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Abstract

:

Coal chemical industry (CCI) sites are characterized by complex environmental media, combined heavy metal pollution, and diverse exposure routes. However, existing human health risk assessment (HHRA) methods have multiple drawbacks, such as their small scope of application, limited assessment factors, and insufficient case applications. After 128 soil samples were collected, the contents of Be, V, Ni, Cu, Zn, As, Cd and Hg in the soils were analyzed based on general risk assessment guideline of China. Then, risk levels were calculated based on oral ingestion, skin contact and inhalation as the main exposure routes to compare and screen priority heavy metals. Furthermore, control values were identified through a contribution rate calculation model when CR > 10−6 or HQ > 1. As reference values, risk thresholds were proposed for heavy metals, and then a soil HHRA framework for the CCI site was constructed. Under the three exposure routes, the total CR was As > 10−6, and the total HQ was 1 > As > Cd; the HHRs related to As and V via the oral ingestion, dermal contact, and inhalation pathways were 76.67%, 13.13%, and 10.18% and 1.66%, 0, and 98.34%, respectively. The risk control value of As was 1.59 mg/kg and that of V was 25.1 mg/kg. Based on these results, the threshold values for priority heavy metals should be based on comprehensive considerations of the elemental background of a specific area, the contaminant criteria in different areas, the regional industrial development plan, and the most important control criterion, as well as the control value. Through the development of an HHRA framework and case verification, the authors of this article aim to guide CCI managers in screening priority heavy metals, formulating protection measures, developing improved operational procedures and improving the HHRA system for polluted CCI sites.
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1. Introduction


Four chemical processing technologies, namely, coal coking, coal gasification, coal liquefaction, and coal pyrolysis [1], are applied in the coal chemical industry (CCI). Pollution problems associated with CCI need to be urgently addressed, as coal is used to produce energy in a variety of industrial processes [2]. Environmental problems related to CCI sites can be roughly divided into three categories: (1) gaseous waste production, including CO2, a greenhouse gas [3,4], methanol [5], and coke oven gas [6]; (2) wastewater production, including coking wastewater [7] and high-salt wastewater [7,8,9,10,11,12]; and (3) soil pollutants, including soil PAHs [13,14,15] and heavy metals [16,17]. Among the three types of CCI pollution, pollution of soil, which is the ultimate receptor of all types of pollutants, is characterized by long contamination times and complex environmental media, and the remediation technologies for soil pollution are underdeveloped. Compared with the two other types of environmental problems, soil pollution and remediation technologies have received little attention from researchers. Soil pollution from CCIs directly harms microorganisms and other organisms [18] and indirectly threatens environmental health through pollutant accumulation in crops and transmission through the food chain [6,19], and finally causes risk, which can be concepted as the possibility of suffering damage or harm, to human body characterizing as carcinogenic and non-carcinogenic risks. To quantitatively characterize the health hazards of pollutants [20,21], it is necessary to bring together knowledge and techniques from chemistry, physiology, mathematics, medicine and other related disciplines to reveal the pollution sources affecting biological and environmental receptors [22] and to formulate a human health risk assessment (HHRA) method that includes hazard identification, exposure assessment, toxicity assessment, and risk characterization [23,24,25,26,27].



Some countries or regions have developed HHRA systems or requirements. For example, the EU and many nations clearly require the use of HHRAs as the first step in the selection of locations for industrial plants [28]. At present, HHRA is widely used in many fields, such as in the assessment of industrial field soils [23,24,29,30], agricultural field soils [31,32,33,34,35,36] and residential site soils [28,37]. It is particularly used for industrial field soils, which has resulted in the generation of various methods and complete evaluation objects. Based on the Technical guidelines for risk assessment of soil contamination of land for construction (HJ25.3-2019) [38] formulated by the Ministry of Environmental Protection of China, Hu et al. identified carcinogenic risks associated with oilfield waste with respect to PAHs and heavy metals (As, Cd, Cu, Cr, Ni, Zn), the main exposure routes, and high-risk areas [25]. Li et al. applied the USA’s environmental protection agency (USEPA) (2014, 1015) reference concentration (RfC) and respiratory unit risk (RUR) to identify the HHR risks of As, Ba, Cd, Co, Cr, Mn, Ni, Pb, Se, and V via the respiratory inhalation of atmospheric particulates from the Great Lakes Industrial Base [39].



However, there are still no HHRA systems or frameworks for CCI site soils. Additionally, there are no advanced HHRA methods that can be used to estimate soil contamination in CCI areas. To address pollution problems in CCI areas and develop an effective and reliable HHRA method, some researchers have carried out HHRA work in CCI areas based on the existing HHRA technical guidelines. For example, based on the Technical guidelines for risk assessment of soil contamination of land for construction (HJ25.3-2019), some work was carried out, and this included coal mine areas, storage sites for solid waste from coal gasification plants, thermal power plants, and coking plant sites. The health risk levels of As, Cd, Be, Ni, Hg and F were analyzed based on general methods and processes. Most of these HHRAs in CCI environments were conducted by the direct application of the existing technical guidelines, and they failed to fully consider the scope of application of the method, environmental media, and target pollutants. Additionally, shortcomings exist in the assessments: the datasets are small, only a small number of pollutants are considered, and no special exposure pathways are included; therefore, the conclusions are not convincing [40,41]. Thus, it is necessary to formulate an HHRA framework that is applicable to CCI environments and includes the selection of polluted areas and the environmental media and pollutants representing a CCI to allow for comprehensive data analysis.



Coal gasification plants are typical CCI-contaminated sites, and heavy metal quantification in soils can be used to characterize the HHR of polluted environments in these industrial areas [42]. To construct an HHRA framework for CCI sites, the HHR (carcinogenic risk CR and hazard quotient HQ) of typical heavy metals (Be, V, Ni, Cu, Zn, As, Cd, Hg) was calculated according to the Technical guidelines for risk assessment of soil contamination of land for construction (HJ25.3-2019). Then, the distribution of priority heavy metal HHRs among exposure routes and HHR distribution along a longitudinal sampling profile were characterized, and risk thresholds for priority heavy metals were proposed. As a reference system, the HHRA framework could be used to guide managers at CCI sites to screen for risks, develop protection measures, formulate pollution remediation strategies and implement control steps for high-risk heavy metals in CCI sites.




2. Materials and Methods


2.1. Overview of the Study Area


Coal gasification plants, which are major CCI sites [2,5,6,8,43,44,45,46,47], are important representative industrial sites for studying the status of CCI pollution. To this end, the authors chose a coal gasification plant in Northwest China (38°10′08″ N, 106°3′45″ E) as the study area, which is located at the edge of the Mausu Desert and is in a temperate arid climatic zone. The coal gasification plant mainly consists of three gasification workshops.



Soil samples were collected from the coal gasification plant from the coal cinder composite point of the site. Sampling points were selected along a longitudinal profile in the southeast direction, and samples were collected at distances of 0 m, 10 m, 50 m, 80 m, and 150 m along the longitudinal profile. The vertical sampling area was divided into a surface layer (0~20 cm), a middle layer (20~35 cm) and a bottom layer (35~50 cm). After the samples were collected, they were placed in zip lock bags, stored in a low-temperature incubator, transferred to a refrigerator, and finally sent to a laboratory for analysis.




2.2. Methods for Detecting Heavy Metals in Soil Samples


The soil samples were dried in an oven for 8 h at 105 °C and then sieved to a 200 mesh size. Soil samples measuring 0.5 g were placed in a microwave digestion tank. HNO3 and H2O2 were added, and then digestion was performed. The digested samples were kept in a thermostatic drying oven at 120–140 °C for 3–4 h and cooled to room temperature, and then the digested solution was placed in a 10 mL volumetric flask. Inductively coupled plasma-mass spectrometry (ICP-MS, ThermoScientific Xseries 2, Shenzhen, China) was used for the determination of Be, V, Ni, Cu, Zn, As, and Cd. A mercury meter was used for the determination of Hg.




2.3. HHRA Framework of CCI Soil


2.3.1. General Framework for HHRA of CCI Soils


An HHRA framework for CCI soils in Northwest China was developed in this study (Figure 1). Based on a screening of high-risk heavy metals, combined with land-use patterns and planning and metal contamination characteristics, a risk assessment was carried out on CCI soils. Then, an exposure assessment method was developed by identifying the specific exposure pathways and exposure parameters for CCI soils, and the exposure level was calculated. Additionally, toxicity parameters, including carcinogenic effects and noncarcinogenic effects, were identified. Based on these assessments, risk characterization of CCI soils could be performed to quantify carcinogenic risk and the hazard quotient based on three typical exposure routes, namely, direct ingestion, dermal contact, and inhalation. The risk assessment could be terminated if the total risk level determined was acceptable; otherwise, uncertainty analysis and heavy metal threshold values were identified. The risk threshold of heavy metals should be based on comprehensive considerations of land development and planning and the background value of elements at CCI sites to yield important soil risk control values for heavy metals.




2.3.2. HHR Calculation and Priority Heavy Metal Screening


The contaminated site selected is industrial land, which belongs to the second land use category. The risk receptors are the on-site managers of coal gasification plants [24]. Exposure pathway include soil oral ingestion, soil dermal contact and inhalation of soil particles. Exposure through the above exposure routes was calculated based on the model of the Technical Guidelines for Risk Assessment of Soil Pollution in Construction Land HJ 25.3-2019 and the recommended values in Appendix G of Technical guidelines for risk assessment of soil contamination of land for construction (HJ25.3-2019). Toxicity assessments were quantified by the carcinogenic slope factor (SF) and reference dose/concentration (RfD/RfC). There are four types of data sources and calculation methods [24]: (1) adopt the recommended values in Appendix B of Technical guidelines for risk assessment of soil contamination of land for construction (HJ25.3-2019); (2) adopt values reported in the literature [48]; (3) obtain values from the US EPA IRIS database [32]; or (4) obtain the inhalation slope factor for carcinogenicity (SFi), reference dose for inhalation (RfDi), dermal contact slope factor for carcinogenicity (SFd), and reference dose for dermal contact (RfDd) based on parameter extrapolation [25]. The HHR of heavy metals is quantified by the carcinogenic risk (CR) and the hazard quotient (HQ). The CR and HQ of pollutants through individual exposure pathways are calculated by the formula in Table 1, and the HHR of pollutants through multiple exposure pathways can be calculated by the summation of the respective values [23]. The formulas and data in Table 1, Table 2 and Table 3 are obtained from the Technical Guidelines for Risk Assessment of Soil Pollution in Construction Land HJ 25.3-2019.



The screening method for priority heavy metals involves the sorting and ordering of HHR values of heavy metals as calculated in the above steps and screening for heavy metals with CR > 10−6 or HQ > 1 [26,29] as the criteria. The screened heavy metals were selected and used for further analysis.





 





Table 1. Cancer risk and hazard quotient calculation formulas for three soil exposure pathways.






Table 1. Cancer risk and hazard quotient calculation formulas for three soil exposure pathways.





	
No.

	
Exposure Pathway

	
Risk Type

	
Equations






	
1

	
Soil oral ingestion

	
Carcinogenic risk

	
     C R   o i s   =   O I S E R   c a   ×   C   s u r   ×   S F   0     




	
2

	
Hazard quotient

	
     H Q   o i s   =     O I S E R   n c     ×     C   s u r       R f D   o     ×   S A F     




	
3

	
Soil dermal contact

	
Carcinogenic risk

	
     C R   d c s   =   D C S E R   c a   ×   C   s u r   ×   S F   d     




	
4

	
Hazard quotient

	
     H Q   d c s   =     D C S E R   n c     ×     C   s u r       R f D   d     ×   S A F     




	
5

	
Inhalation of soil particles

	
Carcinogenic risk

	
     C R   p i s   =   P I S E R   c a   ×   C   s u r   ×   S F   i     




	
6

	
Hazard quotient

	
     H Q   p i s   =     P I S E R   n c     ×     C   s u r       R f D   i     ×   S A F     








CRis—carcinogenic risk from oral ingestion, dimensionless; CRdcs—carcinogenic risk from dermal contact, dimensionless; CRpis—carcinogenic risk from inhalation of soil particles, dimensionless. HQois—Hazard quotient for oral ingestion, dimensionless; HQdcs—hazard quotient for dermal contact, dimensionless; HQpis—hazard quotient for inhalation of soil particles, dimensionless. Other abbreviations in the formulas in Table 1 are defined in Table 2.













 





Table 2. Major parameters in the characterization risk formulas.






Table 2. Major parameters in the characterization risk formulas.





	Parameter
	Implication
	Value
	Unit





	   O I S E  R  c a     
	Predicted soil oral exposure (carcinogenic)
	4.18 × 10−7
	kg kg−1 d−1



	    C  s u r     
	Pollutant concentration
	See Table 4
	mg kg−1



	   S  F o    
	Oral ingestion slope factor for carcinogenicity
	1.5
	(mg kg−1 d−1)−1



	   O I S E  R  n c     
	Predicted soil oral exposure (noncarcinogenic)
	1.21 × 10−6
	kg kg−1 d−1



	   R f  D o    
	Reference dose for oral ingestion
	3.00 × 10−4
	mg kg−1 d−1



	   S A F   
	Soil exposure reference dose distribution coefficient
	0.2
	/



	   D C S E  R  c a     
	Soil skin exposure dose (carcinogenic)
	7.17 × 10−8
	kg kg−1 d−1



	   S  F d    
	Skin contact slope factor for carcinogenicity
	1.5
	(mg kg−1 d−1)−1



	   D C S E  R  n c     
	Soil skin exposure dose (noncarcinogenic)
	2.07 × 10−7
	kg kg−1 d−1



	   R f  D d    
	Reference dose for skin contact
	3.00 × 10−4
	mg kg−1 d−1



	   P I S E  R  c a     
	Exposure dose for inhalation of soil particles (carcinogenic)
	4.95 × 10−9
	kg kg−1 d−1



	   S  F i    
	Inhalation slope factor for carcinogenicity
	16.84
	(mg kg−1 d−1)−1



	   P I S E  R  n c     
	Soil particle inhale exposure dose (noncarcinogenic)
	1.43 × 10−8
	kg kg−1 d−1



	   R f  D i    
	Reference dose for inhalation
	3.83 × 10−6
	mg kg−1 d−1










 





Table 3. Formulas for calculating safety thresholds for the three soil exposure pathways.






Table 3. Formulas for calculating safety thresholds for the three soil exposure pathways.





	
No.

	
Exposure Pathway

	
Risk Type

	
Equations






	
9

	
Soil oral exposure

	
Carcinogenic risk

	
   R C V  S  o i s   =   A C R   O I S E  R  c a     ×   S  F o      




	
10

	
Hazard quotient

	
   H C V  S  o i s   =   R f  D o    ×   S A F   ×   A H Q   O I S E  R  n c       




	
11

	
Soil dermal contact

	
Carcinogenic risk

	
   R C V  S  d c s   =   A C R   D C S E  R  c a     ×   S  F d      




	
12

	
Hazard quotient

	
   H C V  S  d c s   =   R f  D d    ×   S A F   ×   A H Q   D C S E  R  n c       




	
13

	
Inhalation of soil particles

	
Carcinogenic risk

	
   R C V  S  p i s   =   A C R   P I S E  R  c a     ×   S  F i      




	
14

	
Hazard quotient

	
   H C V  S  p i s   =   R f  D i    ×   S A F   ×   A H Q   P I S E  R  n c       








ACR-Acceptable carcinogenic risk, dimensionless, 10−6. AHQ-acceptable hazard quotient, dimensionless, 1. RCVSdcs—Soil risk control values based on the carcinogenic effects of the oral ingestion route. HCVSois—Soil risk control values based on noncarcinogenic effects of the oral ingestion of soil pathway. RCVSdos—Soil risk control values based on carcinogenic effects of the dermal route of exposure. HCVSdcs—Soil risk control values based on the noncarcinogenic effects of dermal contact with the soil pathway. RCVSpis—Soil risk control values based on the carcinogenic effects of the inhalation of soil particulate matter pathway. HCVSpis—Soil risk control values based on the noncarcinogenic effects of the inhalation of soil particulate matter pathway.













 





Table 4. Pollutant concentrations.






Table 4. Pollutant concentrations.





	
Sampling Site

	
Be

	
V

	
Ni

	
Cu

	
Zn

	
As

	
Cd

	
Hg




	
Distance (m),

Depth (cm)

	
(mg kg−1)






	
Office area

	
1.33

	
44.47

	
30.99

	
16.22

	
37.91

	
6.36

	
0.26

	
0.008




	
0–20

	
1.07

	
29.53

	
23.11

	
17.92

	
28.78

	
4.71

	
0.25

	
0.003




	
0

	
20–35

	
1.19

	
24.36

	
17.61

	
10.55

	
27.72

	
3.18

	
0.22

	
0.005




	
35–50

	
1.27

	
23.44

	
14.68

	
10.25

	
20.97

	
3.10

	
0.16

	
0.003




	
0–20

	
1.55

	
40.09

	
29.38

	
21.67

	
23.05

	
5.26

	
0.22

	
0.002




	
10

	
20–35

	
1.58

	
30.75

	
21.71

	
16.52

	
29.26

	
5.60

	
0.24

	
0.001




	
35–50

	
1.26

	
19.94

	
15.80

	
9.74

	
17.53

	
3.00

	
0.15

	
0.001




	
0–20

	
1.16

	
19.73

	
13.80

	
8.93

	
28.10

	
3.66

	
0.14

	
0.033




	
50

	
20–35

	
1.12

	
17.26

	
12.29

	
8.09

	
16.19

	
2.62

	
0.13

	
0.001




	
35–50

	
1.12

	
20.80

	
15.03

	
9.35

	
18.22

	
3.08

	
0.14

	
0.001




	
0–20

	
1.15

	
20.46

	
13.26

	
9.03

	
18.61

	
3.22

	
0.16

	
0.001




	
80

	
20–35

	
1.19

	
22.84

	
13.84

	
9.31

	
19.76

	
3.35

	
0.18

	
0.001




	
35–50

	
1.29

	
33.41

	
19.76

	
15.32

	
29.44

	
4.01

	
0.25

	
0.001




	
0–20

	
1.10

	
21.97

	
13.56

	
8.90

	
19.03

	
3.24

	
0.15

	
0.001




	
150

	
20–35

	
1.24

	
29.24

	
16.46

	
10.87

	
24.61

	
4.48

	
0.22

	
0.001




	
35–50

	
1.25

	
33.87

	
18.50

	
13.00

	
28.81

	
5.08

	
0.22

	
0.001










2.3.3. Distribution of HHR in Exposure Routes


To compare the distribution of heavy metal HHRs in each exposure route and guide coal gasification plant site managers in preventing risks related to heavy metal pollution, the distribution of HHR under each exposure route was calculated based on the identified main exposure routes of heavy metals with reference to the Technical Guidelines for Risk Assessment of Soil Pollution in Construction Land HJ 25.3-2019 contribution rate model:


  P C R =     C R   i       C R   i     × 100 %  



(1)






    P H Q   i   =     H Q   i       H I   n     × 100 %  



(2)




where PCRi, PHQi—the contribution rate of carcinogenic risk and the hazard quotient of an exposure pathway; Cri, HQi—the carcinogenic risk and hazard quotient of an exposure pathway, dimensionless; and CRn, HIn—the total carcinogenic risk or the total hazard quotient.




2.3.4. Spatial Distribution of HHR


To analyze the distribution trends in heavy metal HHR along the longitudinal section and guide measures to remediate and treat heavy metal pollution in the coal gasification plant soil, the HHR-related pollution trends were analyzed based on horizontal distance (0 m, 10 m, 50 m, 80 m and 150 m) along the longitudinal profile for heavy metal HHR. Based on the heavy metal HHR in the longitudinal profile surface layer (0~20 cm), middle layer (20~35 cm) and bottom layer (35~50 cm), the vertical pollution trend in HHR was analyzed. Finally, measures to remediate and treat heavy metal pollution were proposed.




2.3.5. Determination of the Risk Threshold Value


If a priority heavy metal shows values of CR > 10−6 or HQ > 1, that is, the heavy metal HHR is higher than the acceptable risk, it is necessary to propose a heavy metal risk threshold, which provides control targets for heavy metal pollution for site managers. Through the risk control value model in the Technical Guidelines for Risk Assessment of Soil Pollution in Construction Land HJ 25.3-2019, the control value for soil heavy metals was calculated. For strict risk control, the minimum control value of each exposure route was selected as the risk threshold value for heavy metals in soil. Under the three exposure routes, the formula for calculating the risk control value is shown in Table 3.






3. Results and Discussion


3.1. Screening of Priority Heavy Metals


The results are presented in Table 4. According to toxicity [26,48], the high-toxicity pollutants As, Cd, Be, Hg, and V and the low-toxicity heavy metals Cu, Zn, and Ni were selected from known pollutants in coal as target pollutants that were used for carrying out subsequent research. The office area of the plant was found to be more polluted than other sampling points due to combined pollution or the prevailing wind direction and other reasons.



There is no surface water around the CCI, and the groundwater is not used as drinking water, so groundwater exposure routes are not considered. The main exposure pathways for pollutants in soil are direct ingestion, dermal contact, and inhalation [41,49]. Moreover, CCI pollutants typically have low volatility, and these three exposure routes are the main exposure routes. Therefore, these three exposure routes were chosen to evaluate the HHR of pollutants. The literature [25,28,29,50] shows that an HHRA based on these three exposure routes can produce reliable assessment results.



Based on heavy metal toxicity parameters, the main exposure routes and HHR characterization models, the respective CR and HQ of heavy metals were calculated and ranked. Notably, although eight heavy metals and three main exposure routes were considered in the method, the toxicity parameters of heavy metals under each exposure route could not be obtained, and the HHR of other heavy metals could only be characterized by CR or HQ, except for As. The final results are shown in Figure 2. (1) When only respiratory inhalation exposure exists, the order of CR is V >10−6 > Ni > Be > Cd. (2) When there is only oral ingestion exposure, the order of HQ is 1 > Zn > Cu. (3) When both oral and inhalation exposure exist, the total HQ order is V(9/15) > 1 > V(6/15) > Ni > Be > Hg. (4) When the above three exposure routes are considered at the same time, the order for total CR is As > 10−6, and the order of the total hazard quotient was 1 > As > Cd.



Among the selected target pollutants, both V and As had HHRs exceeding acceptable risk levels in CCI soils. The oral ingestion exposure route had a higher level risk, which was a key consideration in the following risk characterization and contribution ratio calculations, even in the risk control step.




3.2. Distribution of HHR Based on Different Exposure Routes


Based on the priority heavy metals As and V, the respective HHR distribution of each of the three exposure pathways was analyzed. Under the three exposure routes, the As total CR was higher than the acceptable risk level. The pie chart shown in Figure 3a was constructed to show the risk contribution ratio for As. For V under the oral ingestion and respiratory inhalation exposure routes, the total HQ was higher than the acceptable risk level, including risk from the 0 m and 10 m surface layer, the 10 m and 150 m middle layer, and the 80 m and 150 m bottom layer. Based on these results, a pie chart was constructed, as shown in Figure 3b.



Figure 3 shows that under the three exposure routes of oral intake, dermal contact and inhalation, the As CR distributions were 76.67%, 13.13%, and 10.18%, respectively; under the same exposure routes, the HQ distributions of V were 1.66% and 0, 98.34%, respectively; and the CR of V under only the respiratory inhalation exposure route was higher than the acceptable risk level.



The data showed that As had toxicity related to volatilization, and its main transformation mechanism was the formation of As2O3 and As2O5, which enter the atmosphere and remain there or are enriched in coal gasification residues. In addition, when these compounds enter the human body, they can cause As poisoning in the body. V is an easily absorbed toxic substance that enters the body and causes poisoning of the human intestine, heart, and nervous system. V is mostly distributed via the respiratory inhalation route, and it can irritate the human respiratory system and cause cancer [51].



The above analysis showed that the strict prevention of soil intake via the mouth and nose and mask wearing could be crucial protective measures for on-site staff, which are the most important receptors to the heavy metals in soils of the CCI sites.




3.3. Spatial Distribution of HHR


To understand the spatial distribution trends in the priority heavy metal HHR, the method described in Section 2.3.3 was used to analyze the distribution of the respective HHRs of As and V along the longitudinal sampling section and predict the respective spatial distribution trends.



As shown in Figure 4, the total CR of As varies from 2.14 × 10−6 to 4.59 × 10−6, the CR at each sampling point is higher than the acceptable risk level (1.00 × 10−6), and the maximum value is 4 times the standard value. In the horizontal direction, in the surface layer and middle layer of the longitudinal section, HHR first increases and then decreases. Along the horizontal section from 0 to 10 m, CR and HQ gradually increased from 2.61 × 10−6~4.59 × 10−6 and 1.34 × 10−1~2.36 × 10−1, respectively; from 10 to 150 m, CR and HQ gradually decreases from 4.59 × 10−6 to 2.14 × 10−6 and 1.89 × 10−1 to 1.10 × 10−1, respectively; and at the bottom of the longitudinal section, HHR first decreases and then increases. From 0 to 10 m, CR and HQ gradually decreases from 2.54 × 10−6 to 2.45 × 10−6 and 1.31 × 10−1 to 1.26 × 10−1, respectively. From 10 to 150 m, CR and HQ gradually increase from 2.45 × 10−6~4.16 × 10−6 and 1.26 × 10−1~2.14 × 10−1, respectively. In general, the above trends follow the regular patterns of rainfall leaching and soil boundaries. A peak appears at the 150 m position in the bottom soil. In the vertical direction, with increasing depth, the total CR and HQ gradually decrease in the range of 0~50 m and are 4.59 × 10−6~2.14 × 10−6 and 2.22 × 10−1~1.10 × 10−1, respectively. This trend agrees with generally accepted patterns; that is, the degree of pollution decreases with increasing depth. In the range of 50~150 m, the total CR and HQ continue to increase with increasing depth, which is 2.14 × 10−6~4.16 × 10−6 and 1.10 × 10−1~2.14 × 10−1, respectively. The analysis shows that around the target point (within 50 m), As pollution is mainly concentrated at the surface; far from the target point (beyond 80 m), As pollution is mainly concentrated in the deep soil.



Therefore, near the target point, the surface layer should be the focus of As pollution control measures, and away from the target point, As pollution control measures should be focused on the bottom layer.



As shown in Figure 5, the CR of V ranges from 2.78 × 10−6 to 6.45 × 10−6, the maximum value is 6 times the acceptable risk, the minimum value is 2 times the standard value, and the range of HQ is 7.01 × 10−1~1.63 × 100. In the horizontal direction, in the surface layer and middle layer of the longitudinal section, the horizontal range is 0–50 m, and the trend in the CR and HQ of V shows an increase (3.92 × 10−6~6.45 × 10−6, 9.88 × 10−1~1.63 × 100) and then a decrease (6.45 × 10−6~2.78 × 10−6, 1.63 × 100~7.01 × 10−1); at the bottom of the longitudinal section, in the horizontal range of 0–50 m, the trend in the CR and HQ of V shows a decrease (3.77 × 10−6~3.21 × 10−6, 9.51 × 10−1~8.08 × 10−1) and then an increase (3.21 × 10−6~3.35 × 10−6, 8.08 × 10−1~8.44 × 10−1); in the range of 50~150 m, the CR and HQ of V show a continuous increase, ranging from 2.78 × 10−6 to 5.45 × 10−6 and then an increase (7.01 × 10−1 to 1.37 × 100). In the vertical direction, with increasing depth, in the range of 0~50 m, the trends in the CR and HQ of V show a gradual decrease from 6.45 × 10−6~2.78 × 10−6 and 1.63 × 100~7.01 × 10−1, respectively. Within the range of 50~150 m, the trends in the CR and HQ of V show continuous increases at 2.78 × 10−6~5.45 × 10−6 and 7.01 × 10−1~1.37 × 100, respectively.



The above analysis shows that V, which exhibits high levels of pollution in this area, has both carcinogenic risk and an appreciable hazard quotient, and the carcinogenic risk is 6 times higher than the acceptable risk level criteria. Therefore, within a distance of 50 m from the sampling point, the focus of V pollution control measures should be the surface layer; outside a range of 50 m from the sampling point, the focus of V pollution control measures should be the surface and bottom layers.



When controlling the human health risks of heavy metals in actual CCI sites, the overall risk levels of various heavy metals including As and V in different layers should be considered, in order to provide a comprehensive layered control strategy for soil heavy metals. Then, as a comprehensive consideration of risk control, we should combine different levels of spatial distribution, exposure pathways, and exposure time of different risk receptors to achieve the ultimate goal of protecting human health.




3.4. Risk Threshold Value Recommendations


Based on the method proposed in this study, an As control value of 1.59 mg kg−1 is recommended, which is calculated from the oral ingestion exposure pathway [52]. To strictly control heavy metal pollution risk, the As risk threshold value could be set to 1.59 mg kg−1, and the V risk threshold could be set to 25.1 mg kg−1. However, the threshold value should be identified based on comprehensive considerations of the elemental background of a specific area, the contaminant criteria based on different areas, the regional industrial development plan, and the most important control criterion.





4. Conclusions


	(1)

	
Oral ingestion, dermal contact and inhalation are the main three exposure routes for HHR in CCI site soils. Comparison of HHRs for As, Cd, Be, Hg, V, Cu, Zn, and Ni under various exposure routes showed that only the CRs for V and As and some HQs for V were higher than the acceptable risk level, and the HHRs of other heavy metals were lower than the acceptable HHR. Therefore, As and V were screened as the priority heavy metals in the CCI soil. Under the respiratory inhalation exposure route, the order of CR was V > 10−6 > Ni > Be > Cd; under the three exposure routes, the total CR order was As > 10−6; under the oral ingestion and respiratory inhalation exposure routes, the total HQ order was V(9/15) > 1 > V(6/15) > Ni > Be > Hg.




	(2)

	
According to the three main exposure routes of the priority heavy metals, the CR of As was 76.67%, 13.13%, and 10.18% from oral ingestion, dermal contact, and inhalation, respectively. This indicated that risk managers at the CCI site should strictly prevent oral and nasal intake. Therefore, mask wearing and working hours limits should be established to protect staff against oral ingestion and inhalation exposure.




	(3)

	
To strictly control heavy metal risk, a risk threshold value of 1.59 mg kg−1 for As and 25.1 mg kg−1 for V should be set based on the analysis of control values of heavy metals under the three exposure routes of oral intake, dermal contact and inhalation. However, the threshold value should be identified based on comprehensive considerations of the elemental background of a specific area, the contaminant criteria based on different areas, the regional industrial development plan, and the most important control criterion, in addition to the control value. According to the HHR framework for heavy metals proposed in this research, environmental management, remediation, and land reuse projects can be undertaken at CCI sites to make the sites safer in the future.
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Figure 1. Assessment framework for human health risk of CCI soils. 
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Figure 2. Carcinogenic risk and hazard quotient for contaminant exposure via three exposure routes. (a) CR of (Be, V, Ni, Cd) in one exposure route; (b) HQ of (Cu, Zn) in one exposure route; (c) Total HQ of (Be, V, Ni, Hg) in two exposure route; (d) Total CR of As in three exposure routes; (e) Total HQ of (As, Cd) in three exposure routes. 
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Figure 3. The risk contribution ratio of CR (As) and HQ (V). (a) Risk contribution ratio of As; (b) risk contribution ratio of V. 
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Figure 4. The HHR distribution of As in CCI site soils. (a) CR; (b) HQ. 
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Figure 5. HHR distribution of V. (a) CR; (b) HQ. 
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