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Abstract

Atmospheric aerosol contamination has caused widespread concern about human and environmental health. However,
research about VOCs as an important precursor of secondary aerosols in ambient air is still limited. In this study, VOCs at
sites from three typical functional areas in Hefei, China, were monitored using GC—MS/FID. The VOCs in ambient air from
different functional areas showed significantly different characteristics. The highest concentrations and the biggest diurnal
difference of VOCs were found in the High-tech Zone (industrial area) with serried emission sources. Additionally, lower
VOC concentration was observed in Changjiang West Road, the center area of studied city. The VOC concentration in this
area is strongly related to other pollutants. The composition of VOCs at all sampling sites showed certain common charac-
teristics, i.e., alkanes, OVOCs, and halogenated hydrocarbons account for more than 75% of the total VOCs’ quality. The
High-tech Zone with the highest concentration of VOCs also has the highest proportion of alkanes. Besides, the positive
matrix factorization analysis results revealed that vehicle exhaust, LPG volatilization sources, and chemical solvents were
the most important VOC emission sources in Hefei. In terms of the contribution of VOC components to the OFP at the three
sites, the olefins and alkynes at the Changjiang West Road site and the Science Island site contribute the most significant
proportion. In contrast, the OVOC:s at the High-tech Zone site contribute the largest proportion.
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Introduction in China (Zeng et al. 2019). However, the emission and con-
version of VOCs have not attracted enough attention. The air

VOC:s are important precursors of ozone and secondary aer-  qualities of 337 cities across China have been continuously

osols in ambient air (Hatfield and Huff Hartz 2011; He et al.
2019). The increase of VOCs is one of the primary reasons
for declining air quality and photochemical contamination
(Baudic et al. 2016; Yue et al. 2017). In recent years, atmos-
pheric environmental protection control measures are mainly
focused on reducing the concentration of particulate matter
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improved for six consecutive years, but ozone pollution is
still worsening under overall improvement in air quality (Li
et al. 2019a; Ma et al. 2016; Zeng et al. 2019). To relieve the
ozone pollution problem, the characteristics and sources of
precursors such as VOCs related to ozone formation should
be further studied to support formulating treatments.

In eastern China, the increase of ozone concentration in
summer has attracted the attention of many researchers, and
there are many different views on the causes of increased
ozone pollution. Dang et al. (2021) believed that the increase
of ozone in summer is related to meteorological factors
such as weak wind speed and low humidity. However, more
studies have shown that meteorological factors have not
significantly impacted on the long-term changes of ozone
(Ma et al. 2016). By deducting the impact of meteorologi-
cal changes, some researchers calculated that the increase
in ozone in megacities from eastern China was mainly due
to changes in source emissions (Cheng et al. 2019; Li et al.
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2019a). The reaction of VOCs and NOx balance mecha-
nism is the key to influence the ozone concentration (Shao
et al. 2009; Zou et al. 2015). Among them, some researchers
believe that the decrease of NOx emissions is the reason for
the increasing ozone (Li et al. 2019b), but more research
results indicate that the increase of high concentration of
VOC emissions caused by the rapid development of indus-
trialization is the most important factor. In addition, some
researchers have proposed that the decrease of PM, 5 may
cause the rise in ozone, because PM, 5 can remove HO2
and NOx (Li et al. 2019b). When PM, s is low, this removal
mechanism becomes weaker, which may increase ozone.
Based on the continuous decline of PM, 5 concentration
and rising ozone concentration in China in recent years, the
task of controlling VOC emissions is particularly urgent.
Monitoring and research on ambient air quality during the
Hangzhou G,, meeting also found that reducing NOx and
VOC:s can reduce the concentration of O, which is sensitive
to the reduction of emissions from the industrial, power, res-
idential, and transportation sectors (Wang and Liao 2020).

However, the components of VOCs are complex, and dif-
ferent cities have their own characteristics (Hatfield and Huff
Hartz 2011; Li et al. 2021; Liu et al. 2016). Reactive olefins
(such as isoprene and cis-2-butene) are regarded as the main
ingredient that influences the formation of O; in Zhengzhou
from Central China (Li et al. 2021), while isoprene, for-
maldehyde, xylene, and trimethyl-benzene are the signifi-
cant substances that regulate the formation of local O3 in
the Pearl River Estuary (Liu et al. 2021). The main sources
of VOCs from Wuhan are industrial sources, automobile
exhaust and liquefied petroleum gas, and olefins that contrib-
ute most to the formation of O; (Hui et al. 2018, 2019). Due
to the diversity of VOC composition, understanding VOC
composition and other city characteristics is preparatory
work to carry out ozone pollution prevention and control.
In addition, as pointed out by Niu et al. (2021), the environ-
mental temperature changes in different seasons can signifi-
cantly affect the mass percentage of VOC types, increasing
the uncertainty of the impact of VOCs on O;. Therefore,
field monitoring and component analysis of VOCs in Hefei
during ozone pollution season are particularly important for
understanding ozone pollution in the city.

Materials and methods

Sample collection

Three representative sites were selected in the main urban
area of Hefei: Changjiang West Road, Science Island, and

the High-tech Zone, respectively, as shown in Fig. 1. The
Changjiang West Road site is located in the center of Hefei
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(commercial and residential areas). The Science Island site
is located in the northwest of the city (science and educa-
tion area). Surrounded by water on three sides and shaded
by trees, the island is adjacent to one extensive reservoir,
and many scientific research institutes are distributed on the
island. The High-tech Zone (industrial area) site is located
in the High-tech Development Zone in the city’s southwest.
The specific point position is located in the factory area with
busy freight vehicles, surrounded by numerous enterprises.

The sampling time in this study was from July to Decem-
ber 2019 (109 days in total). The sampling time of the
Changjiang West Road site is from July 25 to September 8
(46 days), from October 5 to November 5 (32 days) for the
Science Island site, and from November 7 to December 7
(31 days) for the High-tech Zone site. Multi-channel online
GC-MS/FID which can measure more than 117 types of
VOCs was used for sampling and monitoring. The equip-
ment mainly includes an ultra-low temperature preconcen-
tration system and sample injection device. The measure
resolution of time is 60 min.

Methods

Positive matrix factorization (PMF) model (Norris et al.
2014), ozone generation potential (OFP), and secondary
organic aerosol (SOA) analysis methods are used to analyze
the source of VOCs in Hefei.

The basic formulas for PMF calculation are as follows:

P
Ey= ) AiBjy +ey(i=12,-n)
J=1

where E,, is the concentration of pollutant i observed at the
kth time; j is the factor; and Aij and Bjk are the source com-
ponent spectrum and source contribution, respectively. €;,
is residual. PMF is mainly used to calculate the minimum
value of objective function Q, which is:

Q=Z;(i—;’z)2

OFP analysis method can be used to reflect O; generation
or loss caused by VOCs. Carter (1994) proposed the con-
cept of maximum incremental reactivity (MIR) to evaluate
the ability of VOC species to produce O through chemical
reaction under ideal conditions, and the calculation formula
is as follows:

OFP, = [VOCs;] X MIR,

where OFP, refers to the ozone generation potential of the
ith VOC species; MIR, refers to the maximum incremental
reaction coefficient of the ith VOC species, denoted by O,/
VOCs.
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Fig.1 Study area and sampling site map

The SOA analysis approach is used to assess the impact
of VOCs in the ambient air on SOA generation. The aero-
sol generation coefficient method (FAC method) (Grosjean
1992; Grosjean and Seinfeld 1989) was used to evaluate the
SOA generation potential in Hefei. The calculation formula
is as follows:

SOA, = VOCs, /(1 = Fyoc,) X FAC

where SOA), refers to the generation potential of SOA;
VOC, refers to the concentration of VOCs in ambient air;
Fyoc, refers to the SOA generation factor (%); and Fyqc, and
FAC were obtained by smoke chamber experiment.

Results and discussion
Variation characteristics of total VOC concentration

The total VOC (TVOC) concentrations obtained from three
monitoring sites in Hefei were significantly different. The

TVOC concentrations measured in the High-tech Zone site
were the highest, with an average of 106.05 pg/m?, which
may be due to the combined effects of industrial emis-
sions and motor vehicle exhaust (Mihriban et al., 2015).
The TVOC concentrations measured at the Science Island
site and the Changjiang West Road site were significantly
lower than those at the High-tech Zone site, 68.79 pg/m® and
56.92 pg/m?, respectively. As a referee, Yang et al. (2019)
reported an annual-mean VOC concentration of 32.61 ppbv
(corresponding to 130 pg/m?) in Wuhan over a period of
1 year, higher than the average values during the monitoring
period in Hefei. The TVOC concentrations at the Changjiang
West Road site are strongly disturbed with time, followed by
those at the High-tech Zone site, and the concentration at
the Science Island site is weakly affected by time (Fig. 2a).
For VOC:s such as alkanes, alkenes, halogenated hydrocar-
bons, OVCs, and aromatic hydrocarbons, their concentra-
tions over time were also different across the three sites
(Fig. 2b). Among different VOCs, halogenated hydrocarbon,
alkane, and OVCs have the most remarkable changes over
time at the site of west Changjiang Road, High-tech Zone,
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Fig.2 Temporal variation of
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and Science Island, respectively. Alkanes and alkenes are
the most important VOC components in Hefei urban air,
consistent with the results in Wuhan (Yang et al. 2019) and
Shanghai (Zhang et al. 2018).

In order to further analyze the specific characteristics of
TVOCs at different monitoring sites over time and their cor-
relation with other environmental pollutants, Fig. 2 shows
the time change curves of TVOCs, CO, O;, and PM, s at the
three monitoring sites. The peak concentration of TVOCs
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11/27 12/1
in the High-tech Zone site is the highest. The concentration
of more than 500 pg/m® was detected several times, and the
variation range of the concentration was extensive, with a
relatively significant periodicity. The monitoring results of
the Changjiang West Road site and the High-tech Zone site
are obviously different. At the Changjiang West Road site,
the TVOC concentration is relatively low and the variation
range is small. The concentration of TVOC:s in the Science
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Table 1 Correlation coefficients between TVOCs and other contami-
nants (O3, CO, and PM, s)

Monitoring site Contaminant CcO 0O; PM,
Yangtze West Road TVOCs 0.41 —0.18 0.48
Science Island TVOCs 0.18 —-0.24 0.13
High-tech Zone TVOCs 0.23 —-0.30 0.14

The correlation was significant at 0.05 level

Island site is between other two location’s values and shows
moderate periodicity.

The correlation coefficients between TVOC concentration
and O;, CO, and PM, 5 are shown in Table 1. In general,
CO in the ambient air is directly emitted, with almost no
secondary generation. Hence, its concentration is used here
as a marker for conditions associated with primary emissions
and environmental diffusion. There are significantly positive
correlations between TVOC concentration and CO, TVOC:s,
and PM, 5, and a significantly negative correlation between
TVOC and O; concentration. Among the three sites in Hefei,
TVOCs at the Changjiang West Road site have the most
significant correlation coefficient with CO and PM, 5. They
have a significant commonality of temporal variation. The
correlation coefficient between TVOCs and CO, TVOCs,
and PM, s at the Science Island site is relatively small. The
negative correlation between TVOCs and O; in the High-
tech Zone site is the most significant. We speculated that the
Science Island site is located in the suburb. And therefore,
the TVOC concentration mainly reflects the local concentra-
tion in the ambient air, and is weakly correlated with other
factors. The emission intensity of TVOCs in high-tech zones
is high, and the strong negative correlation with O; indicates
that the conversion of VOCs to O, caused by photochemical
reactions may be very important. In the urban center where
the Yangtze West Road station is located, TVOC is cor-
related with CO and PM, 5 concentrations to some extent,
potentially reflecting the mixed mechanism under complex
emission conditions and diffusion process.

In order to further analyze the periodic characteristic of
TVOCs, Fig. 3 shows the change curve (daily and weekly)
of TVOC concentration. Three sites in Hefei have a typical
daily variation trend, and the concentration curve of TVOCs
presents a significant double peak. Similar observations
were also mentioned by Yurdakul et al. (2018) and Zhang
et al. (2018) for the ambient air in Bursa and Shanghai. In
the morning (6 am to 8 am) and in the evening (8 pm to
10 pm), the two periods of 1 day reaches extremely high
points. However, in the afternoon (1 pm-3 pm), the concen-
tration of TVOCs reaches a shallow point. The atmosphere is
relatively stable in the morning and evening, and the convec-
tive motion is weak and the boundary layer is low, which is
not conducive to the diffusion of TVOCs. At the same time,

the morning and evening peaks are also affected by the traf-
fic peaks, so the concentration of TVOCs is higher in the
morning and evening. In the contrast, the strong convection
at noon causes the boundary layer to rise, which is conducive
to the dilution and mixing of TVOCs. And, the photochemi-
cal reaction also consumes a lot of TVOCs due to strong
sunshine at noon (Wei et al. 2018). Therefore, the concen-
tration is lower at noon. Comparing the three sites in Hefei,
the daily variation of TVOC concentration in the High-tech
Zone site is the most intense, the difference between the
maximum and minimum of TVOC concentration is more
than 100 pg/m>, and the high concentration is maintained
for a long time at night. Similar diurnal variation character-
istics were also found by Zou et al. (2015) in the monitor-
ing study of VOCs in Guangzhou, but different from them,
the minimum concentration of VOCs appeared at about 15
o’clock in a day in Hefei, which is a little earlier than that in
Guangzhou. In addition, the late-night VOC concentration
in Hefei has a significant decline, which is significantly dif-
ferent from that in Guangzhou. Among the other two sites,
diurnal variation and concentration of TVOCs in the Sci-
ence Island site is larger than that of the Changjiang West
Road site. The weekly variation of TVOCs concentration at
the three sites was not significant from the average weekly
results. The TVOC concentration in the High-tech Zone fluc-
tuates significantly. At the same time, TVOCs at the Science
Island and Changjiang West Road sites maintain a relatively
stable concentration, and there is no noticeable difference
between working days and weekends.

Through the above comparison of the variation of VOC
concentration at the three sites in Hefei, different character-
istics can be found: The average concentration of VOCs in
West Changjiang Road is low with weak diurnal variation
and a strong correlation with the concentration of other pol-
lutants. The average concentration of VOCs in the High-tech
Zone is high, with significant daily variation and general cor-
relation with the concentration of other pollutants. The mean
concentration of VOCs at the Science Island site is low, the
diurnal variation is small, and the correlation with other pol-
lutant concentrations is weak. Changjiang West Road site
is located in the center of the city, with few surrounding
industrial enterprises, complex sources of pollution, and
generally low emission intensity. It is greatly affected by
local environmental and meteorological conditions in the
city, and complex pollution is the most prominent character-
istic. The High-tech Zone is a centralized economic indus-
trial park with a large number of industrial enterprises and
high emission intensity. The observed average concentration
of TVOC:s is high and the variation is large between day
and night, which may be directly related to the existence of
specific emission sources in the surrounding environment.
The Science Island site is located in the suburb of the city,
and its main functions are scientific research, education, and
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Fig. 3 Periodical variation of VOCs in three sites. a Daily average concentration. b Weekly average concentration

residence, etc. With a high rate of environmental greening,
less industrial pollution, and relatively stable TVOC concen-
tration, it can be compared with other sites on behalf of the
background of the urban environment.

Composition characteristics of atmospheric VOCs

The statistical results of VOC composition at the three
sites are shown in Fig. 4. At the Changjiang West Road
site, it can be seen that alkane is the major component
with the highest content, with an average hourly concen-
tration of 24.96 pg/m?>, accounting for 41.06% of TVOCs.
The content of OVOCs ranks only second to alkane, and
the average hourly concentration is 12.04 pg/m?, account-
ing for 19.81% of TVOCs. Halogenated hydrocarbons are
the third component with an average hourly concentration
of 10.69 pg/m?>, accounting for 17.69% of TVOCs. The
average hourly concentrations of olefin, aromatics, acety-
lene, and carbon disulfide were 6.72 pg/m>, 4.85 pg/m?,
1.36 pg/m>, and 0.16 pg/m?>, respectively, accounting for
11.05%, 7.99%, 2.24%, and 0.26% of TVOC:s.

Alkane is the component with the highest content in
the Science Island site, and its average hourly concentra-
tion is 26.61 pg/m?, accounting for 34.68% of TVOCs.
The content of OVOC:s is second only to alkane, and the
average hourly concentration is 22.28 pg/m®, accounting
for 29.14% of TVOCs. Halogenated hydrocarbons are the
third component with an average hourly concentration
of 12.55 pg/m?, accounting for 16.42% of TVOCs. The
average hourly concentrations of aromatic hydrocarbons,
alkenes, acetylene, and carbon disulfide are 7.65 pg/m3,
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5.22 pg/m?, 1.99 pg/m?, and 0.25 pg/m?, accounting for
10.01%, 6.83%, 2.60%, and 0.32% of TVOCs, respectively.

Alkane in the High-tech Zone site is the component with
the highest content, with an average hourly concentration
of 56.67 pg/m?, accounting for 45.92% of TVOCs. Aromat-
ics and alkene-dominated ambient VOCs are also found in
Baoji, China (Xue et al. 2017). OVOC content is second only
to alkane, and the average hourly concentration is 26.11 pg/
m?, accounting for 21.16% of TVOCs. Halogenated hydro-
carbons are the third component with an average hourly con-
centration of 17.65 pg/m?, accounting for 14.30% of TVOCs.
The average hourly concentrations of aromatic hydrocar-
bons, alkenes, acetylene, and carbon disulfide are 11.78 pg/
m?, 8.50 pg/m?, 2.24 pg/m?, and 0.46 pg/m?, accounting for
9.54%, 6.89%, 1.81%, and 0.38% of TVOCs, respectively.

In conclusion, the observation results of VOC composi-
tion in Hefei showed that the top three VOC composition
are alkane, OVOC:s, and halogenated hydrocarbons, which
account for more than 75% of the quality of TVOCs. The
average proportion of alkanes in Hefei is about 40.7%,
which is close to the results in Wuhan and Shanghai. How-
ever, the average proportion of alkenes in Hefei is about
8.3%, which is much lower than those in Wuhan (13%)
and Shanghai (17.9%). The average proportion of OVOC
in Hefei is second only to alkane hydrocarbons, accounting
for about 23.4%, which is completely different from the
characteristics of the two cities mentioned above. The pro-
portion of alkanes is the highest at the High-tech Zone site.
The proportion of OVOC:s is the highest at the Science
Island site. The proportion of halogenated hydrocarbons
is the highest at the Changjiang West Road site.
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Fig.4 Composition of VOCs in three sites

Source appointment of VOCs

Anthropogenic sources such as incomplete combustion of
organic substances, the use of petrochemical solvents, and
vaporizations of petroleum products are generally regarded as
sources of VOCs (Baudic et al., 2016; Sillman, 1995). Source
analysis of atmospheric VOCs at three sites in Hefei was car-
ried out using PMF5.0 model. Figure 5 and Table 2 show the
source component spectrograms of the PMF model at three
sites, respectively. The Changjiang West Road site identified five
major sources: automobile exhaust, gasoline volatilization, LPG
volatilization, plant emissions, solvents, and coatings (Fig. 5a).

Based on the analysis of the PMF of the three observa-
tion points, the percentage of VOC contribution of the five
sources indicates that the motor vehicle exhaust sources at
the Changjiang West Road site account for the highest pro-
portion, reaching 43.17%. LPG volatile sources and volatile
gasoline sources account for 19.06% and 18.76% respec-
tively, followed by solvent and paint sources accounting for
12.20% and plant emission sources accounting for 6.80%,
respectively.

Concentration (ug/m °)

40 - I carbon disulfide

10

Science Island Hi-tech Zone

Changjiang West Road

At the Science Island site, motor vehicle exhaust source
accounts for the highest proportion, contributing 32% of
VOC concentration, chemical solvent use source contribut-
ing 29%, LPG volatile source and petrochemical source both
contributing for about 17%, while volatile gasoline source
contributes less.

In the High-tech Zone site, gasoline vehicle emission
sources contribute the highest proportion, contributing 40%
to VOC concentration; chemical solvent use source, LPG
volatile source, and material product industry contribute
19%, 18%, and 17% of VOC concentration, respectively;
and diesel vehicle emission sources contribute 6% of VOC
concentration.

Environmental impact of VOCs

VOC:s in different cities consist of hundreds of nonmeth-
ane hydrocarbons, and each of them has a different reaction
rate, lifetime, and reaction mechanisms in the atmosphere.
The mean OFP values of VOCs in the atmosphere of the
three sites in Hefei are 136.70 pg/m®, 138.18 pg/m?, and

@ Springer
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229.40 pg/m?, respectively. This result is much lower than
the measured results of Jinshan Industrial Zone in Shang-
hai, where the OFP of VOCs is about 421.3 pg/m? (Zhang
et al. 2018). The contribution of each VOC component to
the OFP of the three sites is shown in Fig. 6 and Table 3. In
the Changjiang West Road site, the alkenes and alkynes con-
tribute the most significant proportion, followed by OVOCs,
aromatics, alkanes, halogenated hydrocarbons, and others;
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alkenes are also Sanya’s greatest contribution to OFP (Cao
et al. 2021). The contribution ratio of alkenes and alkynes is
the largest in the Science Island site, followed by aromatic
hydrocarbon, OVOCs, alkane, halogenated hydrocarbon,
and others. The High-tech Zone site has the highest propor-
tion contributed by OVOCs, followed by alkenes, alkynes,
aromatics, alkanes, halogenated hydrocarbons, and others.
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The mean value of SOA,, is 0.26 pg/m3 at the Changji- Conclusion

ang West Road site, 0.33 pg/m? at the Science Island site,
and 0.50 pg/m’ at the High-tech Zone site. The main fea-
tures here are the SOA, values at all three sites are very
small and the potential impact on PM, 5 concentration is
very weak; the main species composition of the SOA gen-
eration potential is similar at all three sites, with aromatic
hydrocarbons being the main contributor. This is different
from the findings in Zhengzhou, where alkenes are the
biggest contributor to ozone formation.

Table 2 The percentage (%) of various sources contributing to VOCs
through PMF analysis

Source Yangtze Science High-tech
West Road Island site  Zone site
site

Motor vehicle exhaust source  43.17 32 -

Gasoline volatilization 18.76 8 40

LPG volatilization 19.06 17 18

Plant emissions 6.80 - -

Solvents and coatings 12.20 -

Chemical solvent use source - 29 19

Petrochemical source - 17 -

Diesel vehicle emissions - - 6

Material products industry - - 17

There are significant differences in VOC concentration
among the three sites in Hefei, indicating that VOC con-
centration on an urban scale is more sensitive to local
environment. Industrial park’s VOC concentration is high
and has more significant diurnal variations. The aver-
age concentration of VOCs in the city center is slightly
lower but has a longer continuous time, with apparent
composite pollution characteristics. The top 3 VOC com-
ponents in Hefei are alkanes, OVOCs, and halogenated
hydrocarbons, but the first components of the three sites
are not the same, with the characteristics of urban scale
heterogeneity. PMF analysis showed that traffic-related
emission sources, such as motor vehicle exhaust, gaso-
line, and liquefied petroleum gas volatilization, contribute
the most, followed by chemical solvent sources, material
product industry, etc.

To sum up, the changes and composition source analy-
sis of VOCs in Hefei City show that the concentration of
VOC:s in the urban atmosphere is closely related to local
environmental conditions. The composition and source
analysis reflect the emission characteristics of pollution
sources to a certain extent. Therefore, analyzing the com-
position of VOCs in the urban atmosphere and its impact
on the environment is helpful to identify the critical factors
of regional pollution to implement targeted governance
and improve air quality effectively.
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Fig.6 Contribution of potential
ozone generation of VOCs at
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Table 3 The top OFP species and their proportions in sampling sites
(%)

OFP species Yangtze West Science Island High-tech
Road site site Zone site
Ethylene 10.40 12.64 9.60
Isoprene 9.31 2.89 -
cis-2-Pentene 7.67 6.67 3.10
Acetaldehyde 6.02 5.40 5.80
Propylene 5.05 4.32 4.68
M/P xylene 4.74 8.87 8.21
1-Amylene 4.73 - 2.68
Isopentane 4.12 - 3.35
Acrolein 3.78 4.73 -
Methylbenzene 3.34 3.60 4.64
n-Butanal - 4.10 -
n-Butane - 3.13 -
Acraldehyde - - 3.26
Propanal - - 7.86
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