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risks assessment of VOCs was carried out at the urban area of Zhengzhou from 1st to 31st De-
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nes (22.0 ± 10.4 ppbv), halocarbons (8.1 ± 3.9 ppbv) and aromatics (6.5 ± 3.9 ppbv) were the

cember, 2019. The mean concentrations of total detected VOCs were 48.8 ± 23.0 ppbv. AlkaZhengzhou

predominant VOC species, followed by alkenes (5.1 ± 3.3 ppbv), oxygenated VOCs (3.6 ± 1.8
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ppbv), alkyne (3.5 ± 1.9, ppbv) and sulfide (0.5 ± 0.9 ppbv). The Positive Matrix Factorization
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model was used to identify and apportion VOCs sources. Five major sources of VOCs were
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identified as vehicular exhaust, industrial processes, combustion, fuel evaporation, and solvent use. The carcinogenic and non-carcinogenic risk values of species were calculated. The
carcinogenic and non-carcinogenic risks of almost all air toxics increased during haze days.
The total non-carcinogenic risks exceeded the acceptable ranges. Most VOC species posed
no non-carcinogenic risk during three haze events. The carcinogenic risks of chloroform,
1,2-dichloroethane, 1,2-dibromoethane, benzyl chloride, hexachloro-1,3-butadiene, benzene
and naphthalene were above the acceptable level (1.0 × 10−6 ) but below the tolerable risk
level (1.0 × 10−4 ). Industrial emission was the major contributor to non-carcinogenic, and
solvent use was the major contributor to carcinogenic risks.
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Introduction
With the rapid development of the urbanisation, large quantities of nitrogen oxides and volatile organic compounds (VOCs)
are released into the air, causing air pollution in many cities
in China (Zheng et al., 2019). VOCs are crucial precursors
to the formation of O3 and secondary organic aerosol (SOA)
(Wang et al., 2020). SOA is an important component of fine
particle and is the dominant contributor to haze pollution
(Liu et al., 2019a; Wu et al., 2017). Studies show that haze pollution in China was largely driven by SOA (Huang et al., 2014;
Wu et al., 2016b). SOA is also harmful to human health and
can decrease atmospheric visibility (Li et al., 2020a; Yang et al.,
2020; Zhang et al., 2019). Therefore, more attention was paid
to VOCs associated to public health risk and air pollution
(Bari and Kindzierski, 2018a; Gao et al., 2018; Wu et al., 2020).
In recent years, a number of researchers have focused on
the characteristics of VOCs and found that VOC emissions play
a criticalrole in the pollution process. In winter, heavy haze
events occur frequently in China (Zhang et al., 2020b). Studies showed that the concentrations of VOCs during pollution
episodes increased sharply and maintained at the high levels
(Song et al., 2019; Wu et al., 2016b). For example, the total VOC
(TVOC) concentrations on severe haze days (visibility < 5 km)
reached at 49.6 ± 24.8 ppbv in Wuhan (Hui et al., 2019). In Beijing, the TVOC concentrations during the haze event were 2 to
5 times higher than those in non-haze days (Wu et al., 2016b).
Although many researches have investigated VOCs, the concentrations and chemical composition of VOCs during haze
events was poorly understood, and requires further study under the haze and non-haze conditions (Hui et al., 2019). Therefore, it is necessary to study the characteristics of VOCs during
haze pollution events.
There are many emission sources of VOCs, including anthropogenic and natural sources (Hui et al., 2020;
Mozaffar et al., 2020). Positive Matrix Factorization (PMF)
model is usually used in many VOC source identification studies (e.g., Mo et al., 2017). Vehicular exhaust, oil evaporation,
solvent usage and industrial emissions are the major sources
of VOCs in some cities (Wang et al., 2016; Yang et al., 2019;
Zhao et al., 2004). A study by Zheng et al. (2019) showed that
five sources of VOCs were identified in Shanghai, indicating that the petrochemical industry was the largest contributor to TVOC, followed by vehicle exhaust and solvent usage. Song et al. (2019) identified eight primary source factors
of VOCs in Heshan; and among them, vehicle exhaust and
paint solvent usage were the most important sources in the
urban area. Some studies (Guo et al., 2011; He et al., 2019;
Ling et al., 2011) conducted a detailed analysis to study the
sources of VOCs in Pearl River Delta, and found the solvent
usage, vehicular emissions and biomass burning were the top
three significant sources. The previous PMF source apportionment studies in Zhengzhou suggested that vehicle exhaust,
solvent use, combustion and industrial production were the
main VOC sources (Li et al., 2019; Li et al., 2020b). Besides,
biogenic sources and biomass burning are also an important
source for some highly reactive VOCs in summer (Hui et al.,
2020; Shao et al., 2016). However, knowledge of VOC sources is
uncertain during haze pollution. It is important to identify the
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main sources of VOCs in pollution days, and hence, to promote
the establishment of the subsequent control strategies.
In addition, chronic exposure to high concentrations of
some certain poisonous VOCs could cause adverse impacts
on human health (Zheng et al., 2020; Heibati et al., 2018;
Heibati et al., 2017), such as sensory irritation, weakness,
nervous system impairment and cancer (Bari and Kindzierski, 2017; Masih et al., 2018; Zhou et al., 2011). Studies have
assessed carcinogenic and non-carcinogenic health risks associated with VOCs. An investigation of health risks of ambient VOCs was carried out in Beijing from April 2014 to January 2015, indicating that the 22 toxic VOCs did not have carcinogenic risk while 5 VOCs exhibited carcinogenic risk, such
as benzene (Zhang et al., 2017). Durmusoglu et al. (2010) assessed the health risk of benzene, toluene, ethylbenzene,
and m/p/o-xylene. They reported that the carcinogenic risk
of benzene is lower than the acceptable carcinogenic risk,
and the non-carcinogenic health risks of toluene, ethylbenzene, and xylenes were also acceptable. Bari and Kindzierski (2018b) calculated the source-specific carcinogenic and
non-carcinogenic risk values and found all of them were below the acceptable level settled by US Environmental Protection Agency (USEPA) except for aged air mass and regional
transport. Some researchers also used the standard methodology of USEPA to assess health risk of VOCs in Yangtze River
(Zheng et al., 2020), Edmonton (Bari and Kindzierski., 2017) and
Beijing (Li et al., 2014). However, health risk assessments of
VOCs and the source contributions to health risks particularly
during haze pollution is still lacking. It would be of greater importance to analyse health risk under haze conditions.
Zhengzhou, as the provincial capital of Henan Province in
Central China, is a large developing city. It has a very large urban traffic system and a large vehicle population of 3.43 million, suffering from serious air pollution in winter in recent
years (Dong et al., 2020). The total anthropogenic VOCs emission was 1.11 kt at the end of 2016 (Bai et al., 2020). Despite
extensive studies of VOCs were carried out around the world
in the past, continuous on-line observation of VOCs is still
limited in Zhengzhou. Therefore, the relevant research is necessary to better understand the regional air pollution in the
Zhengzhou. In particular, this study emphasized the variation
of VOCs, VOC compositions, contributions of VOC sources, and
the risk assessment related to visibility.
In this research, analyzed data were collected at an urban
site located in Zhengzhou during heavy pollution events from
1st to 31st December, 2019 to provide a better understanding
of VOCs during haze pollution in Zhengzhou. The main objectives of this study include (1) to understand the variation
characteristics of VOCs in haze days and non-haze days; (2) to
identify source categories of VOCs and estimate their contributions; and (3) to evaluate the non-carcinogenic risk of hazard quotient (HQ) and the carcinogenic risk of VOCs in winter.

1.

Materials and methods

1.1.

Sampling site

The sampling site of VOCs is located on the top of the building at Zhengzhou Environmental Protection Monitoring Cen-
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tre Station (ZZEPMCS) (34.75° N, 113.60° E) with a height of approximately 20 m above the ground, as shown in Fig. S1. It is
100 m away from Zhongyuan Road and 140 m away from Qinling Road, where is considered to be representative of a typical urban environment. The surrounding area of this site is
mainly commercial offices and residential districts. The samples were collected 2 m above the roof.

1.2.

Unc =

Sample collection and chemical analysis

Hourly concentrations of VOCs were collected and analyzed
from 1st to 31st December 2019 by using an on-line VOC monitoring system (TH-PKU 300B, Wuhan Tianhong Instrument,
China), which is based on the ultralow-temperature preconcentration coupled with gas chromatography and mass spectrometry (separate with gas chromatography (GC), flame ionization detection (FID) and MS dual detector). A total of 106
VOC species were observed, including 29 alkanes, 11 alkenes,
1 alkyne, 17 aromatics, 35 halohydrocarbons, 12 oxygenated
VOCs (OVOCs) and 1 sulfide (carbon disulfide). Detailed descriptions of the analysis method can be found in previous
studies (Li et al., 2018; Shen et al., 2020).
In the process of sample collection, the sampling flow
of FID/MS is 60 mL/min, with the anti-blowing flow of 180
mL/min. A complete working cycle of the system includes
sample collection, ultra-low freeze-trapping, thermal desorption, GC-FID/MS analysis, heating and anti-blowing purification. The system includes the FID gas channel (for C2 C5 hydrocarbons) and the MS gas channel (for C5 -C12 hydrocarbons, halohydrocarbons and OVOCs). The coefficients
of determination (R2 ) of calibration curves were mostly
above 0.99 and the method detection limit (MDL) ranged
from 0.003 (3-methylhexane, 2,2,4-trimethylpentane, Cis-1,2dichloroethylene and trans-1,2-dichloroethylene) to 0.047
ppbv (dodecane).
Simultaneous online measurements of hourly concentrations of particulate matter (PM2.5 and PM10 ) and other trace
gases (carbon monoxide (CO), ozone (O3 ), nitric oxide (NO),
nitrogen dioxide (NO2 ), and sulfur dioxide (SO2 ) were collected from ZZEPMCS. Meanwhile, meteorological data were
collected including temperature (T), relative humidity (RH),
wind speed (WS) and wind direction (WD).

1.3.

Source apportionment by PMF model

In this study, the PMF5.0 (USEPA, 2014) was used to analyze the
source of VOCs. PMF model is expressed as follows:
Xi j =

p


gik fk j + ei j

(1)

k=1

where, Xij is the jth chemical species concentration measured
in the ith sample; gik is the species contribution of the kth factor to the ith sample; fkj is the species fraction of the jth species
from the kth source; and eij is the residual matrix for the jth
species in the ith sample. The PMF derives factor contributions
and profiles by minimizing the function Q, as follows:

Q=

where, Q is the weighted sum of squares of differences between the PMF output and the original data sets, and μij is the
uncertainty of the jth species in the ith sample.
Calculating sample data uncertainty Unc is based on
Eqs. (3) and (4). If the data concentration is less than MDL,
Eq. (3) is adopted. Otherwise, Eq. (4) is used.
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(Error Fraction × Concentration) + (0.5 × MDL)

(4)
where Error Fraction is the precision (%) of each species; it
can be set to 5%-20% depending on concentration (Buzcu and
Fraser, 2006; Song et al., 2007). The Error Fraction in this study
was assumed to be 10%.
Not all 106 VOCs were used in the PMF model. Three principles were used for species choice as follows: (1) species with
relatively high proportions of samples missing or with concentration values more than 25% below the MDLs were excluded (Zhu et al., 2017); (2) typical VOC tracers of emission
sources were included (Shao et al., 2016); (3) VOCs with short
atmospheric lifetimes were excluded (Shao et al., 2016). Finally, 43 species were selected as the input data. The retained
species should be classified according to signal-to-noise ratio
(S/N). If S/N > 2, species are classified as strong; if 0.2 < S/N <
2, species are classified as weak; if S/N < 0.2, species are classified as bad (Hui et al., 2019).
The quality of the reconstruction can be characterized
by Qtrue /Qrobust and Qtrue /Qtheoretical . The PMF factor numbers were explored from 3 to 12 to obtain the best solution.
Each model was run 20 times. The Qrobust , Qtrue , Qtheoretical ,
Qtrue/Qrobust , and Qtrue /Qtheoretical in different solutions are discussed subsequently. Fpeak values from −1 to 1 were used in
the model. Finally, a seven-factor solution (Qtrue /Qrobust = 1.13;
Qtrue /Qtheoretical = 3.96; and Fpeak = 0) was chosen.

1.4.

Human health risk assessment

In this study, the health risk of VOC inhalation exposure
was assessed by combining known toxicity data with the
estimated exposure concentrations. Exposure concentration
(EC) was calculated using the following equation according to
USEPA’s Superfund program (USEPA, 2009) (Table S1):
EC =

CA × ET × EF × ED
AT

(6)

where, EC is in μg/m3 , CA (μg/m3 ) is the measured VOC concentrations, ET (hr/day) is the air exposure time, EF (day/year)
is the exposure frequency, Ed (year) is the exposure duration,
and AT (hr) is the average time. The values of ET, ED and AT
are 3.7 hr/day, 74.8 yr and (74.8 × 365 × 24) hr, respectively.
Eq. (7) assesses non-carcinogenic risk:
HQ =

EC
RfC × 1000

HI = HQi

(7)

(8)
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Fig. 1 – Hourly concentrations of TVOC, PM2.5 , CO, SO2 , NOX and O3 , and meteorological parameters (T, RH, WS and WD)
during the sampling period (gray regions represent haze days).

where, HQ is the hazard quotient for the specific compound, HI
is the hazard index (the sum of HQ of several pollutants) and
RfC is the reference concentration of the species (mg/m³). The
RfC values of individual VOCs from the Integrated Risk Information System (IRIS) (Table S1), United States Agency for Toxic
Substances and Disease Registry, or California Office of Environmental Health Hazard Assessment (OEHHA) were available
for 21 VOCs to assess carcinogenic inhalation unit risks (IURs)
(Table S1).
The carcinogenic risk is assessed using the following equation:
Risk = EC × IUR

(9)

where, IUR (from IRIS or OEHHA) is the estimated unit risk
(m3 /μg) for a particular species.

2.

Results and discussions

2.1.

Characteristics of ambient VOCs in winter

2.1.1.

Pollution during haze events

Fig. 1 shows the time series of TVOC, trace gases (PM2.5 , CO,
NOx , and O3 ) during the haze and non-haze days. In this paper, we define the days which satisfy daily PM2.5 concentration > 75 μg/m3 , visibility < 10 km and relative humidity (RH)
< 80% as haze days. As illustrated in Fig. 1, three haze events

were observed: 6th–8th Dec (haze-1: slight, moderate and severe haze days), 20th–25th Dec (haze-2: slight, moderate and
severe haze days) and 29th Dec (haze-3: slight haze days). Others were all non-haze days.
During the sampling period, PM2.5 , CO and NOx showed a
similar variation pattern with TVOC. However, it was clearly
seen that the concentration of O3 showed the opposite tendency to PM2.5 , CO, NOx and TVOC. This phenomenon was
similar to those reported by other researches (Hui et al., 2019;
Wu et al., 2016b). One possible reason is the reactions for O3
formation were weak as a result of low WS, low temperature,
poor visibility and lower light intensity. Another reason is the
dynamic balance and changes in the O3 concentration can be
disrupted due to the presence of VOCs (Hui et al., 2020). Compared with the concentrations on clear days, the concentrations of TVOC, NOx , CO and PM2.5 during haze-1 and haze-2
events increased greatly, and they gradually rose during the
haze-3 event. During the haze-1 events, as shown in Fig. 1, the
mean visibility was about 7 km and RH was about 70%; the
concentrations of TVOC, NOx , CO and PM2.5 increased from
6th December until 8th December with the decrease of WS
(1.1 m/s) and temperature (4.4°C). Specifically, the peak values
of pollutants appeared on the early morning of the 8th December. The maximum hourly concentrations of TVOC, NOx ,
CO, and PM2.5 were as high as 144 ppbv, 393 μg/m3 , 2.5 mg/m3 ,
and 227 μg/m3 respectively. The haze-2 event maintained a
long time from 20th to 25th December, and the variation of air
pollutions was similar to haze-1 days. The maximum hourly
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Table 1 – Concentrations of VOC species during different haze events in Zhengzhou (ppbv).
Haze-1 Dec 6-8 (n = 69)

Species

Alkanes
Alkenes
Aromatics
Halocarbons
OVOCs
Sulfide
Alkyne
TVOC

Haze-2 Dec 20-25 (n = 114) Haze-3 Dec 29 (n = 23)

Non-haze (n = 424)

Entire period (n = 630)

Range

Average ± SD Range

Average ± SD

Range

Average ± SD Range

Average ± SD Range

Average ± SD

12.1-52.0
1.9-16.4
3.0-27.9
5.4-29.5
1.9-14.0
0.1-0.5
1.5-11.5
26.1-140.6

29.6±11.1
7.5±4.2
10.1±5.9
11.5±6.2
5.3±3.0
0.3±0.1
5.2±2.7
69.4±31.0

29.7±8.2
8.3±2.3
10.1±2.9
10.7±3.1
4.6±0.9
1.3±1.1
4.8±1.4
69.5±17.1

14.9-39.3
2.3-5.9
3.3-9.3
5.2-12.0
2.3-4.3
0.1-0.4
2.1-4.7
30.8-65.7

22.0±6.2
3.9±1.9
5.1±1.4
7.3±1.7
3.2±0.5
0.2±0.1
3.1±0.7
44.7±9.8

18.7±9.2
4.0±2.5
5.1±2.6
6.9±2.8
3.0±1.4
0.4±0.8
2.9±1.4
40.9±18.4

22.0±10.4
5.1±3.2
6.5±3.9
8.1±3.9
3.6±1.88
0.5±0.9
3.5±1.9
48.8±23.0

16.0-68.4
3.0-16.2
4.6-17.2
5.2-19.7
2.3-6.5
0.0-4.1
1.6-8.7
40.6-115.1

6.1-60.7
0.6-12.3
1.6-14.3
2.8-20.7
1.0-10.0
0-7.4
0.8-13.3
15.1-112.2

6.1-68.4
0.6-16.4
1.6-27.9
2.8-29.5
1.0-14.0
0-7.4
0.8-13.3
15.1-140.6

n: Total sampling numbers for each period

concentrations of TVOC, NOx , CO and PM2.5 were 103 ppbv, 166
μg/m3 , 3.2 mg/m3 , and 284 μg/m3 respectively. The average WS
reduced to 1.36 m/s meanwhile the average RH increased up to
82% when the mean visibility dropped to 7 km. Those conditions were not conducive to the dispersion of pollutants. During the haze-3 event with mean visibility 8 km, the average
PM2.5 concentration (87 μg/m3 ) was relatively low, and average
WS and RH were relatively lower than those in non-haze days.
In addition, the concentrations of O3 during the haze events
were different, with average concentrations of 25, 16 and 49
ppbv for haze-1, haze-2, and haze-3 event respectively, indicating that the photochemical reaction was not strong in this
winter season.

2.1.2.

Concentrations and chemical composition of VOCs

In this study, VOCs were replaced by one-half (1/2) of MDL if
VOCs with < 50% data were not detected while the VOCs were
excluded from statistical analysis if more than 50% of the values were not detected (Cyclopentane, Trans-2-butene and 1,4Dioxane). Thus, the statistical data of 103 VOCs were used in
this study (Table S2). The means and standard deviations of
VOC species during different haze events are listed in Table 1.
During the entire period, the concentrations of TVOC varied
from 15.1 to 140.6 ppbv, with an average mean of 48.8 ± 23.0
ppbv. A similar level of VOCs concentration was observed between haze-1 (69.4 ± 31.0 ppbv) and haze-2 (69.5 ± 17.1 ppbv).
The TVOC concentrations on haze-3 (lasted only one day) were
relatively low (44.7 ± 9.8 ppbv). Besides, nearly all VOC concentrations in three haze events were higher than those in nonhaze days (40.9 ± 18.4 ppbv).
As for the entire sampling period, alkanes (22.0 ± 10.4
ppbv) and halocarbons (8.1 ± 3.9 ppbv) were the most abundant chemical groups, accounting for 45% and 17% of the
TVOC respectively, followed by aromatics (13%), alkenes (10%),
OVOCs (7%), alkyne (7%) and sulfide (1%). During the three
haze events, alkanes werethe highest VOC species, contributing 43%, 43% and 49% to the TVOC for haze-1, haze-2, and
haze-3 event respectively. Alkanes (18.7 ± 9.2 ppbv) were also
the highest group during non-haze days, and halocarbons and
aromatics were another two major groups.
Table 2 illustrates the top fifteen VOC species during different haze events. Among them, ethane, propane, n-butane,
isobutane, n-pentane and isopentane were the most abundant
alkane species during each of the three haze events. Ethane

is a major component of natural gas (NG) while propane,
n-butane and isobutane are important tracers of liquefied
petroleum gas, LPG (Cai et al., 2010; Yuan et al., 2009). The
aromatic VOC, such as benzene, toluene and m/p-xylene, are
mainly from solvent emissions and industry process, indicating that solvent emissions and industry process are important
sources of VOCs during haze days. Dichloromethane was the
most abundant species of the halohydrocarbons, accounting
for 5%-6% of TVOC. Dichloromethane is an important species
in the solvent usage (Li et al., 2020). Chloromethane is in the
top fifteen VOC species, which mainly comes from biomass
burning (Ling et al., 2011). Thus, it possibly suggested an influence of the combustion of biomass, such as wintertime
heating and cooking. Besides, acetylene, as the tracer of incomplete combustion, also had a high level during three haze
events (He et al., 2019). Generally, propane C2 -C6 alkane (butane and pentane), ethylene, benzene, and toluene are typical
tracers of vehicular exhaust (Li et al., 2017). Zhengzhou had
a large population of 3.43 million vehicles as the top 10 cities
of China in 2015 (Dong et al., 2020). Therefore, vehicular exhaust was a significant VOC source in Zhengzhou. Acetone
is the most abundant species in OVOCs. Acetone has complex atmospheric sources and mainly attributed to vehicular
emission and secondary formation (Guo et al., 2013; Li et al.,
2019c). Among the top 15 VOC species, six are toxic hydrocarbons, including dichloromethane, m/p-xylene, toluene, 1,2dichloropropane, benzene and chloromethane. This finding
suggested potential health risk to the public during pollution
days.
Furthermore, we depicted the variations of VOCs under different visibility conditions. In this study, clean days were represented by visibility > 10 km, slight haze days were represented by visibility 5-10 km, and severe haze days were represented by visibility < 5 km (Sun et al., 2016). As shown in
Fig. 2, the concentrations of VOC groups increased with the
decrease of visibility. The increasing percentage of TVOC in
severe days was 31% compared with slight haze days and
93% compared with clear days. There was a visible downward
tendency in TVOC concentration when the visibility changed
from 25-30 km to 45-50 km; however, it was very stable under the range of 10–15 km to 25–30 km of visibility. Especially,
TVOC increased rapidly with an increasing percentage of 30%
when the visibility decreased from 10–15 km to 9–10 km. As
the visibility declined to 0–2 km, the concentration of TVOC ar-
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Table 2 – Comparisons of the top 15 VOC species during different haze events (ppbv).
Haze-1 12.6-12.8

Haze-2 12.20-12.25

Haze-1 12.29

Species

Average ± SD

Species

Average ± SD

Species

Average ± SD

Ethane
Propane
Ethylene
Ethyne
n-Butane
Dichloromethane
m/p-Xylene
Toluene
Isopentane
1,2-Dichloroethane
Chloromethane
Isobutane
Acetone
Benzene
n-Pentane

11.6±4.9
6.2±2.0
5.6±3.1
5.2±2.7
2.9±1.0
2.8±2.4
2.4±1.5
2.4±1.5
2.3±1.1
2.1±1.8
2.1±0.8
2.0±0.7
2.0±0.8
1.9±0.9
1.5±0.7

Ethane
Propane
Ethylene
Ethyne
Dichloromethane
n-butane
Toluene
Benzene
Acetone
1,2-Dichloroethane
Isobutane
Isopentane
m/p-Xylene
Chloromethane
Naphthalene

11.7±4.3
6.5±1.5
6.5±1.9
4.8±1.4
3.1±1.2
2.8±1.0
2.8±0.9
2.6±0.7
2.4±0.5
1.9±0.9
1.8±0.5
1.7±0.6
1.6±0.6
1.5±0.9
1.4±0.6

Ethane
Propane
Ethyne
Ethylene
Dichloromethane
Acetone
n-Butane
Benzene
Toluene
Isobutane
1,2-Dichloroethane
Isopentane
Chloromethane
m/p-Xylene
n-Pentane

10.1±3.7
4.6±0.9
3.1±0.7
3.0±0.8
2.3±1.0
2.1±0.3
1.9±0.5
1.5±0.2
1.4±0.7
1.4±0.6
1.3±0.6
1.2±0.4
1.0±0.2
0.9±0.3
0.7±0.2

Fig. 2 – Variations of VOC under different visibility conditions.

rived the highest level at 89.8 ppbv. The concentration of TVOC
on severe haze days came to the top at 71.9 ± 24.2 ppbv, with
an increasing percentage of 93% than those in clear days. By
contrast, the average values of TVOC on slight haze days were
54.7 ± 14.4 ppbv, with an increasing percentage of 47% compared to clear days.
In severe haze days, the average values of alkanes, alkenes,
aromatics, halocarbons, OVOCs, sulfide and alkynes were 29.8
± 10.6, 8.7 ± 2.9, 10.6 ± 4.2, 11.5 ± 4.6, 5.0 ± 2.1, 1.3 ± 1.5 and 5.1
± 2.1 ppbv respectively; and the increasing percentage com-

pared with clear days in these species were 71%, 152%, 134%,
82%, 80%, 495% and 94% respectively. As for the slight haze
days, the average concentrations of alkanes, alkenes, aromatics, halohydrocarbons, OVOCs, sulfide and alkynes were 23.9 ±
6.8, 5.9 ± 2.2, 7.1 ± 2.4, 9.0 ± 2.6, 4.1 ± 1.4, 0.6 ± 0.8 and 4.1 ± 1.2
ppbv respectively. As the most abundant chemical group, the
concentrations of alkanes decreased rapidly from 49% to 41%
with the visibility declined during the entire process (Fig. 2).
However, as the second abundant species, the percentage of
halocarbons remained almost unchanged. The next abundant
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Fig. 3 – Correlations between compounds with similar atmospheric lifetimes including i-pentane /n-pentane (a) and
i-butane/n-butane (b), and compounds with different lifetimes including benzene/toluene (c) and ethylbenzene/m- and
p-xylene (d).

aromatics and alkenes had an upward tendency. By contrast,
the concentration of OVOCs and alkyne nearly remained stable. Sulfide increased slightly, with 0% in clean days to 2% in
severe haze days.

2.2.

Ratios of specific VOC species

Diagnostic ratios of specific VOCs are frequently used to identify the sources of atmospheric VOCs (Hu et al., 2018). Ratios of toluene/benzene (T/B), ethylbenzene/m/p-xylene (E/X),
i-pentane/pentane and i-butane/n-butane are discussed here
to differentiate potential sources.
Fig. 3a shows that the correlation between i-pentane and
n-pentane was strong, indicating the similar pollution sources
for these two compounds. Previous studies have shown that ipentane/n-pentane ratios in the range of 0.8-0.9, 2.2-3.8,1.5-3.0
and 1.8-4.6 represent NG emissions, vehicle emissions, liquid
gasoline and fuel evaporation respectively (Zheng et al., 2018).
In this study, the ratio was 1.3, indicating that pentanes were
more likely from the mixed sources of NG and fuel evaporation.
In general, the ratio of i-butane/n-butane associated with
NG (0.6-1.0), LPG (0.46), and vehicle emissions (0.2-0.3) were
reported (Bari and Kindzierski, 2018b; Zheng et al., 2018). In
this study, the ratios of i-butane/n-butane was 0.5 (Fig. 3b), indicating that these two species were mainly from LPG.
Hong et al. (2019) suggested the variation of T/B can differentiate vehicular emission from other combustion sources.
Ratio of T/B lower than 2 indicated the pollutants mainly derived from vehicle emissions and biomass burning, and ra-

tios higher than 2 indicated contributions from non-traffic
sources. The ratio of T/B here was 1.0 (Fig. 3c). Under different visibility conditions, the variation in T/B was not significant. But on the whole, the ratios lied in the range of 0.9-1.3.
Therefore, vehicle emission and biomass burning are the main
source.
The E/X ratio is an indicator of photochemical reactivity
(Hong et al., 2019), as they have common sources and have
different reaction rates with OH radical. The photochemical properties and atmospheric lifetimes of these two VOC
species can be found in the study of Atkinson and Arey (2003).
Fig 3d suggested significant correlations between ethylbenzene and m/p-xylene were found with Pearsons’ correlation
coefficients (r) up to 0.9. The E/X ratio was almost a constant
(0.3) and the high correlations suggest the species originated
from common sources. The E/X ratio was relatively stable with
the change of visibility (Fig. S2), suggesting the air parcel was
much fresher at the sampling site (Sarkar et al., 2014).
Overall, the diagnostic ratios of i-pentane /n-pentane, ibutane/n-butane, and B/T implied vehicle exhausts, LPG/NG,
industrial/solvents use and combustion made a great contribution to the emissions of ambient VOCs in Zhengzhou.

2.3.

Sources of VOCs

Fig. 4 presents seven factors extracted from the PMF model.
These were identified as vehicular exhausts, industrial process, combustion, solvent usage and fuel evaporations. The
detailed information is described as follows.
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Fig. 4 – Source profiles and contribution percentages from each source during the observation period by PMF model.

Factor 1 contains high percentages of chloromethane,
ethane, acetylene, benzene and ethene, together with some
C3 -C5 low-carbon alkanes and alkenes. Chloromethane is considered as a typical species emitted from biomass/coal burning (Cai et al., 2010; Ling et al., 2011). Chloromethane had a
high percentage, accounting for 76%. Previous studies found
that coal combustion could release significant amounts of
benzene into the atmosphere (Santos et al., 2004; Zhang et al.,
2014). There are many different types of combustion in
Zhengzhou (Zhang et al., 2020a). Therefore, this factor is associated with combustion.
Factor 2 is dominated by carbon disulfide (about 82%),
which can be found in rubber industry (Zhang et al., 2018). Factor 3 shows high loadings of n-hexane, cyclohexane and halocarbons (48% tetrachloroethylene, 67% 1,3-dichlorobenzene,
54% 1,4-dichlorobenzene and 50% chlorobenzene) and some
aromatics. Halohydrocarbons and aromatics are mainly orig-

inated from industrial production (Hui et al., 2020; Wu et al.,
2016a; Liu et al., 2016). Therefore, factor 2 and factor 3 are considered to be the industrial emissions.
Factor 4 is characterized by high percentages of ethylbenzene (33%) and m/p/o-xylene (37%), 1,3,5-trimethylbenzene
(40%), 1,2,4-trimethylbenzene (54%), that are related to vehicular emission (Liu et al., 2008). Factor 5 is rich in C4 -C6
low-carbon alkane species (pentane, butane, 3-methylhexane,
1,3-butadiene, 2,3-dimethylbutane, cyclohexane, methylcyclohexane, and n-hexane), which is an important tracer of the
vehicular exhaust (Guo et al., 2011; Yang et al., 2019). Ethylene (36%) and propylene (60%) are important components derived from vehicle-related activities (Liu et al., 2019b). Therefore, factor 4 and factor 5 are grouped together as vehicular
exhaust.
Factor 6 is characterized by high percentages of
dichloromethane, 1,2-dichloroethane, 1,2-dichloropropane
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Fig. 5 – Diurnal variations of seven factors extracted from PMF model.

and BTEX (benzene, toluene, ethylbenzene and m/p-xylene).
Previous studies have reported that BTEX are widely used as
organic paint solvents (Yang et al., 2019). Dichloromethane
(51%) is also a typical tracer as solvents. Thus, this source is
assigned to solvent use.
Factor 7 contains most of the short chain alkanes, such as
ethane (36%), propane (41%), n-butane (28%), isobutane (27%),
n-pentane (27%), isopentane (25%), which are representative
species in fuel evaporations (LPG/NG) as reported by others
(An et al., 2014; Guo et al., 2011; Ling et al., 2011; Yuan et al.,
2009). LPG/NG are important fuel for cooking, heating and cars
(Gong et al., 2017; Wu et al., 2016a). Besides, 2-methylpentane,
2,3-dimethylbutane, and methylcyclohexane are considered
to be associated with fuel evaporation (Zheng et al., 2019;
Hui et al., 2019). Thus, factor 7 is identified as fuel evaporations.
Fig. 5 shows the diurnal variations of seven factors extracted from PMF. The diurnal variations of combustion was
relatively consistent (Fig. 5a). Relative high levels were found
for industrial process at night, while the low concentrations
at daytime and the diurnal profile were relatively flat during
daytime (Fig. 5b and c). The diurnal emission profile of vehicle
exhaust-1 and vehicle exhaust-2 showed two rush-hour peaks
during the rush-hour (evening and morning) (Fig. 5d and e).
The morning peak in magnitude is higher than evening, which
is similar to other studies (Baudic et al., 2016; Liu et al., 2019b).
The concentrations of solvent use were higher during night-

time than during daytime. There was a slight increase in the
early morning and then a gradual decrease until 3 pm in the
afternoon, and afterward, it showed an upward trend and
reached a peak at midnight (Fig. 5f). The increased level of solvent usage in the morning is related to human production and
the increased temperature. The diurnal variation of fuel evaporation showed an increase in emissions from 1 to 7 am, and
then decrease, hitting the bottom during the time from 1 to 5
pm (Fig. 5j).
Based on the PMF results, the composition and contributions of each VOC source under different visibility were analyzed further. As shown in Fig. 6, the reconstructed concentrations of all sources increased continuously with the aggravation of pollution. The VOC concentrations during haze days
(visibility < 10 km) were much higher than that during clear
days (> 10 km). The reconstructed concentrations of VOCs
were in the range of 68-129 μg/m3 during clear days while in
the range of 137 to 258 μg/m3 during haze days, which is more
than twice as that during clear days. The reconstructed concentrations of solvent usage showed a significant increase and
became a larger pollution source with the decrease of visibility. In contrast, the reconstructed concentrations of fuel evaporations showed a slight decrease. As for industrial process
and combustion, there was only a slight fluctuation with the
decrease of visibility. Besides vehicle exhaust accounted for
the largest part from beginning to end.
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Fig. 6 – The compositions and contributions of VOC sources under different visibility conditions.

approximately 22% during the entire period. Combustion was
also a significant source, and the proportion during clear days,
slight haze days, severe haze days and entire observation period was 22%, 22%, 17% and 20% respectively. It is obviously
seen that as the pollution worsened, the proportion of solvent
usage dramatically increased, becoming an important source
of VOCs on the haze days. The proportions of solvent usage
reached 15% and 20% during slight haze days and severe haze
days respectively, indicating that solvent use played an important role in pollution days. The percentage of fuel evaporations was 20% during clear period, which was much higher
than that during slight haze days and severe haze days. Therefore, vehicle exhaust, industrial process and combustion were
the most dominate sources of VOCs in the process of pollution.

2.4.

Fig. 7 – Source contributions to VOC concentration in the
PMF model at different periods.

In addition, Fig. 7 shows the source contributions to VOC
concentrations during different pollution periods. During the
entire observation period, vehicle exhaust made the greatest
contributon (25%) to VOCs, and accounted for 23%, 30% and
27% in the clear days, slight haze days, and severe haze days
respectively. The percentage of the vehicle exhaust source was
the highest during different pollution periods. The industrial
production was the second largest source. With the visibility
decreased, the proportions of industrial production stood at

Health risk assessment

Table S3 shows the non-carcinogenic risk of HQ for 45 VOCs
and carcinogenic risk for 21 VOCs. According to USEPA, if
HQ values < 1, pollutants do not have an appreciable risk
of adverse health effects; if HQ > 1, there is a chance for
non-carcinogenic effects occurring. The carcinogenic risk <
1.0 × 10−6 is considerably acceptted. It is clearly seen that the
non-carcinogenic HQ of 45 toxic VOCs in three haze events
was (2.9-3.8) × 10−6 , (2.2-4.0) × 10−6 and (1.5-2.1) × 10−6 respectively. HI (sum of HQ) in the three haze events was 4.1, 4.7
and 2.4, respectively (Table S3). The non-carcinogenic risk of
acrolein exceeded the safe level in three haze events, with 3.8,
4.0 and 2.1 respectively, posing a clear risk to public health.
However, the HQ of other species were lower than a safe level.
Notably, the carcinogenic risk of more than half of the total
species was above the acceptable level of 1.0 × 10−6 and below
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Fig. 8 – Non-carcinogenic and carcinogenic risk of each source (a) and the relative contribution to risk (b).

the tolerable risk (1.0 × 10−4 ). Specifically, the carcinogenic
risk of 1,3-butadiene, chloroform, 1,2-dichloroethane, 1,1,2trichloroethane, 1,2-dibromoethane, 1,4-dichlorobenzene,
benzyl chloride, hexachloro-1,3-butadiene, benzene, ethylbenzene and naphthalene in haze-1, vinyl chloride, chloroform, 1,2-dichloroethane, 1,2-dibromoethane, benzyl chloride, hexachloro-1,3-butadiene, benzene and naphthalene in
haze-2, and chloroform, 1,2-dichloroethane(2.3 × 10−5 ), 1,2dibromoethane, benzyl chloride, hexachloro-1,3-butadiene,
benzene and naphthalene in haze-3 increased remarkably
and exceeded 1.0 × 10−6 (Table S3). Therefore, they should
have serious carcinogenic risk. Specifically, the carcinogenic
risk of chloroform, 1,2-dichloroethane, 1,2-dibromoethane,
benzyl chloride, hexachloro-1,3-butadiene, benzene and
naphthalene was above 1.0 × 10−6 and below the tolerable
risk (1.0 × 10−4 ) in three haze events; so they were the riskiest
species that need to bepaid more attention.
BETX, an important class of compounds, is toxic and harmful to human health (Masih et al., 2017; Tomatis et al., 2019;
Dehghani et al., 2018). In this study, the HIs of BETX in haze-1,
haze-2, and haze-3 are 0.06, 0.06 and 0.03, respectively. All of
them are < 1, indicating that non-carcinogenic risk is within
the safe range and exhibits no harmful health effects to people. The HI values of BETX in this study is higher than that
in spring (6.8 × 10−3 ) in Zhengzhou (Li et al., 2020b). However, it is lower than the values reported in other studies,
such as Li et al., 2014 (Beijing, HI = 8.6 × 10−2 ), Zhang et al.,
2012 (Beijing, HI = 2.0 × 10−1 ), and Hajizadeh et al., 2018 (Iran,
HI = 7.6 × 10−1 ). The carcinogenic risk of benzene in ambient
air was over 1.0 × 10−6 during three haze events, but below
1.0 × 10−4 , showing a potential carcinogenic risk.
Non-carcinogenic risk assessment and carcinogenic risk
assessment results of VOC species at different visibility are
shown in Figs. S4 and S5. It is obvious that non-carcinogenic
risk and carcinogenic risk of most VOCs shows an upward
tendency with the decrease of visibility. Cumulative carcinogenic risk risk estimated valueson clean days (visibility > 10
km) were lower than those in pollution days. However, the HQ
of some halocarbons had slight fluctuation with the aggravation of pollution, because halocarbons have a long lifetime in

the atmosphere (Li et al., 2015; McCarthy et al., 2007). Therefore, it is important to study the health risk of poisonous in
Zhengzhou and reduces its carcinogenic risk in the urban environment.
Based on the PMF results, the non-carcinogenic and carcinogenic risks of all available risk-posing VOC species from
each emission source were analyzed further. The point estimate approach for ‘source risk apportionment’ can be found
in other studies (Bari and Kindzierski, 2017, 2018a, 2018b;
Li et al., 2015; Xiong et al., 2020). Fig. 8 shows that the carcinogenic risk and non-carcinogenic risk values of each source.
Non-carcinogenic risk of five sources ranged from 1.3 × 10−2
(fuel evaporations) to 1.3 × 10−1 (industrial process), indicating
that non-carcinogenic risk of each source was within the safe
range. The carcinogenic risk ranged from 9.3 × 10−6 (fuel evaporations) to 5.1 × 10−5 (solvent usage), which were above the
acceptable risk level (1.0 × 10−6 ) but below the tolerable risk
level (1.0 × 10−4 ) (Fig. 8a). In comparison, industrial process
(29%) and vehicular emission (28%) made the most significant
contribution to the non-carcinogenic risk, followed by solvent
usage (26%), combustion (14%) and fuel evaporations (3%). Solvent usage was the major contributor (42%) to carcinogenic
risk, followed by vehicular emission (22%), industrial process
(14%), combustion (14%), and fuel evaporations (8%) (Fig. 8b).
To sum up, much more attention should be paid to reduce the
emissions from industrial process and solvent usage.

3.

Conclusions

Comprehensive measurements were conducted from 1st–31st
December, 2019 in Zhengzhou. During the entire period, the
average concentration of VOCs was 61 ± 35 ppbv, ranging
from 15 to 140 ppbv. The VOCs measued in this study was
dominated by alkanes (48%) and aromatics (20%), followed by
alkenes (18%) and halo-hydrocarbons (13%). During the three
haze periods, the concentrations of VOCs were much higher
than that during non-haze days. The most abundant VOC
species during the different haze events were alkanes and
halocarbons. Compared with the concentrations during clear
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days (visibility > 10 km), the TVOC concentration of TVOC during slight haze days (visibility of 5–10 km) and severe haze
days (visibility < 10 km) were 29% and 42%, respectively.
The ratio of i-pentane/n-pentane, i-butane/n-butane and
T/B indicated that vehicular exhaust, fuel evaporations, industrial/solvents use and combustion contributed significantly
to the concentrations of VOCs in Zhengzhou. The E/X ratio
(˜0.3) indicated that atmospheric photochemical reaction during the entire period was weak.
Five major VOC source factors were identified to have a
large contribution to VOCs by using the PMF model. Vehicle
exhaust, combustion and industrial process were the major
sources for VOCs, followed by fuel evaporation and solvent usage. With the fall of visibility, the contribution of solvent usage
showed a sharp decrease, but the industrial process and fuel
evaporation sources and combustion did not change significantly.
This study found that the HQ of most VOCs did not
exceed the safe level except for acrolein, while higher
value of HI was found. The exposure to the atmospheric
chloroform, 1,2-dichloroethane, 1,2-dibromoethane, benzyl
chloride, hexachloro-1,3-butadiene, benzene and naphthalene exceeded the the integrated lifetime carcinogenic risk
(1.0 × 10−6 ) and below the tolerable risk (1.0 × 10−4 ) in three
haze events. All sources did not pose non-carcinogenic risk.
Carcinogenic risk values for all sources were above the USEPA
acceptable level but below the tolerable risk level. Therefore,
there is a potential carcinogenic risk for people, and effective
measures should be set to control the VOC pollutants in the
urban area of Zhengzhou.
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