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Abstract
Particulate matter pollution in Beijing is a serious environmental problem. In response to this, the Beijing government has
implemented comprehensive emission reduction measures in recent years. To assess the effectiveness of these measures, the
seasonal and long-term trends in chemical compositions of PM2.5 in Beijing have been studied based on daily samples collected
from July 2015 to April 2016 and literature investigation (2000–2014). Results show that the concentrations of sulfate, nitrate,
and ammonium in PM2.5 have significant seasonal variations, which are related to the changes in meteorological conditions and
emission intensities. In addition, the long-term data display that the concentrations of sulfate, nitrate, and ammonium have
significantly decreased between 2013 and 2016, which are consistent with the reduction in PM2.5 levels (~ 11.2 μg/m

3 per year).
The declines could not be interpreted by the meteorological factors. It suggests that the air pollution control measures in Beijing
(2013–2016), especially the decreasing consumption of coal, can effectively decrease the mass concentration of fine particles. To
further improve the air quality, similar measures should be adopted in the areas around Beijing. These air pollution control
measures taken in Beijing can provide invaluable guidance for mega-cities in China and other developing countries to decrease
their PM2.5 concentration and reduce health risk from particulate pollution.
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Introduction

Particulate matter with an aerodynamic diameter 2.5 μm
(PM2.5) can have harmful influences on regional visibility,
people’s health, and natural environment (Liu et al. 2017; Lu
et al. 2019). In the past decade, PM2.5 concentrations in

China, especially in metropolitan cities, have shown high
values because of fast economic development and increased
energy consumption (Tao et al. 2017). Beijing with popula-
tions over 20 million has also experienced haze events over
recent decades (Lv et al. 2016). Recently, numerous research
works have been performed to fully and deeply comprehend
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their sources, chemical composition, and mechanism of for-
mation (Han et al. 2017; Gao et al. 2018; Shao et al. 2018; Tan
et al. 2018)..

Major chemical species in PM2.5 in Beijing are organic
carbon, element carbon, SO4

2−, NO3
−, NH4

+, andmineral dust
(Lv et al. 2016). Their source apportionment has been per-
formed using various methods, i.e., chemical mass balance
(Wang et al. 2009), isotope technique (Han et al. 2017), pos-
itive matrix factorization (Huang et al. 2017), etc. The results
show that over the past decade, the major contributors to
PM2.5 are secondary inorganic aerosols (31%), coal combus-
tion (16%), traffic emission (16%), biomass burning (12%),
soil dust (12%), industrial emission (9%), and others (4%)
(Tao et al. 2017).

Water-soluble ions can account for 30–60% (mass frac-
tion) of PM2.5 in Beijing, influencing on its acidity and
formation (Shi et al. 2017). Nitrate, sulfate, and ammoni-
um are the main ions in water-soluble ions (Tao et al.
2017). The sulfate-nitrate-ammonium concentrations in
PM2.5 are prone to be affected by meteorological factors
and control measures (Niu et al. 2010). For instance, the
pollution control measures during the period of Asia
Pacific Economic Cooperation Summit (2014) have re-
sulted in significant decreases in concentrations of nitrate,
sulfate, and ammonium in PM2.5 in Beijing (Xu et al.
2019). In the past few years, the Beijing government has
implemented many emission reduction measures, such as
improving vehicle emissions standards, energy structure
adjustments, and closures of highly polluting factories,
in order to lower the PM2.5 levels and improve the air
quality (http://www.bjepb.gov.cn/). Hence, researches on
water-soluble ions of fine particulate may be necessary for
evaluating the impacts of different measures.

In this study, water-soluble ions of PM2.5 sampled in
Beijing between 2000 and 2016 have been investigated in
order to characterize their seasonal and long-term tendencies
and analyze the influence of different measures on the reduc-
tion in sulfate-nitrate-ammonium concentrations. This work
would have a critical implication for atmospheric pollutants
control in metropolitan cities from developing countries.

Methodology

PM2.5 aerosol collection

Beijing over 20 million people is situated in north
China. It has a temperate continental monsoon climate
with four distinct seasons, i.e., spring (March–May),
summer ( June–Sep tember ) , au tumn (Oc tober–
November), and winter (December–February). PM2.5

aerosol was sampled from the top of a building (~
24 m high) located in Institute of Geographic Sciences

and Natural Resources Research, Chinese Academy of
Sciences (GSNRR), Chaoyang District, Beijing (Fig. 1).
No high-rise buildings and polluting factories surround
the sampling site, which is adjacent to the west of
Olympic Forest Park.

A total of 199 aerosol samples were taken between
July 2015 and April 2016. During this period, a TH-1000H
(Tianhong, Wuhan) high volume sampler was used for PM2.5

collection and its gas velocity is 1.05 m3 min−1. Aerosol col-
lection were conducted for 24 h using quartz fiber filters.
Before PM2.5 collection, the filters would be heated for 6 h
(450 °C). After sampling, all filters containing PM2.5 were
preserved in a refrigerator.

Chemical analysis

Each PM2.5-laden filter was soaked in 200-ml ultrapure water
for 0.5 h aided by ultra-sonification. The water-soluble ions
were extracted thoroughly after keeping the filter in the water
for 12 h. The solution was obtained by filtration through
0.45-μm cellulose acetate filters. A 10 ml of filtered solution
was taken out for concentration measurements. SO4

2−, NO3
−,

Cl−, F−, NH4
+, Na+, K+, Ca2+, and Mg2+ concentrations were

measured by ion chromatography (Dionex ICS900) at the
Institute of Geographic Sciences and Natural Resources
Research, Chinese Academy of Sciences. It was composed
of a guard column (Dionex IonPac CG12A for cation and
AG23 for anion), an electrical conductivity detector (Dionex
IonPac DS5), a separation column (Dionex IonPac CS12A for
cation and AS23 for anion), and a self-regenerating micro-
membrane suppressor (Dionex CERS500 for cation and
Dionex AERS 500 for anion). The 0.8-mM NaHCO3 and
4.5-mMNa2CO3 were used as the eluent for anions; the eluent
for cations was composed of 20-mM methanesulfonic acid
(MSA). Standard Reference Materials from the National
Research Center for Certified Reference Materials, China,
were used for concentration measurements. The recovery for
each ion was between 80 and 120%. The detection limits
range from 0.01 to 0.04 μg/m3 for cations and from 0.03 to
0.07μg/m3 for anions. The ion balance calculations were used
to assess the data quality. The correlation coefficient between
anions and cations is 0.98 (Fig. S1).

Data collection

The data of ion concentration in PM2.5 from Beijing be-
tween 2000 and 2014 were collected from literatures (He
et al. 2001; Wang et al. 2005; Duan et al 2006; Cao et al.
2012; Zhou et al. 2012; Zhang et al. 2013; Cheng et al.
2013; Chen et al. 2014; Wang et al. 2015; Liu et al.
2016). The detailed information for these data has been
displayed in Table S1. The sampling places were situated
within the fifth ring road of Beijing (Fig. 1). The distance
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from these sampling sites to our sampling site is less than
9 km, which means that the spatial difference for these
data can be neglected. All PM2.5 collection was performed
by air samplers, and concentrations of ionic species were
measured by ion chromatography. In addition, meteoro-
logical data for Beijing between 2001 and 2016 were
down l o a d ed f r om t h e web s i t e “ t h e Na t i o n a l
Meteorological Information Center” (http://data.cma.cn/
site/index.html; Figs. S2 and S3).

Results and discussion

Seasonal variations of ionic species

Table 1 shows the statistical results for levels of ionic species
in PM2.5 fromBeijing. The ionic concentrations in high to low
were ranked in order as NO3

− (15.16 ± 17.82 μg/m3) > SO4
2−

(10.48 ± 11.34 μg/m3) > NH4
+(7.80 ± 8.02 μg/m3) >

Cl−(2.27 ± 2.98 μg/m3) > Ca2+ (1.59 ± 1.38 μg/m3)

Table 1 Concentrations of water-soluble inorganic ions in PM2.5 in Beijing, China, during 2015–2016

PM2.5 Spring Summer Autumn Winter Annual

Ionic species Mean ± SD n Mean ± SD n Mean ± SD n Mean ± SD n Mean ± SD n

Na+ (μg/m3) 0.51 ± 0.54 49 0.16 ± 0.10 62 0.31 ± 0.16 42 1.21 ± 1.02 46 0.52 ± 0.69 199

NHþ
4 (μg/m3) 7.76 ± 8.49 49 5.48 ± 4.59 62 8.82 ± 7.77 42 10.04 ± 10.45 46 7.80 ± 8.02 199

K+ (μg/m3) 1.02 ± 0.93 49 0.44 ± 0.30 62 0.90 ± 0.64 42 1.22 ± 0.93 46 0.86 ± 0.78 199

Mg2+ (μg/m3) 0.20 ± 0.15 49 0.10 ± 0.07 62 0.11 ± 0.06 42 0.21 ± 0.11 46 0.15 ± 0.11 199

Ca2+ (μg/m3) 2.54 ± 1.54 49 0.87 ± 1.01 62 0.95 ± 0.96 42 2.11 ± 1.12 46 1.59 ± 1.38 199

F− (μg/m3) 0.25 ± 0.13 49 0.09 ± 0.07 62 0.06 ± 0.04 42 0.34 ± 0.10 46 0.18 ± 0.15 199

Cl− (μg/m3) 2.35 ± 2.83 49 0.34 ± 0.36 62 1.91 ± 1.41 42 5.10 ± 3.89 46 2.27 ± 2.98 199

NO−
3 (μg/m3) 18.35 ± 23.04 49 9.38 ± 8.88 62 18.92 ± 20.33 42 16.11 ± 16.64 46 15.16 ± 17.82 199

SO2−
4 (μg/m3) 8.01 ± 9.22 49 10.26 ± 9.44 62 10.11 ± 9.78 42 13.74 ± 15.80 46 10.48 ± 11.34 199

Fig. 1 Fine aerosol (PM2.5) sampling locations. GSNRR, Institute of
Geographic Sciences and Natural Resources Research, Chinese
Academy of Sciences; RCEES, Research Center for Eco-Environmental
Science, Chinese Academy of Sciences; THU, Tsinghua University; PU,

Peking University; BUAA, Beijing University of Aeronautics and
Astronautics; CGZ, Chegongzhuang; BNU, Beijing Normal University;
AP, Institute of Atmospheric Physics, Chinese Academy of Sciences
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>K+(0.86 ± 0.78μg/m3) > Na+(0.52 ± 0.69 μg/m3) > F− (0.18
± 0.15 μg/m3) > Mg2+ (0.15 ± 0.11 μg/m3). NO3

−, SO4
2−, and

NH4
+ can make up ~ 80% (mass fraction) of ionic species.

Figure 2 shows that the ionic concentrations in PM2.5

change seasonally. The sulfate concentrations are higher in
winter (13.74 ± 15.80 μg/m3, n = 46) than those in spring
(8.01 ± 9.22 μg/m3, n = 49). Nitrate concentrations show
higher levels in spring and autumn (18.35 ± 23.04 μg/m3

and n = 49 and 18.92 ± 20.33 μg/m3 and n = 42), and lower
values are shown in summer (9.38 ± 8.88 μg/m3, n = 62). The
nitrate concentrations in winter (16.11 ± 16.64 μg/m3, n = 46)

were close to those in autumn and winter. Ammonium con-
centrations also exhibit an obvious seasonality with higher
values in winter (10.04 ± 10.45 μg/m3, n = 46) and lower
values in summer (5.48 ± 4.59 μg/m3, n = 62).

SO4
2− and NO3

− are mainly produced through the oxidation
of SO2 and NOx, respectively (Tao et al. 2017). Recently, sulfur
isotopic data reveals that the oxidation of SO2 released by coal
combustion is a major source for atmospheric sulfate from
Beijing (Han et al. 2017). In winter, the higher level of sulfate
may result from the increasing coal consumption and the stag-
nant dispersion conditions. The seasonal change in nitrate

Fig. 2 Variations in concentrations of ionic species in PM2.5 in Beijing between July 2015 and April 2016. The concentrations of ionic species in PM2.5

between August 19 and September 18, 2015, are from Han et al. (2016)
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concentration is different from sulfate. In contrast to sulfate,
nitrate has different emission sources (automobile exhaust and
biomass burning) and complex formation processes, such as
renoxification, heterogeneous reaction, and photochemistry
(Zhang et al. 2013). The relatively high nitrate levels in spring
and autumn were likely to be originated from the mineral dusts
and the oxidation of NOx via gas-phase and heterogeneous
reactions (Zhang et al. 2013; Liu et al. 2016; Lv et al. 2016).
However, the relatively low values in summer may be ascribed
to the decomposition of nitrate under high temperatures (Zhang
et al. 2013). Ammonium can be formed by chemical reactions
between NH3 and acidic compounds (H2SO4 and HNO3). The
relatively high ammonium levels in winter may be attributed to
the increased gas-particle partitioning of ammonium nitrate un-
der low temperatures and the increased emission of NH3 from
coal stoves in rural areas (Liu et al. 2016).

The Cl−, Na+, and K+ levels in winter show higher values
compared with those in spring, summer, and autumn (Fig. 2
and Table 1). Previous studies show that they mainly come
from the combustions of biomass and coal (Wang et al. 2015).
The relatively high Cl−, Na+, and K+ levels in winter are likely

contributed by the increasing coal consumption for heating
and lower height of boundary layer (Quan et al. 2014).

It has been found that combustions of coal, oil, and biomass
can be critical sources for ionic species in PM2.5. However,
meteorological conditions may disturb the formation and trans-
formation of those ions. Figure 3 shows that the SO4

2−, NO3
−,

and NH4
+ levels increase with the decreasing wind speed, the

rising relative humidity, and the reducing sunshine hours. The
relatively low wind speed favors air stagnation, resulting in the
accumulation of pollutants. Furthermore, SO2 oxidation rate
would increase with the increasing relative humidity, leading
to a high concentration of sulfate in aerosols (Sun et al. 2013). It
is observed that sunshine hours reduced significantly with in-
creasing PM2.5 concentration (Fig. 3e), indicating that atmo-
spheric photochemistry is reduced due to high level of PM2.5.

Long-term trends in sulfate-nitrate-ammonium
concentrations

SO4
2−, NO3

−, and NH4
+ levels can be impacted by meteoro-

logical conditions. It is observed that there existed a slightly

Fig. 3 Influences of meteorological parameters on PM2.5 levels
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decreasing trend in monthly maximum wind speed and an
increasing trend in summer precipitation from 2000 to 2017
(Fig. S3). The diminishment in wind speed may result in an
increase in PM2.5 loading (Niu et al. 2010), while the increase
in precipitation in summer can have an effect on the reduction
of PM2.5 level (Giri et al. 2008). Considering the obvious
seasonal trends of sulfate-nitrate-ammonium concentrations,
it is better to investigate their concentration variations in the
same season from 2000 to 2016.

The SO4
2− concentrations in Beijing’s PM2.5 between 2000

and 2016 are shown in Fig. 4. Sulfate concentrations in spring
and summer increase from 10.2 μg/m3 in 2000 to 22.8 ±
16.7 μg/m3 in 2013 and from 17.1 μg/m3 in 2000 to 26.3 ±
18.3 μg/m3 in 2012, respectively. The concentrations in au-
tumn are relatively steady during the period of 2000–2013
with a concentration of ~ 10 μg/m3. In winter it also shows a
relatively steady trend between 2000 and 2012 but has a sud-
den increase in 2013. However, sulfate concentrations in
spring, summer, and winter show an obvious decrease from
2013 to 2016, respectively. The decreasing rate of sulfate con-
centration varies from 19 to 30% during 2013–2016.

SO4
2− in Beijing’s PM2.5 is mainly produced by coal burning

(Han et al. 2017). The coal consumption in Beijing has a slightly

slower growth from 27.2 million tons in 2000 to 30.7 million
tons in 2005. It decreases slightly from 2006 to 2012 with a rate
of 1.3 million tons year−1 and then reduces significantly during
2013–2016 with a rate of 4.1 million tons year−1 (Energy statis-
tics division of National Bureau of Statistics (n.d.); Fig. 5a). SO2

emission in Beijing decreases steadily from 224.0 kt in 2000 to
60.2 kt in 2016 (Fig. 5b) due to the reducing coal consumption
and fuel gas desulfurization installations in power plants.

Nitrate concentrations in spring and summer have a steady
growth between 2000 and 2013, ranging from 7.26 to 32.8 ±
6.4 μg/m3 and from 4.59 to 21.6 ± 13.5 μg/m3, respectively.
However, it shows a downward trend during 2013 and 2016
(Fig. 6). The concentrations of NO3

− in both autumn and
winter have no obvious changes from 2000 to 2012 but sharp-
ly increase during 2013 and 2014 and then decrease in 2015–
2016. Nitrate is mainly formed from NOx (NO2+NO) oxida-
tions. NO2 concentration in Beijing has declined slightly from
2002 (Fig. 4c) due to the drop of coal consumption and the
reducing NO2 emission from industry and vehicles.

It has been observed that the decreasing trends in SO2 and
NO2 concentrations in Beijing between 2002 and 2013 are not
consistent with the changing trends in sulfate− and nitrate
concentrations, respectively (Figs. 4, 5, and 6). One possible

Fig. 4 Variations in concentrations of sulfate in PM2.5 from Beijing from 2000 to 2016
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explanation for this phenomenon is that the oxidation efficien-
cy of SO2 and NO2 has increased during this period. Previous
studies have shown that the O3 levels in Beijing have in-
creased from 2002 to 2011 (Tang et al. 2009; Zhang et al.
2014), which may promote the conversion between precursors
(SO2 and NO2) and secondary aerosols (SO4

2− and NO3
−). In

addition, a fraction of sulfate and nitrate in Beijing may orig-
inate from the surrounding provinces (e.g., the Hebei and
Shanxi Provinces) due to the effect of regional transport
(Wen et al. 2018). However, in the period of 2013 to 2016,
the concentrations of SO2 and NO2 in Beijing have decreased
correspondingly in agreement with those of sulfate and nitrate
in PM2.5. The most likely interpretation for this is that the
sulfate and nitrate formation rates have decreased after the
concentrations of SO2 and NO2 were reduced to a certain
level. Furthermore, the air quality in regions around Beijing
(e.g. the Hebei and Shandong Provinces) has been improved

during this period (Li et al. 2020), suggesting the influence of
regional transport has been slightly reduced.

The NO3
−/SO4

2− ratio may have an implication for atmo-
spheric S and N emission intensity between stationary sources
and mobile sources (Arimoto et al. 1996). The value is less
than 1.0 from 1999 to 2013 (Fig. 7), indicating that the sulfur
and nitrogen contributions from stationary sources are much
higher relatively to other sources. However, the NO3

−/SO4
2−

ratio has a rapid increase between 2013 and 2016, which may
be ascribed to a change in the proportion of stationary sources
and mobile sources.

For each season, ammonium concentrations in Beijing are
relatively stable from 2000 to 2009, but increase during the
period of 2009–2013 (Fig. 8). As with sulfate and nitrate con-
centrations, there is a decline in the concentration of ammoni-
um between 2013 and 2016. The decreasing rate of ammoni-
um concentration ranges from 19 to 28% from 2013 to 2016.

Fig. 5 Fossil fuel consumption,
pollutant emissions, and gas
concentrations in Beijing from
2000 to 2016. The data of coal
and petroleum consumption are
from Energy Statistics Division of
National Bureau of Statistics. The
data of vehicles are from Beijing
Traffic Management Bureau. The
data of SO2 and dust emissions
and SO2 and NO2 concentrations
are from Beijing Municipal
Environmental Protection Bureau
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NH3 is emitted from livestock, waste, fertilizer, and fossil fuel
combustion (Tao et al. 2017). NH4

+ is formed from the reac-
tion between NH3 and acids. Hence, its change trend is similar
to those of sulfate and nitrate.

Effects of control measures on SO4
2−, NO3

−, and NH4
+

The decreasing trends of sulfate-nitrate-ammonium concen-
trations have been observed in Beijing from 2013 to 2016

(Figs. 4, 6, and 8). It has been found that the variations in
sulfate-nitrate-ammonium concentrations are consistent with
the change in PM2.5 concentrations (Fig. 9). The phenomenon
cannot be interpreted by the diminishment in wind speed and
the increase in precipitation in summer (Fig. S3). It is most
likely because of the pollution control measures implemented
during this period. “Atmospheric Pollution Prevention and
Control Action Plan” has been carried out by the Chinese
State Council since 2013 (Chinese State Council 2013).

Fig. 6 Variations in concentrations of nitrate in PM2.5 from Beijing from 2000 to 2016

Fig. 7 Mass ratio of NO3
− /SO4

2−

between 1999 and 2016
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During the period of 2013–2016, effective measures have
been carried out (Table 2), such as adjusting the industrial
structure and energy structure, controlling the combustion of
bulk coal, reducing pollution of enterprises, strengthening ve-
hicle emission standards, etc. In response to these measures,

the mean level of PM2.5 from Beijing has declined ~ 11.2 μg/
m3 per year between 2013 and 2017.

Coal is an important energy source for heating, cement
plants, power plants, and casting industries. Enormous
amounts of SO2 would still be released during coal combus-
tion although fuel gas desulfurization facilities have been de-
ployed. Figure S4 shows the SO2 emissions by sector in
Beijing, Tianjin, and Hebei Province (Li et al. 2017; Qi et al.
2017). The residential (~ 34% of SO2 emission) and industry
(~ 57% of SO2 emission) are the two important sectors for
SO2 emission in Beijing (Fig. S4). During the period of
2013–2016, clean energy instead of coal has been used by
residents in 663 villages and 229 thousand households in
Beijing (Table 2), resulting in almost no coal-fired boiler used
in the urban area and Tongzhou District. In addition, 5 cement
plants and 1341 polluting factories (printing, furniture, and
casting industries) have been phased out from 2013 to 2016
(Table 2). In the year 2016, the pollution remediation has been
carried out for 4477 enterprises in Beijing (Table 2). Through
the above approaches, the coal consumption in Beijing has
reduced by 11.7 million tons between 2013 and 2016

Fig. 8 Variations in concentrations of ammonium in PM2.5 from Beijing from 2000 to 2016

Fig. 9 Annual mean concentrations of PM2.5 in Beijing, China, from
2008 to 2017. The data of PM2.5 concentrations are from Beijing US
Embassy (http://www.stateair.net/web/historical/1/1.html. Date of
access: 09.05.2018)
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(Fig. 5a). It is indicated that the reduction in coal consumption
is an important contribution for the decreasing concentrations
of sulfate.

The power, transportation, and industry are three signifi-
cant contributors to NOx emission in Beijing, making up ~
18%, ~ 38%, and ~ 39% of the NOx emission, respectively. It
is estimated that the emission factor of NOx from a fired power
station using fuel gas denitrification devices can be 1.4 g/kg
coal (Kato and Akimoto 1992). Taking the Guohua Beijing
Thermal Power Plant as an example, it consumes 1.3 million
tons of coal in 1 year (Peng and Ma 2015). It would reduce
1820 tons of NOx with the closure of this plant. Between 2013
and 2016, four large coal-fired power stations in Beijing were
substituted by gas-fired cogeneration plants, resulting in elec-
tric power generated by natural gas (Table 2). It means that the
NOx emission of power plants decreased significantly. In ad-
dition, the emission standards for petrol and diesel in Beijing
were improved from China IV to China V since June 15,
2012. The NOx emission required by China V emission stan-
dards is lower than 0.18 g/km, which is reduced about 28% as
compared with those meeting China IV emission standards.
About 1.67 million high-polluting old vehicles have been
weeded out, and 109 thousand new energy vehicles have been
introduced in Beijing between 2013 and 2016 (Table 2).
Furthermore, 8.8 thousand diesel buses have been upgraded,
and three-way conversion catalysts have been changed for 43

thousand taxies, in order to meet the new national standards.
As mentioned above, many polluting factories in Beijing have
been removed out from 2013 to 2016 (Table 2). These mea-
sures for power, transportation, and industry have effectively
reduced the NOx emission in Beijing.

The emission inventory shows that the agriculture sector
can be a critical contributor to NH3 emission in Beijing (Fig.
S4). Actually, the Beijing government took no action to con-
trol NH3 emission from agriculture during 2013 and 2016.
However, ammonium concentration decreased significantly
during this period, indicating that the reduced SO4

2− and
NO3

− concentrations may result in a significant reduction in
the yield of NH4

+.

Implication from pollution control measures

Despite the implementation of emission reduction measures,
SO4

2−, NO3
−, and NH4

+ levels in Beijing’s PM2.5 are still
high, compared with those in mega-cities from developed
countries. For instance, the SO4

2−, NO3
−, and NH4

+ levels in
PM2.5 from European Mediterranean cities were below 4 μg/
m3, 6 μg/m3, and 3 μg/m3, respectively (Salameh et al. 2015).

Previous studies show a considerable part of SO4
2−, NO3

−,
and NH4

+ in Beijing atmosphere which are driven from the
surrounding regions, such as Hebei Province and Shanxi
Province (Wen et al. 2018). For instance, NOx and SO2

Table 2 PM2.5 control measures taken in Beijing from 2013 to 2016*

Year Control measures

Coal Vehicles Polluting enterprises Dust

2013 Electric heating for 44 thousand
households in downtown; clean energy
substituted for 2399.6 MW coal-fired
boiler; 156 small coal-fired boilers
washed out

Implementation of national V gasoline
standard and national IV diesel
standard; 366 thousand polluting old
vehicles weeded out

About 288 highly polluting
enterprises eliminated; two
cement plants shut down

2014 Electric heating for 20 thousand
households in urban area; clean energy
substituted for 4616.5 MW coal-fired
boiler; two gas-fired cogeneration
plants started running; and 1 coal-fired
power plant closed down

About 476 thousand heavy-polluting old
vehicles weeded out

About 392 highly polluting
enterprises eliminated

About 25 concrete
batching plants closed
down; cleaning and
sweeping 85% of city
roads

2015 Electric/gas heating for 90 thousand
households in Beijing; clean energy
substituted for 4130 MW coal-fired
boiler; two gas-fired cogeneration
plants started running; and 2 coal-fired
power plants closed down

About 389 thousand heavy-polluting old
vehicles weeded out; 8.8 thousand
diesel buses upgraded; implementa-
tion of national V diesel standard

About 326 highly polluting
enterprises eliminated;
three cement plants shut
down

2016 Clean energy for 663 villages in Beijing;
clean energy substituted for
5941.6 MW coal-fired boiler;
electric/gas heating for 75 thousand
households in Beijing

About 440 thousand heavy-polluting old
vehicles weeded out; new three-way
conversion catalyst for 43 thousand
taxies

About 335 highly polluting
enterprises eliminated;
pollution remediation for
4477 enterprises in Beijing

About 16 concrete
batching plants closed
down; cleaning and
sweeping 85% of city
roads

*The data were obtained from Beijing Municipal Environmental Protection Bureau (http://www.bjepb.gov.cn/bjhrb/xxgk/ywdt/hjzlzk/hjzkgb65/index.
html
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emissions from Hebei are still very high in the year 2015,
keeping the emissions at 1108.4 kt and 436 kt N (Hebei
Province Environmental Protection Department 2015), re-
spectively. It displays that power and industry are two impor-
tant contributors to SO2 and NOx emission in Hebei Province
(11.8% and 72.6% for SO2 and 23.3% and 43.7% for NOx; Qi
et al. 2017) (Fig. S4). There are around 85 thermal power
plants in Hebei Province (http://ieimodel.org/jjjdqhdhypfqd),
and most of them are coal-fired power generation. The gov-
ernment needs to implement some measures for more sustain-
able and advanced coal-fired power generation or replace
coal-fired power plant with gas-fired one, in order to reduce
SO2 and NOx emissions. In addition, steelworks and cement
plants are two important support industries in Hebei Province.
In 2016, the annual output of cement, pig iron, and crude steel
are 99.0 million tons, 184.0 million tons, and 192.6 million
tons (http://data.stats.gov.cn), respectively. As coal is the
dominant source for cement, iron, and steel production, large
amount of SO2 and NOx would be released during their
production processes. Therefore, it is critical to reduce their
production for decreasing the SO2 and NOx emissions in the
Hebei Province. Besides the Hebei Province, some similar
control measures need to be taken in the Shanxi Province,
Henan Province, and Shandong Province, in order to
improve the regional atmospheric environment quality.

Conclusions

The long-term trend in chemical composition of PM2.5 in
Beijing displays that the sulfate, nitrate, and ammonium con-
centrations decreased simultaneously between 2013 and 2016,
which agreed with the decreasing trend of PM2.5 concentra-
tions. The variations could not be interpreted by the effects of
meteorological factors. It indicates that the air pollution con-
trol measures implemented in Beijing during the period of
2013–2016 are effective for reducing PM2.5 level. However,
at present a large fraction of sulfate, nitrate, and ammonium in
the Beijing PM2.5 are contributed from surrounding provinces.
Therefore, similar measures, especially reducing the con-
sumption of coal, are recommended for the Hebei Province,
Shanxi Province, and Tianjin city, in order to improve the air
quality in Beijing and its surrounding areas.

Acknowledgments We thanked C. P. Okoli for his valuable help during
the writing process.

Funding information This work was funded by the National Key
Research and Development Plan (No. 2017YFC0212703) and the
National Natural Science Foundation of China (No. 41625006, No.
41761144066, No. 91644104, and No. 41561144005).

References

Arimoto R, Duce RA, Savoie DL, Prospero JM, Talbot R, Cullen JD,
Tomza U, Lewis NF, Ray BJ (1996) Relationships among aerosol
constituents from Asia and the North Pacific during PEM-west a. J
Geophys Res-Atmos 101(D1):2011–2023

Cao JJ, Shen Z, Chow JC, Watson JG, Lee SC, Tie XX, Ho KF, Wang
GH, Han YM (2012) Winter and summer PM2.5 chemical compo-
sitions in fourteen Chinese cities. J AirWasteManageAssoc 62(10):
1214–1226

Chen J, Qiu S, Shang J, Wilfrid OM, Liu X, Tian H, Boman J (2014)
Impact of relative humidity and water soluble constituents of PM2.5

on visibility impairment in Beijing, China. Aerosol Air Qual Res 14:
260–268

Cheng Y, Engling G, He KB, Duan FK, Ma YL, Du ZY, Liu JM, Zheng
M, Weber RJ (2013) Biomass burning contribution to Beijing aero-
sol. Atmos Chem Phys 13(15):7765–7781

Chinese State Council (2013) Atmospheric Pollution Prevention and
Control Action Plan (http://www.gov.cn/zwgk/2013-09/12/
content_2486773.htm (in Chinese), accessed on 12 September
2013)

Duan FK, He KB,Ma YL, Yang FM, YuXC, Cadle SH, Chan T,Mulawa
PA (2006) Concentration and chemical characteristics of PM2.5 in
Beijing, China: 2001-2002. Sci Total Environ 355(1):264–275

Energy statistics division of National Bureau of Statistics (n.d.) China
energy statistics yearbook 2000-2016. China Statistics Press,
Beijing

Gao J, Wang K, Wang Y, Liu S, Zhu C, Hao J, Liu H, Hua S, Tian H
(2018) Temporal-spatial characteristics and source apportionment of
PM2.5 as well as its associated chemical species in the Beijing-
Tianjin-Hebei region of China. Environ Pollut 233:714–724

Giri D,Murthy VK, Adhikary PR (2008) The influence of meteorological
conditions on PM10 concentrations in Kathmandu Valley. Int J
Environ Res 2:49–60

Han X, Guo Q, Strauss H, Liu C, Hu J, Guo Z, Wei R, Peters M, Tian L,
Kong J (2017) Multiple sulfur isotope constraints on sources and
formation processes of sulfate in Beijing PM2.5 aerosol. Environ Sci
Technol 51:7794–7803

He K, Yang F, Ma Y, Zhang Q, Yao X, Chan CK, Cadle S, Chan T,
Mulawa P (2001) The characteristics of PM2.5 in Beijing, China.
Atmos Environ 35(29):4959–4970

Hebei Province Environmental Protection Department (2015) Data ac-
cess via hebhb.gov.cn website. http://www.hebhb.gov.cn/hjzlzkgb/
201606/P020160606329891718110.pdf Hebei, China (last access:
10.09.18)

Huang X, Liu Z, Liu J, Hu B,Wen T, Tang G, Zhang J, Wu F, Ji D, Wang
L, Wang Y (2017) Chemical characterization and source identifica-
tion of PM2.5 at multiple sites in the Beijing-Tianjin-Hebei region,
China. Atmos Chem Phys 17(21):12941–12962

Kato N, Akimoto H (1992) Anthropogenic emissions of SO2 and NOx in
Asia: emission inventories. Atmos Environ 26(16):2997–3017

Li M, Zhang Q, Kurokawa J, Woo JH, He K, Lu Z, Ohara T, Song Y,
Streets DG, Carmichael GR, Cheng Y, Hong C, Huo H, Jiang X,
Kang S, Liu F, Su H, Zheng B (2017) MIX: a mosaic Asian anthro-
pogenic emission inventory under the international collaboration
framework of the MICS-Asia and HTAP. Atmos Chem Phys 17:
935–963

Li M, Wang L, Liu J, Gao W, Song T, Sun Y, Li L, Li X, Wang Y, Liu L,
Daellenbach KR, Paasonen PJ, Kerminen VM, KulmalaM,Wang Y
(2020) Exploring the regional pollution characteristics and meteoro-
logical formationmechanism of PM2.5 in North China during 2013-
2017. Environ Int 134:105283. https://doi.org/10.1016/j.envint.
2019.105283

Liu P, Zhang C, Mu Y, Liu C, Xue C, Ye C, Liu J, Zhang Y, Zhang H
(2016) The possible contribution of the periodic emissions from

23740 Environ Sci Pollut Res  (2020) 27:23730–23741

https://doi.org/10.1016/j.envint.2019.105283
https://doi.org/10.1016/j.envint.2019.105283


farmers' activities in the North China plain to atmospheric water-
soluble ions in Beijing. Atmos Chem Phys 16(15):10097–10109

Liu M, Bi J, Ma Z (2017) Visibility-based PM2.5 concentrations in China:
1957–1964 and 1973–2014. Environ Sci Technol 51(22):13161–
13169. https://doi.org/10.1021/acs.est.7b03468

Lu X, Lin C, Li W, Chen Y, Huang Y, Fung JC, Lau AK (2019) Analysis
of the adverse health effects of PM2.5 from 2001 to 2017 in China
and the role of urbanization in aggravating the health burden. Sci
Total Environ 652:683–695

Lv B, Zhang B, Bai Y (2016) A systematic analysis of PM2.5 in Beijing
and its sources from 2000 to 2012. Atmos Environ 124:98–108

Niu F, Li Z, Li C, Lee KH, Wang M (2010) Increase of wintertime fog in
China: potential impacts of weakening of the Eastern Asian mon-
soon circulation and increasing aerosol loading. J Geophys Res 115:
D00K20. https://doi.org/10.1029/2009JD013484

Peng Y, Ma J (2015) Only one coal-fired thermal power plant will be shut
down in Beijing China Electric Power News The front page:
23.3.2015

Qi J, Zheng B, Li M, Yu F, Chen C, Liu F, Zhou X, Yuan J, Zhang Q, He
K (2017) A high-resolution air pollutants emission inventory in
2013 for the Beijing-Tianjin-Hebei region, China. Atmos Environ
170:156–168

Quan J, Tie X, Zhang Q, Liu Q, Li X, Gao Y, Zhao D (2014)
Characteristics of heavy aerosol pollution during the 2012-2013
winter in Beijing, China. Atmos Environ 88:83–89

Salameh D, Detournay A, Pey J, Pérez N, Liguori F, Saraga D, Chiara
Bove M, Brotto P, Cassola F, Massabò D, Latella A, Pillon S,
Formenton G, Patti S, Armengaud A, Piga D, Jaffrezo JL, Bartzis
J, Tolis E, Prati P, Querol X,Wortham H, Marchand N (2015) PM2.5

chemical composition on five European Mediterranean cities: a 1-
year study. Atmos Res 155:102–177

Shao P, Tian H, Sun Y, Liu H,Wu B, Liu S, Liu X,WuY, LiangW,Wang
Y, Gao J, Xue Y, Bai X, Liu W, Lin S, Hu G (2018) Characterizing
remarkable changes of severe haze events and chemical composi-
tions in multi-size airborne particles (PM1, PM2.5 and PM10) from
January 2013 to 2016-2017 winter in Beijing, China. Atmos
Environ 189:133–144

Shi G, Xu J, Peng X, Xiao Z, Chen K, Tian Y, Guan X, Feng Y, Yu H,
Nenes A, Russell AG (2017) pH of aerosols in a polluted atmo-
sphere: source contributions to highly acidic aerosol. Environ Sci
Technol 51(8):4289–4296

Sun Y, Wang Z, Fu P, Jiang Q, Yang T, Li J, Ge X (2013) The impact of
relative humidity on aerosol composition and evolution processes
during wintertime in Beijing, China. Atmos Environ 77:927–934

Tan T, Hu M, Li M, Guo Q, Wu Y, Fang X, Gu F, Wang Y, Wu Z (2018)
New insight into PM2.5 pollution patterns in Beijing based on one-

year measurement of chemical compositions. Sci Total Environ 621:
734–743

Tang G, Li X, Wang Y, Xin J, Ren X (2009) Surface ozone trend details
and interpretations in Beijing, 2001-2006. Atmos Chem Phys 9(22):
8813–8823

Tao J, Zhang L, Cao J, Zhang R (2017) A review of current knowledge
concerning PM2.5 chemical composition, aerosol optical properties
and their relationships across China. Atmos Chem Phys 17(15):
9485–9518

Wang Y, Zhuang G, Tang A, Yuan H, Sun Y, Chen S, Zheng A (2005)
The ion chemistry and the source of PM2.5 aerosol in Beijing. Atmos
Environ 39(21):3771–3784

Wang Q, Shao M, Zhang Y, Wei Y, Hu M, Guo S (2009) Source appor-
tionment of fine organic aerosols in Beijing. Atmos Chem Phys
9(21):8573–8585

Wang H, Tian M, Li X, Chang Q, Cao J, Yang F, Ma Y, He K (2015)
Chemical composition and light extinction contribution of PM2.5 in
urban Beijing for a 1-year period. Aerosol Air Qual Res 15(6):2200–
2211

Wen W, He X, Ma X, Wei P, Cheng S, Wang X, Liu L (2018)
Understanding the regional transport contributions of primary and
secondary PM2.5 components over Beijing during a severe pollution
episodes. Aerosol Air Qual Res 18:1720–1733

XuW, Liu X, Liu L, Dore AJ, Tang A, Lu L, Wu Q, Zhang Y, Hao T, Pan
Y, Chen J, Zhang F (2019) Impact of emission controls on air quality
in Beijing during APEC 2014: implications from water-soluble ions
and carbonaceous aerosol in PM2.5 and their precursors. Atmos
Environ 210:241–252

Zhang R, Jing J, Tao J, Hsu SC,WangG, Cao J, Lee CSL, Zhu L, Chen Z,
Zhao Y, Shen Z (2013) Chemical characterization and source appor-
tionment of PM2.5 in Beijing: seasonal perspective. Atmos Chem
Phys 13(14):7053–7074

Zhang Q, Yuan B, Shao M, Wang X, Lu S, Lu K, Wang M, Chen L,
Chang CC, Liu SC (2014) Variations of ground-level O3 and its
precursors in Beijing in summertime between 2005 and 2011.
Atmos Chem Phys 14(12):6089–6101

Zhou J, Zhang R, Cao J, Chow JC, Watson JG (2012) Carbonaceous and
ionic components of atmospheric fine particles in Beijing and their
impact on atmospheric visibility. Aerosol Air Qual Res 12(4):492–
502

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

23741Environ Sci Pollut Res  (2020) 27:23730–23741

https://doi.org/10.1021/acs.est.7b03468
https://doi.org/10.1029/2009JD013484

	Seasonal and long-term trends of sulfate, nitrate, and ammonium in PM2.5 in Beijing: implication for air pollution control
	Abstract
	Introduction
	Methodology
	PM2.5 aerosol collection
	Chemical analysis
	Data collection

	Results and discussion
	Seasonal variations of ionic species
	Long-term trends in sulfate-nitrate-ammonium concentrations
	Effects of control measures on SO42−, NO3−, and NH4+


	This link is 10.1007/s11356-08697-,",
	This link is 10.1007/s11356-08697-,",
	This link is 10.1007/s11356-08697-,",
	This link is 10.1007/s11356-08697-,",
	This link is 10.1007/s11356-08697-,",
	This link is 10.1007/s11356-08697-,",
	This link is 10.1007/s11356-08697-,",
	This link is 10.1007/s11356-08697-,",
	This link is 10.1007/s11356-08697-,",
	Outline placeholder
	Implication from pollution control measures

	Conclusions
	References


