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Reaction Probability of N205 on Aqueous Aerosols 

MICHAEL MOZURKEWICH AND JACK G. CALVERT 

National Center for Atmospheric Research, Boulder, Colorado 

The reaction probability, 7, of N205 (to form HNO3) with monodisperse NH3/H2SO4/H20 aerosols 
has been measured in a flow tube reactor at atmospheric pressure. Experiments were performed at 
temperatures of 274 and 293 K and at relative humidities of 1-76%. It appears that the presence of a 
liquid phase is necessary for reaction. With NH•HSO• aerosol, 7 values are nonzero, even below the 
deliquescence point of the pure salt, and show a gradual increase with increasing relative humidity up to 
constant values of 0.05 and 0.09 for 293 and 274 K, respectively. Experiments with aerosols of varied 
NH3/H2SOa. ratios suggest that evaporation of NH 3 from the NH•HSO• aerosols creates excess H2SOa. 
on the surface. This can take up water vapor to provide the reactant for N205 below the deliquescence 
point of NH4HSO4. The present observations are consistent with the reaction of N205 with moist 
aerosols being a major removal mechanism for odd nitrogen and a major source of HNO 3 in the 
nighttime troposphere. The same reaction on H2SOa. aerosols may be of significance in the stratosphere. 

INTRODUCTION 

The importance of oxides of nitrogen (NO and NO2) in 
atmospheric chemistry is well recognized. For example, these 
oxides play a major role in the generation of tropospheric 
ozone. Also, the gas phase reaction of NO 2 with HO radicals 
has been identified as a major source of nitric acid. However, 
the mechanisms by which NO and NO 2 are converted to 
HNO 3 and eventually removed from the atmosphere by wet 
or dry deposition are still not fully established. It is known 
that, at night, 0 3 oxidizes NO to NO 2 and, if sufficient 0 3 is 
present, the oxidation proceeds to NO 3. NO 3 and NO 2 exist 
in rapid equilibrium with N205. Observed nighttime con- 
centrations of NO 3 imply that there must be some unidenti- 
fied sink for NO 3 or N205. The loss in clean tropospheric air 
suggests that there is a well-mixed, long-lived scavenger for 
NO 3 [Noxon et al., 1978; Noxon, 1983]. Although possible 
scavengers have been suggested which involve homogeneous 
reactions of NO 3 [Winer et al., 1984; dohnston et al., 1986; 
Atkinson et al., 1986], a meaningful evaluation of the extent of 
their involvement is impossible at this time. 

Russell et al. [1986] concluded that if the slow homoge- 
neous reaction of N20 $ with H20 had a rate constant as large 
as 1.3 x 10- 2• cm3 molecule- • s- 2, it would be the dominant 
source of tropospheric HNO 3, even under relatively dry desert 
conditions. This rate constant would imply an N205 lifetime 
of the order of 1 hour. The reaction of N205 with aerosols 
could easily be much faster than this [Heikes and Thompson, 
1983]. The homogeneous reaction of N20 $ with H20 is 
almost certainly slower than assumed by Russell et al.; only 
upper limits to the rate constants have been measured. The 
most recent determination has found an upper limit of 2.7 
X 10 -22 ½m 3 molecule -• s -• [Sverdrup et al., 1987]. Thus it 

is possible that the heterogeneous reaction between N20 5 and 
H2 ̧  is much more important than the corresponding homo- 
geneous reaction. This reaction may be an important source of 
HNO 3 in the troposphere. 

The observed tropospheric loss rate for NO 3 is often more 
than an order of magnitude larger than the "background" 
value observed by Noxon [1983]. These observations have 
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been summarized by Atkinson et al. [1986]. They imply that if 
the loss is due to a reaction of N205, the N205 lifetimes must 
range from hundreds to tens of thousands of seconds. These 
rates are too fast to be accounted for by the homogeneous 
reaction of gaseous N205 with H20 vapor. This has led to the 
suggestion that the hydrolysis of N205 to HNO 3 on the sur- 
faces of particles or drops may account for the loss I-Heikes 
and Thompson, 1983; Lazrus et al., 1983; Richards, 1983]. In 
fact, Platt et al. [1984] have observed a strong dependence of 
the scavenging rate on relative humidity. This would be quali- 
tatively consistent with the removal of N205 by reaction with 
water in aqueous aerosols formed at high humidities. 

The results of several model calculations have shown that 

the reaction of N205 with aqueous aerosol may well be fast 
enough to be important in the troposphere. The rate of reac- 
tion of a gas with a particle may be expressed in terms of the 
reaction probability, ?, which is the fraction of collisions of gas 
molecules with the surface which result in reaction. The calcu- 

lations of Heikes and Thompson [1983] show that a reaction 
probability of 0.1 and a very low particle number density of 
103 particles cm-3 gives a lifetime of thousands of seconds. 
Number densities encountered in the atmosphere can be much 
greater than this. We also note that the heterogeneous reac- 
tion of N205 might be expected to depend on the amount of 
water picked up by the particles. This depends on the relative 
humidity, not the absolute water vapor concentration. Since 
temperatures are lower at night, the relative humidity is gener- 
ally higher. 

The heterogeneous reaction of N205 with water has also 
been suggested in other contexts. Cadle et al. [1975] have 
suggested that N205 might hydrolyze on stratospheric aero- 
sols; they found a large effect for this reaction in a model in 
which they set 7- 1. Evans et al. [1985] have proposed that 
this reaction, taking place in polar stratospheric clouds, plays 
a role in forming the Antarctic "ozone hole." Austin et al. 
[1986] have argued that wintertime variations in stratospheric 
HNO 3 concentrations require an as yet unidentified source of 
HNO 3. They propose that the heterogeneous reaction of 
N205 with H20 , with 3' as low as 10 -3, could be this source. 
Chameides [1986] has included heterogeneous reactions of 
N205 and NO 3 in a model of nighttime cloud chemistry. 
Sticking coefficients of 0.01 and 0 were considered. It was 
found that these reactions could be a major source of HNO 3 
in clouds. Chan•t [1986] has modeled precipitating clouds 
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using N205 reaction probabilities with cloud droplets varying 
from 1 to 10-3. He found that the model results were sensitive 

to this parameter and that this reaction could be a significant 
source of nitrate. • 

The calculations mentioned above considered a wide range 
of possible values for the reaction probability for N20 s with 
liquid surfaces. This was made neccessary by the lack of exper- 
imental data on this reaction. A study of the reaction on 
relatively dry sulfuric acid (< 5% H20 ) at room temperature 
[Baldwin and Golden, 1979; Baldwin, 1982] yielded a lower 
bound for 7 of 3.8 x 10 -•. Another, similar, study gave a 
result 2 orders of magnitude larger [Rossi et al., 1987]. Brou- 

wet et al. 1-1986] found a reactiop probability of 3 x 10-3 on 
dry charcoal and 5 x 10 -3 on charcoal in the presence of a 
small partial pressure of H20. The low water activity of these 
experiments casts doubt upon their applicability to atmo- 
spheric conditions. Harker and Strauss [1981] found values of 
1 x 10 -4 at 263 K and 5 x 10 -s at 221 K for the reaction 

probability on frozen H2SO4/H20 solutions. They measured 
somewhat larger values of 3 x 10-4 at 233 K and 1 x 10-4 at 
249 K on liquid solutions. Using an indirect method, Vetbees 
[1986] found a reaction probability of 8 x 10 -6 on wet NaC1 
and MgC12 aerosols. If 7 is much less than 10 -3, then the 
reaction of N20 • with aqueous aerosol must be an unimpor- 
tant source of HNO 3. This would leave the nighttime loss of 
N20 s unexplained. 

We report here an experimental measurement of 7 for N20 5 
on aqueous aerosols with a composition more typical of those 
found in the atmosphere. We have directly measured the 

decay of N2Q • inthe presence of a monodisperse, submicron 
aerosol. Most measurements were made using NH4HSO4, 
typical of tropospheric aerosols [Charlson et al., 1978]. Ad- 
ditional experiments were performed with aerosol composition 
varying from (NH4)2SO 4 to H2SO 4. The particles are suf- 
ficiently small that the rate of reaction is directly proportional 
to the reaction probability and the total surface area of the 
particles. 

EXPERIMENTAL METHOD 

A diagram of the experimental apparatus is shown in Figure 
1. The rate constants were measured at atmospheric pressure 
in a flow tube equipped with a movable injector. The flow 
tube has a diameter of 7.5 cm, is 140 cm long, and has a jacket 
through which liquid can be circulated for temperature con- 
trol. Because of the high pressure at which the tube is oper- 
ated, there will be a significant radial concentration gradient. 
The conversion of distance into time therefore requires the use 
of a velocity which is larger than the plug flow velocity 
[Brown, 1978' Keyset, 1984]. For ideal laminar flow, the ap- 
propriate velocity is 1.6 times the plug flow velocity. As we 
have discussed previously [Mozurkewich et al., 1987], the flow 
in this tube probably has some convective mixing. We have 
therefore used a flow velocity of 1.3 + 0.3 times the plug flow 
velocity, as has been done previously [Mozurkewich et al., 
1987' Fer•duson et al., 1969]. A total flow of 4.0 L min- • (all 
flows are referred to 0.80 atm and 293 K) was used for these 
experiments. A few experiments were carried out with flows 
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Fig. 2. Example first-order decay plots showing log•0[N20 5 con- 
centration] versus distance at 293 K and 55% relative humidity. 
Upper data set is with no aerosol particles. Lower data set is for an 
aerosol number density of 3.3 x 104 particles cm -3 and a particle 
radius of 93.9 nm. The correction for the presence of larger, doubly 
charged particles increases the total surface area by 18%. Lines are 
from a weighted least squares fit. 

ranging from 2 to 5 L min- •' the results did not depend on 
flow rate. 

An Aadco clean air supply was used to provicie clean, dry 
air for the experiments. The method of producing a monodis- 
perse aerosol has been described previously [Mozurkewich et 
al., 1987]. Briefly, a solution of NH4HSO 4 in water was 
placed in a Collison atomizer, where a polydisperse aerosol of 
liquid droplets was formed. The NH4HSO• solution was pre- 
pared from Dilute-it analytical concentrates (J. T. Baker) of 
NH4OH and H2SOa ' and deionized water. The water is re- 
moved in a diffusion dryer and a monodisperse fraction of the 
crystalline particles was separated using an electrostatic classi- 
fier (TSI, model 3071), also called a differential mobility ana- 
lyzer (DMA). The DMA was operated at a sheath air to aero- 
sol flow ratio of about 5'1, yielding a spread of radii about 
the mean of ___ 13% [Knutson and Whitby, 1975]. 

After leaving the DMA, the particles were passed through a 
neutralizer to remove most of the charge. The flow was split 
into two steams, with one passed through a filter to adjust the 
number density. These were then recombined. A measured 
fraction of this flow was then saturated with water vapor in a 
humidifier. This consists of 1 m of GoreTex tubing immersed 
in deionized water in a closed vessel held at the temperature of 
the flow tube. The humidifier is capable of saturating a flow of 
up to 3 L min-•, with little change in particle number density. 
The performance of the humidifier was checked using a dew- 
point hygrometer (EG&G model 911). The humid and dry 
airflows were then recombined and admitted to the flow tube. 

A second flow, amounting to one tenth of the total, entered 
the tube through the movable injector. The injector was a 
1/4-inch tube, closed at the end, with six radial holes. A por- 
tion of this was directed through a trap containing a molecu- 
lar sieve adsorbant. This trap was placed in a dry-ice/ethanol 
bath (about 193 K). The flow was then passed through a trap 
containing solid N20 5 placed in a dry-ice/chloroform sluõh 
bath (about 205 K). The N20 5 was prepared according to the 
method of Cantrell et al. [1987]. The remainder of the injector 
flow was passed over a NO 2 permeation vial (Thermedics, 
Incorporated). Typical initial mixing ratios of N20 5 and NO 2 
in the flow tube were about 200 and 500 ppb, respectively. 

Under these conditions the equilibrium dissociation of N205 
is less than 1% at the highest temperature (293 K) used in 
these experiments. Some experiments were carried out without 
adding any NO 2. This had no effect on the observed decay 
rate' hence N20 5, and not NOs, was the active reactant in 
this system. The variation of N20 5 concentration with the 
rate of the gas flow in the N20 • trap indicated that the gas 
was saturated with N20 5. 

The particle number density was measured using a single 
particle condensation nucleus counter (TSI model 3760), 
which sampled a portion of the flow tube exhaust. The radii of 
the dry particles could be calculated from the operating con- 
ditions of the DMA [Knutson and Whitby, 1975]. The abso- 
lute radii were checked using monodisperse latex spheres 
(Seragen Diagnostics) and found to agree within the stated 
accuracy for the spheres (a few percent). The radii of the drops 
at a given relative humidity (RH) were then calculated using 
the radius ratios determined in the tandem DMA experiments 
described below. 

Since the DMA classifies par•tic!es according to electrical 
mobility rather than size, there are some particles carrying a 
double charge, with radii larger titan that of the singly charged 
particles. The fractioh of doubly charged particles was deter- 
mined by measu, ring the size distribution of the atomizer 
output and assu'ming a Boltzmann charge distribution [Liu 
a•d Pui, 1974]. A suitable correction (typically 10-15%) to the 
cal•cdla•ed particle surface area was then made. 

The concentration of N20 • was determined using the 
rheti•bd of Fahey et al. [1985]. A flow of 0.5 cm 3 s -• of a 
mixtur• of 8.6 ppm NO in N 2 was added to a 16 cm 3 s- • 
sample from the flow tube. This was then passed through a 
40-cm leng{h of 1.0 cm ID quartz tubing heated to about 375 
K: At this temperature the N205 rapidly dissociates, and the 
NO 3 formed reacts with NO. The amount of NO remaining is 
then measured using the star•dard cherniluminescent reaction 
with ozo he. For typical N20 5 concentrations used in these 
experiments, between 10 and 75% of the NO was consumed. 
We found that the amount of NO consumed did not depend 
on the concentration of NO used, as long as the NO con- 
centration was sufficiently large. Before the flow was admitted 
to the NO instrument, it was drawn through nylon and parti- 
cle filters. The N20 5 concentration was found to fluctuate 
somewhat with time' this was the major source of scatter in 
measuring the decays. We believe that these fluctuations were 
due to variations in the temperature of the slush bath. 

AEROSOL REACTION RATES 

In a typical experiment the N20 5 concentration was mea- 
sured with the injector placed at several different positions in 
the flow tube. Only the central 70 cm of the tube was used. In 
the upstream portion of the tube, laminar flow is being es- 
tablished [Goldstein, 1965], and the flow is equilibrating at the 
temperature of the experiment. Immediately downstream of 
the injector, there is a region of nonexponential decay [Gorrn- 
ley and Kennedy, 1949] as the N20 5 mixes, and a steady 
concentration profile is established. By not moving the injec- 
tor too close to the sampling area, effects due to this region 
are held constant. Before and after measuring the decay, the 
N20 5 flow was turned off and the NO signal level measured. 

The concentration versus distance data were then plotted 
on a semilog plot and fit to an exponential decay by weighted 
least squares. This yielded a psuedo-first-order rate constant. 
Example first-order decays are shown in Figure 2. Loss of 
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N205 to the walls of the flow tube were observed in the 
absence of any aerosol. This loss increased with increasing 
relative humidity in the flow, so it was probably due to reac- 
tion with water vapor. The loss rate is much too large to be 
due to homogeneous reaction with water vapor. 

For each temperature and relative humidity, eight to 10 
first-order decays were measured. These included one or more 
experiments without particles as well as a number of experi- 
ments with varying particle radii and number densities. For 
each series of decays, three different particle sizes, with wet 
radii ranging from about 40 to 100 nm, were used. The maxi- 
mum number density (about 2.5 x 105 cm-3) was achieved at 
about 40 nm. Using particles with radii less than this resulted 
in too little aerosol surface area to achieve measurements of 

reasonable accuracy. The falloff in number density became 
severe above 100 nm; also, double-charging effects become 
large in this region. The 40- to 100-nm size range was also a 
convenient choice for our use, because effects due to surface 
curvature [Lewis et al., 1961] and diffusion limitation [Fuchs 
and Sutuoin, 1970] are only a few percent in this region. Two 
or three different number densities were used with each parti- 
cle size. 

The resulting first-order decays were then plotted versus 
aerosol surface area per unit volume, as shown in Figure 3. 
This is analogous to the second-order plots normally used in 
gas phase kinetic studies. A straight line was fit to these data, 
and the wall loss rate constant (intercept) and second-order 
rate constant (slope) were determined. The wall loss rate 
became very large at higher humidities. The second-order rate 
constant, k 2, is related to the reaction probability, •, by the 
equation k 2 = •v/4, where v is the mean molecular speed of 
N205. 

An examination of the residuals from the second-order plots 
showed a weak dependence on particle size. The direction of 
the trend implies that larger particles have larger values of •. 
This effect could only be separated from the statistical uncer- 
tainty when all of the residuals (140 points) were considered 
collectively. As a result, we cannot quantify this effect. It could 
be an artifact due to systematic nonlinearities in measuring 
particle radii or number densities. 

The results for •; as a function of relative humidity and 
temperature are summarized in Table 1 and Figure 4. For 
experiments at 293 K it is seen that • is very small when dry 

TABLE 1. N205 Reaction Probabilities for 1'1 NH3/H2SO 4 
Ratio in Atomizer Solution 

RH, % 274 K 293 K 

1 0.006 ___ 0.007 0.009 --- 0.002 
12 0.024 ___ 0.008 0.020 ___ 0.005 
25 0.022 ___ 0.008 0.035 _+ 0.005 
34 0.055 ___ 0.024 0.025 ___ 0.010 
45 0.060 _+ 0.009 0.051 ___ 0.006 
55 0.099 __ 0.020 0.056 __ 0.010 
66 0.079 ___ 0.008 0.050 ___ 0.007 
76 0.101 ___ 0.023 0.039 ___ 0.012 

Uncertainties are twice the standard deviation. 

air (< 2% RH) is used, increases rapidly up to a humidity of 
40%, the deliquescence point, and then levels off at a value of 
about 0.05. At 274 K the behavior is qualitatively similiar; 
values of • are similiar at low RH, but at this temperature they 
level off at a higher value, about 0.09. It should be noted that 
the uncertainty in the flow characteristics mentioned above 
results in a systematic uncertainty of +20% in these values. 
Preliminary results had been obtained at 283 K. Because of 
changes in the experimental procedure, these results are not 
quantitatively comparable. However, they do show the same 
qualitative behavior. 

The observed dependence of • on RH for NH4HSO 4 aero- 
sols was not anticipated. NH4HSO 4 has a deliquescence point 
of 39.7% RH (293 K). In theory it should not pick up water 
below this humidity- above it the crystal should dissolve en- 
tirely [Tang and Munkelwitz, 1977]. We expected a sharp 
change in the reaction probability at this deliquescence point. 
Obviously, our observations (Figure 4) do not match these 
expectations. In order to understand this behavior, we carried 
out the aerosol deliquescence experiments described in the 
following section. 

AEROSOL DELIQUESCENCE PROPERTIES 

By using two DMA's in tandem (TDMA technique) it is 
possible to resolve changes in aerosol radii as small as 0.3% 
[Radar and McMurry, 1986]. We used this method to study 
the tendency of NH4HSO 4 aerosols to pick up water. DMA 
flow ratios of 9:1 were used in these experiments in order to 
get higher resolution. The experiments were carried out at 
room temperature, typically 295 K. 
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Fig. 4. Reaction probability as a function of relative humidity at 
274 K (squares) and 293 K (diamonds). Error bars are twice the 
standard deviations. 



MOZURKEWICH AND CALVERT: N20 s REACTION ON AEROSOLS 15,893 

1.40 - 
- 

_ 

_ 

1.30 
_ 

_ 

_ 

1.20 -_- 
_ 

1.10 
_ 

_ 

1.oo - 

•. Relative Humidity 

Fig. 5. Aerosol wet-to-dry radius ratio as a function of relative 
humidity. The atomizer solution contained a 1:1 NH3/H2SO 4 ratio: 
solid curve, calculated [Tang and Munkelwitz, 1977]; squares indicate 
dry radius equal to 33.3 nm; triangles, dry radius equal to 55.9 nm; 
diamonds, dry radius equal to 75.3 nm. 

As in the kinetics experiments described earlier, an aerosol 
was produced in an atomizer, dried, and a monodisperse frac- 
tion was selected using DMA 1. The sheath airflow exiting 
from this DMA was filtered and a portion was humidified. 
This flow was then combined with the monodisperse aerosol 
flow. The combined flow entered a dead volume with a resi- 

dence time of 6 s to allow the aerosol to equilibrate. Particles 
in this size range should equilibrate with water vapor on a 
time scale of 10 ms; bypassing the dead volume did not affect 
the results. A portion of this flow was then admitted to DMA 
2 as the aerosol flow; the rest was filtered and used for the 
sheath airflow. In this manner the flows in both DMAs were 

kept equal, and the humidities of the sheath and aerosol flows 
were kept the same. The aerosol output of DMA 2 was sent to 
the condensation nuclei (CN) counter and a portion of the 
sheath air output was passed through the dew-point hy- 
grometer. 

In these experiments DMA 1 was set to a fixed voltage and 
the particle number density was measured as DMA 2 was 
scanned through a series of voltages. The resulting size distri- 
bution was then analyzed by the method of Rader and Mc- 
Murry [1986]. Values of the flow ratio parameter determined 
from fitting the size distribution agreed well with the measured 
values. The particle radius was calculated from the voltage at 
which the peak number density occurred. There was a system- 
atic deviation of about 1% in the particle radii measured by 
the two DMAs. This difference has no effect on the results 

described below, since these are based entirely on measure- 
ments made with the second DMA at various humidities. 

The experiments were repeated for a series of relative humi- 
dities, initial particle sizes and initial particle compositions. 
Results are shown in Figure 5. When the atomizer contains a 
1:1 NH3/H2SO 4 ratio (NH4HSO4), the growth of particles is 
very different from that reported by Tang and Munkelwitz 
[1977]. A significant amount of water is picked up below the 
deliquescence point. In contrast, for a ratio of NH 3 to H2SO, , 
of 2:1 ((NH4)2SO4) , no growth occurs, as expected. Behavior 
similiar to that shown in Figure 5 was noted by Char!son eta!. 
[1974]. 

Although the vapor pressure of NH 3 over a saturated solu- 
tion of NH4HSO 4 is very small (less than 10 -•ø arm), the 
evaporation lifetime from drops in our size range is only a few 

minutes. Thus it is entirely possible that a small but significant 
fraction (a few percent) of the NH 3 may evaporate in the time 
it takes the particle to crystalize. If this occurs, there will be a 
layer of H2SO 4 on the surface of the resulting crystal; this will 
readily pick up water even at low RH. We believe that this 
accounts for the deliquescence behavior seen here. 

In order to test this explanation, we carried out experiments 
in which the atomizer contained a solution with an NH 3 to 
H2SO 4 ratio of 1.25:1.0. The idea was to insure that no free 
sulfuric acid would form, even if some NH 3 were to evaporate. 
As seen in Figure 6, the aerosol produced from this solution 
deliquesces at the expected RH. However, the amount of 
water picked up at higher humidities is somewhat less than 
that expected theoretically (solid curve). This deviation cannot 
be explained by the Kelvin effect (vapor pressure increase due 
to surface curvature; Lewis et al. [1961]), since the data pre- 
sented in Figure 5 show that the same radius ratios are ob- 
tained for particles with radii varying by more than a factor of 
2. The Kelvin effect for the smallest particles would be more 
than double that for the largest particles employed here. 

We believe that the discrepancies between the theoretical 
and measured values in Figure 6 are due to nonsphericity of 
the crystalline particles. The DMA sorts particles according to 
electrical mobility. This is related to particle size by means of 
the aerodynamic drag on the particle. A nonspherical particle 
will have greater drag than a spherical particle of the same 
volume. It will therefore appear to have a greater "radius" 
when sized by the DMA. For sufficiently small particles, which 
will be randomly oriented, the drag is proportional to the 
surface area [Dahneke, 1973]. The particles considered here 
will be reasonably near this limit. The data in Figure 6 can be 
explained if the dry, crystalline particles have a surface area 
20% greater than a sphere of the same volume. Such a value is 
reasonable; it is slightly less than the value for a cube. In 
calculating the aerosol surface areas, we used the measured 
ratios of the solution droplet to dry particle radii. 

In order to obtain deliquescence behavior typical of 
NHaHSO4, it was necessary to increase the NH• + con- 
centration by 25%. This does not imply that 25% of the NH 3 
in the 1:1 solution evaporates. As the NH4 + concentration 
increases, the pH of the solution increases rapidly. Hence the 
NH 3 vapor pressure, and the rate of NH 3 evaporation, also 
increases rapidly. 
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Fig. 6. Aerosol wet-to-dry radius ratio as a function of relative 
humidity. The atomizer solution contained a 1.25:1 NH3/H2SO 4 
ratio: solid line, calculated [Tang and Munkelwitz, 1977]; points, dry 
radius equal to 55.4 nm. 



15,894 MOZURKEWICH AND CALVERT: N 2 ̧ 5 REACTION ON AEROSOLS 

TABLE 2. Comparison of N205 Reaction Probabilities at 293 K 
for Various NH3/H2SO 4 Ratios in the Atomizer Solution 

RH, % NH4/H2SO 4 Reaction Probability 

25 1.00 0.035 _ 0.005 

25 1.02 0.021 _ 0.011 

25 2.00 <0.003 

30 1.25 0.012 _ 0.004 

34 1.00 0.025 _ 0.010 

35 1.25 0.013 _ 0.005 

45 0.98 0.053 _ 0.008 

45 1.00 0.051 _ 0.006 
45 1.02 0.041 _ 0.037 

42 1.25 0.022 +_ 0.014 

48 1.25 0.031 _ 0.011 

55 1.00 0.056 _ 0.010 

60 2.00 0.043 _+ 0.005 

66 1.00 0.050 _+ 0.007 

70 1.25 0.040 _+ 0.006 
76 1.00 0.039 _+ 0.012 

Uncertainties are twice the standard deviation. 

REACTIONS ON AEROSOLS OTHER THAN NH4HSO 4 

As described earlier, the aerosol deliquescence properties 
depend on the NH3/H2SO 4 ratio. We therefore decided to 
examine the effect of this ratio on 7. A summary of results 
from these experiments, along with some data from Table 1 
for comparison, are given in Table 2. It is seen that very small 
(2%) changes in the NH3/H2SO 4 ratio change 7 by less than 
the experimental uncertainty. However, a 25% increase in 
NH4 + significantly reduces 7 at both low and high humidities. 
The sharp onset of deliquescence, observed in the TDMA ex- 
periments, is still not seen in the behavior of 7. This may be 
due to the greater time available for evaporation in the flow 
tube experiment relative to the TDMA experiment. 

This possibility was further examined by using an 
(NH4)2SO 4 solution in the atomizer. In this case, no reaction 
(3' < 0.003) was observed at 25% RH. However, a significant 
reaction rate (7 = 0.043 q-0.005) was observed at 60% RH. 
This would seem to indicate that evaporation of NH 3 leaves 
the aerosol with a composition between that of ammonium 
bisulfate (NH 3 to H2SO 4 ratio of 1'1, deliquescence point at 
40% RH) and letovicite (NH 3 to H2SO 4 ratio of 1.5' 1, deli- 
quescence point at 67% RH). That a large fraction of NH 3 
would evaporate from this aerosol is reasonable. As the NH4 + 
concentration increases, the pH, and therefore the NH 3 vapor 
pressure, increases rapidly. 

Because of the high vapor pressure of NH 3 over 
(NH4)2SO4, we decided to add NH 3 to the vapor phase in 
order to suppress evaporation from the solution and therefore 
insure that the particles remained crystalline above the deli- 
quescence point of NH4HSO 4. The method of NH 3 addition 
was based on the work of Dasgupta and Dong [1986]. The 
distilled water in the humidifier was replaced with a solution 
consisting of 0.025 M KH2PO4, 0.026 M Na2HPO4, and 
0.0035 M NH4OH. We estimate that this produced a gas 
phase NH 3 mixing ratio of about 100 ppb. The addition of gas 
phase NH 3 produced an increased rate of wall loss, especially 
at higher relative humidities. We measured reaction probabil- 
ities of 0.017 + 0.012 at 44% RH and 0.042 + 0.014 at 50% 

RH. 

The vapor pressure of added NH 3 should be more than 
sufficient to insure that the NH 3 to H2SO 4 ratio is at least 

1.5:1. Thus at first glance it would appear that these results 
imply that reaction of N205 occurs on dry particles. However, 
since both HNO 3 and NH 3 are present in this system, we 
expect to form NH4NO3, which deliquesces at 65% RH I-Stel- 
son and Seinfeld, 1982]. A mixture of letovicite and NH3NO 3 
should deliquesce at a lower RH than either salt alone. As a 
result, this experiment was inconclusive. 

As noted earlier, we believe that the reaction probabilities 
measured at relative humidities below 40% are due to a thin 

layer of H2SO 4 on the surface of the aerosol. Furthermore, 
several previous experiments involving N205 reaction prob- 
abilities I-Harker and Strauss, 1981; Baldwin and Golden, 1979; 
Rossi et al., 1987] have been on H2SO 4 surfaces. We therefore 
decided to measure 7 on H2SO 4 aerosols; the results are 
shown in Table 3. We limited the experiments to 10% RH in 
order to minimize the potential for corrosion of the equip- 
ment. The experiments of Baldwin and Golden [1979] and 
Rossi et al. [1987] were done with very dry H2SO 4. The liquid 
solutions used by Harker and Strauss had a composition cor- 
responding to about 10% RH. We determined the ratio of the 
particle radius at 10% RH to that in dry air by a TDMA 
experiment similiar to those described above. 

From the data in Table 3, we see that the temperature 
dependence of 7 is similiar to that on NH4HSO4, but perhaps 
slightly weaker. There seems to be little dependence on RH. 
This is not entirely due to inadequate drying of the H2SO 4 
droplets in the diffusion dryer, since the TDMA experiment 
showed growth at 10% RH. Thus there must be a significant 
difference in the aerosol water content at the two humidities. 

This implies that the rate-determining step is not reaction with 
water but is some preliminary step, such as 

N2Os(aq)-• NO3-(aq) + NO2 +(aq) 

For NH4HSO 4 aerosols the presence of H20 is necessary in 
order that there be a liquid phase. We also see from Table 3 
that 7 is larger on H2SO 4 than on NH4HSO 4. This implies 
that the drop in 7 at low RH, seen in Figure 4, is due to the 
small liquid volume, not a change in composition of the liquid. 

Harker and Strauss [1981] have reported values for 7 on 
H2SO4/H20 liquid surfaces for an H20 mole fraction of 32%, 
corresponding to roughly 10% RH. They found 7 = 3 x 10 -4 
at 233 K and 1 x 10 -4 at 249 K. Thus the sign of their 
temperature dependence is the same as ours, but the values of 
7 are several orders of magnitude lower. They also found 
lower values for 7 and a positive activation energy for frozen 
H20/H2804 surfaces at temperatures of 221-263 K. 

Baldwin and Golden [1979] report a lower bound for 7 on 
relatively dry (<5% H20 ) H2SO 4 surfaces of 3.8 x 10- 5 
Using a similiar method, Rossi et al. [1987] report a value an 
"order of magnitude" larger than the value 3.2 x 10 -4 which 
they found for C1NO 3. It is not clear from that paper whether 
this is also a lower bound. The value is, however, intermediate 
between our results and those of Harker and Strauss. A low 

value on relatively dry H2SO 4 is not inconsistant with our 
observed lack of relative humidity dependence. We would 

TABLE 3. N205 Reaction Probabilities on H2SO 4 Aerosols 

RH, % 274 K 293 K 

1 0.139 _+ 0.013 0.108 _ 0.048 
10 0.139 _+ 0.005 0.093 _+ 0.006 

Uncertainties are twice the standard deviation. 
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expect that when the water content becomes sufficiently small, 
the rate-determining step would change from the ionization 
step to the subsequent reaction with H20. 

CONCLUSIONS 

N20 5 reacts with H20 in NH4HSO 4 aerosol particles. At 
293 K the reaction probability, 7, is about 0.05 for humidities 
above the deliquescence point of 40% RH. At 274, K 7 in- 
creases to 0.09 at these humidities. At lower humidities the 

values of 7 drops off. An aerosol containing a liquid phase is 
required for these reactions to take place at an appreciable 
rate. 

We propose the following mechanism for this reaction. 
N20 5 is known to form an ionic crystal [Cotton and Wilkin- 
son, 1980] and to dissociate into ions when dissolved in neat 
HNO 3 [Robinson and Stokes, 1959]. We therefore expect that 
when N20 5 dissolves in water, it will dissociate to NO 2 + and 
NO3-, both of which will react readily in water to form 
HNO3: 

N2Os(g) • N2Os(aq) 

N2Os(aq)--• NO3-(a q) + NO2 +(aq) 

NO2 +(aq) + H20(1)-• H+(aq) + HNO3(aq) 

NO 3 -(aq) + H +(aq) • HNO3(aq) 

HNO3(aq) • HNO3(g) 

he also found a very low reaction probability (10-9-10 -8) on 
his reactor walls, even at RH up to 78%. From the data of 
Morris and Niki [1973], we estimate reaction probabilities for 
N20 5 on the walls of 4 x 10 -6 at 20% RH, dropping to 
< 10 -7 on dry walls. This estimate uses the reasonable as- 
sumption that the major portion of the reaction which they 
observed was due to wall loss. Our wall loss data implies a 
similar reaction probability at these humidities. At RH greater 
than 70%, we find wall reaction probabilities in excess of 
10- 5, much larger than those reported by Verhees. 

The reaction of N20 5 with aqueous aerosol may well be 
significant in the atmosphere. Taking 7 in the range of 0.05- 
0.1, as observed here, aerosol number densities of 103-105 
cm-3, typical of the troposphere, and the reasonable size dis- 
tributions used by Heikes and Thompson [1983], we find that 
N20 5 lifetimes vary between about 30 s and 2 hours. These 
are about an order of magnitude faster than needed to explain 
nighttime loss of NO 3 [Atkinson, 1986]. The reaction prob- 
abilities on natural aerosols may be lower due to some of the 
aerosols being nonhygroscopic (soot or soil dust, for example) 
or due to the presence of organic films on the aerosols [Gill et 
a!., 1983]. The unexplained scavenger for NO 3 in the night- 
time atmosphere may well be moist aerosol particles. The 
values of 7 that we have measured for H2SO4 aerosols (Table 
3) are well in excess of those that produce significant effects on 
the stratospheric HNO 3 concentrations in the model of Austin 
et al. [1986]. 

That the first step is rate limiting is indicated by the fact 
that the reaction probability is higher on H2SO • aerosols with 
a low water activity. Both the dissociation of N20 5 and its 
reevaporation from solution should be very rapid; the reac- 
tion probability reflects the competition between these two 
processes. Diffusion into the drop is much slower; as a result, 
the reaction takes place almost entirely in a thin layer near the 
surface, and the loss of N20 5 is therefore proportional to 
surface area. A meaningful quantitative analysis of these pro- 
cesses is not possible because of a lack of data on the relevant 
Henry's law constants, diffusion coefficients, and reaction rate 
constants. 

The reaction probability becomes gradually smaller at low 
humidities because, below the deliquescence point of 
NH•HSO•, there is only a thin layer of liquid on the surface 
of the particle. This is probably a result of a small excess of 
H2SO • formed as NH 3 evaporates from the NH4HSO• aero- 
sol solution. When this layer becomes thin enough that the 
N20 5 can diffuse uniformly throughout the solution (saturate 
it), the rate of reevaporation becomes faster. The observation 
that 7 decreases as the temperature increases may result from 
a larger increase with temperature in the rate of evaporation 
than in the rate of dissociation. 

N20 5 also reacts on sulfuric acid aerosols at low humidities. 
The reaction probability is somewhat larger than on 
NH•HSO• aerosols, has a similar temperature dependence, 
and does not seem to depend on relative humidity. 

As noted in the introduction, most other work on the reac- 

tion probabilities of N20 5 has been carried out at very low 
water activities. The exception is the work of Verhees [1986-1, 
who reports low values of only 8 x 10 -6 at 78% RH on NaC1 
and MgC12 aerosols. At this RH these salts are expected to 
form solution droplets. We have no explanation for the appar- 
ent discrepancy between our results and those of Verhees. 
However, we note that his data appear to be unusual in that 
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