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ABSTRACT
A heavy pollution episode (HPE) that lasted for seven days occurred over the North China Plain in
December 2016. An in situ Ambient Ion Monitor was applied to analyze the chemical composition of PM2.5

(fine particulate matter with diameters less than 2.5mm) and gaseous HONO concentration during that event.
A representative explosive growth in the pollution cumulative stage was selected to investigate the pollution
mechanism during the HPE in Beijing. PM2.5 cumulative explosive growth processes were observed to occur
commonly under high relative humidity (RH) condition. Our results demonstrated that the aqueous-phase
oxidation of SO2 by NO2 to sulfate could contribute to the cumulative explosive growth. Nitrate produced
by secondary formation was another factor in the growth of PM2.5. Depending on the relative humidity,
temperature, and chemical species, the deliquescence relative humidity was calculated to 82%, 81%, and 83%
for (NH4)2SO4, NH4NO3, and NH4Cl, respectively. The preexisting PM2.5 surface changed from solid to
liquid when RH > 81%. Coincidentally, both the sulfur oxidation ratio (SOR) and reaction product HONO
displayed an evident exponential relationship with RH and increased more quickly when RH was larger than
80%. In addition, sufficiently excessive NO2 made the aqueous-phase oxidation of SO2 efficiently proceed
even at relative low SO2 concentrations (below 15mg m�3). Potential Hþ in the reactions was neutralized by
NH3, resulting in fully neutralized PM2.5 during HPE. The chemical evolution of these reactions was
discussed in detail in this study.
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1. Introduction

With the rapid economic growth and urbanization, fre-
quent haze pollution associated with high levels of aero-
sol loading has become a severe environmental problem
in China (Huang et al., 2014a; Zhang et al., 2015b).
Atmospheric aerosol particles, particularly fine PM2.5

have drawn extensive attention because of their pro-
foundly adverse effect on human health, visibility, ecosys-
tem, weather, and climate (Zhang et al., 2015b). These
small-size particles can deeply penetrate into human lungs
and increase the risk of respiratory diseases and mortality

(Tie et al., 2009; Chen et al., 2016). In the atmosphere,
aerosol particles can be transported over thousands of
kilometers and have relatively long atmospheric residence
time. During their stay in the atmosphere, they can alter
the Earth’s radiative balance and perturb the temperature
structure of the atmosphere by directly scattering or
absorbing sunlight (Wang et al., 2015; Zhang et al.,
2015a). In addition, aerosol particles can act as cloud
condensation nuclei (CCN) or ice nuclei to change in
cloud microphysical and optical properties (Che et al.,
2016). In recent years, several studies have been per-
formed to explore the physicochemical properties of fine
particles, such as the chemical composition, particle size
distribution, and hygroscopicity (Jimenez et al., 2009;
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Ehn et al., 2014; Huang et al., 2014a; Zhang et al., 2014,
2015a, 2015b, 2015c). However, it remains insufficient to
find the source and formation mechanism of PM2.5 issues,
particularly the cause of explosive growth within a few
hours, which makes it difficult for the government to for-
mulate effective strategies to reduce haze pollution.

Water-soluble inorganic ions (including sulfate, nitrate,
ammonium, chloride, and so on) are found to be the
dominant constituents in PM2.5, which generally accounts
for approximately half of the total PM2.5 mass in the
urban atmosphere (Du et al., 2011; Yang et al., 2011; Hu
et al., 2014; Zhang et al., 2015b). They are thought to
play an important role in the environment and climate
change (Du et al., 2011; Zhang et al., 2011). For example,
sulfate is one of the most effective radiative-cooling aero-
sols in the atmosphere (Huang et al., 2014c). Previous
research suggests that sulfate in aerosols is usually pro-
duced by the homogeneous gas-phase oxidation of SO2

with subsequent gas-to-particle conversion and multi-
phase reactions of SO2 on the liquid/solid surface (P€oschl
and Shiraiwa, 2015). In contrast, nitrate is mainly formed
by the reactions of gaseous HNO3 or the heterogeneous
hydrolysis of N2O5 on aerosol surfaces. Ammonium is
chemically associated with sulfate and nitrate. Other field
studies during haze days in China proposed that the mas-
sive amounts of sulfate and nitrate were more likely gen-
erated via heterogeneous chemistry than gas-phase and
aqueous-phase chemistry. Until now, few studies have
comprehensively evaluated the formation of water-soluble
inorganic ions. Field observation of water-soluble inor-
ganic ions in particles can serve as a good indicator for
the surface chemical reactions of particles. Therefore, an
understanding of the particle formation, growth and evo-
lution processes in haze days is valuable.

A persistent severe pollution episode occurred in North
China Plain during 15–22 December 2016. Beijing and
neighboring Tianjin Municipality and Hebei Province suf-
fered heavy air pollution, which also affected Shandong
and Henan provinces. Because the area of heavy air pol-
lution was large and the duration was long, Beijing muni-
cipal was forced to adopt an emergency response
program and issue a red alert for smog-haze at 12:00 am
on December 16. Despite many efforts, such as tempor-
ary factories close and vehicle restrictions, the air pollu-
tion still lasted for 7 days because of the complex
pollution mechanisms and influence factors.

To better understand the mechanism and evolution of
the pollution formation processes, major water-soluble
inorganic ions in PM2.5 were continuously measured in
1-h resolution in Beijing. This study conducts a detailed
analysis of this heavy pollution episode. The diurnal pat-
tern of the chemical behavior, neutralization status of
PM2.5 and evolution process of secondary pollutants are

discussed in detail. The results will be helpful for the pub-
lic to understand the haze formation mechanism and the
government to make relevant control policies.

2. Experimental

2.1. Experimental methods

A real-time Ambient Ion Monitor (AIM, model URG-
9000D, USA) was applied to continuously online measure
the mass concentrations of major water-soluble inorganic
ions (NH4

þ, Kþ, Ca2þ, Mg2þ, SO4
2–, NO3

–, and Cl–) in
PM2.5 and gaseous HONO with one-hour time resolution.
AIM has been used to study the variations of water-sol-
uble inorganic ions in particles and gases such as SO2,
HONO, and HNO3 (Du et al., 2011; Pathak et al., 2011;
Hu et al., 2014; Leng et al., 2015). The system is com-
posed of a particle collection unit (URG) and ion chro-
matography system (IC, model ICS 1000, Dionex, USA)
for chemical analyses. More detailed information about
the AIM was previously elaborated (Wu and Wang,
2007; Hu et al., 2014). Ambient air was drawn into the
particle collection unit at a flow rate of 3L min�1

through a PM2.5 sharp-cut cyclone by a pump. Air was
first penetrated through a parallel plate diffusion
denuder, where solution was continuously run around the
denuder to capture gases such as SO2 and HONO. Then,
particles that were smaller than 2.5lm in the air were
continuously collected by a Steam-Jet Aerosol Collector
(SJAC), which included a supersaturation chamber, a
deionized water syringe pump and a sample collection
syringe pump. To achieve high particle collection efficien-
cies, the particle-laden air stream was introduced into the
aerosol supersaturation chamber to enhance the particle
growth. Then, the “grown” particle steam condensed into
water droplets when they passed by a spiral condenser at
the end of the supersaturation chamber. The water drop-
lets were filtered by an inertial particle separator and
injected into the ion chromatographs for analysis.

2.2. Measurement sites

The observation site is located on the campus of the
China Meteorological Administration (CMA) within
the northwestern 3rd ring road of Beijing. This site is
believed to be representative of a typical urban envir-
onment in Beijing because of the mixed effect of resi-
dential and traffic emissions. The real-time Ambient
Ion Monitor in this study was installed on the roof of
a laboratory building (39�560N, 116�240E, approxi-
mately 35m height above the ground) without obvious
obstacles nearby.
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The concentration data of PM2.5 and trace gases
(SO2, O3, and NO2) in this study were obtained from
Guanyuan monitoring station dataset on the website of
Beijing Municipal Environment Protection Bureau (http://
www.bjepb.gov.cn). The PM2.5 data from Beijing
Municipal Environment Protection Bureau were collected
by Quartz crystal microbalance (Thermofisher Scientific
Co., USA). To avoid some potential errors and inaccuracies,
all measurement conditions and procedure refer to the envir-
onmental protection standard named “Specifications and
Test Procedures for Ambient Air Quality Continuous
Automated Monitoring System for PM10 and PM2.5 (No.
HJ 653-2013)” published by Ministry of Ecological and
Environment of the People’s Republic of China in 2013.
Guanyuan monitoring station (No. 99011) was the nearest
observation station (approximately 2km away from our
observation site). To a certain extent, it is reasonable to use
PM2.5 and trace gas data in Guanyuan station for analysis
in this study. The meteorology data (temperature, relative
humidity, wind speed, and wind direction) in this study
were obtained from Haidian Meteorological Observing
Station (No. 54399), which locates on Xiyuan playground in
Haidian Park, Beijing, China.

All data in this study are reported in 1-h resolution in
Beijing time (BJT: UTC þ 8 h).

2.3. Data quality assurance

Before the AIM instrument was applied in our field
observation, the accuracy of online measured water-sol-
uble inorganic ions data from our AIM instrument was

considered firstly. AIM on-line measurements and trad-
ition filter off-line sampling by Minivol air sampler were
carried out simultaneously on the roof of Chinese
Academy of Meteorological Sciences. The accuracy of
ions concentrations from AIM was evaluated by compar-
ing the results from these two instruments. Scattering
plots of sulfate, nitrate, ammonium, and potassium
between AIM and filter measurements were shown in
Supplementary Fig. S1. The linear correlation coefficients
(R2) of the linear fitting between AIM data and the filter
sampling ones were 0.89 for sulfate, 0.97 for nitrate, 0.95
for ammonium and 0.88 for potassium, respectively.
Good linear correlation coefficients (R2) indicated that
there was a strong correlation between AIM data and the
filter sampling ones. Since potassium was chemical stable
during sampling, it was taken as a typical ion for assess-
ing the accuracy of AIM. As shown in Supplementary
Fig. S1, the slop of AIM data against the filter for potas-
sium was 0.95± 0.11. The good results of regression ana-
lysis could certify the accuracy and collection efficiency
of ions concentrations measured by AIM. For sulfate,
nitrate, and ammonium, their slop was 0.66± 0.07, 0.
73± 0.04, and 0.64± 0.05, respectively. It implied that the
concentrations of sulfate, nitrate, and ammonium from
filter sampling were higher than AIM measurements
ones. Many factors may contribute to the differences con-
centrations of these ions between the AIM and filter
measurements (Wu and Wang, 2007; Hu et al., 2014).
For example, the absorption of trace gases (such as SO2,
NO2, NH3, and HNO3) on filters and the subsequent het-
erogeneous reactions with particles during filter sampling

Fig. 1. Time series of the PM2.5 mass concentration in Beijing on 15–23 December 2016. The green, red, and blue lines correspond to
the PM2.5 data in the pollution transport stage (TS), pollution cumulative stage (CS) and clean stage (Clean), respectively. The dashed
line corresponds to the daily mean PM2.5 mass concentration (calculated from 8:00 am to 7:00 am in the following day). The data in the
gray boxes were selected to represent the explosive growth (REG) processes.
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for 24 h could result in overestimating the concentrations
of nitrate, sulfate, and ammonium (Zhou et al., 2009).

As for HONO concentration, it was calibrated based
on data from one HONO analyzer. The HONO analyzer
was home-made by of Institute of Chemistry, Chinese
Academy of Sciences, China. It has been used to observe
the concentration of HONO in Beijing for several times
(Tong et al., 2015, 2016; Hou et al., 2016; Zhang et al.,
2019). The accuracy and stability of HONO concentra-
tions measured by HONO analyzer have also been certi-
fied by a long-path absorption photometer (Quma,
Model LOPAP-03). Scattering plot of HONO concentra-
tion between AIM and HONO analyzer is displayed in
Supplementary Fig. S2. The lower HONO concentrations
by AIM were suspected to be due to the low HONO col-
lection efficiency of the denuder system. All HONO con-
centrations in this study were calculated according to the
linear relationship in Supplementary Fig. S2.

3. Results and discussion

3.1. General information about heavy pollution
episode in Beijing from 15 to 22 December 2016

3.1.1. Temporal variations of the PM2.5 mass concentra-
tion. From December 15th to 22nd 2016, the region of
BTH (Beijing-Tianjin-Hebei) experienced severe air pollu-
tion for seven days. The average hourly PM2.5 concentra-
tions in Beijing exceeded 225 mg/m3, which was three
times of the PM2.5 Level II value (75 mg/m3) of the
National Air Quality Standard of China and nine times
of the World Health Organization Standard (25 mg/m3).
Figure 1 shows the time series of the mass concentration
of PM2.5 in Beijing on 15–23 December 2016. The PM2.5

daily mean mass concentration (displays as dash line) had
a 6-day consecutive increase from 51.5 mg/m3 on
December 15 to 382.8 mg/m3 on December 21. According
to the PM2.5 daily mean mass concentration thresholds in
the National Air Quality Standard of China, a period
with the PM2.5 mass concentration below 35mg/m3 is
identified as a clean period. An aerosol pollution episode
is defined as a period during which the PM2.5 mass con-
centration exceeds 80 mg/m3 for three successive days
between two clean periods. For the level of pollution epi-
sodes, it is specified that pollution episodes with peak val-
ues of PM2.5 more than 400 mg/m3 are called heavy
pollution episodes (HPEs), whereas those with peak
PM2.5 values less than 300 mg/m3 are called light pollution
episodes (LPEs). Therefore, the pollution episode from 15
to 22 December 2016 in Beijing with the PM2.5 daily
mass concentration exceeding 80mg/m3 for six successive
days, and a peak PM2.5 value at 524mg/m3 was consid-
ered a heavy pollution episode (HPE) here.

According to the observations of urban PM2.5 mass
concentration, ground meteorological data, vertical meas-
urements of winds, temperature, and relative humidity
(RH), and ECMWF reanalysis data, the whole process of
red-alert HPE on 15–22 December 2016 in Beijing was
divided into two stages: the pollution transport stage (TS)
and the cumulative stage (CS) in our previous study
(Zhong et al., 2017). Since the identity and characteristics
of these two stages were described previously in details,
the temporal variations in PM2.5 and these two stages
were presented directly here (as shown in Fig. 1). Time
series for vertical distributions of meteorological factors
from 15 to 23 December 2016 in Beijing were also dis-
played in Supplementary Fig. S3. Generally, the pollution
transport stage (TS) was identified as the wind shift from
north to south in the BL. Besides, the air temperature
decreases with height, and moisture increases compared
with clean periods. CS was characterized by a tempera-
ture anomalous inversion with low winds and high RH in
the lower BL. The temperature anomalous inversion
behaved as air temperature increased with height. For
better comparison, the period (blue line in Fig. 1) during
which the PM2.5 mass concentration less than 35mg/m3

lasted for more than 24 hours was selected as the clean
stage (Clean). The average mass concentrations of PM2.5

in these three stages were calculated and are listed in
Table 1. The values in Clean, TS, and CS were 19.1, 206.
1, and 392.5 mg/m3, respectively. The average PM2.5 mass
concentrations in the TS and CS were much larger than
that in Clean (10.8 and 20.5 times, respectively). In add-
ition, the value in CS was the largest: approximately 1.9
times larger than that in the TS.

The explosive growth of the PM2.5 mass concentration
occurred in both TS and CS. As shown in the gray boxes

Table 1. Average mass concentration (mg m�3) of PM2.5, major
water-soluble ions, and trace gases during the pollution
transport stage (TS), pollution cumulative stage (CS), and clean
stage (Clean).

Clean TS CS TS/Clean CS/Clean CS/TS

PM2.5 19.1 206.1 392.5 10.8 20.5 1.9
NO3

– 2.7 21.6 37.3 7.8 13.6 1.7
SO4

2– 2.9 14.4 31.49 4.9 10.7 2.2
NH4

þ 0.4 11.5 24.7 28.7 61.7 2.1
Cl– 0.5 3.9 5.1 7.1 9.3 1.3
Kþ 0.2 1.1 1.9 6.4 10.8 1.7
Naþ 3.3 3.8 3.8 1.2 1.2 1
Ca2þ 1.6 1.5 1.5 0.9 0.9 1.0
Mg2þ 0.08 0.11 0.16 1.25 1.9 1.5
NO2 30.03 111.6 155.3 3.7 5.2 1.4
SO2 5.1 34.0 13.31 6.7 2.6 0.4
O3 37.9 3.0 4 0.08 0.1 1.3
HONO 1.52 5.06 12.66 3.32 8.3 2.5
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in Fig. 1, three representative explosive growths (REG)
were selected during the HPE. Their typical feature was
that the PM2.5 mass concentration linearly and rapidly
increased within a few hours (12–14 hours). As listed in
Table 2, all linear correlations are good (R2>0.9). During
TS, REG 1 increased from 34 mg/m3 to 320 mg/m3 at a
rate of 29.3 mg/m3 per hour, whereas REG 2 increased
from 88mg/m3 to 384 mg/m3 at a rate of 23.4mg/m3 per
hour. They were primarily caused by the southerly pollu-
tant transport and defined as the original/transport explo-
sive growth processes (Zhong et al., 2017). Details have
been described in our previous study and are not shown
here (Zhong et al., 2017). In contrast, REG 3 in the CS,
which is defined as the cumulative explosive growth pro-
cess, increased from 202 mg/m3 to 524 mg/m3 at a faster
rate of 32.5 mg.m�3.h�1. The strong static stability, which
traps pollution-laden air beneath it, facilitates pollutant
accumulation (Zhong et al., 2017). The chemical evolu-
tion and mechanism during the cumulative explosive
growth process will be obtained in details in Section 3.2.

3.1.2. Major water-soluble inorganic ions in PM2.5.
Water-soluble inorganic ions including SO4

2–, NO3
–,

NH4
þ, Naþ, Kþ, Ca2þ, Mg2þ, and Cl– were in situ meas-

ured in this study. The average mass concentration of the
total water-soluble ions was 69mg m�3, which accounted
for approximately 28% of PM2.5 (Fig. 2) during the HPE
on 15–22 December 2016 in Beijing. Apparently, sulfate
(SO4

2–), nitrate (NO3
–), and ammonium (NH4

þ) (simpli-
fied as SNA) were the three most abundant water-soluble
ions in PM2.5; their mean mass fractions were 10.1%,
7.6%, and 5.9%, respectively. The average concentrations
of NO3

–, SO4
2–, NH4

þ were 24.9, 18.8, and 14.7 mg m�3,
respectively. For the other five ions, the mean mass con-
centration was 0.1–3.9lg m�3.

Figure 3 shows the time series of measured water-soluble
inorganic ions in PM2.5. Ca

2þ and Mg2þ, which are the repre-
sentative crustal elements, mainly originate from rock weath-
ering, re-suspended road dust and construction dust (Wang
et al., 2006; Yang et al., 2015). As shown in Supplementary
Fig. S4, most surface wind speeds during the entire HPE were
less than 1.5m/s. The surface wind speed was so weak that

the atmosphere was nearly under stagnate condition. And the
mass concentrations of Ca2þ and Mg2þ remained almost sta-
ble (Fig. 3). For NO3

–, SO4
2–, NH4

þ, Kþ, and Cl–, most of
their mass concentration exhibited apparent temporal varia-
tions during the HPE. After four wavelike growths in the TS
and an explosive growth, they maximized in the CS. The peak
mass concentrations of NO3

–, SO4
2–, NH4

þ, Kþ, and Cl–

were 53.3, 43.1, 31.1, 2.4, and 9.5mg m�3, respectively. The
ranking of the mass concentrations was NO3

– > SO4
2– >

NH4
þ > Cl– >Kþ during the HPE, except the values of

SO4
2– in the PM2.5 at 4:00 am � 6:00 am on December 20

and 2:00 am � 10:00 am on December 21 were greater than
that of NO3

–. All of these five ions displayed a sharp decrease
when the Clean stage began. The mean mass concentration of
these five ions in PM2.5 during the three stages (TS, CS, and
Clean) were listed in Table 1. Compared to the value in the
Clean stage, the mean mass concentrations of NO3

–, SO4
2–,

NH4
þ, Cl–, Kþ in the TS increased by 7.8, 4.9, 28.7, 7.1, and

6.4 times, respectively. The average mass concentrations of
NO3

–, SO4
2–, NH4

þ, Cl–, Kþ in the CS were larger than those
in the TS by 1.7, 2.2, 2.1, 1.3, and 1.7 times, respectively.

Cl� and Kþ are suggested to mainly emit from fuel
and biomass combustion (Duan et al., 2004; Du et al.,
2011; Chen and Xie, 2014; Yang et al., 2015). They are
usually considered the primary sources in the atmosphere.
Cl� and Kþ showed cumulative growth during the HPE.
As presented in Fig. 4, both Cl� and Kþ have a notably
good correlation with PM2.5. The linear correlation coef-
ficients are 0.92 and 0.96 for Cl� and Kþ, respectively.
Thus, a large quantity of fuel combustion and biomass
burning occurred and contributed to the air pollution in
the red-alert HPE on 15–22 December 2016 in Beijing.

3.1.3. Mass concentration of the major trace gases.
SO4

2–, NO3
–, and NH4

þ (SNA) are well-known second-
ary pollutants in the atmosphere. The formation of SNA

Table 2. Duration and increase rate of the PM2.5 mass
concentration in REG1, REG2, and REG3.

Start PM2,5

(mg.m–3)
Final PM2,5

(mg.m–3)
Time
(hour)

Rate
(mg.m–3.h–1) R2

REG1 34 320 12 29.3 0.92
REG2 88 384 14 23.4 0.95
REG3 202 524 12 32.5 0.91

Note: R2 values refer to linear correlation coefficient during
linear fitting of PM2.5 mass concentration increase rate.

Fig. 2. Mass fractions of water-soluble inorganic ions in PM2.5

during HPE on 15–22 December 2016 in Beijing.
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is closely related to their respective gaseous precursors:
sulfur dioxide (SO2), nitrogen oxides (NOx ¼

NOþNO2), and ammonia (NH3). SO2 is generally emit-
ted into the atmosphere by the combustion of fossil fuels,

Fig. 3. Temporal variations of major water-soluble inorganic ions in PM2.5.

Fig. 4. Correlation between PM2.5 and (a) Cl–, (b) Kþ during the HPE on 15–22 December 2016 in Beijing.
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which contains sulfur (in particular, coal and heavy fuel
oil). As far as we know, Beijing issued a red alert for
smog-haze at 12:00 am on December 16, from which
local coal burning and heavy fuel oil were largely limited.
Figure 5 shows the temporal variations of SO2, O3, and
NO2, and HONO during the observation period. Their
average concentrations in the TS, CS, and Clean stage
are summarized in Table 1. Figure 5(a) shows that the
SO2 concentration increased, and the hourly maximum
SO2 mass concentration reached 62.7 mg m�3 in the TS.
Interestingly, when the southern wind decreased and the
meteorological conditions became static in the CS, the
mass concentration of SO2 began to decline to 3 mg m�3.
The SO2 mean concentration in the CS was only 40% of
the value in the TS, which implied that SO2 was not
locally emitted but mainly transported from distant loca-
tions. O3 is a primary oxidant when SO2 is converted to
sulfate. However, the O3 concentration in Fig. 5(b) was
notably low (nearly zero) because of the weak solar radi-
ation in the TS and CS. Thus, it is reasonable to infer

that the SO2 oxidation by O3 via gas-phase, heteroge-
neous, or multiphase processes and gas-phase oxidation
of SO2 by OH radicals produced from O3 should be neg-
ligible during HPE on 15–22 December 2016 in Beijing.

The NO2 mass concentration shows a cumulative
growth trend in Fig. 5(c). The average mass concentra-
tion of NO2 in the TS was 111.6 mg m�3. Contrary to the
SO2 trend, NO2 continued to grow in the CS and reached
228 mg m�3 in the late CS. The mean NO2 mass concen-
tration in the CS was 155.3 mg m�3, which exceeds the
national II standard (daily mean 120mg m�3). In addition
to external transportation, the local traffic is considered
another main emission source of NO2. Although the odd-
even day vehicle prohibition was announced during the
red-alarm HPE, the total traffic number remained large.
Therefore, the NO2 mass concentration could continue
growing when the external transport decreased in the CS.

As shown in Fig. 5(d), the HONO mass concentration
in the Clean stage was notably low (0.7� 2.8 mg m�3).
However, its mass concentration significantly increased

Fig. 5. Temporal variations of the mass concentrations of gaseous SO2, O3, NO2, and HONO during the observation period.
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during the HPE, particularly in the CS. The average
HONO mass concentrations in the TS (5.06 mg m�3) and
CS (12.66mg m�3) increased by 3.32 times and 8.3 times
compared to the value in the Clean stage, respectively.
The HONO mass concentrations were 4.6� 7.9mg m�3 in
the TS and 2.6� 24.1 mg m�3 in the CS. The main sources
of HONO during HPE are discussed in Section 3.2.2.

3.2. Chemical evolution during the cumulative
explosive growth process

3.2.1. Deliquescence relative humidity of PM2.5. To
investigate the mechanism of PM2.5 explosive growth
when the external transportation was significantly

weakened, REG 3 was selected as a typical representative
cumulative explosive growth process. REG 3 which
occurred at dusk and night could also avoid the interfer-
ence of HONO photolysis. As shown in Fig. 6, the PM2.5

mass concentration increased with the increase in RH.
Higher relative humidity can increase the liquid water
content on particle surfaces, which can enable aqueous-
phase reactions on the surface (Xie et al., 2015; Zhong
et al., 2017). Currently, the question of at which RH the
PM2.5 surface can be changed from solid to liquid
remains an open debate. For example, Wang et al. pro-
posed that SO2 oxidation by NO2 was favored on fine
aerosols with high RH (> 60–70%) (Wang et al., 2016).
However, Sun et al. suggested that the aqueous-phase

Fig. 6. Time series for the (a) PM2.5 mass concentration and ambient RH, (b) nitrate and nitrogen dioxide, (c) sulfate, sulfur dioxide,
and HONO in REG3.
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processing of SO2 occurred when the RH level was higher
than 50% (Sun et al., 2013). Khlystov et al. (Khlystov
et al., 2005) found that the aerosol water content signifi-
cantly increased with higher RH (55%).

The deliquescence relative humidity (DRH) of preexist-
ing hygroscopic particulate species in PM2.5 plays a key
role in determining when the surface gradually changes
from solid to liquid. When the relative humidity in ambi-
ent air is above DRH, a phase transition from solid to
saturated aqueous solution occurs. DRH varies with the
temperature and species. The relationship is as follows
(Wexler and Seinfeld, 1991; Fountoukis and Nenes,
2007):

ln
DRH Tð Þ
DRH T0ð Þ ¼ �MwmsLS

1000R
1
T
� 1
T0

� �
(1)

where Mw is the molar mass of water; ms is the molality
of the saturated solution at temperature T0; R is the gas
constant. Ls is the latent heat of fusion for the salt from
a saturated solution given by Ls¼DHcr � DHaq. DHcr

and DHaq correspond to the molar enthalpies of forma-
tion of the solid phase and the species in the aqueous
solution, respectively.

As mentioned, NH4
þ, NO3

–, SO4
2–, and Cl– were the

most dominant ions in PM2.5 during the HPE. Their

potential combinations into salts in the solid phase can
determine the DRH value of PM2.5. According to the
volatile order ((NH4)2SO4 < NH4NO3 < NH4Cl),
(NH4)2SO4 is preferentially formed among the ammo-
nium-associated compounds (Hu et al., 2014). Thus, we
can assume that NH4

þ is first associated with SO4
2–.

NH4NO3 is formed if excess NH4
þ is available beyond

the sulfate requirement. As shown in Fig. 7(a), all data
were above the 1:1 line, which implies that there was suf-
ficient NH4

þ to neutralize all SO4
2–, and it existed as

(NH4)2SO4. In Fig. 7(b), most of the samples had suffi-
cient NH4

þ to neutralize NO3
– in addition to SO4

2–.
When Cl– was included, as shown in Fig. 7(c), the ratio
was near unity. Thus, NH4

þ, NO3
–, SO4

2–, and Cl– were
finally in the mixture form of (NH4)2SO4, NH4NO3,
and NH4Cl.

Depending on the species, relative humidity and tem-
perature, we calculated the DRH for these three species
on the surface in REG 3 according to Equation (1). The
DRHs were calculated based upon an externally mixed
aerosol here. An internally mixed aerosol would behave
differently to the externally mixed compounds. As shown
in Table 3, the DRH in REG 3 was 82%, 81%, and 83%
for (NH4)2SO4, NH4NO3, and NH4Cl, respectively. Thus,
the PM2.5 surface in REG 3 began to change from solid
to liquid when the RH was above 81%.

3.2.2. Aqueous-phase reaction. As presented in Fig.
6(b), the NO3

– concentration was closely related to the
emission of NO2 from traffic. Nitrate concentration
increased from 30.9 mg m�3 at 16:00 and reached the
maximum value (53.2mg m�3) at 22:00. After that, nitrate
concentration began to decrease with the concentration
of NO2 while PM2.5 concentration kept growing. Nitrate
was proposed to be predominately formed via the homo-
geneous gas-phase of NO2 and via heterogeneous chemis-
try (Seinfeld and Pandis, 1986; Zhang et al., 2018).

Fig. 7. Scatter plots of particulate [NH4
þ] against 2� [SO4

2–], 2� [SO4
2–]þ [NO3

–], 2� [SO4
2–]þ [NO3

–]þ [Cl–] in REG 3. [] refers to
molar concentration.

Table 3. Deliquescence relative humidity for (NH4)2SO4,
NH4NO3, and NH4Cl in REG3.

Salt
DRH

(298.1 K)a � 18msLS

1000R

a DRH in REG3
(271.9 K)b

(NH4)2SO4 0.7997 80.0 0.82
NH4NO3 0.6183 852.0 0.81
NH4Cl 0.7710 239.0 0.83

aThe values were originated from reference (Fountoukis and
Nenes, 2007).
bThe temperature here is the mean temperature in the REG 3.
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Nitrogen oxidation ratio (NOR), defined as the molar
ratio of fine particulate nitrate to the total oxidized nitro-
gen, was used to estimate the degree of atmospheric
transformation of NO2 to NO3

– (Du et al., 2011; Hu
et al., 2014; Ji et al., 2014; Zhang et al., 2018). It was cal-
culated as follows:

NOR ¼ n
NO3

�½ �
n NO3

�½ � þ n NO2½ � (2)

where n is the molar concentration.
It was reported by Fu et al. (2008) that NOR was less

than 0.1 in the case of primary emissions, while larger
than 0.1 when nitrate was mainly produced via the sec-
ondary transformation of NOx oxidation (Fu et al.,
2008). As displayed in Fig. 8, all NOR values in the
REG3 were above 0.1, indicating that nitrate was mainly
produced by secondary formation.

The relationship between the NOR and the RH is
shown in Fig. 8. When RH < 80%, NOR increased with
the increase in RH. When RH was above 80%, there was
no specific rule between NOR and RH. NO2 has limited
water solubility and is usually present in low concentra-
tion in the aqueous phase (below 1 nM) (Seinfeld and
Pandis, 1986). Hence, the potential NO2 aqueous-phase
oxidation at the particle surface, as expressed in Reaction
1 (R1), is believed to contribute a negligible amount to
the aqueous-phase nitrate.

NO2 aqð Þ þNO2 aqð Þ þH2O ! NO�
2 þNO�

3 þ 2Hþ R1

In contrast, the aqueous-phase reaction may be a crit-
ical pathway for the sulfate explosive growth during
HPE. As presented in Fig. 6(c), the mass concentration
of sulfate increased with the increase in RH although the
mass concentration of its precursor SO2 decreased.
During the entire cumulative explosive growth process,
SO4

2– exhibited a complete inverse correlation with SO2.
To quantitatively characterize the secondary transform-
ation reactions of SO2 to sulfate, the sulfur oxidation
ratio (SOR) was applied as an indicator and calculated
using Equation (3) (Sun et al., 2006, 2013; Hu et al.,
2014).

SOR ¼ n
SO4

2�� �
n SO4

2�½ � þ n SO2½ � (3)

Sulfate is considered to mainly come from primary
source emissions when the SOR is smaller than 0.1.
Otherwise, a secondary transformation of SO2 would be
regarded as the main source of sulfate (Yao et al., 2002;
Zhang et al., 2018). In the REG3, all SOR values were
greater than 0.1, suggesting that sulfate mainly generated
from the secondary oxidation of SO2. SOR displays an
evident exponential relationship with the RH in Fig. 9(a).
The red line in Fig. 9(a) shows an excellent exponential

fit through the data with R2 ¼ 0.99. The exponential fit
expression is y¼ 0.21þ 3.67� 10�4exp(x/13). The average
SOR at RH < 80% was less than 0.3, which indicates a
notably low sulfur production ratio. When the RH was
beyond 80%, the SOR increased at a faster rate to 0.68.
This result confirms that aqueous-phase oxidation of SO2

plays an important role in the explosive sulfate growth.
Interestingly, the RH value (�80%) above which sulfate
began to grow explosively was nearly equal to the deli-
quescence relative humidity of PM2.5 in REG 3. It has
been mentioned in Section 3.2.1 that liquid water formed
on the PM2.5 surface when RH was larger than 81% in
REG 3. PM2.5 mass concentration increased at a faster
rate when particle gradually became aqueous. Calculated
from Fig. 6(a), the growth rate of PM2.5 mass concentra-
tion was 23.0mg m�3 h�1 when RH < 81% while the
value was 66.5mg m�3 h�1 RH > 81%. That is, once the
surface began to deliquesce RH > 81%, the growth rate
of PM2.5 mass concentration was three times larger. As
shown in Fig. 9(b), there existed an obvious exponential
relationship between PM2.5 and RH. It also suggests the
importance of the aqueous reactions in the REG3.

HONO is considered a gaseous product produced by
aqueous-phase oxidation of SO2 by NO2 (Seinfeld and
Pandis, 1986; Xie et al., 2015; Wang et al., 2016). Figure
6(c) shows that the HONO mass concentration quickly
increased with the explosive growth of sulfate and PM2.5.
Interestingly, Fig. 9(c) shows that HONO also exhibited an
apparent exponential relationship with RH (R2 ¼ 0.98). In
addition, its explosive growth relative humidity (�80%)
was almost identical to that of SOR. There was a good
positive correlation between HONO and SOR in REG 3,
which indicates that with a higher degree of transformation
from SO2 to sulfate, more HONO was formed.

Fig. 8. The relationship between the NOR and the RH in
the REG3.
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Combined with our observation results and analysis,
the aqueous-phase oxidation mechanism of SO2 by NO2

was proposed. When RH exceeded 80%, the surface of
preexisting PM2.5 changed from solid to liquid. Gaseous
SO2 can absorb into the water surface. Generally, the
absorption of SO2 in aqueous solutions is considered a
dynamic equilibrium process (Seinfeld and Pandis, 1986),
as shown in R2. Sulfur dioxide hydrate can be hydrolyzed
into HSO3

2– and SO3
2–. The behavior of SO2 in water is

expressed as follows:

SO2 gð Þ þH2O $ SO2 �H2O R2

SO2 �H2O $ Hþ þHSO�
3 R3

HSO�
3 $ Hþ þ SO2�

3 R4

The aqueous-phase reactions of S(IV) by NO2 have been
known for many years and are considered an effective
method to form sulfate (Seinfeld and Pandis, 1986). The
aqueous processes in R5 and R6 have been discovered in
many field observations (Xie et al., 2015; Cheng et al.,
2016; Wang et al., 2016). Wang et al. (Wang et al., 2016)
also proved that aqueous SO2 oxidation by NO2 was an
important method to promote the sulfate and HONO for-
mation by conducting a series of laboratory experiments in
a reaction cell. The reaction process is shown as follows:

NO2 gð Þ þ SO2�
3 þH2O ! Hþ þHONO gð Þ þ SO2�

4 R5

2NO2 gð Þ þHSO�
3 þH2O ! Hþ þ 2HONO gð Þ þ SO2�

4

R6

3.2.3. Ammonia neutralization. Gaseous ammonia
(NH3) is the most abundant alkaline gas in the atmos-
phere (Behera et al., 2013). It is converted to NH4

þ

through the neutralization of acid species such as HNO3

and H2SO4. Because there were no NH3 concentration
data in our observation, we had to calculate the equiva-
lent ratio of NH4

þ to the total of SO4
2� and NO3

– to
evaluate whether there was sufficient NH3 to neutralize
the dominant secondary acid ions during the HPE. As
shown in Fig. 10(a), the equivalent ratio of NH4

þ to the
sum of SO4

2� and NO3
– was slightly larger than unity

throughout the heavy pollution episode. The mean ratios
increased from 1.15 in the TS to 1.47 in the CS. When
the chloride anion (shown in Fig. 10(b)), which likely
exists as NH4Cl in PM2.5, was included, the equivalent
ratio in the TS was close to unity, whereas the value in
the CS remained greater than 1, i.e., there was sufficient
NH3 to supply NH4

þ to neutralize the anions in PM2.5

during the HPE. Therefore, Hþ in the aqueous-phase
reactions was finally neutralized by NH3 in ambient air,
forming NH4

þ on the PM2.5 surface.

Hþ þNH3 ! NHþ
4 R7

The neutralization status of PM2.5 was further ana-
lyzed using the ion balance method based on the principle
of electroneutrality (Hennigan et al., 2015). The method
assumes that any deficit in the measured cationic charge
compared to the measured anionic charge is because of
the presence of protons. The equivalent molar concentra-
tions of anion and cation species are calculated as
follows:

Fig. 9. Relationship between RH and (a) SOR, (b) PM2.5, and
(c) HONO in REG 3.
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Cation equivalents ¼ ½Naþ�
23

þ ½NHþ
4 �

18
þ ½Kþ�

39

þ ½Ma2þ�
24

� 2þ ½Ca2þ�
40

� 2

Anion equivalents ¼ ½SO2�
4 �

96
� 2þ ½NO�

3 �
62

þ ½Cl��
35:5

where [] denotes the mass concentration of anion and cat-
ion species.

As shown in Fig. 10(c), the mean ratios were 1.19 and
1.25 in the TS and CS, respectively. The equivalent molar
concentrations of cations were slightly larger than that of
the anions in both TS and CS, which indicates that there
was almost no Hþ, and PM2.5 was fully neutralized dur-
ing HPE. This result is consistent with Wang’s results
that fine PM in Beijing was effectively neutralized by
NH3 when the rapid sulfate production occurred during
the polluted period (Wang et al., 2016).

3.2.4. Overall process. The overall process of SO2 aque-
ous-phase oxidation by NO2 when RH > 80% can be
summarized as R8 (Wang et al., 2016):

SO2 gð Þ þ 2NO2 gð Þ þ 2H2O aqð Þ þ 2NH3 gð Þ
! 2NHþ

4 aqð Þ þ SO2�
4 aqð Þ þ 2HONO gð Þ

R8

As shown in Fig. 6(c), sulfate concentration increased
by 22.1mg m�3 with a HONO concentration increase of
19.2 mg m�3 in the RGE 3. The ratio of sulfate increase
and HONO mass concentration increase (22.1 mg m�3/
19.2 mg m�3 ¼ 1.15) was very close to the theoretical
value (1.02) calculated by the stoichiometry of R8. Thus,
it is reasonable to consider aqueous-phase oxidation of
sulfur dioxide by nitrogen dioxide as an important source
of sulfate in the accumulative explosive growth.

To investigate whether there was sufficient NO2 to main-
tain this reaction proceeding efficiently, the molar concentra-
tion ratios of NO2 to SO2, n(NO2)/n(SO2), were calculated.
According to the stoichiometric ratio, if n(NO2)/n(SO2) was
larger than 2, it was defined as a NO2-rich condition, under
which NO2 was sufficient and would ensure the progress of
the aqueous-phase reaction. Otherwise, if n(NO2)/n(SO2)
was smaller than 2, it would be identified as a NO2-poor
condition. In the REG 3, the values of n(NO2)/n(SO2) was
determined to be 5–17. All values exceeded 2, which indi-
cates that the NO2 concentration was excessive compared to
the SO2 concentration during the entire explosive growth
process 3. Thus, sulfate continued to rapidly grow at relative
low SO2 concentrations (below 15mg m�3).

4. Conclusions

A heavy pollution episode (HPE) occurred over North
China on 15–22 December 2016. Because of the large area
and long duration of heavy air pollution, Beijing municipal
issued a red alert for smog-haze at 12:00 am on December
16. In this study, the hourly mass concentrations of major
water-soluble inorganic ions (NH4

þ, Kþ, Ca2þ, Mg2þ,
SO4

2–, NO3
–, and Cl–) in PM2.5 and gaseous HONO were

in situ monitored using an ambient ion monitor on 15–23
December 2016 in Beijing. The average mass concentration
of total water-soluble ions was 69mg m�3 during the red-
alert HPE, which accounted for approximately 28% of
PM2.5. Their hourly mass concentrations were in the order
of NO3

– > SO4
2– > NH4

þ > Cl– >Kþ during the HPE.
According to the results of our previous study on the rela-
tive contributions of the boundary-layer (BL) meteorological
factors, the red-alert HPE on 15–22 December 2016 in
Beijing was divided into two stages: pollution transport

Fig. 10. Equivalent ratio of (a) ammonium (NH4
þ) to the sum of SO4

2� and NO3
–, (b) NH4

þ to the sum of SO4
2�, NO3

�, and Cl�,
(c) total cations to anions in PM2.5. The top and bottom of the vertical line for each box correspond to the 95th and 5th percentiles,
respectively. While the top, middle, and bottom horizontal lines of the box mark the 75th, 50th, and 25th percentiles of the data range.
The white dot in each box represents the mean value.
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stage (TS) and pollution cumulative stage (CS). For better
comparison, a clean stage (Clean) was selected. The mean
PM2.5 mass concentrations in the Clean, TS and CS were
19.1, 206.1, and 392.5mg/m3, respectively. For NO3

–, SO4
2–,

NH4
þ, Kþ, and Cl–, most of their mass concentrations

maximized in the CS after 4 wavelike increases in the TS.
Both Cl� and Kþ were well correlated with PM2.5, which
indicates that fuel combustion and biomass burning may
contribute to air pollution during the red-alert HPE.
According to the ion balance method based on the principle
of electroneutrality, PM2.5 in both TS and CS was con-
firmed to be fully neutralized.

Apart from the interference of external transmission, the
explosive growth in the CS, which is marked as REG 3,
was selected to investigate the mechanism of the cumulative
explosive growth process in Beijing. Under the stagnant
meteorological conditions in the CS, the external pollutant
transmission was markedly weakened, and the secondary
pollution became dominant. Because of the weak solar radi-
ation and low O3 concentration during the HPE, photo-
chemical oxidation, which formed sulfate and nitrate, was
nearly negligible. Interestingly, the PM2.5 cumulative explo-
sive growth processes usually occurred in high-relative-
humidity (RH) condition. Depending on the relative humid-
ity, temperature, and potential species, the deliquescence
relative humidity was 82%, 81%, and 83% for (NH4)2SO4,
NH4NO3, and NH4Cl, respectively. When RH > 81%, the
preexisting PM2.5 surface changed from solid to liquid. The
aqueous-phase oxidation of SO2 by NO2 to sulfate was con-
firmed to play an important role in the cumulative explosive
growth. This process was accompanied by the generation of
gaseous HONO with mass concentrations of 2.5–21.9mg/m3

in REG 3. Both sulfur oxidation ratio (SOR) and HONO
displayed an evident exponential relationship with RH.
They increased more quickly when RH exceeded 80%.
Compared to the SO2 concentration, NO2 concentration
was sufficiently excessive, so the aqueous-phase oxidation of
SO2 efficiently proceeded even at low SO2 concentrations.
Therefore, high relative humidity, which caused the aque-
ous-phase oxidation, was a crucial factor in the PM2.5

cumulative explosive growth during the red-alert HPE. To
avoid this explosive growth, it was also important to limit
the NO2 emission when one controls the SO2 emission
from coal.
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