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sized cities in North China Plain (NCP). A comprehensive research on possible sources of
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VOCs was conducted in a medium-sized city of NCP, from May to September 2019. A total
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of 143 canister samples of 8 sites in Xuchang city were collected, and 57 VOC species were
detected. The average VOC concentrations were 42.6 ± 31.6 μg/m3 , with 53.7 ± 31.0 μg/m3
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and 32.1 ± 27. 8 μg/m3 , in the morning and afternoon, respectively. Alkenes and aromatics

Volatile organic compounds

contributed 80% of the total ozone formation potential (OFP). Aromatics accounted for more

Source apportionment

than 95% of secondary organic aerosol potential (SOAP). VOCs were dominated by the local

Ozone

emission with significant transport from the southeast direction. PMF analysis extracted 6

Positive matrix factorization

sources, which were combustion (33.1%), LPG usage (19.3%), vehicular exhaust & fuel evap-

Medium-sized city

oration (15.8%), solvent usage (15.2%), industrial (9.11%) and biogenic (7.51%), respectively
and they contributed 33.4%, 17.6%, 12.9%, 18.6%, 9.28% and 8.22% to the OFP, respectively.
Combustion and LPG usage were the dominant VOC sources; and combustion, solvent usage
and LPG usage were the main sources of OFP in Xuchang city, which were different to megacities in China with a high contribution from vehicular exhaust, solvent usage and industry,
suggesting specific control strategies on VOCs need to be implemented in medium-sized
city such as Xuchang city.
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1.

Introduction

With rapid urbanization and economic development, air pollution has attracted a wide attention in China. In early 2013,
the Chinese government declared a war on air pollution and
began stringent policies to regulate PM2.5 . After years of efforts, the annual PM2.5 concentrations of 164 Chinese cities
have decreased from 72 to 47 μg/m3 from 2013 to 2018. However, harmful ground-level ozone is on the rise in many cities
(2013–2018 Report on the state of the Environment in China)
and gradually drew more attention (Lyu et al., 2019; Zhu et al.,
2020).
Haagensmit (1952) and Chock and Heuss (1987) have
confirmed that VOCs play significant roles in the groundlevel ozone. Short-chain aliphatic and aromatics hydrocarbons and some natural VOCs such as isoprene, α, β-pinene
and other volatile organics are important precursors of O3
(Karl et al., 2003; Lewis 2018; Bourtsoukidis et al., 2019). Anthropogenic emissions like transportation, residential combustion, petrochemical industry and solvent usage were found
to be main VOC sources in urban area (Agnes and Borbon, 2013; Huang et al., 2015; Li et al., 2020a; Lin et al., 2020).
Photolysis processes of VOCs with highly reactive unsaturated
structures are more inclined to accelerate the formation of
ozone (Haagensmit 1952; Paulson et al., 1992). Studies have
shown that alkenes and aromatics together account for more
than 80% of photochemical ozone formation (Zhang et al.,
2015).
Previous studies on O3 and VOCs in China are mainly initiated in Pearl River Delta (PRD) and other developed area
like Beijing-Tianjin-Hebei (BTH) and Yangtze River Delta (YRD)
(Tan et al., 2012; Huang et al., 2015; Wang et al., 2016). North
China Plain with nearly 300 million populations is identified
as the area with the most severe ozone pollution in China.
Most researches on VOCs and O3 in NCP area were launched in
megacities like Beijing, Tianjin and Zhengzhou, and studies on
medium-sized cities were seldom reported (Li et al., 2019a). Except for 5 megacities, 46 are medium/small sized cities in NCP
area, which emphasized the significance of VOCs and ozone
pollution among medium-sized cities.
Divergent urbanization characteristics like city scale, population and industrial structure affect VOC pollution directly
(Zhang et al., 2012; Wu et al., 2017). Primary, secondary
and tertiary industries were about 7.2%−10.1%, 38.7%−43.5%,
and 46.4%−54.1%, in most medium-sized cities of NCP area,
respectively, while megacities had more tertiary industries
(60%–80%). The investigation on O3 and VOC sources in a representative city can provide essential clues for other mediumsized cities on control strategies of O3 .
To estimate sources of VOCs in medium-sized cities and
provide suitable control strategies, this study comprehensively analyzed O3 , and characteristics and sources of VOCs
in Xuchang. 8 sampling sites were selected in Xuchang city.
The OFP and SOAP are used to estimate the reactivity of VOCs.
Source apportionment of VOCs was performed by positive matrix factorization (PMF) method, backward trajectory analysis
and potential source contribution function (PSCF) to identify
the main contributors to O3 (Pallavi et al., 2019). Several specific control strategies were also proposed in this research.

2.

Method

2.1.

Sampling

27

8 sampling sites, including 4 urban and 4 rural sites, were selected in Xuchang city (Fig. 1 The locations of 8 sampling sites
in Xuchang city.). The detailed information of sampling sites
is is listed in Table 1. All sites were located at air quality monitoring stations, 15–17 m above ground with no obvious emission sources around. Weidu (JCZ, XCXY) District is the main
residential and commercial areas. Jian’an district (XYDS), Xiangcheng (XC) and Changge (CG) are industrial area. Yanling
(YL) is famous for its flower industry and the national flower
and wood Expo Garden, tourism developed rapidly in recent
years.
Off-line samples were collected from May to September
2019, including 2 days of each month. Sampling frequency
was twice a day during 8:00–10:00 a.m. and 14:00–16:00 p.m.,
respectively. A total of 143 samples were collected with 2 L
Summa canisters (Entech Instrument, Inc., Simi Valley, CA,
USA), which were pre-cleaned by ultra-pure N2 (> 99.999%).
Sampling rate was controlled by a valve to keep the sampling
duration at 2 h. Real-time data for NO2 , O3 and meteorological data were synchronous recorded at the air monitoring stations.

2.2.

Chemical analysis

The VOCs were analyzed using a Model 7100 Preconcentrator (Entech Instruments Inc., California, USA) combined
with a gas chromatography-flame ionization detector/mass
spectrograph (GC-FID/MS, Agilent Technologies, USA). The
detailed steps are described in previous study (Tan et al.,
2020). Briefly, canister samples were firstly concentrated in
the preconcentrator by three-stage liquid nitrogen cryogenic
trapping, and then injected into GC-FID/MS system. The
mixture was firstly separated by a HP-1 capillary column
(60 m × 0.32 mm × 1.0 μm, Agilent Technologies, USA) with
H2 as carrier gas, and then split into two: one is to a PLOTQ column (30 m × 0.32 mm × 2.0 μm, Agilent Technologies,
USA) followed by FID detection; another is to a DB-624 column
connected to the mass spectrometric detector. The GC oven
temperature was programmed to be initially at 35°C, holding
for 5 min; increasing to 150°C at 5°C /min, holding for 7 min;
and then to 200°C at 10°C/min, holding for 4 min. The ionization method was electron impacting (EI). The method detection limit (MDL) of each VOC species are listed in SI Table 3.

2.3.

Data analysis

2.3.1.

Relative reactivity of VOCs

OFP, SOAP and PEC (propene-equivalent concentration) were
calculated to estimate the reactivity of individual VOCs and
their contributions to photochemical O3 formation and SOA
(Tan et al., 2012). The maximum incremental reactivity (MIR)
coefficients are taken from Carter (2010), and kOH of all pollutants are obtained by Atkinson and Arey (2003).
OFPi = MIR × Concentrationi
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Fig. 1. – The locations of 8 sampling sites in Xuchang city.

Table 1. – General information of 8 sampling sites.

1
2
3
4
5
6
7
8

Site

Longitude

Latitude

Sample number

Region

Type

KFQ
JCZ
XCXY
XYDS
YL
XC
CG
LY

113.8
113.8
113.9
113.8
113.9
113.5
113.8
114.2

34.0
34.0
34.0
34.1
33.9
33.9
34.2
34.1

19
19
18
19
18
17
16
17

Industrial aera
Residential area
Education area
Industrial area
Residential area
Coking industry
Industrial Painting
Upwind direction

Rural
Urban
Urban
Rural
Urban
Rural
Rural
Urban

The sites were named by abbreviations of Kaifaqu (KFQ), Jiancezhan (JCZ), Xuchangxueyuan (XCXY), Xingyedasha (XYDS), Yanling (YL),
Xiangcheng (XC), Changge (CG) and Lingyin (LY), respectively.

PECi = kOHi /kpropene × Concentrationi
The estimation of SOAP is performed by following equations (Derwent et al., 2010). SOAPi reflects the propensity of
each organic compounds to form SOA on an equal massemitted basis relative to toluene, and it is normally expressed
as the index of toluene =100 (Hui et al., 2019). SOA formation potential was calculated as the sum of SOAP for all VOC
species (Hui et al., 2019; Li et al., 2020a,b).
SOAPi = Increment in SOA mass concentration with species,
i/Increment in SOA with toluene × 100

SOAP =

2.3.2.



Conci × SOAPi

Back trajectory analysis

To identify the transport pathways and the potential sources
of air masses to Xuchang, 72-h air mass backward trajectory

analysis was conducted at JCZ sampling site (113.83 N, 34.01E)
using the National Oceanic and Atmospheric Administration
(NOAA) Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model. The trajectories started at 0:00 and 4:00
(UTC), separately, with ground height at 500 m. Meteorological
data was obtained from the NCEP’s Global Data Assimilation
System (GDAS). Trajectory calculating, clustering, and statistics were conducted using TrajStat software (Wang et al., 2010;
Qin et al., 2019).

2.3.3.

Potential source contribution function (PSCF)

PSCF is a function calculating the backward trajectories and
determine the potential sources of pollution (Draxier and Hess
1998). The geographic region covered by the trajectories was
divided into an array of grid cells (0.3° × 0.3° in present study),
and PSCF value of each grid cells can be defined as follows:
PSCFij = mij /nij

journal of environmental sciences 107 (2021) 26–37

where, nij is the number of trajectories passing through the
cell grid, and mij is the number of trajectories through the
grid whose pollution levels exceeded the user-determined
threshold criterion (Ashbaugh et al., 1985). A cell with small
nij values (few trajectories pass through) will generate a
large uncertainty in the PSCF result, to reduce the effect,
Polissar et al. (1999) proposed to put an arbitrary weight Wij
on the calculated PSCF values basing on nij and navg (average
number of trajectories passing through the cell grid).
⎧
1 nij > 3navg
⎪
⎪
⎪
⎨0.7 1.5n
avg < nij < 3navg
Wij =
⎪0.42 navg < nij < 1.5navg
⎪
⎪
⎩
0.05 nij < navg

Xuchang than those in many megacities. O3 concentration
was high in the early (Fig. 3) and late summer (painted in
light blue), and slashed a little during raining period (light red
area). Similar phenomena were also observed in its neighbor
city (Li et al., 2019). Diurnal variations of gaseous pollutants
are depicted in Fig. 2. O3 was characterized with high concentrations from noon to afternoon, followed by continuous decrease until next early morning and reaching the minimum
around 7:00–8:00, then increasing afterwards (Fig. 3a). Similar
variations were also found in Beijing and Shanghai (Fang et al.,
2020; Lin et al., 2020). Contrary to O3 , the diurnal patterns of
NO2 , SO2 and CO were keeping low in the daytime, increasing
during the night and peaking in the morning (Fig. 3b–d).

3.2.
2.3.4.

Characteristics of VOCs

Positive matrix factorization (PMF)

PMF is a receptor model widely used for source identification
of pollutants in different media such as air, water and soil.
USEPA PMF 5.0 model was applied in this research, the basic
model principle is explained below, and detailed mathematics
can be found in early works of Paatero and Tapper (1993).
Xi j =

29

p


Aik Fk j + Ri j

k=1

where, Xij is the concentration of species i measured in the
sample j; Fkj is the contribution of the source k to the sample
j; Aik is the concentration of the species i from the source k;
and Rij is the residual for each sample or species. For data less
than MDL, the uncertainty is calculated using the following
equation (a), and if the concentration exceeded the MDL, the
uncertainty is calculated by error fraction, concentrations of
pollutants and MDL in equation (b). The number of factors was
chosen by the Q value (Sun et al., 2020).
Unc = 5/6 × MDL (a)

Unc =

2
2
(Error fraction × Concentration) + (0.5 × MDL) (b)

2.3.5.

Quality assurance (QA) and quality control (QC)

8 sampling sites were selected to get a whole picture of VOCs
and O3 pollution status in Xuchang city. The outliners of VOCs
data were removed by the standard of upper (or lower) quartile
plus (or minus) 1.5 times interquartile range to dispose the impact of extreme value. When running PMF model, VOCs concentration lower than MDL were set as weak. Results showed
that 45 VOC species were left with 12 species ruled out.

3.

Results and discussion

3.1.

General topic

The comparison of monthly concentrations of the maximum
daily 8-h average O3 (O3 MDA8 ) for Xuchang and several other
cities in China is shown in Fig. 2. The five-months (May to
September) and annul average concentrations of O3 MDA8 were
151 μg/m3 and 108 μg/m3 (79 ppbv and 56.6 ppbv) in Xuchang,
respectively. Higher ozone concentrations were observed in

A total of 57 VOC species were determined in this research.
Table 2 lists the average VOC concentrations and proportions
of different VOC groups for Xuchang city and other megacities. The average concentration of VOCs was 42.6 ± 31.6 μg/m3 ,
which is lower than those in many cities such as Beijing,
Zhengzhou, Hangzhou, Chengdu and Wuhan (Feng et al., 2018;
Song et al., 2018; Hui et al., 2019; Liu et al., 2019). And it was
of higher levels than many US cities (Baker et al., 2008), and of
lower levels than the densely populated megacities like Paris,
Colorado and Los Angeles (Shin et al., 2013; Baudic et al., 2016;
Abeleira et al., 2017).
Consistent with other studies, VOC groups followed
the order of alkanes (25.2 ± 20.9 μg/m3 ) > aromatics
(8.62 ± 11.6 μg/m3 ) ˜ alkenes (7.07 ± 5.73 μg/m3 ) > alkyne
(1.67 ± 1.37 μg/m3 ). In spite of relatively low level of alkanes, similar or even higher levels of alkenes, aromatics and
C6 –C8 species were detected in Xuchang city, comparing to
other researches (Baudic et al., 2016; Abeleira et al., 2017). Npentane, ethane, propane n-butane and 1-butene were the top
5 VOC species, and were 5.32, 3.61, 3.31, 2.95 and 2.90 μg/m3 ,
respectively. Isoprene was the most abundant alkenes species
(2.00 μg/m3 ), which was of similar levels as Zhengzhou and
Xi’an, two inland cities, and lower than those in southern
cities (Chan et al., 2006; Sun et al., 2019; Li et al., 2020b).
Toluene, benzene and m-xyelene were the main aromatic
species, with concentrations of 2.35, 1.92 and 1.08 μg/m3 , respectively. Acetylene (1.72 μg/m3 ) was lower than Beijing and
Zhengzhou.
Fig. 4 shows the monthly distribution (Fig. 4a), diurnal
variation (Fig. 4b) and VOC composition during sampling period (Fig. 4c). The average VOC concentrations were higher
from July to September than May to June, and they were
27.4 ± 22.6 and 22.9 ± 8.19 μg/m3 for May and June, respectively, with an average concentration of 25.0 ± 16.6 μg/m3 .The
average VOC concentrations were 59.6 ± 15.7, 51.7 ± 48.6 and
55.8 ± 28.4 μg/m3 for July to September, respectively, with an
average of 55.5 ± 33.8 μg/m3 . N-pentane, 1-butene, ethane,
toluene and n-butane increased by 3.79, 2.93, 2.62, 2.17 and
2.16 μg/m3 , from May-June to July-September, respectively. 1butene, n-butane and n-pentane are the main components
of LPG and the increase of VOC concentrations might due to
high temperature enhancing volatility of organic chemicals in
summer (Russo et al., 2010; Dominutti et al., 2016; Lyu et al.,
2016). Contrary results were found in Zhengzhou city, with
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Fig. 2. – O3 MDA8 of Xuchang and some megacities in China (a) and diurnal variations of (b) O3 , (c) SO2 , (d) NO2 and (e) CO
(Right). O3 MDA8 data of 7 cities were obtained on the China National Environmental Monitoring Centre.

Fig. 3. – Temporal variations of conventional air pollutants including particulate matter, SO2, NO2 and O3 (μg/m3 ) and
meteorological conditions in Xuchang city.

high concentration in May and June and low in July and August, probably due to the prohibition of painting and coating
in open air and other industrial activities in July and August
(Li et al., 2019).
Similar to other studies, the concentrations of VOCs were
significantly higher in the morning than those in the af-

ternoon (Kim et al., 2018). Ethane, 1-butene, acetylene and
toluene were mainly decreased VOC species, with their concentrations at 3.57, 3.49, 2.33 and 3.47 μg/m3 , respectively, in
the morning and reducing to 1.36, 1.19, 1.24 and 2.24 μg/m3 ,
respectively, in the afternoon. Xylene and trimethyl-benzene
dropped 70%−80% in the afternoon in this study, due to their
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Table 2. – Mixing ratio of VOCs in Xuchang and several other cities and percentages of divergent species (ppbv).

Period
Area
VOCs (ppb)
Alkanes (%)
Alkenes (%)
Alkyne (%)
Aromatics (%)
a

Xuchang

Zhengzhou

Beijing

Wuhan

Chengdu

Seoul

Colorado

Paris

5–9 (2019)
Medium
21.1 (17.1 a )
58.7
18.5
4.23
18.5

5–9(2019)
Megacity
29.2(23.1 a )
56.7
16.2
12.9
14.1

7 (2016)
Megacity
21.9
58.1
18.6
11.1
12.2

1 (2016)
Megacity
32.07
58.8
18.4
7.60
15.3

8–9 (2016)
Megacity
41.7
56.6
19.7
6.47
17.3

2004–2008
Megacity
96.2–121
51.9
5.66
2.92
39.5

7–9 (2015)
Megacity
46.6

1–2 (2010)
Megacity
26.7 b
61.6
9.19
2.55
26.6

Standard division in the brackets b. Unit: μg/m3 .

Table 3. – Top 20 dominant VOC species and their OFP, PEC and SOAP (μg/m3 ).
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

n-Pentane
Ethane
Propane
n-Butane
1-Butene
Isopentane
Isobutane
Toluene
Isoprene
Benzene
Acetylene
Ethene
m-Xylene
n-heptane
EthylBenzene
1-pentene
n-Hexane
n-Undecane
o-Xylene
p-Xylene
Sum
VOCs

MIR

KOH∗ 1012

Conc.

Percentage

OFP

PEC

SOAFP

1.31
0.28
0.49
1.15
9.73
1.45
1.23
4
10.61
0.72
0.95
9
9.75
1.07
3.04
7.21
1.24
0.61
7.64
5.84

3.84
0.254
1.11
2.38
31.1
3.6
2.14
5.58
96.6
1.22
5.63
8.15
23.1
6.81
7
31.4
5.2
12.3
13.6
14.3

5.32
3.61
3.31
2.95
2.90
2.89
2.57
2.35
1.98
1.92
1.72
1.25
1.08
1.07
0.77
0.67
0.67
0.66
0.64
0.58
38.91
44.36

8.85%
6.18%
5.92%
4.92%
4.26%
5.23%
5.04%
3.54%
3.46%
3.19%
2.89%
2.09%
1.64%
1.70%
1.25%
1.10%
1.00%
1.10%
0.96%
0.86%
65.21%
73.72%

6.96
1.01
1.62
3.39
28.18
4.19
3.16
9.40
20.98
1.38
1.63
11.23
10.57
1.15
2.36
4.87
0.83
0.40
4.88
3.37
121.56
143.77

0.78
0.03
0.14
0.27
3.43
0.40
0.21
0.50
7.26
0.09
0.37
0.39
0.95
0.28
0.21
0.81
0.13
0.31
0.33
0.31
17.18
21.14

1.59
0.36
0.00
0.89
3.48
0.58
0.00
234.91
3.76
178.37
0.17
1.62
91.58
0.11
86.47
0.00
0.07
10.74
60.98
38.71
1.59
0.36
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July
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(b)
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0
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Alkene
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Average=42.6
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0

0.4
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Xuchang

8:00-10:00 14:00-16:00

Fig. 4. – The (a) monthly distribution, (b) diurnal differences and (c) compositional difference of VOCs during the sampling
period.
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Fig. 5. – Monthly distributions of (a) OFP, (b) PEC and (c) SOAP, and (d) contributions of different VOCs groups, μg/m3 .
Percentages that lower than 5% were not show in the stacked bar.

high reactivity (Tan et al., 2020). It was worth noting that the
concentration of isoprene increased 0.53 μg/m3 in the afternoon. This phenomenon is widely observed in other studies,
because isoprene is a typical temperature and light sensitive
VOC emitted by natural sources and increased in the afternoon by enhancing respiration of plant (Abeleira et al., 2017;
Li et al., 2019).

3.3.

Relative reactivity of VOCs

3.3.1.

VOCs/NOx

VOCs/NOx ratios can differentiate the main factor that influencing O3 formation. It is typically considered as VOCs limited system when VOCs/NOx ratio is lower than 8:1. Whereas,
when the ratio is larger than 8, the system is NOx limited. O3
is generally VOCs limited in most Chinese cities (Li et al., 2019;
Liu et al., 2019; Yu et al., 2020). The VOCs/NOx varied between
1.46 and 5.39, and 2.29 ± 2.73 on average, indicating that the
O3 formation was driven by VOCs. Besides, the NO2 concentrations were far lower than the national standard of China
in Xuchang, thus, the reduction of VOC emission is the major
issue for ozone control strategies on this occasion.

3.3.2.

Reactivity

The average OFP was 143 μg/m3 in this study, and the average
OFP for four VOC groups were alkenes (75.5 μg/m3 ) > aromat-

ics (38.5 μg/m3 ) > alkanes (27.0 μg/m3 ) > alkynes (1.61 μg/m3 ),
respectively (Fig. 5c). Similar results were found in Zhengzhou
and Beijing, with alkenes contributing about 55.0% and 40.6%
of OFP, respectively (Li et al., 2019; Li et al., 2020a). 1-Butane,
isoprene, ethylene, m-xylene, toluene, n-pentane, propylene,
o-xylene, 1-pentene and isopentane were the top 10 contributors, accounting for about 74.7% of total OFP. In Zhengzhou,
C2 –C5 short-chain hydrocarbons and aromatics were the main
contributors account for 69.4%–77.6% of OFP, except for acetylene accounted for 4.40% of OFP in Zhengzhou city and only
1.00% of OFP in this study. The SOAP was 860 μg/m3 in
this study, and slightly higher than that in Beijing summer
(767 μg/m3 ), lower than those in Wuhan (1661–4542 μg/m3 )
and Chengdu (more than 930 μg/m3 ) (Hui et al., 2019; Li et al.,
2020a; Tan et al., 2020). Consistently, over 95.0% of SOAP was
originated from aromatics in the cities mentioned above.
As for diurnal variations, the portion of aromatics to OFP
was obviously higher in the morning and decreased dramatically in the afternoon (about 19%), versus the portions of
alkenes and alkanes increased accordingly (15% and 5%, respectively). In addition to shorter lifetime, less traffic in the
afternoon lessened aromatic source as well (Yuan et al., 2012;
Abeleira et al., 2017). Due to high aromatics in the morning,
the SOAP was 1317 μg/m3 in the morning and decreased to
429 μg/m3 , in the afternoon.
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Fig. 6. – O3 , NO2 and VOCs concentrations assigned backward trajectories and PSCF results.

3.4.

Source analysis

3.4.1. Backward trajectory and PSCF (potential source contribution function)
The backward trajectories and PSCF results of O3 , NO2 and
VOCs are displayed in Fig. 6. O3 was mainly originated from local emissions, with significant transport from southeast direction (Luohe, Zhoukou, Xinyang and Fuyang, etc.) of Xuchang.
While VOCs and NO2 were more prone to be elevated by airflows from south direction (Luohe city). Air movement never
stops in the vast plain like NCP area and peer researches
on source apportionment of VOCs mentioned the impact of
transport (Li et al., 2019, 2020a), which emphasized the importance of regional cooperative on air pollution control strategy.

3.4.2.

PMF results

The concentrations of 57 VOC species were imported into PMF
model. Six factors were identified by 45 valid species, and they
were determined as biogenic sources, combustion, industry,
solvent usage, vehicular exhaust & fuel evaporation and LPG
usage. Fig. 7 presents the concentrations and percentages of
VOC species for each factor.
Factor 1 is assigned as biogenic source by the high concentrations and contributions (over 90%) of isoprene. Numerous studies have confirmed that isoprene is an important
tracer of plant emission (Song et al., 2018). Factor 2 is assigned
as combustion sources, by the high percentages of C2 –C5
alkanes, alkenes and high portions of benzene and toluene

(Ying et al., 2008). Another significant signal was that the Benzene/Toluene ratio was around 2 in factor 2, which was another signal of combustion (Huang et al., 2020). Factor 3 is believed to be industrial sources for the high fraction of 1-butene,
because it serves as a comonomer or precursor in manufacturing of many other chemical products (Zhang et al., 2001).
Factor 4 contains the majority of aromatics, especially m/pxylene and ethylbenzene, and it is assigned to solvent usage
accordingly (Chen et al., 2014; Yang et al., 2018). Factor 5 is considered as vehicular exhaust & fuel evaporation, characterizing by the richness of short-chain alkanes and alkenes, C2 –C5
alkanes like isopentane, cis/tans-2-pentene and alkenes are
tracers of vehicular exhaust (Chen et al., 2014; Song et al.,
2018). Benzene/Toluene ratio at 1/2 was another signature of
vehicle exhaust. The last factor was assigned as LPG usage by
the evidence of bulk contributions from C3 –C5 alkanes and
alkenes like n-pentane, ethene, propene and 1-butene, who
were the main ingredients of liquid phase gases (Zhang et al.,
2013, Zhang et al., 2018; Bourtsoukidis et al., 2019).

3.4.3.

Contributions of VOC sources

Fig. 8 illustrates the portions of 6 PMF-derived sources to VOCs
(inner pie chart) and OFP (outer doughnut chart) concentrations, and their average values for all sampling sites (stacked
histogram). Combustion, LPG usage, vehicular exhaust & fuel
evaporation, solvent usage, industry and biogenic sources
contributed 33.1%, 19.3%, 15.7%, 15.2%, 9.11% and 7.51% of
VOCs, respectively, and 33.4%, 17.6%, 12.9%, 18.6%, 9.28%, and
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Fig. 7. – Factors identified by PMF receptor model and their characterization.

Fig. 8. – PMF-derived sources of VOCs concentrations (inner pie chart) and OFP (outer doughnut chart), and portions of 6
sources for all sampling sites and their average values (stacked histogram).
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8.22%, of OFP, respectively. The primary VOCs and OFP were
both combustion emission in Xuchang. These results were
different from those in megacities in China, where vehicular
exhaust & fuel evaporation were the major VOC sources, accounting for more than 30% VOCs emission, followed by industrial sources and solvent usage (Li et al., 2020a; Lin et al.,
2020; Tan et al., 2020).
The portion of combustion (33.1%) was higher in Xuchang
city than many other cities of China, such as Zhengzhou
(28.5%) and Wuhan (14.1%) (Li et al., 2019; Tan et al., 2020).
Henan is the most important agriculture province in inland
China, biomass burning activities and coal combustion of
power plant might generate a great amount of VOCs. LPG is
used as fuel energy in LPG vehicles, domestic cooking and ceramic kiln, and also raw material for gasoline additive. Previous study found it contributed 12.4% of VOCs in Wuhan and
used as households and catering usage (Hui et al., 2019). However, household usage of LPG generally remains stable in a
short period, the occasionally high LPG-derivative VOCs concentrations in Xuchang was more likely emitted from industrial activity or LPG leakage. Ceramic sanitary and chemical industries are flourishing in Xuchang city. Disqualified storage,
management and usage of LPG might lead to a great amount
of leakage which might result in VOC pollution. Although vehicular exhaust & fuel evaporation were the third sources
to VOCs, it was much lower than those in megacities like
Zhengzhou and Beijing (Li et al., 2019; Li et al., 2020a, b).The
extensive use of electric bicycles and usage of ethanol gasoline in mobile vehicles could lighten pollution from vehicles to
some extend (Liang et al., 2020). Solvent usage exceeding LPG
usage became the secondary sources of OFP, and it was lower
than those in many industrial cities like Zhengzhou, Chengdu
and Wuhan (Hui et al., 2019; Li et al., 2020a,b; Tan et al., 2020).
Biogenic source was the smallest fraction of VOCs and OFP, indicating that anthropogenic sources was main contributor in
Xuchang city.

3.5.

Policy implications

A series of strategies had been released to reduce particulate pollutants in the implementation plan of air pollution
prevention and control of Xuchang in 2018. Given to the
current measures still focusing on particulate matter issue and most efforts are imposed in PM reduction, control
strategies on VOCs should be strictly implement, as well.
(http://www.xuchang.gov.cn/zt/010018/010018005/20180610/
f07d919f-25df-43c5-8ddb-cac9bff854fb.html). The result suggested O3 is VOCs limited in Xuchang city; and combustion,
LPG usage and paint solvent usage were the main VOC
sources contributing to photochemical ozone formation. As
a typical medium-sized city, Xuchang has wide countryside
and relatively small urban area, agricultural activities could
affect VOCs to some extends, unlike megacities, where VOCs
are dominated by transportation, businesses, and industries.
Combustion had highest ozone formation potentials. Some
industries and power plants use coal and biomass as main
energy. Thus, government should improve the combustion
efficiency of power plants, develop less polluted bio-fuel to
start a recycle economy, and continue on strictly enforcing
the elimination of straw burning activity.
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LPG usage was the secondary VOC sources and easily ignored by many NCP cities. The LPG demands increase vastly
and more than 30% were consumed in NCP, in the past decade.
LPG further-processing exceeding serving as fuel energy of
civil and industrial activity, become the main LPG consumption (Data from National Bureau of Statistics of China). LPG
usage in ceramic kiln and other industries might cause large
quantities of LPG leakage due to unfavorable storage condition
in Xuchang. To minimize LPG leakage, whole process management system should be established and optimized by improving sale efficiency during storage, transportation, and usage
processes, and establishing emission standards on liquefaction gas station. Solvent usage was the secondary contributor
to photochemical ozone formation. Although the portions of
solvent usage in Xuchang city is lower than those in megacities, urbanization of medium-size cities might lead to more
solvent evaporation. Supervision and control on solvent usage
should be enforced to prevent solvent escaping.

4.

Conclusions

The ground-level ozone in Xuchang was at a high level in
China, from May to September 2019. The O3 MDA8 in Xuchang
was of similar level as Beijing, Zhengzhou and other major
cities, but significantly higher than Wuhan and Chengdu. The
average VOCs concentrations were relatively lower than or
equal to these cities. VOCs groups followed the order of alkanes > alkenes > aromatics > alkyne, C2 –C5 alkenes, xylene
and toluene were the dominant VOC species. Top two groups
of OFP were alkenes and aromatics and their proportions were
53% and 27%, respectively. More than 95% SOAP generated
from aromatics hydrocarbons. Six factors were extracted using PMF analysis, they were characterized as biogenic, combustion, industrial, solvent usage, vehicular exhaust & fuel
evaporation, and LPG usage, respectively. The main sources
of VOCs and OFPs were combustion, LPG usage, and solvent
usage in Xuchang, which was quite different from those in
megacities whose main VOC sources were vehicular exhaust
and industrial sources. The present research found that VOC
pollution in medium-sized city was different from those in
megacities. LPG usage is a common VOCs source in many NCP
cities that should be noticed. From the backward trajectory
and PSCF analysis, O3 and VOCs were mainly from local pollution, with significant transport from southeast direction. Specific control strategies on VOCs need to be implemented in
Xuchang.
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