journal of environmental sciences 104 (2021) 242–252

Available online at www.sciencedirect.com

www.elsevier.com/locate/jes

Aerosol characterization in a city in central China
plain and implications for emission control
Zhijie Li 1,2, Lu Lei 1,2, Yanpei Li 1, Chun Chen 1,2, Qingqing Wang 1,
Wei Zhou 1,2, Jiaxing Sun 1,2, Conghui Xie 1,2, Yele Sun 1,2,3,∗
1 State

Key Laboratory of Atmospheric Boundary Layer Physics and Atmospheric Chemistry, Institute of Atmospheric
Physics, Chinese Academy of Sciences, Beijing 100029, China
2 College of Earth and Planetary Sciences, University of Chinese Academy of Sciences, Beijing 100049, China
3 Collaborative Innovation Center on Forecast and Evaluation of Meteorological Disasters, Nanjing University of
Information Science and Technology, Nanjing 210044, China

a r t i c l e

i n f o

a b s t r a c t

Article history:

Extensive studies on aerosol chemistry have been carried out in megacities in China, how-

Received 2 August 2020
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real-time measurements of fine particle composition with a time-of-flight aerosol chemi-

Accepted 9 November 2020

cal speciation monitor in Kaifeng, Henan province in October 2019. Our results showed that
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nitrate and organics constituted the major fraction of non-refractory PM2.5 for the entire
study, on average accounting for 34% and 33%, respectively. However, aerosol composition
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was substantially different among four periods due to different meteorological conditions
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and chemical processing. For instance, nitrate presented the lowest contribution during the
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first period due to evaporative loss associated with high temperature (T), and then rapidly

Sources

increased during polluted periods as a function of relative humidity (RH). Positive matrix
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factorization analysis showed the dominance of secondary organic aerosol (SOA) in OA, and
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also the changes in OA composition under different T and RH levels. In addition, this study
is unique with two periods of local emission controls. Back trajectory and coefficient of divergence analysis showed that air pollution in CCP was overall homogeneously distributed.
As a result, the effectiveness of local emission controls in this region was strongly affected
by meteorological conditions and regional transport. We found that one of the periods with
emission control even showed the highest concentrations for the entire study. Our results
point towards the limited effect of local emission controls in mitigating air pollution in CCP,
and highlight the importance of joint emission controls under unfavorable meteorological
conditions.
© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.
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Air pollution caused by PM2.5 (particulate matter with an aerodynamic diameter less than 2.5 μm) is a wide concern due
to its impacts on climate change and atmospheric visibility
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(Lohmann and Feichter, 2005; Malm, 1994; Poschl, 2005). PM2.5
can also exert adverse effects on human health (Chen et al.,
2013; Molina and Molina, 2004). As a result, extensive researches on air pollution have been carried out in China
in recent years, and the formation and sources of aerosols
have been investigated thoroughly (An et al., 2019; Fu and
Chen, 2017; Huang et al., 2014; Zhou et al., 2020). However,
most previous studies were focused on megacities in Beijing–
Tianjin–Hebei (BTH) (Dao et al., 2019; Sun et al., 2015; Sun et al.,
2020), Yangtze River Delta (YRD) (Cheng et al., 2015; Li et al.,
2016), Pearl River Delta (PRD) (Cui et al., 2015; Huang et al.,
2014), and Sichuan Basin (Ning et al., 2018; Tao et al., 2013),
the characteristics of air pollution in Central China Plain is
less understood. In particular, air pollution in BTH regions was
mitigated significantly since clean air action in 2013, while the
air pollution in Central China Plain, e.g., Henan province, remained relatively severe.
A recent study by Dao et al. (2019) characterized aerosol
composition and sources in 31 cities from a national
aerosol chemical composition monitoring network. The annual average PM2.5 mass concentrations ranged from 69.5 to
104.8 μg/m3 in seven cities in Henan province, which were
even higher than those in many cities in Hebei province, suggesting that air pollution in the Central China plain is also
severe. Similar to other regions in North China Plain, aerosol
composition in Central China plain was dominated by organics, nitrate and sulfate. Another study in Sanmenxia, located
in the west of Henan province, by an aerosol chemical speciation monitor also showed that nitrate was the dominated
species in all seasons except summer (Wang et al., 2020). Positive matrix factorization (PMF) analysis further revealed the
important role of secondary organic aerosol in the formation
of severe haze episodes in winter season. However, the characterization of aerosol composition and sources in Central China
plain is still limited, particularly in different seasons and locations.
Here we deployed a time-of-flight aerosol chemical speciation monitor (ToF-ACSM) (Fröhlich et al., 2013) in Kaifeng, a
medium-sized city located in Central China plain (Fig. S1) for
real-time measurements of non-refractory PM2.5 (NR-PM2.5 )
aerosol species in autumn of 2019. Aerosol chemical composition, diurnal variations and the impacts of meteorological
conditions are discussed, and the sources of organic aerosol
(OA) are investigated by PMF. In particular, the local government issued two emission control periods corresponding to
“red alert” and “orange alert”, respectively during this study,
which provides a good opportunity to investigate the effects
of local emission controls on air quality in Central China plain
under different meteorological conditions (Table 1).

1.

Experimental methods

1.1.

Sampling site and measurements

The measurements were carried out in Kaifeng, Henan
Province in China (Fig. S1) from September 28 to November
1, 2019 using an Aerodyne ToF-ACSM. The sampling site is
located on the roof of the Kaifeng Central Hospital (34.84°N,
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114.36°E; ˜40 m high), which is surrounded by commercial
streets and residential houses.
NR-PM2.5 species including organics (Org), sulfate (SO4 ), nitrate (NO3 ), ammonium (NH4 ) and chloride (Chl) were measured by the ToF-ACSM equipped with a PM2.5 aerodynamic
lens and a capture vaporizer (CV) at a time resolution of 2 min.
The operation and calibration of the ToF-ACSM have been detailed in our previous study (Lei et al., 2020). Briefly, a PM2.5
cyclone (URG-2000-30ED, URG Corp., USA) was placed in the
front of the sampling inlet to remove particles larger than
2.5 μm, and ambient aerosols were drawn into the sampling
line through a 1/2 inch stainless steel tube at a flow rate of
˜ 3 L/min, of which ˜ 0.1 L/min was sampled into the ToFACSM after dried by a nafion dryer. Non-refractory aerosol
species were flash vaporized at ˜540 °C in the CV and ionized
by 70 eV electron impact immediately. The mass concentrations of aerosol species were then achieved by analyzing the
ions with a time-of flight mass analyzer and an SGE dynode
detector (Fröhlich et al., 2013). Hourly gaseous pollutants including ozone (O3 ), sulfur dioxide (SO2 ), nitrogen dioxide (NO2 )
and carbon monoxide (CO), and meteorological parameters including temperature (T), relative humidity (RH), wind speed
(WS), wind direction (WD) and pressure were obtained from
an environmental monitoring station, which is approximately
2 km away from our sampling site.

1.2.

Data analysis

The ToF-ACSM data were analyzed by Tofware (v2.5.13) for
aerosol compositions and mass concentrations. Given that the
ToF-ACSM was equipped with a CV, the impact of particle
bounce on collection efficiency (CE) would be negligible, and
therefore, a constant value of 1 was used for mass quantifications (Hu et al., 2017a, 2017b). The relative ionization efficiencies (RIEs) of NH4 and SO4 were calibrated using pure NH4 NO3
and (NH4 )2 SO4 before the campaign, which were 1.1 and 3.1,
respectively, while the default RIEs of 1.4, 1.1, and 1.3 were
used for Org, NO3 , and Chl, respectively. The NR-PM2.5 measured by the ToF-ACSM agreed well the PM2.5 obtained from
the environmental monitoring station nearby (r2 = 0.96), and
the slope of 0.8 except for dust period suggested the ToF-ACSM
measurements were reasonable, and the unexplained mass
(20%) was likely due to the refractory mineral dust and black
carbon that cannot be detected at ˜540 °C.
Positive matrix factorization with PMF2.exe algorithm
(Paatero and Tapper, 1994) was used to analyze organic mass
spectra to resolve organic aerosol (OA) factors from different sources and processes. In this study, m/z from 12 to 180
were included in the PMF analysis. The PMF results were then
evaluated in PMF Evaluation Tool (PET, v3.05) (Ulbrich et al.,
2009) following the procedures reported in Zhang et al. (2011).
After checking the mass spectral profiles, diurnal variations
and correlations with external tracers (e.g., SO4 and NO3 ), a
four-factor solution at fpeak = 0 was selected, including two
POA factors, i.e., hydrocarbon-like OA (HOA), cooking OA (COA)
and two SOA factors, i.e., semi-volatile oxygenated OA (SVOOA), and low-volatility OOA (LV-OOA). The details of threefactor and five-factor solution are presented in Figs. S2 and
S3.
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Table 1 – Summary of the average meteorological parameters, gaseous pollutants, NR-PM2.5 species and OA factors for the
entire study and four periods.
Entire study
Meteorological parameters
T (°C)
18.1±5.1
RH (%)
66.2±20.4
WS (m/sec)
1.5±1.3
Gaseous pollutants (ppb)
CO (ppm)
0.7±0.2
SO2
3±3
NO2
19±10
O3
26±21
Aerosol species (μg/m3 )
NR-PM2.5
23.3±10.9
Org
6.8±4.6
SO4
4.0±3.9
NO3
8.3±8.3
NH4
4.0±3.6
Chl
0.2±0.2
HOA
0.8±0.7
COA
0.7±0.6
SV-OOA
3.8±2.9
LV-OOA
2.6±2.5

1.3.

P1

P2

P3

P4

25.7±3.8
54.1±12.2
1.0±0.5

15.7±3.3
79.5±16.4
2.1±1.6

17.8±3.2
71.8±13.2
1.1±0.7

16.5±4.4
44.6±14.4
1.2±0.9

0.5±0.1
2±1
14±6
53±21

0.7±0.2
3±2
16±8
21±14

0.9±0.3
3±1
25±10
23±21

0.6±0.2
5±5
23±11
18±14

15.9±2.8
7.3±2.0
4.3±0.7
2.4±1.7
1.9±0.6
0.0±0.0
0.5±0.6
0.4±0.6
2.9±1.0
4.8±0.8

25.1±11.7
6.0±5.0
4.7±5.0
9.6±8.4
4.7±4.0
0.2±0.2
0.7±0.6
0.6±0.6
2.9±2.3
3.0±3.1

39.4±9.3
10.9±4.0
5.5±2.6
16.2±7.4
6.6±2.9
0.3±0.3
1.4±0.7
1.0±0.7
7.6±2.7
2.7±1.2

9.3±3.2
4.2±2.3
1.1±0.4
2.4±2.0
1.5±1.0
0.1±0.2
0.8±0.6
0.6±0.4
2.4±1.3
0.4±0.2

Backward trajectory analysis

The hourly 72 hr backward trajectories at the height of
100 m were calculated using the NOAA Hybrid SingleParticle Lagrangian Integrated Trajectory (HYSPLIT, v4) model
(Cohen et al., 2015), and the back trajectories were then
grouped into four clusters using cluster analysis, which are
mainly from the southwest (Cluster 1, 47% of the time), northeast (Cluster 2, 32%), southeast (Cluster 3, 15%), and the northwest (Cluster 4, 6%), respectively.

2.

Results and discussion

2.1.
Mass concentrations, chemical composition and
diurnal variations
Fig. 1 depicts the time series of meteorological parameters,
gaseous pollutants and aerosol species. The NR-PM2.5 mass
concentration varied distinctly over the entire period, with
an average (± 1σ ) mass loading of 23.3 (±19.2) μg/m3 . Nitrate constituted the largest fraction (34%) of the total NRPM2.5 followed by organics (33%) and sulfate (16%). These results were overall consistent with a previous study showing
that organics and nitrate were two dominant components of
PM2.5 in Kaifeng (Dao et al., 2019). However, the average mass
loading of PM2.5 was much lower than the annual average of
85.0 μg/m3 , suggesting that our study period was less polluted. We also compared with aerosol composition in Sanmenxia, Henan province, a city located to the west of Kaifeng
(Wang et al., 2020). Similarly, the nitrate was also the dominant species (41%) in PM2.5 followed by organics and sulfate.
These results indicate that nitrate played an important role
in PM pollution in autumn not only in north China (Li et al.,

2018; Xu et al., 2019; Zhou et al., 2019), but also in central China
(Wang et al., 2020).
According to the changes in meteorological conditions and
emission control measures, this study was divided into four
periods. The first period (P1, September 28 to October 4) was
characterized by high temperature (25.7 °C ± 5.1) and low
relative humidity (54.1% ± 20.1), during which a “red alert”
with strict emission controls over a regional scale was implemented. The second period (P2) lasted for 14 days (October
5–18) when several precipitation events occurred associated
with large decreases in temperature from 25.7 to 15.7 °C. The
third period (P3, October 18–25) was associated with an “orange alert” with strict local emission controls, and the fourth
period (P4, October 25–November 1) was characterized by significant influences of dust, and the mass concentration of
PM10 reached up to 510 μg/m3 .
Aerosol mass concentrations and compositions were substantially different among the four periods (Fig. 2). The NRPM2.5 mass concentrations varied from 9.3 to 39.4 μg/m3 . We
found that the P3 with local emission controls presented the
highest PM concentration suggesting that control local emissions only would not eliminate severe haze episodes in cities
in Central China Plain. One of the major reasons is the influence of topography of central China (Fig. S1) where regional
transport among different cities is significant (Du et al., 2020).
Indeed, the high wind speeds during P2 and P3 did not scavenge air pollutants as those in Beijing, instead facilitate the
formation of two severe haze episodes. Organics was the major fraction of NR-PM2.5 during P1, on average accounting for
49%. Comparatively, the nitrate contribution (14%) was the
lowest among four periods, mainly due to the evaporative loss
of ammonium nitrate under high temperature. This is also
consistent with the pronounced diurnal cycle of nitrate showing rapid decreases in daytime despite the strong photochem-
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Fig. 1 – Time series of (a) temperature (T), relative humidity (RH), precipitation (prep.), (b) wind speed (WS) colored by wind
direction (WD), (c) mixing ratios of O3 , NO2 , SO2 , (d) mass concentration of NR-PM2.5 and mixing ratio of CO, (e) mass
fractions and (f) mass concentrations of aerosol components.

Fig. 2 – (a) Mass concentrations and (b) mass fractions of chemical compositions in NR-PM2.5 during different periods, i.e.,
the entire study and P1–P4. The black box marker represents organics (sum of OA factors).
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Fig. 3 – (a)Time series and (b) mass spectral profiles of OA factors, i.e., HOA, COA, SV-OOA, LV-OOA. Also shown in (a) are
correlations with external tracers including m/z 57, m/z 55, NO3 and SO4 .

ical processing. As a result, sulfate was the major secondary
inorganic aerosol (SIA) species during P1 (27%), and presented
relatively flat diurnal cycle. The temperature decreased significantly by 10 °C during P2, leading to largely increased nitrate
in NR-PM2.5 . Indeed, nitrate was the most dominant species
and the contribution was even higher than that of organics
(35% vs. 31%) although NR-PM2.5 was relatively low during the
early period of P2 due to the scavenging of precipitation. We
noticed that most aerosol species co-varied similarly during
P2 likely suggesting the significant influences of regional air
masses, while local emissions and production appeared less
important. This is also true for P3 when the nitrate contribution was increased to 41%. Despite the local emission controls,
we did not observe clear decreases in both aerosol species and
gaseous pollutants (e.g., NO2 and CO), which might indicate
that the control measures during P3 were not effective because of the influences of regional transport from the north
and the south. Compared to the other three periods, P4 was
found to be largely influenced by dust, and aerosol composition was dominated by organics (45%). This is further supported by the low value of NR-PM2.5 /PM2.5 (0.2) and PM2.5 /PM10
(0.4), indicating that the dominant fraction of PM2.5 was mineral dust that ToF-ACSM cannot detect. Our results showed
that Kaifeng, one of the cities in central China is subject to
influences from local emissions, regional transport, and dust
events.

2.2.

OA composition and sources

Fig. 3 shows the time series and mass spectral profiles of four
OA factors. The mass spectra of HOA and COA were generally characterized by pronounced hydrocarbon ion series of
Cn H2n+1 + and Cn H2n-1 + e.g., m/z 41, 43, 55, 57, 69, 71, etc.
(He et al., 2010; Mohr et al., 2009). We noticed that the ratio
of m/z 55 and 57 was 1.4, which is generally higher than that
in previous HOA factors from PMF-AMS analysis (Ng et al.,
2011), yet similar to those (˜1.3–1.5) determined from CV-ToFACSM (Lei et al., 2020; Zheng et al., 2020). Consistently, the COA
spectrum is also characterized by much higher ratio of m/z
55/57 (6.5) than those measured by standard vaporizers (2–3)
(Sun et al., 2013b; Zheng et al., 2020). HOA was well correlated
with m/z 57 (r2 = 0.86), and presented a pronounced diurnal
cycle (Fig. 4) with higher concentrations during morning and
evening traffic hours. Comparatively, the diurnal cycle of COA
is characterized by two prominent peaks at noon and evening
time due to the influences of cooking emissions. However,
we found that the noontime peak in Kaifeng appeared to be
generally small than those observed in megacities (Sun et al.,
2018). One possible explanation is the relatively small number
of restaurants in the city.
The two SOA factors both presented prominent peaks of
m/z 44 (Aiken et al., 2009), consistent with previous studies at
various sites (Lanz et al., 2007; Xu et al., 2014). LV-OOA was
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Fig. 4 – Diurnal variations of (a–c) meteorological parameters including T, RH and WS, (d–g) gaseous pollutants including SO2
and O3 , (h–l) mass concentrations of chemical species in NR-PM2.5 and (m–p) mass concentrations of OA factors.

highly correlated with SO4 (r2 =0.77), while SV-OOA correlated
better with semi-volatile components, e.g., NO3 (r2 = 0.55), indicating the different sources and formation processes of the
two SOA factors. The diurnal cycles of the two SOA factors
were also different. For example, SV-OOA showed a similar decrease as nitrate during daytime, likely due to the partitioning from particle to gas phase under high temperature conditions. In comparison, LV-OOA remained relatively flat throughout the day, highlighting the regional characteristic of LV-OOA
that is similar to SO4 .
The average mass concentrations of HOA, COA, SV-OOA
and LV-OOA for the entire period were 0.8, 0.7, 2.9, 2.3 μg/m3 ,
respectively. The concentrations of OA factors were much
lower than those observed during wintertime in two polluted
cities in Hebei and Henan province (Li et al., 2017b; Wang et al.,
2020), i.e., Handan and Sanmenxia due to the largely enhanced
coal combustion emissions in winter. The relative contribu-

tions of POA and SOA were also substantially different among
these three cities. POA dominated OA in Handan city (˜60%),
while SOA on average contributed 81% to the total OA in
Kaifeng, which was also higher than 67% in Sanmenxia city.
These results suggest the dominance of SOA in this season
pointing towards a limited effect of local emission control on
the improvement of air quality, while a joint control of gaseous
precursors of secondary aerosol over a regional scale could be
more effective.

2.3.
Influences of meteorological conditions and emission
controls
Meteorology is one of the most important factors driving the
formation and variation of pollution events (Huang et al., 2014;
Li et al., 2017a). We then investigated the variations of NRPM2.5 species as a function of different meteorological pa-
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Fig. 5 – Variations of the mass concentrations and mass fractions of aerosol species as a function of (a–d) temperature, (e–h)
relative humidity, (i–k) wind speed, and (m–p) wind direction.

rameters. As shown in Figs. 5a and S5, aerosol mass concentrations varied largely across different temperatures. However, aerosol composition was remarkably similar between
12 °C and 24 °C, which was dominated by secondary inorganic aerosols (SIA = SO4 + NO3 + NH4 , > 70%). As temperature increased above 24 °C, we observed a significant change
in aerosol composition which was mainly driven by the decrease in nitrate due to the evaporative loss under high T. In
contrast, LV-OOA showed a continuous increase as a function
of T in both mass concentration and mass fraction, while the
contributions of SV-OOA and HOA decreased correspondingly,
suggesting that highly oxidized SOA played a more important
role in OA under higher T conditions.
Nearly all aerosol species increased as the increase of RH,
especially SIA, which was consistent with the results from
many previous studies (Sun et al., 2013a). High RH was generally associated with stagnant meteorological conditions and
the accumulation of pollutants. Also, high RH could facilitate

the aqueous-phase production of sulfate, and heterogeneous
formation of nitrate at nighttime. Fig. 5c–d shows that the
concentrations of the two SOA factors increased as a function of RH, yet the mass fractions varied differently. While the
contribution of SV-OOA to OA decreased from 61% to 38% as
RH increased, that of LV-OOA was increased from 11% to 40%,
suggesting that SV-OOA played a more important role during
clean periods with low RH, while LV-OOA was more important
during polluted events as Fig. S2 depicts. Such RH dependence
of OA composition was also observed in Beijing (Xu et al., 2017)
that the oxidation state increased with RH due to enhancement of aqueous-phase process.
Interestingly, aerosol species did not show clear dependence on wind speed which is largely different from that observed in Beijing (Chen et al., 2015; Sun et al., 2013b). In general, high wind speed facilitates the dispersion of air pollutants, and the mass concentrations would decrease significantly as the increase of WS. However, aerosol mass concen-
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Fig. 6 – Comparisons of (a–d) gaseous pollutants, i.e., CO, SO2 , NO2 , O3 , (e) PM2.5 and (f) PM10 between Kaifeng (KF),
Zhengzhou (ZZ), Xuchang (XC), Xuzhou (XZ), Jincheng (JC), Heze (HZ) and Handan (HD) during the entire period. The error
bars indicate one standard deviation.

tration and composition were fairly stable across different WS
from 1 to 6 m/sec (Fig. 5). Such results highlight a fact that the
Kaifeng city located in Central China plain is subject to the
influences of regional transport, and air pollution in central
China is often formed over a regional scale. Therefore, high WS
can cause more transport from surrounding regions. We then
evaluated the co-variations of six air pollutants in six cities
(Fig. S1) surrounding Kaifeng by using the coefficient of divergence (CD) (Park and Kim, 2004), a parameter used to judge
the similarity between different sites. The data were obtained
from the local environmental monitoring stations. As shown
in Figs. 6 and S8, air pollutants in seven cities were all on the
similar levels, suggesting a relatively well mixed regional air
pollution in Central China Plain. The CD values of six air pollutants (CO, SO2 , NO2 , O3 , PM2.5 , and PM10 ) were all smaller than
0.2 for the entire study and the four different periods, highlighting the homogeneous distributions of air pollution over
this region, and also the importance of joint emission controls
for mitigating air pollution in central China.
Strict emission controls, such as reducing factory production, restricting the number of heavy-duty diesel trucks, and
decreasing dust emissions from construction, etc. were implemented during P1 and P3. However, it is challenging to evaluate the impacts of emission controls on air quality improvement because of the largely different meteorological conditions. For instance, P1 with the highest temperature presented
the lowest mass concentrations of aerosol species and primary gaseous pollutants, while P3 showed the highest pollution level among four periods despite the emission controls.
We found that the major differences between P1 and P3 were
meteorological conditions in terms of T, RH and WS. However,
the diurnal patterns of aerosol species and gaseous pollutants
were similar during the two periods, suggesting that the factors driving the variations of emissions and aerosol chemistry were similar. Our results highlight the different effects of
emission controls under different meteorological conditions
and point towards a need of more scientific control strategies for mitigating air pollution in the future. For example,
the effects of local emission control measures on air quality

improvement during periods with high atmospheric environmental capacity (e.g., high T and boundary layer height) are
not expected to be significant, while more stringent and joint
controls over a regional scale are needed to improve air quality
in central China plain.

2.4.

Potential source regions

Fig. 7 presents the average aerosol composition of four clusters from different air masses for the entire study. Cluster 1
(C1, 47% of the time) was mainly from the southwest and circulated through Shanxi Province before arriving at Kaifeng.
Cluster 2 (C2, 32% of the time) was dominantly from the northeast. The two clusters of C1 and C2 presented high and comparable mass concentrations of NR-PM2.5 (26.0 vs. 28.5 μg/m3 ),
and similar aerosol composition despite their different source
regions. Nitrate was the dominant component of NR-PM2.5
(36%–37%) followed by organics (30%–33%). The major compositional difference between C1 and C2 was sulfate and SOA.
The air masses from the northeast showed higher sulfate and
LV-OOA contributions, likely suggesting more aged aerosols
after passing through the polluted North China Plain. We noticed that the high concentrations during C1 and C2 were overall consistent with the WD dependent aerosol composition. As
shown in Fig. 7, high aerosol concentrations mainly occurred
between the south and the north. The cleanest air masses
were from Cluster 4 (C4) in the northwest with an average NRPM2.5 mass concentration of 5.6 μg/m3 . Aerosol composition
was also substantially different from C1 and C2, which was
characterized by high contribution of organics (52%) and low
nitrate (19%). OA composition was also different, which was
characterized by high contributions of primary OA, and SOA
was dominated by SV-OOA. Compared with the three clusters
above, Cluster 3 (C3) from the southeast showed much higher
contributions of sulfate (25%) and LV-OOA (27%). Our results
suggest that the PM pollution in Kaifeng city in central China
plain is subject to influences from most surrounding regions
except the northwest, and further support the importance of
joint emission control over the regional scale.
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Fig. 7 – Average chemical composition of NR-PM2.5 for four clusters during the entire study. The black box in pie charts
represents organics (sum of OA factors).

3.

Conclusions

We deployed a ToF-ACSM in Kaifeng, Henan Province in Central China plain for real-time measurements of non-refractory
aerosol chemical components from September 28 to November 1, 2019. The average mass concentration of NR-PM2.5 was
23.3 (±19.2) μg/m3 for the entire study, which was much lower
than those previously reported in this region. Nitrate and organics were the major components, on average accounting for
34% and 33%, respectively, followed by sulfate (16%). PMF analysis identified four OA factors, i.e. HOA, COA, SV-OOA, LV-OOA.
SOA on average contributed 81% to the total OA, suggesting a
highly oxidized environment in Kaifeng during this study period. In this study, the local government implemented emission control measures during two periods. Although it is challenging to quantify the contribution of emission control on air
quality improvement, we found that the effects of local control
measures under unfavorable metrological conditions are limited, which is indicated by the highest concentration of pollutants during the control period. One of the major reasons

was that Kaifeng, which is located in the Central China plain,
is subject to influences of regional transport, and air pollution
in a wide region near Kaifeng was relatively uniform. This is
also supported by the backward trajectory analysis and wind
dependent aerosol composition. Therefore, our results point
towards a need of joint control measures to improve air quality over this region.
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Introduction
The iron and steel industry are the pillar industry of China’s
national economy (Wang, 2017). In 2019, China’s crude steel
output was 996 million tons, ranking the first in the world, accounting for more than 50% of the global total output. At the
same time, the iron and steel industry are the key emission

∗

sources of air pollution, and the problems such as long industrial chain, complex process and huge resource consumption
are difficult to solve (Jia et al., 2018; Mele and Magazzino, 2020).
In addition, environmental pollutants such as SO2 , NOx , particulate matter, heavy metals and dioxins are also produced
during the operation of the steel-making system (Bo et al.,
2020; Zhang et al., 2020; Zou et al., 2020). The main pollutant
emission of iron and steel industry has exceeded that of electric power industry and become the largest pollutant emission
source of industrial sector. In consequence, the relevant poli-
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cies and standards issued by the government for the iron and
steel industry become increasingly strict, and the pressure
faced by the iron and steel industry is greater than ever before.
On April 29, 2019, five ministries and commissions led by the
ministry of ecology and environment jointly issued the opinions on promoting the implementation of ultra-low emission
in the iron and steel industry, proposing the ultra-low emission limits of SO2 and NOx being 35 mg/Nm3 and 50 mg/Nm3 ,
respectively. At present, it has become a top priority to carry
out the upgrading of ultra-low emission technology in the iron
and steel industry.
Among the processes of iron and steel industry, much attention has been paid to the sintering and pelletizing flue gas
due to their complex properties, such as huge gas fluctuation
and temperature fluctuation, large moisture content as well as
oxygen content. In order to meet the ultra-low emission standard, numerous technologies have been developed for sintering/pelletizing flue gas purification.
The desulfurization technologies for sintering/pelletizing
flue gas are divided into three categories: wet desulfurization technology (Hrastel et al., 2010), semi-dry desulfurization
technology (Du et al., 2020), and dry desulfurization technology (Wang et al., 2010; Wang and Li, 2020). The wet desulfurization technology mainly includes limestone-gypsum method
(Cheng et al., 2020), magnesium method (Shen et al., 2012),
ammonia method (Wang et al., 2020), dual-alkali method
(Bao et al., 2011), etc. The semi-dry desulfurization technology includes spray drying adsorption method (Keener et al.,
1998), circulating fluidized bed method (Zhu et al., 2017),
dense flow absorbers method (Lu et al., 2015), MEROS method
(Fleischanderl, 2006), etc. In addition, the dry desulfurization technology mainly includes activated carbon method
(Zhang et al., 2008; Sousa et al., 2011). Compared with the
other two desulfurization technologies, the semi-dry desulfurization technology has gained increasing applications due
to their advantages of cooperative control of multi-pollutants,
water saving, and low equipment investment (Yu et al., 2018).
The denitrification technologies for sintering/pelletizing
flue gas can be mainly classified as selective catalytic reduction (SCR) (Liu et al., 2020), activated carbon technology
(Li et al., 2017), and ozone oxidation-absorption (Skalska et al.,
2012). Recently, great efforts have been devoted to the development of SCR catalysts. Among them, transition metal or rareearth metal oxides have gained increasing importance due to
their rich valence states, excellent redox capacity and strong
oxygen storage capacity, including CeO2 (Liu et al., 2019), Fe2 O3
(Zhang et al., 2015), CuO (Si et al., 2010), MnOx (Zhang et al.,
2013), and etc. However, most of the catalysts are susceptible to SO2 in sintering/pelletizing flue gas and other factors,
resulting in catalyst poisoning (She et al., 2009). At present,
V2 O5 -based catalysts with high loadings (˜3%) are still the
most successful commercial catalysts in the industrial SCR
applications.
Recently, activated carbon (AC) method has been used for
simultaneous removal of SO2 and NOx from sintering and pelletizing flue gas (Guo et al., 2020). In this method, AC is used
as adsorbent and catalyst because of its rich space structure,
large specific surface area, strong adsorption, and chemical
stability. However, AC method gives relatively high investment
and operating costs, since abundant AC is needed in the re-

actor, and a great amount of AC is consumed in the thermal
regeneration process (Li et al., 2019).
In comparison to SCR and activated carbon method, ozone
oxidation-absorption shows the advantages of high oxidation selectivity, high oxidation efficiency, and no secondary
byproducts (Zou et al., 2019; Li et al., 2020). As shown in
Fig. 1, the process adopts O3 oxidation combined with semidry method for simultaneous desulfurization and denitrification. O3 produced by ozone generator is injected into the flue
gas, and NO is oxidized into NOx with higher valance states
(NO2 and N2 O5 ). Then, SO2 and high valence-state NOx are introduced into the desulfurization tower and adsorbed simultaneously. Finally, the purified gas is emitted from the chimney.

1.

Semi-dry desulfurization technology

1.1.

CFB-FGD

The flue gas circulating fluidized bed (CFB) desulfurization
technology first proposed by Lurgi lentjes Bischoff (LLB) Company in Germany is used for sintering/pelletizing flue gas
desulfurization in iron and steel industry. After 20 years of
comprehensive research and mature engineering practice, the
technology has developed rapidly (Zhao et al., 2008). Based
on the principle of circulating fluidized bed (CFB), the contact
time between the absorbent and flue gas is prolonged and the
utilization rate of the absorbent is greatly improved by using
the absorbent circularly. In essence, it is a transfer process between different forms of energy, more specifically, heat transfer and chemical energy transfer, involving the chemical reaction and energy flow of gas, liquid and solid. It has the characteristics of three-phase coexistence and multi field coupling
of temperature field, humidity field, velocity field and concentration field. In order to meet the requirement of ultra-low
emission of flue gas in iron and steel industry, CFB-FGD technology has been widely used in the world. With the advantages of simple structure, low operation cost and high desulfurization efficiency, CFB-FGD technology has been applied
in many sintering/pelletizing plants in domestic iron and
steel enterprises such as China Baowu Steel Group, Chengdu
Chenggang Co., Ltd. and Fujian Sangang Group Co., Ltd. Nevertheless, its drawbacks cannot be ignored, such as flow field
deviation, flow non-uniformity, sintering/pelletizing flue gas
fluctuations leading to occasional collapse of the fluidized bed
and so on (Yerushalmi and Cankurt, 1979; Bai et al., 1992).
Moreover, due to the coarse particles, the adsorbent slurry
needs a long residence time even with a much greater superficial gas velocity than their terminal velocity in this system
(Hao et al., 2011).

1.2.

DFA-FGD

The dense flow absorber desulfurization technology invented
by Beijing University of science and technology has been
widely used in domestic iron and steel enterprises. The principle is that the flue gas enters the tower from the upper part of
the dense flow absorber after being humidified and activated
on the top of the tower and contacts with the desulfurizer.
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Fig. 1 – Simultaneous desulfurization and denitrification by O3 oxidation combined with semi-dry method.

In order to speed up the desulfurization rate, the adsorbent is
dispersed in the tower through the chain stirrer and fully contacts with the flue gas. And a large amount of flue gas with
particles is discharged into the dust remover from the lower
outlet of the tower for gas-solid separation and purification.
Then the solid particles at the bottom enter the tower again
to react with the flue gas, and a small amount of adsorbent is
discharged into the garbage can after circulation.
The advantages of the dense flow absorber are: easy maintenance, simple operation, small installation area, low energy
consumption, long product life, no scaling, no corrosion, and
the use of cheaper materials (Chang et al., 2011). However, in
the process of flue gas desulfurization, the bucket elevator is
used to dump absorbent and circulating materials from the
top of the absorption tower, so that the moisture cannot completely evaporate, resulting in high air leakage rate at the top
of the absorption tower. In addition, with the deposition of a
large number of desulfurized fly ash in the tower, the load of
the dense flow absorber will increase, and the caked desulfurized fly ash will even damage the operating system (Jia et al.,
2013).

1.3.

SDA-FGD

Spray drying absorption (SDA) has been widely used in the
desulfurization process in Europe and the United States since
1970s (Xu et al., 2000). After years of continuous development
and a large number of applications, it has become a relatively mature desulfurization technology in the world, and its
desulfurization performance ranks the second in the world
(Cordoba, 2015).
In the spray drying absorption flue gas desulfurization process, a high-speed centrifugal atomizer is used to spray the
flue gas. The high temperature flue gas is fully contacted with
the alkaline suspension in the desulfurization tower. In general, the residence time of the droplets is 10–15 s. During
the retention time, SO2 is absorbed by the alkaline droplets
sprayed in the desulfurization tower and evaporated by the
sensible heat of the flue gas. Then the discharged adsorbent
is separated from the purified flue gas by bag filter and used
for landfill.

Fig. 2 – Effect of O3 /NO molar ratio on removal efficiency
(Cai et al., 2020).

Compared with other semi-dry desulfurization processes,
SDA does not need a large number of solid circulating ash to
circulate in the tower, nor does it need flue gas reflux after
desulfurization to ensure that the solid desulfurization ash in
the tower is in the fluidization state. Furthermore, the following advantages of spray drying adsorption make it more potential for development and application. For example, the byproducts after drying do not need additional treatment, there
is no scaling or corrosion problem in the equipment, the absorbent is cheaper, the installation area is smaller, the existing equipment is easy to transform, and the energy consumption and operation cost are lower, etc. (Sanders et al., 1995;
Scala et al., 2004).

2.
O3 oxidation combined with semi-dry
method for ultra-low emission of
sintering/pelletizing flue gas
2.1.
Effect of O3 /NO molar ratio on denitrification and
desulfurization
Cai et al. (2020) studied the relationship between O3 /NO molar ratio and denitrification and desulfurization efficiency. As
shown in Fig. 2, when O3 /NO molar ratio is 0, denitrification
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Fig. 3 – Schematic diagram of main mechanism of O3
oxidation of NOx and SO2 (Sun et al., 2014).

efficiency is about 5% and desulfurization efficiency is about
80%. When O3 is injected into the desulfurization tower, the
denitrification efficiency increases with the increase of O3 /NO
molar ratio, but the desulfurization efficiency does not increase significantly. This is because NO2 reacts with SO3 2– and
HSO3 – , in which HSO3 – is generated by hydrolysis of SO2 . The
reaction equation is as follows:
2−
+
2NO2 + SO32− + H2 O = 2NO−
2 + SO4 + 2H

(1)

−
2−
+
2NO2 + HSO−
3 + H2 O = 2NO2 + SO4 + 3H

(2)

When the molar ratio of O3 /NO is less than 1.0, the content of NO2 increases with the increase of O3 concentration,
and the increase of NO2 content further improves the desulfurization efficiency. However, when the molar ratio of O3 /NO is
greater than 1.0, the desulfurization efficiency decreases. This
phenomenon can be explained from two perspectives. On the
one hand, when the molar ratio of O3 /NO is greater than 1,
NO2 reacts with NO3 to form N2 O5 , which has high solubility in the liquid membrane and finally forms HNO3 . HNO3 is a
strong acid, which can ionize completely in the liquid membrane, competing with H+ produced by H2 SO3 ionization for
OH– in the liquid membrane. On the other hand, with the increase of N2 O5 content and HNO3 content, the H+ produced
by the complete ionization of HNO3 can inhibit the ionization
of H2 SO3 (Ka1 = 1.23 × 10−2 ).
Meanwhile, Jakubik and Kordlewski (Jakubiak and Kordylewski, 2012) carried out the experiment of NOx adsorption
by NaOH under different O3 /NO molar ratio and L/G ratio. The
results show that when the molar ratio of O3 /NO is 1, NO is
oxidized to NO2 , and the absorption efficiency of NO2 is less
than 30%. However, when the molar ratio of O3 /NO is 2, N2 O5
is generated, and the absorption efficiency of N2 O5 can reach
more than 90%. For the oxidation reaction of NO under different O3 /NO molar ratio and different temperature, the specific
research and related mechanism diagram are shown in Fig. 3.

2.2.

Effect of CaSO3 on denitrification and desulfurization

Cai et al. (2020) studied the effect of CaSO3 in the mixture
of Ca(OH)2 /CaSO3 on denitrification and desulfurization. As
shown in Fig. 4a, the desulfurization efficiency decreases with
the increase of CaSO3 . This is mainly due to the decrease

of Ca(OH)2 as an effective absorbent. In addition, when the
content of CaSO3 is fixed, the desulfurization efficiency decreases with the increase of O3 /NO molar ratio. This is because the yield of N2 O5 increases with the increase of O3 /NO
molar ratio, which makes the competition between N2 O5 and
SO2 for Ca(OH)2 in liquid membrane more intense. The results
show that the increase of N2 O5 content inhibits the reaction
of Ca(OH)2 with SO2 . Fig. 4b shows the relationship between
CaSO3 and denitrification efficiency. When the molar ratio of
O3 /NO is 1.0, the denitrification efficiency decreases with the
increase of CaSO3 concentration. This is also due to the reduction of Ca(OH)2 , an effective absorbent for the removal of NO2 .
When the molar ratio of O3 /NO is 1.8, no matter how much
Ca(OH)2 is replaced by CaSO3 , the denitrification efficiency is
more than 80%. The main reason is that N2 O5 is the main oxidation product at this time, N2 O5 will react directly with water
immediately to achieve high denitrification efficiency.

2.3.

Effect of SO2 on denitrification and desulfurization

In the study of flue gas denitrification, SO2 in flue gas cannot
be ignored. On the one hand, the reaction of O3 with SO2 will
increase the consumption of O3 . On the other hand, the formation of sulfuric acid will affect the denitrification efficiency
to some extent. Therefore, the interaction of different components of NOx and SO2 is also the focus of denitrification and
desulfurization research.
Sun et al. (2011) found that no matter how much O3 was
injected, the oxidation rate of SO2 could not exceed 5%. In
order to remove NOx and SO2 from flue gas simultaneously,
(Wang et al., 2007) studied the interaction between NO and
SO2 . Corresponding results from this experiment can be seen
in Fig. 5. It is found that SO2 has little effect on the oxidation
of NO by O3 , that is to say, the reaction between O3 and SO2 is
very weak whether O3 is excessive or not.
For the interaction between NO2 and SO2 in denitrification and desulfurization efficiency, Ma et al. (2016) studied the
simultaneous denitrification and desulfurization of flue gas
by O3 oxidation combined with limestone-gypsum method.
When the molar ratio of O3 /NO is less than 1.2, the efficiency
of denitrification and desulfurization increases rapidly with
the increase of O3 concentration. Chen et al. (2010) carried out
experiments on the adsorption of NO2 and SO2 by Ca(OH)2 in a
fixed bed reactor. The influence of SO2 on denitrification over
time under different relative humidity is shown in Fig. 6 and
Fig. 7. The results show that in the absence of SO2 , the removal
rate of NO2 is less than 40%, and when SO2 is added, the removal rate of NO2 is more than 60%. Moreover, with the increase of relative humidity, the denitrification efficiency under the two conditions is obviously improved. The reason is
that the sulfite formed by the hydrolysis of SO2 in liquid phase
reacts with water-soluble NO2 by oxidation-reduction, which
improves the denitrification efficiency. This phenomenon can
be explained by the following two reactions (Tang et al., 2010;
Ding et al., 2015).
2−
+
2NO2 + SO32− + H2 O = 2NO−
2 + SO4 + 2H

(3)

O3 + SO32− = O2 + SO42−

(4)
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Fig. 4 – Effect of CaSO3 on removal efficiency. (a) Desulfurization efficiency with different concentrations of CaSO3 . (b)
Denitrification efficiency with different concentrations of CaSO3 (Cai et al., 2020).

Fig. 5 – Effect of SO2 on NO oxidation by O3 (Wang et al.,
2007).

Fig. 7 – Effect of H2 O on NO2 removal without the presence
of SO2 (Chen et al., 2010).

Fig. 6 – Effect of H2 O on NO2 removal in the presence of SO2
(Chen et al., 2010).

Fig. 8 – Denitrification and desulfurization efficiencies at
different O3 /NOx molar ratios (Ma et al., 2016).

As shown in Fig. 8, the denitrification and desulfurization
curve can be divided into three stages: in the first stage, when
the O3 /NOx molar ratio is less than 1.2, the main oxidation
product of NOx is NO2 , the content of NO2 increases with the
increase of O3 /NOx molar ratio, and NO2 dissolves in water,

resulting in the improvement of denitrification efficiency; the
reaction of O3 and NOx promotes the absorption of SO2 , thus
improving the desulfurization efficiency. In this stage, NOx
and SO2 play a synergistic role in the absorption. In the second stage, when the O3 /NOx molar ratio is between 1.2 and
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1.75, excessive O3 oxidizes NOx to N2 O5 , N2 O5 is more soluble
in water, and the denitrification efficiency is further improved;
on the one hand, N2 O5 dissolves in water to generate HNO3 ,
and the H+ generated by complete ionization of HNO3 preferentially reacts with OH– on the liquid film; on the other hand,
SO2 reacts with H2 O to generate H2 SO3 , and HNO3 inhibits the
ionization of H2 SO3 , so the desulfurization efficiency in this
stage is reduced. In the third stage, when the O3 /NOx molar
ratio is greater than 1.75, with the increase of O3 /NOx molar
ratio, NOx is almost completely oxidized to N2 O5 , and N2 O5 is
more soluble in water, thus improving the denitrification efficiency; excessive O3 promotes sulfite oxidation, thus improving the desulfurization efficiency. In this stage, NOx and SO2
have a synergistic absorption effect.
As mentioned above, in order to obtain the best denitrification and desulfurization efficiency, although the desulfurization efficiency is affected to some extent, the solubility and
oxidation degree of NOx are required to be high. Therefore, the
most critical step is to completely oxidize NOx to N2 O5 through
excessive O3 , while the reaction of NO2 and sulfite in the solution has little effect on improving the denitrification efficiency.
In the case of excessive O3 injection, the desulfurization efficiency decreases slightly with the increase of NOx concentration. This is because a large amount of N2 O5 is dissolved in
the absorbent, resulting in the increase of H+ concentration
on the liquid membrane. High concentration of H+ inhibits the
formation of sulfite and sulfate, resulting in low desulfurization efficiency (Ma et al., 2016). Although the desulfurization
efficiency will be reduced to some extent, the denitrification
efficiency of flue gas can be significantly improved by injecting excess O3 to completely oxidize low valence NOx to N2 O5 .

2.4.
Effect of reaction temperature on denitrification and
desulfurization
It is well known that the oxidation of NO to N2 O5 in flue
gas can greatly improve the denitrification efficiency, but in
a certain temperature range, O3 and N2 O5 are prone to thermal decomposition. In the study of thermal stability of O3 ,
(Wang et al., 2007) found that with the increase of reaction
temperature, the decomposition of O3 was intensified, especially when the reaction temperature was over 150°C, the decomposition rate of O3 could reach more than 20% in 10 seconds. Moreover, the decomposition rate of O3 could reach
40% in one second at 200 °C. In the study of the influence
of reaction temperature on the formation of N2 O5 , the research conclusion of N2 O5 decomposition temperature was
also very different due to the different process conditions.
Wang et al. (2016) found that when the reaction temperature
was over 110 °C, N2 O5 began to decompose, which was the
best temperature to form N2 O5 , while N2 O5 was completely
decomposed at 180°C. Lin et al.(2016) found that N2 O5 began to
decompose above 80 °C and completely decomposed at 150 °C.
As shown in Fig. 9a, b, when the O3 /NO molar ratio is 2, almost 90% of NO can be oxidized to N2 O5 in the temperature
range of 60–80 °C. When the molar ratio of O3 /NO is greater
than 1.0, the content of NO2 increases with the increase of
temperature, and the content of N2 O5 decreases with the increase of temperature. Practically, due to the limitation of kinetics, excess O3 is usually added to oxidize more NOx to N2 O5 .

Lin et al. (2016) through simulation and experimental results
show that when the O3 /NO molar ratio is greater than 2, more
than 90% of NOx is converted into N2 O5 , but it will lead to a
large number of O3 residues, which is neither economic nor
environmentally friendly. When the reaction temperature is
high enough, excess O3 will be consumed and decomposed
into O2 , as shown in Fig. 9c. When the temperature is higher
than 130 °C, there is almost no O3 residue at all O3 /NO molar
ratios.
Moreover, the ozone injection position also has an impact
on the removal efficiency. Yamamoto et al. (2016) carried out
experiments on the removal of NOx and SOx in flue gas by the
combination of O3 injection and semi-dry chemical process.
It is found that denitrification efficiency is higher when O3 is
injected into the spray zone.
Therefore, in order to minimize decomposition of O3 and
N2 O5 , O3 injection site should be set in the desulfurization
tower. And this position is close to the nozzle and the temperature is low, which can effectively reduce the decomposition
of O3 and N2 O5 and improve the denitrification efficiency.

2.5.
Effect of Ca/(S + 2 N) molar ratio on denitrification
and desulfurization
Scala et al. (2004) carried out the spray drying adsorption (SDA)
experiment, using Ca(OH)2 as adsorbent and adsorbing SO2 at
different Ca/S molar ratios. The results show that when the
Ca/S molar ratio is less than 2, the denitrification efficiency
and desulfurization efficiency increase significantly with the
increase of Ca/S molar ratio. On the one hand, when the Ca/S
molar ratio is greater than 2, the desulfurization efficiency is
not significantly improved. This is because with the increase
of Ca/S molar ratio, the higher the concentration of Ca(OH)2
is, the greater the mass transfer resistance of the liquid is.
However, with the increase of Ca/S molar ratio, the content
of Ca(OH)2 in slurry increases, the space occupied by liquid
water increases, and the relative water volume of slurry decreases, thus shortening the time of constant speed drying
stage and affecting the desulfurization efficiency. On the other
hand, with the increase of solid content in the slurry, the particle size of lime slurry remains unchanged. Moreover, the water
content in the slurry is reduced, the evaporation time is shortened, and the desulfurization efficiency is finally reduced. In
addition, when the concentration of lime slurry is not very
high, the effect of shortening slurry drying time caused by the
change of lime slurry concentration on desulfurization efficiency is far less than that of mass transfer resistance and
mass transfer driving force. Hill and Zank (2000) found that
the efficiency of spray drying in absorbing SO2 depended on
the interaction between absorption and drying process. Moreover, the heat and mass transfer processes of single droplets
and two-phase flow in spray drying system were established.
The predicted results of the model were compared with the
experimental data, indicating the influence of drying conditions and stoichiometric ratio on the absorption efficiency
(Fig. 10).
Cai et al. (2020) studied the relation between Ca/(S+2N) molar ratio and removal efficiency. They adjusted the Ca/(S+2N)
molar ratio by changing the concentration of Ca(OH)2 . The
study found that the effect of Ca/(S+2N) molar ratio on deni-
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Fig. 9 – Concentration profiles of NO2 , N2 O5 , and O3 as a function of the temperature. (a) The concentration of NO2 varies
with temperature. (b) The concentration of N2 O5 varies with temperature. (c) The concentration of O3 varies with
temperature (Lin et al., 2016).

2.6.

Fig. 10 – Comparison between experimental data of Hill and
Zank (Hill and Zank, 2000) and model data (continuous
lines). Dashed line is the reference line for complete
calcium conversion (Scala et al., 2004).

trification efficiency could be nearly negligible, and it was suitable to set Ca/(S+2N) molar ratio at 2.5 in order to achieve high
removal efficiency.

Droplet size

One of the advantages of semi-dry desulfurization is that the
slurry droplets containing adsorbents can fully contact with
the flue gas while being dried by the gas sensible heat, to improve the desulfurization efficiency. The desulfurization efficiency of semi-dry process is generally affected by SO2 absorption rate and water evaporation rate of absorbent droplets
(Newton et al., 1990; Hill and Zank, 2000). In other words, the
desulfurization efficiency is affected by the size of adsorbent
particles. Fig. 11 shows the change of adsorbent particles during the whole desulfurization process (Getler et al., 1979). Most
of SO2 is removed when the droplet is in the constant speed
drying stage. However, when the sulfite and sulfate formed
by the reaction are covered on the surface of the solid shell,
only a small amount of flue gas can react with the adsorbent,
which is called the slow drying stage (Klingspor et al., 1983;
Katolicky and Jicha, 2013).
Hill and Zank (2000) found that according to their model
prediction and experiments, the influence of initial droplet diameter on absorption efficiency could be ignored. However,
Scala et al. (2004) used desulfurization model to study the
effect of slurry droplets with different particle sizes on the
desulfurization efficiency of SDA. As shown in Fig. 12, the
desulfurization efficiency will decrease with the decrease of
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Fig. 13 – Effect of approach to saturation temperature on
SO2 removal (Ma et al., 2000).

Fig. 11 – Drying and reaction sequence of atomized droplets
(Getler et al., 1979).

Fig. 12 – Overall SO2 removal efficiency as a function of the
stoichiometric calcium to sulfur molar feed ratio for
different mean initial droplet sizes (Scala et al., 2004).

slurry droplet size. Therefore, in order to improve the desulfurization efficiency, it is necessary to increase the size of slurry
droplets. However, a weakness based on this is that in the
desulfurization tower, the excessive water carried by too large
slurry droplets cannot completely evaporate, which will lead
to the deposition and corrosion on the wall and pipe wall of
the desulfurization tower.

2.7.
Approach to adiabatic saturation temperature
(AAST)
Some researchers (Li et al., 2004; Zhou et al., 2009) studied the
effect of approach to adiabatic saturation temperature (AAST)

on the efficiency of flue gas semi-dry desulfurization. Approach to adiabatic saturation temperature (AAST) is defined
as the difference between gas temperature and adiabatic saturation temperature, which is one of the important parameters
affecting desulfurization efficiency. Compared with Ca/S molar ratio, AAST has higher operation reliability (Hrdlicka and
Dlouhy, 2019). Ma et al.(2000) studied the relationship between
AAST and desulfurization efficiency. As shown in Fig. 13,
the reduction of AAST value will significantly improve the
desulfurization efficiency, and the desulfurization efficiency
of AAST value at 5°C is 80%. It is known that when AAST is
small enough, the humidification of flue gas is large, indicating that the reaction degree of SO2 and Ca(OH)2 is high (Liu and
Shih, 2006). Whereas, when the AAST value is too small, there
will be various potential operation problems, such as reactor
ash deposition, reduced efficiency of electrostatic precipitators (ESP) or induced draft fan corrosion (Li et al., 2004). Hence,
in order to achieve high desulfurization efficiency and prevent
the occurrence of problems at the same time, it is necessary
to find the optimal AAST value.

3.

Reaction mechanisms

Cai et al. (2020) studied the reaction mechanism of different O3 /NO molar ratio. In the process of absorption, CaSO3 is
firstly generated through the absorption of SO2 by Ca(OH)2 ,
which has been reported and verified in industrial applications (Cordoba, 2015). Subsequently, CaSO3 is oxidized by O2 to
CaSO4 •0.5H2 O. Meantime, NO2 and N2 O5 are also absorbed by
Ca(OH)2 absorbent, forming Ca(NO2 )2 and Ca(NO3 )2 . Ca(NO2 )2
is easily oxidized to Ca(NO3 )2 by unreacted O3 and O2 . Accordingly, Fig. 14 shows the schematic diagram of semi-dry
method combined with O3 denitrification and desulfurization.
At the beginning, with the injection of O3 , NO is oxidized to
NO2 , part of NO2 is further oxidized to NO3 , and NO3 reacts
with NO2 to form N2 O5 . NO2 , N2 O5 and SO2 are dissolved in
the liquid drop, and the relative reaction and heat exchange
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Fig. 14 – Schematic diagram of semi-dry method combined with O3 denitrification and desulfurization (Cai et al., 2020).

take place rapidly in the liquid film. The reaction products of
CaSO3 , CaSO4 , Ca(NO2 )2 and Ca(NO3 )2 are formed on the surface of Ca(OH)2 particles, and part of the water is evaporated
by sensible heat of flue gas. As time goes on, the unreacted
core in the outer particle becomes relatively smaller, but it is
difficult to completely consume because the product shell on
the core is blocked. In consequence, as shown in Fig. 14, the
droplet is composed of the shell of the reaction product and
the core of Ca(OH)2 , which has an obvious core-shell structure.
The possible reaction mechanism in this paper can be inferred
as follows:
The oxidation of NO (when O3 /NO molar ratio ≤ 1.0):

Ca2+
+ SO32−
→ CaSO3(s )
(aq )
(aq )

(19)

2CaSO3(s ) + O2 → 2CaSO4(s )

(20)

4.

Conclusions

HSO−
↔ H+ + SO32−
3(aq )
(aq )

(10)

In this article, a combination technology of ozone oxidation
combined with semi-dry desulfurization and denitrification
is proposed. The advantages of this technique are that sulfur
dioxide and nitrogen oxides can be removed simultaneously
and efficiently. In view of the deficiency of semi-dry desulfurization and O3 oxidation simultaneous denitrification and
desulfurization test at present, some factors affecting the efficiency of denitrification and desulfurization are introduced,
which provides effective reference for future research.
With the requirement of ultra-low emission of sintering/pelletizing flue gas being put on the agenda, the traditional denitrification and desulfurization technologies have
been difficult to meet the requirements. Through the summarization of this paper, it is found that O3 oxidation combined with semi-dry method for simultaneous desulfurization
and denitrification of sintering/pelletizing flue gas is the main
trend of industrial flue gas treatment application in the future.
The process is in line with the sustainable development concept of energy saving and emission reduction.

2−
+
2NO2 + SO32− + H2 O = 2NO−
2 + SO4 + 2H

(11)
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(13)

N2 O5 + H2 O → 2HNO3(aq )

(14)

HNO3(aq ) → H+ + NO−
3(aq )

(15)

H+ + OH− → H2 O

(16)

Ca2+
+ 2NO−
→ Ca(NO2 )2(s )
2(aq )
(aq )

(17)

Ca2+
+ 2NO−
→ Ca(NO3 )2(s )
3(aq )
(aq )

(18)

NO + O3 → NO2 + O2

(5)

The oxidation of NO (when O3 /NO molar ratio > 1.0):
NO2 + O3 → NO3 + O2

(6)

NO2 + NO3 → N2 O5

(7)

The absorption of SO2 , NO2 and N2 O5 :
SO2(aq ) + H2 O → H2 SO3(aq )

(8)

H2 SO3(aq ) ↔ H+ + HSO−
3(aq )

(9)
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