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The gas-phase products of the reaction between HNO3/H2SO4/H2O acid solutions and HCl were identified
using IR and UV-Vis spectroscopy and chemical ionization mass spectrometry. The major products of the
reaction were Cl2 and ClNO, with quantifiable amounts of ClNO2 sometimes present. On the basis of
quantitative product yield determinations, the overall proposed reaction is 3HCl+ HNO3 f Cl2 + ClNO +
2H2O. Kinetic studies were also performed and the reaction was found to follow a second-order rate law:
Rate) k[HCl][HNO3]. On the basis of the products and intermediates observed and the rate law, a mechanism
is proposed which involves the NO2

+ ion as the key reactive species. The rate of the reaction is shown to
depend strongly on the total acid concentration of the solution and temperature-dependent studies were also
performed. The potential significance of this reaction in connection to stratospheric ozone depletion is evaluated
by using the composition and temperature dependence of the rate to estimate the chlorine activation rate at
polar stratospheric conditions.

Introduction

The importance of heterogeneous reactions involving ClONO2,
HCl, N2O5, and H2O on polar stratospheric cloud (PSC) particles
has been well established in connection with the observation
of large-scale ozone depletion during the Antarctic springtime.1,2

Laboratory studies have shown that both solid and liquid
particles can promote heterogeneous reactions such as the
following, converting the relatively inert chlorine reservoir
molecules (ClONO2 and HCl) into species (Cl2 and HOCl)
which are readily photolyzed to yield chlorine radicals:

Although thermodynamic stability considerations indicate that
PSCs should be composed of solid particles (either as nitric
acid trihydrate or water ice) under winter Antarctic conditions,3

an increasing preponderance of evidence suggests that PSCs
may more often exist as supercooled liquid solutions of H2-
SO4, HNO3, H2O, and HCl.4 In addition, although the atmo-
spheric conditions necessary for efficient heterogeneous chlorine
activation have been well established by laboratory5 and field
observation6 data, there is little consensus concerning the
detailed chemical mechanisms which give rise to the overall
reactions given above. In particular, there is substantial debate
concerning the role of surface vs bulk reactivity and whether
the mechanisms proceed through covalent or ionic reactions.7

Indeed, because of the early focus on solid PSC substrates, the
potential roles of bulk phase reactions and ionic mechanisms
have received relatively less scrutiny.

The predominant industrial processes for the production of
Cl2 rely on the catalytic oxidation of HCl as is the case for the
heterogeneous reactions listed above (1-3).8-10

The simplicity of this overall reaction is misleading, because
a several stage reactor is required to efficiently regenerate the
catalysts and to produce high yields. A more direct method to
produce Cl2 and ClNO directly from a reaction between HNO3

and HCl11 has also been reported:

Because these industrial chemistry processes are based on
the chemical components present in PSCs and are potential
chlorine activation pathways (because the chlorine-containing
products of reactions 4 and 5 are readily photolyzed to chlorine
radicals in the atmosphere), we have chosen to investigate the
chemical reactivity of HNO3/H2SO4/H2O/HCl solutions. Re-
cently, there have been some reports of the reactivities of these
solutions,12,13but a complete product study and a measurement
of the rate of the reaction have not been performed. Therefore,
we undertook a detailed study of the gas phase products of this
reaction and temperature-dependent kinetics studies were per-
formed to allow an extrapolation of the collected data to
stratospherically relevant PSC compositions and temperatures
in order to estimate the contribution of such reactions to chlorine
activation.

Experimental Section

Product StudiessFlow-Through Method. The gas-phase
products of the reaction between HCl and HNO3/H2SO4/H2O
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ClONO2 + H2O f HOCl + HNO3 (1)

HOCl + HCl f Cl2 + H2O (2)

ClONO2 + HCl f Cl2 + HNO3 (3)

4HCl + O298

HNO3/H2SO4
or

NOHSO4 catalyst
2Cl2 + 2H2O (4)

3HCl + HNO3 f Cl2 + ClNO + 2H2O (5)
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solutions ranging from 45 to 95 wt % total acid were
investigated using a closed system flow-through reactor (Figure
1). For each trial the gas bulb was filled with∼760 Torr HCl.
The bubbler was loaded with 10 mL of a HNO3/H2SO4/H2O
solution. Bulk acid solutions used were prepared by diluting
70 wt % HNO3 and 95 wt % H2SO4 with distilled water. The
acid solution was maintained at 273 K using an ice bath. The
system was evacuated (except for the HCl gas bulb) and then
isolated. The evacuated pressure was a few Torr due to the vapor
pressure of the acid solution. The pressure gradient between
the gas bulb and the rest of the system was used to force the
HCl to bubble through the nitric/sulfuric acid solution. The rate
of gas flow through the acid solutions was controlled using a
needle valve and set such that the slowest visible rate of bubbling
through the solution was observed. As the reaction progressed,
the valve was opened further to maintain the desired flow rate.
Once the needle valve was completely open and no more
bubbling was seen, the reaction was considered complete
(usually 1-2 h), although some HCl remained in the gas bulb
because of the finite pressure in the rest of the system. The
products were trapped using an ethyl ether/liquid nitrogen cold
trap at 193 K. Vapor pressure differences between the products
and any unreacted HCl at this temperature allowed for prefer-
ential condensation of the products in the trap while leaving
the unreacted HCl in the gas phase. This aided the analysis of
the products and helped to drive the reaction by keeping the
pressure relatively low on the collection side of the bubbler.
When the reaction was completed and the products were
condensed in the cold trap, the pressure of HCl remaining in
the gas bulb was measured to determine the amount of HCl
exposed to the acid solution. The system was evacuated and
the products were allowed to warm and expand through the
manifold system into an evacuated gas bulb. The total pressure
of the gaseous products in the system was then measured.

A variety of other solutions in addition to the HNO3/H2SO4/
H2O solutions were also analyzed. HONO/H2SO4/H2O solutions
were prepared by dissolving NaNO2 in sulfuric acid solutions.14

NaNO3/H2SO4/H2O solutions were prepared by mixing NaNO3

in 60 wt % H2SO4. For some trials, instead of using gaseous
HCl, 1 g of NaCl was dissolved in various HNO3/H2SO4/H2O
solutions by freezing the acid, adding the salt, and letting the
acid thaw. A 40% nitrosyl sulfuric acid (NOHSO4, NSA)
solution in H2SO4 was also used in place of the HNO3/H2SO4/
H2O solutions.

Product Identification. Some samples were diluted with N2

and analyzed using a chemical ionization mass spectrometry
(CIMS) apparatus described by Scholtens et al.15 Unreacted HCl

and the products Cl2 and ClNO were detected according to the
following reactions with SF6-:16,17

Unreacted HCl and the products ClNO, ClNO2, and HONO
were detected using FT-IR spectroscopy via the observation of
characteristic vibrational bands at 2886, 1800, 651, and 856
cm-1, respectively.18

Product Quantification. An IR gas cell with KBr windows
and a UV-Vis gas cell with quartz windows were simulta-
neously filled with a sample of the collected product. The
pressure of the product to be analyzed was recorded. An IR
spectrum was recorded and the absorbance was measured at
1800 cm-1 where ClNO has a unique vibrational band (V1).18

To quantify the ClNO present, the molar absorptivity coef-
ficient for ClNO was determined at 1800 cm-1 via the following
procedure. Pure ClNO was prepared according to the method
described by Longfellow et al.14 Gaseous Cl2 and NO were
frozen together in their stoichiometric ratio (1:2). The mixture
was warmed in an ice bath to allow the gases to react and then
cooled to 195 K in an acetone/CO2 bath. The mixture was
pumped at this temperature until the pressure reached 5 Torr
(the vapor pressure of ClNO at 195 K), indicating that the
remaining sample was free of Cl2 and NO. FT-IR and CIMS
methods were used to confirm that only ClNO was present in
the sample. The molar absorptivity coefficient for ClNO was
determined at 1800 cm-1 from a 3.1 Torr sample of ClNO via
Beer’s Law to give the valueσClNO

1800 cm-1 ) 0.0325 cm-1

Torr-1. This value was used to determine the partial pressure
of ClNO in the product samples:

whereP is the partial pressure of ClNO in Torr,l is the path
length (10 cm), andA1800 cm-1 is the absorbance at 1800 cm-1.

UV-Vis spectroscopy was used to measure the absorbance
of the product samples at 330 and 260 nm. At 260 nm ClNO
and ClNO2 absorb much more strongly than Cl2 (see Table 1
for relevant cross sections). If we assume that Cl2 contributes
negligibly to absorption at this wavelength, the partial pressure
of ClNO2 is determined by calculating the expected absorption
due to ClNO (determined from eq 9 and Beer’s Law) and taking
the difference between the measured absorption and the
calculated value for ClNO:

Figure 1. The closed system flow-through reactor.

TABLE 1: UV Cross Sections for ClNO, Cl2, HONO, and
ClNO2

σa (10-4 torr-1 cm-1) wavelength, nm

molecule 260 330

ClNO2 86.2 8.21
ClNO 24.6 20.7
Cl2 0.281 35.8
HONO - 15.6

a From ref 32.

HCl + SF6
- f FHCl- + SF5 (6)

Cl2 + SF6
- f Cl2

- + SF6 (7)

ClNO + SF6
- f Cl- + NO + SF6 (8)

PClNO )
A1800 cm-1

σClNO
1800 cm-1l

(9)

PClNO2
)

A260 nm- PClNO σ260 nm
ClNO l

σ260 nm
ClNO l

(10)
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This was repeated using the measured absorption at 330 nm
and subtracting the calculated values for ClNO and ClNO2

(determined from eq 10) to determine the partial pressure of
Cl2:

The sum of the partial pressures was then calculated to allow
a comparison to the measured pressure of gas sample analyzed:

The moles of products formed were calculated from the partial
pressures, system volume, temperature, and the ideal gas law.
The percent product yield was calculated as the moles of product
per moles of exposed HCl× 100.

The total yield is the sum of the Cl2, ClNO, and ClNO2 yields.
Kinetic Studies.The production of gas-phase products from

the reaction between the acid solutions and HCl was monitored
over time at 330 nm using a UV-Vis spectrophotometer and
two different product sampling configurations (Figure 2). For
the studies performed with sampling configuration 1, the HNO3/
H2SO4/H2O solutions were precooled in a refrigerated bath to
the desired temperature and the glass reaction container was
precooled in the UV-Vis cell holder. A 10-75 µL sample of
concentrated HCl was added to the reaction cell and then 1 mL
of a HNO3/H2SO4/H2O acid solution was added. A Teflon
stopper was used to seal the cuvette during the reaction. As
shown in Figure 2, the gas phase products were monitored by
passing the beam path just above the solution. Kinetics runs
for high total acid solutions at room temperature were typically
obtained in∼10 min, whereas low total acid solutions at low
temperatures were obtained in∼24 h. For the 50% HNO3/50%
H2O solution kinetics trials, product sampling configuration 2
was used (see Figure 2). This design allows for the physical
separation of the reaction solution and the detection of the

gaseous products, which is desirable for the low-temperature
measurements. For each kinetics run using this configuration,
the same procedure as above was followed, however, once the
HCl and acid solutions were mixed the kinetics apparatus was
evacuated to∼5 Torr. Approximately 1 min of monitoring time
was lost during this pump-down procedure. Despite the evacu-
ation step, for most solutions the apparent reaction rate was in
fact the diffusion rate of the gas-phase products from the liquid
reactor to the gas-phase sampling cell. However, for the 50%
HNO3/50% H2O solution, the reaction was slow enough such
that this diffusion process did not affect the observed rate. This
result was determined by measuring the rate of reaction for
various solutions using both product sampling configurations.
For all but the 50% HNO3/50% H2O solution the reaction rates
were slower using configuration 2 than those using configuration
1, thus indicating that this diffusion process was indeed a
problem for the other solutions. However, the use of the
configuration 2 design was critical for accurately determining
the rate of the 50% HNO3/50% H2O solutions for temperatures
at or below 0°C

Temperature Dependence of the Rate Constant.The
temperature dependence of the rate constant was determined
by measuring the reaction rate over a range of temperatures
using UV-Vis spectroscopy monitoring at 330 nm. The study
was limited by the decomposition of HNO3 at temperatures
greater than 30°C and by the slowing of the reactions at low
temperatures (-10 °C) so as to make the total time required to
perform the kinetics experiment prohibitively long (>24 h). The
refrigeration system was used to precool the acid solutions and
the reaction container and to maintain a constant temperature
throughout the reaction. For the 70% HNO3/30% H2O solution,
product sampling configuration 1 was used and for the 50%
HNO3/50% H2O solution product sampling configuration 2 was
used.

Results and Discussion

Product Study. On the basis of the IR, UV-Vis, and CIMS
data, Cl2 and ClNO are the major gas phase products of the
reaction of HCl with HNO3/H2SO4/H2O solutions. Representa-
tive spectra are given in Figure 3. Quantifiable amounts of
ClNO2 were also sometimes observed and trace amounts of
HONO were also sometimes detected. No other significant gas-
phase species were identified. The relative yields for Cl2, ClNO,
and ClNO2 were calculated for a variety of different solutions
(Table 2) via eqs 13-15. Solutions A-H differ in total acidity
as well as the relative amounts of HNO3 or H2SO4. Comparison
between the results for solution A and solutions B-H show
that HNO3 is necessary for the conversion of HCl into chlorine-
containing products; i.e., H2SO4 does not react with HCl without
HNO3 present. However, the results for solution F show that
HNO3 can react with HCl in the absence of H2SO4. Comparison
of the results between solutions C to D and F to G show that as
the wt % HNO3 is increased at a constant total acid wt %, the
efficiency of the reaction increases dramatically. At a constant
wt % HNO3 the yield increases as the total acidity increases,
as evidenced by the results for solutions B, D, and G. The total
yields ranged anywhere from 0 to nearly 100%, depending on
the composition of the solution. As will be discussed later, the
observed yield differences are due to a kinetic effect, not a
thermodynamic effect. Thus, these results do not represent the
equilibrium distribution of species. To ensure that the majority
of the products had been identified the observed pressure was
compared toPtotal from eq 12. The two values were found to

Figure 2. Kinetics configurations: (a) configuration 1; (b) configu-
ration 2.

PCl2
)

A330 nm- PClNOσ330 nm
ClNO l - PClNO2

σ330 nm
ClNO2 l

σ330 nm
Cl2 l

(11)

Ptotal ) PCl2
+ PClNO + PClNO2

(12)

% Cl
2
yield )

nCl2

nHCl used
× 100 (13)

% ClNO yield)
nClNO

nHCl used
× 100 (14)

% ClNO2 yield )
nClNO2

nHCl used
× 100 (15)
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agree within 20%, thus suggesting that no major products were
overlooked.

The amount of ClNO2 detected was widely variable, with it
sometimes not detected as a product at all. Thus, we concluded
that ClNO2 is an intermediate in the reaction and the amount
present depended on the varying approach to equilibrium for
each experiment. On the other hand, Cl2 and ClNO were always
observed as major products and found to be present in about a
1:1 ratio, suggesting that these species are final products with
a 1:1 stoichiometric ratio. On occasion, HONO was detected
as a minor product. On the basis of the reactants and the
observed gas-phase products, we propose the following overall
reaction:

Reaction 16 is the same reaction as is believed to occur in
aqua regia.19 We further suggest the following overall mecha-
nism based on the observation of ClNO2 and HONO as
intermediates:

Recently, product studies have been reported on similar
HNO3/H2SO4/H2O/HCl systems. Luick et al. identified ClNO
and ClNO2 as products using FT-IR techniques,12 whereas
Massucci et al. identified Cl2 using electron impact mass
spectrometry,13 in agreement with our IR/UV-Vis/CIMS
results.

The most striking result from our product study is the
dependence of the reaction yield on the total acid composition.
Burley and Johnston investigated the identity of key nitrogen
oxide species in sulfuric acid solutions. They found that NO3

-

was the predominant species for dilute acid solutions, NO2
+

was the predominant species in very concentrated acid solutions,
and HNO3 was the predominant species for solutions of
intermediate composition.20 There are a number of potential
ways that nitric acid could ionize to produce NO2

+. The first
of these involves direct dissociation of nitric acid to yield the
reaction HNO3 f NO2

+ + OH-, however this reaction seems
unlikely. A second process involves reaction between nitric acid
and sulfuric acid to yield NO2+ as one of several ionic
products: HNO3 + 2 H2SO4 f H3O+ + 2 HSO4

- + NO2
+. A

third possibility is the reaction 2 HNO3 f H2O + NO2
+ +

NO3
-. This reaction is driven to the right by sulfuric acid which

acts like a strong desiccant for the water product. Because we
have shown that high reactivity is present in the absence of
H2SO4, we propose that this ionization process is most likely
responsible for the formation of NO2+ in our solutions. It has
also been relatively well-established that Cl- is the dominant
species present when HCl is dissolved in acid solutions, although
it may also be present as the solvated species H3O+(H2O)nCl-.21,22

That Cl- is the reactive species in our experiments is supported
by the results from solution K, where NaCl was used in place
of HCl and chlorine containing products were still produced
from the reaction. We therefore propose that the first step (eq
17) of the proposed mechanism is better represented as the
following ionic process.

Figure 3. Representative (a) CIMS, (b) IR, and (c) UV-Vis (with
relevant cross sections for Cl2, ClNO, and ClNO2 overlaid) spectra.
Note that the sensitivity of each technique to each product is different,
and therefore simple comparisons of peak intensity are not indicative
of the true product ratios.

3HCl + HNO3 f Cl2 + ClNO + 2H2O (16)

HCl + HNO3 f ClNO2 + H2O (17)

HCl + ClNO2 f Cl2 + HONO (18)

HCl + HONO f ClNO + H2O (19)

3HCl + HNO3 f Cl2 + ClNO + 2H2O (16)
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Thus, we surmise that the concentration of NO2
+ (which is

determined by both the HNO3 concentration and the total acid
concentration) directly influences the efficiency of the mech-
anism. Luick et al. proposed a reaction between NO3

-, Cl-,
and H+ in the formation of ClNO2.12 However, it seems unlikely
that the efficiency of a mechanism involving these acid species
would show such a strong total acid dependence.

We further propose that the second step of the mechanism
(equation 18) is better written as a combination of three ionic
reactions:

The conversion of NO2- to HONO is expected to be very
efficient in the highly acidic solutions tested here. The third
step (equation 19) may be better represented by the following
ionic reactions:

However, HONO may not be the key species because in dilute
sulfuric acid solutions HONO is most likely present as the
hydrated nitrosonium ion (H2ONO+) and in concentrated
solutions as nitrosyl sulfuric acid.23,24 Therefore, eq 26 above
could be replaced by either of the following reactions:

Our product studies performed on a solution of HONO, H2-
SO4, and HCl (solution I, Table 1) show that ClNO is the only
chlorine-containing product. Our product studies on solutions
of NOHSO4, H2SO4, and HCl (solution L, Table 1) also show
ClNO as the only chlorine-containing product. Therefore, on
the basis of our results, we cannot rule out any of the above
ionic reactions, so we arbitrarily choose reaction 26 in our ionic
mechanism for reaction 19. We present an overall ionic
mechanism to explain the overall reaction:

Kinetic Measurements. The gas phase products were
monitored at 330 nm, and the cross sections are given in Table
1. Absorption at 330 nm is due mainly to Cl2, ClNO, and
HONO, with minimal contribution from ClNO2, due to the small
relative cross section. However, for solutions with a high total
acidity the solubility of HONO is high, so it is assumed that
HONO will contribute little to the measured absorption.14,24,25

Therefore, monitoring the absorbance at 330 nm is a measure
of the time dependence of the appearance of both products, Cl2

and ClNO.
As a starting point, we assume that the rate law depends only

on [HCl] and [HNO3]. The measurements were made using a
pseudo first-order kinetics situation ([HNO3] . [HCl]). There-
fore, the assumed rate law is

and the integrated first-order rate law is

where k′ is the pseudo first-order rate constant andC is a

TABLE 2: Product Yields for Various Acid Solutions

solution HNO3 (wt %) H2SO4 (wt %) H2O (wt %) total acid (wt %) ClNO (% yield) Cl2 (% yield) ClNO2 (% yield) total (% yield)

A 0 95 5 95 0 0 0 0
B 1 94 5 95 2.9 3.7 0.9 7.5
C 25 60 15 85 20.2 27.9 6.9 55.0
D 1 84 15 85 0.9 1.2 0.4 2.5
E 45 35 20 80 32.6 44.4 9.8 86.9
F 70 0 30 70 20.9 19.0 0.5 40.4
G 1 69 30 70 1.0 1.0 0 1.9
H 40 5 55 45 0.9 0.4 0 1.3
I 0.4 M HONO in 79 wt % H2SO4 1.7 0 0 1.7
J 1 M NaNO3 in 60 wt % H2SO4 1.1 0.9 0.7 2.7
Ka 70 0 30 6.4 8.3 3.2 17.9
L 40% NOHSO4 in H2SO4 26.5 0 0 26.5

a One gram of NaCl used in place of HCl.

2 HNO3 f H2O + NO2
+ + NO3

- (20)

HCl f H+ + Cl- (21)

H+ + NO3
- f HNO3 (22)

Cl- + NO2
+ f ClNO2 (23)

HNO3 + HCl f H2O + ClNO2 (17)

HCl f H+ + Cl- (21)

Cl- + ClNO2 f Cl2 + NO2
- (24)

NO2
- + H+ f HONO (25)

ClNO2 + HCl f Cl2 + HONO (18)

HCl f H+ + Cl- (21)

Cl- + HONO f ClNO + OH- (26)

H+ + OH- f H2O (27)

HCl + HONO f ClNO + H2O (19)

Cl- + H2ONO+ f ClNO + H2O (28)

Cl- + NOHSO4 f ClNO + HSO4
- (29)

2 HNO3 f H2O + NO2
+ + NO3

- (20)

3 (HCl f H+ + Cl-) (21)

H+ + NO3
- f HNO3 (22)

Cl- + NO2
+ f ClNO2 (23)

Cl- + ClNO2 f Cl2 + NO2
- (24)

NO2
- + H+ f HONO (25)

Cl- + HONO f ClNO + OH- (26)

H+ + OH- f H2O (27)

3 HCl + HNO3 f Cl2 + ClNO + 2H2O (16)

d[products]
dt

) k′[HCl] (30)

[products]t ) [HCl] 0 × (1 - e-k′t) + C (31)
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constant of integration. As can be seen in Figure 4, the data
can be fit according to the first-order integrated rate law very
accurately (σk′/k′ ) 0.0070). The data were also fit according
to a second order integrated rate law

However, this data analysis method led to a larger value of
σk′/k′ (0.036) than for the first-order data analysis method.
Therefore, the reaction is most likely first order in HCl. When
k′ is plotted against [HNO3], while maintaining a constant total
acid concentration, a linear relationship is observed, indicating
that the reaction is also first order in nitric acid (Figure 5). The
overall phenomenological rate law for this reaction can therefore
be written as

where the slope of a plot ofk′ vs [HNO3] yields the bimolecular
rate constantk16 for the overall reaction. This suggests that our
original assumption that the rate depends only on [HCl] and

[HNO3] is valid. Further, this result indicates that the rate-
limiting step is the first step (eq 17) in the proposed mechanism.
We again wish to emphasize that we were unable to individually
monitor the products and we have therefore measured an overall
rate for the reaction by monitoring all of the products simul-
taneously. However, if the first step is indeed rate limiting, then
monitoring products from that step and each subsequent step
will give the same rate as if each product were monitored
individually. For most trials the bimolecular rate constant was
actually calculated from a single measurement ofk′ and [HNO3].
[HNO3] was determined for each solution from the weight
percent of nitric acid and the density of the solution. The density
for each solution at all temperatures was estimated as a weighted
average of the HNO3, H2SO4, and H2O densities at 25°C. This
approximation leads to densities that are too low, due to the
nonideality of these strongly hydrogen-bonding systems. In
addition, densities generally increase with decreasing temper-
ature. Therefore, we estimate that our density calculations may
deviate from the actual value by being up to 25% too low,
leading to values for [HNO3] that are too low and bimolecular
rate constants that are too high.

Table 3 gives the average bimolecular rate constant for
various solutions of differing [HNO3] and total acid concentra-
tions based on at least three individual kinetics trials. The
dominant observed effect is the increase in the rate constant
with increasing total acid content. Although we have determined
that the phenomenological rate law is first order in both HCl
and HNO3, our product study results suggest the following rate
law based on the role of ionic species:

As discussed earlier, there is probably an exact correspon-
dence between [HCl] and [Cl-] in our solutions. However, we
propose that total acid dependence ofk16 is because the rate
law depends directly on [NO2+] and indirectly on [HNO3]. If
we assume that the NO2+ concentration is proportional to the
[HNO3] concentration for a given total acid concentration, our
phenomenological rate law (which is first order in [HNO3])
would be consistent with the rate law given in eq 34.
Furthermore, if we assume that the [NO2

+]/[HNO3] ratio
depends on the activity coefficient of NO2

+ (which will increase
as the total acid concentration increases), we would predict that
the phenomenological rate constantk16 should increase with total
acid concentration, as is observed. Thus, it should be possible
to parametrize our rate constantk16 in terms of the activity
coefficient of NO2

+ (γNO2
+). However, we are not aware of a

method to allow the calculation ofγNO2
+ for all of the solutions

under study. A sophisticated model which does allow for the
calculation ofγH2O has been reported by Carslaw et al.26 Because
the activity coefficients of NO2+ and H2O should be inversely
related, we attempted to parametrize our data in terms ofγH2O.
The water activity coefficientγH2O for each of the solutions
was calculated at 273 K using the Carslaw et al. model and is
given in Table 3. To parametrize the bimolecular rate constant
in terms of an acid solution parameter, a plot of logk16 vs log
γH2O was found to be linear (Figure 6). The data were fit
according to the equation log(k16) ) -0.87 log(γH2O) - 4.61.
This parametrization shows thatk16 increases steeply as the total
acidity increases. For example, at 25°C for an 85 wt % total
acid solution,k16 ) 1.40× 10-2 M-1 s-1, while for a 50 wt %
total acid solution,k16 ) 6.13 × 10-5 M-1s-1. Therefore, a
decrease in the total acid content from 85 to 50 wt % effects a
decrease in the rate constant by a factor greater than 200.

Figure 4. Typical kinetics data for an 80% total acid (40% HNO3/
40% H2SO4) solution at 298 K. The data were fit to eq 33.

Figure 5. Plot of k′ vs [HNO3] for 70% total acid at 298 K. Linear
regression results: slope) (1.44 ( 0.15) × 10-2 M-1 min-1, inter-
cept) (-0.2 ( 1.6) × 10-2 min-1.

[products]t ) - 1
1

[HCl] 0

+ k′t
+ [HCl] 0 (32)

d[products]
dt

) k16[HCl][HNO3] (33)

d[products]
dt

) k23
ionic[Cl-][NO2

+] (34)
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Temperature Dependence of the Rate Constant.The
dependence of the bimolecular rate constant on temperature was
tested for both a 50%/0%/50% and a 70%/0%/30% solution
(HNO3/H2SO4/H2O). As expected, the rate of reaction for these
solutions decreases with temperature (as can be seen in Table
3). An Arrhenius plot (Figure 7) was made for each acid solution
and the activation energy,Ea, of each reaction was determined.
Ea for the 50%/0%/50% solution was 43.0( 2.8 kJ mol-1 and
for 70%/0%/30%Ea was 54.6( 11.6 kJ mol-1 at the two
standard deviation limit. It should be noted that the activation
energies for the two solutions are statistically indistinguishable.

Atmospheric ImplicationssChlorine Activation Rate Un-
der Polar Stratospheric Conditions. Under typical strato-
spheric conditions (100 mbar, 16 km altitude,∼215 K)
stratospheric aerosols are composed almost entirely of H2SO4

and water. However, during the Antarctic winter the temperature
of the stratosphere can drop to less than 190 K, causing a drastic
change in the composition of these aerosols. The thermodynamic
model developed by Tabazadeh et al. predicts that for normal
stratospheric conditions (100 mbar, [HNO3]gas ) 10.0 ppbv,
[H2O]gas ) 5.0 ppmv, [HCl]gas ) 2.0 ppbv, [H2SO4]aerosol )

0.036µg‚m-3), the condensation point for HNO3/H2O solutions
is about 195 K.27 As this point is reached, uptake of HNO3 is
rapid and HNO3 reaches a maximum concentration (∼46 wt
%) at 194 K. Accordingly, as the concentration of HNO3

increases, the concentration of H2SO4 rapidly decreases to<2
wt % at 194 K. Similarly, the Henry’s law coefficient for HCl
drastically increases as temperature decreases from 215 to 194
K.27 Therefore, as a first approximation, the rate of reaction 16
in polar stratospheric aerosols is constrained by the low
temperatures required for significant concentrations of HNO3

and HCl to be formed and by the decreasing rate constant as
the temperature decreases.

To estimate the potential contribution of reaction 16 to
chlorine activation under winter Antarctic conditions, we
modeled PSCs as a supercooled liquid aerosol with a composi-
tion of 50% HNO3/50% H2O. We assume that the uptake of
HNO3 and HCl by the aerosols is fast relative to the rate of
reaction 16, and simply use the thermodynamic equilibrium
concentrations of HNO3 and HCl in order to estimate the rate

TABLE 3: Kinetic Data and Water Activity Coefficients for Various Acid Solutions

T (K) HNO3 (wt %) H2SO4 (wt %) H2O (wt %) total acid (wt %) k′ (min-1) [HNO3] (M) k16 (M-1 s-1) γΗ20

298 5 80 15 85 1.11 1.32 1.40× 10-2 0.001
298 4 81 15 85 0.251 1.059 3.95× 10-3 0.001
298 2.5 82.5 15 85 0.503 0.663 1.26× 10-2 0.001
298 1.75 83.25 15 85 0.254 0.465 9.11× 10-3 0.001
298 1 84 15 85 0.631 0.266 3.95× 10-2 0.001
298 40 40 20 80 0.370 9.64 6.99× 10-4 0.023
298 35 45 20 80 0.200 8.50 3.91× 10-4 0.020
298 30 50 20 80 0.268 7.34 6.08× 10-4 0.017
298 25 55 20 80 0.442 6.16 1.20× 10-3 0.014
298 20 60 20 80 0.302 4.97 1.01× 10-3 0.012
298 70 0 30 70 0.218 15.1 2.79× 10-4 0.144
303 70 0 30 70 0.283 15.1 3.13× 10-4 0.144
288 70 0 30 70 0.0924 15.1 1.02× 10-4 0.144
283 70 0 30 70 0.0568 15.1 6.27× 10-5 0.144
273 70 0 30 70 0.0316 15.1 3.49× 10-4 0.144
298 55 15 30 70 0.175 12.1 2.41× 10-4 0.124
298 35 35 30 70 0.0954 7.92 2.01× 10-4 0.091
298 15 55 30 70 0.0567 3.49 2.71× 10-4 0.061
298 60 0 40 60 0.0382 12.3 5.17× 10-5 0.271
298 50 0 50 50 0.0324 9.79 6.13× 10-5 0.421
283 50 0 50 50 0.0152 9.79 2.58× 10-5 0.421
280.5 50 0 50 50 0.0130 9.79 2.21× 10-5 0.421
273 50 0 50 50 0.00722 9.79 3.40× 10-5 0.421
263 50 0 50 50 0.00356 9.79 6.07× 10-6 0.421

Figure 6. Double logarithmic plot ofk16 vs γH2O. Linear regression
results: slope) -0.873( 0.062, intercept) -4.61 ( 0.11.

Figure 7. Arrhenius plot for the 50%/0%/50% (linear regression
results: slope) -5170( 170 K, intercept) 7.66( 0.62) and 70%/
0%/30% (linear regression results: slope) -6560 ( 690 K, inter-
cept) 13.6 ( 2.4) HNO3/H2SO4/H2O solutions.
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of chlorine activation. The data from the Arrhenius plot for our
results of this solution were extrapolated to the temperature
corresponding to maximum HNO3 concentration as predicted
by the Tabazadeh et al. model (194 K). The rate constant at
194 K was calculated to be 5.7-5.7

+12.3 × 10-9 M-1 s-1 at the two
standard deviation limit. The HCl processing rate, which is a
measure of chlorine activation for this reaction, was calculated
from eq 35:

wherek16 is our extrapolated value, [HNO3]aerosol) 9.3 M and
[HCl] aerosol ) 0.13 M are taken from the model used by
Tabazadeh et al. assuming the conditions described above,27 and
Vaerosol/Vgas ) 2 × 10-12 is the ratio between the volume of
aerosols in the atmosphere to the total volume of gas in the
atmosphere during the Antarctic winter.28 The factor of 3 arises
from the fact that 3 HCl molecules are processed for each
complete cycle as required by the overall reaction stoichiometry.
Using these parameters, we calculate a processing rate of∼24
molecules cm-3 s-1 for reaction 16. To assess the significance
of this processing rate, the processing rate via reaction 16 was
compared to the HCl processing rate for the reaction of ClONO2

with HCl (reaction 3), the predominant chlorine activation route.
To calculate the HCl processing rate for this heterogeneous
reaction the temperature, composition of the aerosols, total
aerosol surface area, [ClONO2]gas, and the reaction probability
(which is dependent on temperature and composition) for the
reaction must be known. Using the 194 K, 100 mbar total
pressure conditions we used to estimate the HCl processing rate
via reaction 16, the HCl processing rate via reaction 3 was
calculated from eq 36:14

where a lower limit forγ is estimated to be 0.25,29 σA )
1 × 10-7 cm-1 is the aerosol surface area per unit volume,30

cClONO2 is the mean thermal speed (223 m s-1at 194 K), and
[ClONO2]gas ) 6.8 × 108 molecules cm-3 is the gas-phase
concentration of ClONO2 in the stratosphere.30 We calculate
the HCl processing rate via the ClONO2 + HCl heterogeneous
reaction to be∼95,000 molecules cm-3 s-1. Comparison of this
value to our estimate of the HCl processing rate via reaction
16 (24 molecules cm-3 s-1) shows that chlorine activation from
reaction 16 is at most a minor chlorine activation pathway in
comparison to the ClONO2 + HCl heterogeneous pathway. Even
if we consider the statistical upper limit for our value ofk16 at
194 K (18.0× 10-9 M-1 s-1) we estimate a processing rate of
only 79 molecules cm-3 s-1, which is still minor in comparison.
The processing rate via reaction 16 can also be compared to
the major gas-phase chlorine activation pathway:

We calculated the processing rate for reaction 37 from the
following data: k37(194 K) ) 5.3 × 10-13 cm3 molecules-1

s-1,31 [OH]gas ) 1 × 106 molecules cm-3,32 and [HCl]gas )
5.0× 109 molecules cm-3.32 Using these values the processing
rate via reaction 37 is 2650 molecules cm-3 s-1. Therefore,

chlorine activation via reaction 16 can also be considered minor
in comparison to the major gas-phase chlorine activation
pathway.

Atmospheric ImplicationssConnection to Proposed Het-
erogeneous Mechanisms.In the heterogeneous reaction be-
tween HCl and ClONO2, Cl- from solvation of HCl is thought
to react by nucleophillic attack on the partially electropositive
Cl atom in ClONO2.33,34 To investigate whether a similar
reaction in our proposed mechanism, Cl- + ClNO2, might
proceed via a similar route, we sought to compare partial charge
character of the chlorine atom on ClNO2 to that for ClONO2.
Using electronic structure calculations,35 Seeley et al. calculated
the natural charge on chlorine in ClONO2 to be+0.25 at the
MP2/6-311+G(d) level.36 Using the same level of theory, we
calculated the natural charge on the Cl atom in ClNO2 to be
+0.06. Although the Cl atom is somewhat less electropositive
in ClNO2 than in ClONO2, we propose that Cl- + ClNO2

proceeds via a similar mechanism to that of Cl- + ClONO2.
Seisel et al. proposed a mechanism for the heterogeneous

reaction of N2O5 + HBr on ice that is similar to the mechanism
that we propose for the reaction of HCl with HNO3 solutions.37

Using mass spectrometry techniques, Seisel et al. positively
identified Br2 and HONO as products from the reaction of
N2O5 + HBr on ice, and presented some evidence for the
existence of BrNO as a product, as well. However, no BrNO2

was observed as a product. On the basis of their work on the
heterogeneous reaction of N2O5 + HCl on ice, in which ClNO2

was the predominant product observed, Seisel et al. proposed
the following mechanism for N2O5 + HBr:

This mechanism is very similar to the one that we propose
for reaction 16. Seisel et al. speculate that for the reaction of
N2O5 + HCl on ice, the ClNO2 product produced in the first
step of the mechanism is sufficiently stable such that it can be
directly observed (while BrNO2 was too reactive to be observed
in their study of N2O5 + HBr). Seisel et al. further suggest that
the key step in the mechanism is actually an ionic one:

If N2O5 is viewed as a complex of NO2+ and NO3
-, as

depicted above, this ionic reaction mechanism can be directly
compared to the first step (reaction 23) in our ionic mechanism
for reaction 16. We suggest that the N2O5 + HCl reaction on
ice might proceed via a similar mechanism to the one that we
propose for reaction 16. Therefore, it appears that a similar ionic
mechanism is capable of rationalizing the oxidation of halides
by nitrogen oxides of differing forms (HNO3 and N2O5) and in
differing media (acid solutions and ice).

Conclusions

Using a closed system reactor and chemical ionization mass
spectrometry, UV-Vis, and IR spectroscopy detection methods,
we determined that HCl can be converted into the species Cl2,
ClNO, and ClNO2 via the reaction with HNO3/H2SO4/H2O
solutions. We proposed an overall reaction (3HCl+ HNO3 f

-
d[HCl]gas

dt
) -

d[HCl]aerosol

dt

Vaerosol

Vgas
)

3 × k16[HCl] aerosol[HNO3]aerosol

Vaerosol

Vgas
(35)

-d[ClONO2]gas

dt
)

-d[HCl]gas

dt
)

γσAcClNO2
[ClONO2]gas

4
(36)

OH + HCl f Cl + H2O (37)

HBr + N2O5 f BrNO2 + HNO3 (38)

HBr + BrNO2 f Br2 + HONO (39)

HBr + HONO f BrNO + H2O (40)

3HBr + N2O5 f Br2 + BrNO + HNO3 + H2O (41)

Br- + N2O5 f [Br- ... NO2
+ ... NO3

-] f BrNO2 + NO3
-

(42)
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Cl2 + ClNO + 2H2O) and an ionic mechanism where NO2
+

and Cl- are the key reactive species. Our proposed ionic
mechanism is very similar to proposed mechanisms for the
reaction of HBr and HCl with N2O5 and the Cl2-producing step
of our mechanism is similar to mechanisms proposed for the
heterogeneous reaction of HCl with ClONO2. Temperature-
dependent kinetic studies were carried out on acid solutions that
model the composition of polar stratospheric aerosols in order
to assess the role of this process in the activation of stratospheric
chlorine. The HCl processing rate for this reaction was estimated
at polar stratospheric conditions and shown to be minor in
comparison to both the major gas phase and heterogeneous
chlorine activation pathways.
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