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Abstract

:

Occupational health risk assessments of exposure to VOCs still need to be extensively studied to improve the safety standards in the industry. Based on the monitoring of organic pollutants at various workstations in a truck tire factory in Jiangsu Province, both semi-quantitative and quantitative health risk assessment methods were employed to assess health risk levels. The findings indicated that VOCs were categorized into five classes, which included alkanes, aromatics, halocarbons, carbon disulfide, and oxygenated volatile organic compounds (OVOCs). The highest concentration of total volatile organic compounds (TVOCs) was found in shaping workshop; alkanes were the most abundant class (74.2%), followed by aromatics (24.02%) and OVOCs (1.96%). Although the results of the semi-quantitative risk assessment showed that most of the organic compounds had low R values, various kinds of VOCs were detected; particularly, many harmful organic compounds (such as toluene, ethyl benzene) were detected in all the sampling sites. The quantitative risk in the calendering and vulcanizing workshop exceeded the acceptable level; both the carcinogenic risk of ethylbenzene in the tire-strip storage room, and trichloroethylene and perchloroethylene in the calendering workshop were unacceptable. Thus, the calendering and vulcanizing processes in rubber tire manufacturing should be priority-controlled processes.
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1. Introduction


Volatile organic compounds (VOCs) encompass a variety of chemical species, such as hydrocarbons, halocarbon, and oxygenated hydrocarbons [1]. Some of the VOC species, such as benzene, 1,3-butadiene, and formaldehyde, are toxic and adversely affect human health [2]. Direct exposure to VOCs may cause irritation of the eyes, nose, throat, and lungs as well as damage to the liver, kidney, and central nervous system. Long-term exposure to even low levels could cause asthma, cardiovascular disease, and serious cancers [3,4,5]. It was reported that various VOCs, including aromatic VOCs, have the potential to seep into the cytoplasm, where they can target organs or organelles within body. This can result in oxidative damage to proteins, polyunsaturated fatty acids, and DNA, ultimately leading to age-related diseases such as cancer [6]. It was reported that exposure to 10 ppb ethene can lead to a lifetime risk of cancer death amounting to about 70 per 100,000 [7].



Inhaled air is a primary route for exposure to volatile organic compounds in workshops. Various agencies, including the World Health Organization (WHO), US Environmental Protection Agency (USEPA), Office of Environmental Health Hazard Assessment (OEHHA) in California, and Agency for Toxic Substances and Disease Registry (ATSDR), have developed quantitative estimates of the carcinogenic and non-carcinogenic risk from inhalation exposure to VOCs [2,8,9,10,11]. The potency values of the reference concentrations (RfCs) for non-cancer risk assessments, and the inhalation cancer unit risk (UR) values for cancer-risk assessments are summarized, which provide the data foundation for the quantitative assessment of health risks from VOCs exposure.



Using a four-level VOC emission source categorization system, the total anthropogenic VOC emission in China is estimated to be approximately 117.4 × 104 t [12]. Motor vehicles are identified as the primary source of VOC emissions, with industries following closely behind. Previous research has primarily investigated VOC emissions from typical and large-scale pollution industries like the paint coating and petroleum industry in China [13,14,15]. The health risk assessment of exposure to VOCs has been extensively studied in different environments in China [16,17,18,19]. On this basis, corresponding pollution prevention and control measures have been proposed. Green development is highly significant for the tire industry.



With the rapid increase in car ownership in China, the demand for tires is increasing year by year, which leads to the rapid growth of tire production. In order to solve the problem of pollution in the tire production process, this paper analyzes the emission characteristics of the main processing stages. The main purpose of this study is to evaluate the health risk of VOC exposure to occupational workers under normal working conditions. Ambient samples were collected from different workshops in the tire factory, namely the refining workshop, the calendering workshop, the shaping workshop, and the vulcanizing workshop. The spectrum of VOC components and their toxic effect potency values were examined. A previous study on the rubber product manufacturing process was conducted in southwestern China [20]; both semi-quantitative health risk assessments and quantitative health risk assessments of exposure to VOCs were estimated for employees in different indoor workshops. We anticipate that this study will enhance the comprehension of the pollution levels and emission characteristics of VOCs in rubber tire factories, aiding in the development of appropriate control measurements.




2. Materials and Methods


2.1. Sampling


The chosen rubber tire factory in Jiangsu Province, China, produces 3.6 million sets of all-wire load radial wheels and 50,000 sets of all-wire radial engineering tires annually. The manufacturing process mainly consists of four main processing stages, including refining, calendering, shaping, and vulcanizing, with the majority of workers stationed in the shaping workshop. To assess the emission characteristics of VOCs in the factory, VOC monitoring procedures were carried out across these four stages with sampling locations depicted in Figure 1 and Figure 2. Sites 1, 2, 3, 4, 5, and 6 represent the refining workshop, employer’s work room, tire bar storage, shaping workshop, calendering workshop, shaping workshop, and vulcanizing workshop, respectively. Site 7 represents the vulcanizing workshop during the process of vulcanizing. In this factory, there are more than 2000 employees, mainly for working in the refining workshop, calendering workshop, shaping workshop, and vulcanization workshop; these employees, who usually work 12 h per day.



The standard deviations of VOC concentrations, the replicate samples, and injections in comparison with average readings were analyzed using Microsoft Excel 2021.




2.2. Monitoring of Organic Pollutants


2.2.1. Monitoring Indicators


The monitoring indicators are the organic compounds specified in the Classification Catalog of Occupational Disease Hazardous Factors (National Health and Disease Control Development (2015) No. 92) and Occupational exposure limits for hazardous agents in the workplace—Part 1: Chemical hazardous agents (GBZ 2.1-2019) [21].




2.2.2. Monitoring Methods


According to the national standard sampling specification for Monitoring Hazardous Substances in the workplace (GBZ 159-2004) [22], short time sampling methods were applied for the VOC measurements, and representative workplaces were chosen for sampling. In this study, seven sampling points were set up in the four workshops of the enterprise, namely, the refining workshop, the calendering workshop, the molding workshop, and the vulcanizing workshop. Each sampling point was measured three times. The sampling temperature was 22.3–24.6 °C, the relative humidity was 59.8–68.1%, and the sampling air pressure was 101.3–101.7 kPa.



Measurements were conducted during working hours, from 10:00 a.m. to 14:00 p.m., in the winter of 2023. Air samples were directly extracted at a height of approximately 1.5 m (i.e., breathing zone) and were determined online using commercial portable GC-MS (type:3500S, Hangzhou PuYu Technology Co., Ltd., Hangzhou China). During the measuring period, the ambient air at a flow rate of 100 mL·min−1 was withdrawn into the sampling train, where VOCs were first collected onto the Tenax GR-coated denuder, and after 15 min sampling, VOCs were desorbed at 280 °C. The details are described in a previous study [23]. The instrument routinely undergoes external manual tests using standard gas before measurement.





2.3. Health Risk Assessment


2.3.1. Semi-Quantitative Health Risk Assessment


According to the national guidelines for the occupational health risk assessment of chemicals in the workplace (GBZ/T 298-2017) [24], a risk index (R) is used to define the risk level, which is categorized into 5 levels. The numbers 1 to 5 correspond to the risk level of negligible risk, low risk, moderate risk, high risk, and very high risk, respectively. The R value is calculated by the following equation:


  R =  H R × E R   



(1)




where HR represents the hazard rating and ER represents the exposure rating. HR is typically categorized into 5 levels based on the toxicity of pollutants and toxicity test LD50 and LC50, using guidelines from the American Association of Governmental Industrial Hygienists (ACGIH), the International Agency for Research on Cancer (IARC), and other international organizations. The ER can be calculated by using the exposure concentration (E) and the occupational exposure limit (OEL); when E/OEL < 0.1, ER is 1; 0.1 ≤ E/OEL < 0.5, ER is 2; 0.5 ≤ E/OEL < 1.0, ER is 3; 1.0 ≤ E/OEL < 2.0, ER is 4; and E/OEL ≥ 2.0, ER is 5.


  E =   F × D × W   W    



(2)







In this study, the exposure concentration (E) is measured in mg/m3, the weekly exposure frequency (F) is 6 days per week, and the average time of each exposure (D) is 12 h per day. The detection of exposure concentration is denoted by M in mg/m3, and the average weekly working time (W) is in hours per week. When W exceeds 40 h per week, the occupational exposure limit (OEL) is adjusted using a Reduction Factor (RF), which was determined to be 0.42 in this study.




2.3.2. Quantitative Health Risk Assessment


In this study, the methodology recommended by USEPA was used to assess the human health risk based on workers’ exposure to VOCs through inhalation [11,18]. The maximum exposure concentration for an individual volatile compound ‘ECi’ (expressed in milligram per cubic meter) was calculated by the following equation:


    E C   i   =       C   a i r   × D E T × E F × E D     A T    



(3)







In each workshop, Cair represents the concentration of each volatile compound in the ambient air (μg/m3). DET refers to the daily exposure time, which, in this study, was set at 12 h per day for workers exposed to harmful chemicals. EF refers to exposure frequency, and 300 days per year were considered. ED represents the exposure duration, which was set at 10 years, while AT represents the average exposure time in hours. For non-carcinogenic risk calculation, AT is derived from ED × 365 days per year × 24 h per day. For carcinogenic risk calculation, AT is determined by multiplying 83.73 years (life expectancy) by 365 days per year and then by 24 h per day.



The non-carcinogenic risk was expressed by the hazard quotients (HQ) indicator, estimated using the EC and reference concentration (RfC) (seen in Equation (4)), and the excess personal risk (IR) for inhalation (seen in Equation (5)) is used to define the risk level. When HQ > 1, the risk of harm to human health is unacceptable and vice versa. If the IR falls between 10−6 and 10−4, the cancer risk is deemed acceptable; when the IR is <10−6, the cancer risk is considered negligible; and if the IR is >10−4, the cancer risk is seen as unacceptable. When multiple hazardous factors were involved, the total hazard quotient (THQ) (as shown in Equation (6)), represented by the sum of the hazard quotients for each VOC, was utilized to assess the non-carcinogenic risk; when THQ > 1, the risk posed to the human body is deemed unacceptable, and otherwise, it is considered acceptable.


    H Q   i   =     E C   i       R f C   i      



(4)






  I R = I U R × E C  



(5)






  T H Q =  ∑    H Q   i      



(6)




where RfCi is the reference exposure concentration of the ith hazardous factor, μg/m3, and IUR is the inhalation unit risk, (μg/m3).






3. Results and Discussion


3.1. VOCs Concentration


Herein, a total of 68 VOC compounds were analyzed at four distinct processing stages. These VOCs were categorized into five classes according to their functional groups, including alkanes, halocarbons, aromatics, carbon disulfide, and oxygenated compounds (OVOCs). These species were also found to be abundant in rubber footwear industries in China [25]. The distribution of five classes of VOCs in those stages is illustrated in Figure 3.



At the refining workshop, the largest number of VOCs were detected and the concentration of TVOCs was 2.09 ± 0.52 mg/m3. Ethanol was the most abundant VOC, with 1.23 ± 0.13 mg/m3, followed by benzol and methyl isobutylketone, with 0.21 ± 0.05 and 0.21 ± 0.03 mg/m3, respectively. OVOCs were the most abundant VOC class, followed by alkanes and aromatic hydrocarbons. They contributed 78.47%, 14.83%, and 6.7% of the TVOCs, respectively. In particular, butane and isobutane were found to be the most prevalent alkanes, with average measured concentrations of 0.21 ± and 0.09 ± mg/m3, respectively, contributing 70% and 30%, respectively, to the total amount of alkanes. Ethanol and methyl isobutyl ketone were the most abundant of the OVOCs, with 1.23 ± 0.03 and 0.21 ± 0.01 mg/m3, respectively, accounting for 77.8% and 13% of total OVOCs. Furthermore, 1-Ethyl-3-methylbenzene and 1,2,4-Trimethylbenzene were predominant aromatics with concentrations of 0.03 ± 0.01 mg/m3 and 0.02 ± 0.01 mg/m3, contributing 20% and 18.5% to the total aromatics. No carbon disulfide and halocarbons were detected in the refining workshop.



At the calendering workshop, the concentration of TVOCs was 3.84 ± 0.39 mg/m3. As the top six VOCs, 1,1,2,2-Tetrachloroethane was the most abundant VOC with 0.81 ± 0.02 mg/m3, followed by trichloroethylene, 1,1,2-Trichloroethane, heptane, tetrachloroethylene, and 2-Hexanone with 0.37 ± 0.02, 0.36 ± 0.06, 0.31 ± 0.06, 0.29 ± 0.07, and 0.28 ± 0.06 mg/m3, respectively. Halocarbons were the most abundant VOC class, followed by alkanes, aromatic hydrocarbons, OVOCs, and carbon disulfide. They contributed 50.43%, 20.83%, 15.33%, 13.23%, and 0.18% of the TVOCs, respectively. More specifically, heptane and 3-Methylhexane were found to be the most abundant alkanes, with measured average concentrations of 0.31 and 0.15 mg/m3, respectively. They contributed 40% and 19.1%, respectively, to the total amount of alkanes. The concentration of halocarbons decreased in the following order: 1,2,2-Tetrachloroethane (0.81 ± 0.09 mg/m3) > trichloroethylene (0.37 ± 0.03 mg/m3) > 1,1,2Trichloroethane (0.36 ± 0.02 mg/m3) > tetrachloroethylene (0.29 ± 0.06 mg/m3), accounting for 41.7%, 18.9%, 18.3%, and 15.1% of the total halocarbon concentrations, respectively. Among the OVOCs, 2-Hexanone and ethyl acetate were the most abundant, with concentrations of 0.28 ± 0.05 and 0.07 ± 0.01 mg/m3, representing 55% and 14.4% of the total OVOCs, respectively. Furthermore, m-p-Xylenol and 1, 2, 3-Trimethylbenzene were found to be the most prevalent aromatic compounds, with a concentration of 0.08 ± 0.01 mg/m3 and 0.08 ± 0.01 mg/m3, making up 14.3% and 12.9% of the total aromatics, respectively. The concentration of carbon disulfide was low, with 0.01 ± mg/m3.



The TVOC concentration at the shaping workshop was 44.3 ± 8.22 mg/m3. The top seven VOCs detected in the air samples were heptane, 3-Pentanone, 2-Methylhexane, 2-Methylheptane, 3-Methylheptane, Butyl acetate, and hexane, with concentrations of 15.25 ± 2.56, 7.9 ± 3.13, 4.53 ± 1.11, 3.04 ± 1.12, 2.41 ± 0.79, 2.39 ± 1.22, and 2.34 ± 0.52 mg/m3, respectively. Alkanes were the most prevalent class, accounting for 74.2% of the TVOCs, followed by aromatics (24.02%), OVOCs (1.96%), and a minor amount of carbon disulfide (0.02%). In particular, heptane, 2-Methylhexane, 2-Methylheptane, 3-Methylheptane, and hexane were the alkanes with the highest abundance. They each contributed 46%, 13.8%, 9.3%, 7.3%, and 7.1% to the total alkane concentrations. 1,3-Xylene and 1,2-Xylene were the dominant aromatic compounds, accounting for 22.6% and 19.5% of the total aromatic concentrations, respectively. The concentration of OVOCs decreased in the following order: 3-Pentanone > Butyl acetate > 2-Ethylhexanol > Isobutyl acetate > acetophenone. The concentration of carbon disulfide was low at 0.01 ± 0.01 mg/m3. On the contrary, no halocarbons were found in the shaping workshop.



At the vulcanizing workshop, the concentration of TVOCs was 4.84 ± 1.18 mg/m3. Among the top eight VOCs, heptane stood out as the most abundant VOC, with a concentration of 2.01 ± 0.08 mg/m3, followed by 3-Methylhexane, 2-Methylhexane, 2-Hexanone, 2-Methylheptane, ethyl acetate, Butyl acetate, and 3-Methylheptane, at concentrations of 0.90 ± 0.14, 0.45 ± 0.10, 0.27 ± 0.04, 0.26 ± 0.03, 0.24 ± 0.06, 0.23 ± 0.04, and 0.23 ± 0.07 mg/m3, respectively. Alkanes were the predominant VOC class, followed by OVOCs and aromatic hydrocarbons. They made up 82.32%, 16.18%, and 1.5% of the TVOCs, respectively. Heptane, 3-Methylhexane, 2-Methylhexane, 2-Methylhexane, and 3-Methylheptane were found to be the most prevalent, with average measured concentrations of 2.03 ± 0.24, 0.9 ± 0.17, 0.45 ± 0.05, 0.26 ± 0.07, and 0.23 ± 0.03 mg/m3, respectively. They each contributed 50.2%, 22.5%, 11.2%, 6.6%, and 5.7% of the total alkanes. Among the OVOCs, Ethyl acetate and Butyl acetate were the most abundant of the OVOCs, at 0.24 ± 0.07, and 0.23 ± 0.09 mg/m3, respectively, making up 30.4% and 29.6% of the total OVOCs. Furthermore, 1,2-Xylene had the highest abundance among the aromatics, with a concentration of 0.02 ± 0.01 mg/m3, constituting 31.5% of the total aromatics. In contrast, no carbon disulfide and halocarbons were detected in vulcanizing workshop.




3.2. Semi-Quantitative Health Risk Assessment


Risk index values were calculated to assess the semi-quantitative health risk assessment; the results were listed in Table 1. As shown in Table 1, the health risk of all the detected organic compounds at all sampling sites is low; even ethyl acetate, which was detected in the three workshops, had a negligible risk level. Although the results of the semi-quantitative risk assessment showed that most of the organic compounds had low R values, various kinds of VOCs were detected; particularly, many harmful organic compounds (such as toluene, ethyl benzene) were detected in all the sampling sites. Therefore, the occupational semi-quantitative health risk of VOCs to employees in the tire factory still needs continued attention.




3.3. Quantitative Health Risk Assessment


The results of the quantitative risk assessment (Table 2) show that the non-cancer health risks in the calendering workshop, shaping workshop, and vulcanizing workshop exceeded the acceptable level, with HIs of 79.988, 2.76, and 1.28, respectively. Trichloroethylene, tetrachloroethylene, and naphthalene are the main organic compounds causing non-cancer health risks in the calendering workshop, with HQ values of 75.325, 3.0185, and 1.5, respectively; n-hexane and naphthalene are the main organic compounds causing non-cancer health risks in the shaping workshop, with HQ values of 1.375357 and 1.23, respectively; naphthalene is the main organic compound causing non-cancer health risks in the vulcanizing workshop during the process of mold opening, with an HQ value of 1.09. These organic compounds are unacceptable in terms of their risks to human health. Thus, the calendering and vulcanizing processes in the rubber tire manufacturing factory should be the priority, which is consistent with the results reported by Huang et al. [20].



The results of the carcinogenic health risk assessment (Table 2) show that the average IR value for ethylbenzene in the tire storage room was 3.7%, the average IR value for trichloroethylene and perchloroethylene in the calendering workshop was 6.2 × 10−4, and the average IR values for trichloroethylene and perchloroethylene in the calendering workshop were 6.2 × 10-4 and 7.2 × 10−4, which exceeded the acceptable level. The IR value for the rest of the pollutants ranged from 10−6 to 10−4, and the carcinogenicity risk was acceptable.





4. Conclusions


In this study, 68 VOCs were measured during different processing stages in a rubber tire industry. The total VOCs (TVOCs) were categorized in five classes of compounds based on their functional groups, which include alkanes, aromatics, halocarbons, carbon disulfide, and oxygenated compounds (OVOCs). The highest concentration of TVOCs was found in the shaping workshop; alkanes were the most abundant class (74.2%), followed by aromatics (24.02%) and OVOCs (1.96%). In addition, this study also focused on the health risk level of each organic compound in the different workshops of the rubber tire factory. The semi-quantitative risk level R values in the seven workstations monitored were all low risk; however, since low risk is not the same as zero risk, these compounds may still have a potential health impact on the workers. Although the results of the semi-quantitative risk assessment showed that most of the organic compounds had low R values, various kinds of VOCs were detected, and many harmful organic compounds (such as toluene, ethyl benzene) were detected in all the sampling sites. The quantitative risk in the calendering and vulcanizing workshops exceeded the acceptable level, especially the carcinogenic risk of ethylbenzene in the tire-strip storage room, and trichloroethylene and perchloroethylene in the calendering workshop. The use of only one assessment method may lead to increased uncertainty in health risk judgment results. The interchangeable use of both semi-quantitative and quantitative health risk assessment methods is recommended to achieve more comprehensive and objective assessment results. Factors such as the purpose of the assessment and available data resources should be considered when deciding which method to apply.
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Figure 1. Schematic of sampling location in this study. Note: sampling site 1 is refining workshop, sampling site 2 is the worker’s workshop, sampling site 3 is the tire bar storage room, sampling sites 4–6 are the calendering, shaping, and vulcanizing workshops, and sampling site 7 is the vulcanizing workshop during the process of mold opening. 
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Figure 2. Four workshops in this factory. 
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Figure 3. Composition of organic species in four workshops and their contribution to TVOCs. 
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Table 1. Results of semi-quantitative health risk assessment.
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Pollutants

	
HR

	
M

	
F (d/week)

	
D (h/d)

	
W (h/week)

	
E

	
ER

	
R

	
Risk Level






	
1

	
Refining

	
2-Butanone

	
3

	
0.05

	
6

	
12

	
72

	
0.05

	
1

	
2

	
low risk




	
ethylbenzene

	
3

	
0.01

	
6

	
12

	
72

	
0.01

	
1

	
2

	
low risk




	
Styrene

	
3

	
0.01

	
6

	
12

	
72

	
0.01

	
1

	
2

	
low risk




	
indene (chemistry)

	
3

	
0.001

	
6

	
12

	
72

	
0.001

	
1

	
2

	
low risk




	
2

	
Worker’s workroom

	
ethylbenzene

	
3

	
0.02

	
6

	
12

	
72

	
0.02

	
1

	
2

	
low risk




	
3

	
Tire bar storage room

	
carbon disulfide

	
3

	
0.01

	
6

	
12

	
72

	
0.01

	
1

	
2

	
low risk




	
1,2-Dichloroethylene

	
4

	
0.01

	
6

	
12

	
72

	
0.01

	
1

	
2

	
low risk




	
hexane

	
4

	
0.08

	
6

	
12

	
72

	
0.08

	
1

	
2

	
low risk




	
ethyl acetate

	
2

	
0.48

	
6

	
12

	
72

	
0.48

	
1

	
1

	
Negligible risk




	
trichloroethylene

	
3

	
0.22

	
6

	
12

	
72

	
0.22

	
1

	
2

	
low risk




	
toluene C6H5CH3

	
3

	
0.05

	
6

	
12

	
72

	
0.05

	
1

	
2

	
low risk




	
ethylbenzene

	
3

	
0.06

	
6

	
12

	
72

	
0.06

	
1

	
2

	
low risk




	
Styrene

	
3

	
0.01

	
6

	
12

	
72

	
0.01

	
1

	
2

	
low risk




	
indene (chemistry)

	
3

	
0.005

	
6

	
12

	
72

	
0.005

	
1

	
2

	
low risk




	
naphthalene C10H8

	
3

	
0.005

	
6

	
12

	
72

	
0.005

	
1

	
2

	
low risk




	
4

	
Calendering

	
carbon disulfide

	
3

	
0.01

	
6

	
12

	
72

	
0.01

	
1

	
2

	
low risk




	
1,2-Dichloroethylene

	
4

	
0.06

	
6

	
12

	
72

	
0.05

	
1

	
2

	
low risk




	
hexane

	
4

	
0.004

	
6

	
12

	
72

	
0.004

	
1

	
2

	
low risk




	
ethyl acetate

	
2

	
0.07

	
6

	
12

	
72

	
0.07

	
1

	
1

	
Negligible risk




	
carbon tatrachloride

	
4

	
0.02

	
6

	
12

	
72

	
0.02

	
1

	
2

	
low risk




	
trichloroethylene

	
3

	
0.37

	
6

	
12

	
72

	
0.37

	
1

	
2

	
low risk




	
2-Hexanone

	
3

	
0.28

	
6

	
12

	
72

	
0.28

	
1

	
2

	
low risk




	
toluene C6H5CH3

	
3

	
0.03

	
6

	
12

	
72

	
0.03

	
1

	
2

	
low risk




	
ethylbenzene

	
3

	
0.06

	
6

	
12

	
72

	
0.06

	
1

	
2

	
low risk




	
Styrene

	
3

	
0.02

	
6

	
12

	
72

	
0.02

	
1

	
2

	
low risk




	
tetrachloroethylene

	
4

	
0.29

	
6

	
12

	
72

	
0.29

	
1

	
2

	
low risk




	
naphthalene C10H8

	
3

	
0.01

	
6

	
12

	
72

	
0.01

	
1

	
2

	
low risk




	
5

	
Shaping

	
carbon disulfide

	
3

	
0.01

	
6

	
12

	
72

	
0.01

	
1

	
2

	
low risk




	
hexane

	
4

	
2.34

	
6

	
12

	
72

	
2.34

	
1

	
2

	
low risk




	
toluene C6H5CH3

	
3

	
0.12

	
6

	
12

	
72

	
0.12

	
1

	
2

	
low risk




	
ethylbenzene

	
3

	
0.1

	
6

	
12

	
72

	
0.1

	
1

	
2

	
low risk




	
Styrene

	
3

	
0.03

	
6

	
12

	
72

	
0.03

	
1

	
2

	
low risk




	
indene (chemistry)

	
3

	
0.008

	
6

	
12

	
72

	
0.008

	
1

	
2

	
low risk




	
naphthalene C10H8

	
3

	
0.01

	
6

	
12

	
72

	
0.01

	
1

	
2

	
low risk




	
6

	
Vulcanizing

	
ethyl acetate

	
2

	
0.24

	
6

	
12

	
72

	
0.24

	
1

	
1

	
Negligible risk




	
2-Hexanone

	
3

	
0.27

	
6

	
12

	
72

	
0.27

	
1

	
2

	
low risk




	
ethylbenzene

	
3

	
0.01

	
6

	
12

	
72

	
0.01

	
1

	
2

	
low risk




	
naphthalene C10H8

	
3

	
0.009

	
6

	
12

	
72

	
0.009

	
1

	
2

	
low risk




	
7

	
Vulcanizing workshop during the process of mold opening

	
hexane

	
4

	
0.03

	
6

	
12

	
72

	
0.03

	
1

	
2

	
low risk




	
ethyl acetate

	
2

	
0.26

	
6

	
12

	
72

	
0.26

	
1

	
1

	
Negligible risk




	
2-Hexanone

	
3

	
0.27

	
6

	
12

	
72

	
0.27

	
1

	
2

	
low risk




	
ethylbenzene

	
3

	
0.02

	
6

	
12

	
72

	
0.02

	
1

	
2

	
low risk




	
naphthalene C10H8

	
3

	
0.01

	
6

	
12

	
72

	
0.01

	
1

	
2

	
low risk











 





Table 2. Quantitative risk assessment results.
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Sampling Site

	
Pollutants

	
EC (μg/m3)

	
IUR (m3/μg)

	
Total




	
HQ

	
THQ

	
IR






	
1

	
Refining

	
2-Butanone

	
20.88

	

	
0.004176

	
0.014

	




	
ethylbenzene

	
5.21

	
2.5 × 10−6 [3]

	
0.0051

	
1.3 × 10−5




	
Styrene

	
5.10

	

	
0.0051

	




	
2

	
Worker’s workroom

	
ethylbenzene

	
5.25

	
2.5 × 10−6

	
0.00525

	
0.00525

	
1.3 × 10−5




	
3

	
Tire bar storage room

	
carbon disulfide

	
5.65

	

	
0.0008

	
0.74

	




	
hexane

	
30.85

	

	
0.044

	




	
trichloroethylene

	
89.73

	
4.1 × 10−6

	
0.0042

	
3.7 × 10−4




	
toluene C6H5CH3

	
20.89

	

	
0.004178

	




	
ethylbenzene

	
24.23

	
2.5 × 10−6

	
0.02423

	
6.1 × 10−5




	
Styrene

	
4.62

	

	
0.00462

	




	
naphthalene C10H8

	
1.98

	

	
0.66

	




	
4

	
Calendering

	
carbon disulfide

	
2.85

	

	
0.004

	
79.988

	




	
hexane

	
1.61

	

	
0.0023

	




	
carbon tatrachloride

	
8.27

	

	
0.0827

	




	
trichloroethylene

	
150.65

	
4.1 × 10−6

	
75.325

	
6.2 × 10−4




	
2-Hexanone

	
114.50

	

	
0.0229

	




	
toluene C6H5CH3

	
10.72

	

	
0.002144

	




	
ethylbenzene

	
23.07

	
2.5 × 10−6

	
0.02327

	
5.8 × 10−5




	
Styrene

	
7.32

	

	
0.00732

	




	
tetrachloroethylene

	
120.47

	
6 × 10−6

	
3.0185

	
7.2 × 10−4




	
naphthalene C10H8

	
4.52

	

	
1.5

	




	
5

	
Shaping

	
carbon disulfide

	
4.01

	

	
0.0057

	
2.76

	




	
hexane

	
962.75

	

	
1.375357

	




	
toluene C6H5CH3

	
50.7