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The loss of NO 2, HNO, NO/N20, and HO2/HOONO 2 on soot aerosol: 
A chamber and modeling study 
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Abstract. The heterogeneous loss of NO2, HNO3, NO3 / 
N205, and HO2/HO2NO2 on soot aerosol was investigated in 
a large aerosol chamber for interaction times of up to several 
days. By fitting a detailed model to the measured time pro- 
files of the trace gas concentrations in the presence / absence 
of soot aerosol, the following reaction probabilities have been 
deduced at 294 K and <10 ppm H20 (in parentheses: at 50% 
r.h.)' ¾(NO2) _< 4x 10-8; ¾(HNO3---•NO2) _< 3x 10-7; ¾(NO3) _< 3x 
10 -4 (_<10-3); ¾(N205, hydrolysis) = (4_+2)x10 -5 ((2+1)X10-4); 
¾(N205, reduction) = (4+2)X10-6; ¾(HO2) < 10-2; ¾(HO2NO2) 
< 10 -5. These results were adopted in a series of box model 
calculations for four-day summer smog episodes, probing a 
wide range of NO emission rates. The 2 nd day ozone maxima 
were reduced up to 10 % in the presence of 20 #g m -3 soot 
aerosol, mainly due to the heterogeneous loss of HO2. 

Introduction 

Soot particles are formed by incomplete combustion of 
carbonaceous fuels. Diesel engines are the main anthropo- 
genic source, which contributes up to 10 gg m -3 soot to the 
aerosol load in polluted urban areas (Israel et at., 1996). 
Concentrations of several 100 ng m '3 have been reported for 
continental background air (Pakkanen et at., 2000). In north- 
em hemispheric flight corridors soot particle number densi- 
ties in the order of 10 s m -3 have been detected (Petzotd et at., 
1999). 

In addition to their toxic properties, soot particles are of 
environmental concern because of their impact on climate 
(Jacobson, 2000; Hansen et at., 2000). Since the fractat struc- 
ture of soot particles offers a large specific surface area for 
heterogeneous reactions with trace gases, attempts have been 
made in recent years to quantify their impact on the chemis- 
try of the atmosphere (Jacob, 2000). Several laboratories 
have reported reaction probabilities ¾ for a number of atmos- 
pheric trace gases (e.g. Stephens et at., 1986; Brouwer et al., 
1986; Fendel et at., 1995; Katberer et at., 1996; Rogaski et 
at., 1997) which imply that soot aerosol may cause signifi- 
cant direct ozone loss (Bekki, 1997, Strawa et at., 1999) and 
affect the NOx / NOy ratio by reducing HNO3 and NO2 
(Haugtustaine et at., 1996; Lary et at., 1997; Aumont et at., 
1999). However, these model predictions are based on con- 
stant reaction probabilities, while soot particles may become 
considerably less reactive on atmospheric time scales due to 
surface ageing (Kamm et at., 1999; Dissetkamp et al., 
2000a,b; Kirchner et at., 2000). Furthermore, it has been 
shown (Underwood et at., 2000) that certain laboratory tech- 
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niques tend to overpredict low reaction probabilities on aero- 
sol particles by orders of magnitude. 

Experimental and Modeling 
We have investigated the interactions of airborne soot par- 

tictes with a number of trace gases using the large evacuabte 
aerosol chamber AIDA which provides excellent control of 
temperature, pressure, and humidity (Kamm et at., 1999). 
The large volume of 84 m 3 allows experiments to be carried 
out under close to atmospheric conditions on time scales of 
several days, approaching typical residence times of atmos- 
pheric aerosols. 

The standard procedure to determine reactive losses of a 
trace gas on soot aerosol was as follows: First the temporal 
evolution of the trace gas was measured in particle-free air to 
determine wall losses. Then the experiment was repeated in 
the presence of soot aerosol. Finally possible changes of wall 
conditions were examined by repeating the first experiment 
in the absence of soot aerosol. Wall losses were minimized 

by preconditioning the chamber with 100 ppm ozone and 
N2Os/HNO3. They changed negligibly between experiments 
in most cases. Before each experiment the chamber was 
evacuated to 0.02 hPa, flushed twice with 10 hPa synthetic 
air, and filled with synthetic air to ambient pressure. Then ca. 
200 gg m -3 soot aerosol was added from a graphite spark 
generator (GfG 1000, Palas). In the next step a trace gas was 
added. A fan was used for rapid mixing. 

Ozone was prepared in ultra pure oxygen with a silent dis- 
charge generator. A mixture of 1000 ppm NO2 in synthetic 
air was used as received from Messer Griesheim. 100 % 

HNO3 and N205 were prepared by standard laboratory proce- 
dures starting from 65% HNO3 (Merck, Suprapur), and from 
NO and ozonized oxygen, respectively. Gaseous HOONO2 
(pernitric acid, PNA) was prepared by reacting NO2BF4 (97 
%, Fluka) with concentrated H202 (>90 %), and flushed into 
the chamber immediately to minimize thermal decomposi- 
tion. The concentrations of NO2, HNO3, N205, PNA and 03 
in the aerosol chamber were measured by long path FTIR 
spectrometry (Bruker IFS 66v, 112 m folded optical path). 
NO3 radical concentrations were measured by FT-Vis spec- 
trometry (Bruker IFS 66/S, 254 m folded optical path). These 
determinations were complemented by discontinuous ex situ 
measurements with commercial ozone and NO / NOx moni- 
tors (Environment O3-41M; Horiba APNA-300E; Monitor 
Labs ML9841). Soot aerosol mass was determined on quartz 
filters with a commercial carbon analyzer (Str6htein Couto- 
mat 702). Number densities and size distributions were 
measured with a condensation nuclei counter (TSI 3022A) 
and a scanning mobility particle sizer (TS13071). 

The experiments were analyzed by fitting aerosol size dis- 
tributions and concentration-time-profiles of the trace gases 
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with the aerosol physico-chemical simulation code COSIMA 
(Naumann and Bunz, 1992, 1994). This code describes the 
dynamics of fractal particles using fractal scaling laws as 
well as chemical reactions on surfaces and in the gas phase. 
The modeled processes include particle diffusion, coagula- 
tion, sedimentation, gas-to-surface transport including a 
transition regime correction, surface adsorption and reac- 
tions, reactions in the gas phase, and dilution effects due to 
sampling. The accessible surface area of the fractal particles 
was calculated as described in Kamm et al. (1999), assuming 
a primary particle diameter of (5_+1) nm (Helsper et al., 1993) 
and a fractal dimension of 2.0+0.1, which yielded best 
agreement between model-predicted and measured evolution 
of the aerosol size distribution and mass. 

Results and Discussion 

Two sets of experiments were performed to determine the 
reaction probability of NO: on ~200 •tg m '3 airborne soot at 
295 K in dry synthetic air. Both sets consisted of three 5- 
days-runs in the absence, presence, and absence of soot aero- 
sol. The initial NO: concentrations were ~100 ppb. Within 
the measured uncertainty ranges of the NO / NOx monitors 
(-+4 ppb and -+2 ppb, respectively) no significant loss of 
or formation of NO could be detected in the presence of soot 
aerosol during 5 days. This yields an upper limit of ¾(NO:) _< 
4x10 '8 for the time-averaged reaction probability of NO: on 
soot aerosol. Our ¾(NO:) is more than 6 orders of magnitude 
lower than the initial reaction probability reported by Ro- 
gaski et al. (1997), but agrees well with recent results of 
Longfellow et al. (2000). 

The reaction probability of nitric acid on soot aerosol in 
dry synthetic air was studied likewise in a set of three ex- 
periments, each of 48 h duration, using initial concentrations 
of 500 ppb HNO3, and 200 pg m -3 soot aerosol in the middle 
run. No significant HNO3 depletion other than wall loss was 
observed, and no significant NO: formation was detected in 
the presence of soot aerosol. The combined uncertainties of 
the analytical procedures yield an upper limit of ¾ _< 3x10 -7 
for the time-averaged probability of NO: formation. This is 
--4 orders of magnitude less than the reactive uptake coeffi- 
cient reported by Rogaski et al. (1997), but confirms results 
of Longfellow et al. (2000) and Disselkamp et al. (2000a). 

Interactions of N:O5 and NO3 radicals with spark gener- 
ated soot aerosol were investigated in four different ways: (1) 
three sets of triplicate experiments were carried out in dry 
synthetic air, generating NO3/N:O5 in situ by mixing similar 
amounts of NO: and ozone in the absence/presence/absence 
of soot aerosol. This resulted in relatively high NO3 concen- 
trations; (2) to reduce the relative importance of NO3 in com- 
parison with N:Os, one set of experiments was repeated using 
a large excess of NO: over ozone; (3) in three sets of tripli- 
cate experiments, N:Os which had been prepared in the labo- 
ratory was added to the dry chamber in the absence / pres- 
ence / absence of soot aerosol, thereby excluding reactions of 
ozone with NOx from an otherwise identical set of chemical 
reactions; (4) the first experiment (only one triplet) was re- 
peated as described under (1), but at 50% relative humidity to 
emphasize the loss of N:Os by hydrolysis. 

Figure 1A,B depicts the temporal evolution of the trace 
gas concentrations in the presence and absence of-•200 •tg 
m -3 soot aerosol, cases (1) and (2) above. In the presence of 
soot particles the decay of N:Os and the formation of HNO3 
are significantly faster than in the reference experiments 
without soot. The model calculations (solid lines), which 
were used to constrain the heterogeneous reaction probabili- 
ties of NO3 and N:O5 on soot particles (see below), are in 
good agreement with the measurements (symbols). The NO3 
measurements in Figure 1A and similar experiments are in 
excellent agreement with the simultaneously measured NO: 
and N:Os concentrations only when the most recently meas- 
ured equilibrium constant for the reaction NO: + NO3 •-• 
N:Os is adopted (W•ngberg et al., 1997). In Figure lB the 
NO3 concentration was deliberately reduced below the detec- 
tion limit of the FT-Vis system by adding NO: in large (900 
ppb) excess of the initial ozone mixing ratio, and only the 
calculated NO3 profiles can be shown. 

The formation of HNO3 in the absence of soot aerosol 
must be due to the reaction of N:O5 with water adsorbed on 
the chamber walls. Since the enhancement of the HNO3 
formation rate is significant in the presence of soot aerosol, 
we must conclude that an important fraction of N:Os under- 
goes hydrolysis on the surface of soot particles even at very 
low humidities (H:O < 10 ppm in the synthetic air), forming 
HNO3, which is released back into the gas phase. 

The complete experimental data set of the 
system could be fitted with the COSIMA model by including 
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Figure 1. Concentration-time profiles in the presence (filled symbols) and absence (open symbols) of soot aerosol 
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Figure 2. Same as Figure 1A, but at 50% r.h. and 295K 

two heterogeneous reactions with the following reaction 
probabilities, which were assumed to be time independent: 

N205 + soot ---> 2 HNO3 7 = (4+2) x10-5 
N205 + soot ---> NO + NO2 + prod. 7 = (4+2) x10-6 

The second reaction probability depends on the assumed 
decomposition mechanism which is, however, not well 
known (Longfellow et al., 2000). Our data yielded only an 
upper bound of 7 < 3x10-4 for the reaction probability of NO3 
on soot. 

Figure 2 shows concentration-time profiles of reactants 
and products at 50% relative humidity in the absence ! pres- 
ence of soot aerosol. Although the wall loss of N205 is much 
faster compared with the dry system, cf. Figure 1, it was still 
possible to extract a reaction probability for the hydrolysis 
rate of N205 on soot particles: 

N205 + soot (50% r.h.) --o 2 HNO3 7 = (2+ 1)x10 -4 
This is only five times faster than the hydrolysis rate on soot 
aerosol in "bone dry" air, and two orders of magnitude less 
than typical reaction probabilities on soluble inorganic aero- 
sol particles at comparable water activities (Mentel et al., 
1998), confirming the hydrophobic nature of "clean" soot 
particles. The fit by the COSIMA model at 50% r.h. is even 
less sensitive to 7(NO3) on soot, as expected, yielding an 
upper bound of 7 < 10 -3. 

By adding PNA to the chamber air in the absence ! pres- 
ence of soot aerosol, an upper limit could also be derived for 
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Figure 3. Concentration-time profiles for PNA and NO2 in 
the presence (filled symbols) and absence of soot (open sym- 
bols, before and after soot experiment) 

the reaction probability of HO2 radicals on soot, which exist 
in equilibrium with PNA and NO2. Figure 3 shows concen- 
tration-time profiles for one set of experiments. Although the 
overall fit of the COSIMA model was less satisfactory than 
in previous experiments, the following reaction probabilities 
have been determined as conservative upper limits: 

HO2 + soot --o products 7 5 10 -2 
HOONO2 + soot --o products 7 < 1 ifs. 
The dashed lines in Figure 3 indicate that significantly 

larger reaction probabilities for HO2 are incompatible with 
our experimental data. 

Atmospheric implications 
The impact of soot aerosol surface reactions on the for- 

mation of photochemical ozone was investigated by means of 
box model calculations using the RADM2 chemical code for 
the gas phase (Stockwell et al., 1990). The initial conditions, 
diurnal cycles of the photolysis rates and the emissions were 
identical to the PLUME1 case of a recent model intercom- 

parison exercise (Kuhn et al., 1998). The NO emission rates 
were varied by factors between 0.01 and 10 to explore the 
effect of different pollution levels. The surface area concen- 
tration of the soot aerosol was assumed to be C• = 3x10 -3 m -1 
which represents an upper limit. This leads to the following 
expression for the first order loss rates of reactive species Xi 
on soot aerosol: d In [X•/dt = - 7i Cs{ci}[4, where{ci} de- 
notes the mean molecular velocity of species Xi. The surface 
area concentration C• was assumed to be constant throughout 
the simulations, which were initially performed for the refer- 
ence case (no reactions on soot), then for each heterogeneous 
reaction on soot taken into account separately. Finally all 
reaction probabilities determined in this work were included 
simultaneously (dry cases only), assuming upper limits of 7 
in all cases, to be on the safe side, as well as the time de- 
pendence of 7(03) (Kamm et al., 1999). Figure 4 shows 
ozone maxima for the latter simulations and the reference 

case, which occurred on the second day of the simulations. 
The ozone maxima are plotted as function of the NOy con- 
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Figure 4. Above: 2 "d day ozone maxima, open / filled cir- 
cles ß without ! with soot aerosol. 'Below: % differences in 2 "d 
day ozone maxima 
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centrations, which had accumulated at the time the ozone 

maxima had been reached. The wide NOy range reflects the 
wide range of NO emission rates, which have been assumed 
in the calculations. 

In the presence as well as in the absence of soot aerosol 
the ozone maxima on the second day first increase with in- 
creasing NO source strength, then decrease again after having 
passed through a maximum. The chemical conditions below 
and above the maximum have been termed the low and high 
NOx regimes (Vogel et al., 1999). Figure 4 shows that soot 
has a minor impact on ozone formation in the low NOx re- 
gime, whereas in the high NO• regime soot may cause ozone 
reductions of up to 10%. The main contributor is HO2 (up to 
7% reduction in the single compound calculation). This 

represents an upper bound because the true reaction P2rob - 
ability of HO2 may be lower than the upper limit of 10- de- 
termined in this work. 

Considering the extreme assumptions made here (high and 
constant soot surface area concentration C•, i.e. no transport, 
no dilution, no deposition; upper limits of reaction probabili- 
ties 7), the impact of soot aerosol on atmospheric chemistry is 
likely to be small and perhaps negligible. 
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