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Solubility of HBr in H 2SO4/H>0 and HNO3/H>SO4/H>0 Solutions
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The solubility of HBr in HSO/H,O and HNQ/H,SOW/H,O solutions was determined by measuring the HBr
vapor pressure over stirred bulk solutions using tunable diode laser spectrometry. The experimental results
for the solubility of HBr in sulfuric acid solutions show good agreement with experimental literature data.
However, there is a factor-26 discrepancy between experimental and model values. The solubility of HBr

in sulfuric acid was parameterized as a function of th&® concentration and temperature in the range
53—75 wt % H,SQO, and 195-250 K, respectively. The solubility of HBr in ternary HN®B,SOy/H,O solutions

was determined for the first time. An increase in the solubility was observed on exchang@g by HNO;

at constant water weight fraction. This observation is in qualitative agreement with model calculations, however,
the observed solubility change was much larger than predicted by the model calculations. The solubility of
HBr in ternary solutions was parameterized as a function of both the concentration of HiSO, and the
temperature. The relations derived can be used for atmospheric modeling of the influence of heterogeneous
HBr reactions on atmospheric ozone destruction.

1. Introduction trations up to 70 wt % have been obser¥e# However, very

. . ew data are available for the solubility of HBr in sulfuric
During the past decade it has been demonstrated that haIOge'gcid,”—l‘? and no data exist for the solubility of HBr in ternary

activating heterogeneous reactions on surfaces of polar strato- luti R f | lex th d . Vit
spheric clouds (PSC) play an important role in the destruction S0 uﬁ!or\s. ec((jenl yh severa codmp elx erm_oh ynr?mdc ﬁc ity
of stratospheric ozon€? In addition, similar reactions may be coefficient models have been developed Vg;szgv ich the HBr
involved in the observed ozone destruction in the lower polar SOIu.b'l.'ty can be calculated for th?s’? solutiots: However,

troposphere at sunriseThe rates of some of these reactions, deV|at|c_)ns of th_e m(_)dels frpm_ existing data for _the soIL_mety
however, have been found to be strongly dependent on theOf HBr in sulfuric acid are significant under certain conditions

iy . . leading to the conclusions that (i) the existing data set has to
aerosol compositioh® caused, e.g., by the changing solubility ) - o
of involved halogen species HX in the aerosol. be improved and (ii) the existing models have to be adapted to

Although the stratospheric bromine concentration-@d ppt g}'s(‘:gfstg v?/e;i :&Cv?/gr;gl\xjsgé i;ﬁrytﬂ?g\%ifgi ClieN gagc:‘?)(ralthe
is much lower than that of chlorine, heterogeneous reactions » g 1SIng
) . o i : solubility of HBr in H,SQO,, leading to much better agreement
leading to bromine activation may be important, since these . .
. : g between model and experiments. However, for the solubility
reactions are much faster compared to chlorine reactidhss

fact could compensate the lower abundance of bromine. It hasofl!_c:Br mhternary dsc>||utllonsd((aj>_<per|mrclantal Qatg jlre nheeded tg
been calculated that heterogeneous bromine reactions can resulf® ate these models. In addition, the revised data have to be
in a 30% increase in stratospheric ozone depletion during periodsconverted into a simple empirical formul_a suitable for use in
of volcanic activity® In model calculations it is assumed that altr;lospherlc models as has been done in the study of Luo et
heterogeneous hydrolysis of BrONM@s the most important
bromine activating reaction since HBr concentrations are too
low in these model&® However, recent field observations show
much higher stratospheric HBr concentrations in the range2 1
ppt®1compared to the models. Therefore, it can be concluded
that there might be either some unknown HBr sources such as
the reaction of BrO with OM or that HBr sinks were
overestimated. Accordingly, bromine activating heterogeneous The solubility of HBr in HSOy/H,0O and HNQ/H,SOy/H,0
reactions involving the reservoir species HBr could also be of solutions was determined by measuring the vapor pressure of
importance for the destruction of ozone. HBr over stirred bulk solutions with known liquid-phase
Besides the determination of reaction probabilities, exact concentrations.
knowledge of the solubility of HBr in the aerosol solutions The HBr vapor pressure was monitored by tunable diode laser
important for the atmosphere is needed to calculate the influencespectrometry (TDL) using long path absorption in a 436 L
of bromine activating reactions on the ozone depletion. While reactor equipped with a White mirror system with an optical

Accordingly, the aim of the present study was a detailed study
of the solubility of HBr in HSOy/H,O and HNQ/H,SOy/H,0
solutions as a function of composition and temperature, includ-
ing a simple parameterization of the data.

2. Experimental Section

the stratospheric background aerosol consists-60—80 wt path length of 47.7 m. The absorption cross sections of two
% H,SQOy,13it is assumed that polar stratospheric clouds of type HBr lines at 2634.891 and 2635.297 chwere calibrated (i)
1b are liquid ternary solutions of @, H,SO,, and HNG.4 In by vapor pressure measurements of pure HBr in a 15 cm cell

addition, polar tropospheric aerosols with sulfuric acid concen- and (ii) by injection of different diluted HBr solutions of known

10.1021/jp000815u CCC: $19.00 © 2000 American Chemical Society
Published on Web 08/26/2000



8490 J. Phys. Chem. A, Vol. 104, No. 37, 2000

mass and concentration into the 436 L reactor. Details of the
diode laser spectrometer are reported elsewHere.

The acid mixtures were added & 1 L glass container that
could be cooled te~190 K in a thermostated ethanol bath (see
Figure 1). The container was connected with the 436 L reactor
by a glass tube of 4 cm diameter equipped with a Teflon valve.
Typically, 125 mL of the acid mixture was prepared by mixing
different acids of well-known concentration at low temperatures
(<250 K) in the glass container. To avoid the formation of a
temperature gradient, the mixtures were stirred with a Teflon
stirrer driven by an electrical motor that was separated from
the glass container by a magnetic clutch. The temperature of
the mixture was monitored with a calibrated thermocouple with
an accuracy of better thah0.5 K. The experimental setup is
shown in Figure 1.

After the reactor was evacuated+d.0 -2 mbar the Teflon

valve of the preevacuated acid container was opened and the

increase of the HBr vapor pressure was monitored as a function
of time by the diode laser. The concentration time profile of
HBr effusing from the container into the 436 L reactor was
described by a first-order process with a rate condtagtase
After the equilibrium between the gas and liquid phase was
established, the valve was again closed and the first-order HBr
wall loss rate constankya, was determined. To account for
the deviation of the gas-phase concentration caused by wall
losses, the measured HBr concentration under equilibrium
conditions was corrected by using the measkig@ascandkyai
coefficients:

[HBI’] corr — [HBI’] eq(l + I(Wall/kincreasé (1)
Under typical conditionincreasewas found to be much larger
than kyan (~10"! compared to~10"2 min™1), therefore, the

corrections were of the order of only a few percent. Except for
total pressures>0.2 mbar, which were obtained at high
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Figure 1. Experimental setup.

wall losses. However, for most conditions, i.e., high solubility
and high HBr liquid concentration, changes dg could be
neglected.

The acid concentrations of single HBr, HN@nd HSO,
solutions and those of the acid mixtures after the experiments
were determined by standard titration kit N NaOH. The acid
concentration after the experiment was in good agreement with
the theoretical value. In addition, the density of the mixture was
determined after the experiment, which was also in agreement
with the theoretical value. Accordingly, volume contraction of
the mixtures and changes of the acid concentration during the
experiments were neglected. For the conversion of the acid
concentration from mol £! to wt % the density at 298.15 K of
the different acids was taken from the literaté#@>2% The
accuracy of the acid concentration was estimated to be better
than 0.5 wt %.

temperature and low acid concentration, the correction caused For a better comparison with literature data the effective

by the decrease ikncreaseb€came significant and thus limited
the concentration and temperature range of the experiments.

Effective Henry’s law constants,, were determined from
the corrected HBr vapor pressupg(atm) and the HBr liquid
concentratiorty (mol L™1) according to

K} Ga (2)
H pg
Since HBr dissociates in the solution according to
HBr=H" +Br~ ®3)

cq reflects the sum of the concentrations of solvated HBr and
Br-.

For the experimental conditions applied idoncentrations
resulting from the dissociation of HBr were much lower than
those of the solvents 430, and HNQ. In this case the HBr
gas-phase concentration is directly proportional to the liquid
concentratiorcg; therefore, Henry's law (eq 2) is applicable
for the experimental conditions applied.

During a typical experiment the solubility of HBr was
determined for a given acid mixture as a function of the
temperature. Since HBr in the 436 L reactor was lost to the

Henry's law constants are given in units of mofiLatm 1.
However, since the temperature dependence of the density of
the mixtures was unknown, the volume of the mixture was
assumed to be independent of temperature, a simplification that
leads only to small errors of a few percent in the calculated
values.

The uncertainty of the measured effective Henry’'s law
constants was estimated to be bet@i0% for typical experi-
mental conditions and are given by the error bars in the fiures.
Only for low acid concentrations and high temperatures, for
which wall losses became more important, was the uncertainty
estimated to be only better than a factor of 2.

3. Results and Discussion

3.1. Solubility of HBr in H 2SOq4. The solubility of HBr in
H.SO, was determined for different temperatures in the range
197-243 K and HSO, concentrations between 45 and 72 wt
%. The temperature range for a given acid mixture was limited
(i) by the total pressure t60.2 mbar (see Experimental Section)
and (ii) by the freezing point of the mixture. It was found that
the mixtures were often supercooled by up to 40 K before they
froze.

It was observed that the solubility increased with decreasing
H,SO, concentration and decreasing temperature (see Figure

vacuum system, after each gas-phase measurement the liqui@). The first observation can be explained by (i) salting out of

concentrationcy of HBr decreased during the experiment.
Accordingly,cq was calculated from the initial liquid concentra-
tion, the measured gas-phase concentration and the estimate

HBr by H,SO, and (ii) by the equilibrium (3), which is shifted
toward HBr with increasing acidity. The temperature dependence
df the effective Henry’s law constarik{) can be described by
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oP o° —85.1+1.9 —116+ 6
45.3 (1.80) 53.4 —56.3:2.1 —135+9
s| 55.3(0.217) 56.3 —53. A4 3.1 —-129+14
57.5(0.217) 58.5 —53.0£7.3 —134+32

55.1 (1.00) 59.6 —43.7£ 45  —99+ 40
4t 60.4 (0.132) 61.0 —49.9£6.9 —130+ 29

62.5 (0.072) 62.8 —442+07 —112+3
5L 62.4 (0.144) 63.0 —415+25 —102+11

9 TABLE 1: Enthalpy ( AH) and Entropy (AS) of Solution
O 55.1%(1.0) and Dissociation Calculated from the Temperature
gl W 55.3%(0.22) Dependence oK}, (Eq 4) for Different H ,SO,
O 65.3%(0.062) Concentrations?
A 69.7% (0.01)
7t A 69.9% (0.0058) Chzs0y (WE %) Chzsucom (W %) AH AS
* & 72.2% (0.003) [Cer (MOl L7Y)]  corrected for HBr  (kJ molY) (I moftK2)
X et
=
W
L

) , , ) , 62.8 (0.14) 63.4 —46.8+15 —125+7
12 44 46 48 50 64.1 (0.058) 64.4 —43.6+23 —115+9
0 65.1 (0.10) 65.5 —459+65 —129+31
1000/T [K ] 65.3 (0.062) 65.5 —41.4+27 -110+12
Figure 2. Plots of the logarithm of the effective Henry’s law constant ~ 66.9 (0.058) 67.2 —40.4+£29 —113+13
(K} as a function of the inverse temperature for differenS€, 69.7(0.01) 69.7 —359+54  -105+25
concentrations. The numbers in the inset show t584 concentration ggg Eggggg ggg _gggi %Z _ﬁgi ?3
9 i i i ; .6 (0. ) —37. ) -
(L\Aﬁ)_/o) while the numbers in brackets give the HBr concentration (mol 72.2 (0.003) 792 306146 102421
, . a Ch,sau(com) Feflects the acid concentration assuming infinitely diluted
the van't Hoff equation: HBr solutions (see texthSwas calculated from the intercept of eq 4
taking into consideration the concentration of the solves8® (see
In Kfy,y = —AH/RT+ ASR 4) text). ® For pure water, literature data from ref 27 were used.

wt % H,SOy). However, for low HSO, acidity higher HBr
liquid concentrations had to be applied in the experiments in
i . . . order to keep the HBr gas-phase concentration above the
However, in eq &K, is defined as the mole fraction of HBr  jatection limit. Under these conditions a significant influence
n HZSO_“ assuming a stgndard state of 1 atm for HBr in the gas of K}, on the HBr concentration was observed. From Figure 2
phase, in contrast tg th'sfitUdy whet is calculated accord- it is avident that for the experiments with 55 wt %%$0, the
ing to eq 2 in mol L™ atm™. Accordingly, for the calculation g pjlity of HBr decreased with increasing HBr content. This
of AS from our expe[|lmental data the concentration of the opsernation can be explained by the fact that tHeaktivity of
solvent BSGy in mol L was7taken into consideration, similar e sojutions is caused to a large extent by the added HBr for
to the Ystudy of Williams et al” For low HBr concentrationthe |4\ 1,50, and high HBr concentration. In this case equilibrium
Henry's law constant in eq 4 can be replaced by (3) is shifted more to HBr, leading to a decreasing effective
" " 1 solubility with increasing HBr liquid-phase concentration.
Hoo = Kieq 2fSOIvent] ®) Hence,yHBr quuid-phasg concen?ratiorr:s in the experiments
should be as low as possible since atmospheric aerosol
concentrations are also expected to be extremely low. Williams
et all” estimated that the HBr concentration in stratospheric
AS= (intercept— log(10)[solvent])x 8.314x In 10 (6) background aerosols isl}TS mol L™t at 210 K .and 66 wt %
H,SOy. However, since it was not possible to carry out HBr
From the experimental temperature dependence, as exemplifiedneasurements in the gas phase with HBr concentrations
in Figure 2, the enthalpy and the entropy of solution and prevailing in the stratosphere the effect of the HBr concentration
dissociation was calculated for the differend3®, concentra- on the measured effective Henry’s law constants had to be
tions. Both thermodynamic values are listed in Table 1 together corrected. Since the Hactivity of the different solutions can
with literature values for the solubility of HBr in pure watér only be estimated by complex models (e.g., Carslaw &)al.
assuming complete dissociation (eq 3). The given errors the activity was replaced by the concentration for the correction.
represent only the statistical precisiow)2The values ofAH Similar to other studies (e.g., Tabazadeh &Pt was estimated
were observed to continuously increase with decreasp8d that sulfuric acid is completely dissociated at low temperature
concentration in the range-@2 wt % (see Table 1). This is  and acid concentration, i.e., conditions for which deviations from
caused by the decreasing degree of solvation with decreasinghe ideal Henry’s law were found to be significant. To correct
water weight fraction. In contrast, the valuesA8 are constant the data to infinite dilution of HBr, the H concentration of
within the experimental errors (see Table 1). However, since HBr was added to that of 330y, leading to an increased,H
the errors ofAS are very large, single values for the different SO, concentrationcy,so,com). The correction was found to be
H,SO, concentrations have to be treated with caution. Accord- significant for high HBr and low BSO, concentrations (see
ingly, a weighted mean value &fS= —1164 7 J moft K=1 Table 1).
was derived from all experiments, which is in excellent To describe the solubility of HBr as a function of both the
agreement with the value for pure wafesf —116+ 6 J mol? temperature and the, 80O, concentration, the thermodynamic
K1 (see Table 1). data obtained from the temperature dependence (4) were
According to Henry’s law, the solubility should be almost parameterized as a function of the correcte®®, concentra-
independent of the HBr liquid-phase concentrations in the casetion. However, the errors determined for the entropy change
of diluted solutions. This was indeed observed for the low HBr ASwere found to be very large due to the limited temperature
concentrations used for high,860, acidity (see Figure 2, 69.9 range of the experiments (see Table 1). Accordingly, the

in which T denotes the absolute temperatuké] the enthalpy,
and AS the entropy of solution and dissociation, respectively.

Therefore, from a plot of log(18;, against 10007 (see Figure
2), the entropy change can be calculated by
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Figure 3. Reevaluated slope and intercept of the temperature depen-
dence of the solubility of HBr in BBOx: 1og(10K}; = m x 10007 +

b, obtained by fixing the intercept to the theoretical value calculated
with ASfor pure watet’ corrected for the concentration of the solvent
H.SQO.. The solid lines reflect quadratic fits from which eq 7 was
derived.

experimental data were reevaluated by fixing the intercept of
the temperature dependence of logi®y= m x 1000/T+ b,
to the theoretical value calculated withS for pure water
corrected for the concentration of the solvepEB)y (see above).
The reevaluated values af andb are shown in Figure 3 as a
function of the corrected $$0O, concentration, including the
values for pure watet. Both values were parameterized by
quadratic functions of the $50, concentration, leading to an
equation from which the effective Henry’s law constant can be
calculated as a function of both temperatdrgK) and the
corrected HSO, concentrationgi,soycorr) (Wt %0):
|09(10)<ﬁ = mHZSOA(corr) x 1000/T+ bHZSO4(corr) (7)
The HSO, dependence offy,so,corry and by,soycorr) IS Well
described by

— 2
m|—|2804(corr) =m X CHZSO4(c0rr) + m, X CHZSO4(corr) + mS(K)
_ 2
Bh,s0,com) = P1Ch,s0,com) T P2Ch,s0,com T Ps

with the following values for the parametergs — mgand b —
b3:

m, = —1.977x 10* (wt % 2K),
b, = —8.979x 10 (Wt % ?)

m, = —2.096x 10 % (wt % *K),
b,=2.141x 1072 (Wt % %)

m, = —4.445 (K), b, = —6.067
From the parametemy,socom the enthalpy of solution and
dissociation for HBr in HSO, can be calculated:AH
—Mu,soycom X 8.314 x In 10 (kJ mot?). With eq 7 all
individual experimental data points can be calculated with an
accuracy of better than a factor of 2 (see Figure 4) and an
average deviation of17%.

The experimental results for the solubility of HBr in sulfuric
acid solutions are in good agreement with experimental literature

datal’~1° The results of Williams et al? Abbatt et al18 and

Kleffmann et al.

log(10) KH*

H,S0y (conr, [Wt%]

Figure 4. Comparison of the experimental solubility of HBr inH
SO, with values calculated with eq 7 as a function of the corrected
sulfuric acid concentration and temperature.
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Figure 5. Comparison of the calculated solubility of HBr in,&O,
(eq 7) with model calculations of Luo et 8t.(a) with data of Williams
et al}” and (b) with data of Abbatt et &.and Abbatt and Nowak.

those of Abbatt and Nowakagree at least within a factor of
~2 with the data calculated using eq 7 (see Figure 5). For the
study of Williams et al” only the direct vapor pressure
measurements were taken into account for 54, 60, and 66 wt
%, since their values determined from the kinetic uptake
measurements are up to a factor-0% higher. The diffusion
constant of HBr in HSO, has to be known for the calculation
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of the solubility from kinetic uptake measurements. Accordingly, TABLE 2. Enthalpy (AH) and Entropy (AS) of Solution

it might be possible that this discrepancy is caused by an errorand Dissociation Calculated from the Temperature
in the diffusion constants us&8l. Dependence oK}, (Eq 4) for Different HNO 3 and H,SO,

o . . ncentrations and Different Cyig?
It is interesting to note that values calculated with eq 7 are Concentrations and Different Cacid

in excellent agreement with the study of Abbatt and NoWiak ~ Ginos/Crusa, (WL %) - Ginosgeorrf AH AS
who investigated the solubility of HBr in 450, over a larger (Crer (MOIL™))  CGusaeory  (KImoY) (I mol*K™)
temperature and concentration range compared to the present () Cacia ~ 62 Wt %
study. The agreement for room temperature and fe®® 8-8;23-‘5" (8-3‘71‘3") 8'8;22-3 :ji-gi S? :i%i él
concentration<53 wt % and low temperature is excellent (see 7.2/55.0 go'144g 73/55.6 —46.0+ 1.0 116+ 4
Figure 5b). Therefore, it is assumed that eq 7 can be used for 7./545 (0 36) 74/56.0 —42.6+ 2.9 —104+ 13
atmospheric modeling in the complete concentration and tem- 14.6/47.0 (0.36) 15.0/48.3 —42.6+ 1.9 —100+ 8
perature range of atmospheric interest. 24.7/36.6 (0.36) 25.4/37.7 —44.6+23 —101+11
. ; ; : ; 24.4/36.1 (0.72) 25.8/38.2 —44.7+15 —105+7
While comparing the e>§per|men_tal results of this study _thh 40.2120.0 (0.72) 126/212 a5 4L 29 ~100+ 13
the model of Luo et aP! which is based on the activity 59.7/0.0 (0.72) 635/0.0 —47.1+88 ~101+ 37
coefficient model of Carslaw et &? much higher deviations
ere observed (see Figure 5). Values calculated with eq 7 are (b) Cacia ™ 65 wt %
W ved (see Figure 5). Valu ulated with eq 0.0/65.1(0.100)  0.0/655 —459+65  —128+31
factors of 2-6 lower than those calculated by the model of Luo 0.0/64.1 (0.058) 0.0/64.4 —43.64+2.3 ~1154+9
et al?! The discrepancy increases with decreasing acid concen- 0.0/65.3 (0.062) 0.0/65.5 —41.44+2.7 —110+ 12
tration in contrast to the recommended concentration range of 9.6/55.6 (0.058) 9.6/55.8 —40.9+11.9 —99+ 54
the model. The observed trend is also evident when the 13-2?32-2 ((8-822)) 13'66//5455-88 Thoiies et le
experlmental_values of thg o.ther studies are pompared withthe 5,340’5 (0.143) 245/40.9 —48.0+ 1.9 121+ 8
model (see Figure 5). Deviations of the experimental data from, 34 .7/28.3 (0.36) 35.6/29.1 —62.7+ 4.6 —173f 21
e.g., the study of Williams et &f.for 54 wt % HSO, can reach N
. (€) Cacia~ 70 wt %
nearly 1 order of magnitude compared to the model. The model ( /69.7 (0.0102) 0.0/69.7 —35.94 5.4 —105+ 25
of Carslaw et al?? on which the study of Luo et &kis based, 0.0/69.9 (0.0051) 0.0/69.9 —38.7+1.9 —118+38
was very recently revised by Massucci et&lor HBr leading 0.0/70.6 (0.005) 0.0/70.6 —37.8+3.4 —1164 13
to much better agreement with experimental studies. However, 10.0/59.7(0.050) ~ 10.1/59.9 —40.1+15  —11347
since the activity coefficient models are very complex, the 20.4/49.0 (0.099) 20.5/49.3 —37.4+2.1 —93+11
o 31.2/38.2 (0.099) 31.5/38.4 —35.7+ 2.3 —80+11
parameterization from the present study (7) can be adapted much 45 31567 (0.141) ~ 42.8/27.0 —33.7+ 3.8 —70+ 17
easier for atmospheric modeling. 48.4/21.0 (0.099)  48.7/21.2 —38.2+7.7 87434
3.2. Solubility of HBr in H,SO4/HNO3/H,O Solutions. 69.3/0.0 (0.100) 69.9/0.0 —57.1+£157  —158+69

Similar to the experiments with pure;80,/H,0 solutions, the
solubility of HBr was also determined in HN,SO/H,0
mixtures. For simplification of the interpretation, three sets of
experiments were performed in which the water weight fraction
of the mixture was held almost constant, whileS&, was
replaced stepwise by HNOIn these experiments62, ~65,
and ~70 wt % total acid concentration was used. The

@ CHnog(corr) aNd Chysoucor) reflect the acid concentrations assuming
infinitely diluted HBr solutions (see textASwas calculated from the
intercept of eq 4 taking into consideration the concentration of the
solvent (see text).

4). Again, for calculatingAS from our experimental data the
concentration of the solvent, i.e., sum of,f0] + [HNO3],
was taken into consideration according to eq 6. Although the

concentration range was limited, since for higher acidity \4)yes ofAS were again found to have large errors caused by
reactions of impurities caused significant changes in the HBr 4 jimited temperature range, a weighted mean valusS
liquid-phase concentration. For lower acid concentration, where —111+ 12 J mot! K-1 was d,etermined for all experiments

high solubility was found, too high HBr liquid-phase content \hich is again in good agreement with the literature value for

had to be used. For this condition the effective solubility was
again affected by the Hactivity of HBr (see section 3.1).

In the experiments with HBr/B8Oy/HNOs/H,O mixtures the

pure water’
It was observed that the solubility of HBr increased with
increasing HN@concentration for a given water weight fraction

formation of products such as BrNO from the reaction of HBr (see Figure 6). For a quantitative comparison of the data for
with impurities was observed by FTIR spectrometry. Accord- similar total acid content two problems occurred: (i) the acid
ingly, the HBr liquid-phase concentration, which was calculated content, i.e., the sum of [HN§pand [H,SOy], showed a small
from the initially added amount of HBr and which was corrected variability for a given set of experiments, which had a significant
for gas-phase losses to the vacuum system after every gas-phasgffect on the solubility (see section 3.1), and (i) again, similar
measurement, could have changed during the experiments as g the experiments with 450, the added HBr caused significant
result of these reactions. This would lead to systematic errorsyariations of the Henry’s law constant (see top of Figure 6).
of the effective Henry’s law constants. To establish whether  |n order to overcome these two problems, first the effect of
the liquid-phase concentration of HBr had significantly changed the HBr concentration on the Henry's law constant was
during the duration of an experiment that was up to 12 h, the corrected. Again, it was assumed that H\N&d HSO, were
effective Henry’s law constant was measured for similar completely dissociated. In order to extrapolate the data to infinite
conditions at the beginning and the end of the experiment. The dilution of HBr, the H- concentration of HBr was added to
similar results obtained for the effective Henry’s law constants that of HNGQ; and HSQ;, according to their relative Hcontent.
indicate that HBr losses caused by reactions can be neglectedrhis correction leads to increasing acid concentrations (see Table
for the experimental condition applied, i.e., for-620 wt % 2). Second, the measured Henry's law constants were normal-
acid concentration ang195-240 K. ized to an acid concentration, i.e., the sum of the corrected
In Table 2 the different acid compositions used in the concentrations of HN®and HSO,, of exactly 62, 65, and 70
experiments are listed together with the thermodynamic datawt % for the different sets of experiments. It was assumed that
obtained from the temperature dependence of the solubility (eqrelative changes in the solubility caused by variations in the
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Figure 7. Comparison of the experimental solubility of HBr in HNO
H.SO/H,0 mixtures with values calculated with eq 8 as a function of
the corrected nitric acid concentration and temperature. The experi-
6r mental solubility was normalized to infinitely diluted HBr solutions
with an acid concentration of 65 and 70 wt %, respectively (see text).
same data normalized ] ) . )
HNO; concentration, did not show a systematic trend with the
5¢ acid concentration for the different sets of experiments, mean
, . L . . L values were derived. Therefore, the following equation was
4.0 42 4.4 4.6 4.8 5.0 52 obtained, from which the effective Henry’s law constant can

1000/T [K'] be calculated as a function of the temperaftirg<), the acid

Figure 6. Effective Henry's law constant of HBr in HNgH,SQy/ concentrationacig = Crzso, + Crinos (Wt %), and the HN@
H,O mixtures. Numbers in the inset represent the HINGBO, concentrationgqno, (Wt %):

concentrations (wt %), while the numbers in brackets give the HBr

concentration (mol LY). The top figure shows the original data, while  10g(10K}; 1 so HNo.T =

the bottom figure shows the same data after normalization for infinitely G

diluted HBr solutions and for an acid concentration of 62 wt % (see m—|ZSO4,HNO3,T x 10007 + bHZSO4,HNO3,T (8)
text).

acid concentration of HNQand HSO, are similar to those for The slope and the intercept of eq 8 are given by

pure BSOs. Accordingly, the solubility was normalized to equal

_ 2
acid concentration by taking the acid dependenc&pffor M s0,HN0, T = MCino,” T MeCino, T Mhcid (K)
pure HSO, from eq 7, in which the sulfuric acid concentration b —b 24 p b
CH,so, Was replaced DYCacid = Chyso, + Chnos IN order to H,50,HNO, T = P1Chino, + ZCHN03+ acid

establish whether the applied normalizations were reasonable,
the HBr concentration was varied for three different acid The values ofmycig andbacia are equal to the valuesy,sq, and
mixtures. The experimental data clearly show that the Henry’s br,so, Obtained from eq 7, respectively, except thako, was
law constants decrease again with increasing HBr concentration,replaced byCacia = Ch,sa, 1 Cnos- The following mean values
similar to the observations for pure;S0; (see top of Figure ~ of my, mp, by, andb, were derived for the description of the
6). After normalization to an infinitely diluted HBr solution and ~ solubility of HBr in HNO3/H,SO/H,0 mixtures:
equal acid content, the corrected Henry’s law constants were
equal within the experimental errors (see bottom of Figure 6), M, = 4.726x 10> (Wt % 2K)
indicating the validity of the corrections. _ -3 o1

In order to describe the solubility of HBr as a function of all m, = 9.421x 107 (Wt % ~K)
variables, i.e.;T, Cy,s0,, andcuno, the thermodynamic data

— —5 ~2
obtained from the temperature dependence (4) were againbl_ 1.018x 10 (wt% )

parameterized. Again, since the errors A& were found to be b, =2.842x 107> (wt % )
very large, the experimental data were reevaluated by fixing

the intercept of the temperature dependence, lo#(16) m x From the parameteny,sqo,r1no, T the enthalpy of solution and
10001 + b, to the theoretical value calculated wits for pure dissociation for HBr in HSO/HNOs/H,O mixtures can be
water corrected for the concentration of the solverniS® and calculated byAH = —my,so,com % 8.314x In 10 (kJ mot?).
HNO; (see above). The reevaluated valuesroéind b were Equation 8 describes all individual experimental data points of

plotted as a function of the corrected Hjl€ncentration for the HNGyH,SO/H,0 mixtures with an accuracy of better than
each set of experiments, i.e., for acid concentrations of 62, 65,a factor of 2 and a mean deviation #£28%. In Figure 7 the
and 70 wt %, respectively. Both values were parameterized by experimental data points fag.q = 65 and 70 wt % are shown
guadratic functions of the HNxoncentration for each set. The in comparison with values calculated by eq 8. It should be
intercepts of these quadratic functions, i.e., the values obtainedemphasized that eq 8 is equal to eq 5 for pusS®, leading

for pure SO, of 62, 65, and 70 wt %, were fixed to the values to the same good agreement as already explained above.
obtained by eq 7, for which an extended data set was available. The observed trend of increasing solubility of HBr when
Since the remaining parameters, which are dependent on theexchanging HSO, by HNO; at constant water weight fraction
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5 ° For ternary HN@/H,SOy/H20 solutions, an increase in the
s solubility of HBr was observed on exchanging3®s by HNO;

at constant water weight fraction. This trend is qualitatively in
. . .
good agreement with model calculations. However, the observed
trend is much larger compared with the model calculations,
leading to higher solubility than expected in Hjch ternary
solutions.

The data set now available for the solubility of HBr in-H
SOWH,0 and HNQ/H,SO/H,O may be used to test the validity
of existing models and to further improve the models. In
. % & Gy =62w% addition, the simple parameterization of the solubility can be
o B O =65 W% used for modeling the effect of heterogeneous HBr reactions
P R ® .y~ 70w on atmospheric ozone destruction.
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