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Measurements of the reaction probabilities (γ) for ClONO2 onto sulfuric acid solutions at 200-270 K are
described. ClONO2 uptake due to reaction with H2O and with HCl in H2SO4 solutions (45-55 wt %) was
investigated at 203-205 K. ClONO2 hydrolysis was also investigated on 36.5, 40, and 75 wt % sulfuric acid
solutions over a range of temperatures. The measuredγ are generally in good agreement with previously
reported values. In addition, the solubility of HCl was determined for 45 and 50 wt % sulfuric acid from 200
to 225 K. The uptake of ClONO2 onto small sulfuric acid particles was studied resulting in a lower limit to
the sticking coefficient of 0.5. ClONO2 reaction probabilities were also measured on H2SO4 solutions containing
significant amounts of HNO3. In opposition to previous reports, HNO3 was found to have a significant effect
on γ for ClONO2: it is as low as one-half of that expected for the comparable HNO3-free solutions. The
measuredγ on sulfuric acid solutions at 203( 2 K are discussed in terms of solubility, diffusivity, and bulk
and surface reactions. Within this framework, the measuredγ were fit as a function of H2SO4 and HCl
content, thus allowing for the measurements to be extrapolated to atmospheric conditions.

Introduction

An important heterogeneous reaction in the high latitude
lower stratosphere is1

In the laboratory, this reaction has been shown to readily occur
on many types of materials found in the cold stratosphere,
including supercooled sulfuric acid.2-8 In previous work from
this laboratory,2 R1 was measured as a function of partial
pressure of HCl,pHCl, at 203 K on sulfuric acid solutions
representative of the lower cold stratosphere. These measure-
ments covered the range of typical [HCl] for liquid H2SO4
particles in the atmosphere. Zhang et al.6 and Elrod et al.7

conducted similar measurements and reported that their values
for γ for R1 (γR1) were in good agreement with those of Hanson
and Ravishankara.2 Furthermore, Ravishankara and Hanson9

concluded that liquid droplets, supercooled to near the ice frost
point, could facilitate R1 more efficiently than would other Type
I polar stratospheric cloud particles such as nitric acid trihydrate
or sulfuric acid tetrahydrate.
Recent work on the thermodynamics of sulfuric acid solu-

tions10,11 has resulted in water activities, and HCl and HNO3

solubilities, that can be used to predict the H2O, HCl, and HNO3
contents of supercooled sulfuric acid in the stratosphere. The
values of some of these quantities, in particular the water activity
and HCl solubility in solutions containinge 50 wt % H2SO4,
are significantly different than what was used by Hanson and
Ravishankara;2 thus, changes in the rate parameters for R1 are
expected. Also, it has been shown12-14 that sulfuric acid
solutions, when cooled to temperatures near the frost point, take
up a large amount of nitric acid. The reaction probabilities for
ClONO2 have been reported5-7 to be not significantly affected
by the presence of dissolved HNO3.
Robinson et al.8 reportγ for the hydrolysis of ClONO2

on sulfuric acid over a range of temperature and H2SO4 content.
They presented an analysis of theγR2 data based on the well-
known equation15

whereR is the mass accommodation coefficient,ω is the mean
thermal speed,H is the Henry’s law coefficient,k is the loss
rate coefficient in the liquid, andDl is the liquid-phase diffusion
coefficient. Further measurements ofγ for ClONO2 hydrolysis
over a range of temperatures and H2SO4 contents are needed to
test their formulation.
New measurements of R1 and of the hydrolysis of ClONO2

(R2) are reported here.γ as a function of HCl content was
measured for 45, 49.5, 51, 53, and 55 wt % H2SO4. Measure-
ments ofγR1 andγR2 on HNO3/H2SO4/H2O solutions are also
reported. Measurements of the Henry’s law coefficient for HCl
(H*HCl) in sulfuric acid solutions and mixed nitric/sulfuric acid
solutions were also performed.
Ravishankara and Hanson9 noted that the value of the mass

accommodation coefficient (R) for ClONO2 is uncertain but is
likely to be close to unity rather than 0.3, a value that was chosen
arbitrarily.2 A related parameter is the sticking coefficientS,16

the fraction of collisions with the surface that result in
accommodation on the surface. Reported here are measure-
ments on aerosol particles containing 49 wt % H2SO4 and∼10-2

M HCl in order to determineS (and/orR) for ClONO2.

Experimental Section

Bulk Experiment. Reaction probabilities on bulk liquids
were measured in a rotating wetted-wall (RWW) flow reactor
described by Lovejoy et al.17 and Hanson and Lovejoy18 using
the procedures described in Hanson and Ravishankara;2 only

ClONO2 + HCl f Cl2 + HNO3 (R1)

ClONO2 + H2Of HOCl+ HNO3 (R2)
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the significant changes in the bulk experimental technique are
described in detail here. Detection of reactants and products
was accomplished with a chemical ionization mass spectrometer
(CIMS) as described previously.2,4,19,20 The solution H2SO4
contents investigated were the following: for R1 and R2, 45,
49.5, 51, 53, and 55 wt % at 203-205 K; for R2 only, 75 wt
% from 200 to 270 K and 36.5, 41, and 45 wt % at 203 and
230 K. Water vapor was added to the He carrier gas to match
the H2O vapor pressure of the solutions.10,21

A few different RWWs were used in this work, and the inner
diameters ranged from 1.85 to 1.90 cm. Standard analysis
procedures22were used to extract values forγ from the measured
first-order loss rate coefficients. The small glass-encapsulated
“stirring” bar18 in the RWW or the glass rod applicator2 were
not used in these experiments because they are a possible source
of systematic error. These glass rods (0.4-0.8 mm o.d.) rest
on the flow tube wall in the measurement region and compro-
mise the cylindrical symmetry of the flow tube. This could
appreciably affect the extractedγs when gas-phase diffusion
significantly affects the measured loss rates22 (i.e., whenγ is
> 0.05 for typical conditions).
For the measurements ofγR1, HCl was doped into the 49.5,

51, 53, and 55 wt % solutions from the gas phase. HCl
introduced with the carrier gas is taken up by the liquid in the
RWW until saturation is achieved.18 Saturation of the solutions
was ensured by comparing the HCl entering the flow tube to
the HCl in the carrier gas after it passed over the liquid. At
203 K, the time needed to ensure saturation of the solutions is
very long for the 49.5 and 51 wt % solutions; thus, HCl vapor
was added to these solutions at 230 to 250 K (whereH*HCl is
0.05 to 0.01 times that at 203 K10.) The RWW was then cooled
to 203 K where reactive uptake of ClONO2 was measured. At
all times, water vapor in the He carrier gas was set to match
the H2O vapor pressure of the solutions.10,21

For 45 wt % H2SO4, HCl was added by mixing pure 45 wt
% H2SO4 with small amounts of 45 wt % H2SO4 solutions that
contained known amounts of HCl.23 The 50 wt % H2SO4 and
the HNO3/H2SO4 solutions were prepared in a similar manner,
and the solution [HNO3], [H2SO4], and [HCl] were determined
from the mixing stoichiometry. The solution densities were
taken from the Carslaw et al.10 model for the H2SO4/H2O
solutions and densities of 1.44-1.30 g cm-3 were used for the
HNO3/H2SO4/H2O solutions. The solutions were kept cool to
minimize evaporation of HCl or HNO3 during mixing; HCl was
added to solutions that were cooled to∼273 K (H*HCl is >103
M atm-1).
HCl solubilities in 45 and 50 wt % sulfuric acid solutions

were determined by measuring the partial pressure of HCl (pHCl)
over solutions containing 10-2 to 10-3 M HCl located in the
RWW. The HCl concentration in the sulfuric acid solutions
was determined from the mixing stoichiometry as described
above. A flow of He (1.5-4 STP cm3 s-1 at ∼0.4-7 Torr;
volume flow rate of 150-2500 cm3 s-1) over the solution
saturates with HCl at thepHCl of the solution24 andpHCl was
determined using the CIMS (see below).
Particle Experimental Procedure. The experimental pro-

cedure was essentially the same as described previously.18,25

The H2SO4 content of the conditioner was 49.5 wt %, and the
temperature was 240 K. Total pressure (N2) in the particle flow
tube was typically 160 Torr, and the average flow velocity was
6 cm s-1. The distribution of particle sizes is well-described
by a log-normal distribution;25 rp was∼0.07µm, logσ ∼ 0.1,
and number density∼3× 105 cm-3. γR1was studied by doping
the aerosol with HCl vapor. This was accomplished by flowing

a small amount of a dilute HCl-in-N2 mixture into the aerosol
flow downstream of the conditioner.pHCl was determined using
the CIMS signals, and withH*HCl ) 8.7× 104M atm-1,10 [HCl]
) pHClH*HCl in the particles can be calculated. The conditioner
was slightly warmer (0.5-1 K) than the flow tube which leads
to excess water vapor; however, there is also a drying effect
due to the small flows that do not contain H2O vapor. The
combination of these effects results in aerosol particles of∼49
wt % H2SO4 (estimated to be known to(1 wt %.) The
diffusion coefficient of ClONO2 in N2 was calculated26 to be
68.2(1 Torr/pN2)(T/273 K)1.93 cm2 s-1.
CIMS and HCl Calibration. The CIMS is described by

Lovejoy,27 Huey et al.,20 and Hanson and Ravishankara.19 The
SF6- reactant ion was primarily used to detect the species
ClONO2, HOCl, HNO3, and HCl as FClNO3-, SF5O-, FHNO3-,
and SF5Cl- (or FHCl-), respectively.19,20 The HCl calibration
procedure is essentially the same as employed previously in
this laboratory.2,18,24 The procedure is described in detail here
because of the importance of accurately determiningpHCl.
The partial pressure of HCl (pHCl, atm) in the RWW is related

to the HCl signal (S162, the SF535Cl- ion) in the CIMS via the
equation

whereC162 is a constant determined from calibrations (see
below),S146 andS162 are the signals due to the SF6

- reactant
ion and the SF535Cl- product ion, respectively,VF is the volume
flow rate in the CIMS (cm3 s-1), L0 is Loschmidt’s number
(2.69× 1019molecule cm-3 for STP),pRWW is the total pressure
in the RWW (atm), andF is the total gas flow rate in the RWW
(STP cm3 s-1). Note thatS162 , S146 in these experiments.
Calibrations for HCl were performed by introducing a known

flow of HCl into the CIMS and monitoring the CIMS signals.
HCl from a 1.0% HCl in N2 mixture was used, and thus, the
HCl flow rate,FHCl (STP cm3 s-1), was taken to be 0.010 times
the total flow rate of the mixture (FN2+HCl ranged from 10-3 to
10-2 STP cm3 s-1, determined by measuring dP/dt in a known
volume). The calibration constant for the CIMS is given by

whereS′146 andS′162 are the CIMS signals due to the reactant
ion and due to HCl (at 162 amu), respectively, during the HCl
calibration. The calibration constant for the CIMS is related
to the average ion-molecule reaction time,t,28

(assuming very little mass discrimination between 146 and 162
amu). k162 is the ion-molecule rate coefficient for

C162 is usually determined (eq 5) for each set of measurements.
It varies on the order of 10-20% day-to-day (a range of(25%
encompasses the variation on a longer time scale). The
uncertainty of the calibration is believed to be( 25%. The
uncertainty in the measuredpHCl can be greater than this
especially for lowpHCl because of possible small sources of
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“impurity” HCl (i.e., HCl desorbing from surfaces between the
liquid in the RWW and the CIMS).
The calibration constant is related to the dimensions of the

CIMS flow tube. Assuming perfect mixing of the HCl flow
with the CIMS flow, the average ion-molecule reaction time
is given by20,28

where tplug is the reaction time assuming plug flow,z is the
distance between the injection point of HCl and the sampling
orifice into the mass spectrometer, andA is the cross sectional
area of the CIMS flow tube. ThenC162 is given by

Calibrations for HCl provide a measure of the average ion-
molecule reaction time,t (eq 7). Note that the CIMS sensitivi-
ties for other molecules of interest can be estimated usingt
determined from a calibration and eq 6a provided the ion-
molecule rate coefficients are known. This was done to provide
rough calibrations of the CIMS for ClONO2 and HNO3, using
the rate coefficients and product yields of Huey et al.20 Note
that if the product ion is very different in mass from the product
ion of the calibrated species, this estimate could be influenced
by possible mass discrimination effects in the CIMS. Also note
that t or z determined in a calibration may be sensitive to how
well the reactant mixes with the ions in the CIMS. Calibrations
were performed by introducingFHCl with the flow from the
neutral flow tube under typical experimental conditions.
The ion-molecule reaction

was used to monitorpH2O over some of the HNO3/H2SO4/H2O
solutions. This was done to check for a change inpH2O when
the solutions froze. AbsolutepH2O were not determined.
A plot of S′162/S′146vsFHCl(VFo/VF)2, i.e., a “normalized” HCl

flow rate, is shown in Figure 1 (VFo ) 2.8× 105 cm3 s-1 is the
typical volume flow rate in the CIMS flow tube).FHCl was
varied from 10-5 to 10-4 STP cm3 s-1, andVF was (1.3-2.8)
× 105 cm3 s-1. Excellent linearity is demonstrated, and the
slope of a linear regression to the data is related toC162 via

(5). The line shown is a linear regression (forced through zero)
for data withS′162/S′146< 0.04 (shown as the inset). Data with
the largestS′162/S′146 (not included in the regression) deviate
from the fitted line up to∼20%.
TheH*HCl are determined from the solution [HCl] and the

partial pressure of HCl, thus these must be known as accurately
as possible. The solution [HCl] is known from mixing
stoichiometry to a precision of better than 5%, and possible
systematic errors (insufficient mixing, evaporation of HCl) are
thought to be less than 10%. The CIMS calibration for HCl is
estimated to be accurate to(25%. In order for the CIMS signal
to reflect the truepHCl in the RWW, full saturation of the He
carrier gas passing over the solution is necessary; this was
reported for typical flow rates.24 A test was also conducted
here for HCl evaporating from 50 wt % H2SO4 at 205 K, and
the results are shown in Figure 2, a plot of the signal ratio versus
the inverse of the total pressure,pRWW (1/pRWW is proportional
to the volume flow rate in the RWW). Excellent linearity is
displayed as the volume flow rate was varied over a factor of
∼8. Thus significant depletion of solution HCl due to the flow
of carrier gas over the liquid does not occur on the time scale
of the measurements (tens of minutes for this example). For
measurements at lowerH*HCl than for the experiment depicted
in Figure 2, low flow rates were used to ensure saturation.

Results and Analysis

The experimental results and certain aspects of the data
analysis procedure are presented in this section. Some com-
parisons with model predictions and previously reported data
are also made; more detailed discussions and comparisons are
presented in the Discussion section.
HCl Solubility. Listed in Table 1 are the measuredH*HCl

for the 45 and 50 wt % solutions at 200-225 K. The
uncertainty is estimated to be(25%. TheH*HCl for the 45 and

Figure 1. Plot of signal due to HCl (divided by reactant ion signal)
versus “normalized” flow rate of HCl. Inset is the lowest flow rate
data on enlarged axis. Open symbols,VF ) VFo; filled, VF < VFo.

Figure 2. Plot of signal due to HCl (divided by reactant ion signal)
versus inverse total pressure in the RWW. Thex-axis is a proxy for
volume flow rate in the RWW. The line is a linear regression forced
through zero.

TABLE 1: H*HCl Measured Here

wt % H2SO4 [HCl], M T, K H*HCl, M atm-1

45.0 204.8 1.30e7
214 3.75e6
225 1.11e6
204.7 1.23e7

45.3 202.5 1.38e7
45.0 204.7 1.46e7
50.0 209.8 1.36e7

222.3 3.23e5
216.5 5.76e5
205.1 2.44e6
199.8 5.00e6

t )
tplug
1.6

) zA
1.6VF

(7)

C162) 1.6
zAk162

(8)

I- + H2O+ Hef I-‚H2O+ He (9)
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50 wt % H2SO4 are also plotted in Figure 3 along with the
solubilities of Elrod et al. for 43 and 50 wt % H2SO4 and the
predictedH*HCl from the Carslaw et al.10 model (dotted lines)
and the Luo et al.29 model (dashed lines). The solid lines are
the results of least-squares fits to the logH*HCl vs 1/T data and
are discussed further below.
Corrections were applied to the previousH*HCl data from

this laboratory.24 The corrected values are listed in Table 2,
and some are shown in Figure 3. The previouspHCl was
reanalyzed (corrections of 10-25%) in the exact same manner
as the data presented here, and the densities of the solutions
were taken from Carslaw et al.10 (the density of the solutions
had been assumed to be negligibly dependent on temperature,
the solution [HCl] is increased by∼5%). The corrections to
pHCl consisted of the following: (i) The decrease in the SF6

-

ion signal during calibrations was mistakenly not taken into
account (S′146was 10-20% smaller thanS146; the resultingpHCl
are decreased by this amount30), and (ii) during the course of
this work it was discovered that the glass tubing downstream
of the RWW can be a small source of HCl. In this work, the
signal from this “contamination” HCl was typically equal to
the “background” count rate in the CIMS (20-50 Hz), thus, in

the reanalysis of the previous work, an additional 20-50 Hz
was subtracted from the measured signal. Typically, (ii) was a
few % or less effect for most of the data; however, it was up to
20% for the 45 wt % data forT e 200 K.
Reactive Uptake of ClONO2 on Bulk Liquids. Shown in

Figure 4 is the signal due to ClONO2 (FClNO3
-) versus injector

position as it was exposed to 49.5 wt % H2SO4 at 203 K. Open
symbols are data for ClONO2 + H2O (residualpHCl e 4× 10-12

atm), and filled symbols are ClONO2 uptake in the presence of
HCl (pHCl ) 1.2× 10-10 atm). Reaction probabilities (γ) are
calculated from the diffusion corrected first-order loss rateskdc22a

and are also corrected for the non-Maxwellian velocity
distribution22b using the equation

whered is the inner diameter of the flow tube.
Previously, Hanson and Ravishankara2 showed that the

variation ofγR2 with liquid composition (expressed as water
activity) could be explained in terms ofH, Dl, andk. They
parametrizedγR2 and γR1 in terms of water activity for
stratospheric conditions. Robinson et al.8 examinedγR2 (hy-
drolysis) over a wide range of conditions and presented
parametrizations in terms of temperature and H2SO4 weight
percent, and showed this to be a reasonable description ofγR2.
Here, the reaction probabilities measured at 200-205 K are also
discussed in terms of solubility, diffusion, and reaction, and these
are parametrized using mole fraction of H2SO4,X. Mole fraction
is a sensible composition variable, and many of the parameters
discussed below vary withX in a reasonable way. The
conversion betweenXand wt % H2SO4 for H2SO4/H2O solutions
is X ) (1 + (100/wt %- 1)98.08/18.018)-1.
ClONO2 + H2O. Listed in Table 3 are the reaction

probabilities for ClONO2 + H2O (γR2) on sulfuric acid measured
in this study (residualpHCl < 6 × 10-12 atm). The current
results for 36-55 wt % H2SO4 (203-205 K) are plotted vs wt
% H2SO4 in Figure 5a along with previously published data.2-4,8

In Figure 5b the current results and previous data2 from this
laboratory (36-65 wt % H2SO4 and 200-205 K) are plotted
versus mole fraction H2SO4, X. Note that the previousγ were
corrected for contributions due to R1 (∼10% or less). In
addition, theγ0 for 57.5 and 58.5 wt % H2SO4 have been revised
(0.0064 and 0.0054, respectively) from the earlier work (Table

Figure 3. H*HCl plotted versus inverse temperature for 43, 45, and 50
wt % H2SO4 solutions. Filled symbols are data measured here (circles,
45 wt %; squares, 50 wt %), open symbols are data of Hanson and
Ravishankara24 reanalyzed here, and symbols with crosses are data of
Elrod et al.7 (triangles, 43 wt %). The dotted lines are theH*HCl of
Carslaw et al.,10 the dashed lines are the Luo et al.29 H*HCl, and the
solid lines are from eq 19.

TABLE 2: H*HCl from Hanson and Ravishankara24,a

wt % H2SO4 [HCl], M T, K H*HCl, M atm-1

45.0 200 1.85e7
210 4.76e6
220 1.41e6
200 1.61e7
195 3.50e7

50.0 200 4.80e6
206 2.17e6
213 1.05e6

51.0 205.3 1.41e6
199 3.48e6
209.8 8.49e5
219.5 3.13e5
199.7 4.01e6

a These data were reanalyzed as described in the text.

Figure 4. ClONO2 loss on 49.5 wt % H2SO4 at 203 K. Open circles
are uptake without added HCl (pHCl e 4× 10-12 atm), and filled circles
are with HCl present (pHCl ) 1.2 × 10-10 atm.) Total pressure was
0.42 Torr (He), and average flow velocity was 1900 cm s-1.

1
γ

) ω
kdcd

+ 1
2
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1 in ref 2). In this work residual HCl levels were very low and
possible contributions from R1 are negligible.
In the absence of surface reactions,γR2 is described by eq 3

and the chemical terms inγR2 can be separated from the mass
accommodation coefficient

where, from eq 3,

and kR2 is the first-order loss rate coefficient for ClONO2
hydrolysis in solution. The data in Figure 5b were converted
to ΓR2 (usingR ) 1.0 in eq 10a) and plotted in Figure 5c versus
X. Also shown in Figure 5c is a least-squares fit (lnΓR2 vsX)

This expression is used to calculateγR2 as a function of H2SO4
content for atmospheric conditions.
The diffusion coefficient for ClONO2 in sulfuric acid can be

estimated from viscosity data;31,32thus the quantity 4RT(Dl)0.5/ω
can be calculated, and the quantityH(kR2)0.5 is obtained using
expression (10b). The solid diamonds in Figure 5c are the
H(kR2)0.5 values divided by 1× 106 M atm-1 s1/2; the line
through these data is a least-squares fit of logH(kR2)0.5 vsX. A
value for the reacto-diffusive length,l, equal to (Dl/kR2)0.5, along
with Dl, yields an estimate forkR2. For 60 wt % solutions (X
) 0.216),l has been measured at 250 K34 and estimated at 203
K2 to be∼0.04µm, which results inkR2 ) ∼600 s-1 using a
Dl

31,32 of 1 × 10-8 cm2 s-1 at 203 K. This also constrainsH
to be∼500 M atm-1 for X ) 0.216 at 203 K.
The variations ofH andkR2 with X are not known although

they are constrained by the values ofH(kR2)0.5. Measurements
of the reacto-diffusive length in a range of solutions would help
specify the variations ofkR2 with solution composition. Al-
though these are not presently available, reasonable choices for
these variations can be made; two different approaches are
presented in this work. In the first approach, ClONO2 solubility
is assumed to have a salt effect dependence onX that is taken
to be 1.07(HHOCl)0.5, whereHHOCl is the Henry’s law coefficient
for HOCl as a function of H2SO4 content at 203 K.33 ThisH

is plotted in Figure 5c (solid squares: data divided by 103 M
atm-1) and a linear regression of logH vs X is also shown:

The dependence forH, HHOCl to the 0.5 power, suggests a
smaller salt effect for ClONO2 than for HOCl.32 The factor

TABLE 3: Reaction Probability for ClONO 2 + H2O

wt % H2SO4 T, K γR2
a

36.5 230 0.086
40.0 230 0.059
45.0 230 0.038
36.5 203 0.113
40.0 203 0.080
45.0 203 0.053
49.5 203 0.028
51.0 203 0.022
53.0 203 0.018
55.0 203 0.011
75 270 1.6× 10-4

75 260 1.6× 10-4

75 249.5 1.4× 10-4

75 240 1.2× 10-4

75 230 1.1× 10-4

75 217 6.4× 10-5

75 208.5 5.0× 10-5

75 200 2.5((1)× 10-5

aUncertainty in measurement is(20% except where noted.

ΓR2 ) 1
1

γR2
- 1

R

(10a)

ΓR2 ) 4RTH(DlkR2)
0.5/ω (10b)

ΓR2 ) exp(-0.393- 13.13X- 50.914X2) (11a)

Figure 5. Reaction probability for ClONO2 + H2O. (a) γR2 versus
H2SO4 content: Open squares, this work; open circles, ref 2; circles
with cross, ref 4; filled triangles, Tolbert et al.3a and Williams et al.;3c

hatched diamonds, Zhang et al.;6 hatched hexagons, lowest temperature
data from Robinson et al.8 (b) Data from this laboratory for temperatures
200-205 K and 65-36 wt % H2SO4 plotted versus mole fraction
H2SO4. (c) ΓR2 ) 1/(1/γR2 - 1/1) from (b) (open circles and squares).
The estimated Henry’s law coefficient for ClONO2 (filled squares, eq
11b) are shown divided by 103 M atm-1. The quantityH(kR2)1/2 (filled
diamonds, shown divided by 106 M atm-1 s1/2) and the hydrolysis rate
coefficient,kR2, are shown (open triangles, divided by 106 s-1). The
quantity 0.1(aH2O)

2 is shown as the dashed line.10

H ) 103.479-3.906X (11b)
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1.07 was chosen to give akR2 for 60 wt % acid at 203 K of
∼600 s-1. Plotted as triangles is the first-order hydrolysis rate
kR2 (divided by 106 s-1) obtained fromH(kR2)0.5 andH. A
quadratic least-squares fit of logkR2 vsX results in the equation
(shown as the line through the data)

Also shown in the figure as the dotted curve is the square of
the activity of water,aH2O (multiplied by 0.1).10 The close
agreement ofkR2and this curve suggests that, in this formulation,
the hydrolysis rate is proportional to (aH2O)2. In a previous
description ofγR1+R2, Hanson and Ravishankara2 found thatkR2
was proportional to (aH2O)1.8. An alternative choice for the
dependence ofkR2 on solution composition, i.e.,kR2 proportional
to water activity, is presented in the Discussion section. Note
that the choice of the dependence ofkR2 on X does not have
large atmospheric consequences (see below.)
TheγR2 for 36, 40, 45, 49, 60, and 75 wt % acid (from Table

3 and previously reported values2,4,8,34) are plotted in Figure 6
versus temperature. For the results on 75 wt % H2SO4, there
is a marked dependence on temperature over this range, which
is qualitatively predicted by Robinson et al.8 The lines in Figure
6 are their “predicted”γR2; note that this procedure (Table 3 of
Robinson et al.8) results inγR2 that are substantially different
(up to 50%) from the lines shown in their Figure 4.35

Notwithstanding, the predicted values are very close to the
measurements reported here for the 36, 40, and 45 wt % H2SO4
solutions. For the 75 wt % results, there are discrepancies
between the data sets near 230 K and also between the predicted
γR2 and the measurements presented here.
From the measurements on 45 wt % at 230 K, the sensitivity

of the CIMS for HOCl relative to that for ClONO2 was
determined (assuming stoichiometric conversion of ClONO2 to
HOCl). Then, using this relative sensitivity, the amount of
HOCl was found to be equal to the amount of ClONO2 lost on
75 wt % H2SO4. In previous measurements2,4 on 75 wt %
H2SO4 only about1/2 of the expected HOCl was observed; the
implications of this are discussed below.
Reaction of ClONO2 with HCl. Shown in Figure 7 are the

reaction probabilities for ClONO2 on sulfuric acid plotted vs
measuredpHCl for the 49.5 and 55.0 wt % H2SO4 solutions
measured in this study and the previous measurements2 for the
55.6 and 58.5 wt % solutions (note that thepHCl was reanalyzed
for these data2 as described above for the previous24 H*HCl; in
the reanalysis, the previously reported2 pHCl was corrected by a
maximum of 10 and 25% for the 55.6 and 58.5 wt %
measurements, respectively). The current measurements on 55
wt % H2SO4 and the previous measurements on 55.6 wt %
H2SO4 are in excellent agreement. Also shown are dashed lines
which are fits to each of the data sets according to the equation

wherekII is the second-order rate coefficient for ClONO2 +
HCl/Cl- in solution anda ) kIIH*HCl/kR2. Equation 12 is a
modification to eq 3 that takes into account bulk reaction R1
as well as R2. As can be seen in the figure, the fitted lines do
not accurately describe the variation ofγ with pHCl. A better
fit was obtained by Hanson and Ravishankara2 by including a
term that is linear in HCl and was attributed to a surface reaction
between ClONO2 and HCl.
A recent, improved treatment16 of surface-specific reactions

in liquids resulted in the equation

whereS is the sticking coefficient,

is the bulk reaction probability term, wherekI is the sum of the
first-order loss rate coefficients in solution, for this study,kR1
+ kR2,

is the surface reaction probability term,2 whereb′ is a Langmuir-
type equilibrium constant andks is the first-order loss rate

Figure 6. γR2 as a function of temperature. Results from this work:
diamonds (open, 36 wt %; filled, 40 wt %); circles (open, 45 wt %;
filled, 49.5 wt %); open triangles, 75 wt %. Crossed symbols (diamonds,
39 wt %; circles, 49 wt %) are from Robinson et al.8 Filled squares are
from previous work in this laboratory.2,4,24 Solid lines are the values
from Table 3 of Robinson et al.8

kR2 ) 105.243-5.749X-25.348X2 (11c)

Figure 7. Reaction probability for ClONO2 plotted as a function of
HCl partial pressure for solutions with three different H2SO4 contents.
The lines are fits to the data according to eq 12, i.e., not including a
surface-specific reaction.
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coefficient on the surface, andksol and kdes are the rate
coefficients for transfer of the molecule from surface to bulk
and from surface to gas phase, respectively.16 Note thatΓR2

andΓb are related:Γb ) ΓR2(1 + kR1/kR2)1/2.
Theγ for ClONO2 on 45-55 wt % H2SO4 reported here are

plotted in Figure 8a versuspHCl along with the previous
measurements2 for 55.6-65 wt %. The previousγ for 47 and
51 wt % are of poor quality and were not included; they are in
fair agreement with theγ expected from the current results (the
scatter of the previous data is large). The curves are a result of
a global fit to the data according to eq 13 withS fixed at 1 (see
below),ksol/kdes fixed at 10, and

whereΓR2 are from Table 3 (ΓR2 from eq 11a is within 10% of
these values),a0Drel is equal to the second-order rate coefficient
kII for ClONO2 + HCl, andkR2 as a function ofX is given by
eq 11c. a0 is a fitted parameter,Drel is a function ofX, and is
Dl relative to the value for 60 wt % acid32 (see eq 16). This
form for kII contains the assumption that it varies with the

diffusion coefficient, i.e., that R1 is likely a diffusion-limited
reaction. TheH*HCl were obtained by a fit to the data (see eq
19 below).
The surface-specific reaction probability for ClONO2 + HCl

is parametrized as

whereb0 is a fitted parameter andBrel is a function ofX to take
into account the variations of the adsorption equilibrium constant
and second-order surface rate coefficient withX. The global
fit discussed here (referred to as case I) contains the assumption
thatBrel is proportional to the activity of water,aH2O. This is
the variation used by Hanson and Ravishankara2 for the surface
reaction term. Another assumption in this treatment (eq 15) is
that the ratio of the surface coverage of HCl to the [HCl] in the
bulk is independent ofX.
The diffusion coefficient for HOCl of Huthwelker et al.32 is

used as a proxy for theDl for ClONO2, and a fit of this at 203
K results in

The activity of water,aH2O, at 203 K was calculated using the
Carslaw et al.10 model for a range of H2SO4 contents and a
least-squares fit toaH2O vs X resulted in

Table 4 is a list of the experimental conditions, and theΓR2

andH*HCl used in the fits for each set of measurements. The
parametersa0 andb0 were obtained using a nonlinear weighted
least-squares fitting routine, and the values

were obtained. The standard deviations of the parameters are
σa0 ) 2.8× 106 M-1 s-1 andσb0 ) 34 M-1

. UsingkR2 from eq
11c andBrel ) aH2O (eq 17b) and the fitted values (eq 18) is
case I. Alternative fits to the data in Figure 8a (cases II and
III) using different formulations forkR2 andΓs are presented
below.
The contributions of the bulk and surface terms to the reaction

probability are shown in Figure 8b for the 55.0 and 55.6 wt %
solutions. The measured (triangles) and fitted (dash-dot line)
reaction probabilities are plotted as 1/(1/γ - 1/S) vs pHCl.
Treating the data in this manner separatesS from the chemical

Figure 8. Measured ClONO2 reaction probabilities for R1 and R2.
(a) Top: Data of Figure 6 (49.5, 55, 55.6, 58.5 wt % H2SO4) plotted
with other data from this work (45, 51, 53) and previous data from
this laboratory2 (57.5, 59.6-60, and 65 wt % H2SO4). The solid lines
are the result of a global fit to the data according to eqs 11c and 13-
19 (case I). (b) Bottom: Chemical part of the reaction probability, 1/(1/γ
- 1/S), plotted vspHCl for 55.0 and 55.6 wt % solutions (triangles).
Dash-dot line is the predictedγ (eqs 13-18) treated in the same
manner and the chemical part is separated into bulk R2 (short-dashed
line), bulk R1 (long-dashed line), and surface term (solid line.) See
text for details.

Γb ) ΓR2x1+ a0Drel

H*HClpHCl
kR2

(14)

TABLE 4: Parameters for Global Fit

wt % H2SO4 X T, K ΓR2 H*HCl,aM atm-1

45 0.131 202.5 0.0555 1.59e7
45 0.131 204.6 0.0555 1.20e7
49.5 0.153 202.8 0.0288 3.90e6
51 0.161 203 0.0225 2.30e6
53 0.172 203 0.0183 1.11e6
55 0.183 203 0.0111 5.20e5
55.6 0.187 203 0.0111 3.80e5
57.5 0.199 203 0.00644 1.77e5
58.5 0.206 203 0.00543 1.16e5
59.8 0.215 203 0.00361 7.00e4
65 0.254 203 0.000881 7.40e3

a From eq 19.

Γs ) b0BrelH*HClpHCl (15)

D1(X) ) 10-7.815+5.679X-29.252X2 (16a)

Drel(X) ) 108Dl(X) (16b)

aH2O
) 100.151-3.338X-11.896X2 (17a)

Brel(X) ) aH2O
(X) (17b)

a0 ) 1.69× 107 M-1 s-1 b0 ) 257 M-1 (18)
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terms and also allows for partitioning of the bulk and surface
terms. This quantity is equal to the quantityΓb′ + Γs from eq
13 whereΓb′ ) (1/Γb + kdes/(Sksol))-1. The bulk part of R1 is
equal toΓb′kR1/(kR1 + kR2) (long dash), the surface part isΓs

(solid line), andΓR2 ) Γb′kR2/(kR1 + kR2) (short dash).Γb and
Γs are taken from the fitted parameters (eqs 14-18),S is taken
to be 1, andksol/kdes is fixed at 10. In the log-log plot shown
in Figure 8b, the surface term has a slope of 1, and the bulk R1
term has a slope of1/2 at high [HCl] when R2 is negligible. At
203 K, this model (case I) predicts that the surface term is
dominant forpHCl above 2.5× 10-9 atm ([HCl] ) 10-3 M).
For the solutions studied here, the fit suggests that when bulk
[HCl] is greater than∼10-3 M, the surface term for R1 becomes
dominant.
HNO3/H2SO4/H2O Solutions. Solutions composed of 44.6/

4.4 (wt % H2SO4/wt % HNO3), 39.6/7.9, 30.0/16.8, and 20.3/
25.6 were prepared and doped with varying amounts of HCl
(these solutions are referred to as solutions A-D, respectively).
These compositions correspond to those expected for liquid
supercooled solutions exhibiting vapor pressures of H2O of 2.64
× 10-7 atm and of HNO3 of ∼2.4× 10-10 atm at 193.0 (A),
192.2 (B), 191.5 (C), and 190.9 K (D).10 These partial pressures
correspond to∼5 ppmv H2O and∼5 ppbv HNO3 in the lower
stratosphere (∼19 km altitude). γR1 and γR2 were measured
on these solutions at∼205 K (wherepH2O andpHNO3 are about
2 × 10-6 and 1.5× 10-9 atm, respectively). These solutions
were also doped with varying amounts of HCl, and [HCl] was
determined from the mixing stoichiometry.
Samples of the solutions were titrated with a standardized

NaOH solution before and after the experiments were performed.
The amount of [H+] in the starting solutions was 0.1-0.5%
greater than that expected from the mixing stoichiometry while
[H+] in samples after experiments were performed was generally

∼1% greater than expected. This is equivalent to∼0.5 wt %
in H2SO4. This could be due to a loss of water vapor from the
solutions during the experiments; i.e., thepH2O in the carrier
gas, which was set according to the predictions of Carslaw et
al.,10was a little lower than the partial pressure of H2O exhibited
by the solutions.
For solution D (and on occasion for C), crystalline solids

nucleated in a few spots in the solution after tens of minutes
and grew slowly, extending throughout the solutions in about
1 h. The solutions did not freeze completely; there was liquid
present after the crystals had grown throughout the solutions.
The reaction probability for ClONO2 was also investigated over
these mixed-phase solutions.
Listed in Table 5 are the compositions of the solutions

investigated, the measured ClONO2 reaction probabilities, the
observedpHNO3 and pHCl (also pHNO3 over the mixed-phase
solutions), the measuredH*HCl, and theH*HCl’s from the Luo
et al.29 and Carslaw et al.10 models. The reaction probabilities
are plotted in Figure 9 versus [HCl] along with the predicted
values for pure sulfuric acid (solid lines). The predicted values
were obtained from case I, eqs 13-18 withH*HClpHCl replaced
by [HCl]. TheγR1+R2 for solutions B-D are significantly lower
than that predicted for the corresponding pure sulfuric acid solu-
tions: approximately a factor of 2 lower with the discrepancy
increasing with the amount of HNO3 in solution. The dashed
lines are modifications to case I and are discussed below.
The vapor pressures of HNO3 over the solid/liquid mixtures

that formed in solutions C and D are consistent with nitric acid
trihydrate (NAT); thepHNO3 is within a factor of 2 of that
predicted for NAT.39 The vapor pressure of H2O over solution
D was also monitored before and after solids formed and was
found to increase∼20% upon freezing. From the measured
pHNO3 and the calculatedpH2O (taking into account the relative

TABLE 5: Reaction Probabilities, Vapor Pressures, and HCl Solubility Measurements for H2O/H2SO4/HNO3 Solutions with
Solution Composition Given in wt % HNO3/wt % H 2SO4 and (HNO3 Molal/H 2SO4 Molal) and All Measurements at 205 K
Except Where Noted

obspHNO3,
10-9 atm

predc pHNO3,
10-9 atm

obspHCl,
10-10 atm

[HCl] {wf × 10-5},d
10-3 M γ

H*HCl,
M atm-1

H*HCl
(ref 10)

H*HCl
(ref 29)

frozepHNO3,
10-9 atm frozγ

Solution A: 4.4/44.6 (1.3 m/8.89 m)
2.7 2.2 e0.1 0 0.019 6.6e6 4.1e6
2.8 2.2 2.3 {1.8} 0.74 0.084 3.2e6
2.6 2.2 3.6 {3.6} 1.4 0.12 4.0e6
2.5 2.2 7.3 {6.6} 2.6 0.20 3.6e6

Solution B: 7.9/39.6 (2.4 m/7.7 m)
1.8a 2.3 e0.1 0 0.021 1.5e7 8.5e6
2.0a 2.3 1.4 {2.6} 1.0 0.085 7.1e6
2.0a 2.3 4.0 {8.2} 3.1 0.20 7.8e6
2.1 2.7 e0.1 0 0.024 1.4e7 7.4e6
3.5 2.7 1.7 {2.7} 1.1 0.088 6.4e6
3.2 2.7 2.8 {4.8} 1.9 0.084 6.7e6
3.8 2.7 0.76 {1.5} 0.57 0.045 7.4e6

Solution C: 16.8/30.0 (5.0 m/5.8 m)
3.8b 3.2 e0.25 0 0.027 3.3e7 1.3e7
2.7b,f 3.2 0.63f {2.0} 0.75 0.083f 1.2e7 0.67g 0.16
3.7b 3.2 1.2 {5.5} 2.0 0.15 1.7e7
2.1b,f 3.2 e0.1 0 0.026f 0.67g 0.044
2.3b 3.2 0.5 {1.9} 0.69 0.084 1.4e7
2.5b 3.2 1.4 {4.8} 1.8 0.10 1.3e7

Solution D: 25.6/20.3 (7.5 m/3.8 m)
∼4f 3.2 e0.13 0 0.058f 6.7e7 2.4e7 0.44h 0.093
2.7 3.2 0.45 {3.8} 1.3 0.065 2.8e7 0.38h 0.16
3.5 3.2 1.0 {8.7} 3.0 0.10 3.0e7 0.46h 0.19

a 204 K. b 204.5 K. c PredictedpHNO3 from Carslaw et al.10 dWeight fraction of HCl is given in braxes. [HCl] in molar was calculated usingF
) 1.44, 1.40, 1.35, and 1.30 g cm-3 for solutions A-D, respectively.eMeasurements taken over mixed phase (solid/liquid) solutions. The A or B
solutions did not freeze.f These data were taken over a solution that had begun to freeze (i.e., solid phase was growing).g ThepHNO3 over NAT for
these conditions is 4.8× 10-10 atm.39 h ThepH2O increased by 22% (on average) after the D solutions had froze. ThepHNO3 over NAT for these
conditions is 2.1× 10-10 atm.39
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change inpH2O for solution D and assuming no change for C),
the Carslaw et al.10 model gives that the liquid solution
remaining after C had frozen contained 43 wt % (8.0 m) H2SO4
and 2.4 wt % (0.7 m) HNO3 and that for D contained 36.3 wt
% H2SO4 (6.3 m) and 4.5 wt % HNO3 (1.2 m). Assuming that
H2SO4 was not incorporated into the solid, the differences in
the compositions of the remaining liquid and the starting solution
imply that a solid with H2O to HNO3 ratios of 3.4 and 3.2 for
solutions C and D, respectively, had formed. Considering the
experimental and computational uncertainties, these ratios are
consistent with the formation of the NAT solid in these solutions.

γ for ClONO 2 on Particles. The uptake of ClONO2 onto
small sulfuric acid particles (49( 1 wt % H2SO4 doped with
HCl) was studied at 240 K to investigateSandR. Whenγ f
1, these measurements are much less sensitive to gas-phase
diffusion than bulk measurements, resulting in a more accurately
measuredγ and thus a better limit toS. Measurements of
ClONO2 loss were performed for two HCl levels:pHCl ) 1.1
and 2.0× 10-7 atm. The particles had a surface area weighted
mean radius,rs,17 of 0.08µm, and the number density was (2-
5) × 105 cm-3.

TheγR1+R2were measured to be 0.38((0.1) and 0.51((0.14),
for pHCl ) 1.1 and 2.0× 10-7 atm, respectively. A few
measurements were averaged, and the uncertainties are twice
the standard error of the mean.H*HCl is 8.7× 104 M atm-1

for these conditions,10 and the HCl content of the particles was
9.6× 10-3 and 1.7× 10-2 M, respectively. Theseγ provide
a lower limit to S, the sticking coefficient for ClONO2 (or
possibly also the mass accommodation coefficient16). Because
γ is still increasing with HCl in these experiments, it is likely
thatΓb and/orΓs are not large enough to force the measuredγ
to the value ofS (see eq 13), and thusS is likely to be greater
than 0.5.
This can be taken into account in a crude manner. The

measured reaction probabilities on 49( 1 wt % aerosol particles
at 240 K (open circles) and the reaction probabilities measured
on 49.5( 0.5 wt % acid at 203 K (filled circles) are plotted vs
HCl content in Figure 10. The dashed line is a fit of these data
using eqs 13-16, replacingH*HClpHCl with [HCl] and letting
a0, b0, andS vary. The solid line is the predictedγ for eqs
13-18 (case I), withS set equal to 1 (ksol/kdes ) 10 for both
cases). Note that the reacto-diffusive depth,l, for these
conditions is much smaller than the particle radiusrs; thus, the
size dependent term,16 coth(rs/l) - l/rs, is equal to 1. The data
appear to be well-described by either approach, and thusγ (for
a given [H2O] or [HCl]) is not strongly dependent on temper-
ature over this range, which has been pointed out previously.2,7

For the dashed line, the fit yielded a value ofS) 0.72((0.1;
95% confidence level). The value of S from this fit is probably
more uncertain than the 95% confidence level indicates because
the assumption thata0 andb0 do not depend on temperature is
critical to extracting accurate information aboutS using this
approach. The agreement with the predictedγ (solid line, eqs
13-18) show that a value of unity forS is consistent with the
measurements and thata0 and b0 are probably not strongly
temperature dependent. The temperature dependence of the
reaction probabilities is discussed further below.

Discussion

H*HCl. The reanalyzed24 and new 50 wt %H*HCl data from
this laboratory are in excellent agreement and also agree well
with the Luo et al.29 values (within 10%) and theH*HCl of
Carslaw et al.10 (within ∼20%). For the 45 wt % solutions,
the agreement is not as good: the reanalyzed 45 wt %H*HCl
data are about 25% lower than the results presented here which
in turn lie about 20 and 35% below the predictedH*HCl of Luo
et al. and Carslaw et al., respectively. The reason for the

Figure 9. Reaction probability for ClONO2 plotted as a function of
[HCl] for solutions containing HNO3. The solid lines are the predictions
(case I, eqs 13-18) for the binary H2SO4 solutions exhibiting the same
pH2O. The H2SO4 contents forpH2O ) 2.64× 10-7 atm andT ) 193,
192.2, 191.5, and 190.9 are 48.2, 46.6, 45.0, and 43.5 wt %. The
approximate wt % H2SO4/wt % HNO3 is indicated in the figure. Data
for solution A, 1.3 m HNO3 and 8.9 m H2SO4. Solution B contains
2.4/7.7, solution C contains 5.0/5.8, and solution D contains 7.5/3.8 m
HNO3/m H2SO4. The dashed lines are modified case I predictions:Γb

is divided by 2 in each case;Γs is unchanged for (A), divided by 2 for
(B) and (C), and divided by 10 for (D).

Figure 10. Reaction probability for ClONO2 plotted as a function of
HCl content for 49.5( 0.5 wt % H2SO4 at 203 K (filled circles) and
49( 1 wt % H2SO4 particles at 240 K (open circles). The solid line is
the predictedγ according to eqs 11c, and 13-18, and the dashed line
is a fit of the data according to eqs 13-15.
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difference between the current measurements and previous24

H*HCl for 45 wt % is not known; it is about equal to the
uncertainty in the measurements. For example, because the
solutions are not known exactly (titrated to an accuracy of(0.5
wt %), it is possible that the solutions in the earlier work were
slightly more concentrated (a 0.5 wt % change results in a
variation inH*HCl of ∼20%). Note that discrepancies of∼30%
should not be considered serious. This level of agreement
between measurements and models is satisfactory at this stage
of model development and experimental technique.
However, some experimental results are not in agreement with

the consensus. The 50 wt % results of Zhang et al.36 are about
1/4 of those shown in Figure 3; as discussed by Elrod et al.,7

their measurements36 probably suffered from instrument calibra-
tion errors. The Tabazadeh et al. model,37 which was fit to the
H*HCl values reported by Zhang et al., not surprisingly gives
50 wt % values that are also about1/4 of the solid or dashed
lines. HCl solubilities for 50 wt % H2SO4 determined from
time-dependent uptake measurements, where a value for
H*HClDl

0.5 is obtained,24,31aare in reasonable agreement with
those shown in Figure 3: theH*HCl of Williams and Golden31a

are in good agreement while the values of Hanson and
Ravishankara24 (using the sameDl for HCl) are about1/3 of the
solid line. In general, solubilities determined from time-
dependent uptake measurements are not as accurate as that
detailed above.38

The present and previous data (Tables 1 and 2) for 45 and
50 wt % H2SO4, the data of Elrod et al.7 for 43 and 50 wt %
H2SO4, andH*HCl from the Carslaw et al.10 model for 55, 60,
and 65 wt % H2SO4 (at 190-220 K in 5 K intervals) were fit
to the equation

where X is mole fraction of H2SO4. The values from the
Carslaw et al. model10 were used because reliable experimental
data in solutionsg55 wt % are lacking (note that at 250 K in
60 wt % H2SO4 this model agrees very well with a measured
H*HCl18). Equation 19a is similar to the equation presented by
Hanson and Ravishankara2 parametrized in terms of mole
fraction rather than water activity. Values of the parameters
from the fit are

where the valuesd0 ) 6922 andd1) -9800 were fixed and
obtained from a fit of lnH*HCl as a function ofX: ln H*HCl )
CX + (d0 + d1X)/T (H*HCl as a function ofTwas obtained from
Luo et al.29 for 55-65 wt % and to the data reported here for
45 and 50 wt % H2SO4).
ClONO2 + H2O. The reaction probability for ClONO2

hydrolysis can be explained in terms of solubility, diffusivity,
and reactivity as given in eq 3. The variation of these
parameters with H2SO4 content and with temperature (see
below) is reasonable. This is in general agreement with the
conclusions of Hanson and Ravishankara2 and Robinson et al.8

As depicted in Figure 6, the temperature dependence ofγR2
for the 36, 40, and 45 wt % solutions measured here is similar
to that presented by Robinson et al.8 (theseγR2, as well as for
60 wt %,2,4have effective activation enthalpies of approximately
-1 kcal mol-1). This weakT-dependence is due to a cancel-
lation of terms, as discussed previously by Hanson and
Ravishankara.2 Also evident in the figure is that theT-
dependence of the measuredγR2 for 75 wt % acid is much

different than that predicted by Robinson et al.,8 which is
probably due to their estimation procedure forDl.
Their calculatedDl led to other conclusions that may be

erroneous. For example, the slight downturn inγR2 for 36-49
wt % H2SO4 as temperature is decreased to 190 K can be traced
to the temperature dependence ofDl. TheseDl are extrapolated
outside the temperature range of the measured viscosities, upon
which theDl are based, and thus have considerable uncertainty.42

Their postulate that an acid-catalyzed hydrolysis channel must
be included to explainγR2 in strong acids (>65 wt % H2SO4)
is also influenced by theirDl: theDl in 75 wt % H2SO4 at 203
K of other researchers31,32 is ∼3 × 10-10 cm2 s-1 while the
Robinson et al.8,35 value is 3× 10-12 cm2 s-1.
The postulate of an acid-catalyzed mechanism for R2 in

strong acid also depends on the choice ofH and kR2. They
modeledH on the solubility of HOCl,HHOCl, as done here for
case I; however, they usedHHOCl

32 that have since been shown33

to be erroneous in strong H2SO4 solutions. Here theHHOCl of
Donaldson et al.33was used to obtain eq 11b. It should be noted
that assumptions aboutH strongly influence the interpretation
of the measuredγR2; indeedHHOCl may not be a good model
for H in strong acids. TheγR2 measured here for 75 wt %
H2SO4 (X ) 0.355),∼3((1.5)× 10-5 (interpolated to 203 K),
with that obtained by extrapolating eq 11a,γR2 ) 1.1× 10-5,
shows fair agreement. There does not seem to be evidence that
a different mechanism for the hydrolysis of ClONO2 operates
in strong acids.
For the 75 wt % H2SO4 results at 230 K, there is a difference

in the previousγR23c,4 and those reported here. A possible
explanation for a positive deviation of a measurement from the
trueγR2 is the presence of a reactive contaminant in the solution.
In the previous measurements on 75 wt % H2SO4 from this
laboratory, the HOCl produced was not equal to the amount of
ClONO2 lost,4 prompting Hanson and Ravishankara2 to suggest
that ClONO2 reacted with a component of the solution other
than H2O. It is possible that the solutions in the previous
measurements had small amounts of dissolved impurities that
could react with ClONO2, such as organic compounds43 (also
noted for HOCl33). Note that theγR2 for 75 wt % H2SO4 would
be affected by impurities more than less acidic solutions because
[H2O] and thus the rate for R2 is the lowest.
ClONO2 + HCl. The solubility of HCl is an important

parameter in determiningγ for ClONO2. Therefore, the choice
of whichH*HCl to use in a fitting or extrapolation procedure is
important, especially in the more dilute H2SO4 solutions (i.e.,
55 wt % H2SO4 and lower). If inaccurateH*HCl are used,
interpretation of the values ofa0 andb0 in terms of ClONO2
solubility or adsorption (H or b′), diffusivity (Dl), or reactivity
(kIIHCl/H2O or ks) would be flawed. Note that extrapolation of
the reaction probability outside of the range of measured
temperatures will be true to the data as long asH*HCl does not
vary with temperature unexpectedly and that the constantsa0
andb0 do not vary significantly with temperature.
It is assumed thatΓR2, a0, andb0 do not depend strongly on

temperature. As discussed above, this is a good assumption
for ΓR2. Also, the reaction probability for R1 was constant as
the temperature was varied from 198 to 208 K for a 47 wt %
H2SO4 solution containing 10-3 M HCl2 (similar results were
also reported by Elrod et al.7). This was attributed to a
cancellation of terms,2 where, for example, solubilityH has a
temperature dependence corresponding to∼-10 kcal mol-1

solvation enthalpy, and diffusivityDl and reactionkR2 are both
activated by∼10 kcal mol-1 (recall thatγ depends onH(Dlk)0.5,
eq 3). In addition, the constanta0, equal to the second-order

H*HCl ) exp(c0 + (d0 + d1X)/T)(e0 + e1X+ e2X
2) (19a)

c0 ) -9.021 e0 ) 0.363 e1 ) -2.616 e2 ) 4.995
(19b)
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rate coefficient for ClONO2 + HCl in 60 wt % H2SO4 at 203
K, was shown to have essentially the same temperature
dependence askR2between 250 and 202 K in 60 wt % H2SO4.2,34

As discussed above, the bulk results (203 K) and the particle
results (240 K) on∼49 wt % acid can be described using
temperature-independent values for the parametersa0 andb0.
The particle measurements are in the regime where the surface
term (b0) is dominant; thus it is likely thatb0 is not strongly
temperature dependent, at least for∼49 wt % H2SO4.41 The
constantb0 is proportional to the quantity b′kIIs/T1/2, wherekIIs
()ks/[HCl] s) is the second-order rate coefficient between ad-
sorbed HCl and ClONO2. Thus, for b0 to be not strongly
dependent on temperature, the temperature dependency ofb′
must be nearly matched by compensating variations inkIIs with
temperature. Additional measurements of the surface reaction
term over a range of temperatures are needed to further specify
its temperature dependency.
Comparison of γ for ClONO 2 + HCl with Previous

Measurements. The current measurements ofγR1 andγR2 are
in good agreement with the previous measurements from this
laboratory,2 and both sets of data were used in the fitting
procedure. The parametera0 corresponds to the quantityF in
Hanson and Ravishankara,2 and these are in good agreement.
The last term in eq 14,a0Drel[HCl]/kR2, is equal to the quantity
F[HCl]/aH2O from ref 2. Thus

For 60 wt % H2SO4 (X ) 0.216),a0Drel ) 1.7× 107 M-1

s-1, kR2 ) 600 s-1, andaH2O ) 0.075 and (20) results in a value
for F of 2100 M-1, very close to the valueF ) 2000 M-1 found
previously.2,44 Thea0 of (18) results in a value for the second-
order rate coefficient for R1 of 1.7× 107 M-1 s-1 for 60 wt %
H2SO4 at 203 K. This is comparable to the diffusion limited2

rate coefficient of∼8× 106 M-1 s-1 using a value forDl of 1
× 10-8 cm2 s-1 and a capture radius of 10 Å.
The parameterb0 for Γs in the current formulation (case I,

eqs 16-18) is less than the equivalent parameterk′′sur for Γs in
the previous formulation.2 Thus the case I fit indicates the
reaction on the surface contributes less toγR1 than the previous
fit implied.
The reaction probabilities for ClONO2 (R1+ R2) on H2SO4/

H2O of Elrod et al.7 and Zhang et al.6 are compared to this
work in Table 6. Elrod et al.7 report HCl content in weight
fraction which was converted to molarity using the H2SO4

solution densities of Carslaw et al.10 Theγ measured here at
these [HCl] are a factor of 2-3 larger than the measurements
of Elrod et al. ([HCl] was determined using the measuredpHCl
andH*HCl from eq 19; there could be additional uncertainty
introduced due to the uncertainty,∼25%, inH*HCl). The good
agreement with Hanson and Ravishankara2 that they report (see
their Figure 5) was apparently due to their extrapolation
procedure; their comparison was complicated by a conversion
from H2SO4 content to equivalent atmospheric temperature.
Zhang et al. reportγ for ClONO2 in the presence of∼4× 10-7

Torr of HCl. The Carslaw et al.10 model was used to assign
H2SO4 content from the reported conditions, andH*HCl was
taken from eq 19. The data of Zhang et al.6 are within 30% of
the present results.
HNO3/H2SO4/H2O Solutions. As can be seen in Figure 9,

the results presented here suggest thatγR1 and γR2 are
significantly affected by the presence of HNO3. TheγR1/R2 for
B-D are∼50% lower than what would be expected for the
equivalent water activity H2SO4/H2O solutions. For solution
A (4 wt % HNO3), the measuredγ are close to those predicted
for 48.2 wt % H2SO4 except for the HCl-free solution.
It is likely that HNO3 perturbs both the bulk and the surface

reaction terms. The solid and dashed lines in Figure 9 are the
γ for case I and a modified case I, respectively. In the modified
case the bulk term was divided by a factor of 2 in each case.Γs

was unchanged for A, divided by two for B and C, and divided
by 10 for D. The agreement between this crude approach and
the measurements suggests that as liquid [HNO3] increases the
surface reaction term decreases greatly while the effect on the
bulk reactions does not seem to depend on [HNO3]. A
decreasingΓs could be explained by a decreasing surface excess
of HCl and/or the surface equilibrium constant,b′, for ClONO2
as HNO3 increases.
The effect of HNO3 onΓb, assuming it is as postulated above,

is difficult to elucidate and probably cannot be explained by
the effects of HNO3 on only one parameter, i.e.,H, kR1, kR2, or
Dl. Changes inDl are likely to be small because there is
evidence that solution viscosity and thusDl will be largely
unaffected by HNO3.31b A possible explanation is that the
decrease inΓb for solutions A and B is due to decreases inkR1
and kR2 when HNO3 is present, meanwhileH is largely
unaffected by these amounts of HNO3. Then as [HNO3]
increases (solutions C and D) additional slowing ofkR1 and/or
kR2 is compensated for by an enhanced ClONO2 solubility. A

TABLE 6: Comparison to Published Data for γR1+R2 on Sulfuric Acid and HNO3/H2SO4/H2O Solutions

T H2SO4 wt % HNO3 wt % density, g cm-3 [HCl], 10-3 M γ a (ref 6) γ (ref 7) γb (this work)

203 55 0 1.52 0.12 0.010 0.022( 0.005
203 51 0 1.47 0.97 0.038 0.08( 0.02
203 49 0 1.45 2.3 0.061 0.18( 0.1

0.05

203 45 0 1.41 13 0.12 0.5( 0.5
0.25

197 49 0 5.8 0.16( 0.06 0.24( 0.12
0.06

198.5 51 0 2.2 0.10( 0.05 0.13( 0.04
0.03

201 55 0 0.33 0.04( 0.01 0.032( 0.006
205.5 60 0 0.025 0.009( 0.002 0.0057( 0.001
205 44.4 4.4 1.44 2.4 0.18( 0.1

0.05
c

203 44 6.1 1.4 2.4 0.048c

205 39.6 7.9 1.4 2.4 0.16( 0.1
0.05

c,d

203 36.2 12.6 1.34 6.8 0.07d

205 30 17 1.34 6.8 0.18( 0.1
0.05

d

203 20.2 28.3 1.25 17 0.11e

205 20.3 25.6 1.3 17e 0.25( 0.15
0.07

e

a The errors for Zhang et al.6 were assigned by estimating the scatter in the measurements.b “This work” reaction probabilities are interpolated.
HCl-content determination is detailed in the text. Uncertainties are that for a typical measurement (nonsymmetric errors are obtained whenγ >
0.1). c These points should be compared; this work (interpolated according to the [HCl] calculated) versus Elrod et al.d These points should be
compared as inc. eThese points should be compared; value from “this work” involves a large extrapolation.

F ) a0DrelaH2O
/kR2 (20)
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slowing of the hydrolysis rate would be consistent with recent
theoretical calculations by Bianco and Hynes45 for the mech-
anism of ClONO2 hydrolysis on water ice that involves proton
transfer in a cyclic complex of ClONO2 with three water
molecules. They suggest that the presence of HNO3/NO3

- could
interfere with the proton transfer and substantially decrease the
hydrolysis rate.
In Tables 6 and 7 are presented comparisons of the present

results with results from previous studies6,7 for HNO3/H2SO4/
H2O solutions. The data of Elrod et al.7 suggest differences
betweenγR1 on HNO3-free and HNO3-doped solutions of-5
to -32% (on average-13%) with no apparent dependence on
[HNO3]. A rough comparison indicates there are differences
of factors of 2-3 between the Elrod et al. measurements and
the present results, about the same discrepancy noted above for
the HNO3-free solutions. Zhang et al.6 reported one measure-
ment ofγR1 on a solution containing HNO3, a 53 wt % H2SO4/
1.2 wt % HNO3 solution, calculated from the experimental
conditions using the Carslaw et al.10 model. This amount of
HNO3 might not significantly affect theγ for ClONO2, thus,
their conclusion thatγR1 is not affected by HNO3 was drawn
from insufficient data. Zhang et al.6 also report thatγR2 is not
affected by the presence of HNO3 in the liquid. Note that, for
the measurements where appreciable amounts of HNO3 were
present, their data are consistent (within the uncertainties) with
a significant effect (compare their measuredγR2 with that
predicted using eq 11a in Table 7). TheH*HCl for the HNO3/
H2SO4/H2O solutions extracted from the data presented in Table
5 are about1/2 of the values from the Carslaw et al.10 model.
Therefore, for solutions with acid content near to (or with
equivalent water activity to) 45 wt % H2SO4, the current
measuredH*HCl are approximately1/2 of the values from the
Carslaw model. The predictions of Luo et al.29 for the HNO3/
H2SO4/H2O solutions are in quite good agreement with the
measurements (Table 5), in general within 20% of theH*HCl
reported here.
Alternative Fits of γ vs pHCl. Two alternative parametri-

zations in the global fits to the data were tried. In case II, the
expression forkR2 as discussed above (eq 11c) was used and
Brel(X) was taken to be proportional toH (eq 11b) divided by
103. This approach contains the assumption that, in the absence
of reaction, the amount of surface adsorbed ClONO2 would be
proportional to the amount of bulk absorbed ClONO2, the
proportionality constant being independent ofX. In this case,
with

values of the fitted parameters

were obtained.

In case III, kR2 was assumed to be proportional to water
activity, aH2O, and the resultingH for ClONO2 was calculated
as described above. The activity of water was used as expressed
in eq 17a and

to result in a value of∼600 s-1 for 60 wt % H2SO4 (X) 0.216)
at 203 K. A least-squares fit to the resultingH values yieldsH
) 104.256-7.415X. Fitting the data shown in Figure 8a assuming
Brel was proportional to thisH resulted in poor fits: the value
a0 was 0( 1× 106 M-1 s-1, indicating nonsensically that there
is no bulk reaction. Therefore, the quantity

was tried and satisfactory fits were obtained resulting in the
values

In general, cases II and III fit the data as well as case I above.
However, in the solutions whereγR1 is most important, 45 and
49.5 wt %, case I represents the measuredγ best. The
differences in theγ predicted for atmospheric conditions by
these cases are small and are discussed below.
Stratospheric Conditions. Shown in Table 8 are the

equations 13-19 used to calculateγR1 andγR2 for atmospheric
conditions. Mole fraction of H2SO4 can be calculated frompH2O

and temperature using an expression presented by Carslaw et
al.46 Shown in Figure 11 are the reaction probabilities for R1
and R2 for typical cold lower stratospheric conditions (pH2O )
2.63× 10-7 atm,pHCl ) 1× 10-10 atm, 190 K< T < 215 K)
from the previous formulation2 (referred to as HR94) and those
from this work (Table 8; cases I-III). S(for eq 13) andR (for
ref 2) were taken to be unity. In general, the calculated reaction
probabilities for R1 from HR94 are in good agreement with
those presented here. At low temperatures, case IγR1 are 10-
20% less than HR94 andγR1 for cases II and III are in turn
10-20% less than case I.γR2 for cases I and II are nearly
identical and are significantly larger than HR94 forT < 205 K
(X < 0.25). This is due to three effects: slightly largerΓR2

TABLE 7: Comparison to Published Data for R2 for
HNO3/H2SO4/H2O Solutions

T, K
H2SO4
wt %

HNO3

wt % γ (ref 5)a
γ

(this work) X b γR2
c

199 50.3 1.8 0.009( 0.001 0.165 0.019
196 36.4 11.2 0.032( 0.012 0.137 0.041
203 44.4 4.6 0.019( 0.004 0.146 0.033
204-5 39.6 7.9 0.022( 0.005 0.138 0.040
204.6 30 16.8 0.026( 0.006 0.131 0.048
205 20.3 25.6 0.042( 0.016 0.124 0.057

aH2SO4 and HNO3 contents assigned using Carslaw et al.10 bMole
fraction H2SO4 solution with the samepH2O.

10 cObtained from eq 11a,
X for equivalentaH2O binary solution andγR2 ) (ΓR2

-1 + 1)-1.

TABLE 8: Calculation of γR1 and γR2
a

param or
function value or expression note and ref

X function ofpH2O andT eq 10 of Carslaw et al.46

ΓR2 exp(-0.393- 13.13X- 50.914X2) eq 11a
[HCl] H*HCl pHCl H*HCl from eq 19
ΓS b0Brel[HCl] Brel ) aH2O from (17a)b

kR1 a0Drel[HCl] Drel (eq 16b)b

Γb ΓR2(1+ kR1/kR2)0.5 kR2 (eq 11c)b

l (Dl/(kR1 + kR2))0.5 Dl (eq 16a)
f(r/l) coth(r/l) - l/r r , particle radius
Γb' f(r/l)ΓBSA/(f(r/l)ΓB + SA) SA) Sksol/kdes) 10
γ 1/(1/S+ 1/(Γb′ + ΓS)) γ ) γR1+R2; S) 1
γR1 γ(ΓS + Γb′kR1/(kR1 + kR2))/

(ΓS+ Γb′)
γR2 γ - γR1

a Inputs: r (particle radius, cm),pH2O andpHCl (atm), T (K). Use of
these expressions for temperatures outside of the range 190-215 K
should be carefully considered. Also, special care should be taken when
partial pressure of ClONO2 is greater than that of HCl.b For case I,a0
) 1.69× 107 andb0 ) 256.8 (eq 18). The values ofa0, b0, Brel, and
kR2 for cases II and III are discussed in the text (eqs 21a,b and 22a-c).

kR2 ) 8130aH2O
(22a)

Brel(X)b0 ) b′0 + b′1X (22b)

a0 ) 7.71× 106 M-1 s-1 b′0 ) 44.38 M-1

b′1 ) -66.124 M-1 (22c)

Brel(X) ) 100.479-3.906X (21a)

a0 ) 1.54× 107 M-1 s-1 b0 ) 55.7 M-1 (21b)
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thanγ0 of HR94, differences in reacto-diffusive lengths, and a
smaller surface reaction term here. Less competition with the
HCl surface reaction results in a larger contribution from bulk
HCl and H2O reactions.γR2 for case III in particles varies with
H2SO4 content differently than cases I and II. This is in part
due to different reacto-diffusive lengths predicted for the two
differentkR2 formulations. As mentioned above, measurements
of l for a variety of H2SO4 contents would help to determine
the variation ofkR2 with X. These differences are probably not
consequential to atmospheric modeling calculations. Note that
case I best fits the data for solutions where R1 is most important
(45 and 49.5 wt %) and for this reason is preferred.
For the calculation ofγ as a function of atmospheric

conditions (T, pH2O, pHCl, etc.), eqs 13-19 will give accurate
values (i.e., representative of the measurements) within a limited
range of temperature. It is likely this range includes the
stratospherically important temperatures 190-215 K, which are
within ∼(10 K of the measurements, because theγ for a given
[HCl] are essentially temperature independent over this range.
Theγ are determined to a large extent by HCl content, and the
H*HCl given by eq 19 varies with temperature in accord with
the data and models.10,29,37 Theγ were measured to an accuracy
of (15-25% over solutions with [HCl] that cover the range
expected in the stratosphere, with the exception of the 45 wt %
H2SO4 solutions whereγ could not be measured accurately for
stratospheric [HCl]. The uncertainties in the fitted parameters,
for case I for example,σa0/a0 ) 17% andσb0/b0 ) 13%, are
comparable to the measurement uncertainty. Thus the accuracy
of the calculatedγ is likely to be on the order of the uncertainty
in the measuredγ. Error due to the uncertainty in the
temperature dependence ofH*HCl ((0.5 kcal mol-1 in solvation
enthalpy, estimated by comparing eq 19 and the data to the
models10,29,37) results in additional uncertainty of up to 10%
for T ) 190 K. The overall uncertainty in the calculatedγ is
estimated to be(30%.
The incorporation of HNO3 into the particles was not taken

into account in Figure 11. From the results shown in Figure 9,
a large effect is expected when [HNO3] is larger than∼5 wt
%. [HCl] levels expected in the lower stratosphere for solutions
B-D are 4× 10-3, 9 × 10-3, and 2× 10-2 M, respectively
(for pHCl ) 1 × 10-10 atm and assuming an exponential
temperature dependence, specifically exp(5500/T), to theH*

HCl

measured here, Table 5). By extrapolation of the dashed lines
in Figure 9 to these [HCl],γ ) 0.19, 0.34, and 0.30 for solutions
B-D, respectively. These are decreases of 40, 33, and 57%,
respectively, from that predicted for the corresponding HNO3

free solutions. The effect of dissolved HNO3 onγ for ClONO2

is significant and should be investigated further in the laboratory
and also considered in atmospheric modeling calculations.

Summary

The reaction probabilities for ClONO2 due to hydrolysis and
reaction with HCl measured here supplement previous work
from this laboratory.2 The HCl solubility measurements
presented here and those of Elrod et al.,7 in conjunction with
the detailed model calculations of Carslaw et al.10 and Luo et
al.,29 provide a firm basis for calculating the HCl content of
cold, stratospheric sulfuric acid aerosol. The mole fraction based
parametrization for calculatingγ applicable to the atmosphere
presented here is in good agreement with a previous model using
a water activity based description.2

The variation of the measured reaction probabilities with HCl
reveal there is a significant contribution from a surface reaction
between ClONO2 and HCl. A significant effect onγ for R1
and R2 due to the presence of HNO3 dissolved in sulfuric acid
solutions was also found, particularly on the surface-specific
reaction. Measurements on small sulfuric acid particles indicate
a lower limit to the sticking coefficient of ClONO2 of 0.5. It
was shown that these measurements are consistent with a value
for S close to unity.
To address some of the issues raised here, measurements of

ClONO2 hydrolysis as a function of particle size (i.e., to obtain
the reacto-diffusive length) for a range of sulfuric acid contents
are planned. Also, more extensive measurements of R1 at
temperatures other than 203 K would help to precisely discern
the small temperature dependence of this reaction. More
measurements of ClONO2 loss on HNO3/H2SO4/H2O solutions
are needed to further understand the effect of HNO3 on γ for
ClONO2. The effect of dissolved HNO3 on the reacto-diffusive
length will help to determine if thekR2 (or kR1) are decreased
due to HNO3.
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