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Soot particles produced by incomplete combustion processes are
one of the major components of urban air pollution. Chemistry at
their surfaces lead to the heterogeneous conversion of several key
trace gases; for example NO2 interacts with soot and is converted
into HONO, which rapidly photodissociates to form OH in the tro-
posphere. In the dark, soot surfaces are rapidly deactivated under
atmospheric conditions, leading to the current understanding that
soot chemistry affects tropospheric chemical composition only in a
minor way. We demonstrate here that the conversion of NO2 to
HONO on soot particles is drastically enhanced in the presence
of artificial solar radiation, and leads to persistent reactivity over
long periods. Soot photochemistrymay therefore be a key player in
urban air pollution.

HONO ∣ nitrogen oxides ∣ photochemistry ∣ aerosol ∣
heterogeneous chemistry

Soot particles formed by incomplete combustion of fossil fuels
and biomass comprise a significant portion of the total aerosol
mass. The current global emission of black carbon, which is
the main component of soot, has been estimated to be between
3 and 8 TgC yr−1 (1). Soot particles affect radiative forcing, show-
ing both direct and indirect effects, with an overall contribution
to global warming estimated to be second after that due to CO2

(2). Also, they comprise a health risk due to the presence of
bound polycyclic aromatic hydrocarbons (PAHs) (3, 4), com-
pounds known for their carcinogenic and mutagenic potency
to humans (5).

Soot particles exhibit a large specific surface area,∼100 m2 g−1,
which suggests a potential for heterogeneous interactions with
atmospheric trace gases. Consequently, there have been many
attempts to evaluate the importance of chemical transforma-
tions of atmospheric constituents on soot particle surfaces,
especially those involving O3 and NOx (6). Other work has
focused on the heterogeneous reactions of various atmospheric
oxidants with PAHs (7–10). PAHs degradation on soot particles
in the presence of radiation has also been studied (7, 11–13).
The general conclusion from all previous investigations is that
the impact of soot on atmospheric chemistry is likely to be neg-
ligible (14–17) because soot surfaces rapidly deactivate under
atmospheric conditions via consumption of the reactive species
responsible for uptake (18–20). The earlier works concentrated
on studying heterogeneous interactions with soot under dark
conditions. Recently, Brigante et al. (21) demonstrated a strong
enhancing effect of actinic radiation on the kinetics of the
heterogeneous reaction between NO2 and solid pyrene films.
As PAHs such as pyrene are ubiquitous on soot, this suggested
the following question: Does actinic radiation also promote
heterogeneous reactions which change the atmospheric rele-
vance of soot? In particular, could light enhance the uptake
of tropospheric oxidants on soot particles? The aim of the pre-
sent work was to address this question by evaluating the effect
of light on the reaction of NO2 with various soot samples.

Results and Discussion
Nitrogen dioxide was chosen as the reactive gas because it is
an important atmospheric trace gas, which is present at high
concentrations along with soot in polluted areas. Its chemistry
on soot surfaces in the dark has previously been investigated
(14–20, 22–29) to assess its role in nighttime formation of
HONO, an important precursor of OH radicals in the tropo-
sphere. These studies showed that, after an initial NO2 loss,
the soot surface becomes deactivated, leading to no further
uptake. Therefore, indicating a negligible overall importance
of this process to the NOx chemistry. To assess the potential
for photochemical enhancement of this reaction, we performed
NO2 uptake experiments using a horizontal coated-wall flow tube
reactor, surrounded by six fluorescent lamps (Philips CLEO
20 W), having a continuous emission in the 300–420 nanometers
(nm) range and a total irradiance of 1.48 × 1015 photons cm−2 s−1.
Trace amounts of NO2 were introduced into the flow tube diluted
in 1 atm of synthetic air.

Fig. 1 illustrates the results of one such experiment, using soot
formed under fuel-rich conditions exposed to 145 parts per billion
by volume (ppbv) of NO2. The initial “spike” shows the uptake of
NO2 under dark conditions; in agreement with the previous work,
the soot becomes rapidly deactivated, reducing the uptake to zero
over a time of approximately 1–2 min. Upon exposure to light,
there is a clear time-independent loss of NO2 on the soot surface,
persisting over 30 min in this instance. The presence of significant
HONO is verified by passing the effluent flow through a carbo-
nate denuder which traps acidic species before detection. This
procedure is needed since HONO is detected by the chemilumi-
nescence analyzer as NO2 (SI Methods). The HONO concentra-
tion is then obtained as the difference in the NO2 signal without
and with the carbonate denuder in the sampling line.

Fig. 2A shows the result of a similar experiment using soot
formed under fuel-rich conditions exposed to 150 ppbv of NO2

for a longer period of time. It is clear from the figure that, upon
exposure to the light, NO2 loss remains constant over many
hours. Coupled with this NO2 uptake is the observation of
HONO and NO release to the gas phase for as long as NO2 is
taken up by the soot surface. The NO observed in all experiments
is likely due to decomposition of HONO on the soot surface as
suggested in previous studies (16, 28). Furthermore, no photodis-
sociation of NO2 was observed under irradiation, in contrast to
the conditions of the experiments reported by Chughtai et al. (30)
on hexane soot, where the effects of light were mediated by NO2

photolysis. Fig. 2B displays the time-integrated loss of NO2 and
formation of products under dark and light conditions. Whereas
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the rapid passivation of the soot surface in the dark leads to a
rather insignificant time-integrated NO2 loss, under illumination
both NO2 uptake and product formation persisted for almost 7 h,
with only 25% NO2 reduction after 7 h. In terms of exposure, the
conditions above could be translated into a constant reactivity
towards 15 ppbv of NO2 for almost 70 h. Given the inverse
dependence of the uptake coefficient (defined as the fraction
of collisions with the soot surface which lead to NO2 loss from
the gas phase) on the NO2 concentration, shown in Fig. 3, this
extrapolation represents a lower limit only. In contrast with

previous conclusions, soot may remain chemically active for
several days under atmospherically relevant conditions, with a
constant production of NO and HONO.

We note that the same qualitative behavior was also observed
for soot samples generated from stoichiometric flames. However,
the combustion conditions used for soot generation significantly
modified the NO and HONO production yields (27, 28). As
shown in Fig. 4, soot samples produced with the highest content
of oxygen (lean flame) were slightly less reactive towards NO2

than soot samples generated with lower contents of oxygen
(stoichiometric and rich flames). The HONO yield was 18% for
the former condition, and increased up to 60% for the other
burning conditions when the soot was exposed to 40 ppbv of
NO2. Again, it must be stressed that in all cases HONO produc-
tion was only slightly decreasing with time over many hours, in
contrast to the chemistry occurring in the dark.

Scanning and transmission electron microscopy (SEM, TEM)
were used to characterize the soot samples obtained under dif-
ferent combustion conditions. Examples of these are presented
in the upper panels of Fig. 4 and in Fig. S1. The nanoparticles
constituting soot commonly aggregate into clusters having irregu-
lar morphologies and varied sizes (31). The morphology of the
particles obtained was similar to the atmospheric soot aerosol
described by Alexander et al. (32). As illustrated in Fig. 4 and

Fig. 1. NO2 uptake in the dark and under irradiation for soot (fuel-rich
conditions). The HONO concentration is obtained as the difference in the
detector signal without and with the carbonate denuder in the sampling
line. The gray bars indicate exposure in the dark.

Fig. 2. (A) Soot produced with a rich flame exposed to 150 ppbv of
NO2 under irradiation for almost 7 hrs. The Red Line corresponds to NO
and the Green Line to NO2. (B) Time-integrated NO, NO2 and HONO concen-
trations. The Black Dotted Line indicates the upper limit for NO2 loss in the
dark.

Fig. 3. Uptake coefficients for the heterogeneous reaction between
soot (stoichiometric flame) and NO2 under irradiation as a function of the
initial NO2 gas concentration. Error bars are derived from the uncertainties
associated to the calculation of the uptake coefficients.

Fig. 4. NO2 loss, NO and HONO formation on propane soot samples exposed
to 40 ppbv of NO2 and generated with a lean, a stoichiometric and a rich
flame. SEM images are shown in the upper panels of the figure. Error bars
indicate the standard deviation from independent measurements.
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Fig. S1, the fuel/air ratio, which is a key parameter in combustion
technology, strongly influenced the morphology and the micro-
structure of the soot particles. The fuel/air ratio has previously
been suggested to strongly influence the heterogeneous reactivity
of soot towards NO2 (23, 27, 28).

The effect of the soot mass was evaluated on the NO2 uptake
on soot samples produced with a stoichiometric flame (Fig. S2).
The “geometric” uptake coefficient, i.e., the rate of uptake
normalized to the geometric substrate surface area, increased
linearly with the mass of the soot sample. A similar dependence
was reported for different types of soot (19, 33). This behavior
suggests that reaction of NO2 takes place at the internal surfaces
of the soot sample, after diffusion of the gas through the film.
A mass-independent uptake (Fig. 3) was derived using the
BET (Brunauer, Emmett, Teller) surface areas, which were 122�
1 m2 g−1 and 137.2� 0.5 m2 g−1 for samples produced with a lean
and a stoichiometric flame, respectively. The latter is similar to
the value used by Al-Abadleh and Grassian to correct the geo-
metric uptake coefficient on propane soot reported by Longfel-
low et al. (26, 33). Daly and Horn (34) reported a BET surface
area of 97� 22 m2 g−1 for a fresh diesel soot sample.

The HONO yield for soot samples obtained under stoichio-
metric conditions was found to be 60%, and was invariant to
the NO2 concentration between 16–60 ppbv; it decreased to
50% for higher concentrations (Table 1), in contrast to the results
on hexane soot obtained in the dark by Aubin and Abbatt (14),
who found near unit efficiency for HONO production. The
HONOþNO yields were lower than 100% for almost all the
concentration range. This suggests that under irradiation the het-
erogeneous reaction between soot and NO2 may form nonvolatile
nitro compounds (15) giving rise to the lower product yields
observed. To test this idea, a second set of experiments was
performed in which soot samples that had previously been ex-
posed to NO2 under illumination were then exposed to a constant
flow of synthetic air in the dark in order to promote NO2 deso-
rption from the surface. Once no further traces of NO and NO2

were observed, the lamps were turned on and emission of HONO
and NO from the surface was observed. Fig. 5 shows the appear-
ance of these species upon irradiation of the NO2-treated soot
surface.

On the basis of the experimental results, a possible pathway is
shown in Fig. 6. The electronically activated species (P�), as
PAHs, aromatic structures with carbonyl and carboxyl functional
groups (3, 4, 15, 35) can undergo electron transfer followed by
hydrolysis and/or nitro compounds formation, both pathways
leading to HONO release (21, 22, 36). In addition, photoexcited
PAHs species can react with O2 (37), via triplet (3P�) and singlet
(1P�) excited states, the latter if the concentration of the reactant
is sufficiently high (37, 38). Besides, singlet oxygen formation can
not be excluded (39). Nevertheless, reduction of O2 content from
20% to traces did not change either the NO2 uptake or the NO
and HONO yields. Following the mechanism illustrated in Fig. 6,
the number of reactive sites at the surface is proportional to
the number of photoactivated species (P�), and the latter is

proportional to the number of photons. This is demonstrated
by the linear dependence of the uptake coefficient on the
irradiance (Fig. 7).

Conclusions
Soot photochemistry first leads to persistent reactivity of soot
particles towards NO2 gas traces to produce HONO, NO, and
nitrogen containing organic compounds, which can then be
photolyzed and release NO and HONO in a NOx-free atmo-
sphere. These observations suggest that soot transported away
from a polluted urban environment might provide a local photo-
chemical source of NO and HONO. These results confirm the
potentially important contribution of the NO2∕soot reaction to
the production of HONO because soot deactivation (18) does
not occur under irradiation. If the results reported above are
extrapolated to the solar irradiance (in the 300–420 nm range)
using the dependence shown in Fig. 7, a HONO production rate
of 40� 10 pptv h−1 (parts per trillion by volume per hour) would
be expected for aerosol soot loading of 30 μgm−3 (40). These cal-
culations are based on the data from a soot sample generated
under stoichiometric combustion conditions (i.e., those most
similar to real Diesel particles) and exposed to 25 ppbv of NO2

under irradiation. Similarly, an estimation of the HONO produc-
tion rate from soot deposited on urban surfaces would give
25 pptv h−1 if only 1% of a street-canyon surface (41) with 10 m
street width and 20 m building height is covered by soot. Taking
into account these approximations, the HONO source strengths
calculated here represent a lower limit value for an urban
environment. Additionally, only the interaction between soot
and the UV-a radiation has been investigated so far while the
effect of visible light has not been quantified yet. Therefore,
heterogeneous soot photochemistry may contribute to the day-
time HONO concentration (42, 43). Moreover, recent field
measurements indicating a good correlation between J values
and an “unknown” HONO source (44) are supportive of the
present study.

Fig. 5. Effect of light on soot particles (rich flame), which had previously
been exposed to 40 ppbv of NO2 and light. In Red is shown the NO signal
and in Blue the NO2 signal, which was proved to be HONO when the
carbonate denuder was switched into the sample line. Gray bars indicate
dark conditions.

Table 1. Uptake coefficients, HONO and NO yields derived from
the NO2-soot (stoichiometric flame) reaction under irradiation
for different initial NO2 gas concentrations. Errors are 1σ
precision

½NO2�0 ppbv γBET HONO yield, % NO yield, %

16 ð5� 1Þ × 10−7 61� 4 39� 5
26 ð1.6� 0.6Þ × 10−7 60� 5 19� 1
42 ð8� 2Þ × 10−8 58� 3 13� 1
60 ð7� 2Þ × 10−8 59� 3 24� 3
80 ð4.3� 0.7Þ × 10−8 49� 1 11� 2
120 ð5� 1Þ × 10−8 48� 2 13� 2

Fig. 6. Proposed reaction mechanism for HONO formation.
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This process may have implications on the HOx budget in
urban areas, due to HONO photolysis (45), but also on health
effects, due to persistent soot reactivity under irradiation with
potential formation of nitrogen-containing compounds as nitro-
PAHs known for their high toxicity (46).

The results presented here challenge the current view about
the negligible importance of soot chemistry with respect to the
tropospheric composition due to its rapid surface deactivation
in the dark. We have demonstrated that light prevents any surface
deactivation over time scales comparable to the life time of soot
in the atmosphere, thus underlining the need of more studies on
soot photochemistry.

Materials and Methods
Soot Samples. Soot particles were produced by means of a miniCAST (Com-
bustion Aerosol Standard) soot generator using propane as fuel. High purity
propane (99.9995%) was used as fuel, synthetic air as oxidant, and N2

(99.9995%) for quenching. The fuel flow was kept fix to 0.06 L min−1 and
three variable oxidation air flows were used (1.32 L min−1, 1.50 L min−1

and 1.55 L min−1) to produce soot particles with a rich, a stoichiomentric,
and a lean flame, respectively. Soot samples were collected at the exit of
the soot generator on the inside walls of a pyrex tube (20 cm length,
1.1 cm i.d.). Different soot masses (0.2–3.2 mg) were tested. All the studies
were carried out on fresh samples. Samples were either analyzed immedi-
ately after soot collection or stored and sealed under dark conditions. Specific
surface areas were measured for the soot samples produced with a lean
and a stoichiometric flame before exposure to NO2 using the BET method
of N2 adsorption at 77 K using a TRISTAR 3000 apparatus. High-resolution

transmission electron microscopy measurements were made with a Jeol
JEM 2010 electron microscope (point-to-point resolution of 0.19 nm and
acceleration tension of 200 kV). Dry samples were suspended in ethanol.
One drop of the suspension was deposited onto a carbon film supported
on a copper grid, and the ethanol evaporated quickly at room temperature.
SEM analysis of fresh soot samples required sputter coating of the samples
with gold prior to analysis. An FEI XL30, ESEM-FEG microscope with second-
ary electron detection was used with a beam voltage of 10 kV.

Flow Reactor. The uptake experiments were conducted in a horizontal cylind-
rical coated-wall flow tube reactor made of pyrex which has been described
elsewhere (21) (see SI Methods). The pyrex tube containing the soot sample
was placed in the reactor, which was surrounded by six fluorescent lamps
(Philips CLEO 20 W), having a continuous emission in the 300–420 nm range.
The irradiance of the six lamps used in the experiments, the solar irradiance,
and the soot absorbance spectrum for the rich flame condition are shown in
Fig. S3. NO2 was introduced into the flow tube by means of a movable
injector with 0.3 cm radius. Synthetic air was used as carrier gas, and the total
flow rate introduced in the flow-tube reactor was 200 standard cubic centi-
meters per minute, ensuring a laminar regime. Gas phase NO2 concentrations
ranged from 16 to 150 ppbv (4–37 × 1011 molec × cm−3). The experiments
were conducted at 298� 1 K by circulating temperature-controlled water
through the outer jacket of the flow tube reactor. The experiments were
performed under atmospheric pressure and 30% of relative humidity. The
temperature of the gas streams and the humidity were measured by using
an SP UFT75 sensor (Partners BV). All gases were taken directly from cylinders
without further purification prior to use. High purity synthetic air (99.999%),
and NO2 (1 part per million by volume in N2; 99.0%) were purchased from Air
Liquide. The gas flows were monitored before entering the reactor by mass
flow controllers (Brooks).

The NO2 concentration was measured at the exit of the flow tube reactor
with a THERMO 42 C chemiluminescence analyzer (see SI Methods) as a func-
tion of the injector position along the tube. This position determined the
exposure time of the soot surface towards the gas. Control experiments were
carried out to check the reproducibility of soot reactivity after the exposure
to light and NO2. A constant NO2 loss was achieved under irradiation, con-
firming stable soot reactivity. Other control experiments were performed to
confirm the chemical inactivity of the pyrex flow-tube surfaces, and to
evaluate the contribution of NO2 photolysis. The empty tube (without soot)
was filled with NO2 and exposed to light. NO2 photodissociation (see SI Text)
and loss at the pyrex surface were negligible in comparison to the NO2 loss
observed in the presence of soot sample.
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