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GEOPHYSICAL RESEARCH LETTERS, VOL. 18, NO. 1, PAGES 17-20, JANUARY 1991 

TIlE REACTION OF GASEOUS N205 WrII-t SOLID NaCI AT 298 K: ESTIMATED LOWER 
LIMIT TO THE REACTION PROBABR.1TY AND ITS POTENTIAL ROLE IN 

TROPOSPHERIC AND STRATOSPHERIC CHEMISTRY 

F. E. Livingston and B. J. Finlayson-Pitts 

Department of Chemistry & Bioc, hemistry, California State University, Fullerton 

Abstract. Gaseous N_O/air mixtures were flowed over solid 2 ;5' 

NaC1 at 298 K and the gaseous product C!NO 2 measured 
using FFIR. With excess NaC1, one C1NO 2 was produced per 
N_O. in the initial mixture, and from the contact time between 
N•_O. and the salt, a lower l/nut to the fraction of coli/sions 

2 ..• . . -3 . . 
IeMing to reactton was esttmated to be 2.5x10 . Th•s reactton 
is sufficiently rapid that it may lead to the formation of ppb 
levels of CINO 2 overnight in polluted marine urban areas. The 
CINOe will photolyze at dawn to give chlorine atoms which 
initiat• the photooxidation of organics in a manner analogous 
to OH. This reaction may also play a role in remote Arctic 
chemistry if the reaction is significantly faster than our lower 
limit. This supports the hypothesis of Michelangeli et al. 
(!990) that the N•Os.. + NaC1.. reaction may contribute z •g) . [s) . 
significantly to stratosphenc chenustry after the eruption of 
alkalic volcanoes such as E1 Chichon. 

Introduction 

Heterogeneous reactions of gases at solid interfaces are 
increasingly recognized as important in the atmosphere 
[Finlayson-Pitts and Pitts, 1986]. For example, the reactions 
of gaseous C1ONO_ and N2Os with HC1 on ice at 190 K 
[Moi/na et al., 198• Tolbert et al., 1987, 1988; Leu, 1988a,b] 
are believed to be responsible for the production of C12 and 
C1NO 2 during the Antarctic and Arctic winters in the 
stratosphere (see World Meterological Organization, !990 and 
March, 1990 Geophys. Res. Lett.]: 

CIONO2(g ) + HCI0e• ) ---> C12(g ) + HNO3(ice) (1) 

N2Os(g ) + HCl(ice ) --> CINO2(g ) + HNO3(ice) (2) 

The C12 and CINO2 photolyze rapidly at sunrise to chlorine 
atoms, which set off ozone-destroying chain reactions. 

Analogous reactions also occur with solid NaC1 (and 
NaBr) [Finlayson-Pitts et al, 1989a,b, 1990] at 298 K: 

CIONO2(g ) + NaCl(s ) ---> C12(g ) + NaNO3(s) (3) 

N2Os(g ) + NaCl(s ) ---> CINO2(g ) + NaNO3(s) (4) 
Thus, N O may react with NaC1 and NaBr in sea salt particles . 2 5 
an polluted marine areas, as well as in the Arctic. 

Recently, Yung and coworkers [Miche!angeli et al., !989, 
1990] concluded that the significant decreases in NO and NO 2 
[McFarland et al., 1986; Roscoe et al., 1986] and increases ifi 
HC1 [Mankin and Coffey, 1984] after the El Chichon volcanic 
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eruption were not consistent with known chemistry unless 
C1ONO could be converted to HC1, and they suggested that 2 

reactions (3) and (4) above could provide the missing 
chemistry ff they are sufficiently fast 

The rate of gas-solid reactions is often expressed in terms of 
the reaction probability ({), the fraction of collisions of the gas 
with the surface which lead to products. Quantitative 
determination of qb is complex, particularly for fast reactions. 
To guide the experimental approach for def'mitively measuring 
q• for the N2Os-NaC1 and analogous reactions, we have carried 
out prelirnifiary experiments to obtain an order-of-magnitude 
estimate of the reaction probability for reaction (4). The 
results show that even at the lower limit estimated for {, this 
reaction is sufficiently fast that it may play a significant role in 
the polluted marine troposphere and perhaps in remote areas as 
well. In addition, it may contribute to stratospheric chemistry 
after eruption of alk•lic volcanoes such as E1 Chichon. 

Experimental 

Gaseous N O at 298 K in 1 arm. air (Scott Marrin 2 

Ultrapure, <0.015ppm THC, <0.01 ppm CO, <0.001 ppm 
NO_, <0.001 ppm S O•) was expanded from a 5 L bulb 
through NaCI in cylin•cal cells of cross sectional area 3.1 
cm 2 and 20 cm length into a long pathlength (1 = 38.4 m) 
infrared cell situated in the sampling compartment of a Mattson 
Cygnus infrared spectrometer. The initial concentration of 
N20. in the 5 L bulb was 5 ppm (1 ppm = 2.46x10 !3 
molecules cm '3 at 298 K, I atm) in most runs. The gases 
exiting the salt were identified and measured using FTIR after 
bringing the total pressure of the expanded gas mixture in the 
infrared cell from 320-330 Torr to 1 atto. with air. The salt 

(VWR Reagent Grade), had been sieved and only those 
particles between mesh sizes of 20 and 40 were used, giving a 
calculated surface area for the salt of approximately 33 cm2/g. 

In five runs, mixtures of N_O$ in air were made 
simultaneously in the long pat•ength cell and in the 5 L bulb 
to obtain the initial concentration of N•O 5 from its absorbances 1 z 
at 743 and 1246 cm' using the absorption cross sections of 
Cantre!l et al (1988) Because N O decays relatively rapidly ' ' 2 5 
even in a well-conditioned system, it was important to pass the 
N_O_/air mixture over the NaC1 as soon as possible. 2 ;5' 

However, in this set of experiments, the product gases could 
not be routed directly into the infrared cell due to the time 

needed to pump out the initial NeOn/air mixture from which 
the N O concentrations were obtmned Thus, the gases 2 ' exiting •e salt-packed cell were stored in a 5 L bulb for <2 
hours prior to analysis by FTIR. Since C1NO 2 is stable, this 
procedure should give yields identical with those in which the 
product gases were routed directly into the infrared cell; this 

was confirmed experimentally. However, unreacted N205 
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emerging from the salt could not be measured due to its decay 
on the glass surfaces of the vacuum line during storage. 

In a second set of experiments, the Nv. Os/air mixtures were 
made using identical procedures and the-N O concentration 2 was assumed to be the same as the average o• those in the runs 
in which it was measured directly using FYIR. The 
uncertainty in the initial N205 concentrations using this 
procedure is estimated to be +_ 25%. In these runs, the gases 
exiting the salt were passed directly into the long pathlength 
infrared cell and analyzed immediately, so that unreacted N205 
cotfid be detected in addition to the stable product CINO 2. 

The N O was made from the reaction of NO (prepared as 5 

describe•in Finlayson-Pitts and Johnson, 1988• with O a as 
described elsewhere [Finlayson-Pitts et al., 1989a]. C!NO 2 
concentrations were calculated from its absorbances at 793 

cm -1 and 1266 cm 'l and independent calibrations of the cell 
with an authentic sample of C1NO prepared as described 2 

elsewhere (J. Ganske et al., to be published). 

Results and Discussion 

Figure 1 shows a typical infrared spectrum in the region 
700-1500 crn 'l for an unreacted N2Os/air mixture (Figure la) 
and from mixtures passed over 83- gNaC1 (Figure lb) or 8.3 
g NaC1 (Figure lc) respectively. All the N205 and its impurity 

HNO 3 are removed by 83 g NaC1, whereas some unreacted 
N20 • and HNO 3 emerge from 8.3 g NaC1. 

Table 1 summarizes the fraction of initial N20. which is 
converted to CINO_ as the mass of NaC1 was vai'ie•. With 83 
g NaC1, which tigh•y packed the cylindrical cell, the yield of 
C1NO_ is within experimental error of unity, i.e. all of the 2 

N O passing over the salt forms C1NO The pretreatment of 2 5 2' 
the salt was varied from heating with pumping for 2-17 hours 
or simply pumping for periods from 20 minutes to 17 hours. 
The yield of CINO 2 did not change significantly with the 
method of salt pretreatment, suggesting that small amounts of 
absorbed water do not significanfiy alter the reaction. 

TABLE I. Summary of Experiments to Measure C1NO_ 

Yields from the N2Os(g)-NaCl(s) Reaction at 298 I•. 
Mass of 

NaC1 (g) 
Number of Yield of C1NO 2 
Experiments • 1 o) 

.......... 

83 8 1.0+_0.2 

55 2 0.7+0.2 
30 2 0.6+_0.2 

20 2 0.6+_0.1 

8.3 4 0.7+_0.4 
2.1 1 0.1 

' (a) Unreacted "is 
HNOs I 

, 

HNOs J 
. , , i i i , , , , J ! i , , i i I 

(b) 83g NaCI 

CINO2 CiNO 2 
CINO 2 
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CIN% (C) 8.3g NaCl 

HNOa/OINOa ClNO3 

,,,, • ,, _ •,,, • ,,,,,,, ,, 

0.08 

0.04 

0.00 - 

0.20 

0.10 
0.00 

0.12 

0.08 

0.00 

1400 1200 1000 800 

Wavenumbers 

Fig. 1. Infrared spectra of (a) typical N O air mixture prior to reaction and of gases exiting reaction2ce•/i after passing over 
(b) 83 g and (c) 8.3 g NaC!. [N205] o = 5 ppm at 298 K. 

The C1NO 2 yield would be expected to fall and unreacted 
N O appear when the reaction becomes limited by the amount 

o•2su•ace }h71oride. For an initial mixture of 5 ppm N_O 5 in air, 3.7x10 N O pass over the salt. Using ionic radii of 
Na + and CI' of•.957 and !.8! ]k respective!y, [Weast, 19761, 
30 g of NaC1 should have approximately 3.9x1017surface 
chloride ions available for reaction. However, Table 1 shows 
the C!NO, yield appears to be approximately 60-70% with 20- 
55 g NaC[ (The error bar for 8.3 g is too large to be 
definitive). This lower yield at 30 g or more where the 
reaction should not be surface limited is likely due to a 
combination of poor mixing of the N O/air mixture with the 2 5 

salt and a competing reaction of impfixity HNO in the N O 3 2 5 

for surface chloride, forming HC1. No special precautions 
were taken to introduce the gas mixture evenly throughout the 
cross-sectional area of the cell; the gas tended to expand in a 
plume through the salt as it entered through smaller tubing into 
the larger cylinder. Poor mixing is likely also responsible for 
the lack of a significant change in the C!NO 2 yield when the 
initial N O concentration was lowered to 2 5 ppm at 20 or 30 2 5 ' 
g NaC1 respectively. 

The average ratio [HNO•]/[N•O,I was measured in ten 
separate N•OJair mixtures t•)qoe •5•+ø0.16, using the peaks 
at 878 and•3•6 cm 4 and the corresponding absorption cross 
sections reported by Niki et al. (1982)/ The weak lines from 
the product HC1 centered at 2886 cm- [Sadtier, 1972] were 
barely detectable in the one experiment with 83 g NaC1 which 
gave the lowest C1NO 2 yield (0.66) for these conditions. The 
HCI concentration was estimated to be ~2x1013 molecules 
cm '3, consistent with typical observed values of [HNO3]_. 

In summary, when sufficient surface chloride is avai!agle 
and the gas-solid mixing complete, one C1NO_ is formed per 
N O, in agreement with eq. (4). That the surface chloride is 
fuji/available for reaction is not surprising in light of recent 
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atomic force microscopy experiments showing the chlorine 
projecting frcm the surface [Meyer and Amer, 1990]. 

An estimate of the lower limit of the reaction probability ({) 
for reaction (4) can be obtained from the expedrnents at 83 g 
NaC1. Treating the gas flow as that through a porous 
(porosity measured as 0.38) medium [McWhorter and Sunada, 
1977] and calculating the average flow rate from the timed 
pressure-volume changes, the average residence time for N205 
over the NaC1 was estimated to be 0.16 s. The collision rate, 
C, (collisions per s) of a gas G with molecular weight M on a 
solid surface of area A can be calculated (Finlayson-Pitts and 

second is given by C = 9.0x102ø s -1. In 0.16 s transit time 
over the salt, there are 1.4x102ø N,O 5 - surface collisions. 
Since all of the N205 passing over'the salt (3.7x10 l? 
molecules) is converted to C1NO 2, at least one in every 390_ 
gas-solid collisions must result in reaction, i.e. {>._2.5x10 '•. 

While them are a number of assumptions and uncertainties 
inherent in this calculation, the choice of input parameters 
ensures that a lower limit to q> is estimated by this procedure: 
(!) Akhough A was taken as the initial NaC1 surface area, this 
is a maximum value since the effectiv..e available area 
decreases during the reaction as the surface is converted from 
C1- to NO3'; (2) The concentration of N205 was assumed to 
be the final equilibrium value; (3) The reaciion was assumed 
not to be limited by poor mixing of the gas with the solid or by 
diffusion of the gas to the surface, which would occur if the 
reaction were sufficiently fast to deplete the gaseous reactant 
close to the surface; diffusion limitations have been reported 
for the uptake of HC1 by ice surfaces, for example [Molina et 
al. 1987]. Using more realistic (i.e. lower) values for A and 
[N 0 ], and taking into account mixing and diffusion 
lin}taStions would all lead to a larger estimate of 

One can compare the present results to those for the reaction 
of N 0 with HC1 in ice at lower temperatures Tolbert et al 5 ' 

(198•) report a lower limit for the removal efficiency of N_20• 
on HCl/ice (7-14% on a molar basis) at 185 K of >_3x10 
with C1NO:• as the product identified by mass spectrometry. 
Leu (1988a) reports { for_N205 with HC1/ice at 195 K 
increasing to { = 6.3x10 '2 as tile mole fraction of HC1 
increases to 0.04. Thus, it is not surprising that the N205- 
NaC1 reaction at 298 K is also rapid. 

Atmomheric Implications N O in the troposphere has 

been CalcUlated from meaSur'•d 'I•and NO• to be as high as 
15 ppb [Atldnson et al.,_1986]. Taking a typmal salt particle 
concentration of 30 cm -• and a radius of 1 [xm, the available 
salt surface area in 1 cm 3 of air is 4x10 -e cm 2. Usin.• a more 
typical N O concentration of 1 ppb, and qb>2 5x10' the rate 25 -'' 
of production of CINO.. from reaction (4) is >1.4x10 
molecules cm -3 s 4. If t•e concentration of N205 and the 
available salt surface remained constant, and other reactions 

such as that with HNO 3 were not sufficienfiy fast that they 
limited the surface chloride, >2.4 ppb CINO 2 could be formed 
over 12 hours of darkness. (•:mce NO 3 photolyzes rapidly 
[Finlayson-Pitts and Pitts, 1986], N..O 5 only builds up at 
night). This concentration might be •tetectable in these regions 
by FTIR or tunable diode laser spectroscopy. 

At dawn, C1NO_ will photolyze to form C1 + NO• with a 
quantum yield of uhity [DeMore et al., 1990] and the chlorine 

atoms will react with organics in much the same manner as OH 
to initiate the organic-NO v photooxidation which ultimately 

• 0 
leads to 03. At a solar zenith angie of 86, typical of early 
morning, the rate of chlorine atom production from 2.4 ppb 
C1NO• is 5.0x105 atoms cm '3 s 4. This can be co.rnpared to a 
rate or'oH production of 4.8x106 radicals crn '3 s 4 for the 
photolysis of 3 ppb HONO, which is a major initiator of 
organic photooxidation in polluted urban atmospheres. Thus, 
in marine urban areas, when significant levels of N O exist, 

2 5 
reaction (4) could contribute quite significantly to the ifiitiation 
of photochemical smog formation. 

In the remote Arctic an ave_rage•sea salt particle surface area 
can be calculated to be 1 x 10 -• cm z per cm 5air, based on the 
observed sodium concentration of 292 ng m '3 [Sturges and 
Barde, 1988] and a typical particle diameter of 1 gm [Hoff et 
al., 1983]. For an estimated N,O 5 concentration of 50 ppt, 
which is reasonable [Finlaysor•-P•tts et al., 1990] based on the 
reported O• and NO 2 concentrations, and assuming {> 
2.5x10 '3, [•INO 2 ] _> 2.5x108 molecules cm '3 could be formed 
in a typical 16 days of transit time for an air mass across the 

Arctic [Patterson and Husar, 1981]. Photolysis of the C1NO 2 
at polar sunrise would give a rate of chlorine atom production 
for a solar zenith angle of 86 ø of > 2x103 atoms cm '3 s 'l. This 
compares to a rate of OH production from photol¾sis of 40 
ppb O of approximately lx105 OH radicals cm-3s 4. Thus, 
taking3the lower limit for the reaction probability, reaction (4) 
would only be responsible for initiating approximately 2% of 
the organic oxidations in this remote region; however, if { is 
an order of magnitude greater than this lower limit, reaction (4) 
could be important in the Arctic. 

It has generally been assumed that chlorine injected into the 
stratosphere by volcanic eruptions is in the form of HC! which 
has been directly detected after the eruption of E1 Chichon 
using infrared spectroscopy [Mankin and Coffey, 1984]. 
However, Woods et a1.(1983, !985) detected halite particles in 
the stratosphere at altitudes of 18-21 km in flights 2-4 weeks 
after the eruption. Michelangeli et al. (1990) estimate that the 
N O -NaC1 reaction probability would have to be ~ 4x10 '3 for 2 5 

the loss of N20 5 by reaction (4) to be equal to that from its 
photolysis at-28-km. Our experiments indicate that this is a 
reasonable lower limit to { at room temperature; the reaction 
probability at the lower temperatures found in the stratosphere 
(-225 K at 28 km) may be even larger if such heterogenous 
reactions speed up at lower temperatures as suggested by 
Molina et al. (1987). Thus, based on the kinetics, reaction (4) 
may indeed have played a significant role in stratospheric 
chemistry after the E1 Chichon eruption. 

NaBr undergoes reactions analogous to those of NaC1. it 
is therefore important that future field measurements of 
particles injected into the stratosphere from alkalic volcanoes 
similar to E1 Chichon include a search for NaBr as well. 

The contribution of reaction (4) to recycling of chlorine 
and NO in the troposphere and stratosphere may be limited by 
the avai/able surface. In our relatively dry (compared to the 
atmosphere) system, the yield of C1NO• is limited by the 
available surface chloride when N_O. fs in excess. However, 
under atmospheric conditions, variations in both relative 
humidity and temperature may cause changes in the nature of 
the surface and the relative availability of chloride. A reactor 
is currenfiy being constructed to quantify the reaction 
probability for reaction (4) as a function of these parameters. 
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