere to 
produce a faster mixing of gases The intermediate 
tube was used for pressure measurements and for the 
introduction of NO, during OH experiments. The H 
atoms were generated in a microwave discharge 
(2450 MHz) in 112 highly diluted by helium. Helium 
was passed through a hqurd-mtrogen trap to remove 
impurities which produce H and 0 atoms in the dis- 
charge. HBr (Matheson cylinder) was distilled before 
being stored and diluted by argon in a 10 Q bulb. No 
difference was noticed in the results with and with- 
out distillation of HBr. 

Kinetic data and flow-rate parameters were proc- 
essed on line by a 32K microcomputer (PET Com- 
modore). The pressure drops from the bulbs were 
taken from digitalized pressure transducers (Mem- 
branovac Sogev) during experiments_ The EPR signal 
could be processed in different ways, by double in- 
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tegratron or by calculatmg the first moment of the 
derived recorded curves. Absolute concentrdtrons 
of 1-I and OH were obtained by comparison to refer- 
ence spectra of respectively O2 (E line J = 2. MJ = 
I +2,2)andNO(DhneJ=3/2 - l/2.1 + l/2,1) 
as described by Westenberg [ 143. Absolute concen- 
trations of H and OH were measured before and af- 
ter HBr had flowed in the reactor for each recorded 
decay curve. A difference in the two measurements 
observed in some experiments due to a change in 
the flow parameters or of the surface coating condr- 
tions led to the rejectron of the kinetrcs. Rate con- 
stants were calculated directly after each experiment_ 

3. Results and discussion 

3.1. Reacrion (I): H + HBr -+ H, f Br 

hleasurements were achieved under pseudo-first- 
order conditions with [HBr] o > [H] o, leading to the 
following equation: ln([H]o/[H]) = k, [HBr]of_ 
([HI0 and [HBr]o represent the initial concentration 
of the reactants [H] the concentration of H atoms 
at reaction trme t.) The following initial conditions 
were used: ]H]o = (4-5.5) X 1013 
ranging from 6.4 X 1013 

cmm3 with [HBr]o 
to 2.1 X 1014 cm-3 corre- 

sponding to initial ratios ranging from 14 to 46. 
Higher ratios of concentrations were not used to 
avoid the convolution phenomenon as mentioned in 
section 2. Lower ratios were not used to prevent 
pressure-drop corrections and to satisfy the pseudo- 
first-order conditions_ 

Experimental pseudo-first-order rate constants 
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Fg. 2. Reaction H f HBr -f H2 + Br: least-squares plot of the 
apparent first-order rate constant versus [HBr]o concentra- 
tion- kl = (6.3 + 0.5) X IO-” cm3 molecule-’ s-l, kl(0) 
=I5 s-l_ 

were corrected for diffusion from the classical for- 
mula. k1 = k exp [ 1 + k exp (oH/He/v2)] _ Using the 
diffusion coeffclent of H in helium reported by Vil- 
lermaux and Chery [ 1.51 (D 
1 a+m) or Khouw et al. [16]H(F = 2.” cm2’s “’ L H/He = 2.37 cm-/s 
at 1 atm) led to a non-neghgible correction on the 
experimental rate constant (from 7 to 19% at iY = 
5000 cm/s). 

The rate constant of reaction (1) was then cal- 
culated from the slope of the straight line: d&([H]o/ 
[H] )}/dt = f( [HBr]O) (fig. 2) by means of a least- 
squares program. The following result was found for 
30 experiments: 

k, = (6.3 f 0.5) X 10-l” cm3 molecule-’ s-l, 

with an intercept of 15 s-* and a correIation coeffi- 
cient of 096. No particular signification such as wall 
recombination of H atoms was attributed to the value 
of the intercept since it is low and within the stan- 
dard error range. 

The present value of k, can be compared with 
previous ones also obtained at room temperature_ 
The EPR values obtained successively by Takacs and 
Glass [S] and Endo and Glass [9] were (3.4 + 0.8) 
X lo-r2 and (3.71 k 0.14) X lo-r2 cm3 molecule-i 
s-l _ However a higher value, (6.0 f 0.1) X 10-12, 
was recently obtained by Husain and Slater [IO] by 
the flash photolysis-resonance fluorescence method. 
The present determination of (6.3 + OS) X lo-r2 is 
in excellent agreement with this last value. Husain 

and Slater also studied the reactions of H with DBr 
and D with HBr and DBr and they found rate con- 
stants higher by about a factor of 2 than those of 
Endo and Glass. They attnbuted the divergence in 
the results to the poor spatial or time resolution in 
the EPR experrments. The analysis distance in the 
EPR large-access cavity which is 3-4 cm can be sig- 
nificant compared to the reaction length for fast de- 
cay rates and low flow velocities_ 

Takacs and Glass [8] used high decay rates of H 
atoms (600-1300 s-r) with low flow velocities 
(=13 m/s)_ Under these conditions, the maximum 
reaction drstance was low (=7 cm) compared to the 
analysis one, and the corresponding poor time resolu- 
tion could explain the low value obtained for k1 _ 
However, m the second investigation by Endo and 
Glass [9] , with lower decay rates (350-500 s-l), 
higher flow velocities (~18 m/s) and consequently 
higher maximum reaction distance (20 cm), no 
change was observed in kl Then it does not seem 
that the lower values obtained for k, can be mainly 
explained by the poor trme resolution in the EPR 
measurements. 

In the present work, with decay rates of 400- 
1500 s-I, flow velocities of 50 m/s and reaction dis- 
tances up to 20 cm, the time resolution of EPR should 
not have any influence on kl measurements_ More- 

over_ the absorption curve of the cavity_ established 
by axially moving a small DPPH sample showed that 
90% of absorption occurred over 2.5 cm, which is 
lower than previous measurements in a quartz reac- 
tor, giving better spatial resolution in the present 

work. 
So no evident expIanatlon can be proposed for 

the lower value of refs. [8,9] compared to the flash- 
photolysis value and the present one_ Considering 
the EPR measurements, the major differences be- 
tween the experimental conditions used in tlus work 
and the previous ones are: higher flow velocity, 50 
m/s instead of 13-18 m/s, higher reaction distances 
as mentioned above, higher [HBrlo/ [HI0 ratios, 
14-46 instead of 2.5-9, and higher range of [HBr]O, 

EHBrl 0 m,/ [HBr]o,min = 3.3 against 2.2 in ref. [8] 
and 1.4‘in ref_ [9] _ It appears that our experimental 
conditions are more suitable to obtain a better preci- 
sion in k, measurements but the conditions of ref_ 
[9] appear also to be correct to give a reasonable value 
of k, _ A last difference concerns the nature of the 
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surface of the reactor which is teflon in the present 
work and halocarbon wax m refs. IS,91 , which could 
affect the wall processes. However both kinds of 
walls seem suitable to prevent wall effects dnd no 
evidence for such effects was noticed in the present 
work and in the prewous ones_ 

3.2. Reactiotr /2) OH + HBr --f H,O + BI 

For this study, OH radicals were generated by the 
f&t reaction 

H + x0, - NO f OH. 

k, = 1.3 X 13-” cm3 molecuie-’ s-l. 

(3) 

x0, was used m excess compared to H atoms in or- 
derto get a total consumption of I-I atoms before I-IBr 
WIS injected in the reactor In preliminary expert- 
merits. the yield of production of OH radic‘ds by re- 
action (3) was measured. It was first verified that 
there was Jgreement between the relative consump- 
tlons of H and NOz _ For [HI0 = 3.96 X lOI cme3 
and [;‘;O,lo = 3.5 X lOI cm-3 the following ratlo 
was found. [NO,] c,,r,s/ [H] mns = 1.1-C. This is m 
Jgreement with the fact that for high enough con- 
centrations, this rJti0 rdnges from 1 to 1 S as a re- 
sult of secondary reactions mitiated by the homo- 
geneous combmatlon of OH radicals which is not 
negligible [ 161 _ Besides with [N0210 = 10IIl]O. the 

Fig. 3. Reaction OH + HBr - Hz0 + Br: least-squares plot 
of the apparent first-order rate constant versus [HBr]o con- 
centration: k2 = (9.2 f 0.7) X lo-l2 cm3 molecule-1 s-l 7 
kqq = 59 s-1 _ 

yield of OH radicals was found to never exceed 50% 
of H reacted from EPR analysis after a 2 X 10B3 s 
reaction time. After the production zone for OH 
radicals the homogeneous recombination becomes 
negligible due to low OH concentrations and the wall 
recombination of OH was experimentally found to 
be negligible on the teflon surface. 

Kinetic studies were made wi*t. the following range 
of initial conditions of reactant concentrations: 

[OHIO = 1.6 X 1011 crne3 and [HISrIo ranging from 
1.06 X 1013 to 1.12 X 1014 cme3. The [HRrlO/ 
[OHI0 ratio wds consequently varied from 66 to 700. 
The experimental data were corrected for diffusion 
effects usmg the coefficient of diffusion of atomic 
oxygen in helium given by Yolles and Wise [ 171 who 
found &He = 0.73 cm’/s at 1 atm. This diffusion 
coefficient was corrected for OH and the value 507 
c&/s tdken at a pressure of 1 Torr. By fitting by a 
least-squares program the curve dOn([OH]o/[OH])}/ 
dt =f( [HBr]O)_ the foIlowing results were obtamed 
from 25 experiments 

k, = (9.2 + 0.7) X lO-12 cm3 nioIecuIe_’ s-’ , 

k?(O) = 59 s-l_ 

The correl&ion coefficient was 0.993 and the stsn- 
dard error 26 s-l _ The value 59 s-1 found for the 
intercept is not totally negligible as It IS outside of 
the standard error domain. Since no consumption of 
OH radicals was measured in the absence of HBr along 
the reaction zone, we must consider that a wall re- 

xtion of OH rddlcals occurs with adsorbed HBr. The 
curve d(ln ( [OH]O/[OH])}/dt=f([HBr]O) being a 
straight line, we admit that this phenomenon was 
constant over the whole range of HBr concentrations 
used. However the value of /Q(O) is low compared 
to the measured decay rates and the process corre- 
spondmg to kzCO) even if it would be partly homo- 
geneous, would have a negligible effect on X-, _ 

Only two direct measurements of k, have been 

published. By the discharge flow EPR technique, 
Takacs and Glass [S] obtained kz = (5.1 + 1) X 1O-12 

at room temperature. More recently by the flash pho- 
tolysis-resonance fluorescence method, Ravishankara 
et al_ found k, = (1.19 + 0.14) X lo-l1 with no ef- 
fect of temperature over the range 249416 K. As 
for reaction (1) our value of k, differs by nearly a 
factor of 2 with the EPR measurement but is in good 
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agreement with the flash photolysis determination. 
In their discussion, Ravishankara et al. proposed two 
possible reasons to explain the discrepancy between 
their results and those of Takacs and Glass. They first 
considered a possible error on [HBr] determination 
due to easy wall adsorption of HBr. In their study, 
they ehminated this source of error from measure- 
ments of [HBr] by UV absorption_ Besides a sys- 
tematic error in [HBr] measurements in the work of 
Takacs and Glass seems also unlikely if we consider 
that the rate constant found for the slower reaction 
of 0 with HBr studied also by EPR is in agreement 
with recent determinations [18,19] _ Ravishankara 
et al. considered as a second possible source of dis- 
crepancy, the reaction of OH with a water-HBr com- 
plex which could occur in their system although they 
minimized this effect_ As they pointed out, this phe- 
nomenon would be negligible in the EPR flow reactor 
where no Hz0 is used to produce OH radicals. To 
prevent this effect, our reactor was dried by flowing 
BBr, before domg experiments to eliminate HZ0 
which IS always present, adsorbed on the walls. The 
agreement between our value of k, and that of 
Ravishankara seems to demonstrate that the effect 
of a H-,0-HBr complex is probably minor. 

Thelower value of Takacs and Glass was obtained 
with high overall decay rates of OH (1300-2400 S-I) 
for low flow velocity (1300 cm/s); this corresponded 
to a maxunum reaction distance of 5 cm, giving poor 
tune resolution for EPR analysis_ In the present work, 
where the decay rates are lower (100-1060 s-I) and 
the flow velocities higher (5000 cm/s), the higher re- 
action distance (up to 30 cm) gave a much better 
time resolution which could explain the difference 
between the two EPR works. Moreover, in ref. [8] 
the correction of k2 for axial diffusion is not men- 
tioned_ If this correction had not been taken into ac- 
count, k2 should be increased by some ten percent, 
but k2 would still remain low compared to our value 
and that of ref. [ll] _ 

4. Conclusion 

The re-investigation of the reactions of H and OH 
with HBr at room temperature, has led to rate-con- 
stant determinations in agreement with recent values 
obtained by the flash photolysis-resonance fiuores- 

cence method, but somewhat higher than previous 
measurements by the EPR method. Especially for the 
reaction of OH with HBr, the higher value obtained 
in the present work could be explained by the better 
time resolution in kinetic measurements_ 

For stratospheric application, the higher value ob- 
tained for k, confirms that HBr would be a much 
less efficient sink for Br atoms than HCI is for Cl at- 
oms, as previously mentroned [ 1 l] . That mcreases 
the efficiency of ozone depletion by bromine com- 
pounds. 
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