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a b s t r a c t 

To investigate the cause of fine particulate matter (particles with an aerodynamic diameter 

less than 2.5 μm, PM 2.5 ) pollution in the heating season in the North China Plain (specifically 

Beijing, Tianjin, and Langfang), water-soluble ions and carbonaceous components in PM 2.5 

were simultaneously measured by online instruments with 1-hr resolution, from Novem- 

ber 15, 2016 to March 15, 2017. The results showed extreme severity of PM 2.5 pollution on 

a regional scale. Secondary inorganic ions (SNA, i.e., NO 3 
−+ SO 4 

2 + NH 4 
+ ) dominated the 

water-soluble ions, accounting for 30%-40% of PM 2.5 , while the total carbon (TC, i.e., OC + 

EC) contributed to 26.5%-30.1% of PM 2.5 in the three cities. SNA were mainly responsible 

for the increasing PM 2.5 pollution compared with organic matter (OM). NO 3 
− was the most 

abundant species among water-soluble ions, but SO 4 
2- played a much more important role in 

driving the elevated PM 2.5 concentrations. The relative humidity (RH) and its precursor SO 2 

were the key factors affecting the formation of sulfate. Homogeneous reactions dominated 

the formation of nitrate which was mainly limited by HNO 3 in ammonia-rich conditions. 

Secondary formation and regional transport from the heavily polluted region promoted the 

growth of PM 2.5 concentrations in the formation stage of PM 2.5 pollution in Beijing and Lang- 

fang. Regional transport or local emissions, along with secondary formation, made great 

contributions to the PM 2.5 pollution in the evolution stage of PM 2.5 pollution in Beijing and 

Langfang. The favourable meteorological conditions and regional transport from a relatively 

clean region both favored the diffusion of pollutants in all three cities. 
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Introduction 

Severe PM 2.5 (particles with an aerodynamic diameter less 
than 2.5 μm) pollution episodes have occurred frequently 
in recent years in China, especially during the heating sea- 
son of the Beijing-Tianjin-Hebei (BTH) region ( Chen et al., 
2015 ; Gao et al., 2018 ). This problem has received substantial 
attention from the government, the public, and scientists 
due to its adverse effects on human health ( Lu et al., 2015 ), 
visibility ( Tian et al., 2016 ), and climate ( Tai et al., 2010 ). Mas- 
sive anthropogenic emission sources, as well as unfavorable 
geographical and meteorological conditions, resulted in the 
frequent occurrence of severe haze episodes with exceed- 
ingly high PM 2.5 concentrations in the BTH region during the 
heating season ( Fu and Chen, 2017 ; Wang et al., 2014 ). 

Some studies on PM 2.5 pollution in this region showed 

that secondary aerosol formation in the haze-fog events 
played a significant role in high PM 2.5 levels in the winter 
( Han et al., 2014 ; Wang et al., 2015a ). Zhao et al. (2013a) found 

that secondary inorganic ions (SNA, i.e., NO 3 
−+ SO 4 

2 + NH 4 
+ ) 

caused approximately 30%-40% of winter PM 2.5 in the BTH 

region. Other studies have investigated the formation mecha- 
nism of secondary inorganic ions in detail ( Zheng et al., 2015 ; 
Quan et al., 2015 ). These studies concluded that high sec- 
ondary inorganic ions concentrations in severe haze episodes 
could be ascribed to the heterogeneous reaction. Recent 
studies pointed out that NO x promotion of SO 2 to sulfate con- 
version has become an important mechanism in heavy haze 
episodes in Beijing, due to the recent enhanced contributions 
of vehicle emissions ( Ma et al., 2018 ; He et al., 2014 ). Efficient 
conversion of SO 2 to sulfate was not only conducive to the 
high sulfate production rate but also enhanced the formation 

of nitrate and secondary organic aerosols (SOAs) on aqueous 
particles ( Wang et al., 2016 ). In addition, recent work has high- 
lighted the importance of nitrate formation as the driving 
force of haze evolution during summer over the North China 
Plain ( Li et al., 2018 ). Some scholars have also analyzed the 
cause of heavy pollution episodes in more detail. For example, 
Ji et al. (2014) found that the high local emissions under stag- 
nant conditions were mainly responsible for the explosive 
growth in PM 2.5 concentrations, and that a combination of 
slow regional transport and local accumulation favored con- 
secutive increases in Beijing’s PM 2.5 concentrations in winter. 
For Tianjin, Han et al. (2014) contended that haze-fog pollu- 
tion was mainly attributed to the high layer transport of the 
pollutants in the early period, as well as the late accumulation 

of pollutants and secondary aerosol formation in winter. 
Most previous studies have focused on analyzing short- 

term haze events and seasonal variations in Beijing and 

Tianjin. However, the characteristics of chemical components 
have not been extensively investigated at multiple BTH sites 
over the full heating season. In addition, because many 
studies were mainly based on traditional 24-hr integrated 

filter-based measurements with low temporal resolution, 
they couldn’t effectively capture the evolution progress of 
heavy pollution episodes. According to backward trajectories 
and the potential source contribution function (PSCF), the air 
quality of Beijing in winter is largely influenced by the regional 
transport from areas south and west of Beijing ( Wang et al., 
2015b ). Therefore, in this study, chemical components in 

PM 2.5 were simultaneously observed by online instruments 
with a 1-hr resolution in Beijing (the capital of China) and two 
adjacent southeast cities during the heating season: Tianjin 

(an economically developed municipality) and Langfang (a 
prefecture-level city in Hebei province). The primary purposes 
of this study are to (1) investigate the spatial characteristics 
of PM 2.5 as well as its chemical compositions in the heating 
season, (2) explore the evolution of chemical compositions 

in different pollution levels, (3) identify the difference in the 
formation mechanism of sulfate and nitrate, and (4) probe the 
formation mechanism of synchronized severe PM 2.5 pollution 

episodes in all three cities. 

1. Materials and methods 

1.1. Measurement site and period 

The observation campaign was conducted simultaneously 
in Beijing, Tianjin, and Langfang (Appendix A Fig. S1) from 

November 15, 2016 to March 15, 2017, the heating season 

in northern China. The observation site in Beijing was set 
up in a room approximately 10 m above the ground in 

the Chinese Research Academy of Environmental Sciences 
(CRAES) (116.40 °E, 40.03 °N), which is located in the urban 

downtown area of northern Beijing. It is representative of 
an urban district due to the mixed influence of residual, 
traffic, and construction emissions ( Gao et al., 2016 ). The 
observation site in Tianjin was located on the rooftop of a 
building approximately 10 m above the ground in the Tianjin 

Environmental Monitoring Centre (117.15 °E, 39.08 °N), situ- 
ated in the urban downtown of Tianjin. It is also considered 

to be representative of an urban district due to the mixed 

influence of residual and traffic emissions. The observation 

site in Langfang was situated on the rooftop of the Talent 
Exchange Centre (116.76 °E, 39.57 °N) in the Economic and 

Technological Development Zone, approximately 30 m above 
the ground. It is also representative of an urban district 
due to the mixed influence of residual, traffic, and industry 
emissions. 

1.2. Sampling instrument 

Mass concentrations of water-soluble inorganic ions (SO 4 
2 −, 

NO 3 
−, NH 4 

+ , Na + , K 

+ , Cl −, Mg 2 + and Ca 2 + ) in Beijing were con- 
tinuously measured at a 1-hr resolution by a model ADI 2080 
online analyser (MARGA, model ADI 2080, Applikon Analytical 
B.V. Corp., Netherlands) equipped with a PM 2.5 sampling inlet. 
The MARGA instrument consisted of a sampling box, an 

analytical box, and a control system. The sampling box was 
composed of a wet rotating denuder (WRD) as well as a steam 

jet aerosol collector (SJAR), which are used for absorbing 
water-soluble gases and capturing aerosol. Water-soluble 
inorganic ions’ mass concentrations were detected using an 

automatic ion chromatography (IC) system in the analytical 
box. MARGA has been described in more detail in previous 
studies ( Kong et al., 2018 ; Liu et al., 2017a ). For detailed quality 
assurance/quality control (QA/QC) procedures, see Gao et al. 
(2016) . 

Two identical ambient ion monitors (Thermo Science URG 

9000D, URG Corporation, USA) were used in Tianjin and Lang- 
fang to measure hourly mass concentrations of water-soluble 
ions (NH 4 

+ , Na + , K 

+ , Ca 2 + , Mg 2 + , SO 4 
2 −, NO 3 

−, and Cl −) in 

PM 2.5 . The instrument consisted of one particle collection unit 
and two IC analyzers for chemical analyses. The sample inlet 
was equipped with a PM 2.5 sharp-cut cyclone operating at a 
flow rate of 3 L/min. The air was drawn through a liquid diffu- 
sion parallel-plate denuder that can separate the gas from the 
aerosol phase. The particle-laden air flow entered the particle 
supersaturation chamber to facilitate the particle hygroscopic 
growth into droplets to achieve high collection efficiencies. 
Then, the water-soluble components of the aerosol and 

gaseous phase were collected by four syringes installed into 

pre-concentrators and injected into the two ICs once per hour. 
Each analyzer (ICS-1100 Reagent Free, Dionex Corporation, 
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CA) was equipped with a guard column, an analytical col- 
umn, and a self-regenerating suppressor. The water-soluble 
inorganic ions were analyzed in IC and quantified through an 

external standard method ( Yuan et al., 2018 ). The relation- 
ships between the total anion equivalents and total cation 

equivalents in the three cities are shown in Appendix A Fig. 
S2. To further illustrate the accuracy of online measurement 
in the three cities, the concentrations of major chemical 
components such as SO 4 

2 −, NO 3 
−, and NH 4 

+ measured by the 
online analyzer were in good agreement with those measured 

by the offline filter method (Appendix A Fig. S3). 
The organic carbon/elemental carbon (OC/EC) in aerosol 

in Beijing, Tianjin, and Langfang was measured by a field 

semi-online OC/EC analyzer (Model 4, Sunset Laboratory Inc., 
USA) with a PM 2.5 cyclone inlet. A carbon parallel-plate diffu- 
sion denuder was installed on the analyzer to remove volatile 
organic compounds (VOCs), which may cause a positive bias 
in the measured OC concentrations. The particulate samples 
were collected on quartz filters; the instrument operated at 
a flow rate of 8 L/min with a time resolution of 1-hr. The 
collected OC was evaporated, and after that it was oxidized 

to CO 2 -either under the catalysis of MnO 2 or together with 

EC on the filter by oxygen in the He/O x phase, and then the 
OC and EC were analyzed by a non-dispersive infrared (NDIR) 
detector. The detection limit of the semi-continuous OC/EC 

analyzer was 0.4 and 0.2 μg/m 

3 for OC and EC, respectively. 
The hourly PM 2.5 , SO 2 , NO 2 , O 3 , and CO data were ob- 

tained from the website ( http://beijingair.sinaapp.com/ ) from 

November 15, 2016 to March 15, 2017 in Beijing, Tianjin, and 

Langfang. Concentrations of PM 2.5 with 1-hr resolution from 

these sites also had a good relationship with those measured 

by the offline filter method during the heating season (Ap- 
pendix A Fig. S3). The meteorological data, including wind 

direction, wind speed, temperature, precipitation, and rela- 
tive humidity, were directly obtained from Institute of Beijing 
Urban Meteorology, China Meteorological Administration. 

1.3. Aerosol liquid water content (ALWC) prediction from 

chemical composition 

ISORROPIA-II is an efficient thermodynamic equilibrium 

model for the K 

+ -Ca 2 + -Mg 2 + -NH 4 
+ -Na + -SO 4 

2 −-NO 3 
−-Cl −- 

H 2 O aerosol system, which can be used to predict aerosol 
liquid water content (ALWC). In this study, this model used the 
‘reverse’ type in the metastable state with hourly concentra- 
tions of water soluble ions (K 

+ , Ca 2 + , Mg 2 + , NH 4 
+ , Na + , SO 4 

2 −, 
NO 3 

−, and Cl −), relative humidity (RH), and temperature ( t ) 
input to calculate the ALWC. 

2. Results and discussion 

2.1. Characteristics of PM 2.5 

Hourly average PM 2.5 concentrations were 94.5 ± 108.5 μg/m 

3 

in Beijing, 111.5 ± 98.5 μg/m 

3 in Tianjin, and 106.4 ± 97.9 
μg/m 

3 in Langfang, respectively, during the heating season. 
Hourly PM 2.5 concentrations varied widely, with a range of 3- 
713, 1-559, and 5-464 μg/m 

3 (Appendix A Fig. S4), respectively. 
The maximum hourly PM 2.5 concentrations were recorded at 
5:00 am and 1:00 am on January 28 (the Chinese Lunar New 

Year), in Beijing and Langfang, respectively, which could be as- 
cribed to fireworks burning ( Yang et al., 2014 ). The proportion 

of daily average PM 2.5 concentrations over 75 μg/m 

3 (Grade 
II National Ambient Air Quality Standard, GB3095-2012) 
throughout the entire observation period was 44.6%, 56.2%, 
and 51.2% in Beijing, Tianjin, and Langfang. Severe PM 2.5 
pollution episodes occurred frequently and synchronously in 

Table 1 – Mean mass concentrations of chemical compo- 
nents in the heating season in Beijing, Tianjin and Lang- 
fang (μg/m 

3 ). 

Species Beijing Tianjin Langfang 

NO 3 
− 15.8 ±16.9 14.6 ±14.0 18.2 ±18.2 

SO 4 
2 − 11.9 ±14.5 11.9 ±12.5 15.0 ±15.5 

NH 4 
+ 11.1 ±13.7 10.0 ±8.4 12.1 ±12.1 

Cl − 4.4 ±4.6 4.2 ±4.1 4.8 ±4.4 
K 

+ 2.9 ±7.2 1.6 ±2.4 1.4 ±1.3 
Na + 0.6 ±0.4 0.8 ±0.5 1.3 ±0.6 
Ca 2 + 0.7 ±0.5 0.3 ±0.2 0.6 ±0.5 
Mg 2 + 0.6 ±1.0 0.1 ±0.2 0.3 ±0.6 
OC 15.2 ±14.6 18.9 ±13.5 23.7 ±20.9 
EC 6.3 ±5.6 5.7 ±5.1 7.6 ±7.3 
SNA 41.6 ±44.3 37.1 ±34.6 46.2 ±45.6 
SNA/PM 2.5 34.9% ±11.7% 30.4% ±10.9% 37.9% ±12.7% 

OC: organic carbon; EC: elemental carbon; SNA: SO 4 
2 −, NO 3 

−, and 
NH 4 

+ ; PM 2.5 : particles with an aerodynamic diameter less than 2.5 
μm. 

all three cities. Here, we define a pollution episode (EP) as a 
set of continuous days with daily PM 2.5 mass concentrations 
over 75 μg/m 

3 . There were approximately twelve severe PM 2.5 
pollution episodes happening synchronously in these three 
cities (Appendix A Fig. S5). PM 2.5 concentrations during these 
pollution episodes were 4.9-5.9 times as high as that on clean 

days (PM 2.5 < 75 μg/m 

3 ). As was mentioned above, these 
results illustrate the seriousness of fine particle pollution on 

a regional scale. In order to get more insights into PM 2.5 pollu- 
tion situations in the three cities, PM 2.5 concentrations were 
compared across different cities in China and in foreign coun- 
tries, and the results are presented in Appendix A Table S1. 
It was found that the PM 2.5 pollution in different regions has 
its own temporal and spatial characteristics. Average ratios of 
PM 2.5 /PM 10 were used to determine differences in particle size 
fractions. The PM 2.5 /PM 10 ratios were 63.6% ± 24.8% in Beijing, 
69.4% ± 22.1% in Tianjin, and 64.1% ± 16.5% in Langfang. 
These are very consistent with the values 60%-70% calculated 

in winter in Northern China ( Xu et al., 2017 ; Shao et al., 2018 ). 

2.2. Characteristics of chemical components 

2.2.1. Water-soluble ions 
Table 1 shows the average concentrations and ratios of 
chemical components in PM 2.5 . The fraction of SNA in PM 2.5 
was around 30%-40% in the three cities. Xu et al. (2019) also 
reported that SNA comprised approximately 20%-40% of PM 2.5 
during winter in the BTH region. However, although a high 

fraction of SNA in PM 2.5 was observed in winter, the season 

with the highest SNA fraction was summer, due to strong pho- 
tochemical reactions, as reported by many studies in Beijing 
and Tianjin ( Gao et al., 2016 ; Huang et al., 2017 ). The ratio of 
NO 3 

−/PM 2.5 among the water-soluble ions was the highest in 

Beijing 14.0% ± 6.3%, Tianjin 11.6% ± 5.5% and Langfang 15.7% 

± 6.2%, reflecting the dominant role of NO 3 
− in water-soluble 

ions. However, in previous studies SO 4 
2 − was identified as 

the dominant ion in winter, in both Beijing and Tianjin 

( Cao et al., 2012 ; Song et al., 2007 ; Li et al., 2009 ; Gu et al., 2011 ). 
The decline in SO 4 

2- concentrations in recent years may be 
related to the dramatic reduction in SO 2 emissions due to 
strict control measures ( Li et al., 2017 ). The NO 3 

−/SO 4 
2- mass 

ratio was generally used to gain some insights regarding the 
relative contributions of mobile versus stationary sources in 

the atmosphere ( Arimoto et al., 1996 ). The NO 3 
−/SO 4 

2- ratio 

http://beijingair.sinaapp.com/
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was greater than 1.0, suggesting that the mobile source emis- 
sions might be predominant in three cities. These ratios were 
apparently higher than those in many other cities in China 
(Appendix A Table S2). These results clearly reveal the seri- 
ousness of nitrate pollution, which was largely influenced by 
increasing motor vehicle emissions, and highlight the impor- 
tance of controlling NO x emissions. It is noteworthy that the 
NO 3 

−/SO 4 
2- mass ratio was lower than 1.0 before the 2010 win- 

ter in Beijing, while the increase in the NO 3 
−/SO 4 

2- mass ratio 
in recent years was likely related to the increases in motor 
vehicles. 

2.2.2. OC and EC 

The total carbon (TC, calculated by the sum of OC and EC) 
constituted 26.5%-30.1% of PM 2.5 in these three cities, which is 
consistent with previous studies (10%-30%) in other Chinese 
cities ( Qiu et al., 2016 ; Wang et al., 2015c ). The average OC/EC 

mass ratios were 2.9 in Beijing, 4.7 in Tianjin, and 3.7 in 

Langfang, all of which agreed well with the OC/EC mass ratio 
(2-6) in many megacities in China ( Gu et al., 2010 ). 

To better estimate the secondary organic carbon (SOC) 
contribution to OC, the EC-tracer method ( Hu et al., 2012 ) is 
widely used to calculate SOC concentration, based on the 
following equation: 

SOC = O C tot − EC × ( OC / EC ) pri (1) 

where OC tot is the total OC and (OC/EC) pri is the primary 
OC/EC ratio, which is usually estimated by the data pairs 
with the lowest 10% percentile of ambient OC/EC ratios 
( Zheng et al., 2015 ). The slope of the regression line from data 
pairs was used to identify (OC/EC) pri ( Chu, 2005 ). The average 
SOC concentrations were 6.4 ± 6.3, 5.1 ± 3.1 and 5.5 ± 5.6 
μg/m 

3 , with contributions of 37.1% ± 16.9%, 36.3% ± 20.7%, 
and 29.2% ± 15.8% to OC, respectively, in Beijing, Tianjin, 
and Langfang. This illustrates that primary organic carbon 

(POC) was the main contributor to OC in all three cities. Some 
studies have also concluded that the formation of SOC had 

a minor impact on the accumulation of OC, instead arguing 
that POC was mainly responsible for the enhanced OC in the 
Beijing-Tianjin-Hebei region ( Yang et al., 2018 ; Zhao et al., 
2013b ; Lin et al., 2009 ). Although stagnant air, high RH, and 

low temperature may exert a strong influence on the gas-to- 
particle partitioning of semi-volatile organic compounds in 

the heating season ( Zhang et al., 2015 ), the contribution of 
SOC to PM 2.5 was somewhat less significant than POC. 

2.3. Chemical components in different pollution 

conditions 

We classified PM 2.5 -polluted conditions into four categories 
based on the Air Quality Index: clean (C) (PM 2.5 < 75 μg/m 

3 ), 
slight pollution (S) (75 μg/m 

3 ≤ PM 2.5 < 150 μg/m 

3 ), moderate 
pollution (M) (150 μg/m 

3 ≤ PM 2.5 < 250 μg/m 

3 ), and heavy 
pollution (H) (PM 2.5 ≥ 250 μg/m 

3 ). Fig. 1 shows the variations 
in chemical components of PM 2.5 in each city. Chemical com- 
position was dominated by organic matter (OM = OC × 1.6) 
( Turpin and Lim, 2001 ) in C conditions, followed by SNA in 

Tianjin and Langfang. However, in Beijing the contribution 

of OM to chemical composition was comparable to SNA in C 

conditions. SNA obviously exhibited higher concentrations 
than OM in the S, M, and H conditions in each city. Although 

the mass concentrations of SNA, OM, and EC all showed 

increases at different paces with aggravating pollution, the 
relative contributions of these chemical compositions varied 

in different ranges. The contribution of SNA to chemical com- 
position increased gradually as the pollution levels increased 

in each city. In particular, the fraction of SNA in H conditions 

Fig. 1 – Concentrations and Ratio of the chemical 
components in different pollution levels in Beijing, Tianjin 

and Langfang. C: clean; S: slight pollution; M: moderate 
pollution; H: heavy pollution; RH: relative humidity; OM: 
organic matter. 

reached 50%-55%. However, the contribution of OM showed 

a gradually decreasing trend as the PM 2.5 pollution evolved. 
These results reflect that SNA had a much more substantial 
influence on driving elevated PM 2.5 concentrations. 

It is noteworthy that the percentage of NO 3 
− decreased 

from 23.1% to 19.5% in Beijing, increased slightly from 19.6% 

to 20.4% in Tianjin, and declined from 21.9% to 19.9% in Lang- 
fang from M to H conditions. In contrast to the contribution 

of NO 3 
− to chemical composition, SO 4 

2- showed a greater 
increase in its fraction, increasing from 15.4% to 18.7% in Bei- 
jing, from 16.7% to 18.2% in Tianjin, and from 15.8% to 17.5% 

in Langfang. Overall, the significant increase in the fraction 

of SO 4 
2- suggests that the elevated PM 2.5 concentrations were 

largely driven by SO 4 
2 −. This reason might be that the high 

RH were in favor of the heterogeneous reaction of sulfate 
with the increase of PM 2.5 pollution ( Fig. 1 ). The formation 

mechanism of sulfate and nitrate would be illustrated in 

detail in the following. 

2.4. Conversion from gas to particle phase 

The sulfur oxidation ratio, defined as SOR = n -NSS-SO 4 
2 −/( n - 

NSS-SO 4 
2 − + n -SO 2 ), and the nitrogen oxidation ratio, defined 

as NOR = n -NO 3 
−/( n -NO 3 

− + n -NO 2 ), are used to evaluate the 
degree of secondary conversion ( Yang et al., 2018 ). Here, n 
refers to the molar concentration and NSS refers to non-sea 
salt. NSS-SO 4 

2- was estimated with the following equation in 

Tianjin ( Morales et al., 1998 ): 

NSS − SO 

2 −
4 = 

[ 
SO 

2 −
4 

] 
− 0 . 2455 

[
N a + 

]
(2) 

The average SOR was 0.30 ± 0.11, 0.21 ± 0.14, and 0.32 ± 0.19 
in Beijing, Tianjin, and Langfang, respectively. The average 
NOR was 0.11 ± 0.08, 0.12 ± 0.08, and 0.14 ± 0.08, respec- 
tively. Fig. 2 shows the variations of SOR, NOR, SO 4 

2 −/EC, 
and NO 3 

−/EC in different pollution conditions in the three 
cities. SO 4 

2 −/EC and NO 3 
−/EC were used to exclude the effect 
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Fig. 2 – Variations of sulfur oxidation ratio (SOR), nitrogen oxidation ratio (NOR), SO 4 
2 −/EC and NO 3 

−/EC with pollution levels 
in (a) Beijing, (b) Tianjin and (c) Langfang. In the box-whisker plots, the whiskers and boxes indicated the 95th, 75th, 50th 

(median), 25th and 5th percentiles, respectively. The small box inside every box-whisker plot was the mean value. 

of different dilution/mixing conditions on the variation of 
observed pollutant concentrations ( Zheng et al., 2015 ). The 
highest SOR was found in H conditions, with variations up to 
factors of 2.9, 2.4, and 1.9 compared with C conditions. The 
variation trend of SO 4 

2 −/EC was similar to SOR in all three 
cities. For example, SO 4 

2 −/EC and NSS-SO 4 
2 −/EC evidently 

rose from C to H in Beijing and in Tianjin. SO 4 
2 −/EC exhibited 

a similar pattern with SOR, which also dropped first and 

then increased in Langfang. These results clearly reveal the 
enhanced secondary transformation of SO 2 as PM 2.5 pollution 

is aggravated. Even though NO 3 
− concentrations increased 

by factors of approximately 8-12 from C to H conditions in 

all three cities, NOR showed no similar increasing trend. This 
suggests that SO 2 is more easily oxidized than NO 2 . 

The variations between SOR and RH in different pollution 

conditions in Beijing, Tianjin, and Langfang are shown in Ap- 
pendix A Fig. S6. The heterogeneous reaction was too weak to 
be considered when RH was less than 30%, due to extremely 
low particle phase water ( Khoder, 2002 ). SOR kept increasing 
rapidly with the escalation of RH when RH was greater than 

30% under C, S, M, and H conditions in all three cities. This 
result demonstrates the crucial effects of RH on the forma- 
tion of sulfate. Water vapor is easily absorbed by the surface 

of the particulate matter at higher RH levels, especially in the 
presence of H 2 O 2 or a metal oxidant, so more SO 2 will be ab- 
sorbed, further accelerating the heterogeneous reaction of sul- 
fate ( Seinfeld and Pandis, 2006 ). However, SOR experienced 

a significant decreasing trend with RH increasing when RH 

was lower than 40% in C conditions, possibly due to the pho- 
tochemical reaction of SO 2 . Considering that sulfate is also 
formed through the gas-phase oxidation of SO 2 by OH and 

H 2 O 2 ( Xue et al., 2016 ), and O 3 plays an important role in at- 
mospheric chemistry because it acts as an important source of 
OH radicals through photolysis ( Du et al., 2011 ). The relation- 
ship between SOR and O 3 could be used to confirm the impacts 
of photochemical reactions on the formation of sulfate. 

Under exacerbating pollution, high particle matter con- 
centrations in the troposphere would hinder amounts of 
the solar radiation from reaching the ground ( Tian et al., 
2014 ), thereby resulting in the reduction of the photochemical 
reaction. Under this circumstance, especially in H conditions, 
lower O 3 concentrations (Appendix A Fig. S7) were observed, 
which made it difficult for the gas-phase reaction of sulfate 
formation. There was no particularly evident increasing trend 

for the variations of SOR with O 3 in other pollution conditions 
(Appendix A Fig. S7), suggesting that the heterogeneous reac- 
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tion has a greater effect on the formation of sulfate compared 

with the photochemical reaction. However, SOR progressively 
increased as O 3 increased in C conditions, suggesting a 
relatively significant influence of high O 3 concentrations on 

the photochemical reaction of SO 2 . CO is also regarded as a 
good tracer that could be used to eliminate the influence of 
meteorological factors on the variation of observed pollutant 
concentrations ( Liu et al., 2019 ). It is worth noting that SOR 

displayed a decreasing trend with the growth of CO-scaled SO 2 
concentrations and that SOR presented a higher value under 
high RH conditions (Appendix A Fig. S8), which may be related 

to more conversion of SO 2 involving the formation of sulfate 
under higher RH conditions ( Shao et al., 2018 ). Thus, it can 

be concluded that RH and SO 2 were important factors in the 
formation of sulfate during pollution conditions in all three 
cities. 

The variations of NOR with RH in different pollution 

conditions in Beijing, Tianjin, and Langfang are shown in 

Appendix A Fig. S9. The NOR maintained no sharp increase 
with increasing RH in clean and pollution conditions in each 

city. This result shows that RH has become a more vital con- 
tributing factor to the formation of sulfate than that of nitrate. 
Nitrate can be formed through reactions between the ambient 
ammonia and nitric acid ( Pathak et al., 2009 ). Nitric acid can 

be formed by two important paths: one through the homoge- 
neous reaction of NO 2 and OH radicals during the day, and the 
other by heterogeneous reactions through the hydrolysis of 
N 2 O 5 on the pre-existing aerosols at night ( Seinfeld and Pan- 
dis, 2006 ). The “Excess NH 4 

+ ” was defined as the amount of 
ammonium in excess of that needed for [NH 4 

+ ]/[SO 4 
2 −] = 1.5 

(i.e., [NH 4 
+ ] Excess = ([NH 4 

+ ]/[SO 4 
2 −] - 1.5) × [SO 4 

2 −]; note that 
[X] denotes molar concentrations (μmol/m 

3 ) of the species X). 
If “Excess NH 4 

+ ” was greater than 0, the area was considered 

ammonium-rich; otherwise, it was regarded as ammonium- 
poor ( Pathak et al., 2009 ). The [NH 4 

+ ] Excess values were always 
more than 0, suggesting that Beijing, Tianjin, and Langfang 
were in ammonia-rich conditions. The [NH 4 

+ ] Excess was also 
linearly correlated with [NO 3 

−] in clean and pollution condi- 
tions in all three cities (Appendix A Fig. S10), indicating that 
nitrate aerosols began to form when [NH 4 

+ ]/[SO 4 
2 −] was more 

than 1.5. 
Diurnal variations of NOR, NO 3 

−/CO, NO 2 /CO, O 3 , RH, and 

t (temperature) in Beijing, Tianjin, and Langfang are shown in 

Appendix A Fig. S11. The diurnal trends of NOR demonstrated 

that NOR exhibited a strong O 3 concentration dependency 
during the day and reached its peak in the afternoon, around 

14:00 to 16:00 in each city, as shown in Appendix A Fig. S11. 
The NO 3 

−/CO increased continuously during the day and 

presented a significant peak at RH around 30%-40% at 16:00. 
The NO 2 /CO varied in a low-level range during the day, along 
with the increase in NO 3 

−/CO. Therefore, the heterogeneous 
reaction of NO 2 seems unlikely to be an important pathway 
of nitrate formation during the day due to low RH. Instead, 
the photochemical reactions were mainly responsible for the 
formation of daytime nitrate due to high O 3 concentrations. 
Although NOR had relatively low values in Beijing, Tianjin, 
and Langfang at night, it also showed an increasing trend, 
suggesting the pronounced role of the heterogeneous hy- 
drolysis of N 2 O 5 in the formation of nitrate. As mentioned 

above, the formation of nitrate was mainly limited by HNO 3 
in the ammonium-rich atmosphere in all three cities. Thus, 
more control measures should be focused on the NO 2 and O 3 
emissions. In a word, the photochemical reactions played a 
much more significant role in the formation of nitrate than 

sulfate, and the heterogeneous reactions had a greater impact 
on the formation of the sulfate compared with nitrate. 

2.5. Formation mechanism of heavy PM 2.5 pollution 

episodes in the heating season 

To further illustrate the effect of secondary formation in PM 2.5 
pollution, a long-lasting heavy regional pollution episode was 
selected to explore the effect in detail. The formation mech- 
anism of PM 2.5 pollution is very complex, and is also affected 

by meteorological conditions, source emissions, and regional 
transport ( Duan et al., 2019 ; Liu et al., 2017b ), which neces- 
sitates further discussion of its causes. A long-lasting heavy 
regional pollution episode occurred concurrently in Beijing, 
Tianjin, and Langfang from December 29, 2016 to January 9, 
2017, with daily average PM 2.5 concentrations reaching 203.0, 
192.1, and 208.9 μg/m 

3 , i.e., 2.7, 2.6, and 2.8 times higher than 

75 μg/m 

3 , respectively ( Fig. 3 ). We demonstrated that the evo- 
lution of this heavy PM 2.5 pollution episode (EP) consisted of 
three stages: (1) EP1 (a formation stage), (2) EP2 (an evolution 

stage) and (3) EP3 (a clearing stage). 
In EP1, PM 2.5 concentrations presented similar variation 

characteristics in all three cities. The PM 2.5 concentration 

gradually accumulated, peaking on January 1, December 31, 
and December 31 to the level of 458, 327, and 327 μg/m 

3 , 
respectively in Beijing, Tianjin and Langfang. On this day, 
the prevailing wind was from the southwest with low wind 

speed ( ∼2 m/sec) in the region. Ma et al. (2017) also reported 

that PM 2.5 concentration rapidly increased to the haze pol- 
lution level in Beijing when the wind direction changes to 
southerly. Considerable amounts of pollutants were brought 
to this region by the southerly winds. Forty-eight hour back 
trajectories were calculated by the National Oceanographic 
and Atmospheric Administration (NOAA) HYSPLIT model to 
interpret the origin and transport pathway of the air masses 
arriving at these cities (Appendix A Figs. S12, S13, and S14). 
The backward trajectory of the air mass at altitudes of 1000 
and 500 m could be used to demonstrate the impacts of re- 
gional transport on coarse particles ( Yang et al., 2015 ) during 
this heavy pollution episode, so the air mass at an altitude of 
100 m was used to analyze the influence of regional transport 
on PM 2.5 pollution. As PM 2.5 levels increased, the air mass 
transported into the region changed gradually, changing to a 
southwest wind from the original north-northwest wind. The 
considerable mixed pollutants emitted from the southwest- 
ern part of the region where located amounts of industries 
could be transported into the region, further exacerbating 
PM 2.5 pollution in the region ( Gao et al., 2015 ). 

Cl −, K 

+ , NO 3 
−, SO 4 

2 −, NH 4 
+ , OC, and EC in Beijing increased 

by factors of 6.2, 1.5, 4.9, 9.7, 9.0, 1.1, and 2.0, respectively. It was 
evident that the enhanced factor of SO 4 

2 − was the highest, 
and Cl −, SO 4 

2 −, and NH 4 
+ were the three major water-soluble 

ions mainly responsible for the elevated PM 2.5 levels. During 
this period, SOR increased from 0.20 to 0.85, while the SO 4 

2- 

fraction in PM 2.5 was elevated from 12.1% to 15.3% in Beijing 
as RH increased from 30.2% to 77.8%, which may be related 

to the crucial impacts of heterogeneous reactions on the 
formation of sulfate. The water-soluble ions, OC and EC 

data in Tianjin were insufficient to calculate the enhanced 

factors there. Chemical components were characterized by 
high enhanced factors of SO 4 

2- (5.9), K 

+ (5.7), and Cl − (4.5) 
in Langfang. Note that SO 4 

2 − also presented the highest 
enhanced factor in Langfang. K 

+ was considered as the tracer 
of biomass burning ( Watson et al., 2001 ). It was suggested that 
PM 2.5 was largely under the influence of biomass burning. 
Cl − was usually from coal combustion ( He et al., 2001 ). The 
obvious increase in SOR was from 0.23 to 0.65, along with 

the significant increase in SO 4 
2- fraction in PM 2.5 (from 10.5% 

to 17.4%), was also accompanied by a rising RH (from 37.9% 



journal of environmental sciences 95 (2020) 201–209 207 

Fig. 3 – Time series of daily PM 2.5 concentrations, relevant parameters and chemical components in a heavy pollution 

episode (EP) in Beijing, Tianjin and Langfang. conc: concentrations; WD: wind direction; Pre: precipitation; WS: wind speed; 
t : temperature. 

to 92.4%), suggesting that heterogeneous reactions played a 
significant role in the formation of sulfate in Langfang. 

In stage EP2, PM 2.5 concentrations maintained a relatively 
high level in all three cities. The southwest wind with low 

wind speed ( ∼2 m/sec) was still the dominant wind in the 
region. The air masses on January 1 in Tianjin and Langfang, 
and on January 3 in all three cities, passed over southwest 
regions which had massive anthropogenic emissions before 
reaching these three cities, which could facilitate the accu- 
mulation of pollutants. The long-range air masses on January 
2 in Beijing and on January 4 in all three cities passed over 
Inner Mongolia and northern Hebei. Thus, the contribution of 
local emission sources was dominant due to the relatively low 

emission levels in the northwest of the region ( Wang et al., 
2018 ). The medium-long range air masses originated from 

west Inner Mongolia where there are large amounts of in- 
dustrial activities and intense population ( Ji et al., 2019 ), thus 
bringing massive pollutants into this region on January 2 in 

Tianjin and Langfang. 
During this stage, SNA was the dominant contributor to 

PM 2.5 , followed by OM, in Beijing and Langfang. The ranking 
of the mass concentration was NO 3 

− > SO 4 
2- > NH 4 

+ in 

Beijing, but SO 4 
2- > NO 3 

− > NH 4 
+ in Langfang. However, 

the concentrations of SO 4 
2 − from 22:00 on January 3, 2017 

to 10:00 on January 4, 2017 were significantly higher than 

that of NO 3 
− in Beijing. During this period, RH stayed at high 

levels and SOR was around 0.57-0.84 (Appendix A Fig. S15). 

These results reveal that high RH levels have much more 
important impacts in the formation of sulfate than nitrate in 

Beijing. Three growth episodes were observed in Beijing and 

Langfang (Appendix A Table S3). ALWC served as a medium 

for heterogeneous reactions, and influenced the partition- 
ing of gas-phase water soluble organic compounds to the 
condensed phase ( Bian et al., 2014 ; Hennigan et al., 2008 ), 
resulting in visibility degradation ( Deng et al., 2016 ). The SNA 

data in Tianjin is insufficient to calculate the concentrations 
of SNA and their contribution to PM 2.5 . OM concentrations 
were 68.8 ± 21.0 μg/m 

3 and contributed to 24.6% ± 7.5% 

of PM 2.5 in Tianjin. SOC concentrations were 8.8 ± 4.7, 4.7 
± 3.2, and 5.5 ± 3.6 μg/m 

3 , and the SOC/OC ratio was only 
29.5% ± 7.0%, 11.9% ± 7.9%, and 13.7% ± 7.2%, respectively, in 

Beijing, Tianjin, and Langfang. High particle concentrations 
in the troposphere weakened the solar radiation, reducing 
the generation of SOC due to the low atmospheric oxidization 

capability of organic matter ( Tian et al., 2014 ). 
In stage EP3, PM 2.5 concentrations gradually dropped in all 

three cities. The variation of PM 2.5 in Tianjin and Langfang 
showed similar characteristics in that PM 2.5 reached a high 

value on January 7. The low precipitation ( ∼1 mm) on January 
7 and 8 in Langfang did not effectively scavenge PM 2.5 con- 
centrations, so the concentration of PM 2.5 remained at a high 

level. The prevailing wind was from the northwest direction 

in Beijing, but from the northeast in Tianjin and Langfang. All 
three cities experienced a higher wind speed ( > 2 m/sec) with 
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the decrease of PM 2.5 concentrations. As PM 2.5 levels reduced, 
air masses transported into the region changed gradually, 
changing to a north and a north-northwest region (a relatively 
clean area in the BTH region due to less industry emission) 
from the original southwest, southeast, and south regions. 

During this stage, SNA concentrations were higher than 

OM concentrations in each city. The mass concentration 

followed the order of NO 3 
− > SO 4 

2- > NH 4 
+ in each city. The 

fraction of NO 3 
− in PM 2.5 was greater than that of SO 4 

2- with 

decreasing PM 2.5 pollution. RH was lower in Stage EP3 than in 

Stage EP2. This suggests that sulfate was more sensitive to the 
reduction of RH than nitrate as the pollution levels decreased. 
Although SOC concentrations in Stage EP3 (4.7 ± 2.1, 3.6 ±
2.1, and 5.4 ± 3.3 μg/m 

3 , respectively) were lower than that 
in Stage EP2, the ratio of SOC/OC was higher than in Stage 
EP2, which accounted for 43.1% ± 24.4%, 23.5% ± 13.8%, and 

21.4% ± 11.5% of PM 2.5 , respectively. Photochemical activities 
may contribute to the formation of SOC due to elevated O 3 
concentrations (Appendix A Fig. S15). 

3. Conclusions 

The characteristics of chemical components and PM 2.5 pollu- 
tion evolution processes were investigated in detail during the 
2016-2017 heating season in Beijing, Tianjin, and Langfang. 
The following conclusions were made. 

(1) The SNA dominated water-soluble ions, constituting 
around 30%-40% of PM 2.5 . The mean mass ratio of 
NO 3 

−/SO 4 
2- was more than 1.0, demonstrating that a 

mobile source might be a dominant contributor to PM 2.5 
in all three cities. The TC presented a contribution to 
approximately 26.5%-30.1% of PM 2.5 . Low SOC/OC ratios 
( ∼40%) in all three cities implied that the formation of SOC 

wasn’t conducive to the OC accumulation and that POC 

was primarily responsible for the enhanced OC. 
(2) The variations in the concentrations and ratios of chemical 

components at different pollution levels in all three cities 
show that OM almost dominated chemical components 
in clean conditions and SNA has the higher contribution 

in pollution conditions. With the aggravation of pollution, 
the fraction of SO 4 

2- showed significant increase, which 

was due to the heterogeneous reaction of sulfate. 
(3) Regional transport and secondary formation were respon- 

sible for the growth of PM 2.5 in the formation stage of PM 2.5 
pollution in Beijing and Langfang. Regional transport or lo- 
cal emissions, along with secondary formation, promoted 

consecutive increases in PM 2.5 in the evolution stage of 
pollution in Beijing and Langfang. Favorable meteorologi- 
cal conditions and the regional transport from a relatively 
clean region facilitated the diffusion of pollutants in the 
clearing stage in all three cities. 
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