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Emissions of typical forty-eight volatile organic compounds (VOCs) were investigated inside sixteen

industries, including the vehicle-related industries and commodity manufacturing industries located in

Wuhan, China. The total concentrations of the twenty-seven detectable VOCs ranged from 0.4 to 99.8

mg m−3, with vehicle-related industries (1.3–99.8 mg m−3) emitting more VOCs than the commodity

manufacturing industry (0.4–20.0 mg m−3). Data comparison between organized and fugitive emission

groups revealed that the VOCs emitted from organized vehicle-related industries implementing the

zeolite rotary concentrator system coupled with the regenerative thermal oxidizer catalytic combustion

technology (0.04–31.5 mg m−3) could significantly meet the national emission standards (500–40000 mg

m−3). This technology was proven to have a remarkable effect on reducing benzene-based VOCs, which

are important precursors of ozone (O3). A significant decreasing trend of O3 levels was observed with the

increase in the distance around these vehicle-related industries based on the data from the monitoring

and control platform of small air quality monitoring stations of Wuhan. The total O3 formation potential

(OFP) values calculated based on these twenty-seven VOCs in the vehicle-related industries were 5.3–

646.8 mg m−3, in which aromatic hydrocarbons were the most reactive analogues, with a cumulative

share of 93.0% of the O3 formation potential. 1,3,5-Trimethylbenzene and o-xylene, which together

account for 52.3% of the total OFP values, should be identified as the priority pollutants to be controlled

in the vehicle-related industry. This study emphasizes the contribution of VOCs emitted from vehicle-

related industries to ozone pollution and further provides ideas for prioritizing industrial VOCs for

improving regional O3 control strategies.
Environmental signicance

The increasingly severe ozone (O3) pollution poses a serious threat to ecosystems and public health. Volatile organic compounds (VOCs), released from
industrial emission sources, are the main precursors for ozone formation, so it is crucial to identify key VOC emission sources and implement effective control
measures. This study has precisely observed the concentrations and analogue proles of forty-eight VOCs emitted from sixteen typical vehicle-related and
commodity manufacturing industries in Wuhan, central China. The impact of vehicle-related industries on the regional O3 pollution has been stressed, and O3

formation potential values have been further evaluated to identify the crucial VOC analogues. These ndings provide direct scientic evidence for feasibly
controlling VOC emissions and O3 pollution to alleviate the ecological hazards.
1. Introduction

Ozone (O3) is an important trace gas that regulates temperature
and climate in the lower atmosphere.1 However, excessive
atmospheric O3 can adversely affect human health and
and Health Effects of Persistent Toxic

Health, Jianghan University, Wuhan,

cn

e & Dust Pollution Control, Jianghan

vironment and Ecology, Beijing Normal

y the Royal Society of Chemistry
vegetation due to its strong oxidizing properties.1,2 Previous
studies have assessed the association between long-term O3

exposure and mortality, particularly cardiovascular disease
mortality, which caused 17.8 million deaths in 2017, accounting
for 31.8% of all-cause deaths globally.2 In addition, excessive
atmospheric O3 can trigger plant oxidation, thereby disrupting
photosynthesis1,3 and reducing gas exchange within plants,
further retarding natural vegetation and crop growth.1,4,5 There-
fore, there is an increasing concern about the concentration of O3

in the air. It has been observed that the industrialization of
society is one of the main reasons for the increasing number of
O3 pollution incidents.5 Volatile organic compounds (VOCs),
Environ. Sci.: Atmos.
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dened as a class of compounds with high vapor pressure, low
water solubility, and photochemical reactivity, have been re-
ported to be the key precursors of O3 in most industrial regions.6

Increasing VOCs emitted in industrial areas might cause exces-
sive O3 in the air,5 and the effect of VOC emission control will
directly affect the control and prevention of O3 pollution.

The emission sources of atmospheric VOCs have been
divided into two categories: natural sources and anthropogenic
sources.7 Anthropogenic sources are generally regarded as the
main source of atmospheric VOC emissions, with their
increasing emissions and high potential in forming O3.
Previous studies have shown that in typical industrial cities, the
concentration level of VOCs from anthropogenic sources can
reach 3.4 times higher than that of natural sources, and
industries are the main part of the anthropogenic sources.8 The
emission characteristics of these VOCs from anthropogenic
sources show obvious industry-specicity due to the signicant
differences in the production processes, energy structures, and
product characteristics of different industries.9 A previous study
reported the compositions of VOCs emitted from various
industries in Zhengzhou City, China. It was observed that VOCs
emitted by packaging and printing enterprises are mainly
composed of oxygenated VOCs (OVOCs), of which ethyl acetate
and isopropanol together account for more than 93.1%;
whereas, aromatic hydrocarbons dominate the VOCs emitted
from the automotive, furniture, and paint manufacturing
enterprises, accounting for 33.5–90.0%, with m/p-xylene, o-
xylene and ethylbenzene being the main constituents. Domi-
nant analogues were halogenated hydrocarbons (52.3%),
alkanes (28.8%), and aromatic hydrocarbons (28.5%) in food
processing enterprises, rubber enterprises, and graphite and
carbon enterprises, respectively.10 Given the different O3

formation potentials (OFP) of various VOC analogues, the
diverse analogue proles of VOCs in different industries might
have different contributions to O3 pollution. This indicates that
conducting precise research on VOC emissions in typical
industries and further evaluating their OPF is of vital
importance.

Previous research on VOCs mainly focused on the emission
inventory and treatment methods of VOCs.11–13 Studies on the
impact of industrial source VOC emissions on atmospheric O3

pollution mainly concentrated on simulation analysis based on
large-scale environmental monitoring data.14 There were a few
domestic studies on the emission proles of industrial VOCs in
specic cities, including Beijing,15 Shanghai,16 Nanjing,16

Chengdu,17 Zhengzhou,10 Hangzhou,18 Yichang19 and Chongq-
ing.20 Given the signicant differences in the pillar industries in
different cities, there is limited data on the VOC emission
proles in Wuhan, which is one of the typical industrial cities in
China.21 This could hinder the evaluation of VOC emissions in
China, which would further have a negative impact on the
formulation of legislation controlling regional O3 pollution.18

Therefore, this study aims to investigate the emission patterns
and potential O3 formation of VOCs in typical industries in
Wuhan. Wuhan is located in the central part of China, where O3

pollution might cause adverse effects on a large scale. Sixteen
typical VOC-emitting enterprises were selected in the key
Environ. Sci.: Atmos.
industrial area of Wuhan, including vehicle-related industries,
as well as commodity manufacturing industries. VOC emission
data were collected by measurement inside these enterprises,
emission proles between organized and fugitive emission
groups were observed, and OFP values were further calculated
to evaluate the impacts of these enterprises on O3 pollution. The
objectives of this study were as follows: (1) analyze the
concentrations and analogue compositions of VOCs emitted
from typical industries in Wuhan; (2) identify the effects of VOC
treatment equipment in organized emission groups; (3) reveal
the impacts of various industries on the regional O3 pollution
and specify the specic VOC analogues that need to be strictly
controlled. Therefore, this study is of great signicance for
controlling VOC emissions and improving O3 pollution in
megacities.
2. Materials and methods
2.1. Sample collection

The industrial development of Hubei Province has been rapid,22

with the industrial growth increasing by 14.8% in 2021. This
growth rate is ranked rst in central China and second overall in
China.23 The sixteen selected industries in this study were
located in a typical industrial region in Wuhan, Hubei Province,
including nine vehicle-related industries and seven commodity
manufacturing industries. Table S1 shows the basic informa-
tion from the nine vehicle-related and seven commodity
manufacturing industries. The sampling campaign was carried
out under the HJ 644-2013 Chinese standard method during the
period of July 19-21, 2021. The detailed information for the 16
sampling points is shown in Table S2. In brief, each adsorption
tube was aged at 350 °C and 40 mL min−1 for 15 minutes to
remove interfering substances before sampling. A TH-110E air
sampler (Tianhong Inc, Wuhan, China) was used to collect
atmospheric VOCs inside the industries, and the sampling rate
and duration were set at 100 mL min−1 and 20 minutes,
respectively. Two parallel samples, as well as one eld blank
sample, were collected in each sampling site, and forty-eight
sampling tubes in total were collected in sixteen industries.
Aer sampling, the adsorption tube was sealed in a cleaned
sleeve, wrapped with aluminum foil and transported to the
laboratory for instrumental analysis.
2.2. Instrumental analysis

There are currently over a thousand known analogues of
VOCs,24 which could be classied into four major categories:
aromatic hydrocarbons, halogenated aromatic hydrocarbons,
haloalkanes, and halogenated olens. The selection of target
analogues in this study comprehensively considered these four
major categories, the China national standards for VOCs
emissions,25 as well as the local VOC emissions characteristics
of Wuhan.26 In addition, the production raw materials, process
features, and VOC emission characteristics of these represen-
tative industries were also taken into consideration. Therefore,
forty-eight VOC analogues were selected as the target
substances, which cover all four major categories (aromatic
© 2025 The Author(s). Published by the Royal Society of Chemistry
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hydrocarbons, halogenated aromatic hydrocarbons, halo-
alkanes, and halogenated olens) and the main emitted
analogues from these industries. It was supposed that the
observation in this study could represent the emission charac-
teristics of VOCs from related industries to some extent. The
concentrations of forty-eight typical VOCs in the sampling tubes
were measured based on the EPA method 8260D.27 The indi-
vidual compounds are as follows: trans-1,2-dichloroethene, 1,1-
dichloroethene, cis-1,2-dichloroethane, bromochloromethane,
chloroform, 1,1,1-trichloroethene, 1,1-dichloropropene, 1,2-di-
chloroethene, benzene, trichloroethene, 1,2-dichloropropane,
methylene bromide, bromodichloromethane, cis-1,3-di-
chloropropene, toluene, trans-1,3-dichloropropene, 1,1,2-tri-
chloroethane, 1,3-dichloropropane, tetrachloroethene,
chlorodibromomethane, 1,2-dibromoethane, chlorobenzene,
1,1,1,2-tetrachloroethane, ethylbenzene, m + p-xylene, o-xylene,
styrene, bromoform, isopropylbenzene, 1,1,2,2-tetra-
choloethane, bromobenzene, 1,2,3-trichloropropane, pro-
pylbenzene, 2-chlorotoluene, 1,3,5-trimethylbenzene, tert-
butylbenzene, 1,2,4-trimethylbenzene, sec-butylbenzene, 1,3-
dichlorobenzene, p-cymene, 1,4-dichlorobenzene, 1,2-dichloro-
benzene, butylbenzene, 1,2-dibromo-3-chloropropane, 1,2,4-
trichlorobenzene, hexachloro-1, 3-butadiene, naphthalene, and
1,2,3-trichlorobenzene. All these forty-eight compounds are
regarded as the common VOCs emitted from industries and
have been identied as contributors to the O3 pollution.

The internal standard (4-bromouorobenzene, BFB) was
injected into the adsorption tube before the thermal desorp-
tion. All target VOCs were then desorbed by a multi-tube
thermal desorber (TD100, Makers International, UK) and
analyzed by the gas chromatography-mass spectrometer
(TSQ8000Evo, Thermo Fisher Scientic). DB-624 capillary
chromatography columns were used for the separation of VOCs
(30 m × 0.25 mm i.d. × 1.4 mm lm thickness). The detailed
temperature programming was provided in the EPA method
8260D.27

2.3. QA & QC

The concentrations of VOCs in the samples were calculated
based on the internal standard method. The calibration curves
were developed by using ve standard samples (5, 10, 25, 50,
100 mg L−1) comprising forty-eight VOCs. One laboratory blank
was added aer every ten samples. The R2 values of the curve for
each VOC were $0.99, and the deviation of BFB concentration
in both standard and collected samples was less than 6%. The
method detection limit (MDL) was dened as the eld or
laboratory blank sample when the targets were detectable, and
was triple the signal-to-noise ratio values when the targets were
undetectable. If all VOCs were detected in the blanks and were
less than 10% of those in the collected samples, the nal
measurement results were obtained by subtracting the blank
samples from the parallel samples.

2.4. Data analysis

TheOFP value is an important index for evaluating the contribution
of VOC analogues to O3 generation. It is calculated based on the
© 2025 The Author(s). Published by the Royal Society of Chemistry
concentrations and maximum incremental reactivity (MIR) of each
VOC. The MIR values used for the calculation in this study were
obtained in a previous study;28 the calculation is as follows:

OFPi = MIRi × Con.i

OFPi is the OFP of a specic VOC analogue (i, mg m−3), MIRi

is the MIR coefficient of a specic VOC analogue, Con.i is the
measured concentration of a specic VOC analogue (mg m−3).
3. Results and discussion
3.1. Concentration and characterization of VOCs

Forty-eight VOCs emitted from operating vehicle-related
industries and other commodity manufacturing industries in
the typical industrial area of Wuhan were analyzed, in which
twenty-seven analogues were detectable. These detectable VOC
analogues were classied into four major categories: aromatic
hydrocarbons, halogenated aromatic hydrocarbons, halo-
alkanes and halogenated olens (Fig. 1). The concentrations of
twenty-seven VOCs (CS27VOCs) ranged from 0.4 mg m−3 to 100.0
mg m−3. Among them, the CS27VOCs observed from the vehicle-
related industries (1.3–100.0 mg m−3) are nearly an order of
magnitude higher than those from the commodity
manufacturing industry (0.4–20.0 mg m−3) (Fig. 1 and Table 1).
Within these typical nine vehicle-related industries, the
CS27VOCs were dominated by aromatic hydrocarbons, with an
average concentration of 30.8 mg m−3, accounting for 72.4% of
CS27VOCs. Haloalkanes were the second largest group, with an
average concentration of 6.6 mg m−3 (15.5%), followed by
halogenated aromatic hydrocarbons (4.9 mg m−3, 11.4%) and
halogenated olens (0.3 mg m−3, 0.7%). o-Xylene (7.2 mg m−3)
was the most predominant analogue emitted from vehicle-
related industries, accounting for 18.2% of the CS27VOCs, fol-
lowed by sec-butylbenzene (6.6 mg m−3), 1,3,5-trimethylbenzene
(5.1 mg m−3), 1,2,3-trichloropropane (5.1 mg m−3) and 2-
chlorotoluene (4.8 mg m−3), which respectively account for
11.7%, 11.1%, 11.0, and 11.64% of CS27VOCs. Previous studies
have shown that coating and spraying are the crucial processes
that release considerable VOCs.22 The solvent-based materials
used in these two processes are mainly constituted of C7–C8
aromatic hydrocarbons.11,29 Therefore, the analogue proles
investigated in the vehicle-related industries were mainly
attributed to the coating and spraying processes.

For the commodity manufacturing industries, different
emission proles were observed. The CS27VOCs of four major
categories were in the order of haloalkanes (2.7 mg m−3, 65.80%)
> aromatic hydrocarbons (0.7 mg m−3, 16.3%) = halogenated
olens (0.7 mg m−3, 16.3%) > halogenated aromatic hydrocar-
bons (0.1 mg m−3, 1.7%). Moreover, the 1,2,3-trichloropropane
(2.6 mg m−3, 14.6%), trans-1,3-dichloropropene (0.6 mg m−3,
20.4%), o-xylene (0.4 mg m−3, 23.9%), bromodichloromethane
(0.09 mg m−3, 4.6%), and butylbenzene (0.1 mg m−3, 4.4%) were
the top ve VOC analogues emitted from other commodity
manufacturing industries. Different analogue proles of VOCs
might be associated with the different raw materials used in
Environ. Sci.: Atmos.
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Fig. 1 Concentrations (mg m−3) of individual analogues and the proportions (%) of major categories emitted from vehicle-related industries and
commodity manufacturing industries.
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these industries. Among them, the dominant analogue in the
packaging enterprise was 1,2,3-trichloropropane (17.5 mg m−3,
87.9%), whereas that in the clothing enterprise was trans-1,3-
dichloropropene (2.9 mg m−3, 84.2%). Previous studies have
shown that the main emission source of VOCs in the packaging
enterprise was related to the use of printing inks,30 whereas that
in the clothing enterprise was the polyester products,31 which
are supposed to be related to the processes of printing and
dyeing, respectively.

It was found that there were relatively limited studies on the
analogue proles of VOCs emitted from typical industries in
Wuhan, which hindered the data comparison. Therefore,
previous monitoring data19 in other industrial areas was applied
for comparison. It was observed that the VOC emission proles
previously reported in Yichang (Hubei Province) were similar to
those in this study, whose sampling sites were also set in Hubei
Province. VOC emission proles obtained in Yichang were
based on monitoring data, which were affected by various
industries. It was previously observed that the percentage values
of halogenated hydrocarbons (32.6% to 80.7%) were higher
than those for aromatic hydrocarbons (33.1% to 55.1%) from
commodity manufacturing industries in Yichang.19 These
emission proles were similar to those from commodity
manufacturing industries in this study, with higher haloge-
nated hydrocarbons (19.3% to 94.8%) than aromatic hydrocar-
bons (5.2% to 69.8%). For the VOC emission proles observed
Environ. Sci.: Atmos.
in industrial areas in other cities, similar high percentage
values of aromatic hydrocarbons from vehicle-related industries
were also observed in Chongqing,20 Nanjing,16 Zhengzhou,10

Beijing,15 and Shanghai16 (27.1–90%). The signicant
commonalities in the emission proles of industrial VOCs in
different regions not only veried the validity of the data in this
study, but also stressed the importance of providing a scientic
basis for formulating regional coordinated VOC control strate-
gies. In addition, aromatic hydrocarbons, especially the
benzene series of compounds, were previously identied to
have a signicant contribution to the O3 pollution and adverse
impact on public health.32 The higher percentage values of
aromatic hydrocarbons in vehicle-related industries observed in
this study attract attention to the impact of these industries on
the regional air pollution in Wuhan. The adverse impacts of
vehicle-related industries on the air pollution in a large-scale
region, including the North China Plain, Central China, and
the Pearl River Delta regions,24 were also previously reported
based on the large-scale environmental monitoring data, which
further stressed the importance of investigating the emission
proles of VOCs from vehicle-related industries.

3.2. Comparison of emission proles between organized
and fugitive emission groups

From the on-site investigation, VOC treatment devices were
installed in some of the vehicle-related industries in this study,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Concentrations of twenty-seven detectable VOC analogues from nine vehicle-related and seven commodity manufacturing industries
(mg m−3)a

Sampling sites

Vehicle-related industries Commodity manufacturing industries

DFFS DFSC DFYC SLSC LY DFADT DFEC GM VSKT MXDZ ZL JC BD CLBL HB HJL

Organized (O) or fugitive (F) emissions O O O O O F F F F O F F F F F F

o-Xylene 0.6 3.7 1.6 4.7 23.2 0.3 0.7 29.4 0.5 0.2 0.8 0.1 0.2 0.2 0.31 0.6
1,2,3-Trichloropropane 0.4 0.4 19.0 25.2 0.7 n.d. n.d. 0.2 0.03 0.3 17.5 n.d. 0.02 n.d. n.d. 0.01
sec-butylbenzene 0.5 16.5 1.9 12.3 25.0 0.04 0.2 3.0 0.2 0.1 0.03 0.02 n.d. 0.1 0.04 0.1
1,3,5-Trimethylbenzene 1.9 0.4 0.03 0.1 21.2 0.1 0.1 22.2 0.1 0.01 0.1 n.d. 0.1 n.d. 0.04 0.1
2-Chlorotoluene 0.5 18.4 2.7 10.8 5.5 0.2 0.2 4.9 0.4 n.d. 0.2 n.d. 0.1 0.01 n.d. 0.1
1,2,4-Trimethylbenzene 0.7 19.2 2.4 14.3 0.1 0.01 0.2 3.6 0.3 0.01 n.d. n.d. n.d. 0.1 0.05 0.02
P-cymene 0.2 12.1 0.9 6.7 n.d. n.d. 0.1 1.1 0.1 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Between + paraxylene 0.1 0.5 0.4 1.0 5.5 0.03 0.2 12.3 0.04 0.02 0.1 <0.01 0.01 0.02 0.04 0.1
Tert-butylbenzene 0.1 3.1 0.4 3.3 2.4 n.d. n.d. 0.7 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.2
1,2-Dibromo-3-chloropropane n.d. 0.9 n.d. 0.7 7.9 n.d. n.d. 0.2 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
trans-1,3-Dichloropropene 0.1 0.1 0.2 0.1 0.5 0.1 0.1 0.3 0.8 n.d. 1.0 0.1 2.9 0.1 0.08 0.7
Isopropylbenzene 0.02 0.3 0.1 0.4 3.8 0.1 0.03 1.1 n.d. <0.01 0.01 0.01 n.d. n.d. <0.01 n.d.
Butylbenzene 0.02 2.2 0.2 1.3 1.3 n.d. n.d. 0.2 n.d. 0.6 n.d. n.d. n.d. n.d. n.d. n.d.
Styrene <0.01 0.1 0.04 0.2 2.0 n.d. 0.01 1.1 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
1,1,2-Trichloroethane 0.01 0.02 n.d. 1.5 n.d. 0.1 0.3 0.2 n.d. 0.1 n.d. n.d. n.d. n.d. n.d. n.d.
Bromodichloromethane n.d. n.d. <0.01 n.d. n.d. n.d. n.d. 0.5 n.d. 0.6 n.d. n.d. 0.01 n.d. n.d. n.d.
Benzene 0.1 0.01 <0.01 0.1 0.03 0.4 0.1 0.03 0.02 0.02 0.1 0.1 n.d. 0.01 0.01 0.1
1,1-Dichloroethylene n.d. n.d. <0.01 0.01 0.6 n.d. n.d. n.d. n.d. 0.01 n.d. n.d. n.d. 0.04 0.03 0.2
1,2-Dichloropropane n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.4 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Tetrachloroethylene 0.01 0.02 0.01 0.02 0.02 n.d. 0.02 0.02 0.03 0.01 0.03 0.03 0.1 0.03 0.03 0.02
Hexachloro-1,3-butadiene n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.2 n.d. n.d. n.d. n.d. n.d.
1,2,3-Trichlorobenzene n.d. n.d. n.d. n.d. 0.1 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.1
1,1-Dichloropropene n.d. n.d. n.d. 0.01 n.d. n.d. n.d. 0.1 n.d. n.d. n.d. n.d. 0.1 n.d. n.d. n.d.
1,1,2,2-Tetracholaneethane n.d. n.d. n.d. n.d. n.d. n.d. 0.01 0.03 n.d. n.d. n.d. 0.1 n.d. n.d. n.d. n.d.
cis-1,3-Dichloropropene n.d. n.d. n.d. n.d. 0.03 n.d. 0.04 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Propylbenzene n.d. 0.05 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Chlorodibromomethane n.d. n.d. n.d. n.d. n.d. n.d. 0.04 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
CS27VOCs 5.0 77.8 29.8 82.6 99.8 1.3 2.3 81.4 2.5 2.0 20.0 0.4 3.4 0.5 0.6 1.8

a n.d. = not detected.
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aiming to reduce the emission of VOC analogues. The indus-
tries equipped with VOC treatment devices were dened as the
organized emission group (O), whereas the others as the fugitive
emission group (F). As shown in Table 1, the average CS27VOCs in
the organized emission group was 21.9 mg m−3, which is two
times lower than that of the fugitive emission group (59.0 mg
m−3), implying the validity of VOC treatment devices. According
to Chinese emission standards (DB42/1539-2019, China),25 the
twenty-seven detectable VOCs in this study were classied into
four major categories: benzene, toluene and xylene, the benzene
series, and total non-methane hydrocarbons (NMHs). A
comparison of the concentrations (in logarithmic value) of
these four categories from the organized emission group and
their corresponding highest acceptable values25 was made, as
presented in Fig. 2. The specic detection data showed that the
average concentrations of benzene, toluene and xylene, the
benzene series, and NMHs were 0.04 mg m−3, 15.8 mg m−3, 31.5
mg m−3, and 11.7 mg m−3, which are lower than the highest
national emission standards of 500 mg m−3, 15 000 mg m−3, 20
000 mg m−3, and 40 000 mg m−3, respectively. Among them, the
difference in value between NMHs and the standard value is the
largest, which is related to the relatively lenient national
© 2025 The Author(s). Published by the Royal Society of Chemistry
standard for NMHs. This result suggests that current VOC
treatment devices can enable the VOCs released from the
industries to meet the Chinese emission standards.

The VOC treatment device installed in the organized emis-
sion group in this study is based on the technology of the zeolite
rotary (ZR) concentrator system coupled with regenerative
thermal oxidizer (RTO) catalytic combustion. ZR adsorption is
a physical adsorption technology aiming to concentrate VOCs
emitted from industries by using hydrophobic zeolite materials.
The RTO catalytic combustion is an oxidative reaction tech-
nology used for the removal of these concentrated VOCs, and it
transforms them into CO2 and H2O, especially for the removal
of aromatic VOCs.33 Therefore, the VOCs treatment device
installed in the organized emission groupmainly contains three
stages: adsorption, catalytic combustion, and cooling regener-
ation. Firstly, the VOCs emitted from the industries were
adsorbed and concentrated by the hydrophobic zeolite material.
Then, these absorbed VOCs were desorbed into gaseous VOCs
through thermal desorption. These gaseous VOCs were further
treated by the RTO catalytic combustion and converted into CO2

and H2O. Finally, the non-toxic CO2 and H2O were emitted. The
hydrophobic zeolite material, aer thermal desorption, was
Environ. Sci.: Atmos.
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Fig. 2 Comparison of the concentrations (in logarithmic value) of VOCs from the organized emission group and emission standard (DB42/
1539—2019, China).25
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rotated and cooled to restore its adsorption capacity, and could
be reused in the adsorption stage. Previous research has re-
ported a strong removal effect on aromatic hydrocarbon VOCs
through a Pt catalyst in the thermal desorption regeneration
stage. It was observed that the removal rate can reach over 97%
under the conditions of a reactor inlet temperature of 200 °C
and space velocity of 20 000 h−1.34 Aromatic hydrocarbons were
observed to be the dominant VOC categories from vehicle-
related industries in this study, with seven of the top ten VOC
belonging to aromatic hydrocarbon analogues. Given the lack of
data about VOC emission proles before and aer the VOC
treatment device, the comparison of the VOC emission proles
of organized and fugitive emission groups from vehicle-related
industries was carried out to verify the efficiency of this device
in actual scenarios (Fig. 3). The percentage values of four major
categories of CS27VOCs in the organized emission group were in
the order of aromatic hydrocarbons (67.3%) > haloalkanes
(19.4%) > halogenated aromatic hydrocarbons (12.9%) > halo-
genated olens (0.4%), whereas those in fugitive emission
group were as follows: aromatic hydrocarbons (89.6%) >
Fig. 3 Comparison of the VOC emission profiles of organized and fugit

Environ. Sci.: Atmos.
halogenated aromatic hydrocarbons (6.5%) > haloalkanes
(2.2%) > halogenated olens (1.8%). Previous studies have
proven that the aromatic hydrocarbons are more toxic than
other types of VOCs.35 Therefore, reducing the proportion of
highly toxic aromatic hydrocarbons35 is essential for elimi-
nating the adverse impact on the public. Moreover, the variation
of the proportions is signicant in controlling VOC emissions.
It should be noted that the proportion of aromatic hydrocar-
bons in the organized emission group was almost one-third
lower than that in the fugitive emission group, implying the
validity of the VOC treatment device in reducing aromatic
hydrocarbons and its necessity in the vehicle-related industries.
Given that the concentrations of emitted VOCs were highly
related to the scale of the industries, and the scale of the
organized emission group was commonly larger than that of the
fugitive emission group, based on the survey. It is no surprise
that the total of the aromatic VOCs in the organized emission
group (198.7 mg m−3) was much higher than that of the fugitive
emission group (78.3 mg m−3). However, a slight increase in the
percentage values for halogenated aromatic hydrocarbons in
ive emission groups from vehicle-related industries.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the organized emission group was observed, compared with the
fugitive emission group. The impact of halogenated aromatic
hydrocarbons on public health should not be ignored due to
their potential toxicity. Therefore, the optimization of the VOC
treatment device in controlling halogenated aromatic hydro-
carbons was also applied in actual scenarios.
3.3. Calculated ozone formation potentials

VOCs are crucial precursors of O3, and different VOC analogues
have different potential for O3 formation. Therefore, identifying
the main VOC analogues that generate O3 in specic regions
and reducing their emissions is essential to prevent atmo-
spheric O3 pollution. Based on the real-time data collected from
the monitoring and control platform of small air quality
monitoring stations of Wuhan, a decreasing trend of O3

concentrations was observed as the distance from vehicle-
related industries increased (Fig. 4). The O3 concentrations at
monitoring stations within a 6 km radius around vehicle-related
industries ranged from 58.3 mg m−3 to 61.4 mg m−3. It decreased
to 46.5–56.5 mg m−3 within the range of 6–7 km, and further
dropped to 38.8–51.7 mg m−3 beyond 7 km. The percentage
value decreased to 13.3–36.5%, indicating the signicant
impact of VOCs emitted from vehicle-related industries on the
regional O3 pollution, whereas the trend of O3 concentrations
around commodity manufacturing industries was different. The
Fig. 4 Concentrations of atmospheric ozone around vehicle-related an

© 2025 The Author(s). Published by the Royal Society of Chemistry
O3 concentration within a 28 km radius remained consistently
at a certain level, with the uctuation being only ±3 mg m−3

(Fig. 4). Thus, although an overall higher O3 concentration
around commodity manufacturing industries than those
around vehicle-related industries was observed, the contribu-
tion of VOCs emitted from these industries on regional O3

pollution could be ignored. Further attention should be paid to
the impacts of VOCs released from vehicle-related industries on
the generation of O3.

The calculated OFP values of VOC analogues (SOFP) emitted
from sixteen factories were 1.1–646.8 mg m−3, with an average
value of 126.7 mg m−3. The SOFP from vehicle-related industries
ranged from 5.3 mg m−3 to 646.8 mg m−3, with an average value
of 219.7 mg m−3 (Table S1), whereas the SOFP from commodity
manufacturing industries ranged from 1.1 mg m−3 to 17.4 mg
m−3, with an average value of 7.3 mg m−3 (Table S2). It was
observed that aromatic hydrocarbons were dominant categories
for SOFP from the vehicle-related industry (Table S3). Their OFP
values ranged from 4.4 mg m−3 to 630.7 mg m−3, with an average
percentage value of 93.0% to SOFP. The top ve VOC analogues
with high percentage values with respect to SOFP were 1,3,5-
trimethylbenzene (27.3%), o-xylene (25.0%), 1,2,4-tri-
methylbenzene (18.3%), m-xylene (7.9%), and sec-butylbenzene
(7.1%). As for commodity manufacturing industries, the
contributions of aromatic hydrocarbons and halogenated
olens to SOFP were comparable, with average percentage values
d commodity manufacturing industries.

Environ. Sci.: Atmos.
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of 55.6% and 42.2%, respectively. The VOC analogues with
dominant SOFP were o-xylene (36.4%) and trans-1,3-di-
chloropropene (42.2%).

Given the signicant impact of VOCs emitted from vehicle-
related industries on the regional O3 pollution as mentioned
above, the emission sources of crucial VOC analogues gener-
ating O3 were further investigated. 1,3,5-Trimethylbenzene and
o-xylene emitted from vehicle-related industries have been
observed as the most important VOC analogues to the genera-
tion of O3 in this study. It is worth noting that the concentra-
tions of these two analogues (22.2 and 29.4 mg m−3) emitted
from the spraying process were two to three magnitudes higher
than those from the process of sand core baking (0.08 and 0.5
mg m−3), resulting in higher SOFP (646.8 mg m−3) calculated in
samples close to the spraying process. Previous studies also
stressed the importance of the spraying stage on the emission of
aromatic hydrocarbons, including m + p-xylene, o-xylene, 1,2,4-
trimethylbenzene and benzene,36,37 which were identied as the
crucial analogues for O3 generation. Therefore, optimization of
the spraying process in vehicle-related industries is the key to
controlling VOC emissions and O3 pollution. The usage of
solvent-based coatings in the spraying process has been re-
ported as the main reason for a considerable amount of VOC
emissions, and powder-type coatings were suggested as
substitutes to reduce the emission of VOCs in this process.6

Moreover, a novel car body coating cleaning productionmethod
was also proposed to improve production efficiency and further
reduce the emission of VOCs.14 It has been previously reported
that the whale optimization algorithm can increase the
production efficiency by 42.1%, and achieve an exhaust gas
purication rate of over 98.0%.14

4. Impacts

This study focused on the emissions of VOCs from industrial
sources and their effects on regional O3 pollution in Wuhan,
China. Higher concentrations and different analogue proles of
VOCs emitted from vehicle-related industries were observed,
compared with those from commodity manufacturing indus-
tries. Aromatic hydrocarbons with high toxicity were identied
as the main categories from vehicle-related industries, and the
VOC treatment device was proven to be efficient for them based
on actual scenarios. Monitoring data further indicated the
adverse impact of vehicle-related industries on regional O3

pollution, and spraying was the main process releasing VOCs in
vehicle-related industries. This is the rst study reporting the
emission of industrial VOCs in Wuhan and exploring their
contribution to O3 pollution. The practical signicance of this
research is manifested in multiple aspects. From the perspec-
tive of China, this study helps the public better understand the
hazardous VOC analogues in the regional air, thereby
enhancing their awareness of daily protection. Managers who
determine whether to install treatment facilities or how to select
raw materials in the related industries could refer to the results
in this study, which could facilitate effective self-regulation by
enterprises. As for the government, the results can provide hints
for formulating key VOC control policies, promoting the
Environ. Sci.: Atmos.
establishment of an efficient O3 pollution prevention and
control regulatory system. From an international perspective,
China, as the world's second-largest economy,38 plays an
important role in international affairs. Meanwhile, Wuhan is
one of the typical cities in the signicant Yangtze River
Economic Belt in China,39 whose environmental governance
experience has a widespread effect. The international commu-
nity can precisely formulate corresponding control strategies
and jointly promote global green and sustainable development,
based on the emission characteristics of VOCs in the Wuhan
industrial area revealed by this study.
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