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Fine chemical industrial park (FCIP) is a major source of atmospheric pollutants
in China. A long-term high spatial resolution monitoring campaign on air
pollutants had been firstly conducted in a major FCIP in Yangtze River Delta
(YRD) from December 2019 to November 2020. The grid-based monitoring
platform consisting of 30 miniature air quality monitoring stations (AQMSs)
provided comprehensive coverage of a FCIP, and long-term monitoring studies
solved the problem of lack of clarity about pollution sources in industrial parks.
Overall, NO, pollution was particularly high in the pharmaceutical industry,
while TVOCs and O3 pollution were most serious in the textile dyeing industry,
with PM pollution much higher in the metal smelting industry than in other
industries, and in the leather industry, Oz pollution was relatively severe. The
spatial and temporal variations of air pollutants showed that higher PM, CO and
NO, concentrations were revealed in winter while lower in summer due to
better meteorological diffusion conditions. TVOCs concentrations were higher
with an average of 1954 ppb in summer possibly due to their increased
volatilization from their sources at higher ambient temperatures. Os
concentrations were at their peaks in spring (88.8 uygm™) and early fall
(78.5ugm™). The daily trends of Os precursors (TVOCs and NO,) were
clearly negatively correlated with O3z, and they showed bimodal peaks due
to anthropogenic activities, plant emissions, lowering of the mixed boundary
layer, etc. The Oz formed in FCIP was judged to be NO,-limited during the
monitoring period based on the ratios of NO, to TVOCs. Therefore, the
effective strategy to reduce O3z formation in FCIP is to decrease the ambient
NO, concentration. Based on Pearson correlation coefficients, it appeared that
WS promoted O3z formation through long-term transport and that high air
temperatures also contributed to Oz formation in the environment. It was also
stated in the study that the closer the residential area is to the industrial sources,
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the more significant the correlation. Thus, the results of this study will also be
helpful for policymakers to design pollutant control strategies for different
industries to mitigate the impact of pollutants on human health.

KEYWORDS

fine chemical industrial park, air pollutants, spatiotemporal variation, miniature air
monitoring station, human health

1 Introduction

With the acceleration of urbanization, the number of
chemical industrial parks (CIP) in China is growing rapidly at
a rate of about 5% every year (An et al, 2021). CIP is
characterized with of large area, numerous and densely
distributed great
chemicals, complex production processes, etc. (Pascal et al,
2013; Wu et al, 2021). The intermittent and fugitive
emissions of air pollutants had caused serious air pollution in

enterprises, a amount of dangerous

CIP and the surroundings, which had caused many complaints
from residents (Chen et al., 2019). In recent years, a number of
studies on air pollutants in industrial parks mainly focused on the
petrochemical industry (Zheng et al., 2020; Jia et al., 2021; Lin
et al,, 2021), and the iron and steel industry (Wang et al., 2019;
Baeketal., 2020; Zhang et al., 2020), etc. Fine chemical industry is
one of the most rapidly developing chemical fields today. Fine
chemical industry Parks (FCIPs)are non-ignorable sources of air
pollutants due to a huge of gaseous pollutants emitted from their
production processes. Therefore, it was particularly important to
monitor air pollutants in the long-term in FCIP to know the
negative effects of air pollutants on surrounding residents and the
environment.

At present, the FCIPs generally built one station integrating
several monitoring instruments to monitor air quality (Zhang T
et al., 2021). It is hard to build enough air quality monitoring
stations in high spatial resolution throughout the whole
industrial park due to the high costs of apparatuses and the
maintenance of stations (Schneider et al., 2017). Most FCIPs have
not realized that the dense air quality monitoring network is
extremely important for fine pollution control. A dense air
quality monitoring network can be the basic for the accurate
air quality modelling and mapping on a high spatial and
temporal resolution. In recent years, with the technological
advances of gas sensor, lower-cost and smaller air quality
monitoring devices based on sensors came into being (Spinelle
et al., 2015; Borrego et al., 2018; Pang et al., 2019; Chen and Pang
2020). Sensors can be used to realize the monitoring of air
pollutants and meteorological parameters simultaneously with
high temporal and spatial resolution. Moreover, the sensors use
general packet radio service (GPRS)Remote Wireless data
transmission to realize cloud database storage (Piedrahita
et al, 2014; Kumar et al,, 2015). During in-situ work, it can
be powered by solar energy and equipped with high-capacity
lithium polymer battery and keep working for more than 6 h
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after power failure. Furthermore, the grid-based monitoring
network can be realized due to low costs and small sizes of
Sensors.

In this study, a total of thirty sensor-based air quality monitoring
stations (AQMSs)were built around a typical FCIP in the Yangtze
River Delta (YRD), China to form a grid-based monitoring platform
with high spatial and temporal resolution to observe the
spatiotemporal variations of air pollutants. Those AQMSs had
been employed simultaneously to measure TVOCs, CO, NO,,
Os, PM, 5, and PM;, from December 2019 to November 2020.
The purpose of this study is to use spatial and temporal variations in
air pollutants to explore in detail the effects of various industries and
meteorological conditions on air pollutants, as well as to analyze the
effects of industrial park sources on residential areas and provide
guidance for FCIPs to adequately manage air pollution and reduce
human health impacts.

2 Materials and methods
2.1 Sampling sites

The typical FCIP dominated by fine chemical industry was
selected as the field campaign area, which is located on the south
bank of Hangzhou Bay with an area of about 21 square kilometers in
the YRD, China, as shown in Figure 1. It is mainly distributed in a
long strip area of about 3km x 7 km (30°13'-30°17' N, 120°86'-
120°93' E). The FCIP is dominated by the development of the
pharmaceuticals industry, textile dyeing industry, and chemicals
industry, etc.

Ambient air pollutants had been monitored by 30 AQMSs
across the FCIP from December 2019 to November 2020. To
investigate the spatial distribution of the pollutants in the area,
30 sampling sites were selected over a grid system based on their
different category. These sampling sites were distributed in different
industrial enterprises, including the chemicals industry (n = 16),
textile dyeing industry (n = 5), pharmaceuticals industry (n = 2),
metal smelting industry (n = 2), leather industry (n = 2) and
residential area (n = 3), as illustrated in Figure 1.

2.2 Apparatus

In this study, a total of thirty AQMSs based on gas sensors
(AQMS-1100, Beijing SDL Technology Co., Ltd., China) were
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FIGURE 1

Layout of the study area demonstrating locations of the sampling sites (chemicals industry: ‘ Textile dyeing industry:

, Pharmaceuticals
industry: , Metal smelting industry: I, Leather industry: @9, Residential area: A) (from Google Maps).
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FIGURE 2

The overall appearance of AQMS (A). The host of AQMS (B). the air sensors are installed inside the device host. The interfaces of the device are
introduced as the following: 1 air outlet, 2 PMS15 template air inlet, 3 air outlet, 4 4G antenna interface, 5 GPS antenna interface, 6 air inlet of gas

monitoring unit, 7 air inlet of PM monitoring unit, 8 air outlet of PM monitoring unit, 9 WS sensor interface, 10 WD sensor interface, 11 temperature
and relative humanity (RH) sensors.
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employed. The device is shown in Figure 2. The whole device
with a size of 330 x 120 x 230 mm (LxWxH) has a power
consumption of 5W over each analytical cycle powered by
12 VDC batteries (Figure 2A). There are two layers in the
device, and the lower layer is the installation position of the
host, the schematic diagram of the host is shown in Figure 2B. All
sensors are housed in the host, through which the calibration gas
or sampled air is introduced to the sensor heads under controlled
conditions. TVOCs, CO, NO,, Os;, PM and meteorological
parameters are simultaneously monitored. The technical
parameters of the sensors are shown in Supplementary Table
S1 including accuracy, detection deviation and time resolution.
The upper layer is reserved for the installation position of the
power supply equipment. The outer part of the cabinet has wind
speed (WS) and wind direction (WD) measurement unit. The
monitoring data can be recorded and transmitted in real-time. In
this study, the sensors were regularly maintained and calibrated
monthly by our dedicated maintenance staff as described in the
previous study (Pang et al.,, 2021). If the AQMSs monitoring data
shows negative values or if the span exceeds the monitoring limits
of the sensor, the data collected at that point will be considered
erroneous and will not be used for statistical purposes. Also, if
there is a temporary power failure at the AQMSs, the data should
be considered invalid from the time of the power failure until
power is restored and the instrument has gone through a 24-h
warm-up period. In addition, previous experiments have
demonstrated that the sensors data agreed well with the
reference data, with R* values ranging from 0.81 to 0.93 (Pang
et al.,, 2021).

2.3 Mapping and pollutants distribution

The natural neighborhood method in the geographic
information system (ArcGIS 10.8) was used to map the
distribution of air pollutants in the four seasons to assess the
in FCIP. The mean
concentration of individual pollutants at each site during four

spatial  distribution of pollutants
seasons was used. The sampling periods were divided into
December 2019 to February 2020, March to May 2020, Jun to
August 2020, and September to November 2020, representing the
seasons of winter, spring, summer, and autumn, respectively.

3 Results and discussion
3.1 Temporal variations of air pollutants

Through the established air quality monitoring network,
sampling campaigns were performed across four seasons, and
the concentrations of TVOCs, CO, NO,, O3, PM, 5, and PM;,
were obtained. The temporal variations of air pollutant
concentrations during the whole sampling campaign period
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are presented in Figure 3 and Supplementary Table S2. In
general, air pollutants except for TVOCs and O; had the
highest concentration levels in winter compared to other
seasons. The higher concentrations of air pollutants in winter
are most plausibly due to the frequent occurrence of inversion
layers and lower atmospheric boundary heights (Bozkurt et al,
2018). In Figure 3A, Supplementary Figure S2, TVOCs
concentration shows an overall tendency of a single peak,
with the highest monthly average concentration in August,
with an average concentration of 1978 ppb, as listed in
Supplementary Table S2. Generally, TVOCs concentration was
higher in summer (1954 ppb) than in winter (1,509 ppb), as the
same phenomena were found in other studies (Hoque et al., 2008;
Dumanoglu et al., 2014), probably due to increased volatilization
of VOCs from organic products at higher ambient temperature
(30 = 4°C) in summer (Supplementary Table S4). However, the
temporal distributions of TVOCs at some sampling sites are
inconsistent with the above phenomenon, as shown in Figure 4,
Supplementary Figure S3. In Figure 4A, TVOCs concentration
increased rapidly in March and then fell to its original
concentration level after maintaining a stable period. At site
13, the concentration of TVOCs showed an intermittent increase
(Figure 4B), which may be related to the daily production output.
As shown in Figures 4C,D, at sites 20 and 27, the concentrations
of TVOCs decreased sharply in June and November, respectively,
and then remained stable. The sudden increase or decrease of
TVOCs concentration during the monitoring period could be the
result of a change in production mode in industries or a risk of be
leakage, providing companies with a basis for appropriate control
measures. On the whole, the hourly concentration of TVOCs in
FCIP was mainly concentrated in a range between 1,255 and
2,165 ppb accounting for 89.0% of the total range as shown in
Supplementary Figure S1A, which were much higher than the
concentrations of TVOCs in many urban areas (38.2-67.0 ppb)
(Han et al.,, 2019; Huang et al., 2022; Li et al., 2023).
Supplementary Figures 54, S5 show the temporal variations
of air pollutant concentrations at the three residential sites during
the sampling campaign and their correlation with the other
source sites in the FCIP (site 12, site 28, site 30). Overall,
these three sites had persistently high concentrations of
pollutants that undoubtedly posed a risk to people who were
permanently exposed to this environment (Supplementary Table
S$3). Several studies have shown that there is a link between living
near industrial complexes and the occurrence of adverse health
outcomes (Al-Wahaibi and Zeka 2015; Broitman and Portnov
2020; Marques et al., 2020). It is worth noting that the trends in
pollutant concentrations at these three sites were strongly
consistent with the other sources in the park, with R*> up to
0.979 (p < 0.01). As with other source sites in the FCIP, the
residential sites reached their highest concentrations of TVOCs
in the summer season and higher concentrations of CO in the
winter. We also found that for a primary pollutant such as CO,
sites 12 and 28, which were located near dense facilities, correlate
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FIGURE 3

Temporal variation of TVOCs, CO, NO,, and Os (A), PM, 5 and PMy (B) at station NO1, which represents the general temporal variations of air

pollutants in FCIP.
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FIGURE 4

Temporal variation of TVOCs at monitoring stations of site 9 (A), site 13 (B), site 20 (C) and site 27 (D), TVOCs concentrations showed a trend of

sudden increase or decrease in a certain monitoring period.

better with the source sites than site 30, which was located farther
away. Since we did not have access to the concentrations of the
individual VOC species, we cannot provide any further
information on the degree of hazard, but it can be inferred
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that the residents of the industrial park were permanently
exposed to pollutant emissions from industrial sources and
may be more affected by their primary pollutants closer to the
sources. Therefore, we strongly recommend that factories take
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measures such as changing their processes to significantly reduce
air pollution emissions, thereby reducing the risks to human
health.

During the monitoring period, the hourly concentrations of
05 and NO, were mainly concentrated in a range between 31 and
79 pgm™ and 4-28 pgm™>, which accounted for 62.0% and
722% of the whole concentration ranges, respectively
(Supplementary  Figures  S1B,C).  Notably, the Oj
concentrations were higher in April (88.8pugm™) and
September (78.5pgm™) (in spring and early autumn)
(Supplementary Table S2), which is more different from the
seasonal variation of other pollutants. It might be attributable to
the accumulation of pollutants in winter when radiation is lower
compared to other seasons, followed by enhanced
photochemistry in spring when solar radiation is higher
(Ferndndez-Fernandez et al, 2011). And in a monsoon
climate, more precipitations lead to lower O; concentrations
in summer (Yu et al, 2020). By comparison, the lowest O;
concentration occurred in winter (34.0 uygm™) due to the fact
that O;, as a secondary pollutant, depends heavily on solar
compliance and temperature, with weaker sunlight and lower
temperatures in winter ultimately inhibiting the formation of O;
(Zhang et al., 2015; Song et al., 2022).

The concentration of CO was relatively low in spring and
summer and high in winter (Figure 3, Supplementary Table S2).
This is explained by the fact that the photochemistry of CO almost
disappears in winter, mainly due to the direct influence of
anthropogenic activities, and CO concentrations are increased by
continuous emissions from factories in winter (Koike et al., 2006).
Whereas, photochemistry is greater in spring and summer and the
emitted CO is dispersed by OH radicals, additionally to stronger
convection and good diffusion in summer and autumn, which also
leads to relatively low CO concentrations in the atmosphere (Li et al.,
2019). As can be seen in Figure 3B, the concentrations of PM;,
and PM, s have a good consistent trend, which reflects the
similarity of the two sources. The concentrations of PM, s
covered a range between 16 and 46 ugm™ accounting for
72.4% of the total concentration range (Supplementary Figure
S1E)., indicating that the concentration of PM,s in the
atmosphere of the industrial park was basically in line with
the national air quality standards (75 pg m™?). VOCs as the
important precursors of secondary PM, 5 showed a negative
correlation to PM, 5 (Supplementary Table S2) (Chen et al,
2017), PM, 5 concentrations were higher in winter and lower
in summer, which was opposite to the trend of TVOCs
concentration, above phenomenon was contrary to some
other studies (Han et al., 2017; Li et al., 2020). However,
this is similar to CO and could be attributed to the fact that
PM accumulates less during the summer monsoon when
dispersion conditions are good, which ultimately leads to
low PM concentrations in the summer (Tian et al., 2020).
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stations in FCIP. One site is not included because it is located
outside the FCIP (the red triangle represents that site).
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In addition, a comparison of monitoring results from
the FCIP with those from the urban region reveals a
consistent overall trend in Supplementary Table S5, but
with the exception of O3, the lowest concentrations in the
FCIP appear primarily in May and July, while in the
they appear July
Interestingly, the FCIP has significantly higher NO, and

urban region in and August.
PM concentrations in December and November than the
urban region, while concentrations in the FCIP are lower in

the other months.

3.2 Spatial variation of air pollutants

Mapping was performed with the seasonal mean values of
the whole sampling campaigns at each sampling site. Spatial
distribution maps of TVOCs and air pollutants are prepared
to interpolate their concentrations measured at 29 sites by
the GIS software, shown in Figure 5 and Figure 6. The site
excluded was located outside the FCIP as the
background site.

As seen in Figure 5, the spatial distributions of TVOCs,
NO, and O; have a significant negative correlation and the
concentrations of TVOCs and NO, were lower in the area

with high O; concentration, which indicated that the

atmospheric  photochemical reaction of O; was
significantly affected by local pollutants in the pollution
process. In FCIP, TVOCs and NO, emitted by

transportation and industries were the main sources of O;
concentrations as the main precursors of O;. NO, produces
NO and O atoms through photolysis and then O atoms react
with O, to produce O;. In addition, NO reacts with O; to
produce NO, and O,. Through the above reaction, a dynamic
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equilibrium is formed between NO, and O;. When VOCs
exist in the atmosphere, hydroxyl radical (OH) reacts with
active VOCs to produce organic radicals (R). R combines with
O, to produce RO,-, which will react with NO to consume NO
and produce NO,, thus breaking the dynamic equilibrium
between NO, and O; and increasing the concentration of Os.

The area is NO,-limited for the O3 formation if the ratio
between VOCs and NO, concentration is higher than 8,
otherwise, that is VOCs-limited (Mozaffar et al.,, 2020). In
this study, the ratios were higher than 8 in four seasons, and
05 formation was more sensitive to the NO, concentrations
than the VOCs concentrations. Under this circumstance, the
efficient strategy to reduce O; formation rates will be the
of NO, the NO,
concentrations were higher in the middle region of FCIP

reduction concentration in air.
(Figure 5B), which provides direction for FCIP to reduce
NO, pollution. Based on the in-situ survey, the area has a
long history of emissions from heavy-duty trucks, which in
turn contain a large amount of NOy, thus increased traffic
control in the area can be effective in reducing NO, and VOCs
(Ximinis et al.,, 2021). In Figure 5C, it was noteworthy that
TVOCs concentration was higher in the middle and southeast
region of the FCIP in four seasons. But the highest
concentration of TVOCs was site 27 in the northeast
corner (geographical position shown in Figure 1), which
also results in generally higher concentrations at site
28 and has a significant impact on the residents living
there. The spatial distribution patterns of CO and PM;,
Although

concentrations of species varied seasonally, the distribution

were obtained and shown in Figure 6.

patterns were not significantly different. It is interesting to

note that higher CO and PM;, concentrations are also
observed in the intermediate area of the FCIP (Figure 6), as
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TABLE 1 The annual mean values of air pollutants in different industries were calculated.

Industry categories  TVOCs (ppb) NO, (ug m™) 05 (ug m™) CO (mg m™) PM, 5 (ug m™) PM,, (ug m™)
Pharmaceuticals industry 2,192.3 + 3684 28.3 + 13.6 61.3 + 18.0 0.66 + 0.16 342 + 253 49.7 + 27.6
Textile dyeing industry 3,088.9 + 1,507.7 26.3 £10.5 62.6 £ 18.1 0.65 £ 0.18 30.1 £9.1 47.4 £ 12.7
Chemicals industry 1742.9 + 579.0 25.0 +10.2 61.1 + 18.1 0.64 + 0.15 30.8+9.8 47.3 +12.8
Metal smelting industry 1901.9 + 550.1 24.8 £10.8 60.7 £ 22.5 0.64 £ 0.15 37.4 £ 87 54.6 £11.3
Leather industry 1947.3 + 311.5 24.6 £ 10.0 62.4 +17.7 0.63 £ 0.13 31.0 £ 125 473 +£15.3
Residential area 1802.5 + 489.1 25.4 +10.0 60.2 + 16.4 0.64 + 0.14 31.0 £ 10.9 46.9 + 13.8

they are primary pollutants that are probably emitted directly
from the surrounding intensive chemical factories and
complex production processes in this region.

3.3 Pollutant emissions analysis of
different industries

The FCIP is dotted with all types of factories, but the sampling
sites can be divided into five main categories depending on the
industrial categories and the residential area. The mean
concentrations of pollutants for each category are given in
Table 1. The highest atmospheric TVOCs concentrations were
observed in the textile dyeing industry (3,088.9 + 1,507.7 ppb),
followed by the pharmaceuticals industry (2,192.3 + 368.4 ppb).
It’s related to the fact that VOCs emission from the textile dyeing
and pharmaceutical industries was characterized by great
intermittent and fugitive emissions from many leakage sites in
producing processes, resulting in higher concentrations of
pollutants in the atmosphere (Hou et al, 2020; Khattab et al,
2020; Zhou et al, 2020; Cheng et al, 2021). Moreover, the
concentrations of NO, were very similar in the different
industrial categories, but significantly higher concentrations were
measured in the pharmaceutical industry, with an annual mean of
283 + 136pgm™ (Table 1), so that further study of the
pharmaceutical industry in terms of NO, characteristics could be
conducted to effectively reduce pollution. O3 concentrations reached
the highest levels in the textile dyeing industry with an annual
average O3 concentration was 62.6 + 18.1 pygm™ (Table 1), which
can be attributed to the fact that the concentrations of Oz as a
secondary pollutant are strongly influenced by its precursors (NO,
and VOCs) and the textile printing and dyeing industry emitted far
more TVOCs. Although none of the precursors (VOCs and NO,)
were as high as in the pharmaceutical industry, the leather industry
was second only to the textile printing and dyeing industry in Os
concentrations, likely related to more species with high ozone
formation potential in the VOCs emitted by the leather industry.
The environmental background value of CO is relatively high with
longer lifetime. In FCIP, CO concentration was found to be slightly
higher in the pharmaceuticals industry (0.66 + 0.16 uygm™) and
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textile dyeing industry (0.65 + 0.18 uygm™) than in other
industrial categories. In FCIP, the high concentrations of
PM in the metal smelting industry are noteworthy, which
was similar to the results reported in other studies (Wei et al.,
2019). It has been shown by studies that almost every stage of
the metal smelting process produces PM, including organic
carbon, black carbon, and heavy and trace metals, all of which
are the main components of PM in the atmosphere (Owoade
et al., 2015). Therefore, it is urged that the metal smelting
industry should focus on reducing PM as a priority measure to
decrease pollution. Taken together, the textile dyeing and
pharmaceuticals industries were the enterprises with serious
air pollution in FCIP and their emissions polluted the living
areas nearby to some extent.

3.4 Diurnal variation characteristics of Os,
TVOCs and NO,

As the most concerned pollutant, VOCs have an
important influence on O; formation (Xing et al, 2011).
Hence, the influence rule of VOCs on O; was further
discussed, together with NO, as another precursor of Os.
As shown in Figure 7A and Figure 8C, the winter and summer
average statistics of the monitoring data were carried out by
each other. The diurnal variation of O3 concentration showed
a distinct unimodal pattern, reaching its maximum at 15:
00 LT, which was about 1 h later than the peak of O; in Tianjin
and Guangzhou (Zou et al, 2015; Liu et al, 2016), but
consistent with the time of Oj peak in cities such as Beijing
and Shandong (Wang et al., 2015; Zhang et al., 2019). Due to
the complex generation mechanisms of O3 (VOCs and NO,-
limited), the above phenomena may be related to local VOCs
and NO, emissions and solar radiation. Besides, NO, and
TVOCs showed bimodal variation. To further understand the
03, NO,, and TVOCs concentration change in FCIP, we
analyzed the daily change rate of O; and its precursors.
The calculation is as followed (Liu et al., 2016),

d[X]

ar [XTe1 = [X]; (1)
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Where, [X]; represents the concentrations of O;, NO,, and
TVOCs at time t, and [X],; represents the concentration of
03, NO,, and TVOCs 1 hour after time t.

The timely variation rate of O; and its precursors were shown
in Figures 7B, 8D. The negative variation rate of O;
concentration indicates that the chemical loss dominates the
change, while the positive rate of change in O; concentration
indicates that the photochemical production of O; plays a key
role (Zou et al., 2015). Averagely, the negative change rate of O
concentration occurred after 16:00 LT. At this time, the sunlight
and photochemical reaction began to decrease, resulting in the
decrease of OH radicals. After that, because sunlight abated and
finally disappeared, OH radical stopped producing, while NO,
titration continued to consume Os. During the night in winter,
the concentration of O; appeared as a weaker peak. This may be
caused by vertical O; transportation in the stratosphere or
accumulation of Oz due to the low boundary-layer height at
night (Cheung and Wang 2001). From 00:00 to 07:00 LT in
summer, the variation rate was relatively stable and slightly
negative. Due to diffusion of the atmospheric boundary layer
and increased photochemistry, the concentration of O; showed a
positive change rate after 07:00 and reached a peak at
approximately 11:00.

The trends of O3, NO,, and TVOCs were significantly negatively
correlated, and the diurnal variations of TVOCs and NO, were
bimodal (Figures 7A,C). The concentration of TVOCs showed an
obvious increase in the early morning due to human activity (e.g.,
factory emissions, vehicle exhaust, etc.) and plant emission, reaching
a peak at 09:00. Then it gradually decreased and reached the lowest
value at 16:00 LT, which may be caused by the synergistic effect of
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strong photochemical reaction of OH and diffusion. The lowering of
the mixed boundary layer in the evening again lead to an increase in
TVOCs pollutants. Variations in NO, were similar to TVOCs, with
peak concentrations occurring between 08:00 and 09:00. A negative
rate of change in NO, followed from 09:00 as a result of O,
with
concentrations decreasing rapidly. The pollutant accumulated
after the evening traffic peak, with a peak around 19:00 to 20:00.
In general, the increase in daytime O; concentrations is due to

production and  continued NO,  consumption,

photochemical production of Os from its precursors, so the trend in
ozone changes is unimodal, in contrast to TVOCs and NO..

3.5 Correlation between air pollutants and
meteorological conditions

The concentrations of TVOCs, CO, NO,, O3, PM, 5, PM;, and
meteorological parameters were counted separately by season, and
the correlation analysis between pollutants and temperature, RH,
WS was carried out. Supplementary Figure S6 showed the statistics
of meteorological conditions for each season at the sites during the
observation period. Except for summer, the prevailing wind
directions of observation sites were southeast, whereas the
southeast and

dominant wind direction in summer was

southwest. During the different seasons the average WS
remained close to 1.7ms, while the average temperature
ranged from 11°C in winter to 30°C in summer (Supplementary
Table S4).

The relationship between pollutants and meteorological factors
was quantified using Pearson correlation coefficient as shown in
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Concentration distribution of NO; (A), Os (B), TVOCs (C), CO
(D), PM2.5 (E) PM10 (F) before, during and after the epidemic in a
chemical industrial park.

Table 2. The correlations between all pollutant concentrations and
the temperature, RH and WS throughout the year were calculated.
PM, 5, PM;, CO and NO, were negatively correlated with WS in all
seasons except winter, which indicates horizontal dispersion plays an
The
concentrations of PM,s, PM;;, CO and NO, positively
correlated with RH in all seasons. High RH favors the partition
of semi-volatile species into the aerosol phase leading to high PM
concentrations (Zhang et al,, 2015). Moister atmosphere normally
accompanies lower boundary layer further enhancing the
concentrations of primary pollutants (Sandeep et al,, 2014). The

important role in modulating their concentrations.
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TABLE 2 Summary of pearson correlation coefficient values between
air pollutants and temperature, RH and WS.

PM,s PM,;, CO NO, O3 TVOCs
ws Winter ~ -0.22 -0.10 017  -021 035  -0.22
Spring -0.05" -0.02 -0.09°  -0.16° 0.22°  -0.00
Summer  -0.23" -0.21°  -0.17°  -027° 034> -023"
Autumn  -0.25° -027°  -0.14*  -0.03  0.05*  -0.43"
Temp. Winter  -0.58" -0.43* 023 -0.02 021 0.16
Spring 0.04 0.07° -0.33*  -027° 054 035"
Summer  -0.07°  -0.04*  -030° -046" 041®  0.07°
Autumn  0.05° -0.12°  0.08°  -040° 0.70°  0.65°
RH Winter  0.61° 0.53 0.04 0.38 -0.49* 025
Spring 0.04 0.00 0.14* 008"  -0.62" 0.46"
Summer  0.16 0.11° 038> 054  -044° 0.10°
Autumn  0.13° 0.05* 0.08" 024  -066  0.10°

“Correlation is significant at the 0.05 level (2-tailed).
*Correlation is significant at the 0.01 level (2-tailed).

O; showed positive correlations with WS in all seasons, which
indicated WS promoted O; formation through long transportation
(Mohamad Nazir et al., 2020). The positive correlations with air
temperatures in all seasons implied high air temperature helped the
ambient O; formation (Wang et al., 2015). The RH had negative
correlations with O; in all seasons.

3.6 Impact of the COVID-19 outbreak on
the air pollutants concentration levels

Several cases of “unknown viral pneumonia” were first
reported in Wuhan, China, in December 2019, identified in
January 2020, and subsequently designated as COVID-19
(Zhang., Li. et al,, 2021). Local governments imposed a strict
citywide lockdown since the end of January 2020, with many
factories closed and road traffic restricted. With the outbreak
under control, Shaoxing gradually lifted its blockade measures
from late February. Figure 8 shows the variations of
concentrations of NO,, O3, TVOCs, CO, PM, 5, and PM;, in
a chemical park in Shaoxing City before (January 1, 2020 to
January 22, 2020), during (January 23, 2020 to March 1, 2020),
and after (March 2, 2020 to March 23, 2020) the outbreak. As
shown in Figure 8A, NO, concentrations decreased significantly
during the epidemic period due to the slowdown of plant
transportation and production. After the epidemic, the
TVOCs 1821 ppb
(Figure 8C), which was directly related to the increase in

average concentration was up to
TVOCs emissions from the factories after the resumption of
work and production in the chemical park. On days 1 through
14 of the outbreak periods, the mean CO concentrations were
higher (Figure 8d1), background CO levels were high, and CO

had alonger lifetime than NO,. During the epidemic period from
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February 5 to March 1, mean CO concentrations were lower
(Figure 8d2), reflecting the continued decline in CO emissions
resulting from the epidemic. There was a trend for PM, 5 similar
to PM;, (Figures 8EF), and airborne PM concentrations are
mainly influenced by meteorological conditions. The significant
decreased in PM after the epidemic period may be due to
increased air turbulence from rising temperatures and the
improved ability of air to dilute pollutants. It is noteworthy
that O concentrations increased during the epidemic period due
to a decrease in the concentration of anthropogenic NO,
emissions from the chemical park during the epidemic period,
and the decreased NO concentration slowed the rate of O;
degradation, resulting in an increase in O; concentrations
(Figure 8B). In addition, the formation of O; in the
influenced by NO,, VOCs
phase parameters, causing O;

environment is mainly

concentrations, and gas
concentrations to continue to increase after the epidemic period.
NO,, TVOCs, CO, PM,s and PM,,

concentrations were lower on a mean basis during the

In general,

epidemic than before the epidemic due to the slowdown of

production and transport in epidemic factories, while
O3 concentrations were higher during the epidemic than

before the epidemic on account of their precursors.

4 Conclusion

A 1-year field campaign had firstly been conducted in a
typical chemical industrial park in Yangtz River Delta, China
from December 2019 to November 2020 based on thirty
miniature AQMSs and the concentrations of TVOCs, PM,
NO,, O; and CO as well as meteorological conditions were
continuously measured. The observations showed that NO,,
CO and PM concentrations were higher in winter than that in
other seasons. Such a seasonal variation was likely partly due
to the seasonal variation of the atmospheric boundary layer.
The concentration of TVOCs was higher in summer due to
their high
temperatures. The hourly concentration of TVOCs varied
between 1,255 and 2,165 ppb which accounted for 89.0%.
During the monitoring period, the concentrations of

increased volatilization from sources at

TVOCs at some sampling sites suddenly decreased or
increased, which may be related to production modes and
the existence of leakage. Sites in residential areas were
significantly correlated with sites from other industrial
sources, therefore it is strongly recommended that the
factories improve their processes to reduce the health
impact on nearby residents. The peak values of O;
(88.8 pgm™?)
September (78.5 ugm™) (in spring and early autumn) due

concentration occurred in April and
to the summer monsoon climate more precipitations lead to
lower O3 concentration in summer. We found similar seasonal

variations for CO and particulate matter, which also suggests
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that good convective diffuse conditions can reduce pollution.
The O; concentration was higher in the area with low TVOCs
and NO, concentrations, which indicated that the spatial
distributions of O; and its precursors had a significant
the
significantly affected by local pollutants in the pollution

negative correlation and formation of O; was
process. Based on the ratio of NO, to TVOCs, it was also
determined that the FCIP was in the NO,-limited region
during the monitoring period and that an effective strategy
to reduce O; formation was to lower the NO, concentration in
the air. The analysis of pollutant emissions from different
industries showed that O3 pollution was more serious in t
textile dyeing industry, NO, emissions were more serious in
the pharmaceutical industry, and the reduction of PM
pollution must focus on the metal smelting industry.

The daily change of O3 concentration reached its peak at 15:
00 LT and appeared a weaker peak during the night in winter
which may be caused by vertical O; transportation and low
boundary layer height. The trends of O; precursors (TVOCs and
NO,) were clearly negatively correlated with O; and showed a
bimodal peak due to anthropogenic activities, plant emissions,
lowering of the mixed boundary layer, etc. In particular, it was
found that high relative humidity favored the entry of semi-
volatiles into the aerosol phase, resulting in high PM
that WS with high

contributed to the formation of O; in the environment.

concentrations, and temperatures

This study generates important information and methods for
the study of air pollutant characteristics in FCIP, suggesting the
need to focus research on different pollutants for different
industries to further reduce the health impacts on the
surrounding residents. Further analysis based on the time of
epidemic prevention and control revealed that O; concentrations
were higher during the epidemic than before the epidemic due to
its precursors, while other pollutants were affected by the
slowdown in production and transportation of epidemic
plants, and their mean concentrations were lower during the
epidemic than before the epidemic. In conclusion, the grid-based
monitoring research of FCIP is essential for formulating emission
control strategies, recognizing the impact of pollution sources,
and supporting the related applications of government, local
institutions, and enterprises.
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