
Science of the Total Environment 858 (2023) 159951

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Two-year online measurements of volatile organic compounds (VOCs) at
four sites in a Chinese city: Significant impact of petrochemical industry
Jiangshan Mu a, Yingnan Zhang a,⁎, Zhiyong Xia b, Guolan Fan b, Min Zhao a, Xiaoyan Sun b, Yuhong Liu c,
Tianshu Chen a, Hengqing Shen a, Zhanchao Zhang b, Huaicheng Zhang b, Guang Pan b,
Wenxing Wang a, Likun Xue a,b,⁎⁎

a Environment Research Institute, Shandong University, Qingdao, Shandong 266237, China
b Ji'nan Ecological Environment Monitoring Center of Shandong Province, Ji'nan, Shandong 250000, China
c Key Laboratory of Marine Environment and Ecology, Frontiers Science Center for Deep Ocean Multispheres and Earth System, Ministry of Education, Ocean University of China,
Qingdao, Shandong 266100, China
H I G H L I G H T S G R A P H I C A L A B S T R A C T
⁎ Corresponding author.
⁎⁎ Correspondence to: L. Xue, Environment Research Instit

E-mail addresses: yingnan@mail.sdu.edu.cn (Y. Zhang), x

http://dx.doi.org/10.1016/j.scitotenv.2022.159951
Received 14 August 2022; Received in revised form 2
Available online 3 November 2022
0048-9697/© 2022 Elsevier B.V. All rights reserved.
• Two-year online measurements of VOCs
were conducted at four sites in a Chinese
city.

• Petrochemical industry led to higher VOC
level and larger aromatic contribution.

• Strong O3 production and high sensitivity
to NOx were determined at industrial site.
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Volatile organic compounds (VOCs) management has been recently given a high priority in China to mitigate ozone
(O3) air pollution. However, there is a relatively poor understanding of VOCs due to their complexity and fewer obser-
vations. To better understand the pollution characteristics of VOCs and their impact on O3 pollution, two-year contin-
uous measurements were conducted at four representative sites in Ji'nan, eastern China. These four sites cover urban,
background, and industrial areas (within a petroleum refinery). Ambient VOCs showed higher concentrations at indus-
trial site than at urban and background sites, owing to intensive emissions from petrochemical industry. The VOCs
compositions present spatial heterogeneity with alkenes dominated in total reactivity at urban and background
sites, while alkenes and aromatics together dominated at industrial site. TheVOCs emission profile frompetrochemical
industry was calculated based on observational data, which revealed a huge impact on light alkanes (C2–C5), light al-
kenes (ethene), and aromatics (toluene and m/p-xylene). The positive matrix factorization (PMF) model analysis
further refined the impact of different petrochemical industrial processes. Alkanes and alkenes dominated the
emissions during refining process, while aromatics dominated during solvent usage process. Analysis by an
observation-based model indicated stronger in-situ O3 production and higher sensitivity to nitrogen oxides at in-
dustrial site compared to urban and background sites. The reduction of VOCs emissions from petrochemical
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industry would significantly reduce the O3 concentrations. The analyses underline the significant impact of pet-
rochemical industry on VOCs and O3 pollution, and provide important reference for the formulation of refined
and effective control strategies.
1. Introduction

Volatile organic compounds (VOCs) and nitrogen oxides (NOx=NO+
NO2) are key precursors to the formation of secondary aerosols and ground-
level ozone (O3), and hence play important roles in tropospheric chemistry
and regional air quality (Atkinson, 2000; Liu et al., 2019; Seinfeld and
Pandis, 1998; Sillman, 1999; Wu et al., 2016). Scores of studies have dem-
onstrated significant decreases in the emissions and ambient concentra-
tions of NOx across China in the recent decade, owing to the
implementation of a series of regulations launched by the China State Coun-
cil (Wang et al., 2019;Wang et al., 2022). In comparison, little attention has
been paid to VOCs control, which still exhibited an increasing or non-
decreasing trend (Li et al., 2019a, 2019b; Wu and Xie, 2017), and thereby
largely contributed to the worsened secondary air pollution problems (es-
pecially O3 air pollution) in China (Sun et al., 2016; Xue et al., 2014).

Extensive studies have been conducted to examine the VOCs pollution
characteristics, sources, and impact on O3 pollution over the last three de-
cades. Most studies have been concentrated in fast-developing regions,
such as Beijing-Tianjin-Hebei and surrounding areas (BTHs), Yangtze
River Delta (YRD), and Pearl River Delta. High levels of ambient VOCs
and a VOCs-limited O3 formation regime have been frequently documented
in Beijing, Shanghai, Guangzhou, and Hong Kong (Guo et al., 2017; Wang
et al., 2017; Mozaffar and Zhang, 2020; Xue et al., 2014), elucidating the
importance of VOCs to chemical production of O3 in the metropolitan
areas. Vehicle exhaust and industrial activitywere identified asmajor emis-
sion sectors for VOCs based on source apportionment results (Dai et al.,
2022; Guo et al., 2017; Li et al., 2020a, 2020b; Li et al., 2019a, 2019b). De-
spite an increasing number of studies, the current observations are not suf-
ficiently comprehensive to reflect the VOCs pollution situation in China.
First, most studies were based on short-term intensive observations, while
long-term measurements of VOCs with >1-year period are very limited.
Second,many other cities beyondmetropolitan areas are also facing serious
VOCs and O3 air pollution problems, but limited studies were taken place.

Shandong Province is located in East China and behaves as a connection
for BTHs and the YRD region. This area is densely-populated and suffered
from heavy traffic and residential emissions. In addition, it has a solid foun-
dation and booming development of industry, e.g., the output in the fields
of petroleum refinery industry of Shandong was in the front rank over
China and worldwide. The flourishing petroleum refinery industry has
enormously promoted the economic development over Shandong, but
also led to large energy consumption and deterioration of air quality. A va-
riety of VOCs species would be emitted into the atmosphere from crude oil
volatilization, refining process, and solvent usage during the petrochemical
industrial process (Chen et al., 2020; Rao et al., 2007), which would subse-
quently contribute to the chemical production of O3. Indeed, the environ-
mental impact of petrochemical industry goes far beyond Shandong
Province, as which is an important industrial source for VOCs emissions
in China and many other countries (Han et al., 2018; Rovira et al., 2021).
A comprehensive understanding of the impact of petrochemical industry
on VOCs andO3 air pollution is therefore essential for the formulation of ef-
ficient and refined control strategies.

Ji'nan is the capital city of Shandong Province and is home to several large
petroleum refineries. In this study, we conducted 2-year continuous observa-
tions at urban, background, and industrial sites of Ji'nan during 2018–2019.
The obtained datawere analyzed in detail to examine the tempo-spatial distri-
butions of VOCs as well as the impact of petrochemical industry on VOCs
abundance and chemical compositions. The emission profile of VOCs from
petrochemical industry and its major processes is determined based on obser-
vational data and positive matrix factorization (PMF) model analysis. The O3
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formationmechanism and the impact ofmajor emission sources onO3 forma-
tion at individual sites are determinedwith the application of an observation-
basedmodel (OBM). The implications for the formulation of control strategies
against O3 pollution is discussed.

2. Materials and methods

2.1. Site description and field observations

Four sites distributed in three functional areas (i.e., urban, background,
and industrial areas) of Ji'nanwere carefully selected for field observations.
The locations of individual sites are shown in Fig. 1 and the detailed de-
scriptions are as follows.

Two urban sites were selected, with one located in Quancheng Square
(QS; 36.66°N, 117.02°E; 35m above sea level (a.s.l.)), and the other located
in Environmental Monitoring Center Station (EMCS; 36.66°N, 117.15°E; 35
m a.s.l.). These two sites are very close and both are located in the prosper-
ous area of central Ji'nan, with residential areas, commercial areas, and ar-
terial roads nearby. In addition, a petroleum refinery (where the industrial
site is located) is located about∼15 km to the northeast. The air quality in
urban Ji'nan ismainly affected by anthropogenic emissions, especially vehi-
cle exhaust and industrial activity (to a lesser extent). The observations
lasted from 2 March 2018 to 31 December 2019 at QS and from 8 January
2018 to 31 December 2019 at EMCS.

The industrial site was set in a petroleum refinery company (OR;
36.70°N, 117.17°E; 16 m a.s.l.), which covers an area of ∼2400 m2 and is
located in the central part of Ji'nan (close to the urban areas). The OR com-
pany belongs to a large Chinese petroleum and chemical company and can
produce∼5 million tons of oils annually. In addition to the significant im-
pact from industrial activity, theOR site is somewhat affected by vehicle ex-
haust as the company is close to an arterial road. The observations lasted
from 7 January 2018 to 31 December 2019.

The background site is located in Paomaling park (PML; 36.43°N,
117.22°E; 710 m a.s.l.) in a mountainous area in southern Ji'nan, which is
∼40 km far away from the urban sites and∼50 km far away from the indus-
trial site. Themountains have an average elevation of∼700ma.s.l. Due to the
high elevation, the PML site is rarely impacted by local anthropogenic emis-
sions. The observations lasted from6 January 2018 to 31 December 31, 2019.

The VOCs data were measured with TH-300B Online VOCs Monitoring
System made byWuhan Tianhong Environmental Protection Industry Co., Ltd.
This system adopted detection technology of ultra-low temperature pre-
concentration combined with gas chromatography and mass
spectrometry-flame ionization detector (GC/MS-FID). The ultra-low tem-
perature freeze recovery device uses electronic refrigeration, and the inter-
nal temperature of the cold trap can reach −150 °C, allowing the target
compound to be completely captured. During the sampling period, strict
quality assurance and control procedures were performed to assure data
quality (MEEPRC, 2013). Briefly, single-point calibrations and multi-point
calibrations were regularly performed on a weekly basis by using the stan-
dard gases of PAMS and TO15. The R2 of the calibration curves for all com-
pounds was >0.995. The method detection limit (MDL) for species
quantified in this system ranged from 0.001 to 0.040 ppbv (the statistical
confidence coefficient was 3.14), which was determined by repeating the
analysis 7 times with standard sample at a concentration of the lowest cal-
ibration curve. The accuracy of individual species was within±9%, which
was determined by comparison betweenmeasured values and actual values
with weekly span checks and calibrations. The precision of individual spe-
cies was within 10 %, which was determined by repeating the analysis 5
times with standard sample at a concentration of 2 ppbv. Previous studies



Fig. 1.Map showing the location of Ji'nan (the red triangle in the left panel) and the distributions of four observation sites within Ji'nan (the right panel). The left panel was
colored by NMVOC emissions in 2016 (Li et al., 2017), while the right panel was colored by land-use types, and the grey, cyan, and green colors were used to represent
cropland, artificial surface, and forest land, respectively. NMVOC, non-methane volatile organic compound; QS, Quancheng square; EMCS, Environmental Monitoring
Center Station; OR, petroleum refinery company; PML, Paomaling park.
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have confirmed the satisfactory ability of TH-300B for VOCs detection and
analysis (Wang et al., 2014). In this study, totally 57 VOCs species (see
Table 1 for detailed information) were the same within observations at
four sites, and their data were extracted for further analyses.

Observational data for trace gases and meteorological parameters were
obtained from local government agencies. Trace gases including CO, O3,
SO2, and NO2 were measured with standard commercial techniques
(CNEMC, 2018). Specifically, O3 wasmeasured by amodel T400UV photo-
metric ozone analyzer (Teledyne Advanced Pollution Instrumentation (T-
API)) with a detection limit of 0.4 ppbv and precision of 0.5 %. NO2 was
monitored by an optical analyzer (model T500U, T-API) with a detection
limit of 40 pptv and precision of 0.5 %. CO was measured using a model
300 optical analyzer (T-API)with a detection limit of 50 ppbv and precision
of 0.5%. SO2wasmeasured by themodel T100U trace-level analyzerwith a
detection limit of 0.4 ppbv and precision of 0.5 %. During the 2-yr observa-
tion, multi-point calibrations were performed monthly and zero and span
calibrations were performed weekly. The measured meteorological param-
eters include wind speed, wind direction, temperature, relative humidity,
and barometric pressure.

2.2. The PMF model

The PMFmethod is an effectivemultivariate factor analysis tool and has
been widely used to resolve VOCs sources. Briefly, PMF would decompose
the sampled data into twomatrices: factor contributions and factor profiles.
These factor profiles can be interpreted to explore source types and contri-
butions (Paatero, 1997; Paatero and Tapper, 1994). In this study, the US
PMF 5.0 (EPA, 2014) was applied to identify major VOCs sources and to es-
timate their contributions to VOCs observed at individual sites. Compounds
with data caption rate below 75 % were rejected. Finally, the data of total
40, 32, and 44 VOCs species which are representative tracers of specific
sources were selected as input to the PMF model for urban, industrial,
and background sites, respectively. These selected species accounted for a
large contribution to the total concentration and OH reactivity of VOCs spe-
cies, i.e., 93.4 % and 80.4 % at urban sites, 82.9 % and 82.1 % at industrial
site, and 96.0% and 83.3% at background site, and are supposed to be able
to reflect the local emission characteristics. The uncertainty is estimated ac-
cording to Eq. (1) and Eq. (2) (EPA, 2014).

uncertainly ¼ 5
6
�MDL C ≤ MDLð Þ (1)

uncertainty ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EF � concentrationð Þ2 þ 0:5�MDLð Þ2

q
C>MDLð Þ (2)
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where MDL represents method detection limit; C represents the concentra-
tion of each selected species; EF represents error fraction, and was assumed
to be 20 % in this study.

A series of PMF runs were performed to find a reasonable number of
identified sources (six for industrial and urban sites; five for background
site) and to ensure that the theoretical Q value is closer to or approximately
equal to the number of freedom degrees or the total number of data points.
The detailed criteria for factor selection and identification have been pro-
vided in previous studies (An et al., 2017; Liu et al., 2020).

2.3. Chemical box model

An observation-basedmodel was used to estimate the in-situ O3 produc-
tion rates and to diagnose the O3 formation mechanisms at the individual
sites. The OBM is built based on the Regional Atmospheric Chemical Mech-
anism version 2 (RACM2) (Gross and Stockwell, 2003; Stockwell et al.,
1997) and incorporates physical processes such as dry deposition and diur-
nal variation of planetary boundary layer (see SI for the descriptions). De-
tailed information of model configuration and performance can be found
in previous studies (Liu et al., 2021b; Zong et al., 2018).

We performedOBMsimulations for spring, summer, and autumn, three of
the photochemically-active seasons (see the frequency of maximum daily 8-
hour average O3 (MDA8 O3) mixing ratio exceeding 75 ppbv (Class II stan-
dard in China) in Fig. S1). During the simulations, the OBM was constrained
by the observed data of O3, CO, SO2, NO2 and VOCs (57 compounds) concen-
trations, andmeteorological parameters (e.g., temperature, relative humidity,
and pressure), which were averaged or interpolated into a 30-min resolution.
The data of m-xylene and p-xylene cannot be separately measured, and were
regarded as m-xylene in the model input. The model was initiated at 00:00
local time (LT) and read the input data at an integration step of 30min to cal-
culate in-situ Ox (Ox=O3+NO2) production, destruction, and net rates dur-
ing the entire spring, summer, and autumn seasons of 2018 and 2019. Prior to
each simulation, the model was pre-run for 3 days to approach a steady state
to stabilize the concentrations of unconstrained species (such as radicals and
oxygenated VOCs (OVOCs)), and results from the 4th day were extracted for
analyses. A series of sensitivity tests were conducted to evaluate the effects of
NOx and VOCs (including anthropogenic VOCs (AVOCs) and biogenic VOCs
(BVOCs), and AVOCs were further divided into alkanes, alkenes, and aro-
matics) and of major VOCs emission sources (identified by PMF model) on
the net rates of in-situ Ox production.

Ozone isopleth diagrams were established to describe the non-linear re-
lationship betweenO3 and its precursors (i.e., NOx andAVOCs) at industrial
and urban sites. Briefly, the RACM2 box model was constrained in the
base run by the average diurnal profile of SO2, CO, NO2 and VOCs



Table 1
The average mixing ratio (mean ± standard deviation; unit: ppbv) of VOCs ob-
served at four sites in Ji'nan during 2018–2019.

Species QS EMCS OR PML

Ethane 3.63 ± 1.62 3.27 ± 1.67 5.00 ± 2.92 2.62 ± 1.58
Propane 3.65 ± 2.43 3.80 ± 2.64 4.75 ± 3.32 1.03 ± 0.65
n-Butane 2.32 ± 1.71 1.78 ± 1.44 2.98 ± 2.70 0.57 ± 0.36
i-Butane 0.61 ± 0.52 0.78 ± 0.61 2.25 ± 2.17 0.43 ± 0.24
Cyclopentane 0.05 ± 0.03 0.06 ± 0.05 0.45 ± 1.13 0.02 ± 0.02
n-Pentane 0.32 ± 0.29 0.49 ± 0.46 2.01 ± 2.35 0.20 ± 0.14
i-Pentane 0.91 ± 0.70 1.30 ± 1.02 2.85 ± 2.72 0.28 ± 0.18
Cyclohexane 0.06 ± 0.05 0.04 ± 0.03 0.26 ± 0.49 0.02 ± 0.02
Methylcyclopentane 0.06 ± 0.04 0.07 ± 0.05 0.49 ± 0.98 0.02 ± 0.02
2,3-Dimethylbutane 0.20 ± 0.15 0.21 ± 0.17 0.77 ± 1.29 0.03 ± 0.03
2,2-Dimethylbutane 0.03 ± 0.02 0.03 ± 0.02 0.12 ± 0.32 0.01 ± 0.01
n-Hexane 0.04 ± 0.04 0.04 ± 0.04 0.92 ± 1.29 0.05 ± 0.04
2-Methylpentane 0.25 ± 0.16 0.28 ± 0.19 0.63 ± 1.08 0.03 ± 0.03
3-Methylpentane 0.10 ± 0.07 0.13 ± 0.10 0.65 ± 1.14 0.03 ± 0.03
Methylcyclohexane 0.04 ± 0.03 0.04 ± 0.03 0.26 ± 0.48 0.01 ± 0.01
n-Heptane 0.06 ± 0.04 0.05 ± 0.04 0.55 ± 0.72 0.05 ± 0.04
2-Methylhexane 0.04 ± 0.04 0.05 ± 0.04 0.29 ± 0.56 0.01 ± 0.01
2,3-Dimethylpentane 0.03 ± 0.02 0.02 ± 0.02 0.21 ± 0.41 0.01 ± 0.01
2,4-Dimethylpentane 0.02 ± 0.01 0.02 ± 0.01 0.10 ± 0.20 0.01 ± 0.01
3-Methylhexane 0.05 ± 0.04 0.05 ± 0.04 0.33 ± 0.58 0.01 ± 0.01
n-Octane 0.03 ± 0.02 0.03 ± 0.03 0.32 ± 0.47 0.02 ± 0.02
2,3,4-Trimethylpentane 0.02 ± 0.01 0.02 ± 0.01 0.08 ± 0.15 0.01 ± 0.01
2-Methylheptane 0.02 ± 0.01 0.02 ± 0.01 0.21 ± 0.41 0.01 ± 0.01
3-Methylheptane 0.02 ± 0.01 0.02 ± 0.01 0.15 ± 0.25 0.01 ± 0.01
2,2,4-Trimethylpentane 0.03 ± 0.02 0.03 ± 0.02 0.15 ± 0.33 0.01 ± 0.01
n-Nonane 0.03 ± 0.02 0.02 ± 0.02 0.40 ± 0.54 0.02 ± 0.02
n-Decane 0.02 ± 0.01 0.02 ± 0.01 0.55 ± 0.91 0.04 ± 0.06
n-Undecane 0.02 ± 0.01 0.02 ± 0.01 0.43 ± 0.62 0.10 ± 0.18
n-Dodecane 0.03 ± 0.02 0.03 ± 0.02 0.27 ± 0.52 0.05 ± 0.03
Ethene 1.47 ± 1.01 1.38 ± 1.04 2.88 ± 2.55 0.74 ± 0.62
Propene 0.72 ± 0.74 0.74 ± 0.83 1.61 ± 3.06 0.20 ± 0.23
1,3-Butadiene 0.11 ± 0.09 0.08 ± 0.05 0.13 ± 0.34 0.00 ± 0.00
1-Butene 1.25 ± 0.93 0.73 ± 0.56 0.54 ± 1.17 0.04 ± 0.03
Cis-2-butene 0.24 ± 0.12 0.22 ± 0.12 0.33 ± 0.76 0.04 ± 0.03
Trans-2-butene 0.08 ± 0.08 0.09 ± 0.07 0.50 ± 1.22 0.05 ± 0.06
1-Pentene 0.13 ± 0.10 0.16 ± 0.12 0.30 ± 0.85 0.02 ± 0.02
Cis-2-pentene 0.03 ± 0.02 0.05 ± 0.05 0.19 ± 0.62 0.00 ± 0.00
Trans-2-pentene 0.10 ± 0.07 0.13 ± 0.10 0.52 ± 1.14 0.03 ± 0.03
1-Hexene 0.04 ± 0.03 0.04 ± 0.03 0.29 ± 0.61 0.04 ± 0.04
Isoprene 0.12 ± 0.12 0.14 ± 0.14 0.38 ± 0.82 0.03 ± 0.04
Ethyne 0.61 ± 0.42 0.57 ± 0.42 2.85 ± 2.32 0.99 ± 0.63
Benzene 0.58 ± 0.37 0.59 ± 0.40 1.35 ± 1.32 0.33 ± 0.20
Toluene 0.34 ± 0.26 0.36 ± 0.31 1.46 ± 1.34 0.20 ± 0.19
Styrene 0.04 ± 0.03 0.03 ± 0.03 0.20 ± 0.34 0.01 ± 0.01
Ethylbenzene 0.09 ± 0.08 0.09 ± 0.08 0.55 ± 0.62 0.05 ± 0.05
o-Xylene 0.09 ± 0.08 0.09 ± 0.09 0.63 ± 0.68 0.05 ± 0.05
m/p-Xylene 0.16 ± 0.15 0.18 ± 0.18 1.51 ± 1.57 0.09 ± 0.08
n-Propylbenzene 0.02 ± 0.01 0.02 ± 0.01 0.27 ± 0.43 0.02 ± 0.02
Isopropylbenzene 0.01 ± 0.01 0.01 ± 0.01 0.12 ± 0.22 0.01 ± 0.01
p-Ethyltoluene 0.02 ± 0.02 0.03 ± 0.02 0.36 ± 0.52 0.02 ± 0.02
o-Ethyltoluene 0.02 ± 0.01 0.02 ± 0.01 0.35 ± 0.50 0.02 ± 0.02
1,2,4-Trimethylbenzene 0.04 ± 0.04 0.04 ± 0.04 0.77 ± 1.11 0.03 ± 0.03
1,3,5-Trimethylbenzene 0.04 ± 0.03 0.04 ± 0.03 0.37 ± 0.54 0.01 ± 0.01
1,2,3-Trimethylbenzene 0.02 ± 0.02 0.02 ± 0.02 0.43 ± 0.74 0.02 ± 0.02
p-Diethylbenzene 0.02 ± 0.01 0.02 ± 0.02 0.45 ± 0.84 0.04 ± 0.08
m-Diethylbenzene 0.02 ± 0.01 0.02 ± 0.01 0.39 ± 0.71 0.02 ± 0.04
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concentrations, temperature, relative humidity, and pressure during O3

non-attainment days (i.e., MDA8O3mixing ratios were higher than the Chi-
nese Class II standard of 75 ppbv). These average diurnal profiles of major
pollutants and meteorological parameters have a good representativeness
of the local environmental conditions facilitating O3 pollution (Fig. S2–
S3). Then, a series of emission-reduction simulations were conducted
using X times (X = 0–1, with a bin of 0.05) the base concentrations of
AVOCs and NOx. For more reliable modeling results, the initial concentra-
tions of OVOCs were specified based on 2-day pre-run results. The concen-
tration of O3 was initialized using observation data at 00:00 local time (LT)
(initial time of the model integration), and its chemistry and concentration
were simulated using constraints for other relevant species in the following
integration. The model was initialized at 00:00 LT with an integration step
4

of 1 h and a duration of 24 h. The model-simulated MDA8 O3 concentra-
tions under the above base and 399 emission-reduction scenarios were ex-
tracted to describe the nonlinear response of O3 to reduction in O3

precursors.

3. Results and discussion

3.1. Chemical composition and spatial distribution of ambient VOCs

Table 1 presents and compares the average VOCs concentrations ob-
served at urban, background, and industrial sites. The average VOCs con-
centrations (± standard deviation) were 45.2 ± 28.4 ppbv at industrial
site, significantly higher than those at urban sites (17.6 ± 8.1 ppbv at QS;
17.1 ± 8.4 ppbv at EMCS) and background site (7.7 ± 3.7 ppbv) (p <
0.01, tested by one-way analysis of variance). This is also the case from
the perspective of reactivity, with the highest OH reactivity (LOH) recorded
at industrial site (7.3 ± 4.3 s−1), followed by urban sites (3.9 ± 1.9 s−1 at
QS; 3.6±1.8 s−1 at EMCS) and background site (0.9±0.5 s−1) (p< 0.01).
Such spatial distribution pattern is common for most species, with one ex-
ception of 1-butene, which showed the highest concentrations at urban
sites, and then followed by industrial site and background site. The distinct
spatial distribution pattern of 1-butene was indeed attributed to the intense
oil and gas usage emissions in urban areas (similar case was also observed
in Beijing (Cui et al., 2022)), which is a major source of 1-butene. We
then compared the VOCs abundance in Ji'nan with that in other cities. As
shown in Fig. S4, the VOCs concentrations in urban Ji'nan were lower
than those observed in London (Von Schneidemesser et al., 2010), Los
Angeles (Warneke et al., 2012), and Tokyo (Hoshi et al., 2008), and ranked
at middle levels among the selected 17 Chinese cities. However, the VOCs
concentrations at the industrial site were comparable to or higher than
those observed in the above selected cities. Furthermore, the VOCs concen-
trations at industrial site in the present study was comparable with those
observed at other industrial sites with intense VOCs emission (An et al.,
2014; Wang et al., 2021; Wei et al., 2022). These results demonstrate the
intensive VOCs emission from petrochemical industry.

The detailed VOCs compositions also varied spatially (Fig. 2). With
concentration-based results, alkanes made the largest contributions (OR:
57.8 %; QS: 66.4 %; EMCS: 68.4 %; PML: 64.7 %). The second abundant
class was aromatics at industrial site, but changed to alkenes and alkynes
at urban sites (QS: 22.2 %; EMCS: 19.6 %) and background site (12.9 %),
respectively. It appears that petrochemical industry would lead to higher
aromatic contributions (particularly of toluene and m/p-xylene), which is
more obvious with LOH-based results. As shown, alkenes were the key
class at urban and background sites (QS: 69.0 %; EMCS: 64.0 %; PML:
44.0 %), whose contributions to LOH were obviously higher than the
other classes. On species level, 1-butene and ethenemade the largest contri-
butions at urban sites (QS: 23.9%, 1.05±0.79 s−1; EMCS: 15.3%, 0.62±
0.47 s−1) and background site (14.0 %, 0.17 ± 0.14 s−1), respectively. In
contrast, alkenes and aromatics made comparable contributions (37.6 % vs
35.7 %) and together dominated LOH at industrial site. On species level,
propene (12.9 %, 1.06 ± 2.00 s−1) and m/p-xylene (9.5 %, 0.78 ± 0.64
s−1) made the largest contributions. In addition, we notice that the contri-
butions of unreactive species (e.g., alkynes and alkanes) were higher at
background sites than at urban and industrial sites, indicating a nature of
regional transport. These results clearly elucidate the varied VOCs chemical
composition among different sites in Ji'nan.

The spatial distribution pattern of VOCs and its chemical composi-
tion reflected the distinct emission characteristics among different
functional areas in a particular city. For Ji'nan, the VOCs at urban and
background sites were mainly subject to the influence of oil and gas
usage and combustion source (both with large loads of alkenes), respec-
tively, while at industrial site were mainly subject to the influence of
petrochemical industrial emission (with large loads of aromatics) (see
details in Section 3.3). The spatial distribution pattern of VOCs in Ji'nan
reveals the intensive VOCs (especially aromatics) emission from petro-
chemical industry activity.



Fig. 2.VOCs compositions based on concentrations (the upper panel) and LOH (the lower panel) at QS ((a) and (e)), EMCS ((b) and (f)), OR ((c) and (g)), and PML ((d) and (h))
in Ji'nan.
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3.2. Seasonal and diurnal variations

Fig. 3 depicts the seasonal variation pattern of VOCs concentrations de-
rived from the 2-year continuous observations. At urban and industrial
sites, the VOCs concentrations were the lowest in spring (March–May;
14.0 ± 7.3 ppbv at QS, 14.0 ± 7.5 ppbv at EMCS, and 31.5 ± 21.2 ppbv
at OR) and peaked in autumn (September–November; 20.9 ± 8.6 ppbv at
EMCS) or winter (December–January; 20.4 ± 7.4 ppbv at QS; 56.1 ±
28.4 ppbv at OR). Such pattern is typical for cities located in northern
China, e.g., Beijing (Liu et al., 2021a), Shijiazhuang (Guan et al., 2020),
and Taiyuan (Li et al., 2020a, 2020b), and should be attributed to the favor-
able meteorological conditions in spring (e.g., high planetary boundary
layer) and unfavorable meteorological conditions (e.g., shallow planetary
boundary layer) and strong emission intensity (from heat and burning,
Fig. 3. Seasonal variations of ambient VOCs at (a) QS, (b) EMCS, (c) OR, and (d) PML in
% of the data, while the dots indicate the average concentrations.
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etc.) in autumn and winter. A similar pattern was also shown by individual
AVOCs group (Fig. S5), while BVOCs (i.e., isoprene) concentrations peaked
in summer due to high temperatures. At background site, the VOCs concen-
trations exhibited a valley in summer (June–August; 6.2 ± 2.6 ppbv) and
peaked inwinter (9.8±4.8 ppbv). For comparison, we also performed sim-
ilar analyses based on LOH (Fig. 3), and the obtained results are generally
consistent with those obtained based on VOCs concentrations.

Fig. 4 presents the average diurnal variation pattern of VOCs concentra-
tions at individual sites. At urban and industrial sites, the VOCs concentra-
tions showed well-defined diurnal pattern with two peaks in the morning
and early evening rush hours. A similar pattern was shown by NO2 concen-
trations (Fig. S6). Such pattern is typical formost of the existing studies con-
ducted in urban areas and highlights the significant impact of vehicle
exhaust and planetary boundary layer evolution (Fares et al., 2013; Li
Ji'nan during 2018–2019. The box plot provides the 10%, 25%, 50%, 75 %, and 90



Fig. 4.Average diurnal variations in (a) concentrations and (b) LOH of ambient VOCs at individual sites in Ji'nan during 2018–2019. The shaded areas represent half standard
deviation of the mean.
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et al., 2014; Liu et al., 2016). All of the AVOCs groups (such as alkanes, al-
kenes, and aromatics) showed a bi-modal diurnal variation pattern, while
BVOCs exhibited a broad peak in the afternoon due to high temperatures
(Fig. S7). At background site, the diurnal pattern of VOCs concentrations
was very flat with much smaller variations than those observed at urban
and industrial sites. A similar pattern was shown by NO2 concentrations
(Fig. S6). Such pattern is typical for most of the existing studies conducted
in remote areas (Debevec et al., 2021), implying the influence of regional
transport.

The above temporal distribution pattern of VOCs is shaped by a combi-
nation of many factors, including emission intensity, sinks, regional trans-
port, and meteorological conditions. The influence of these factors on the
ambient VOCs level can be reflected by the patterns of seasonal variation
and diurnal variation. For Ji'nan, the level of VOCs at urban and industrial
sites was mainly affected by local fresh emissions, while at background site
was mainly influenced by regional transport.

3.3. Impact of petrochemical industry on VOCs

Diagnose indicators of T/B (toluene/benzene) and X/E (m/p-xylene/
ethylbenzene) ratios were calculated to evaluate the relative importance
of different VOCs emission sources (Fig. 5). A lower X/E ratio usually indi-
cates an aging air mass (i.e., a large influence of regional transport) (Han
et al., 2017; Phuc and Oanh, 2018). For T/B ratios, a value in the range of
0.2–0.4, 0.9–1.5, and>1.5 usually indicates a large influence of combustion
source, vehicle exhaust, and industrial activity, respectively (Zhang et al.,
2016). The lowest X/E ratios were observed at background site (1.9 ±
0.4), followed by two urban sites (QS: 2.1 ± 1.1; EMCS: 2.1 ± 0.8) and
Fig. 5. The ratios of (a) toluene/benzene and (b) m/p-xylene/eth
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industrial site (3.2 ± 1.3). The highest T/B ratios were observed at indus-
trial site (2.1 ± 10.5) with 32.7 % of the data larger than 1.5. Followed
were those observed at urban sites (QS: 0.9 ± 2.6; EMCS: 1.1 ± 2.9),
with 19.8 % (19.9 %) and 6.1 % (8.3 %) of the data in the range of
0.9–1.5 and >1.5 at QS (EMCS). The lowest T/B ratios were observed at
background site (0.8 ± 1.1), with 17.1 % and 4.8 % of the data in the
range of 0.9–1.5 and >1.5. The diagnose indicators indicate the significant
impact of fresh emissions on VOCs at urban and industrial sites but of re-
gional transport on VOCs at background site. The distribution of T/B ratios
elucidates an important contribution of petrochemical industry to VOCs in
Ji'nan (rather than a local scale).

Petrochemical industry is certainly an important VOCs emission source
(Dai et al., 2022), not only in Ji'nan but also inmany other cities such as Bei-
jing (Song et al., 2007), Shanghai (Cai et al., 2010), Langfang (Song et al.,
2019), Guangzhou (Yuan et al., 2013), and Houston (Ryerson et al.,
2003). To obtain the detailed VOCs emission profile from petrochemical in-
dustry, source data were selected according to the following criteria: (a) T/
B ratio larger than 4.2 (Barletta et al., 2008; Zhang et al., 2016); (b) X/E
ratio larger than 2.0; (c) exclusion of data in the rush hours and during pe-
riods with intense photochemistry; (d) observation data at industrial site.
The aim was to reduce the interferences introduced by vehicle exhaust
and to assure that the selected data were mainly subject to the influence
of petrochemical industry. The VOCs emission profiles were derived by
subtracting the regional background from the source data, and the regional
background level was calculated as the average of the lowest 10th percen-
tile of data measured at background site (i.e., PML) (Chen et al., 2020). As
shown in Fig. 6, light alkanes (C2–C5), aromatics, long-chain alkanes (C6–
C12), alkenes, and alkynes accounted for 50.0 %, 19.5 %, 12.6 %, 10.9 %,
ylbenzene at individual sites (i.e., QS, EMCS, OR, and PML).



Fig. 6.VOCs emission profile from petrochemical industry obtained based onmeasured data at OR. The box plot provides the 10th, 25th, 50th, 75th, and 90th percentiles of
the data, and the yellow circle represents the average. Detailed method for the calculation of VOCs emission profile was documented in Section 3.3.
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and 7.0% of the total measured species, respectively. On species level, pro-
pane (15.7%), ethane (12.4%), ethyne (7.0%), n-butane (6.7%), i-pentane
(6.6 %), ethene (5.8 %), toluene (5.0 %),m/p-xylene (4.6 %), i-butane (4.2
%), and n-pentane (4.0 %) were identified as the top 10 abundant species.
The emission profile of VOCs from petrochemical industry obtained in this
study was generally consistent to that in Shanghai (Gao et al., 2022), but
was slightly different from that in Izmir (Turkey) (Cetin et al., 2003) and
Hangzhou (Mo et al., 2015), which found a huge impact of petrochemical
activity on alkanes and alkenes (mainly propene and ethene). The differ-
ence should be related to the dominance of different petrochemical indus-
trial processes (see below).

To refine the impact of different petrochemical industrial processes, the
PMF model was applied to determine major VOCs emission sources and
their respective contributions. Totally six factors were resolved in Ji'nan,
i.e., refining process, combustion source, solvent usage, biogenic emission,
vehicle exhaust, and O&G (oil and gas) usage (see SI for the detailed infor-
mation of source profile). Three points are noteworthy in Fig. 7. First, the
contributions of refining process and solvent usage were resolved at all
sites, again demonstrating the impact of petrochemical industry on urban
air quality in Ji'nan. Second, different species would be emitted during dif-
ferent petrochemical industrial processes (Li et al., 2019a, 2019b). Alkanes
and alkenes dominated the emissions during refining process, while aro-
matics dominated the emissions during solvent usage process. Third, petro-
chemical industry (29.0 %–40.5 %), combustion (25.0 %–50.4 %), and
vehicle exhaust (17.1 %–25.3 %) were identified as major VOCs sources
in Ji'nan with concentration-based results. The impact of petrochemical in-
dustry on VOCs declined along with increasing distance to the industrial
site (also demonstrated by diagnose indicators). The reactivity-based re-
sults are not that consistent with those obtained based on VOCs
Fig. 7. Contributions of major emission sources to ambient VOCs observed at (a) urban,
and inner rings were for LOH-based and concentration-based results, respectively.
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concentrations. The contributions of petrochemical industry to VOCs
were enhanced based on LOH (from 29.0 %–40.5 % to 28.0 %–51.3 %),
while those of vehicle exhaust levelled off (from 17.1 %–25.3 % to 17.1
%–24.3 %) and those of combustion were largely lowered (from 25.0 %–
50.4 % to 12.5 %–27.5 %).

Based on observational evidence and PMFmodel analysis, we examined
the impact of petrochemical industry and its major processes on VOCs. The
intensive emissions of VOCs from petrochemical industry went far beyond
industrial areas and exerted significant impact on urban air quality in
Ji'nan. During the petrochemical industrial process, refining process
would exert a huge impact on alkanes and alkenes, while solvent usage
would exert a huge impact on aromatics. More studies should be conducted
to further refine the impact of different petrochemical industrial processes.

3.4. Comparison of O3 formation mechanisms between industrial and other sites

An OBM coupled with RACM2 was applied to diagnose O3 formation
mechanisms and to examine the impact of petrochemical industry on O3

formation. The chemical production of O3was themost intense at industrial
site (29.9–49.8 ppbv/h; 9:00–15:00 LT), followed by urban sites (QS:
19.2–38.7 ppbv/h; EMCS: 18.1–35.0 ppbv/h) and background site
(0.9–9.5 ppbv/h) (Fig. S8). There is a strong in-situ O3 production capacity
in Ji'nan, especially at industrial site, which was comparable to or even
higher than those derived from megacities such as Beijing (Jia et al.,
2023) and Shanghai (Zhang et al., 2021a). The chemical production of O3

was the most intense in summer (9.5–49.8 ppbv/h), followed by spring
(2.3–41.5 ppbv/h) and autumn (0.9–29.9 ppbv/h). Such seasonal variation
pattern is generally consistent to that of observed O3 concentrations
(Fig. S1). An interesting phenomenon is the fast O3 production at industrial
(b) industrial, and (c) background sites in Ji'nan based on the PMF results. The outer



Fig. 8. Modeled RIRs for major O3 precursor groups (i.e., AVOCs, BVOCs, and NOx) and major AVOCs groups (i.e., alkane, alkene, and aromatic) at urban (QS: (a) & (e);
EMCS: (b) & (f)), industrial ((c) & (g)), and background ((d) and (h)) sites. RIR: relative incremental reactivity; AVOCs: anthropogenic VOCs; BVOCs: biogenic VOCs.
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site in the morning, which has been also found in an oil production region
in northern China (Chen et al., 2020) and should be driven by the intensive
VOCs emissions from petrochemical industry.

Several spatial and temporal features were shown in the O3 formation
regimes (Fig. 8). The urban and background sites persist in a VOCs-
limited O3 formation regime and AVOCs showed the largest relative incre-
mental reactivity (RIR) values (urban: 0.61–0.79; background: 0.82–1.39)
(see SI for the calculation of RIR). Among major AVOCs groups, alkenes
showed the largest RIR values (urban: 0.51–0.69; background:
0.59–1.03). A 20 % reduction in NOx emissions would aggravate O3 pollu-
tion (RIR: -0.72–0.00 and -1.44 to -0.52 at urban and background sites, re-
spectively). The VOCs-limited O3 formation regime at background site in
this study is different from that mentioned in previous studies (generally
NOx-limited) (Wang et al., 2022), which should be attributed to the low
VOCs/NOx ratios (0.91) at PML (even lower than urban Guangzhou
(Zhang et al., 2021b)). We also found similar case at the other background
Fig. 9. Modeled O3 change with 50 % reduction from major anthropogenic emission se
O&G usage) at (a) urban, (b) industrial, and (c) background sites.
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sites (He et al., 2019; Su et al., 2018). Similarly, the industrial site was in a
VOCs-limited O3 formation regime in spring and autumn, with AVOCs
showing the highest RIR values (spring: 0.52; autumn: 0.52). In contrast,
the industrial site shifted to a NOx-limited O3 formation regime in summer
(NOx: 0.55; AVOCs: 0.30). In all three seasons, a higher sensitivity to NOx

was determined at industrial site compared to urban and background
sites. The RIRs for BVOCs (0.00–0.04) were relatively small. These spatial
and temporal features in the O3 formation regimes were determined by
the relative abundance of NOx and VOCs. As shown in Table S1, the average
VOCs/NOx ratio at urban and background sites was largely lower than that
at industrial site. And at industrial site, the average VOCs/NOx ratio was
higher in summer than in spring and autumn. The relatively high VOCs
abundance tends to accelerate radical recycling, which can lead to NOx

cycle being the key process to limit O3 production (i.e., NOx-limited).
We then determined the impact of emission reduction from major

sources (i.e., refining process, combustion source, solvent usage, vehicle
ctors (i.e., refining process, combustion source, solvent usage, vehicle exhaust, and
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exhaust, and O&G usage) on O3 production by combining PMF results and
OBM analysis (Fig. 9). With a reduction ratio of 50 %, O&G usage, petro-
chemical industry, and combustion source were identified as the key emis-
sion sectors at urban (16.8 %–21.3 %), industrial (9.5 %–17.9 %), and
background sites (10.5%–12.9%), respectively. The effects of AVOCs emis-
sion reduction from vehicle exhaust (4.6 %–7.6 %) were relatively small.
For the whole Ji'nan city, the control of AVOCs emissions from petrochem-
ical industry would be the most effective way to alleviate O3 pollution
(urban: 12.6 %–24.6 %; industrial: 9.5 %–21.0 %; background: 9.2 %–
13.4 %). We also performed analyses with 100 % reductions and the key
emission sectors remain unchanged (Fig. S9). Specific to process level, the
control of AVOCs emissions from refining process (urban: 6.4%–12.4%; in-
dustrial: 9.5 %–17.9 %; background: 6.4 %–10.6 %) would be more effec-
tive than solvent usage (urban: 6.2 %–12.2 %; industrial: 1.6 %–3.1 %;
background: 2.6 %–3.3 %).

3.5. Implications for control policy against O3 pollution

As mentioned above, AVOCs played an important role in the chemical
production of O3. To aid in the development and refinement of control
strategies against O3 pollution, the non-linear dependence of O3 on NOx

and AVOCswas examined in detail at industrial and urban sites with strong
in-situ O3 production capacity. The model-simulated MDA8 O3 concentra-
tions under base scenarios were 83 ppbv at QS, 85 ppbv at EMCS, and 91
ppbv at OR (Fig. 10), which were comparable to observation data (QS: 88
ppbv; EMCS: 94 ppbv; OR: 91 ppbv). The good consistency indicates that
the model could well reproduce the formation of O3 pollution.

As shown in Fig. 10, the industrial and urban sites are clearly under
VOCs-limitedO3 formation regimes during the O3 non-attainment days. De-
crease in AVOCs concentrations would effectively alleviate O3 pollution
during a short-time period, while a small decrease in NOx concentrations
would aggravate O3 pollution. The attainment of O3 concentration
(MDA8 O3 < 75 ppbv) can be achieved if the NOx concentration is reduced
by−95 % and−90 %, or the AVOCs concentration is reduced by−10 %
and −15 % at urban and industrial sites, respectively. It is noted that the
effect of 100 % reduction in NOx on alleviating O3 pollution was superior
than that of 100 % reduction in AVOCs. Quantitatively, the MDA8 O3 con-
centrations in urban Ji'nan would be reduced by −90 % (for urban sites)
and by−99 % (for industrial site) with 100 % NOx reduction, but merely
by −76 % (for urban sites) and by −81 % (for industrial site) with 100
% AVOCs reduction. This is mainly attributed to the BVOCs emission,
which could lessen the benefit resulted from large decrease in AVOCs con-
centration. By taking BVOCs emission into account (beyond control ef-
forts), large decrease in NOx concentration is a more controllable way to
mitigate O3 pollution in the long run. To shift the O3 formation regime
from VOCs-limited to mix-limited (by NOx and VOCs), the NOx concentra-
tion needs to be reduced by 60 % and 50 % at urban and industrial sites,
Fig. 10. Isopleths of the modeled MDA8 O3 concentrations as a function of X folds the
dashed line represents the fitting line for a base case with an AVOCs/NOx reduction ratio
change in concentration (ppbv)], which exerts nearly zero effect onO3 production. The bl
formation regime.
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respectively (see the black solid line in Fig. 10). During this process, collab-
orative control of NOx and AVOCswith△AVOCs/△NOx> 0.79 (for urban
sites) and △AVOCs/△NOx > 0.66 (for industrial site) should be imple-
mented to avoid exacerbation of O3 pollution in Ji'nan (see the black
dashed line in Fig. 10).

The above strategy focusing on collaborative simultaneous AVOCs and
NOx reduction and large NOx reduction was recommended as a future
step against O3 pollution, not only in Ji'nan but also in many Chinese met-
ropolitan areas which are currently under VOCs-limited O3 formation re-
gimes (Wang et al., 2022). Note that the EKMA curve and science-based
AVOCs/NOx reduction ratio would vary between different cities (or differ-
ent periods for a particular city) (Ou et al., 2016; Zhao et al., 2022), owing
to the changes in local environmental conditions such as VOCs/NOx ratio,
VOCs chemical composition, and meteorological condition. Thus, the
science-based AVOCs/NOx reduction ratio needs to be examined on a regu-
lar basis based on changes in local environmental conditions.

4. Conclusions

Two-year continuous measurements were conducted at urban, back-
ground, and industrial areas in Ji'nan, eastern China. The data were ana-
lyzed to examine the VOCs pollution characteristics, sources, and impact
on O3 pollution. The major findings are summarized as follows.

On the spatial and temporal distribution of VOCs: Higher VOCs concen-
trations and an increasingly importance of aromatics were detected at in-
dustrial site than at urban and background sites, owing to intensive
emissions from petrochemical industry. Temporally, the VOCs concentra-
tions showed well-defined seasonal variation (peak in autumn or winter)
and diurnal variation (with two peaks in the rush hours) patterns at indus-
trial and urban sites, contrasting to the flat pattern shown by VOCs concen-
trations at background site.

On the impact of petrochemical industry on VOCs: The intensive VOCs
emissions from petrochemical industry went far beyond industrial areas
and exerted significant impact on urban air quality in Ji'nan, as indicated
by both diagnose indicators and PMF model analysis. During the petro-
chemical industrial process, refining would exert a huge impact on alkanes
(propane, ethane, n-butane, i-pentane, i-butane, and n-pentane) and alkenes
(ethene), while solvent usage would exert a huge impact on aromatics (tol-
uene and m/p-xylene).

On the O3 formation mechanisms: There is a strong in-situ O3 produc-
tion capacity in Ji'nan. The urban and background sites persist in a VOCs-
limited O3 formation regime with alkenes being the key precursors. The in-
dustrial site was in a VOCs-limited, NOx-limited, and VOCs-limited O3 for-
mation regime in spring, summer, and autumn, respectively, with alkenes
being the key VOCs precursors. The reduction of VOCs emissions from pet-
rochemical industry would be an effective way to alleviate O3 pollution in
Ji'nan.
base concentrations of AVOCs and NOx at (a) QS, (b) EMCS, and (c) OR. The black
of 0.82, 0.76, and 0.66 [i.e., percentage change in concentration (ppbv)/percentage
ack solid line represents the boundary between theVOCs-limited andmix-limitedO3
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