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Abstract: As an important anthropogenic source of volatile organic compounds (VOCs), industrial
emissions have a significant impact on air quality and human health. In this study, the characteristics,
chemical reactivities, and health risks of VOCs around an industrial park in Zibo were analyzed
at two sampling sites. The results showed that the concentrations of total VOCs at Dongzhang
Community (DZ) and Special School (SS) sites were 113.12 ppb and 139.40 ppb, respectively, with
oxygenated VOCs (OVOCs) as the most abundant species, accounting for 42-45%, followed by
alkanes (19.3-19.6%). Diurnal variation of OVOCs exhibited noticeable peaks at 3:00, which may be
related to the nighttime sneaky emissions of some enterprises. OVOCs were the species with the
highest photochemical activity, with an average contribution of 56.5% to OH radical loss rate and 57%
to ozone generation. In addition, OVOCs contributed 40% to secondary organic aerosol formation
potential at both sites, second only to aromatics (55%). Acrolein and 1,2-dichloropropane presented
the highest non-cancer and cancer risks to human health. The results highlight the importance of
OVOCs in some industrial areas.

Keywords: industrial park; volatile organic compounds; ozone formation potential; secondary
organic aerosol formation potential; health risk assessment

1. Introduction

Volatile organic compounds (VOCs) are defined as organic species with saturated
vapor pressure higher than 13.33 Pa under standard atmospheric conditions [1]. VOCs
include a large variety of species, such as oxygenated VOCs (OVOCs), chlorinated VOCs,
and aromatic hydrocarbons (benzene, toluene, ethylbenzene, xylene), which are emitted
from a wide variety of natural and anthropogenic sources. The main anthropogenic sources
of VOCs include vehicle emissions, combustion, industrial emissions, fuel evaporation and
solvent usage [2,3]. Some of the biogenic VOCs are emitted mainly by natural sources,
such as vegetation, oceans, and soils [4,5]. Compared with anthropogenic emissions,
biogenic contribution is usually minor in urban atmospheres [6]. Many VOCs are important
precursors leading to the formation of troposphere ozone (O3) and secondary organics in
particulate matter (PM) [7]. In addition, some VOC are toxic and have adverse effects on
human health [8-11].

Liu et al. [12] found that industrial emissions were the primary anthropogenic source,
accounting for 55% of anthropogenic VOCs. Emissions of industrial VOCs in China
increased from 8777 kt in 2011 to 12,446 kt in 2018, with an average annual growth rate
of 5.2% [13]. OVOCs were a significant contributor to total VOCs (TVOCs) in industrial
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areas [14-16]. Studies have been conducted to evaluate characteristics and sources of VOCs
in some industrial parks in China. An et al. [17] found that VOCs showed significant
diurnal variations in an industrial zone in Nanjing, with high concentrations at night and
low concentrations during the daytime. Shao et al. [18] found that industrial and solvent
use contributed the highest proportion of VOCs in the Yangtze River Delta, followed by
vehicle emissions. Jia [19] analyzed the characteristics of NMHCs in different atmospheric
environments in Lanzhou. Their results showed that the concentration of NMHCs in
industrial zones was 3-11 times higher than that in urban areas. However, most previous
studies have not performed simultaneous monitoring of OVOCs.

Epidemiological studies indicated that people living near industrial areas (i.e., within
a 5 km radius) had a greater risk of respiratory symptoms than those far from industrial
areas [20,21]. Zheng et al. [22] found that acrolein and 1,3-butadiene had the highest
carcinogenic risk in a petrochemical industrial park. Benzene, carbon tetrachloride and
naphthalene were the major cancer risk species in the urban areas of Calgary, Canada [8].
Carbon tetrachloride, benzene, and 1,3-butadiene were the main cancer risk species in
Vancouver, Canada [23]. Benzo(a)pyrene had the highest cancer risk in a steel industrial
zone in Korea, followed by formaldehyde and benzene [24].

Zibo is a large industry-driven cluster city of about 6000 km? and 4.7 million popu-
lation and is located in the middle of Shandong Province and the central area of North
China Plain. Zibo has intensive and comprehensive industrial categories, with industry
contributing about 50% of its annual gross domestic product [25,26]. According to Zibo’s
2018 annual emission inventory, the total anthropogenic VOC emission was approximately
100 kt, which was dominated by chemical processing (62.9 kt) [27]. In recent years, Zibo
has been suffering from severe PM; 5 and O3 pollution [25,27]. However, few reports are
available about VOCs in Zibo.

In this study, the samples of VOCs were collected by canister and 2,4-dinitrop-
henylhydrazine (DNPH) cartridges at two sites around an industrial park in Zibo,
and VOCs were analyzed by gas chromatography mass spectrometer/flame ionization
detector (GC-MS/FID) and high-performance liquid chromatography (HPLC). The
concentrations, diurnal variations, secondary transformation potential, sources and
health risks of VOCs were analyzed. This study can provide theoretical support for the
establishment of air pollution control strategies in Zibo.

2. Materials and Methods
2.1. Site Description

The study was conducted in an industrial area of Zibo, which is located in the central
Shandong Province (Figure 1). Two sampling sites were set up around an industrial park,
the Dongzhang Community (DZ) and the Special School (SS) sites, respectively. This
industrial park is a cluster of industrial chains led by organic raw material, pharmaceutical,
and new material industries, and is the largest production base of chloroacetic acid, aspirin,
ibuprofen and ankyrin in the world. It is surrounded by mixed commercial, transportation,
and residential areas.
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Figure 1. Location of sampling site and the surrounding areas in the industrial area.

2.2. Sampling and Measurement Methods

The field measurements were performed 15-17 December 2020. Ambient air samples
from DZ and SS sites were collected in SUMMA canisters with flow restriction devices
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to control the sampling flow rate (15 mL/min for 3 h). In addition, atmospheric OVOCs
were collected simultaneously at both sites using DNPH cartridges for a period of 3 h per
sample. Eight samples were collected per day at each site. Ambient air samples from the
SUMMA canister were analyzed by GC-MS/FID. The gas samples were pre-concentrated
by an ultra-low-temperature system and then thermally desorbed into the separation
and detection system. The C2-C5 hydrocarbons were separated on an Al,O3/KCI PLOT
column and detected by FID detector, and the C5-C12 compounds were separated on a
DB-624 column and detected by MS detector. The samples collected by DNPH were first
eluted with acetonitrile for the derivatives and then analyzed by HPLC with UV detector.

2.3. Quality Assurance and Quality Control (QA/QC)

Before sampling, all SUMMA canisters were cleaned by repeated evacuation and
filling with high-purity nitrogen. After cleaning, the 10% canisters were refilled with
pure nitrogen and stored in the laboratory for at least 24 h to check for contamination.
Calibration curves for each standard gas were established using a high-precision diluter at
six different concentrations (0, 1, 2, 5, 10 and 20 ppb). The correlation coefficients (R) of the
standard curves for all species exceeded 0.99. The method detection limits (MDL) ranged
from 0.002 to 0.05 ppb. The concentrations of more than 98% of the target compounds
were above the MDL, and the precision was within 15%, which proved the stability and
reliability of the instrument and method.

To evaluate the feasibility of the DNPH-HPLC method for OVOC measurement, the
sampling and analytical method were assessed for relevant quality assurance parameters,
including the leakage of the sampling system, sampling flow error, method detection limit,
precision, standard recovery, elution efficiency, and sample stability. The results showed
that the method is reliable and can be used in the following studies.

2.4. Loy, OFP and SOAP Calculation

Most of the oxidation of organics in the troposphere is performed by reaction with OH
radicals [28]. The OH radical loss rate (Log) is commonly used to describe the photochemi-
cal reactivity of VOCs [29-31]. The Loy of VOCs is the multiplication of their concentration
in the atmosphere and the OH radical reaction rate constant [29].

Loy is calculated using Equation (1):

Loni = Kopi x [VOCi] 1)

where Loy is the OH radical loss rate of the ith VOC Species (s~!), Kop; is the rate
coefficient for the reaction of the ith VOCs species with OH radicals (cm3 - (molecule s)~ 1),
and [VOCi] is the measured concentration of the ith species (molecule - cm~3). The Koyy;
values are derived from Atkinson [32].

The contribution of VOCs to ozone formation varies depending on their photochemical
reactivity. To comprehensively estimate the contribution of each VOCs species to ozone
formation potential (OFP), the maximum incremental reactivity (MIR) method was used in
this study to quantify the OFP of VOCs.

OFP is calculated using Equation (2) [33]:

OFPi = MIRi x [VOCi] @)

where OFPi is the ozone formation potential of the ith VOC species, MIRi is the MIR scale of
the ith VOC species, and [VOCi] is the measured concentration of the ith species (iug/m?).
The MIR coefficients for the VOCs species are obtained from Carter [33].

Secondary organic aerosol (SOA) is one of the important components of PM, 5 [34]. As
key VOC:s species are important precursors of SOA, their identification is crucial to control
PMj, 5 pollution. Estimating the secondary organic aerosol formation potential (SOAP) is
often used to obtain the relative contribution of VOCs to SOA formation.
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The SOAP was calculated using the following equation [35]:
SOAP; = [V()C]Z X SOAP*Z‘ 3)

where SOAP; represents the potential for secondary organic aerosol generation of the
ith VOC species, SOAP*; represents the potential for SOA generation of the ith VOC
species relative to an equivalent mass of toluene, and [VOC]; represents the monitored
concentration (p1g/m?) of the ith VOC species. The SOAP*; coefficient is the latest research
result of Derwent [35].

2.5. Health Risk Assessment

Inhalation is the most significant pathway of human exposure to air pollutants, other
than ingestion and dermal absorption [10,36]. Therefore, the health risks of VOCs associated
with inhalation were assessed in this study area using the standard USEPA methodology.
The hazard ratio (HR) is used to assess the non-carcinogenic risk, which is the ratio of the
daily concentration ([VOCi], pg/ m?) to the reference concentration of a specific VOC (RfCi,
ug/m?) [37]. As shown in Equation (4):

[VOCi]

HRi = “2re

4)

The lifetime cancer risk (LCR) method is generally used to assess the cancer risk
of VOCs [37]. The LCR represents the increased probability of cancer in humans due
to exposure to carcinogenic compounds, which is calculated by multiplying the daily
concentration of each VOC ([VOCi], pg/m?) by the unit risk (URFi, (ug/m3)~1) [37]:

LCRi = [VOCi] x URFi 5)
Excel, Origin and ArcGIS were used for data analysis and graphic plotting in this study.

3. Results and Discussion
3.1. General Characteristics of VOCs

A total of 77 VOC species were monitored by GC-MS/FID together with DNPH-
HPLC in this study, including 19 alkanes, 8 alkenes (including isoprene), 15 aromatic
hydrocarbons, 8 halogenated hydrocarbons, 22 OVOCs, acetylene, naphthalene, carbon
disulfide, acetonitrile, and acrylonitrile. The average concentrations of each species are
shown in Table S1. The TVOCs concentrations at DZ and SS sites were 113.12 ppb and
139.4 ppb, respectively. The higher TVOCs concentration at the SS site may be attributed to
the fact that the SS site was located in the downwind direction of the industrial park (the
wind direction was mostly south during the sampling period) and close to the main road.

Figure 2 shows the contributions of each group to TVOCs. OVOCs were the predomi-
nant group at both DZ and SS sites during the sampling period, with 45.9% and 42.8% of
the TVOCs, respectively. The second dominant group was alkanes, accounting for 19.6% at
the DZ site and 19.2% at the SS site, followed by halogenated hydrocarbons (13.4% and
17.4%, respectively). The results were consistent with the chemical compositions of VOCs
collected from most enterprises in this industrial park during the sampling period.

As shown in Table 1, concentrations of TVOCs in different industrial sites were com-
pared. The results demonstrated that TVOCs concentrations in this study were significantly
higher than those in Beijing [38], Nanjing [17], Shanghai [39], Houston [40], Taiyuan [11]
and Wuhan [22], especially OVOCs. This is probably due to the more comprehensive VOC
monitoring instruments used in this study, with the simultaneous use of DNPH tubes for
aldehydes and ketones on the basis of GC-MS/FID (standard gases including PAMS, TO15,
and domestic OVOC standard gases), which resulted in more OVOCs species measured
in this study. Some previous studies considered only non-methane hydrocarbon species,
ignoring the effects of OVOCs [17,18,40,41].
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Figure 2. Composition of different groups of VOCs.

The sum of the top 10 VOC species at the DZ and SS sites accounted for 52.16% and
56.86% of the TVOC concentrations, respectively. The top 10 species at the DZ site dur-
ing the observation period were propanal (13.56 ppb), vinyl chloride (8.01 ppb), ethanol
(6.75 ppb), and propane (6.48 ppb), etc. The top 10 species at the SS site were propanal
(18.61 ppb), dichloromethane (17.16 ppb), propane (8.97 ppb), and ethane (6.14 ppb), etc.
From the above results, the dominant species in this industrial area are mainly OVOCs
such as propanal and ethanol, C2~C3 alkanes, and halogenated hydrocarbons such as
dichloromethane. Figure 3 shows the comparison of individual VOCs with high concentra-
tions at both sites during the observation period. The measured average concentrations of
1,2-dichloroethane, acetylene, benzene, toluene, and vinyl chloride were higher at the DZ
site, and acetone, acetonitrile, acrolein and propanal showed lower levels at the DZ site.
The results indicated the difference of emission sources for VOCs at the DZ and SS sites.
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Figure 3. Comparison of VOC concentrations at DongZhang community (DZ) and Special School
(SS) sites. The upper and lower bars indicate the maximum and minimum values. Lines inside boxes
show the median value, and black dots show the mean values.
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Table 1. Comparison of VOC concentrations at different industrial sites (unit: ppb).

Sampling Site Alkanes Alkenes Aromatics Halohydrocarbons OVOCs Others TVOCs Reference
Beijing, China 53.27 £11.8 2.55+1.76 29.79 4+ 89.18 — 7.35+£294 1.32 £1.02 94.3 + 157.8 Liu et al. (2022) [38]
Nanjing, China 19.6 11.1 9.7 — — 3.2 43.5 An et al. (2014) [17]
Shanghai, China 39.3 16.87 18.92 11.75 3.61 3.01 94.14 Zhang et al. (2018) [39]
Taiyuan, China 18.14 £11.8 579 £ 491 8.51 +7.69 1.78 £1.52 — 4+341 38.43 +24.2 Lietal. (2020) [11]
Wuhan, China 414 19.9 8.17 11.2 14.7 4.54 99.91 Zheng et al. (2020) [22]
Weinan, China 29.27 9.8 7.2 — 6.98 21 734 Li et al. (2022) [42]
Xian, China 21.3 8.59 7.6 — 8.34 16.44 62.3 Li et al. (2022) [42]
Nanjing, China 14.98 £ 12.72 7.35+5.93 9.06 & 6.64 — — 3.02+2.01 3441 +25.2 Shao et al. (2016) [18]
Houston, USA 28.01 3.84 1.75 — — — 33.6 Bavand et al. (2022) [40]
Taiwan, China 6.25 1.54 1.82 — — 0.83 10.44 Chen et al. (2019) [41]
Zibo, China (DZ) 22.19 £+ 8.96 8.19 4 4.47 9.62 +2.03 15.23 +9.02 51.97 4+ 16.92 59 £2.69 113.1 £ 34.94 This study
Zibo, China (SS) 26.85 + 14.67 11.58 £9.71 9.09 +1.74 24.36 + 28.74 59.73 4+ 21.34 7.78 £ 4.39 139.39 + 74 This study
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3.2. Diurnal Variations of VOCs

The diurnal variations of VOCs may be influenced by the boundary layer, local
emissions, photochemical reactions and air quality transport [21]. Generally, the diurnal
variation of VOCs showed a decreasing trend during the daytime due to the elevated
boundary layer and enhanced photochemical depletion [43]. Figure 4 shows the diurnal
variations of alkanes, aromatics and OVOCs at two sites. In this study, isobutane and n-
butane showed similar diurnal variation patterns at both sites, with elevated concentrations
during the traffic morning rush hour (6:00-9:00), minimum values in the afternoon due to
the photochemical reaction consumption, and peak values at 21:00. The diurnal trends of
ethylbenzene and o-xylene were significantly different between the two sites, with peaks at
15:00 at the SS site, probably influenced by strong local emissions from industrial processes.
For acetone, there were unexpected peak values at 3:00 at both sites, possibly related to the
nighttime sneaky emissions of some enterprises.

3.5 Dz 35 SS .
isobutane isobutane
3.0 = butane 3.0 ——butane
~ 25 25
2 2
£20 & 20
% 1.5 g § 1.5
Q Q
1.0 _— 1.0 /
'\ |t
0.5 0.5
0.0 ! 0.0
00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00
1.0 Dz 1.0 S8
——ethylbenzene ——— cthylbenzene
——o0-xylene ——o0-xylene
0.8 0.8
2 \/ 2
g 06 g 06 \/
5 g
Q
5 04 S 04
Q
0.2 \w 0.2 .A/ \\/\/
0.0 0.0
00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00
10 DZ 14 S8
——— acetaldehyde ——— acetaldehyde
3 ——acetone 12 ——acetone
= 10
© o
6
& g 81 L~
2 4 5
o Q
o 4
2
2
0 0
00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00

Figure 4. Diurnal variations of VOCs at DZ and SS sites.
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3.3. Secondary Transformation Potential of VOCs
3.3.1. VOCs-OH Reactivity and Ozone Formation Potential

Previous studies have shown that VOC concentrations were not proportional to their
ozone formation potential [30,44]. To better understand the reactivity and O3 generation
potential of individual VOCs, the Loy method was used to evaluate the VOCs reactivities,
and the MIR method was applied to assess the contributions of VOCs to OFP in this study.

During the sampling period of this study, the OFP of the measured VOCs at the DZ
and SS sites was 1138 and 1313 pig/m3, respectively. As shown in Figure 5, OVOCs were
the major contributors to OFP at both sites, accounting for 56% and 58% of the total OFP
at DZ and SS, respectively, followed by aromatics (17-19%) and alkenes (14-18%). The
concentrations of alkanes and halocarbons were much higher than those of alkenes and
aromatics, but the photochemical reaction activity of alkanes and halocarbons was lower,
so their contributions to OFP were lower than those of alkenes and aromatics. Alkanes and
halocarbons accounted for only 4-5% and 2—-6% of the total OFP, respectively.

B Others OVOCs Halohydrocarbons Aromatics Alkenes Alkanes
100
80 39%
STk 57%
P
X
2 60
)
an
<
S
3
] o
ol 14% 56%
19%
20
22% 25%
18%
J 14%
ol o oam o N - S

DZ SS DZ SS DZ SS
OFP Lo SOAP

Figure 5. Contributions of VOCs groups to the total OFP, Loy and SOAP at DZ and SS sites.

The total Loy for all the measured VOCs was 26.6 s~ ! and 31.7 s~ for the DZ and SS
sites, respectively. The results of the contribution of each VOCs group to Loy were similar to
those of OFP, with OVOCs as the most important component of Loy (56-57%), followed by
alkenes (22-15%), aromatics (11-14%) and alkanes (6-7%). Halogenated hydrocarbons with
very low photochemical reactivity were not involved in the calculation of Loy in this study.
This implies that there was no significant relationship between VOCs concentration and
photochemical reactivity, whereas the photochemical reactivity of VOCs was significantly
related to the contribution of VOCs to O3 generation, and the contribution to OFP was
greater for species with higher photochemical reactivity.

The top 10 VOC species that contributed most to OFP and Loy were mainly
C2-C6 OVOCs (propanal, acetaldehyde, butanal, hexanal, pentanal and butenal) and
C2-C4 alkenes (1,3-butadiene, ethylene and propene. These species contributed 51-57%
of the total OFP and 64-68% of the total Loy at the DZ and SS sites. Propanal was the
species with the highest contribution to OFP and Loy at both sites (Table S2), with an
average contribution of 24% and 27%, respectively. Propanal is commonly used as solvent,
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antifreeze, lubricant, and dehydrating agent [45]. Based on the simultaneous studies, the
measured propanal was emitted mainly from pharmaceutical companies in this industrial
park.

3.3.2. SOA Formation Potential

VOCs are important precursors of secondary gaseous pollutants such as SOA [46].
Previous studies indicated that organic aerosols contributed 30.5% of PM; 5 mass concen-
tration in the North China Plain, and SOA accounted for 44% of organic aerosols [46].
Therefore, identification of key VOC species in the generation of SOA is essential to reduce
atmospheric PM; 5 concentrations. Among the 77 VOCs in this study, 43 VOCs exhibited
SOA generation potential, including 14 aromatics, 11 alkanes, 6 alkenes, 11 OVOCs, and
acetylene. The SOAP at the DZ and SS sites was 7499 and 7392 jig/m?, respectively. The
contributions of different VOC groups to the total SOAP at both sites were shown in
Figure 5. Aromatics were the primary contributors to SOAP at both sites, accounting for
54-56% of the total SOAP during the sampling period, followed by OVOCs, accounting for
39-41% of the total SOAP. However, the contributions of alkenes and alkanes were lower,
about 5%. Previous studies have shown that aromatics were the major contributors to
SOAP, accounting for 92-98.5% in Beijing [47] and 98.41% in Shanghai [48]. The relatively
minor contribution of aromatics to the total SOAP in this study may be related to the
emission characteristics of VOCs in this industrial park, where concentrations of OVOCs
are substantially higher than those of aromatics.

The top 10 VOC species that contributed most to the total SOAP in this study were
shown in Figure S1. Benzaldehyde was the species with the most significant contribution
to SOAP at both the DZ and the SS site, with an average contribution of 39.3%, while
its concentration was only about 2% of the total VOC concentration. Benzaldehyde is an
important raw material for pharmaceutical and chemical production [49,50]. Emissions
from pharmaceutical companies in the industrial park might have significantly impacted
SOA generation in the research area. The alkane n-dodecane was the only alkane in the top
10 SOAP species at the SS site. Except for benzaldehyde and n-dodecane, the top 10 SOAP
species were all aromatics at both sites, accounting for 42-47% of the total SOAP.

3.4. Specific VOC Ratios

Different VOCs have different sources and photochemical reactivities in the atmo-
sphere. The ratios of some specific VOCs can be used to preliminarily identify their emission
sources [17,51,52]. In this study, the ratios of toluene/benzene (T/B) and propane/ethane
were analyzed to initially assess the emission sources of VOCs.

As shown in Figure 6a, the ratio of T/B varies significantly in different emission
sources. The ratio of T/B differs in vehicle emission sources based on the vehicle type,
ranging from 0.9 £ 0.6 to 2.2 &= 0.5 [53-56]. To reduce the influence of other emission
sources on the vehicles, the researchers conducted experiments with diesel and gasoline
vehicles in a more concentrated and less convective air tunnel. Therefore, the ratio of
T/B in traffic sources should be closer to the results of the tunnel experiments, about
1.5 £+ 0.1 [57]. When VOCs were derived mainly from coal and biomass combustion, the
T/B ratios ranged from 0.2 to 0.6 [58,59]. The ratio of T/B was higher than 8.8 £ 6.5 in
various solvent usage sources [60]. In industrial source emission studies, the T/B ratios
varied from 1.4 4 0.8 to 5.8 = 3.4 [16,61]. The ratios of T/B at the SS site ranged from 0.65 to
2.75 in this study, with an average of 1.28, which implies that industrial sources and vehicle
emissions significantly contributed to benzene and toluene at the site. The ratios of T/B at
the DZ site ranged from 0.46 to 1.74, with an average value of 0.86. Vehicle emissions and
coal combustion could be important sources of VOCs, since this sampling site was located
within a residential area where residents may use coal for heating.
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Figure 6. Ratios of toluene/benzene and propane/ethane at the DZ (red) and SS (blue) sites.

Propane/ethane ratios of 0.2-0.4 and 1.5-2.4 were associated with biomass burning
and coal combustion [12,62]. The range of 0.1-0.2 and 0.8-1.5 for propane/ethane were
considered as vehicle emissions and industrial sources [61,63]. In this study, the average
ratios of propane/ethane at DZ and SS sites were 0.94 and 1.27 (Figure 6b), with ratios
within the industrial emission interval, indicating that industrial emissions contribute
significantly to atmospheric propane and ethane in this area, which was consistent with the
sampling sites being located near industrial park.

3.5. Health Risk Assessment of Individual VOC Species

According to the International Agency for Research on Cancer (IARC), cancer VOCs
can be classified into group 1 (carcinogenic to humans), group 2A (probably carcinogenic
to humans), group 2B (possibly carcinogenic to humans) and group 3 (not classifiable as
to its carcinogenicity to humans). In this study, the cancer and non-cancer risks of VOCs
species were assessed by inhalation exposure. If the non-cancer risk (HRi) was lower than
1, it indicated insignificant impact on human health. If the cancer risk (LCRi) was >1074,
107°-1074, 107107 and <10, VOC species were considered as definite risk, probable
risk, possible risk, and negligible risk, respectively [64].

Figure 7a shows the non-cancer risk ratios (HRi) of 31 VOC species. The average
total HR was 28.74 for the DZ and SS sites. Acrolein (HR = 15.23) was the dominant non-
cancer risk species, which was consistent with studies in the Beijing suburban area [65] and
Zhengzhou corporate work area [66]. The average HRs of propanal (5.12), 1,3-butadiene
(2.04), n-heptane (1.66), 1,2-dichloropropane (1.16) and naphthalene (1.11) were higher than
1, which may present non-cancer threats to residents within the study area. The HRs of
other VOC species were below the acceptable safe level.

Figure 7b shows the cancer risk ratios (LCRi) of 13 VOC species. The average total
LCR was 7.5 x 10~ for the DZ and SS sites during the sampling time, which demonstrated
a relatively high cancer risk in the study area. Group 1 included 1,2-dichloropropane,
1,3-butadiene and naphthalene, which were recognized as definite risks, with mean LCR
values of 1.73 x 1074, 1.23 x 107* and 1.14 x 107*, respectively. Group 2B included
1,2-dichloroethane (9.28 x 107°), trichloromethane (7.33 x 10~°), and vinyl chloride
(6.83 x 10°), which were classified as probable risk. Acrylonitrile (3.94 x 10~°), ben-
zene (3.57 x 107°), acetaldehyde (1.74 x 10~°) and carbon tetrachloride (2.01 x 10~°) can
also be categorized as group 2B, with possible risk. The LCR values of other VOC species
were below 10~°, which were considered as negligible risk.



Atmosphere 2023, 14, 158

12 0of 17

vinyl chloride - {1+

vinyl acetate - }
toluene -1+
carbon tetrachloride - -
styrene - |
propene {1011
propanal -
pentane - —T
o-xylene - i g
n-propylbenzene - |
n-hexane - —T}
naphthalene - F
m/p-xylene - g
heptane - {011
ethylbenzene -] }
dichloromethane - 1+
cyclohexaneq [T}
isopropylbenzene |
chloroform H {1
carbon disulfide - 1
1,3-butadiene - I+
benzene - I+

acrylonitrile 4+

acrolein - '.

acetonitrile - —I+
acetone - I
acetaldehyde - +
1,2-dichloropropane -] }
1,2-dichloroethane - I
1,2,4-trimethylbenzene - |

1,2,3-trimethylbenzene - |

-[|:|> - vinyl chloride

—[I - carbon tetrachloride
-I - naphthalene

I - ethylbenzene

—[[l— - dichloromethane
—|:I> I chloroform
-I] - 1,3-butadiene
{[I— - benzene
—||> - acrylonitrile

10° 10* 107 102 10" 10° 10

HR;

Wi Bl e e e il e

*I» - acetaldehyde
I - 1,2-dichloropropane
‘II} - 1,2-dichloroethane
| - 1,1-dichloroethane
HELAAR S AR S i
102 107 10* 10° 10° 107 10%
LCR;

Figure 7. Distributions of non-cancer (a) and cancer (b) risks for individual VOC species. The box

plots were constructed according to the 25-75th percentiles and the vertical lines inside the boxes

represented the median values.

Cancer and non-cancer risks of specific VOCs in this study were compared with those
in previous studies (Table 2). The results indicated that the health risks of VOCs in this
study were more serious than those in other cities. In general, acrolein presented the highest
non-cancer risk to human health, and 1,2-dichloropropane produced the highest cancer
risk in this study, and their concentrations should be reduced to prevent their health risks

to nearby residents.
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Table 2. Comparison of cancer and non-cancer risks of specific VOCs in different cities.

Non-Cancer (HR) Cancer (LCR)
Sampling Site Reference
Acrolein Propanal Butadiene Benzene 1,2-dichloropropane Benzene Vinyl Chloride
YRD, China — — 0.113 = 0.161 0.487 + 0.227 — 4.07 x 1072 6.98 x 107° Jia et al. (2021) [67]
Beijing, China 1.33 — — 0.0127 — 2.97 x 107° — Liu et al. (2023) [38]
Zhengzhou, China 3.8 — 0.017 0.034 — 8.0 x 107° 83 x 1077 Zhang et al. (2021) [66]
Hefei, China — — — 0.296 — 9.85 x 107° — Hu et al. (2018) [9]
Xian, China — — 0.0626 0.0425 — 427 x 10°° 1.19 x 10 Xu et al. (2021) [7]
Harbin, China — — — 0.011 — 1.97 x 106 — Xuan et al. (2021) [68]
Wuhan, China 22.8 — 1.66 0.15 35 x 107> 3.6 x 107 — Zheng et al. (2020) [22]
Tabriz, Iran — — — 0.107 — 7.82 x 1076 — Tohid et al. (2019) [69]
4 — —
Zibo, China 15.23 +10.25 512 £ 3.88 2.04 £0.043 0.13 £ 0.057 1;24XX1(1)0_5i 3'102;;(1)035:‘: 65;;;%5? This study
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4. Conclusions

To better understand the characteristics, secondary transformations, and health risks
of VOCs in industrial areas, DZ and SS sites around one of the Zibo industrial parks were
selected for the analysis of atmospheric VOCs. The average concentration of TVOCs at
the DZ and SS sites was 113.12 and 139.4 ppb, respectively. Both sites exhibited significant
OVOCs pollution, with an average contribution of 44% to TVOCs, far exceeding that of
the remaining VOCs species. In addition, OVOCs played a major role in photochemical
reactions, contributing 57% to OFP and 40% to SOAP. The ratios of T/B and propane/ethane
were used to identify sources of VOC. The results indicate that the measured VOCs were
influenced mainly by the combination of industrial emissions, vehicle emissions, and
coal combustion.

The results of the health risk evaluation showed that the non-cancer risks of acrolein,
propanal, 1,3-butadiene, n-heptane, 1,2-dichloropropane and naphthalene were above
the safe level (HR > 1), and benzene and ethylbenzene were within the acceptable levels
recommended by the EPA. The average value of LCR was 5.76 x 107, which exceeded the
EPA acceptable risk level (LCR <1 x 107°), with 1,2-dichloropropane, 1,3-butadiene and
naphthalene as the main cancer risk species. From a health risk perspective, acrolein, 1,2-
dichloropropane, 1,3-butadiene, and naphthalene should be considered as priority control
VOCs in this study area. This study can provide scientific support for the establishment of
air pollution control strategies, and it can provide a reference for governments to develop
effective policies to reduce human exposure to environmental VOCs around industrial
parks. In the following studies, more VOCs samples around Zibo Industrial Park will be
collected for further analysis.
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at DZ and SS sites.
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