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Abstract: Existing studies suggest various potential daytime sources of atmospheric nitrous acid
(HONO), including photolysis surface reactions and photo-enhanced NO2 conversion on organic
surfaces. However, the understanding of daytime HONO sources is still inadequate. In this study,
we report the HONO formation on asphalt surfaces under various NO2, VOCs (toluene and hexane),
and UV irradiance conditions using a continuous flow chamber. Although no HONO formation was
found without light exposure, the light threshold for HONO formation on the asphalt surface was
very low, with a total UV (TUV) of 0.7 W m−2. HONO formation on the asphalt surface was linearly
dependent on NO2 up to 300 ppb in the presence of VOCs, but no HONO formation was observed
with humified air and NO2. HONO production was saturated at high hydrocarbon concentrations
and light intensities. The calculated first-order NO2 conversion rate to HONO on the asphalt surface
was 1.2 × 10−4 s −1. The observed mean HONO emission flux was 1.3 × 109 molecules cm−2 s −1

with a similar range of those on other urban covered surfaces. The calculated vertical HONO profile
using the measured HONO emission flux and 1-D steady state model revealed that the asphalt
surface may account for 13% of daytime HONO in the elevated on-road pollutant concentrations
in Seoul. However, we show that its HONO contribution could be much higher on real-life road
surfaces directly exposed to much higher NO2 emissions from vehicle exhaust.

Keywords: HONO; asphalt surface; UV; VOCs; NO2

1. Introduction

Photolysis of nitrous acid (HONO) is a primary daytime source of hydroxyl radicals
(OH), which are dominant atmospheric oxidants and play a significant role in the formation
of ozone and secondary organic aerosol (SOA) [1,2]. The investigation of OH radical sources
is crucial for understanding the tropospheric oxidation chemistry process. Therefore, many
studies have investigated daytime HONO sources.

Numerous recent studies measured daytime HONO concentrations in various urban
sites around the world. The observed daytime levels were unusually high, from a few
hundred ppt to a few ppb, especially in China [3–6]. These results indicate that unknown
dominant daytime sources of HONO, which quantitively correspond to or exceed the
photolysis rate of HONO and other loss mechanisms, are yet to be defined. The NO2
dependence of heterogeneous HONO production has been well studied along with various
potential formation paths, such as the reaction of NO2 with water (R1) or chemisorbed
water via secondary heterogeneous conversion (R2), as well as excited NO2* from adsorbed
HNO3 photolysis (R3) [7].

2NO2 + H2O→ HONO + HN (R1)
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2NO2 + H2O
+hν,photocatalytic sur f ace→ HONO + HNO3 (R2)

HNO3
hv→ NO∗2

H2O→ HONO + OH (R3)

In addition, several studies proposed HONO formation based on daytime HONO
sources with large uncertainties as the mechanisms and parameters were not fully under-
stood [2,8–11].

Recent studies suggested that the additional potential sources for daytime HONO
production in urban areas are ground-level heterogeneous hydrolysis reaction with nitrate
(NO3

–) on aerosols and building material surfaces, such as paint or glass with a thin layer
of coated titanium dioxide (TiO2) [12,13], in the presence of humidity and UV radiation [14].
The emission rate of HONO is relatively high, especially on the surfaces of materials used
in building construction that contain TiO2 particles. Other major ground-level sources
reported in recent studies are HONO and NO emitted from natural soil or biological soil
crusts, which are produced during nitrification and denitrification and vary with the soil
pH, content of organic matter, and nutrients in the soil [15,16]. Vertical gradient studies also
suggested higher HONO concentrations at ground level than at higher altitudes [17–21].

Forest canopy studies conducted in rural regions suggested a HONO production
source at a higher altitude than soil emission. This source is namely the photochemical
process that converts deposited HNO3 into HONO and NOx through photolysis on the
surface of tree leaves and depends considerably on the difference in acidity/pH of canopy
surfaces [22]. Other daytime sources that have been reported are vehicular emissions [23],
photosensitized reduction of NO2 on humic acid surfaces [24], soot [25], and photolysis
of nitrate and nitric acid (HNO3) [26,27]. Previous studies reported that NO2 uptake
coefficients and the ambient aerosol surface areas for heterogeneous conversion of NO2
were low enough to be excluded [28–30]. However, in one study conducted in Beijing [27],
the average HONO production rate on aerosol was comparable to that of other sources,
suggesting that aerosol significantly contributed to HONO production. Thus, HONO
formation is still not fully understood.

In this study, a continuous flow chamber system was constructed to quantify HONO
production on an asphalt surface based on various concentrations of NO2 and VOCs
(toluene and hexane) in the presence of humidity and UV light. With the observed emission
rates, the first-order conversion rate of NO2 to HONO was estimated and compared with
those of other studies. In addition, HONO contributions from the asphalt surface to the
daytime summer concentrations in Seoul were determined.

2. Experimental
2.1. Experimental Setup

A dynamic flow-through acrylic chamber system (45 cm × 45 cm × 20 cm) was
implemented to measure HONO production on asphalt shingles (CLASSIC ® SUPER,
Owens Corning, Toledo, OH, USA) with NO2, toluene, hexane, and UV light sources.
Teflon (Polytetrafluoroethylene, PTFE) sheets were attached to each surface of the chamber
to prevent unnecessary chemical reactions, and the chamber had a quartz window on top
to allow UV-A (315–400 nm) and UV-B (280–315 nm) to enter the system. Compressed
zero gas was used as the carrier gas to deliver the reactant gases through the chamber into
the HONO measurement instrument described below. A dynamic dilutor connected to a
standard NO2 gas cylinder (11.3 ppm) and a VOCs permeation tube was used to prepare
the precursor gas mixtures. Humidity inside the chamber (50% RH) was controlled by
injecting the main flow of zero gas through an impinger filled with distilled water. The total
air flow rate and residence time to the chamber was approximately 15.5 LPM and 2.6 min,
respectively. Light intensities were controlled by changing the distance of the xenon lamp
(XG-100B, Seric., Ltd, Tokyo, Japan) from the chamber. The spectral irradiance emitted
by the xenon lamp was measured with an Eppley Lab model TUVR (295–385 nm) and an
Ocean Optics USB4000 spectrometer (280–950 nm). The experimental setup is presented in
Figure 1.
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Figure 1. Schematic diagram of continuous flow reaction chamber setup.

2.2. Measurements

Highly reactive HONO was measured with a tunable infrared-laser differential ab-
sorption spectrometer (TILDAS) with applied quantum cascade (QC) lasers. QC-TILDAS,
developed by the Aerodyne Research Incorporation, is designed for measuring real-time
HONO with a high sensitivity (~0.1 ppbv) and short response time (1–10 Hz). It determines
the mixing ratio of the measured trace gases by monitoring the absorption of the molecule’s
radiation at 1273 cm−1 for measuring HONO. The absorption amount was then compared
with the theoretical spectrum of the HIgh-resolution TRANsmission (HITRAN) database
to calculate the mixing ratio of HONO. The TDL Wintel data acquisition program installed
in the instrument is designed to perform a frequency scan and acquire the resulting absorp-
tion spectrum for analysis of the spectra obtained by QC-TILDAS [31]. Dry N2 (99.999%)
background gas was injected at 5-min intervals to clean out the multipass cell (MPC) while
stabilizing the baseline for measurement.

The productions of HONO from the surfaces inside of the chamber were tested along
with varying NO2 concentrations (up to 300 ppbv) under 11.3 W m−2 of TUV and 500 ppbv
of toluene. The highest measured HONO concentration in the blank tests was 0.01 ppbv,
which is below the detection limit (~0.1 ppbv) of QC-TILDAS. Although we couldn’t
quantify the exact HONO productions in our chamber surfaces due to analytical limitation,
it was possible to assume that they were zero, or at most, they statistically insignificant.

Field observations were performed with QC-TILDAS at two different locations in
Seoul, Korea. The first field study was conducted during the KORea USa–Air Quality
(KORUS-AQ) campaign from May 19 to June 12, 2016; a container top at the Olympic
Park site (37.52◦ N, 127.12◦ E), which has dense vegetation and is located in a highly
populated area with heavy traffic surrounding the park, was studied. Another study was
conducted on the fourth floor of a building (37.59◦ N, 127.08◦ E), located in a commercial
area of Jungnang district with high levels of traffic and large buildings surrounding the
measurement site, from May 1 to June 9, 2019.

2.3. Conversion Rate of NO2 to HONO

In our chamber reaction setup with a continuous flow rate (f ), the conversion rate of
NO2 to HONO, RHONO, on the asphalt surface can be expressed by a first-order reaction
rate constant (kHONO) and input NO2 concentration. This rate can be estimated with a
simple molar balance of the entering (Ci) and exiting HONO concentrations (Co) within the
chamber volume (V) as in (1).

RHONO = khono •NO2 =
(Co − Ci)• f

V
(1)
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As the initial HONO concentration (Ci) is zero, kHONO can be calculated using Equation (2)
from the ratio between produced HONO and initial NO2, flow rate, and chamber volume.

khono =
(Co − Ci)• f

NO2• V
=

Co• f
NO2• V

= α
f
V

(2)

3. Results
3.1. UV Irradiance Dependency

HONO production on asphalt shingle surfaces was evaluated along with changes
in UV intensity, NO2, and VOC concentrations. As three factors were taken into account,
we evaluated one factor at a time while keeping all other factors fixed to typical values.
Figure 2 shows the observed HONO production on the asphalt surface with varying UV
intensities in the constant flow chamber reactor with humidified air, with 100 ppbv of NO2
and 500 ppbv of toluene. The observed HONO production ranged from zero to a maximum
of 1.4 × 109 molecules cm−2 s−1 at UV (295–385 nm) irradiance of 11.3 W/m2, which is
typical daytime UV irradiance during the summer in Korea. The error bars indicate
standard deviations of triplicate readings. Interestingly, HONO production increased
sharply within a very narrow range under very low light conditions.

Figure 2. HONO production rate as a function of total UV irradiance. Input concentrations of NO2

and toluene were fixed as 100 ppbv and 500 ppbv, respectively.

In this experiment, no emission of HONO was observed in the dark, confirming that
the proposed reaction is activated with photon fluxes. However, the UV light threshold
to initiate photolytic HONO production on the asphalt surface was very low. Even at the
lowest UV irradiance at 0.7 W/m2, substantial formation of HONO over 6 × 108 molecules
cm−2 s−1 was observed. This UV intensity was close to that observed in the early morning
or late afternoon. Observed efficient HONO production under this low-light condition
implies that HONO emission from the asphalt surface is an important additional OH
source near the ground, especially in the early morning and late afternoon when other OH
sources are limited.
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HONO production peaked at 11.3 Wm−2 and then decreased slowly with UV intensity.
The decrease in HONO production rate at higher UV intensities is likely due to two reasons.
One is increasing HONO decomposition, which is proportional to the actinic flux [32].
Another is the deactivation of photo-produced reduced species on the asphalt surface by
photo-oxidant species, which are formed simultaneously during high light intensity [24].
Hereafter, we fixed the integrated UV (295–385 nm) intensity at 11.3 Wm−2 to test the
effects of NO2 and VOCs on HONO production.

3.2. NO2 Dependency

Figure 3 shows the results of the experiment conducted to elucidate the NO2 contri-
bution to HONO production over the asphalt surface. HONO formation on the asphalt
surface was linearly dependent on NO2 up to 300 ppbv. As shown in Figure 2, HONO for-
mation was not observed in dark conditions even with relatively high NO2 concentrations,
which indicates that heterogeneous NO2 conversion with H2O is not a source of HONO
over the asphalt surface. This result is not similar or analogous with glass surface studies,
in which photo-enhancement of the reaction was not observed [7,19,33]. However, it is
in good agreement with the results of a light-induced HONO formation study on aerosol
surfaces [28,34,35].

Figure 3. HONO production rates as functions of NO2 concentrations. Mixing ratios of toluene and
total ultraviolet (TUV) were fixed as 500 ppbv and 11.3 Wm−2, respectively.

Photochemical HONO formation has been mainly suggested as a reaction of adsorbed
NO2 on the photocatalytic surface, such as TiO2 and humic acid [28,33]. Another potential
HONO formation reaction is the photolysis of excited NO2* originating from the HNO3
complex with water. Using our experimental setup without NO2, no HONO production
was observed, indicating that HNO3 photolysis does not play a significant role in HONO
formation with an asphalt surface. This implies that the observed HONO production on
the asphalt surface is mainly caused by the heterogeneous photoactivated ions of NO2 by a
similar reaction on the humic acid as proposed by Stemmler et al. [28] (R4).

NO2(g)
photoactivated humic acids→ HONO(g) (R4)
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3.3. Conversion Rate of NO2 to HONO

According to Equations (1) and (2) under the conditions of 11.3 W m−2 of UV in-
tensity and 500 ppbv of toluene, we calculated kHONO (the first-order NO2 conversion
rate to HONO) of 1.23 × 10−4 s−1 for the asphalt surface, which is much smaller than a
commercial TiO2-doped paint surface [34]. The HONO emission fluxes in our experiment
range between zero and 3.1 × 109 molecules cm−2 s−1 along with NO2 concentrations
(Figure 3). In Table 1, the observed HONO fluxes with the asphalt surface are compared
with other common surfaces found in urban conditions. The HONO emission fluxes on
TiO2 photocatalytic paint surface studies are 10 times higher than that of the asphalt surface.

Table 1. Comparison of HONO emission rate on surfaces of various materials.

Material
Emission Rate

(Molecules
cm−2 s−1)

NO2 (ppb) RH (%) Irradiance
(W m−2)

Wavelength
(nm) RF

Paint White wall paint 1.3 × 1010 50 50 10.6 300–400 [35]
Photocatalytic paint

(3.5% TiO2
nanoparticles)

2.1 × 1010 40 40 8.5 340–400 [36]

Glass Clean 1.3 × 109 50 50 10.6 300–400 [35]
Urban grime 1.5 × 1010 46 90 8.0 300–400 [37]

Aerosol 2.5 × 109 60 400 < λ [27]
Soil 2.2 × 1011 [37]

1.3 × 108 [38]
1.5 × 109 [39]

Forest
canopy 2.4 × 109 [39]

6.2 × 109 [40]
6.0 × 108 [18]
6.7 × 109 [26]
3.3 × 109 [20]

Asphalt 0.5–3.1× 109 50–300 50 11.3 295–385 This
study

Several studies reported high HONO production on aerosol surfaces with large com-
ponents of photoreactive humic acids and soots [41]. Although a few high fluxes of HONO
on soil, forest canopy, and TiO2 paint studies were reported, HONO emission flux from
asphalt surfaces in this study is generally in a similar range as those on other common
urban surfaces such as glass, aerosol, soil, and forest canopies. This implies that HONO
production with heterogeneous photolytic NO2 conversion from asphalt surfaces is likely
an important source of daytime HONO, especially in urban areas.

3.4. VOCs Dependency

We measured the HONO production rate changes with varying toluene and hexane
concentrations to test VOCs’ role in the HONO production (Figure 4). Without toluene
and hexane addition, no detectable amount of HONO production on the asphalt surface
was observed in the chamber reaction with humidified air of 100 ppbv NO2 under typical
daylight conditions.

If the HONO production mechanism on the asphalt surface is same as that on humic
acid as reaction (R4), HONO can be produced only by NO2 with light. Adding 100 ppbv
of VOCs under the same NO2 and light conditions, HONO production became clearly
efficient at a rate of 5.2× 108 molecules cm–2 s–1. HONO production rapidly increased with
toluene and hexane concentrations up to 500 ppbv and then became saturated at higher
concentrations. Heterogeneous HONO production on photocatalytic mineral surfaces such
as TiO2 and humic acid is driven by a hydrogen source from water or humic acid itself.
Thus, the observed toluene and hexane dependence of the HONO production rate in this
study requires a different reaction path than reaction (R4) alone.
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Figure 4. HONO production rates as a function of toluene and hexane mixing ratios. NO2 and TUV
were fixed as 100 ppbv and 11.3 Wm−2, respectively.

The asphalt surfaces used in this experiment are highly complex mixtures of organics
and inorganics. In particular, the organic composition, mainly from petroleum in the
sedimentary source, is not well characterized owing to many different geographical origins
and refining processes. As asphalt from crude oil is a derivative of humic acids, asphalt
has structural similarities with humic acids having numerous aromatic rings. In contrast
to universal polycyclic structures, humic acids contain higher contents of oxidized and
polar branches, such as alcohols and carbonates compared to asphalt. For this reason,
humic acids are extremely hydrophilic, but the asphalt surface is very hydrophobic. The
hydrophobic nature of the asphalt surface is likely to abate the water uptake to its surface,
which may cause a much lower rate of HONO formation compared to the humic acid
surface under humidified air conditions. However, VOCs and its oxidized derivatives can
be easily absorbed to the asphalt surface and they can be an effective hydrogen source on
the asphalt surface.

In addition, it was reported that NO2 conversion on humic acid surfaces was not
proportional to the high light intensities [28] and even saturated in the light of early
morning hours [39]. As stated earlier, substantial formation of HONO on the asphalt
surface under low light conditions and then rapid saturation in typical daylight indicate
that the asphalt surface has a light dependency similar to that of the humic acid surface [28],
in contrast to photocatalytic mineral surfaces where HONO formation is linear for a wide
range of light intensities [36].

These distinct characteristics of VOCs dependency on HONO formation observed in
our experiment strongly suggest that the HONO production mechanism on hydrophobic
asphalt surfaces is different with that on typical hydrophilic humic acid surfaces. In this
condition, hydrocarbons and its oxidized derivatives may act as hydrogen donors on the
hydrophobic asphalt surface and enhance the reduction of NO2 to HONO by a process
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similar to that proposed by Han et al. [42] (R5). Consequently, the saturated HONO
production on the asphalt surface at higher VOCs concentrations can be attributed to the
limited oxidation of VOCs under fixed conditions of light intensity and NO2 concentration.

NO2(g)
asphalt sur f ace→

VOCs as extra hydrogen source
HONO(g) (R5)

Given that our experiments were not designed to analyze the detailed mechanism
of HONO formation on the asphalt surface, our postulate cannot be fully proven at this
stage and needs to be tested in further studies. The purpose of this study was to assess
the contributions of HONO flux from asphalt surface to daytime HONO concentrations in
typical urban conditions.

3.5. Vertical Profile of HONO above the Asphalt Surface

Table 2 shows observed daytime HONO concentrations in selected urban areas, in-
cluding two field studies in Seoul performed in this study. It confirms again that substantial
amounts of daytime HONO could not be accounted only for well-identified homogeneous
HONO formation with NO and OH in urban areas.

Table 2. Comparison of daytime HONO concentration at various urban sites around the world (unit: ppbv).

Location Sampling Period Instrument Min Mean Max Reference

London, UK July–Aug 2012 LOPAP a 0.20 0.44 0.60 [43]
New York, USA July–Aug 2001 HPLC b 0.40 0.46 1.40 [44]
Houston, USA Apr 21, 2009 LP-DOAS c 0.05 0.1 0.15 [21]

Bakersfield, USA May–July, 2010 AIM d 0.03 0.08 0.13 [19]

Beijing, China Aug 2007 UV-Vis 0.80 - 1.60 [45]
July 2008–April 2009 MAX-DOAS e 0.1 0.36 0.8 [46]

Jinan, China
Nov 2013–Jan 2014 WRD f 0.16 - 0.58 [47]
Sep 2015–Aug 2016 LOPAP 0.02 0.99 7.39 [4]

Seoul, Korea
May–June 2016 QC-TILDAS g 0.20 0.60 1.47 This study
May–June 2019 QC-TILDAS 0.01 0.45 1.20 This study

a Long path absorption photometer. b High-performance liquid chromatography. c Long-path differential optical absorption spectrometer.
d Ambient ion monitoring system. e Multi-axis differential optical absorption spectrometer. f Wet rotating denuder. g Quantum cascade-
tunable infrared-laser differential absorption spectrometer.

Observed HONO means in Seoul were 0.6 and 0.45 ppbv at Olympic Park site during
the 2016 KORUS-AQ campaign and at an urban site of Jungrang district in 2019, respec-
tively. These values in Seoul are in the middle range of typical urban conditions. We
attempted to determine the fraction of HONO that can be explained by asphalt-surface
HONO production. If we exclude other HONO sources and sinks, such as gaseous HONO
formation (NO+OH) and other ground and aerosol sources and sinks, then the chang-
ing rate of daytime HONO formation can be expressed using vertical eddy transport,
photolysis of HONO, and asphalt surface production, as shown in Equation (3).

∂[HONO]

∂t
= − ∂

∂z
(Kz

∂[HONO]

∂z
)− Jhono[HONO] + Fluxasphalt sur f ace (3)

If we assume that the HONO concentration is in a steady state ( ∂[HONO]
∂t = 0), then we

can solve the 1-D differential Equation (3) with flux boundary conditions using the forward
Euler method with discretizing diffusion operators for allowable time steps. Implementa-
tion of numerical computations for Equation (3) requires additional known parameters,
such as eddy diffusivity (Kz), photolysis rate of HONO (Jhono), and asphalt surface flux
of HONO (Fluxasphalt sur f ace). Based on typical summer meteorological conditions during
the study period, the atmosphere in the boundary layer is generally considered to be
moderately unstable. We estimated the vertical diffusivities (Kz) along with heights using a
simplified diffusivity profile derived from a nonhydrostatic, semi-implicit model for a mod-



Appl. Sci. 2021, 11, 1930 9 of 13

erately unstable 1-km boundary layer [48–50], as shown in Figure 5. The photolysis rate of
HONO (Jhono) was set to a constant value of 0.0017 s−1 for typical daytime light conditions.

Figure 5. Estimated HONO concentration vertical diffusivity in red color and calculated vertical profile of daytime HONO
in blue color compared with measured HONO of means (green triangle), medians and percentiles (10th, 25th, 75th, and
90th) for two field observations in Seoul, both with heights on logarithmic scale.

To estimate the average value of the asphalt-surface HONO flux in Seoul, we built
a random forest regression model and a least square regression model with dependent
variables (HONO asphalt surface flux) and controlled features (NO2, VOCs, and UV
intensities) of the independent variables. The model-calculated HONO flux values were
well matched with experimental data with r-square of 0.932 and 0.931 for random forest
regression and a least square model, respectively. Using these models, we estimated
an asphalt surface HONO flux of 1.3 × 109 molecules cm−2 s−1 for on-road pollutant
conditions with 160 ppbv for NO2 and 100 ppbv for total hydrocarbons (TVOCs) observed
in tunnel studies in Seoul, which are three to five times higher than those found in the
roadside [51,52].

Figure 5 also depicts the simulated vertical profile of daytime HONO and the ob-
served HONO of medians and percentiles (10th, 25th, 75th, and 90th) for the two field
measurements in Seoul. While the simulated HONO shows a maximum of 0.13 ppbv at
the ground level, it decreases slowly within the surface layer of a few tens of meters, which
is obviously affected by well-mixed air characteristics under unstable weather conditions
in the summer.

This profile was computed with the assumption of steady-state HONO equilibrated
only on the asphalt surface production. The fraction of asphalt paved roads is 13.7% of the
total surface area in Seoul. The percentage is much higher, up to 50%, in the downtown area,
and the unknown but significant amount of urban roof surface is also covered with asphalt
shingles. For these reasons, the calculated vertical HONO profile cannot be overestimated
by more than a factor of two. If we consider all of these uncertainty factors together, then
we can conclude that asphalt-surface HONO formation may attribute up to 0.07 ppbv
of HONO near the ground level, which is about 13% of daytime HONO in Seoul. The
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results suggest that the majority of daytime HONO is formed by unknown sources such as
aerosols, photoreactive minerals, ground sources with soils, or vegetated surfaces.

It should be noted that HONO formation on the asphalt surface in this study was
tested with precursor concentrations observed in the tunnel. In a real scenario, we can
expect a much higher HONO formation rate on the asphalt road surface as it is directly
exposed to vehicle exhaust containing ppm levels of NO2 and hydrocarbons. Fixing all
other factors, our data show that the HONO formation rate on the asphalt surface increases
proportionally to the NO2 concentration. This implies that HONO production on the
asphalt surface may play a significant role in daytime HONO production in urban areas,
especially where the real road surface is exposed to the immediate emission of NO2 and
hydrocarbons from vehicle exhaust. It is necessary to note that HONO formation on
asphalt surfaces was not tested under real traffic conditions; thus, further detailed analysis
must be performed considering traffic conditions. Additional efforts are needed to assess
comprehensive mechanisms of surface HONO production on asphalt and its contributions
to daytime HONO in urban areas in the future.

4. Conclusions

Photolytic HONO formations on an asphalt surface were tested along with the factors
influencing the formation by using a continuous flow chamber system. The contributions
of these factors to ambient daytime HONO concentrations observed during the summers
of 2016 and 2019 in Seoul were assessed. The daytime means of observed HONO were 0.60
and 0.45 ppbv at two different locations in Seoul. These values are comparable to other
urban conditions and strongly suggest that some common daytime HONO sources exceed
the rapid daytime HONO sinks.

HONO production was evaluated using three factors on the asphalt surface within an
experiment chamber: UV intensity, NO2 concentration, and VOCs (toluene and hexane)
concentration. HONO was not generated on the asphalt surface if any of these parameters
were low, which confirms that these are all critical parameters in asphalt surface reactions.
Although no HONO surface formation was found in the no-light condition, significant
HONO formation of 6 × 108 molecules cm−2 s−1 was observed even under very low
radiation of UV (0.7 W m−2). This shows that the asphalt surface may be an important
source of HONO in the early morning and late afternoon when other photoreactive sources
are not readily available.

We found that HONO formation on the asphalt surface was linearly dependent
on NO2. Moreover, we calculated the first-order conversion rate of NO2 to HONO for
1.2 × 10−4 s−1, which is two orders smaller than those of a TiO2-doped surface. No HONO
formation on the asphalt surface was observed with humified air and high-NO2 conditions,
unlike for other photoreactive minerals such as TiO2.

Saturated HONO production at high hydrocarbon concentrations and high light
intensities was another distinct characteristic of the asphalt surface reaction. These results
suggested that the HONO production mechanism on the asphalt surface was similar with
that on the humic acid surface. However, the low oxygen content and hydrophobic nature
of the asphalt surface were less efficient than humic acid surfaces in producing HONO,
and substantial addition of hydrocarbons was needed to produce HONO, unlike in the
case of humic acid.

The observed HONO emission flux of 1.3 × 109 molecules cm−2 s−1 under typical on-
road conditions was much smaller than that of highly photoreactive mineral and organic
surfaces, but it was in a similar range to that of other urban covered surfaces such as
glass and soils. This implies that HONO production with heterogeneous photolytic NO2
conversion from asphalt surfaces is a likely important source of daytime HONO in most
urban areas.

Numerically simulated vertical HONO profiles with obtained asphalt emission sources
revealed that the asphalt surface may account for 13% of daytime HONO in the typical
roadside precursor concentrations in Seoul. However, this number could be higher, given
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that NO2 and hydrocarbon concentrations on the road asphalt surface are larger as they
are directly exposed to emissions from vehicle exhaust and tailpipes. Overall, these results
indicate a potentially significant daytime source of HONO in urban areas and propose
a need for further analysis of the formation mechanism and its contributions to daytime
HONO in real traffic conditions.
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