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The gas-phase products of the reaction between #H¥SO/H,O acid solutions and HCI were identified

using IR and UV*Vis spectroscopy and chemical ionization mass spectrometry. The major products of the
reaction were Gland CINO, with quantifiable amounts of CINGometimes present. On the basis of
quantitative product yield determinations, the overall proposed reaction is 3HINO; — Cl, + CINO +

2H,0. Kinetic studies were also performed and the reaction was found to follow a second-order rate law:
Rate= k[HCI|[HNO;]. On the basis of the products and intermediates observed and the rate law, a mechanism
is proposed which involves the NOion 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 predominant industrial processes for the production of

. . . . Cl; rely on the catalytic oxidation of HCI as is the case for the
The importance of heterogeneous reactions involving CIQNO heterogeneous reactions listed above 31810

HCI, N,Os, and HO on polar stratospheric cloud (PSC) particles

has been well established in connection with the observation HNOJH,S0,
of large-scale ozone depletion during the Antarctic springtife. NohsS catavst
Laboratory studies have shown that both solid and liquid 4HCI + O, T 2Cl, + 2H,0 4

particles can promote heterogeneous reactions such as the
following, converting the relatively inert chlorine reservoir
molecules (CION@ and HCI) into species (gland HOCI)
which are readily photolyzed to yield chlorine radicals:

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 Gl and CINO directly from a reaction between HJO
CIONOG; + H,0 =~ HOCI + HNO, (1) and HCH has also been reported:
HOCI + HCI— Cl, + H,0 (2

3HCI+ HNO, — Cl, + CINO + 2H,0 (5)
CIONO, + HCl — Cl, + HNO, @)

] - ) o Because these industrial chemistry processes are based on

Although thermodynamic stability considerations indicate that the chemical components present in PSCs and are potential
PSCs should be composed of solid particles (either as nitric chiorine activation pathways (because the chlorine-containing
acid trihydrate or water ice) under winter Antarctic conditiéns, products of reactions 4 and 5 are readily photolyzed to chlorine
an increasing preponderance of evidence suggests that PSCgicals in the atmosphere), we have chosen to investigate the
may more often exist as 4superc09!ed liquid solutions f H  chemical reactivity of HN@H,SOy/H,0/HCI solutions. Re-
SOy, HNGs, H,0, and HCH In addition, although the atmo-  cently, there have been some reports of the reactivities of these
spheric conditions necessary for efficient heterogeneous chlorineggytions!23put a complete product study and a measurement
activation have been well established by laboratanyd field of the rate of the reaction have not been performed. Therefore,
observatioh data, there is little consensus concerning the \ye undertook a detailed study of the gas phase products of this
detailed chemical mechanisms which give rise to the overall reaction and temperature-dependent kinetics studies were per-
reactions g|Ven above. In par'[ICU|ar, there IS SUbStantIa| debateformed to a.”OW an extrapo'a“on Of the Couected data to
concerning the role of surface vs bulk reactivity and whether gtratospherically relevant PSC compositions and temperatures

the mechanisms proceed through covalent or ionic reactions. iy order to estimate the contribution of such reactions to chlorine
Indeed, because of the early focus on solid PSC substrates, thetivation.

potential roles of bulk phase reactions and ionic mechanisms
have received relatively less scrutiny. Experimental Section
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TABLE 1: UV Cross Sections for CINO, Cl,, HONO, and
= — CINO
To ~ . = 02 (10 *torr~t cm™1) wavelength, nm
Pump Manifold
O molecule 260 330
{1 CINO, 86.2 8.21
CINO 24.6 20.7
2 L C B C Cl, 0.281 35.8
Needle HONO - 15.6
Valve
HCI Gas Bulb aFrom ref 32.
Acid I~ and th_e produc_ts (gtbr_ld CINO were detected according to the
Solution | [T> |~ following reactions with SE:16:17
HNOYH:SO/H,0 Ether Trap
Solution “Bubbler” at193K HCI + SF,” — FHCI™ + SF, (6)
at273 K
Figure 1. The closed system flow-through reactor. Cl,+SF, —Cl,” + SF, @)
solutions ranging from 45 to 95 wt % total acid were CINO + SR, — CI” + NO + SF; (8)
investigated using a closed system flow-through reactor (Figure
1). For each trial the gas bulb was filled with760 Torr HCI. Unreacted HCI and the products CINO, CIN@nd HONO

The bubbler was loaded with 10 mL of a HY8;SO/H-0 were detected using FT-IR spectroscopy via the observation of

solution. Bulk acid solutions used were prepared by diluting characteristic vibrational bands at 2886, 1800, 651, and 856
70 wt % HNG; and 95 wt % HSO, with distilled water. The  cpp-1 respectively:s

acid solution was maintained at 273 K using an ice bath. The  proguct Quantification. An IR gas cell with KBr windows
system was evacuated (except for the HCI gas bulb) and thengng a U\-Vis gas cell with quartz windows were simulta-
isolated. The evacuated pressure was a few Torr due to the vapopeously filled with a sample of the collected product. The
pressure of the acid solution. The pressure gradient betweenpressure of the product to be analyzed was recorded. An IR
the gas bulb and the rest of the system was used to force thespectrum was recorded and the absorbance was measured at
HCI to bubble through the nitric/sulfuric acid solution. The rate 1800 cnt* where CINO has a unique vibrational band)(8

of gas flow through the acid solutions was controlled using a  To quantify the CINO present, the molar absorptivity coef-
needle valve and set such that the slowest visible rate of bubblingficient for CINO was determined at 1800 cfvia the following
through the solution was observed. As the reaction progressedprocedure. Pure CINO was prepared according to the method
the valve was opened further to maintain the desired flow rate. described by Longfellow et &f Gaseous Gland NO were
Once the needle valve was completely open and no morefrozen together in their stoichiometric ratio (1:2). The mixture
bubbling was seen, the reaction was considered completewas warmed in an ice bath to allow the gases to react and then
(usually -2 h), although some HCI remained in the gas bulb cooled to 195 K in an acetone/GMath. The mixture was
because of the finite pressure in the rest of the system. Thepumped at this temperature until the pressure reached 5 Torr
products were trapped using an ethyl ether/liquid nitrogen cold (the vapor pressure of CINO at 195 K), indicating that the
trap at 193 K. Vapor pressure differences between the productsremaining sample was free of Cind NO. FT-IR and CIMS
and any unreacted HCI at this temperature allowed for prefer- methods were used to confirm that only CINO was present in
ential condensation of the products in the trap while leaving the sample. The molar absorptivity coefficient for CINO was
the unreacted HCI in the gas phase. This aided the analysis ofdetermined at 1800 crm from a 3.1 Torr sample of CINO via
the products and helped to drive the reaction by keeping the Beer's Law to give the valu@“™Cigqy oyt = 0.0325 cnit
pressure relatively low on the collection side of the bubbler. Torr~1. This value was used to determine the partial pressure
When the reaction was completed and the products wereof CINO in the product samples:

condensed in the cold trap, the pressure of HCI remaining in

the gas bulb was measured to determine the amount of HCI _ Aig00 cmrt
exposed to the acid solution. The system was evacuated and Peno = oCINo | (©)
the products were allowed to warm and expand through the 1800 cmt

manifold system into an evacuated gas bulb. The total pressure . . . .
of the gaseous products in the system was then measured. whereP is the partial pressure of CINO in Torlrjs the path

. . . . length (10 cm), and\1g00 it is the absorbance at 1800 cthn
A variety of other solutions in addition to the HN®I, SO/ UV —Vis spectroscopy was used to measure the absorbance

H.0O solutions were also analyzed. HONQS&®Dy/H,0O solutions of the product samples at 330 and 260 nm. At 260 nm CINO

were prepared by dissolying NaN® sulfuric acid ;qlutionéf‘ and CING absorb much more strongly than,@bee Table 1
NaNOyH>SO/H:0 solutions were prepared by mixing NablO  fo rglevant cross sections). If we assume thatd@htributes
in 60 wt % FSO;. For some trials, instead of using gaseous pegjigibly to absorption at this wavelength, the partial pressure
HCI, 1 g of NaCl was dissolved in various HNfH,SOy/H20 of CINO, is determined by calculating the expected absorption
solutions by freezing the acid, adding the salt, and letting the ge o CINO (determined from eq 9 and Beer's Law) and taking
acid thaw. A 40% nitrosyl sulfuric acid (NOHSONSA) the difference between the measured absorption and the
solution in HSO, was also used in place of the HNYB,SOy/ calculated value for CINO:
H>O solutions.

Product Identification. Some samples were diluted withy N Aseo i — Peine Tomo
and analyzed using a chemical ionization mass spectrometry Peino, = CING
(CIMS) apparatus described by Scholtens éb alnreacted HCI 0260

(10)
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gaseous products, which is desirable for the low-temperature
measurements. For each kinetics run using this configuration,
UV light the same procedure as above was followed, however, once the
ath HCI and acid solutions were mixed the kinetics apparatus was
evacuated te-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
Variable reactor to the gas-phase sampling cell. However, for the 50%
HNO3/50% HO solution, the reaction was slow enough such
Temperature that this diffusion process did not affect the observed rate. This

UV-Vis Gas Cell

UV light
path

Acid
1 solution

controller result was determined by measuring the rate of reaction for
various solutions using both product sampling configurations.

(a) (b) For all but the 50% HN@50% HO solution the reaction rates
Figure 2. Kinetics configurations: (a) configuration 1; (b) configu- ~Were slower using configuration 2 than those using configuration
ration 2. 1, thus indicating that this diffusion process was indeed a

) ) ) problem for the other solutions. However, the use of the
This was repeated using the measured absorption at 330 NnMqnfiguration 2 design was critical for accurately determining

and subtracting the calculated values for CINO and GINO e rate of the 50% HN@BE0% HO solutions for temperatures
(determined from eq 10) to determine the partial pressure of 4t o pelow 0°C

Cla: Temperature Dependence of the Rate ConstantThe
A _p. ,CNO 1-P UCINOH temperature dependenc_e of the rate constant was determined
_ 330nm " CING”330n CINO,7330n (11) by measuring the reaction rate over a range of temperatures
cl, 0%20 . using UV—Vis spectroscopy monitoring at 330 nm. The study

was limited by the decomposition of HNGat temperatures
The sum of the partial pressures was then calculated to allowgreater than 30C and by the slowing of the reactions at low
a comparison to the measured pressure of gas sample analyzedemperatures<{10 °C) so as to make the total time required to
perform the kinetics experiment prohibitively longZ4 h). The
Piotar = Pei, T Peinvo T Peino, (12) refrigeration system was used to precool the acid solutions and
the reaction container and to maintain a constant temperature
The moles of products formed were calculated from the partial throughout the reaction. For the 70% H¥80% HO solution,
pressures, system volume, temperature, and the ideal gas lawproduct sampling configuration 1 was used and for the 50%
The percent product yield was calculated as the moles of productHNO4/50% HO solution product sampling configuration 2 was

per moles of exposed HGt 100. used.
i fet, Results and Discussi
% Cl yield = x 100 (13) esults and Discussion
2 nHCI used

Product Study. On the basis of the IR, U¥Vis, and CIMS

. Nano data, C} and CINO are the major gas phase products of the
% CINO yield= el usedx 100 (14) reaction of HCI with HNQ/H,SOy/H0 solutions. Representa-
tive spectra are given in Figure 3. Quantifiable amounts of
. Ncino, CINO, were also sometimes observed and trace amounts of
% CING, yield = x 100 (15) HONO were also sometimes detected. No other significant gas-
HCI used phase species were identified. The relative yields fer CINO,
The total yield is the sum of the £ICINO, and CINQ yields. and CING were calculated for a variety of different solutions

Kinetic Studies. The production of gas-phase products from (Table 2) via eqs 1315. Solutions A-H differ in total acidity
the reaction between the acid solutions and HCI was monitoredas Well as the relative amounts of HN@r H,SQ,. Comparison
over time at 330 nm using a UWis spectrophotometer and ~ between the results for solution A and solutions H show
two different product sampling configurations (Figure 2). For that HNG;is necessary for the conversion of HCl into chlorine-
the studies performed with sampling configuration 1, the HNO ~ containing products; i.e., 230, does not react with HCI without
H>SQy/H,0 solutions were precooled in a refrigerated bath to HNOs present. However, the results for solution F show that
the desired temperature and the glass reaction container wa$iNOjs can react with HCI in the absence 0$$0,. Comparison
precooled in the UV-Vis cell holder. A 16-75 uL sample of of the results between solutions C to D and F to G show that as
concentrated HCl was added to the reaction cell and then 1 mLthe wt % HNQ is increased at a constant total acid wt %, the
of a HNOyH,SO/H,O acid solution was added. A Teflon efficiency of the reaction increases dramatically. At a constant
stopper was used to seal the cuvette during the reaction. Aswt % HNO;z the yield increases as the total acidity increases,
shown in Figure 2, the gas phase products were monitored byas evidenced by the results for solutions B, D, and G. The total
passing the beam path just above the solution. Kinetics runsyields ranged anywhere from 0 to nearly 100%, depending on
for high total acid solutions at room temperature were typically the composition of the solution. As will be discussed later, the
obtained in~10 min, whereas low total acid solutions at low observed yield differences are due to a kinetic effect, not a
temperatures were obtained-+24 h. For the 50% HNg50% thermodynamic effect. Thus, these results do not represent the
H,O solution kinetics trials, product sampling configuration 2 equilibrium distribution of species. To ensure that the majority
was used (see Figure 2). This design allows for the physical of the products had been identified the observed pressure was
separation of the reaction solution and the detection of the compared tdPyta from eq 12. The two values were found to
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agree within 20%, thus suggesting that no major products were
overlooked.

The amount of CIN@Qdetected was widely variable, with it
sometimes not detected as a product at all. Thus, we concluded
that CING is an intermediate in the reaction and the amount
present depended on the varying approach to equilibrium for
each experiment. On the other hand; &id CINO 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:

3HCI+ HNO, — Cl, + CINO+ 2H,0  (16)

Reaction 16 is the same reaction as is believed to occur in
aqua regid? We further suggest the following overall mecha-

nism based on the observation of CIN@Gnd HONO as
intermediates:

HCI + HNO, — CINO, + H,0 17)
HCI + CINO, — Cl, + HONO (18)
HCI + HONO— CINO + H,0 (19)
3HCI+ HNO,— Cl, + CINO+ 2H,0  (16)

Recently, product studies have been reported on similar
HNO3/H,SOy/H,O/HCI systems. Luick et al. identified CINO
and CINQ as products using FT-IR technigu&swhereas
Massucci et al. identified @lusing electron impact mass
spectrometry? in agreement with our IR/UVVis/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 thatsNO
was the predominant species for dilute acid solutionsa™NO
was the predominant species in very concentrated acid solutions,
and HNGQ was the predominant species for solutions of
intermediate compositio®. There are a number of potential
ways that nitric acid could ionize to produce MO The first
of these involves direct dissociation of nitric acid to yield the
reaction HNQ — NOzt + OH~, however this reaction seems
unlikely. A second process involves reaction between nitric acid
and sulfuric acid to yield N@ as one of several ionic
products: HNQ@ + 2 H,SO; — H3O™ + 2 HSO;~ + NO;*™. A
third possibility is the reaction 2 HNO— H,O + NO;* +
NOs~. 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
H,SO4, we propose that this ionization process is most likely
responsible for the formation of NO in our solutions. It has
also been relatively well-established that @ the dominant
species present when HCl is dissolved in acid solutions, although
it may also be present as the solvated speci€s {H,0),Cl~.2122
That CI” is the reactive species in our experiments is supported
by the results from solution K, where NaCl was used in place
of HCI and chlorine containing products were still produced

t, from the reaction. We therefore propose that the first step (eq

and therefore simple comparisons of peak intensity are not indicative 17) of the proposed mechanism is better represented as the

of the true product ratios.

following ionic process.
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TABLE 2: Product Yields for Various Acid Solutions
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solution HNQ (Wt %) H,SO, (Wt %) H,O (Wt%) total acid (wt %) CINO (% vyield) GI(% vyield) CING; (% 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 25
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
| 0.4 M HONO in 79 wt % HSO, 1.7 0 0 1.7
J 1 M NaNQ in 60 wt % HSO, 1.1 0.9 0.7 2.7
Ka 70 0 30 6.4 8.3 3.2 17.9
L 40% NOHSQ in H2SOy 26.5 0 0 26.5
a2 0ne gram of NaCl used in place of HCI.
N B : .
2 HNO, — H,0 + NO," + NO, (20) Our product studies performed on a solution of HONG; H
SOy, and HCI (solution I, Table 1) show that CINO is the only
HCl—H"+cCI” (21) chlorine-containing product. Our product studies on solutions
N B of NOHSQ,, H,SOy, and HCI (solution L, Table 1) also show
H" 4+ NO; — HNG, (22) CINO as the only chlorine-containing product. Therefore, on
_ i the basis of our results, we cannot rule out any of the above
Cl" +NO,” — CING, (23) ionic reactions, so we arbitrarily choose reaction 26 in our ionic
mechanism for reaction 19. We present an overall ionic
HNO; + HCI — H,0O + CINO, a7) mechanism to explain the overall reaction:

Thus, we surmise that the concentration of NQ@which is
determined by both the HNfXoncentration and the total acid
concentration) directly influences the efficiency of the mech-
anism. Luick et al. proposed a reaction betweensNCCI—,
and H in the formation of CINQ.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:

HCl—H" +CI” (21)

CI” + CINO,— Cl, + NO,~ (24)
NO,” + H" —HONO (25)
CINO, + HCl — Cl, + HONO (18)

The conversion of N@ 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:

HCl—H" +CI” (21)
CI~ + HONO— CINO + OH~ (26)
H" 4+ OH —H,0 (27)
HCI + HONO— CINO + H,0 (19)

2 HNO, — H,0 + NO," + NO;~ (20)

3 (HCI—H"+CI") (21)

H" + NO;” — HNO, (22)

CI~ + NO," — CINO, (23)

ClI” 4+ CINO,— Cl, + NO,~ (24)
NO, +H"—HONO (25)

Cl™ + HONO— CINO + OH~ (26)
H"+ OH —H,0 (27)

3 HCl+ HNO; — Cl, + CINO + 2H,0 (16)

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 fICINO, and
HONO, with minimal contribution from CINg 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 absorptidi#-25
Therefore, monitoring the absorbance at 330 nm is a measure
of the time dependence of the appearance of both produgts, CI
and CINO.

As a starting point, we assume that the rate law depends only
on [HCI] and [HNG;]. The measurements were made using a
pseudo first-order kinetics situation ([HNIO> [HCI]). There-

fore, the assumed rate law is

However, HONO may not be the key species because in dilute

sulfuric acid solutions HONO is most likely present as the d[products] KIHCI
hydrated nitrosonium ion (#ONO") and in concentrated dt = K[HCI] (30)
solutions as nitrosyl sulfuric ac##:2* Therefore, eq 26 above
could be replaced by either of the following reactions: and the integrated first-order rate law is
CI™ + H,ONO" — CINO + H,0 (28) [products]=[HCI], x (1—e )+ C (31)
CI" + NOHSQ, — CINO + HSO, (29) where k' is the pseudo first-order rate constant a@ds a
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[HNOg] 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 measuremerk eihd [HNG;].
[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 HNg) H,SOy, and HO densities at 28C. This

Absorbance

02 —r T 77T T T approximation leads to densities that are too low, due to the

0 2 4 6 8 N nonideality of these strongly hydrogen-bonding systems. In

Time (minutes) addition, densities generally increase with decreasing temper-

Figure 4. Typical kinetics data for an 80% total acid (40% HMO ature. Therefore, we estimate that our density calculations may
40% HSQy) solution at 298 K. The data were fit to eq 33. deviate from the actual value by being up to 25% too low,

leading to values for [HNg) that are too low and bimolecular

0247 rate constants that are too high.

0.224 Table 3 gives the average bimolecular rate constant for

020 various solutions of differing [HNg) and total acid concentra-

018 tions based on at least three individual kinetics trials. The

0161 dominant observed effect is the increase in the rate constant

] with increasing total acid content. Although we have determined
0141 that the phenomenological rate law is first order in both HCI
g 002 and HNGQ, our product study results suggest the following rate
_E 0.10 4 . law based on the role of ionic species:
2 4

0.08

006 . dproduel erci o, (34)

0.04 4

002 As discussed earlier, there is probably an exact correspon-

oo dence between [HCI]_and [Ain our solu_tions. However, we

0 2 4 6 8 10 12 14 16 propose that total acid dependencekgf is because the rate

law depends directly on [N£] and indirectly on [HNQ]. If
we assume that the NO concentration is proportional to the
Figure 5. Plot of k' vs [HNOj] for 70% total acid at 298 K. Linear  [HNO] concentration for a given total acid concentration, our
(r:igrte:ss(lgra rzei”'ltsé) leoﬁe;z(lrﬁ‘i‘r‘]‘_ﬂf 0.15) x 107 M™* min™, inter- phenomenological rate law (which is first order in [HYD

P ‘ ’ ’ would be consistent with the rate law given in eq 34.

constant of integration. As can be seen in Figure 4, the dataFurthermore, if we assume that the [NQ[HNOg] ratio

can be fit according to the first-order integrated rate law very depends on the activity coefficient of NO(which will increase

accurately /K = 0.0070). The data were also fit according @S the total acid concentration increases), we would predict that

to a second order integrated rate law the phenomenological rate constiptshould increase with total
acid concentration, as is observed. Thus, it should be possible

[HNO,] (M)

_ 1 to parametrize our rate constakis in terms of the activity
[products] = 1 K +[HCl, (32) coefficient of NG (yno,*). However, we are not aware of a
[HCI], Tkt method to allow the calculation gho,* for all of the solutions

under study. A sophisticated model which does allow for the
However, this data analysis method led to a larger value of calculation ofyy,o has been reported by Carslaw et®ecause
o/ (0.036) than for the first-order data analysis method. the activity coefficients of N@" and HO should be inversely
Therefore, the reaction is most likely first order in HCI. When related, we attempted to parametrize our data in terms:f
K is plotted against [HNG), while maintaining a constant total ~ The water activity coefficieny,o for each of the solutions
acid concentration, a linear relationship is observed, indicating Was calculated at 273 K using the Carslaw et al. model and is
that the reaction is also first order in nitric acid (Figure 5). The given in Table 3. To parametrize the bimolecular rate constant
overall phenomenological rate law for this reaction can therefore in terms of an acid solution parameter, a plot of lagvs log

be written as 7H0 Was found to be linear (Figure 6). The data were fit
according to the equation ldgg) = —0.87 log{/n,0) — 4.61.

d[products] This parametrization shows tHag increases steeply as the total
at = ky[HCI][HNO ] (33) acidity increases. For example, at 25 for an 85 wt % total

acid solutionk;s = 1.40 x 102 M~1s™1, while for a 50 wt %
where the slope of a plot & vs [HNG;] yields the bimolecular total acid solutionk;e = 6.13 x 1075 M~1s71, Therefore, a
rate constanke for the overall reaction. This suggests that our decrease in the total acid content from 85 to 50 wt % effects a
original assumption that the rate depends only on [HCI] and decrease in the rate constant by a factor greater than 200.



Reactions of HCI with HN@H,SOy/H,0 Solutions

J. Phys. Chem. A, Vol. 104, No. 19, 2008455

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

T (K) HNO3 (wt %) HoSO; (Wt %) H,O (wt %) total acid (Wt %) k' (min™?) [HNOg] (M) kis (M~1s7Y) VHo0
298 5 80 15 85 1.11 1.32 1.401072 0.001
298 4 81 15 85 0.251 1.059 3.9510°° 0.001
298 25 82.5 15 85 0.503 0.663 1.2610°? 0.001
298 1.75 83.25 15 85 0.254 0.465 94103 0.001
298 1 84 15 85 0.631 0.266 3.95107? 0.001
298 40 40 20 80 0.370 9.64 6.99104 0.023
298 35 45 20 80 0.200 8.50 3.94104 0.020
298 30 50 20 80 0.268 7.34 6.0810°* 0.017
298 25 55 20 80 0.442 6.16 1.2010°° 0.014
298 20 60 20 80 0.302 4.97 1.6410°3 0.012
298 70 0 30 70 0.218 15.1 2.39104 0.144
303 70 0 30 70 0.283 15.1 3.3310* 0.144
288 70 0 30 70 0.0924 15.1 1.0210* 0.144
283 70 0 30 70 0.0568 15.1 6.2710°° 0.144
273 70 0 30 70 0.0316 15.1 3.49104 0.144
298 55 15 30 70 0.175 121 24410 0.124
70 0.0954 7.92 2.6410 0.091
70 0.0567 3.49 2.K10* 0.061
60 0.0382 12.3 5.%710°° 0.271
50 0.0324 9.79 6.3310°° 0.421
50 0.0152 9.79 2.5810°° 0.421
50 0.0130 9.79 2.2110°° 0.421
50 0.00722 9.79 3.4010° 0.421
50 0.00356 9.79 6.6710° 0.421
8.0
-8.5 4
907 __~ 70% HNO/30% H,0
29.5 -
N -10.04
= i
-10.5 4
1104 50% HNO /50% H,0
-11.5 1
-12.0 4
T T T T T T T T T v T
0.001 0.01 0.1 33 34 35 3.6 3.7 3.8
water activity coefficient 1000/T (K™

Figure 6. Double logarithmic plot okis VS yw,0. Linear regression
results: slope= —0.873+ 0.062, intercept= —4.61+ 0.11.

Temperature Dependence of the Rate ConstantThe

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) HNGy/H,SOy/H,0 solutions.

dependence of the bimolecular rate constant on temperature was

tested for both a 50%/0%/50% and a 70%/0%/30% solution
(HNO3/H,SO/H0). As expected, the rate of reaction for these

0.036ug-m~2), the condensation point for HN,0 solutions
is about 195 K&7 As this point is reached, uptake of HN@G

solutions decreases with temperature (as can be seen in Tableapid and HNQ reaches a maximum concentration46 wt

3). An Arrhenius plot (Figure 7) was made for each acid solution

and the activation energiz, of each reaction was determined.

Ea for the 50%/0%/50% solution was 43492.8 kJ mot* and

for 70%/0%/30%E, was 54.6+ 11.6 kJ mof! at the two

standard deviation limit. It should be noted that the activation

energies for the two solutions are statistically indistinguishable.
Atmospheric Implications—Chlorine 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,8Ok1

%) at 194 K. Accordingly, as the concentration of HNO
increases, the concentration 0f$0, rapidly decreases te2

wt % at 194 K. Similarly, the Henry’s law coefficient for HCI
drastically increases as temperature decreases from 215 to 194
K.2” 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 HNO
and HCI to be formed and by the decreasing rate constant as
the temperature decreases.

To estimate the potential contribution of reaction 16 to

and water. However, during the Antarctic winter the temperature chlorine activation under winter Antarctic conditions, we
of the stratosphere can drop to less than 190 K, causing a drastienodeled PSCs as a supercooled liquid aerosol with a composi-
change in the composition of these aerosols. The thermodynamidion of 50% HNQ/50% HO. We assume that the uptake of
model developed by Tabazadeh et al. predicts that for normalHNO; and HCI by the aerosols is fast relative to the rate of

stratospheric conditions (100 mbar, [HAgs= 10.0 ppbv,
[H2O]gas = 5.0 ppmv, [HCl}as = 2.0 ppbv, [HSO4aerosol =

reaction 16, and simply use the thermodynamic equilibrium
concentrations of HN@®and HCI in order to estimate the rate



4456 J. Phys. Chem. A, Vol. 104, No. 19, 2000 Cappa et al.

of chlorine activation. The data from the Arrhenius plot for our chlorine activation via reaction 16 can also be considered minor
results of this solution were extrapolated to the temperature in comparison to the major gas-phase chlorine activation
corresponding to maximum HNQroncentration as predicted pathway.

by the Tabazadeh et al. model (194 K). The rate constant at Atmospheric Implications—Connection to Proposed Het-
194 K was calculated to be 5.5° x 10°M~1s 1 at the two erogeneous Mechanismsin the heterogeneous reaction be-
standard deviation limit. The HCI processing rate, which is a tween HCl and CION@ CI~ from solvation of HCl is thought
measure of chlorine activation for this reaction, was calculated to react by nucleophillic attack on the partially electropositive

from eq 35: Cl atom in CIONQ.3334 To investigate whether a similar
reaction in our proposed mechanism,”Ct CINO,, might
d[HCl] s d[HC ero0s0Vaerosol proceed via a similar route, we sought to compare partial charge
- dt == dt V; = character of the chlorine atom on CIN@ that for CIONQ.

gas Using electronic structure calculatiofisSeeley et al. calculated

(35) the natural charge on chlorine in CION@ be +0.25 at the
MP2/6-311-G(d) level3¢ Using the same level of theory, we
calculated the natural charge on the Cl atom in CiN®be

wherekgg is our extrapolated value, [HNReroso= 9.3 M and +0.06. Although the ClI atom is somewhat less electropositive

[HCl aerosol = 0.13 M are taken from the model used by in CINO, than in CIONQ, we propose that Cl+ CINO;

Tabazadeh et al. assuming the conditions described &bawe, proceeds via a similar mechanism to that of Gt CIONO..

VaerosdfVgas = 2 x 10712 is the ratio between the volume of Seisel et al. proposed a mechanism for the heterogeneous

aerosols in the atmosphere to the total volume of gas in the reaction of NOs + HBr on ice that is similar to the mechanism

atmosphere during the Antarctic winf&The factor of 3 arises  that we propose for the reaction of HCI with HN&blutions3”

from the fact that 3 HCI molecules are processed for each Using mass spectrometry techniques, Seisel et al. positively

complete cycle as required by the overall reaction stoichiometry. identified Br, and HONO as products from the reaction of

Using these parameters, we calculate a processing rat@4f N2Os + HBr on ice, and presented some evidence for the

molecules cm?® s~ for reaction 16. To assess the significance existence of BrNO as a product, as well. However, no BfNO

of this processing rate, the processing rate via reaction 16 waswas observed as a product. On the basis of their work on the
compared to the HCI processing rate for the reaction of CIQNO heterogeneous reaction of® + HCI on ice, in which CINQ

with HCI (reaction 3), the predominant chlorine activation route. was the predominant product observed, Seisel et al. proposed

To calculate the HCI processing rate for this heterogeneousthe following mechanism for pOs + HBr:

reaction the temperature, composition of the aerosols, total

aerosol surface area, [CION[gss and the reaction probability HBr + N,Os — BrNO, + HNO; (38)

(which is dependent on temperature and composition) for the

Vaerosol
ol
Vgas

3 x le[HCI] aeroscIHNOGJ aeros

reaction must be known. Using the 194 K, 100 mbar total HBr + BrNO, — Br, + HONO (39)
pressure conditions we used to estimate the HCI processing rate HBr + HONO— BrNO + H,0O (40)
via reaction 16, the HCI processing rate via reaction 3 was

calculated from eq 38 3HBr + N,05 — Br, + BINO + HNO, + H,0 (41)

_d[CIONOZ]gaSZ _d[HCI]gas: e S This mechanism is very similar to the one that we propose
dt dt 4 for reaction 16. Seisel et al. speculate that for the reaction of
(36) N2Os + HCI on ice, the CINQ product produced in the first
step of the mechanism is sufficiently stable such that it can be
directly observed (while BrN@was too reactive to be observed
in their study of NOs + HBr). Seisel et al. further suggest that
the key step in the mechanism is actually an ionic one:

where a lower limit fory is estimated to be 0.2,05 =

1 x 1077 cm™1 is the aerosol surface area per unit voluihe,
Cciono, iS the mean thermal speed (223 mtat 194 K), and
[CIONO;]gas = 6.8 x 10 molecules cm?® is the gas-phase
concentration of CION@in the stratospher®. We calculate - o T _ _
the HCI processing rate via the CION® HCl heterogeneous B+ N2Os — [Br "NO," " NO; ] — BrNO, + NO,
reaction to be~95,000 molecules cn? s~1. Comparison of this (42)
value to our estimate of the HCI processing rate via reaction
16 (24 molecules cn? s71) shows that chlorine activation from
reaction 16 is at most a minor chlorine activation pathway in
comparison to the CIONO+ HCI heterogeneous pathway. Even
if we consider the statistical upper limit for our valuelqgg at

194 K (18.0x 107° M~ s71) we estimate a processing rate of

If N2Os is viewed as a complex of N® and NG, 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®¢ + HCI reaction on
ice might proceed via a similar mechanism to the one that we
only 79 molecules cr? s™2, which is still minor in comparison. propose_for r_eaction 16. Ther_efore_, i.t appears _that_a similar _ionic
The processing rate via reaction 16 can also be compared tomec_hanlsm |s_capable_of r_at|onal|z|ng the oxidation of hghdes
the major gas-phase chlorine activation pathway: by nitrogen o>_<|des .Of dlffer_lng forms. (HNgand N.Os) and in

differing media (acid solutions and ice).

OH+ HClI—ClI+H,0 (37) .
Conclusions
We calculated the processing rate for reaction 37 from the  Using a closed system reactor and chemical ionization mass
following data: ks/(194 K) = 5.3 x 10713 cm® molecules? spectrometry, UV-Vis, and IR spectroscopy detection methods,
513 [OH]gas = 1 x 10° molecules cm®32 and [HCllas = we determined that HCI can be converted into the specigs Cl
5.0 x 10° molecules cm®.32 Using these values the processing CINO, and CINQ via the reaction with HN@H,SOy/H,0O
rate via reaction 37 is 2650 molecules ths 1. Therefore, solutions. We proposed an overall reaction (3HCHNOz; —
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Cl, + CINO + 2H,0) and an ionic mechanism where WO
and CI are the key reactive species. Our proposed ioni
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