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• HONO showed a higher level during the
haze/fog period.

• The heterogeneous conversion of NO2 to
HONO was prompted during the haze/
fog period.

• Aerosol surface played a role in hetero-
geneous NO2 conversion.

• S/N-bearing particles showed a relative
higher proportion during the pollution
period.
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respectively.
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Continuous HONO measurement was conducted to study the formation features of HONO during the haze epi-
sodes at Shanghai, China. The HONO concentration ranged from 0.26 to 5.84 ppb and averaged at 2.31 ppb during
the measurement period. The HONO concentration during the haze episode (P1), the haze-fog episode (P2) and
the clean period (P3) were 2.80, 2.35 and 1.78 ppb, respectively. Heterogeneous conversion of NO2was the dom-
inate pathway for nocturnal HONO formation, and the heterogeneous conversion efficiency of NO2 to HONOwas
closely associated with the PM2.5 concentration. The averaged heterogeneous conversion rate of NO2-to-HONO
(CHONO) during the pollution periods (P1 + P2) was 1.58 × 10−2 h−1, higher than that during the clean period
(P3) (0.93 × 10−2 h−1), suggesting the higher conversion potential of NO2 to HONO during the pollution epi-
sodes. The daytime unknown HONO production rate (Punknown) in the pollution period was 2.98 ppb/h, higher
than 1.78 ppb/h in the clean period. Further, aerosol played a role in Punknown during the transformation of the
clean period to the pollution period. At a single particle scale, transmission electron microscopy (TEM) images
revealed that most of the particles during P1 and P2 were agglomerated, whereas the particles collected from
P3were uniformly distributed and showed simplemorphologies. The number percentage of the S/N-bearing par-
ticles during P1 (34%) and P2 (27%) were higher than that during P3 (20%). In addition, particles containedmore
internallymixed nitrates during P1 and P2 than those during P3, suggestingmore intense heterogeneous conver-
sion of NO2 to HONO on particle surfaces during the pollution episodes. In the present study, the averagedHONO/
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NOx ratio (5.60%), especially during P1 (7.80%) and P2 (7.50%) was much higher than that assumed global aver-
aged value of 2.0%, suggesting a potentially important role for the HONO chemistry in Shanghai. This study pro-
vides new insights into the HONO formation mechanism in the atmosphere characterized by high fine particle
level.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

HONO plays an important role in tropospheric photochemistry due
to its photolytic production of hydroxyl radical (OH), which governs
the oxidizing capacity of the atmosphere and promotes the formation
of secondary aerosols in the urban atmospheres (Sörgel et al., 2011). It
is well known that HONO accumulates at night, and serves as a primary
OH source in the first 2–3 h after sunrise when OH radicals yielded from
photolysis of ozone and formaldehyde is relatively low (Czader et al.,
2012). Filedmeasurements andmodeling studies revealed that on aver-
age up to 25–50% of the daily OHbudget in the tropospherewas derived
from the HONO photolysis (Sörgel et al., 2011; Acker et al., 2006; Su
et al., 2008; Kleffmann et al., 2005). Hendrick et al. (2014) have reported
that the contribution of the HONO photolysis to OH budget could reach
up to 90% around 12:00–13:00 in the Beijing winter. OH initiates most
oxidation reactions in the atmosphere, i.e., it can oxidize SO2 and NO2

to H2SO4 and HNO3, respectively, which could be further condensed
on aerosol surfaces to form sulfates and nitrates (Zhou et al., 2013). El-
evated concentrations of NO3

− and SO4
2− togetherwith their hygroscopic

growth could cause visibility impairment and enhance the incidence of
regional haze under stagnant weather conditions (An et al., 2013). In
addition, OH radical can react with VOCs to form secondary aerosols,
which could serve as cloud nuclei (CCN, Duplissy et al., 2008). In this
way HONO exerts an indirect effect on regional and/or global climate.

HONO in the atmospherewas assumed to be in a pseudo steady state
(PSS) during daytime, which was balanced by the reaction of nitric
oxide (NO) and OH in the gas phase, and the losses via its photolysis
and/or the reaction with OH (Kleffmann et al., 2005; Villena et al.,
2011). However, obvious discrepancies were found between simulated
HONO values calculated from PSS and observed HONO concentrations
during both daytime and nighttime, even considering the direct emis-
sion (Kleffmann et al., 2005; Kurtenbach et al., 2001; Stutz et al., 2004;
Sörgel et al., 2011). Heterogeneous processes on aerosol surfaces have
been proposed as an explanation for the missing HONO sources (Li
et al., 2012; Liu et al., 2014; Huang et al., 2017). The hydrolysis and
redox reaction of NO2 has been extensively investigated on various
aerosol surfaces including soot, minerals and organic-coated surfaces
(Ammann et al., 1998; Aubin and Abbatt, 2007; Kleffmann et al.,
1999). Minerals and transition metals could effectively catalyze the hy-
drolysis reaction of NO2 adsorbed on surfaces (Zhou et al., 2015;
Grassian, 2002;Wang et al., 2003). Besides, the photosensitized conver-
sion of NO2 on organic surfaces has been proposed as an effective path-
way to generate HONO (Han et al., 2016; Ammann et al., 1998;
Kleffmann et al., 1999; Stemmler et al., 2006). The conversion efficiency
of NO2 to HONO depends not only on theNO2 concentration, but also on
the absorbed moisture content and surface area (Finlayson-Pitts et al.,
2003). Studies conducted in the urban regions already reveal a good
correlation between the PM concentration and the HONO level, or be-
tween specific surface area of the particles and the HONO concentration
(An et al., 2009; Ziemba et al., 2010). An et al. (2011) reported that the
heterogeneous conversion of NO2 on aerosol surfaces could contribute
to 59% of the ambient HONO in Jing-Jin-Ji area, which was primarily at-
tributed to high concentration of particulate matter (PM). These find-
ings suggest that aerosol surfaces might play a significant role in
HONO production in the atmosphere characterized by high aerosol
loads."

Due to rapid economic development and urbanization, haze and fog
events characterized by high level of fine particulatematter (PM2.5) and
low visibility have occurred during the past decades in China, especially
in the most developed and densely populated cities (Chan and Yao,
2008; Fu and Chen, 2017; Guo et al., 2014; Huang et al., 2014; Zhang
et al., 2013). It was well documented that secondary sulfates and ni-
trates within the particles deriving from the heterogeneous transforma-
tion of NO2 and SO2 are effective factors for visibility impairment
(TenBrink et al., 1996; Kim et al., 2008). As one of the main products
of the heterogeneous NO2 conversion on aerosol surfaces, the HONO
level in the atmosphere is expected to be higher during the haze period
as compared to the clean period. The surface area density and chemical
nature of aerosol particles are the two dominate factors that control the
conversion efficiency of NO2 to HONO. However, due to the large abun-
dance and complex composition of aerosols, the aerosol surface still
provides a poorly understood media for heterogeneous HONO forma-
tion (Pathak et al., 2009; Taketani et al., 2012). Various “bulk” tech-
niques (e.g., MARGA, High-resolution time-of-flight aerosol mass
spectrometry, TwinDifferentialMobility Particle Sizer)were used to de-
termine the chemical compositions and surface area density of particles
(Hu et al., 2016; Li et al., 2012; Sun et al., 2010). However, these tech-
niques could not provide details of the actual mixing state of individual
particles in the atmosphere. Individual particle analysis by TEM has be-
come a reliable technique to examine the morphology, composition,
and mixing state of particles (Li et al., 2013; Li and Shao, 2009; Zhang
et al., 2013). This kind of detailed information about individual particles
is critical to evaluate their formation, sources and hygroscopic proper-
ties, as well as to explain atmospheric processes occurred on particle
surfaces. As the largest metropolis in China, Shanghai has a population
of approximately 24 million by the year 2013 (Han et al., 2017). Due
to rapid economic development and urbanization, Shanghai is suffering
from severe haze pollutions (Feng et al., 2009; Hu et al., 2016; Ye et al.,
2003). Up to date, the formation features of HONO from airborne
sources during the haze/fog episodes have been rarely studied in Shang-
hai. In the present study, a continuous HONO measurement was per-
formed during a pollution episode in Shanghai using a long path
absorption photometer (LOPAP) equipment. Aerosol particles were
also collected during the measurement period. The morphologies and
chemical compositions of individual particles were characterized using
TEM-EDX. Single particle types during different weather types were
classified. The hygroscopic behavior of aerosols and the atmospheric
heterogeneous processes relating to HONO formation on aerosol
surfaces were discussed. The data shown herein will cast a light on the
influence of aerosol on the HONO generation in the pollution
atmosphere.

2. Experimental section

2.1. The measurement site

The measurement was conducted on the rooftop of a five-storey
teaching building on the campus of Fudan University in Yangpu district
of Shanghai (Fig. S1). The measurement site is about 20 m above the
ground. It is surrounded by residential and commercial districts, and
there are no high buildings around within 100 m. Central Ring Road
with heavy traffic loading is located south of the site (about 150 m
away) and Wudong Road with light traffic is located north of (about
120 m away) the site. National Container Processing Company and
Baosteel factory are located at the north of the site with distances of
about 15 km and 21 km, respectively. Two waste incineration facilities



1059L. Cui et al. / Science of the Total Environment 630 (2018) 1057–1070
named Yuqiao and Jiangqiao, are located at nearly 16 km to the south
and 13 km to the west of the site, respectively. Wujing Power Plant
and Waigaoqiao No. 3 Power Plant are located to the south and east of
the site with distances of about 12 km and 13 km, respectively (Hu
et al., 2016). The site could be regarded as a representative urban area
under the comprehensive influence of traffic, residential, industrial
and construction sources, but not dominated by any of these sources
(Fu et al., 2012).

2.2. Measurement instruments

2.2.1. HONO measurement
The measurement of HONO was conducted from 12 May to 28 May

2016 using a commercial LOPAP instrument (QUMA, Model LOPAP-03,
QUMA Elektronik & Analytik, Wuppertal, Germany). LOPAP is a wet-
chemical in situ measuring instrument with which ambient HONO is
sampled as nitrate using absorption solution (R1, a mixture of 100 g
sulphanilamide and 1 L 37 wt% hydrochloric acid in 9 L of pure water)
in two temperature-controlled stripping coils in series. In the first coil,
almost all of HONO and any known interfering species (e.g. NO2, SO2

and phenols) were absorbed in the first stripping coil, leaving only the
fraction of interfering substances in the second stripping coil. The ab-
sorption solution from two coils was then pumped by a peristaltic
pump to react with a dye solution (R2, 0.8 g n-(1-naphtyl)-
ethylendiamine-dihydrchloride in 8 L of purewater) to form a stable di-
azonium salt, which was subsequently detected photo-metrically using
the long-path absorption in a 2.5 m long Teflon tubing. The
interference-free HONO concentration was determined from the differ-
ence between the signals in the two channels. The operating conditions
performed for the LOPAP system have the advantage that HONO was
completely sampled even at low pH (Zellweger et al., 1999; Genfa
et al., 2003). Additionally, several chemical interferences caused by
NO2 and SO2 (Spindler et al., 2003) or phenols (Ammann et al., 2005)
could be minimized at low pH (Heland et al., 2001; Kleffmann et al.,
2002).

During the operation of the instrument, the calibration was per-
formed using 0.01mg/L nitrite standard solution every week. To correct
for the small drifts in the baseline of the instrument, regular automatic
Fig. 1. Time series of the PM2.5 concentration and the me
zero measurements were performed every 12 h by introducing syn-
thetic air at a flow rate of 1 L/min. Before the campaign, the sampling ef-
ficiency of HONO in the sampling unit was determined using a pure
HONO-source, andwas found to be 99.96%. The instrument has a detec-
tion limit of 3.9 ppt for a response time of 4.17 min. The precision and
accuracy of the instrument are 1% and 7%, respectively, based on the un-
certainties of gas and liquid flow, concentration of calibration standard
solution and regression of calibration.

2.2.2. Measurements of trace gases, particles and meteorological
parameters

The concentrations of NO, NO2, and NOx weremeasured by nitrogen
oxides analyzer (Thermo 42i, Thermo Fisher, USA) with the detection
limit of 1.0 ppbv. O3 was measured by a UV photometric analyzer
(Thermo 49i, Thermo Fisher, USA) based on ultraviolet absorption
method with a detection limit of 0.5 ppbv. SO2 was measured by a
pulsed fluorescence analyzer (Thermo 43i, Thermo Fisher, USA) with a
detection limit of 0.5 ppbv. A gas filter correlation analyzer with the
lowest detection limit of below 1 ppmv was used to measure the CO
concentration. PM2.5 concentration was measured using a Handheld
DustTrak DRX Aerosol Monitor (TSI Model 8534, Shoreview, America).
The DustTrak measures particles with a size range of 0.1–15 μm at the
concentration scope of 0.001–150 mg/m3, and the detection limit of
the instrument is 0.01 μg/m3 (Li et al., 2015). The instrument was
wiped with isopropyl alcohol approximately every 24 h. The meteoro-
logical data including wind speed (WS), wind direction (WD), relative
humidity (RH) were measured by automatic weather monitoring sys-
tem (HydroMetTM, Vaisala). Atmospheric visibility was measured by
a visibility sensor (Belfort, Model 6000). Calibration of the sensor was
performed using the 90001 Calibration Kit recommended by themanu-
facturer (Visibility Sensor Maunal, Belfort Instrument Company). The
screened original data of WS, WD, RH and visibility were averaged to
a time resolution of 1 h. All the meteorological data and atmospheric
visibility were available on the website https://www.aqistudy.cn/.

2.2.3. Single particle analysis
Aerosol particles were collected using a single-stage cascade impac-

tor with a 1.0-mm-diamater jet nozzle onto the copper grids with
teorological parameters (WS, WD, RH, T, visibility).

https://www.aqistudy.cn


Table 1
Classification of the meteorological data and the corresponding PM2.5 concentration during the measurement period.

Time period Weather division PM2.5 (μg/m3) Temperature (°C) Relative humidity (%) Averaged wind speed (m/s)

Haze (P1) 12 May, 16 May, 23 May, 24 May 18–169 15–26 19–80 2.9
Haze-fog (P2) 13 May, 14 May, 15 May, 22 May, 25 May, 28 May 7–138 14–28 62–96 3.2
Clean (P3) 17 May, 19 May, 20 May 7–82 15–26 22–94 4.2
Haze and raining 21 May, 26 May, 27 May 7–110 19–25 86–97 3.2
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carbon films (Bu et al., 2015). The collection efficiency of the sampler is
100% at 0.5 μmaerodynamic diameter for particle density of 2 g/cm3 (Fu
et al., 2012). The sampling duration varied between 1 and 20 min ac-
cording to the particle loading. The collected samples were preserved
in a sealed dry plastic carrier, and then stored in a desiccator to avoid
contamination.

Particles morphologies andmixing states were analyzed with a 200-
kV FEI Tecnai F20 field emission high-resolution transmission electron
microscope (FE-HRTEM) (Hu et al., 2016). As particles on the grids
were not uniformly distributed, three to four areas were selected from
the center to the periphery in a line on each grid to ensure that the an-
alyzed particles were more representative of the entire size range (Hu
et al., 2015). Elemental composition were analyzed semiquantitatively
by an Oxford energy-dispersive X-ray spectrometer (EDS) that detect
elements heavier than carbon. As the TEM grids were made of copper
and carbon, Cu and C were ruled out from the analysis. To minimize
the beam damage to sensitive particles, exposure time of 15 s was cho-
sen for EDS analysis. The structures of crystalline particles were exam-
ined by selected area electron diffraction (SAED) patterns or HRTEM
images (Li et al., 2011).

Themass fraction for an element X P(X) in an individual particlewas
used as an indicator to distinguish the particle compositions (Okada
et al., 2005). P (X) = X / (N + F + Na + Mg + Al + Si + S + Cl + K
+ Ca + Mn + Fe + Cr + Zn + Pb + Ti + V). The particles featured
with the highest mass fraction of X among the 17 elements were classi-
fied as X-rich (Hu et al., 2015; Zaizen et al., 2014). C-rich particles were
identified based on the fact that the weight fraction of C as above 80%
(Hu et al., 2016). Following this criterion, 214 particles in the samples
collected in the haze period, 202 particles in the samples collected in
the fog-haze period, and 216 particles in the samples of the clean period
were characterized to explore the morphological and elemental
changes, and their impact on HONO formation during haze evolution.
Fig. 2. Time series of HONO, NO, NO2, O3
The statistics of various particles in this study were based on their
own number concentration (Bu et al., 2015).

3. Results and discussion

3.1. Meteorological interpretation and weather type identification

Fig. 1 illustrates the time series ofmeteorological parameters and the
PM2.5 concentration during the entire measurement period. Haze
weather was identified by the criterion that visibility was lower than
10 km and RH was lower than 80%, whereas fog weather was termed
when the visibility was lower than 10 km and RH was higher than
90% (Hu et al., 2015). When the visibility was higher than 10 km, the
weather was defined as a clean day. As a result of the diurnal change
of RH, the fog and haze episodes could transform each other within
one day, and they were referred as a haze-fog episode (Shen et al.,
2015). Based on this criterion, themeteorological conditionswerefirstly
classified into four groups, as illustrated in Table 1. The first period (P1)
was termed as the haze days, which occurred on 12th, 16th, 23rd and
24th of May, respectively. During this period, RH varied from 19 to
80%, and the PM2.5 concentration ranged from 18 to 169 μg/m3. The sec-
ondary period (P2) was identified as the haze-fog days, which occurred
on 13rd, 14th, 15th, 22nd, 25th, and 28th of May, respectively. During
this period, RH ranged between 62% and 96%, and PM2.5 concentration
ranged at 7–138 μg/m3. According to the visibility data, the clean day
was identified occurring on 17th, 19th and 20th of May, respectively,
and were termed as the third period (P3). The PM2.5 concentration
showed relatively lower concentration and ranged from 7 to 82 μg/m3

during this period. The rainfall period occurred on 21th, 26th and 27th
of May, respectively, which was characterized by a rapid decrease of
the PM2.5 concentration via wet deposition, and was termed as the
fourth period (P4).
, CO, SO2, and the HONO/NO2 ratio.



Table 2
Comparisons of the HONO concentration in Shanghai and other sites around the world.

Observation sites Period HONO Instruments Reference

Houston, US (urban) July-October, 2009 0.62 LOPAP Rappenglück et al., 2013
Santiago, Chile (urban) November 2009 1.44 IC Rubio et al., 2009
Julich, Germany (urban) June–July 2005 0.22 LOPAP Elshorbany et al., 2012
Beijing, China (urban) February–March 2002 1.49 LOPAP Hou et al., 2016
Beijing, China (urban) September 2015–July 2016 1.44 AIM-IC Wang et al., 2017
Guangzhou, China (urban) June 2006 2.80 DOAS Qin et al., 2009
Xinken, China (suburban) October–November 2004 1.30 WAD/IC H·Su et al., 2008
Tung Chung, HK (suburban) August–September 2011 0.35 LOPAP Xu et al., 2015
Back Garden, China (rural) July 2006 1.29 LOPAP Li et al., 2012
Xi'an, China (urban) July 2014-August 2015 1.04 LOPAP Huang et al., 2017
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3.2. Concentration and variation of the measured HONO

3.2.1. Temporal variations of HONO and relevant species
The HONO concentration profile and the relevant species during the

entire measurement period are shown in Fig. 2. The HONO concentra-
tion ranged from 0.48 to 5.84 ppb and averaged at 2.31 ppb. The mean
Fig. 3. Diurnal variations of HONO, N
HONO concentration during P1, P2 and P3 were 2.80, 2.35 and
1.78 ppb, respectively. The maximum hourly value of HONO was
5.84 ppb, which was observed during P1 (at 0:00 on May 24). For com-
parison, the HONO level at other cities around the world is listed in
Table 2. The averaged HONO level in the present study was higher
than those reported in some foreign cities, such as Houston (0.62 ppb,
O2, O3, and the HONO/NO2 ratio.



Fig. 4.Mean nocturnal variation of Pnet, NO and HONO. These box-whisker diagram were
based on 1 h averages for the time intervals where both measurements were present. The
“×” symbol refers to the average value, boxes and whiskers represents the 25%–75% and
90% of the data.
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Rappenglück et al., 2013), Julich (0.22 ppb, Elshorbany et al., 2012), and
Santiago (1.44 ppb, Rubio et al., 2009), and some urban areas in China
including Beijing (1.49 ppb, Hou et al., 2016; 1.44 ppb, Wang et al.,
2017) and Xi'an (1.04 ppb, Huang et al., 2017), but was lower than
thatmeasured in Guangzhou (2.80 ppb, Qin et al., 2009). The concentra-
tions of NO2 and O3 ranged between 11 and 134 ppb and
7.93–99.87 ppb, respectively, during the entire measurement period,
and averaged at 46.46, 32.67, 30.77 ppb, and 46.96, 40.13, 56.03 ppb,
respectively, for P1, P2 and P3. The HONO/NO2 ratio during the entire
measurement period ranged from 0.13% to 17% and averaged at 6.17%.
Considering the conversion from NO2 to HONO, higher value of
HONO/NO2 could be expected for an aged air mass (Li et al., 2012). In
the present study, the mean HONO/NO2 ratios during P1, P2 and P3
were 8.03%, 7.48% and 5.18%, respectively.

The diurnal variations of HONO, NO2,O3, and theHONO/NO2 ratio are
illustrated in Fig. 3. To obtain valid diurnal variation patterns, the data
during the rainfall periodwere excluded from the analysis. After sunset,
HONO started to accumulate due to the attenuation of solar radiation
and stabilization of the boundary layer (shown in Fig. 3), reaching the
maximum values of 3.48, 3.16 and 1.97 ppb for P1, P2 and P3 in the
morning, respectively. The HONO concentration decreased afterwards
due to rapid photolysis and maintained at relatively low levels until
sunset. The NO2 concentration increased in the morning rush hours,
then decreased rapidly and stayed at a low level in the afternoon in vir-
tue of the development of the surface boundary layer. After sunset, NO2

started to increase again, and the averaged nighttimeNO2 concentration
remained at 43.4, 30.5 and 28.7 ppb for P1, P2 and P3, respectively. O3

displayed a diurnal cycle opposite to HONO with maximum values of
45.3 54.8 and 72.0 ppb for P1, P2 and P3, respectively in the afternoon.
The HONO/NO2 ratio was commonly used to evaluate the HONO forma-
tion from the NO2 conversion, which is less influenced by the diffusion
during transport in the atmosphere as compared to the HONO value
(Li et al., 2012). The HONO/NO2 ratio started to increase after sunset
and reached the peak during the nighttime, then it decreased in the
early morning due to the enhancement of the NO2 emission and the
HONO photolysis. It should be noted that a small increase of HONO/
NO2 was observed at noontime for P3. Such phenomenon might be
the result of the photo-enhanced redox reaction of NO2 on particle sur-
faces (Shen and Zhang, 2013), and/or photolysis of particulate nitrate
(NO3

−) under the UV radiation (Zhou et al., 2002, 2003, 2011).

3.3. Nocturnal HONO sources

3.3.1. Direct emission
In the present study, the distances between the measurement site

and the two main road, i.e. Handan Road and Wudong Road were
about 150 m and 120m, respectively, and the wind velocity ranged be-
tween 1 and 7m/s. Accordingly, the respective air mass travel time over
the two roads was estimated to be between 17 s and 2.5 min, which
might be shorter than the daytime lifetime of HONO (15 s-30 min, Nie
et al., 2015). Therefore, the measurement site might be affected by ve-
hicular emissions. To estimate the upper limit of HONO emitted by traf-
fic around the sampling site, the emission ratio (0.65%) of HONO/NO2

obtained from the tunnel experiments by Kurtenbach et al. (2001)
was widely applied in the recent studies (Qin et al., 2009; Tong et al.,
2015). Therefore, the HONO concentration corrected by direct emission
was calculated by the following equation:

HONO½ �correct ¼ HONO½ �− HONO½ �emission ¼ HONO½ �−0:0065� NOx½ �: ð1Þ

Only the nighttime database was considered to avoid the influence
of photolysis in the daytime. The frequency distribution of the
[HONO]emission/[HONO] ratio during the measurement period is
shown in Fig. S2. The calculated [HONO]emission/[HONO] ratio was
12.5% on average, implying that direct emissions were not an impor-
tant HONO source in this study.
3.3.2. Homogeneous reaction of NO and OH
The homogeneous reaction of NO and OH was the dominant path-

way for HONO formation in the gas phase, and the net HONO formation
could be calculated by:

Pnet ¼ KNOþOH NO½ � OH½ �−KHONOþOH HONO½ � OH½ �: ð2Þ

The rate constant of KNO+OH and KHONO+OH was 9.8 × 10−12 cm3

molecule−1 s−1 and 6.0 × 10−12 cm3 molecule−1 s−1 at 298 K, respec-
tively (Atkinson et al., 2004; Sander et al., 2006). Since OH con-
centration was not measured in the present study, an average value of
1.0 × 106 molecules cm−3 measured in Beijing was assumed to repre-
sent the nighttime OH concentration of Shanghai (Tong et al., 2015),
based on the similarity of simulated OH concentrations in these two cit-
ies (Lelieveld et al., 2016).

The diurnal variation cycle of the nocturnal Pnet is illustrated in Fig. 4.
Before midnight, the relatively low NO concentration (1.79 ppb) pro-
vided anaverage Pnet value of 0.0080 ppb/h. Aftermidnight, Pnet showed
an increase trend due to the increase of NO concentration and averaged
at 0.020 ppb/h between 00:00 and 06:00. Since Pnet is largely dependent
on the OH concentration, the possible ranges of Pnet was estimated by
considering ±50% uncertainty of OH concentration. The averaged Pnet
was 0.0070 ppb/h (0.021 ppb/h) for−50% (+50%) changes of OH con-
centration, which is within the range of the values observed in other
areas of China (Li et al., 2012; Spataro et al., 2013).

3.3.3. Heterogeneous conversion of NO2 to HONO
Field measurements in many urban sites found positive correlation

between HONO and NO2, indicating that NO2 may be an important
HONO precursor (Spataro et al., 2013; Wang et al., 2013; Huang et al.,
2017; Qin et al., 2009). The averaged HONO/NO2 ratio of 6.2%measured
in this work is much larger than the reported value of 1% from direct
emissions (Kurtenbach et al., 2001), suggesting that heterogeneous re-
action could be a more important pathway for HONO production com-
pared to direct emissions. In the present study, HONO exhibited a
moderate but significant correlation with NO2 (R2 = 0.58, p b 0.01),



Fig. 5. The relationship between HONO and NO2 at night.
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indicating the importance of heterogeneous conversion from NO2 to
HONO (Fig. 5).

For the heterogeneous conversion of NO2, the surface of soot particle
as amedia has been reported by several studies (Shen and Zhang, 2013;
An et al., 2014). It was well known that the contribution of soot surface
to HONO production is often much less than that expected, due to the
fact that the uptake efficiency of NO2 decreasedwith prolonged reaction
time due to the surface deactivation. Aerosol surface was assumed to be
an important media for the heterogeneous conversion of NO2 to HONO
(Liu et al., 2014; Li et al., 2012). Herein, aerosol mass concentration was
used as a surrogate to identify the aerosol influence on HONO formation
(Park et al., 2004; Hao et al., 2006). Fig. 6a shows the correlation be-
tween the mass concentration of PM2.5 and the HONO/NO2 ratio. One
can see that the mean HONO/NO2 ratio increased gradually with in-
creasing PM2.5 level, indicating that aerosol surfaces played a vital role
on the heterogeneous conversion of NO2 to HONO.

Stutz et al. (2004) pointed out that the absorbed water exerted the
influence on heterogeneous formation of HONO. The effect of RH on
the heterogeneous conversion of NO2 to HONO is illustrated in Fig. 6b.
The HONO/NO2 ratio increased with the increasing RH from 40% to
75%, whereas further increase of RH led to the decrease of the HONO/
NO2 ratio. Similar variation patterns were frequently observed in the
previous studies (Yu et al., 2009; Qin et al., 2009; Wang et al., 2013;
Fig. 6. The correlations between HONOcorrect/NO2 an
Huang et al., 2017). The absorbed water on surfaces could serve as
both the source and sink of HONO by affecting the HONO production
from NO2 hydrolysis and HONO deposition (Ammann et al., 1998).
When RHwas in the range of 40% to 75%, themoisture effect on the het-
erogeneous conversion of NO2 to HONO was stronger than the HONO
deposition, thus the conversion efficiency increased (Stutz et al.,
2004). However, once the surface reached saturation state (RH N 75%),
the excess water on the surface could become a limiting reagent for
the NO2 conversion (Wojtal et al., 2011). Instead, the uptake and disso-
lution of HONO by water layer on saturated surfaces could lead to the
decrease in the HONO/NO2 ratio.

The conversion frequency (CHONO) of HONO was generally used as
an indicator to evaluate the conversion rate of NO2. It was supposed
that all of HONO was produced by the heterogeneous conversion of
NO2 (Hou et al., 2016), and the CHONO value could be calculated by
Eq. (2) (Alicke et al., 2003; Su et al., 2008).

CHONO ¼ HONO½ �ð t2− HONO½ �t1
�
= t2−t1ð Þ NO2½ �: ð3Þ

where [NO2] means the average NO2 concentration during the time in-
terval from t1 to t2.

The heterogeneous conversion rate of NO2 was 1.14 × 10−2 h−1 on
average. CHONO was compared with that reported in the other places
around the world (Fig. S3). The conversion rate in the present study
was lower than that reported at urban Guangzhou (Li et al., 2012), but
was higher than that observed at urban Jinan (Wang et al., 2015),
urban Xi'an (Huang et al., 2017), and rural Hongkong (Xu et al., 2015).
The averaged CHONO value was 1.58 × 10−2 h−1 in the pollution period,
whichwasmuch higher than that in the clean period (0.93 × 10−2 h−1).
The enhanced conversion rate indicated higher reaction efficiency of
NO2 via the heterogeneous process during the haze and fog, which
may be associated with the higher aerosol surface due to high particle
loading, and/or higher water content on the particle surface due to
higher RH (Xu et al., 2015).

3.4. Daytime HONO budget

Based on the production and loss processes of HONO, the daytime
HONO formation rate can be expressed by:

dHONO
dt

¼ Pemi þ PNOþOH þ Phet þ Punknownð Þ− LHONOþOH þ Lpho þ Ldep
� �

þ Tv:

ð4Þ

where dHONO/dt represents the variation of HONO concentration
within the time interval of Δt. Pemi, PNO+OH, Phet and Punknown donate
d RH (a) and PM2.5 concentration (b) at night.



Fig. 7. Averaged production and loss rates for the daytime HONO budget during the pollution period and the clean period.
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the formation rate of direct emissions, the gas-phase reaction of NO and
OH, the dark heterogeneous conversion of NO2, and the additional un-
known daytime HONO, respectively. LHONO+OH, Lpho, Ldep and Tv are
the loss rate of HONO through reaction with OH, the photolysis of
HONO, the dry deposition of HONO, and vertical advection, respectively.
Lpho could be expressed as: Lpho = JHONO × [HONO], where JHONO is the
photolysis frequency of HONO. Ldep was estimated by Vd × [HONO] /
H, where Vd is the dry deposition velocity of HONO and H is the mixing
height. Vd was 2.0 cm/s, given by Harrison et al. (1996). Themagnitude
of Tv could be estimated by using a parameterization for dilution by
background air provided by Dillon et al. (2002):

Tv ¼ k dilutionð Þ HONO½ �− HONO½ �background
� �

: ð5Þ

The k(dilution) was 0.23 h−1 as given by Dillon et al. (2002), and the
[HONO] background value was about 10 ppt according to Zhang et al.
(2009). Therefore, the daytime unknown HONO production rate was
calculated by:

Punknown ¼ dHONO
dt

þ Lpho þ Ldep
þ LHONOþOH−PNOþOH−Pemi−Phet−Tv: ð6Þ

Since measurements of photolysis frequencies and OH concentra-
tion were not available in this study, the TUV model (http://www.acd.
Fig. 8. The correlations between Punknown
ucar.edu/TUV) was adopted to calculate the photolysis frequencies
and OH concentration. The ozone density, aerosol optical depth
(AOD), single scattering albedo (SSA) and Ångström exponent (Alpha)
are important input parameters influencing the J value in the TUV
model. The ozone density wasmeasured by Total OzoneMapping Spec-
trometer (http://toms.gsfc.nasa.gov/teacher/ozoneoverhead.html). The
typical AOD, SSA and Alpha values during clean and pollution period
were 0.66, 0.89, 1.07, and 1.32, 0.90, 1.30, respectively (Cheng et al.,
2015; Xu et al., 2012; Lv et al., 2017; Lei et al., 2013; Tang et al., 2014).
The daytime OH concentration was calculated by applying the method
proposed by Rohrer and Berresheim (2006). The calculated OH concen-
trations during the pollution period and the clean periodwas 5.74 × 106

molecules cm−3 and 7.06 × 106 molecules cm−3, respectively. These
values were in the range of (0.5–2) × 107 cm−3 in Chinese urban envi-
ronment during summertime, butwere higher than the values observed
during wintertime (Kanaya et al., 2007; Lu et al., 2012; Lu et al., 2013).

The calculated HONO production rate relating to gas phase produc-
tion, direct emission, and the unknown source are illustrated in Fig.7.
The averaged daytime Pemi, PNO+OH, Phet and Punknown in the pollution
period and the clean period were 0.28, 0.83, 0.62, 2.98 and 0.21, 1.15,
0.30, 1.78 ppb/h, respectively, indicating that Punknown was the domi-
nant HONO source in the daytime. The existence of unknown HONO
sources invoked the question about the underlying HONO formation
mechanisms in the atmosphere. To characterize the role of aerosol sur-
face in daytime unknown HONO sources, the relationship between
and PM2.5 (a) and PM2.5 × NO2 (b).

http://www.acd.ucar.edu/TUV
http://www.acd.ucar.edu/TUV
http://toms.gsfc.nasa.gov/teacher/ozoneoverhead.html


Fig. 9. TEM images of aerosol particles from the haze, fog and clear days.
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Punknown and PM2.5 was analyzed. As illustrated in Fig. 8, the Punknown

valueincreased gradually with the increase of PM2.5 concentration and
the value of PM2.5 × [NO2], suggesting that the heterogeneous conver-
sion of NO2 on aerosol surfaces could contributed as a missing daytime
HONO source during the transformation of the clean period to the haze/
fog period.

3.5. Single particle analysis

3.5.1. Morphological identifications of aerosols during the different weather
types

The particle specific surface area associatedwith theparticle size dis-
tribution and morphology is an important parameter influencing the
transformation of NO2 to HONO (Nie et al., 2015). As shown in Fig. 9,
the particles displayed diversified morphologies for different weather
types. Most of the particles collected during P1 and P2 were agglomer-
ated, whereas the particles during P3 were uniformly distributed. WS
Table 3
Classification of the different particle types, morphologies, mixing states and sources of the ind

Particle
types

Possible particle phases Morphology

Mineral
dust

Quartz and calcite Elongate regular shapes with
sizes smaller than 1 μm

K-rich Irregular K2SO4 and KNO3 Irregular morphology
Na-rich Viscous Na2SO4/NaNO3 Amorphous structure with
Metal/Fly
ash

Metal: Fe-rich, Zn-rich and Al-rich particles;
fly ash: spherical Fe-rich containing Zn, Na,
and Si.

Nearly spherical shapes with
sizes mostly smaller than 100
nm

N/S
bearing

(NH4)2SO4 and NH4NO3 Scallop-like or “bubbly”
microstructures

Soot Graphitic spherules Chain-like aggregates of
carbon-bearing spheres
was relatively higher during P3 as compared to that during P1 and P2
(shown in Table 1). The relatively better diffusion condition in the
cleanperiod decreased the retention timeof aerosols in the atmosphere,
resulting in the less chance of the collision and combination among the
aerosol particles (Hu et al., 2016). This result suggested that haze aero-
sols have a larger particle size than clean samples, which is caused by a
higher number of agglomerated state particles, and favor NO2 to HONO
at a similar level of the particle mass concentration.

Under the TEM, thewater-filmmarkwas clearly seen on the edges of
most samples during P1 and P2, suggesting that RH in the atmosphere
exceeded the deliquescence relative humidity (DRH) of these particles,
and liquid layer could be formed around the deliquesced particles. Such
property wasmainly observed at the cycling of haze-fog transformation
for the ageing process (Hu et al., 2016). It waswell documented that the
liquid layer formed on particle surfaces could affect the gas-aerosol
equilibrium by changing the equilibrium balance to benefit the uptake
of NO2 (You et al., 2012). As shown in Table 1, higher RH was coupled
ividual particles.

Mixing properties Sources

Reacted minerals contained
secondary formed CaSO4 and Ca
(NO3)2

Road dust and/or other anthropogenic sources
including construction dust and cement
industry

Externally mixed with metals Biomass burning
Mixed with fly ash Aged particles of NaCl
Inclusions of secondary sulfates
and nitrates

Industries, coal-fired power plant, and waste
incineration.

Mixed metal/fly ash, mineral
particles

Secondary particles formed by SO2 and NOx

Mixed with N/S bearing particles Fossil fuels and/or biomass burning
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with higher concentrations of NO2 during P1 and P2. Such condition
could promote the heterogeneous reaction of NO2 on wet surfaces of
particles to yield HONO, HNO3, and nitrates (Krueger et al., 2003,
2004; Geng et al., 2014; Li and Shao, 2009):

2NO2 gð Þ þ H2O absð Þ→HONO gð Þ þ HNO3 gð Þ: ð7Þ

3.5.2. Classification of aerosols during P1, P2 and P3
Besides the particle size and morphology, the chemical nature of

aerosols, which could control the NO2 conversion efficiency, is also a
candidate influencing the transformation of NO2 to HONO. Based on
Fig. 10. Various types of the individual particles in the Shanghai atmosphere identified by TEM/
coatings. (d) AggregatedCa-rich particles and soot. (e) Spherical Al- rich particle. (f) Zn-rich part
internallymixedwithminorN and S. (i) Spherical Fe-rich particles with S/N coating. (j) Fe-Zn ri
like soot particles withminor N and S. (m) Irregular K-rich particles, whichwere internally mix
(p) the S/N-bearing particle, which were sensitive and volatilized under the TEM.
elemental composition and morphology of individual particle, seven
different particle types were identified: mineral, metals, fly ash, soot,
K-rich, Na-rich and S/N bearing particles. The particle characteristics,
mixing states and sources of different particle types were illustrated in
Table 3. Mineral particles showed irregular shapes, and they were cate-
gorized into silicon-rich and calcium-rich particles based on the EDS
data (Fig. 10a–d). Metals were sorted out into two major clusters: Zn-
rich (Fig. 10f) and Fe-rich (Fig. 10g–j) particles. Fly ash (Fig. 10k) parti-
cles contained Al and Si with minor Fe. Most metal/fly ash particles ex-
hibited sphericalmorphology under the TEM, suggesting that theywere
derived fromhigh-temperature processes (Li et al., 2016). Soot particles
displayed onion-like structure of graphitic layers (Fig. 10l). K-rich
EDS. (a) Spherical Si-rich particle coatedwith S and N. (b) and (c) Ca-rich particle with S/N
iclesmixingwith S andN. (g) and (h) Aggregated Fe-rich andCa-rich particles, whichwere
ch particle (k) Fly ash, which constitutedmainly Fe,Mn, Si, S andN. (l) Aggregates of chain-
edwith the S and N elements. (n) Internally mixed fly ash and the Na-rich particle. (o) and



Fig. 11. Relative number abundances of various particle types during the measurement period.
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particles exhibited irregular shapes (Fig. 10m). Fig. 10n showed aggre-
gates of metals and Na-rich particles, which indicated that aerosol par-
ticles were collided and amalgamated with each other during the
retention in the atmosphere. S/N-bearing particles displayed “bubbly”
appearances (Fig. 10o and p), due to that they were sensitive to the
strong electric beams and vaporized within a few seconds. It should
be noted that N and S were detected internally mixed with minerals,
metals/fly ash, soot and K-rich particles, indicating heterogeneous reac-
tions of NO2 and SO2 on these particle surfaces.

Fig. 11 showed that the S/N bearing particles dominated over other
particle types during P1 and P2, and number percentages accounted
for 34% and 27%, respectively. For the samples collected during P3, the
S/N bearing particles showed a lower proportion (20%) in number.
Such particles were commonly identified as (NH4)2SO4/NH4HSO4, and
NH4NO3, which are transformed from trace gases of NO2, SO2 and NH3

in the atmosphere (Li et al., 2013). In the nucleation procedure of NO2,
H2O and NH3, HONO is generated as a main product (Li and Shao,
2009; Zhang and Tao, 2010):

2NO2 gð Þ þ H2O gð Þ þ NH3 gð Þ→HONO gð Þ þ NH4NO3 sð Þ: ð8Þ

The higher proportion of suchparticles during thepollution episodes
suggested higher HONO formation potential from this reaction.

As mentioned above, substantial minerals (e.g., Ca and Si) and
metals (Fe and Zn) were internally mixed with nitrogen, indicating
that such particles were involved in heterogeneous processes with
NO2 and converted into hydrophilic nitrates during the long-range
transport in the atmosphere (Alexander et al., 2009; Li and Shao,
2009; Sullivan et al., 2007). The relative abundance of internally
mixed particles was 84%, 79% and 52%, respectively, for aerosol samples
during P1, P2 and P3. Fresh mineral and metallic particles in the
Fig. 12. Ternary diagram of C-N-S of mineral (Ca, Si) and
atmosphere are hydrophobic, however, these particles could become
hydrophilic when they wre mixed with hydrophilic species and en-
hance the uptake capacity of water and some gases on these particles
(Krueger et al., 2003, 2004; Fountoukis and Nenes, 2007). From this
view point it was expected that the nitrates formed in these particles
could further benefit for enhanced HONO production on particle sur-
faces. Aerosols with different chemical compositions could be used to
evaluate atmospheric processes. In our samples, the average ratios of
N/Ca, N/Si and N/Fe collected during P1 and P2 was 0.21, 1.03, 0.31,
and 0.26, 0.53, 0.24, respectively, whereas those during the clean period
were 0.11, 0.30, and 0.09, respectively (Fig. 12). These results indicated
that the hydrolysis of NO2 to HONO and NO3

− could be promoted during
the haze/fog episodes at the relatively high RH.

In conclusion, the surface areas and chemical nature of particles are
the dominant factors to influence the conversion potential of NO2 to
HONO. The enhanced particle loadings along with enlarged particle
sizes, characterizing by higher number of agglomerated state particles
were observed in the pollution episodes. In consequence, the NO2 up-
take efficiency and the HONO production capacity could be enhanced
at the similar levels of the PM mass concentration (Janhäll et al.,
2010). In this work, the high abundance of minerals and transition
metals, which are high-performance media for converting NO2 to
HONO, should promote the HONO production during the age in the at-
mosphere. Besides, since most minerals and metals were mixed with
sulfates and nitrates synchronously (Fig. 10), the heterogeneous con-
version of NO2 on these aerosol surfaces could be accelerated due to
that the highly hygroscopic sulfates could facilitate the uptake of
water and the NO2 hydrolysis on particles surfaces (Twohy and
Anderson, 2008; Zhang et al., 2006; Stutz et al., 2004). In the present
study, the averaged HONO/NOx ratios were 5.6%, especially during the
haze (8.0%) and haze-fog (7.3%) episodes were much higher than the
metallic (Fe) aerosols particles during P1, P2 and P3.
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assumed global averaged value of 2.0% (Elshorbany et al., 2012;
Elshorbany et al., 2014), implicating a potentially important role for
the HONO chemistry at Shanghai.

4. Conclusions

Ambient HONO measurement was carried out in the downtown of
Shanghai, China using an in-situ LOPAP instrument. The HONO concen-
trations during P1, P2 and P3were 2.80, 2.35 and 1.78 ppb, respectively.
Heterogeneous conversion of NO2 was the dominant nocturnal HONO
formation pathway. The HONO/NO2 ratio during P1, P2 and P3 were
8.03%, 7.48% and 5.18%, respectively. The averaged CHONO value during
the pollution episodes (1.58 × 10−2 h−1) was higher than that during
the clean period (0.91 × 10−2 h−1). This implied higher heterogeneous
conversion potential of NO2 to HONOduring the pollution episodes. The
HONO/NO2 ratio increased with the PM2.5 concentration increasing, in-
dicating that aerosol played an important role for heterogeneous con-
version of NO2 to HONO. Daytime HONO budget analysis showed that
the average Punknown during the pollution period and the clean period
was 2.98 ppb/h and 1.78 ppb/h, respectively. Further, Punknown was
found to be closely associated with the PM2.5 concentration. Under the
TEM, enlarged particle sizes for the haze and fog samples were ob-
served, which could be elucidated by a higher number of the agglomer-
ated state particles. The number percentage of the S/N-bearing particles
during P1 (34%) and P2 (27%)were higher than that during P3 (20%). In
addition, 84%, 79%, and 52% by number of minerals and transition
metals were detected internally mixedwith nitrogen, suggesting the el-
evation of HONO production from airborne sources during the haze ep-
isodes, which could be contributed by higher particle loadings and
larger particle surfaces. In this study, the averaged HONO/NOx ratios
was 5.60%, especially during the haze (7.80%) and haze-fog (7.50%) ep-
isodes were considerably higher than that assumed global averaged
value of 2.0%, suggesting a potential important role for HONO chemistry
in Shanghai, especially during haze episodes.
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