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Abstract: Hazardous air pollutants (HAPs) significantly impacted environmental air quality and were
widely studied to determine human health risks. Kaohsiung is Taiwan’s second-largest city, known
for its heavily industrialized and densely populated development. The Linhai industrial park, located
in this region, contains roughly 500 industrial facilities that contributed to the emission of HAPs.
The purpose of this study was to identify the volatile organic compound (VOCs) and particulate
matter (PM)-bounded heavy metals and to examine the effects of the method detection limit (MDL)
for analyzed species and the sampling program on health risk assessments. This study identified
formaldehyde, 1,2-dichloroethane, acetaldehyde, benzene, and vinyl chloride. As, ethylbenzene, Ni,
Cr(VI), Cd, Pb, and 1,3-butadiene were defined as high-risk species and VOCs accounted for more
than 95% of respiratory-related health risks, this study proposes that the MDL for analysis methods
and the sampling frequency for different species (and the species of interest) would eventually affect
the results of health risk assessments. In other words, the current control strategies for reducing
health risks may be ineffective. This research output can be used to comprehend the effects of MDL
on the health risk assessments of HAPs better while also providing a reliable method to determine
the major sources of air pollutants in urban industrial areas.

Keywords: national monitoring program (NMP); heavy metals; volatile organic compounds (VOCs);
health risk assessment; Linhai industrial park (Taiwan)

1. Introduction

Air pollution significantly impacts health and is a primary environmental concern in
urban areas. It also has a significant economic impact due to its potential to shorten human
lifespan while increasing their demand for medical care. Past studies suggested that air
pollution affects productivity due to lost workdays [1] and is responsible for an estimated
seven million premature deaths worldwide yearly. The cumulative and combined effects
of air pollution exposure have, on the other hand, caused an eighth of all annual global
deaths [2].

Hazardous air pollutants (HAPs) are a group of 187 ambient air pollutants linked
to cancer and other significant health consequences [3]. Airborne dangerous substances
released into the atmosphere mainly by industrial facilities and mobile sources pose health
risks, ranging from short-term acute to long-term cumulative chronic health issues [4].
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Depending on each HAP’s toxicity, concentration, and exposure time [3,5], the HAP-
induced health effect could be non-cancerous but detrimental, causing nausea, headaches,
respiratory failure, death, or cancer [6] (Refer to Table S1) [7-15].

Even at low concentrations, volatile organic compounds (VOCs) are among the most
dangerous air pollutants. According to the USEPA [16], exposure to ambient VOCs has
been linked to a high portion of all cancer cases in the USA since the 1990s. Traffic is the
leading cause of VOC pollution in cities, followed by the production of fossil fuels, even
though VOCs are released from various sources in urban areas, such as industry, solvents,
and garbage burning.

The transportation industry primarily produces toluene and benzene, whereas formalde-
hyde and acetaldehyde are primarily produced by industrial emissions and secondary
formation [17]. Acetonitrile is more prevalent in suburban sites than in urban metropolitan
areas due to increased emissions from heavy diesel-fueled trucks and biomass burning in
suburban areas [18]. The main species for ozone formation included isoprene, methyl ethyl
ketone, xylene, acetaldehyde, and acrolein [19].

Many VOCs are aromatics, halocarbons, and oxygenated VOCs and the predominant
species in all processes are toluene, dichloromethane, ethanol, methanol, and acetone [20].
Alkenes are the main contributors to ozone formation and producers of secondary organic
aerosols [21]. They can be identified in petrochemical and vehicle exhaust emissions. The
emissions from burning coal also include aromatics and the use of liquid petroleum gas
(LPG). Few studies have examined the risks brought on by exposure to VOC pollutants,
despite previous studies showing their prevalence in industrial or urban areas.

According to compound-specific health risk studies at a petrochemical industrial
park, acrolein and 1,3-butadiene account for the greatest non-carcinogenic and carcino-
genic health risks [22]. However, formaldehyde is the main carcinogenic volatile organic
compound (VOC) in the air in most of China [17]. Studies on the cancer-causing or non-
cancer-causing health risks posed by exposure to VOCs are therefore inconclusive because
it is still unknown how chemicals cause adverse effects after short-term or long-term
exposure.

The main sources of particulate matter (PM)-bounded heavy metals are the com-
bustion of fossil fuels like coal, industrial emissions, construction activities, and traffic
emissions [23-27]. Other significant PM sources in urban metropolitan areas include crustal
dust, abrasive emissions from brakes and tyres, and paint wear [28].

There is a higher risk of hypertension and oxidative stress in areas with higher ex-
posure to arsenic, lead, chromium, cobalt, manganese, and other metals, whereas there
is a lower risk of hypertension in areas with higher concentrations of selenium [29,30].
For instance, As, Cd, and Cr are noteworthy significant and high-priority contributors to
non-carcinogenic risks, while As and Cr(VI) are noteworthy significant contributors to
carcinogenic risks [18,31-34].

In Taiwan, air quality regulations are enacted to manage air quality near special indus-
trial parks where there is metal smelting, oil refining, basic petrochemicals, semiconductor
manufacturing, optoelectronic materials, and component manufacturing. The monitoring
of these special industrial parks was promulgated by the Taiwan environmental protection
agency (EPA) to limit the environmental impact of industrial facilities, especially regarding
air quality. The national air quality monitoring scheme allows stakeholders and policy-
makers to determine the effect of the special industrial parks on ambient air quality and
identify the most effective air pollution control strategies.

In this study, we examined the effects of the method detection limit (MDL) for an-
alyzed species and the sampling program, especially the sample number, on health risk
assessments. Additionally, we identified the VOCs and PM-bounded heavy metals in the
Xiaogang district of Kaohsiung. The following thirteen species of hazardous air pollutants
in PM were the target pollutants for the study: ethylbenzene, benzene, 1,2-dichloroethane,
vinyl chloride, 1,3-butadiene, formaldehyde, acetaldehyde, and toxic metals (As, Ni, Pb,
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Cd, Cr(VI), Mn). A cancer risk assessment is also performed to determine the effect of air
toxins on humans in this industrial metropolitan region.

2. Materials and Methods
2.1. Study Area

In this study, we determined the airborne toxic emissions in the vicinity of Linhai
industrial park in the Xiaogang district of Kaohsiung in Taiwan. Kaohsiung is the second-
largest city in Taiwan and approximately 156,000 people live in the Xiaogang district. The
area has a population density of more than 3400 people/km?. The Xiaogang district is
heavily industrialized; the Linhai industrial park has approximately 500 industrial facilities,
approximately 40,000 people work in the park, and the output of the park contributes USD
33 billion to the economy.

The major processes in the Linhai industrial park include the manufacture of petroleum
and coal products, the iron and steel industry, the aluminum refinery industry, ship-boat-
diesel power generators, petrochemicals, chemical materials, and electronic parts and
components. Kaohsiung port is also an area in which the traffic is dense (motor vehicles
and airports). Figure 1 portrays the major sources of air pollution in the Xiaogang district.
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Figure 1. Sampling sites and emission sources in Linhai industrial park.

2.2. Ambient Air-Monitoring Station

Figure 1 depicts ten ambient air monitoring stations that were used to determine the
ambient air quality for the study area. The air toxin species mentioned in the US National
Monitoring Programs’ annual report [1,9] and Taiwan's list of hazardous air pollutants
were considered in this study. A total of 54 ozone-precursor VOCs were determined by
gas chromatography with flame ionization detection (GC-FID; auto GC-866, Chromatotec
Group, Huston, TX, USA) [35], utilizing a two-column system: one system for the low
carbon number (C2-C5) species and the other system for high carbon number (C6-C12)
species.
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VOCs and PM-bounded heavy metals were measured to evaluate the health risks
accordingly.

(1) Intotal, 71 VOCs (22 paraffins, 13 olefins, 13 carbonyls, 12 aromatics, 5 esters and
ethers, and 6 other compounds) and 12 PM-bounded heavy metals were evaluated.
The TO-15 and TO-17 (based on GC-FID analysis) [35-37] methods were used to
monitor the VOC concentration every hour; thus, 24 data points per day and 8760 data
points per year were collected;

(2) Intotal, 52 HAP species were sampled every six days using the TO-15 method. The
PM-bounded trace elements (nickel, arsenic, cadmium, magnesium, barium, and
lead) were also measured every six days using the PM;( sampler (Tisch TE-6070 PM;
High Volume Air Sampler, OH, USA). The content of Cr(VI) in the total suspended
particulate (TSP) was determined using the American society for testing and material
(ASTM) [38] method. Benzo[a]pyrene (BaP) was sampled every 6 days and determined
using the TO-13A [39] method.

The data for this study were acquired from 10 monitoring stations that collected 24-h
integrated ambient air samples every 6days for 24 months. The samples were shipped to
the TEPA-accredited laboratory for pollutant concentration analysis as follows:

(1)  Selected hydrocarbons, halogenated hydrocarbons, and polar compounds from canis-
ter samples for speciated non-methane organic compounds (SNMOCs) and/or VOCs
were analyzed using the EPA Compendium TO-15 and TO-17 methods [35-37];

(2) Carbonyl compounds from impinger samples were analyzed using the EPA com-
pendium method TO-5 [40];

(38) Trace metals (As. Pb, Mn, Cd, and Ni in PMjg) from filters were analyzed using the
EPA compendium method 10-3.5/federal equivalency methods (FEM) EQL-0512-201
or EQL-0512-202;

(4) Hexavalent chromium from sodium bicarbonate-coated filters (Cr(VI) in TSP) were
analyzed using ASTM D7614 [38].

Based on the US EPA-approved quality assurance project plan (QAPP), the air monitor-
ing station’s effective data were at least 85% complete. The data were used to calculate the
monthly and annual mean concentrations and analyze the trends (ERG, 2015, 2016) [41,42].
This study utilized data from the air monitoring station that were more than 75% accurate to
calculate the seasonal mean concentration. One sample every 6 days equates to 12 samples
in one season; this indicated a quarterly mean concentration which was used to calculate
the annual mean concentration.

2.3. Data Screening

In this study, 45 of the analyzed airborne pollutants had screening values. The species
and their screening values are shown in Table 52. In order to determine the air pollutants in
Linhai district, we followed the methods proposed by the NMP [1] for the screening proce-
dures. On the other hand, the screening values were assigned using a risk-based screening
method to evaluate the performance of the ambient air toxin monitoring datasets [43]. The
cancer unit risk estimates (UREs) and non-cancer reference concentrations (RfCs) were
used to estimate the cancer and non-cancer risks and to identify the HAP species and con-
centrations that posed a threat to human health. Furthermore, 28 species (will be presented
below) that pose a cancer risk were analyzed using the NMP screening procedures. The
screening procedures are shown in Figure S1.

Note that:

(1)  For the screening procedures, the cancer UREs and non-cancer RfCs were converted
into screening values and the values were cited from the NMP [1,43];

(2) Every preprocessed measurement was compared to the risk screening value with
which it is associated. When the concentration was greater than the risk screening
threshold, the incident was referred to as “failed the screen.”;

(3) For each applicable pollutant, the number of failed screening procedures was tallied;
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(4) For each applicable pollutant, the percentage contribution of the failed screens to the
overall number of the failed screens (program-wide) was calculated;

(5) Pollutants of interest were defined as those that contributed to the top 95%of the
overall number of failed screenings.

To include all the pollutants that contributed to the minimum 95% requirement for
Step 5, the actual cumulative contribution may exceed 95% (shows a typical screening for
the pollutant selection). If the cumulative threshold of 95% was met, but the pollutant
contributed equally to the number of failed screens, it was also considered a pollutant of
interest.

Using the NMP’s data screening techniques and the pollutant screening values of the
NMP [43], the target pollutant screening values were determined by minimizing UREs and
RfCs.

2.4. Emission Calculation

The emission sources were determined using the Taiwan emission data system (TEDS
10.0) [44] and updated every 2-3 years. According to TEDS 10.0, Kaohsiung’s PM;.5, SOx,
NOx, hydrocarbon (HC), and CO, emissions in 2016 were 5708, 29,558, 45,630, 61,896, and
83,996 tonnes/ year, respectively. The Xiaogang district accounted for 42% of the PM, .5, 76%
of the SOx, 41% of the NOx, 10% of the HC, and 14% of the CO of the city of Kaohsiung’s air
pollution emissions. The PMj.5 emissions are anticipated to amount to 53 tonnes/yr/ km?,
494 tonnes/yr/ km? for SOx, 411 tonnes/ yr/ km? for NOx, 139 tonnes/ yr/ km? for HC, and
260 tonnes/yr/km? for CO. These emission loads indicate a heavy emission load in the
Xiaogang district due to the presence of the Linhai industrial park, a heavily industrialized
and densely populated urban neighborhood.

3. Results and Discussion
3.1. Method of Detection Limit (MDL) for Risk Assessment (Analytical Method)

In general, VOCs are determined using different analytical methods and detection
limits. In this study, we tested the formaldehyde and acetaldehyde levels using the US
EPA TO-5 method; the MDL level measured using the TO-5 method was higher than that
measured using the TO-11 method [45]. The MDL calculated using the TO-5 method was
approximately 40 times higher than that calculated using the TO-11 method. These results
indicated that the differences in the sampling volume and quantitative volume for analysis
could result in different MDL values for the two methods. A few previous studies indicate
that the two methods are similar [46], while others suggest that using a cartridge is a better
method for field monitoring and laboratory analysis [47]. We used the mean MDL for
formaldehyde and acetaldehyde at the decade ppb level, which equated to thousands of
NMP programs (shown in Table S3).

Notably, VOCs, such as benzene and ethylbenzene, were determined using gas
chromatography-mass spectrometry (GC-MS) in the NMP program and GC-FID. The
results indicated that the mean MDL for benzene and ethylbenzene calculated in this study
was 4.4 and 6.1 times that calculated by the NMP, respectively. The MDL for other VOCs
for different species ranged from 8 to 25 times the NMP program. The MDL was also high
for the elements in PM, except for Ni, Pb, and Cr (VI).

The toxic concentrations for the majority of HAPs were less than the detection limit
in ambient air; thus, a high MDL affected the health risk assessment [48]. A measurement
of half of the MDL for the health risk assessment would eventually increase the health
risk in the study location; therefore, the results for the health risk may not be accurate,
which may be attributed to the analytical method, instrument, and technique applied for
the assessments. The selection of an appropriate analysis methodology and monitoring
program is crucial to determine the potential health risks due to environmental airborne
pollution more accurately.

Table 1 presents 28 HAPs that pose a risk of cancer. The results indicate that the
concentration was equal to 1/2 MDL for 4 species (with a cancer risk higher than 107,
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in the NMP program) and 20 species (with a cancer risk higher than 10~ in this study).
We were able to determine the cancer risk for 20 species due to their high MDL (when
compared to the NMP results).

Table 1. Cancer risk determination for different species by 1/2 method of detection limit (MDL).

Unit Risk USEPA NMP * Linhai Industrial Park
Compounds Unit E?Sgg)te 1/2MDL- 1/2MDL- 1/2MDL- 1/2MDL- 1/2MDL-
2015 2016 2017 2018 2019

Benzene 1/ppb 249 x107° 486 x 1077 261x1077 224x107® 996 x10"7 174 x10°°
Ethylbenzene 1/ppb 1.85x107° 176 x1077 176 x 107 157 x107°® 833 x1077 833 x 1077
Acetaldehyde 1/ppb 396 %107  1.19x1078 119x107% 396 x107° 396 x107> 198 x 107°
Formaldehyde 1/ppb 159 x 1075 954 x 1078 795x 1078 159 x107* 159 x107* 159 x 1074
1/1/2/2_ —4 —6 —6 -5 -5 -5
Totrachloroethane 1/ppb 3.97 x 10 3.57 x 10 5.96 x 10 7.15 x 10 5.96 x 10 5.16 x 10
1,1,2- -5 -7 -7 -5 -5 -5
Trithloroethane 1/ppb 8.71 x 10 7.40 x 10 8.71 x 10 1.48 x 10 1.26 x 10 1.26 x 10
1,1-Dichloroethane 1/ppb 6.46 x 107  4.85x 1078 420x 1078 136x107® 1.00x107®  9.04 x 1077
1,2-Dichloroethane 1/ppb 1.05 x107%  6.83x1077 683x1077 205x107° 1.68x107° 142 x107°
1,2-Dibromoethane 1/ppb 460x1073 391 x107° 483x107° 736x107% 598x10"* 598x10°*
trans-1,3- _5 _7 _7 6 6 _6
Dichlofopropene 1/ppb 1.81 x 10 1.90 x 10 244 x 10 2.81 x 10 1.99 x 10 1.99 x 10
cis-1,3- -5 -7 -7 -6 -6 -6
Dichloropropene 1/ppb 1.81 x 10 1.54 x 10 1.81 x 10 2.81 x 10 2.17 x 10 2.08 x 10
Carbon -5 -7 -7 -6 -6 -6
Totrachloride 1/ppb 3.77 x 10 1.89 x 10 3.20 x 10 7.35 x 10 6.22 x 10 5.66 x 10
Chloroform 1/ppb 230x107°  1.84x 1077 138x1077 460x107° 380 x 1076 357 x10°°
Dichloromethane 1/ppb 555x 1078 527 x 10719 58 x1071° 117 x107% 916 x 1077  8.05x 1077
p-Dichlorobenzene 1/ppb 6.60 x 107>  858x1077 759 x1077 112x107° 825x10°° 825x10°°
Trichloroethylene 1/ppb 257 x107° 218 x 1077 218 x 1077 437 x107° 386 x107° 398x107°
Tetrachloroethylene 1/ppb 176 x107®  123x107% 141x1078 290x1077 273x1077 317 x 1077
Vinyl chloride 1/ppb 224 x107° 896 x 1078 358x1077 459 x107® 3.14x10° 280 x10°°
1,3-Butadiene 1/ppb 6.62x 107° 463 x1077 861x1077 139x107° 927x107° 8.61 x 107
Acrylonitrile 1/ppb 147 x107%  125x107% 221 x107® 338x107° 213x10™° 1.91x107°
Hexachloro-1,3- 1/ppb  234x107*  398x107° 491x107° 445x107° 3.16x 1070 3.16 x 107
Butadiene ppr 34 x 98 x 91 x 45 x 16 x 16 x
Benzol[alpyrene 1/ng/m3 176 x107® 116 x1077 554x 1078 669x10~7 686x1077 792x 1078
Asin PMy 1/ng/m®  430x107® 123x1077 280x107% 129x1077 1.08x1077 129x 1077
Be in PMy 1/ng/m3  240x107° 204x10°% 120x107° 240x107® 240x107® 240x10°®
Cd in PMyg 1/ng/m® 180 x107° 540x107° 540x1077 270x10°% 270x10°8 450 x 1078
Ni in PMjg 1/ng/m3 480 x 1077 137x1077 115x1077 134x10°% 144x107% 1.68x10°®
Pb in PMjo 1/ng/m> 120 x 1078 678 x 107" 9.00x 1071 420x 10710 420 x 10710 420 x 1071
Cr(VI) in TSP 1/ng/m3  120x107° 228x10°% 222x10°% 750x107° 132x107® 138x10°®
SUM 125%x107%  919x1075  1.18x 1073 981 x107* 947 x 10~*

* Note: United States environmental protection agency (USEPA) national monitoring program (NMP); total
suspended particulate (TSP).

3.2. Effect of the Number of Samples on Screening Species and the Effect of Data Integration and

Data Weighting on Risk Assessment

This study collected 54 ozone precursor VOC species (each up to 8760 #/year-station)

every hour (once every six days) to manually monitor the HAPs and BaP in PM and
metal concentrations (approximately 60#/year-station) in PM. The sample size affected the
screening species with less than 95% of failed data points. Our findings find that the screen
may fail when the benzene and ethylbenzene levels are high; hence, the VOCs could be
attributed to the failed fraction of the monitoring data (case A, Table S54)

For case B (Table S5), we used 24-h data to calculate the daily mean concentration

(365#/year-station) and we assumed that the concentration of the metal (approximately
60#/ year-station) in PM was the same for each group of six days. For case C (Table S6),
we observed similar results for the 30-day mean for the concentrations of VOCs and PM-
bounded metal (approximately 60#/year-station). For case D (Table S7), the 30-daily mean
for the month provided a mean value for the ozone precursors VOCs and HAPs, for which



Atmosphere 2023, 14, 1426

7 of 17

the data were collected at six-day intervals, BaP in PM and metal concentration in PM (for
the monthly data). For case D, all the species had 12 data points per year.

For case E (Table S8), the ozone precursors and VOC data were considered for a six-day
mean, which is similar to the HAPs, benzo[a]pyrene in PM, and metal concentration in PM.
Using the NMP screening procedures, the cumulative 95% failed species were considered
the species of interest for the risk assessment. The results indicated that five cases had
2-12 health-risk species of interest.

In Table 2, the cancer risk was determined by the different analyzed data integration
(from hourly data to monthly data). The screening species were from two species for case
A to 12 species for case D and the corresponding cancer risk was from 4.87 x 10~° (case
A) t01.48 x 1073 (case E). The results reflected the total inhalation cancer risk from 3.5%
in case A to 96% in case D. These results indicated that there was a large variation in the
number of samples for different species and the screening procedures of the NMP; thus,
the species of interest and health risk assessment provided misleading results. Therefore,
we conclude that the design of the sampling program has a significant effect on the health
risk assessment (Table 2).

Table 2. Cancer risk calculated for each case (cases A-E).

Group A B C D E
Data type Hourly data Daily data Monthly data Monthl;lﬁ:l ata for Eve;}; tj);:)draa}ilone
Benzene 78.10 2.26 1.60 2.38 2.06
Ethylbenzene 21.90 0.62 0.42 0.62 0.58

As 0.84 0.79 0.93 0.79

Ni 0.42 0.39 047 0.39
Formaldehyde 81.57 77.06 73.87 76.56
Pb 0.04 0.04 0.05 0.04
Cr(VI) 0.24 0.22 0.26 0.22
Cd 0.13 0.12 0.18 0.12
1,2-Dichloroethane 13.88 13.11 13.42 13.02
Vinyl chloride 1.40 1.80 1.39
Acetaldehyde 4.84 3.89 4.80
1,3-Butadiene 2.11

Screened Risk (1) 4.87 x 107° 1.39 x 1073 1.47 x 1073 9.89 x 1074 1.48 x 1073
Total Risk (2) 1.58 x 1073 1.57 x 1073 1.56 x 1073 1.03 x 1073 1.57 x 1073
Percentage (1/2) (%) 3.08 88.5 94.2 96.0 94.3

Note: Case A: Benzene and Ethylbenzene, hourly data (n = 251,740); others: every six-day accrue one data point
(n =1799), Case B: Benzene and Ethylbenzene, daily data (n = 10,487); others: every six-day accrue one data point
(n =1799), Case C: Benzene and Ethylbenzene, monthly data (n = 360); others: every six-day accrue one data
point (n = 1799), Case D: Benzene and Ethylbenzene, monthly data (n = 360); others: monthly data (n = 360), Case
E: Benzene, and Ethylbenzene, every 6 days to one data (n = 1820); others: every six-day accrue one data point
(n=1799).

Non-cancer risk (Table S9). For case A, benzene, ethylbenzene, and xylene were
screened as the species of interest and the non-cancer risk was 0.27, which accounted for
1.8% of the total inhalation non-cancer risk. For case B-E, there were 11-14 selected species
and the corresponding non-cancer risk was 9.18-15.20. In total, 66.5-97.7% of the total
inhalation non-cancer risk was reflected. Results indicated the monthly average data (in
case D) could miss high abundant variation to cause the underestimation of non-cancer
risk.

3.3. Hazardous Air Pollutants (HAPs) in Ambient Concentrations

For the Linhai Industry Park, we selected the VOCs of interest and five metals (As,
Be, Cd, Ni, and Pb) in PM;p and Cr(VI) in TSP, using the reference concentration limits of
WHO, and the data of Cr(VI) were collected using the NMP screening value.
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3.3.1. Elements in Particulate Matter (PM)

The elemental concentrations in PM are shown in Table 3. The concentration of As, Be,
Cd, Ni, and Pb in PM;g and of Cr(VI) was determined in the TSP. The mean respective As
concentrations were 1.46 + 0.90, 1.20 4+ 0.72, and 1.35 = 1.16 ng/m3 in 2017, 2018, and 2019,
respectively (the high-mean to low-mean concentration ratio was 1.22 for the three years).

Table 3. Elemental hazardous air pollutant (HAP) concentrations during 2017-2019.

Compounds 2017 2018 2019 (21(?;,76_?(%;9) Summer Winter
As in PMy 1.46 £+ 0.90 1.20 £0.72 1.35+1.16 1.34 +£0.79 0.70 £ 0.41 1.77 £0.75
Be in PMyg 0.02 £ 0.03 0.01 £ 0.02 0.02 £ 0.04 0.01 £ 0.02 0.01 £ 0.02 0.02 £ 0.04
Cd in PMy 0.51 £0.56 0.44 +£0.49 0.43 £0.36 0.46 + 0.27 0.27 + 0.51 0.66 + 0.44
Ni in PMj 7.87 £ 5.50 6.96 + 5.54 435+ 251 6.39 + 3.16 411+ 3.40 8.55 + 5.92
Pb in PMy 24.08 £19.13 23.62 £ 32.20 22.26 £ 24.56 23.32 £1.94 15.40 + 15.76 32.58 £ 23.54

Cr(VI) in TSP 0.13 +£0.11 0.10 +0.14 0.13 £0.11 0.12 +£0.07 0.08 £ 0.11 0.17 £ 0.15

Note: Unit: ng/m?3; total suspended particulate (TSP).

The Be concentrations were 0.02 4 0.03, 0.01 + 0.02, and 0.02 &+ 0.04 ng/m3 in 2017,
2018, and 2019, respectively (the high-mean to low-mean concentration ratio was 1.74 for
the three years). Most of the Be concentrations were below MDL.

The Cd concentrations were 0.51 £ 0.56, 0.44 + 0.49, and 0.43 £ 0.36 ng/ m® in 2017,
2018, and 2019, respectively (the high-average to low-average concentration ratio was 1.19
for the three years).

The Pb concentrations were 24.08 & 19.13 ng/m? in 2017, 23.62 + 32.20 ng/m? in2018,
and 22.26 & 24.56 ng/m? in2019 (the high-average to low-average concentration ratio was
1.08 for the three years).

The average Ni concentrations were 7.87 + 5.50 ng/ m? in 2017, 6.96 + 5.54 ng/ m? in
2018, and 4.35 £ 2.51 ng/m?3 in 2019 (the high-average to low-average concentration ratio
was 1.81 for the three years).

For Cr(VI) in TSP, the average concentrations were 0.13 £ 0.11 ng/ m3 in 2017,
0.10 4 0.14 ng/m3 in 2018, and 0.13 & 0.11 ng/m? in 2019 (the high-average to low-average
concentration ratio was 1.30 for the three years). In terms of the heavy metal content in PM,
the results indicated that the concentration of Ni decreased significantly from 2017 to 2019
but the concentrations of other elements did not portray this trend.

The combustion and production processing sites, including sinter plants, iron and
steel industrial sites, non-ferrous metal industrial sites, organic chemical industrial sites,
and road transport, were the sources of the metals in PM [49]. This aligns with past studies
suggesting that industrial processes, fossil fuel combustion, and waste incineration release
airborne Cu, Ni, Pb, and Cd. As, Ni, and Cr are the biggest cancer risks [50].

Findings of this study demonstrate variation in the pollutant concentrations in winter
and summer. For instance, winter As concentrations were 1.77 £ 0.75 ng/ m?3, 2.53 times
higher than the summer concentration. In winder, the mean concentration of Be was
0.02 £ 0.04 ng/m? and 0.01 £ 0.02 ng/m? in summer, which portrayed a two-fold differ-
ence. The mean concentration of Cd was 0.66 &= 0.44 ng/ m? in winter and 0.27 + 0.51 ng/ m°>
in summer, which indicated a 2.44-fold difference. The mean concentration of Pb was
32.58 &+ 23.54 ng/ m? in winter and 14.40 + 15.76 ng/ m? in summer, which indicated a
2.26-fold difference. The mean concentration of Ni was 8.55 & 5.92 ng/m? in winter and
4.11 £ 3.40 ng/m3 in summer, which indicated a 2.08-fold difference. Finally, the mean
concentration of Cr(VI) was 0.17 + 0.15 ng/m? in winter and 0.08 + 0.11 ng/m? in summer,
which indicated a 2.12-fold difference. These results indicated that the metal content was
highest in winter.
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3.3.2. Organic Species in Ambient Conditions

The levels of organic hazardous air pollutants are shown in Table 4. The average
formaldehyde concentration was 26.98 4= 29.30 ppb in 2017, 20.62 &= 26.27 ppb in 2018, and
25.01 £ 30.32 ppb in 2019 (the high-average to low-average concentration ratio was 1.31 for
the three years).

Table 4. Organic hazardous air pollutants concentrations during 2017-2019 in the Linhai industrial
park region.

Compounds Unit 2017 2018 2019 2017-2019 Summer Winter
Benzene ppb 069+ 047  073+025 0644024  069+034 0584051 0.85 + 0.23
Ethylbenzene ppb 0.39+ 0.16 043+0.17 0414015  041+0.16 0.33+ 0.14 051 + 0.16
Acetaldehyde ppb 4384933  075+281  559+11.60  356+583  497+10.83 248+ 758
Formaldehyde ppb 269842930 206242627 250143033 241241311 2737 +2543 20.54 = 29.28
1,1-

Dichloroethanc ppb N.D. 0.001 +0.020  0.001 £ 0.013  0.000 & 0.014 N.D. N.D.

1,2-

Bibromocthane ppb N.D. N.D. 0.000 + 0.006  0.000 =+ 0.004 N.D. N.D.

1,2-

Dihloroethanc ppb 027 +065 0314069  070+1.86 043+ 0.50 0.61+ 2.17 0.45 + 0.52
11,2- ppb  0.00140.017 0.0000.000 0.000 &+ 0.006 0.000 = 0.011  0.000 & 0.000  0.001 % 0.021
Thichloroethane

1,1,2,2-

Tt oroethane ppb  0.001 % 0.020 N.D. N.D. 0.000 + 0.012  0.001 + 0.024  0.000 = 0.000
Carbon ppb 001840142 0.008 0077 0.00140.021 0.009+0.030 0.008 +0.089 0.012 + 0.113
Tetrachloride

Chloroform ppb 0018 4£0.165 0.033+0.131 0.045+0.134 0.032 40059 00180110 0.063 % 0.209
Dichloromethane ppb 2.89 + 5.04 1414252 147 +243 1934252 1154247  2.01+335
D i hlorobenzenc ppb N.D. 0.001 + 0.020 N.D. 0.000 + 0.012  0.001 = 0.019 N.D.
Tetrachloroethylene ~ ppb ~ 0.001 £ 0.017  0.049 + 0.482 N.D. 0.017 + 0.162 N.D. 0.065 =+ 0.566
Trichloroethylene ppb 0.001 £+ 0.017 N.D. N.D. 0.000 £ 0.010 N.D. 0.001 £ 0.020
Vinyl chloride ppb 026+210 0184053 0254047 0234047 0194239 035+ 059
1,3-Butadiene ppb 0.05+ 0.20 0.11+ 0.36 0.11 + 0.25 0.09+ 0.16 003+016 0174035
Acrylonitrile ppb 006+033  006+026  0.05+0.17 0.05+ 0.14 0024022 0124041
lef;ZCi};fso'l’} ppb  0.002 % 0.031 N.D. 0.000 +0.012  0.001 £ 0.019  0.002 4+ 0.029  0.000 = 0.000
Benzo[a]pyrene ng/m3  0.04+0.16 0.04+ 0.18 0.094 0.19 006+ 007  0.03+007  0.0940.17

Note: cis-1,3-Dichloropropene and trans-1,3-Dichloropropene are not detectable(ND)during 2017-2019.

Acetaldehyde’s mean concentration was 4.38 £ 9.33 ppb in 2017, 0.75 £ 2.81 ppb in
2018, and 5.59 =+ 11.60 ppb in 2019 (the high-mean to low-mean concentration ratio was 7.45
for the three years). The winter formaldehyde concentration was 20.54 £ 29.28 ppb and
the summer concentration was 27.37 & 25.43 ppb, which indicated a 1.27-fold difference.
The winter acetaldehyde concentration was 2.48 £ 7.58 ppb and the summer concentration
was 4.97 £ 10.83 ppb, which stated a 1.55-fold difference. Since primary emissions from
combustion sources are a significant contributor to ambient formaldehyde in urban envi-
ronments, with motor vehicles being the most important source, the formaldehyde and
acetaldehyde concentrations were significantly higher in the summer due to photochemical
reactions [51-54].

Acrylonitrile’s mean concentration was 0.06 £ 0.33 ppb in 2017, 0.06 £ 0.26 ppb in
2018, and 0.05 = 0.17 ppb in 2019 (the high-mean and low-mean concentration ratio was
1.08 for the three years). The mean 1.3-butadiene concentration was 0.05 £ 0.20 ppb in
2017, 0.11 £ 0.36 ppb in 2018, and 0.11 £ 0.25 ppb in 2019 (the high-mean and low-mean
concentration ratio was 1.33 for the three years).

The mean concentration of acetonitrile was 2.50 £ 0.24 ppb in winter and 2.59 =+ 0.06 ppb
in summer, which indicated a 1.04-fold difference. The mean concentration of acrylonitrile
was 0.12 £ 0.24 ppb in winter and 0.02 &+ 0.06 ppb in summer, which stated a 6.0-fold
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difference. The mean concentration of 1.3-Butadiene was 0.17 £ 0.35 ppb in winter and
0.03 & 0.16 ppb in summer, which indicated a 5.67-fold difference.

The acrylonitrile and 1.3-butadiene were higher in winter; this was not true for ace-
tonitrile. These results indicate a significant difference in the concentration of acrylonitrile
and 1.3-butadiene but none for acetonitrile.

The mean concentration of 1,2-dichloroethane was 0.27 = 0.65 ppb in 2017, 0.31 % 0.69 ppb
in 2018, and 0.70 & 1.86 ppb in 2019 (the high-mean and low-mean concentration ratio was
2.59 for the three years). The mean concentration of vinyl chloride was 0.26 & 2.10 ppb in
2017, 0.18 £ 0.53 ppb in 2018, and 0.25 £ 0.47 ppb in 2019 (the high-mean and low-mean
concentration ratio was 1.46 for the three years).

Furthermore, the mean concentration of dichloromethane was 2.89 £ 5.04 ppb in
2017,1.41 £ 2.52 ppb in 2018, and 1.47 & 2.43 ppb in 2019 (the high-mean and low-mean
concentration ratio was 2.05 for the three years). The mean concentration of chloromethane
was 0.94 &+ 0.42 ppb in 2017, 1.02 £ 0.31 ppb in 2018, and 1.02 &+ 0.39 ppb in 2019 (the
high-mean and low-mean concentration ratio was 1.08 for the three years).

The mean concentration of dichloroethane was 0.44 £+ 0.52 ppb in winter and
0.61 £+ 2.17 ppb in summer; thus, the mean concentration was slightly higher in sum-
mer. The mean concentration of vinyl chloride was 0.35 £ 0.59 ppb in winter and
0.19 £ 2.35 ppb in summer (thus, the concentration was higher in winter). The mean concen-
tration of dichloromethane was 2.00 = 3.35 ppb in winter and 1.15 + 2.47 ppb in summer.
Notably, the concentrations of 1,2-dichloroethane, vinyl chloride, and chloromethane were
higher in summer.

Regarding aromatic species, the mean benzene concentration was 0.69 + 0.47 ppb in
2017, 0.73 £ 0.25 ppb in 2018, and 0.64 & 0.24 ppb in 2019 (the high-mean and low-mean
concentration ratio was 1.14 for the three years). The mean concentration of ethylbenzene
was 0.39 & 0.16 ppb in 2017, 0.43 £ 0.17 ppb in 2018, and 0.41 % 0.15 ppb in 2019 (the
high-mean and low-mean concentration ratio was 1.10 for the three years). Thus, the
difference in the mean concentration from 2017 to 2019 was insignificant.

The mean concentration of benzene was 0.85 £ 0.23 ppb in winter and 0.58 & 0.51 ppb
in summer, which indicated a 1.46-fold difference. The mean ethylbenzene concentration
was 0.51 + 0.16 ppb in winter and 0.33 + 0.14 ppb in summer, indicating a 1.54-fold
difference.

The mean concentrations of the aromatic species were approximately 50% higher in
winter than in summer. In general, there is a high mean concentration of total volatile
organic compounds (TVOC) in winter (32.54 ppb) and a low TVOC concentration in
summer (25.84 ppb) [50]. Toluene and m,p-xylenes are the precursors with the greatest
potential to form ozone by photochemical reactions [55].

The sequence of the estimated carcinogenic risks is 1,2-dichloroethane, benzene, chlo-
roform, and carbon tetrachloride, and in a heavily industrialized region, the risk is sub-
stantially higher than the acceptable level [56]. The VOC species are present at signifi-
cantly higher levels in winter than in summer, except for isoprene [57]. The carcinogenic
risks for carbon tetrachloride, benzene, 1,3-butadiene, and naphthalene are considered as
10-5-10~* [57].

3.3.3. Temporal Distribution

Figure 2 portrays the variations in the concentration of organic species in ambient air
based on our analysis.
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Figure 2. Volatile organic compound (VOC) concentration variation for different months.

In terms of aromatic species, the monthly average concentration of ethylbenzene
ranged from 0.31 ppb (June) to 0.55 ppb (January). The average concentration of benzene
ranged from 0.51 ppb (June) to 0.92 ppb (January).

In terms of the chlorinated species, the average monthly concentration of 1,2-dichloroethane
ranged from 0.20 ppb (May) to 0.89 ppb (July), indicating a high-average to low-average
concentration ratio of 4.45. The average concentration of vinyl chloride varied from 0.05 ppb
(April and May) to 0.53 ppb (December) (the high-average to low-average concentration
ratio was 10.6). The average concentration of chloromethane varied from 0.67 ppb (July)
to 1.37 ppb (January) (high-average to low-average concentration ratio was 2.04). The
average concentration of chloroform varied from 0.01 ppb (June and August) to 0.08 ppb
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(January) (high-average to low-average concentration ratio was 8.0). The concentration of
tetrachloroethene was low and most samples indicated no presence.

In terms of formaldehyde and acetaldehyde, the mean monthly concentration of
formaldehyde varied from 17.88 ppb (January) to 32.27 ppb (June), indicating a high-
mean to low-mean concentration ratio of 1.80. The mean concentration of acetaldehyde
varied from 1.13 ppb (February) to 5.24 ppb (July) (indicating a high-mean to low-mean
concentration ratio of 4.64).

In terms of acetonitrile, acrylonitrile, and 1.3-butadiene, the mean concentration of
acetonitrile varied from 1.73 ppb (December) to 4.27 ppb (April) (indicating a high-mean to
low-mean concentration ratio of 2.47). The mean monthly concentration of acrylonitrile
varied from 0.01 ppb (March and September) to 0.18 ppb (January), indicating a high-mean
to low-mean concentration ratio of 18.0.

In terms of the elements in PM, Figure 3 portrays the variety of elements in the atmo-
sphere in different months. The average concentration of arsenic varied from 0.66 ng/ m3
(June) to 2.02 ng/ m3 (January) (indicating a high-average to low-average concentration
ratio of 3.06). The average monthly concentration of Be was 0.01 ng/m3 (from April to
October) to 0.03 ng/m? (January); therefore, there was little variation in the concentration
of Be in PMyj.

The average concentration of lead varied from 13.31 ng/m? (July) to 32.74 ng/m3
(January) (indicating a high-average to low-average concentration ratio of 2.46). The av-
erage concentration of Mn varied from 15.91 ng/ m3 (May) to 44.01 ng/ m> (November)
(indicating a high-average to low-average concentration ratio of 2.77). The average con-
centration of Cd varied from 0.21 ng/m? (June) to 0.71 ng/m? (January) (indicating a
high-average to low-average concentration ratio of 3.38). The average concentration of
Ni varied from 3.39 ng/m3 (June) to 9.83 ng/m? (January) (indicating a high-average to
low-average concentration ratio of 2.90). The average concentration of Cr(VI) varied from
0.07 ng/m?> (June and August) to 0.18 ng/m?3 (December) (indicating a high-average to
low-average concentration ratio of 2.57).

3.3.4. Spatial Distribution

Figures S2 and S3 portrays the elemental spatial distribution on an annual and seasonal
basis. The spatial distribution of the mean concentration of ethylbenzene was 0.31-0.52 ppb
and benzene was 0.50-0.94 ppb.

In terms of the chlorinated species, the concentration of dichloroethane was 0.22-1.20 ppb
and dichomomethane was 0.94-2.33 ppb. The concentration of tetrachoroethylene was high
in location D014 (0-0.07 ppb) and that of chloroethene was 0.12-0.33 ppb; the concentration
of chloromethane was 0.82-1.20 ppb and chloroform was 0.00-0.14 ppb.

The concentration of 1,3-butadiene was 0.04-0.14 ppb, acetonitrile was 1.18-4.05 ppb,
acrylonitrile was 0.003-0.108 ppb, formaldehyde was 14.92—47.91 ppb, and acetaldehyde
was 2.28-4.72 ppb.

In PM;, the arsenic concentration was 1.15-1.66 ng/ m? and the concentration of
beryllium was 0.007-0.030 ng/m? and that of lead was 15.90-31.96 ng/m3.Manganese was
17.87-47.82 ng/ m? and nickel was 4.57-11.73 ng/ m3. In TSP, the concentration of Cr(VI)
was 0.07-0.16 ng/m3 and the concentration of BaP was 0.01-0.22 ng/m?.

The results indicated that there was a benzene hotspot in the vicinity of D007 and
that the emission source could be a coke-oven process in the iron and steel plant that is
upwind or from the petrochemical industry emissions inland (toward the downtown area).
Ethylbenzene was emitted from the paint process for naval architecture in the industrial
park and from the petrochemical plants that surrounded the industrial park in the northeast
(D0015). Dichloroethane was emitted from the vinyl chloride manufacturing plant and
the petrochemical plants in the southwestern area; the concentrations were higher in the
summer, due to the vaporization of liquids in storage tanks near the harbor and the fugitive
sources from an industrial facility, which was similar to the results of a previous study [41].
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Figure 3. Metal content in airborne particulate matter in different months; total suspended particulate
(TSP).

Highlyabundant metals were determined in winter to compare their presence to thatin
summer. In addition, high As, Cd, Pb, and Ni concentrations were located in the vicinity
of D007 and DO017. The metal smelting industries could be the sources of toxic metals in
particulate matter. The Cr(VI) concentration was high inland and low in the vicinity coast,
therefore, Cr(VI) may not come from the facility of Linhai industrial park.

4. Conclusions

Hazardous air pollutants (HAPs) affect environmental air quality significantly and
are thus analyzed to determine the health risks to humans; in this study, we determined
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